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Phosphorus ligands in asymmetric catalysis – 
a general introduction 
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Abstract: The development of chiral phosphorus ligands for asymmetric catalysis 

is reviewed. The important breakthroughs in this evolution are summarized, starting 
from P-chiral monodentate phosphines and including C2 symmetric diphosphine, P-N 
and P-S, hybrid phosphine-phosphite and phosphine-phosphoramidite, Binol-derived 
monodentate, and supramolecular bidentate ligands. 
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1.1 The ligand as molecular steering wheel 
The pursuit of creating new matter with desirable properties is a long-standing 

motivation for chemists throughout the centuries. Already the alchemists in medieval 
days sought after a transformation of cheap common metals into gold and a synthesis 
of the “elixir of life”. After Antoine Lavoisier revolutionized our conception of 
chemical reactions in 1764 by thinking in terms of molecules, synthetic (organic) 
chemistry has taken a leap and soon after many new compounds and materials were 
created through controlled stoichiometric reactions. However, it was not until roughly 
150 years ago that the Swedish chemist Berzelius coined the term catalysis for the 
changes that were observed in substances, which were exposed to certain species 
called “ferments”. In 1895, a more general definition was introduced by Ostwald that 
is still used today: A catalyst is a substance, which increases the rate at which a 
chemical reaction approaches equilibrium without becoming itself permanently 
involved.1 

Nowadays, four types of catalysis can be discerned: homogeneous catalysis, 
heterogeneous catalysis, biocatalysis, and organocatalysis. This thesis exclusively 
deals with homogeneous catalysts, in particular transition metal catalysts where the 
catalytic reaction takes place at the metal center by a sequence of elementary steps, as 
opposed to e.g. Lewis acid catalysts. The thus defined organometallic catalysts are 
composed of a metal ion and a ligand, which binds to the metal ion by coordinating 
atoms such as carbon, nitrogen, phosphorus, arsenic, sulfur, etc. The ligand is the key 
element for optimizing catalyst performance such as activity and selectivity. 
Especially when enantioselectivity is desired, the ligand bears the chiral information, 
which is transferred to the products via the transition metal. In other words, the ligand 
‘steers’ the reaction exclusively towards the desired product. 

In this chapter, the development of phosphorus ligands for asymmetric catalysis is 
reviewed with a focus on hybrid phosphine-phosphoramidite ligands. Naturally, this 
review summarizes only the most important breakthroughs and is by no means 
comprehensive. The aim is to introduce the reader to the field of asymmetric catalysis 
using chiral phosphorus ligands, in order to put the subsequent chapters about the 
development of novel ligands into perspective. At the end, an attempt is made to 
differentiate privileged ligands from combinatorial ligand libraries and ultimately the 
scope and outline of this thesis are introduced. 

1.2 Monodentate P-chirogenic phosphines 
The evolution of chiral phosphorus ligands is strongly coupled to the development 

of asymmetric hydrogenation. In fact, it was only after the discovery of chiral 
phosphorus ligands that efficient asymmetric hydrogenations became feasible. In 
1968, the first ligands that were found to induce enantioselectivity in asymmetric 
hydrogenations were optically active tertiary phosphines, introduced by Horner2 and 
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Knowles.3 The neutral rhodium catalysts based on (R)-methyl-n-
propylphenylphosphine gave low ee values up to 28 % in the hydrogenation of α-
acylaminoacrylic acid derivatives (Scheme 1.1).4 These selectivities were improved to 
up to 52 % ee soon afterward by the group of Morrison and co-workers using a 
monodentate phosphine derived from (–)-menthol (NMDPP), which contains the 
chiral information on carbon instead of phosphorus.5 Incorporation of o-anisyl and 
cyclohexyl substituents in PAMP and CAMP on the P-chiral ligand of Knowles 
resulted in enantioselectivities up to 88 % ee.6 In addition, cationic rather than neutral 
Rh-complexes were used that gave more active and selective catalysts. The potential 
of the, in that time, novel asymmetric hydrogenation reaction was demonstrated in the 
industrial synthesis of L-DOPA using the complex [Rh(CAMP)2(cod)]BF4.7 However, 
the initial successes of these monodentate phosphines were soon overshadowed by 
their bidentate analogues and it took almost thirty years until chiral monodentate 
phosphorus ligands were rediscovered (see section 1.5). 
 
Scheme 1.1 Rh-catalyzed asymmetric hydrogenation of cinnamic acid derivatives with chiral 
monodentate phosphines 
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1.3 Bidentate phosphines 
Kagan made an important breakthrough in 1971 with the development of a chiral 

bidentate phosphine based on tartaric acid, DIOP (Figure 1.1).8 Catalysts based on this 
ligand achieved up to 72 % ee for the hydrogenation of acylaminocinnamic acids, 
which he ascribed to two factors. Firstly, rigidity and stronger binding is enforced by 
bidentate coordination, minimizing conformational ambiguity. Secondly, a C2-
symmetric catalyst reduces the number of possible catalyst-substrate complexes by a 
factor two.9 

Knowles took advantage of bidentate coordination and chirality at phosphorus, 
resulting in the synthesis of DIPAMP.10 This ligand achieved for the first time 
enantioselectivities above 90 % ee and quickly replaced CAMP in the synthesis of L-
DOPA giving the optically active drug in up to 95 % ee, an achievement for which 
Knowles was awarded the Nobel prize in chemistry in 2001.7 The next breakthrough 
in the field was realized by Noyori (who shared in the 2001 Nobel prize) and Takaya 
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Figure 1.1 Privileged bidentate phosphorus ligands 

 
with the development of BINAP.11 By virtue of the axial chirality of the binaphtyl 
moiety, the conformation of the phenyl rings on the phosphorus donor atoms is locked 
and the chirality is efficiently transmitted to the metal. Its rhodium complexes catalyze 
the enantioselective reduction of α-acylaminoacrylic acids in up to 99.9 % ee. In 
addition, this ligand proved to be extremely versatile and is used nowadays as a 
benchmark ligand in almost every asymmetric transition metal catalyzed reaction.12 
One more example worth mentioning in this context is the DuPHOS ligand class, 
developed by Burk and co-workers at Dupont.13 The chiral information in these 
ligands is contained in the phospholane rings positioned in close proximity to the 
metal when coordinated. Together with the rigid backbone, this leads to a catalyst that 
can handle a broad substrate scope requiring only minor variations on the R-
substituents. Many more chiral diphosphine ligands have been reported up to now that 
are discussed in detail in a large number of reviews.14 

The ligands displayed in Figure 1.1 all feature C2 symmetry and a high degree of 
rigidity. Jacobsen15 and Pfaltz16 identified these structures as privileged ligands for 
asymmetric catalysis. Even though they were designed for asymmetric hydrogenation 
reactions, these ligands, or analogues thereof, provide excellent enantioselectivities in 
many reactions such as asymmetric hydroformylation, allylic substitution, 
hydroamination, hydrosilylation, conjugate additions, etc. In section 1.6 we will 
compare these privileged examples to recent combinatorial approaches in ligand 
development. 

1.4 Hybrid bidentate phosphorus ligands 
The use of two inequivalent donor atoms in a chiral bidentate ligand introduces a 

second handle to control the steric and electronic properties of the coordination sphere 
around the metal. This may be beneficial when regioselectivity is required and it can 
potentially lead to higher enantioselectivities due to specific binding of the substrate. 
Hybrid ligands can be composed of a phosphorus atom and a second metal binding 
heteroatom such as sulfur or nitrogen (P-S, P-N), or composed of two phosphorus 
atoms that are inequivalent e.g. phosphine-phosphite or phosphine-phosphoramidite. 
Here we will briefly discuss P-X type ligands and focus on the hybrid ligands with two 
inequivalent phosphorus donors. 
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P-N and P-S ligands. Chiral P-N ligands were initially designed for asymmetric 
allylic alkylation reactions and subsequently used as chiral bidentate analogues of 
Crabtree’s catalyst [Ir(cod)(Pyridine)PCy3]PF6 for the asymmetric hydrogenation of 
unfunctionalized alkenes.17 Pfaltz reported the first successful example of 
enantioselective hydrogenation of non-heteroatom containing alkenes using the so-
called PHOX ligand, which is based on a phosphine-functionalized chiral oxazoline.18 
It was also independently synthesized by Helmchen et al. (Scheme 1.2).19 Many 
derivatives of the PHOX ligand have been reported by Pfaltz’s group based on the 
same design concept.20 Examples by other groups include JM-Phos developed by 
Burgess, which contains the chiral information in the backbone rather than in the side-
arm of the ligand.21 Andersson and co-workers reported chiral P-N ligands based on a 
bicyclic backbone and an oxazole (1) or thiazole moiety.22 Later they also reported 2-
azanorbornane derivative 2,23 which also proved effective in the hydrogenation of 
fluorinated olefins and enol phosphinates.24 For more examples the reader is referred 
to the comprehensive review by Cui and Burgess.25 
 
Scheme 1.2 Chiral P,N ligands in the Ir-catalyzed asymmetric hydrogenation of α-
methylstilbene. 
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P-N ligands show a great diversity in structure and are easy to derivatize as they 

are synthesized in a small number of steps. However, the successful examples all 
contain a six-membered coordination cycle and a bulky substituent close to the metal. 
Even though developed mainly for the hydrogenation of unfunctionalized substrates, 
the P-N ligand based Ir-catalysts prove to be efficient for a range of alkenes, including 
α,β-unsaturated esters, furans, imines and pyridines. In addition, many have shown to 
be also active in other reactions such as allylic substitution, in which the difference in 
trans-influence of the two inequivalent donor atoms aids to obtain high enantio- and 
regioselectivities.17 More examples and other types of P-N ligands containing amino 
and imino donor groups are reviewed elsewhere.26 

Compared to P-N ligands, their sulfur analogues remain a rarity in asymmetric 
catalysis. However, a particularly interesting and efficient C1 symmetric P-S ligand 
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family has been reported by the laboratory of David Evans (Scheme 1.3).27 Ligands 3 
and 4 have been used for highly enantioselective Pd-catalyzed allylic substitution and 
Rh-catalyzed hydrogenation. It was shown that the Rh-complex of 4 is able to bind the 
substrate selectively at only one enantiotopic face. The thus formed major substrate-
catalyst complex leads to the product after oxidative addition of molecular hydrogen, 
migratory insertion of the olefin into the Rh-H bond, and reductive elimination. This 
mode of enantioselection is very different from the anti-lock-and-key mechanism 
observed for C2 symmetric diphosphines in which the minor substrate-catalyst 
complex leads to the product (see chapter 5). 

 
Scheme 1.3 Asymmetric allylic alkylation and hydrogenation using chiral P-S ligands 3 and 4 
(α-Nap = α-naphtyl). 
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Phosphine-phosp(on)ite ligands. The discovery of Binaphos and its excellent 

enantioselectivities in Rh-catalyzed asymmetric hydroformylation by Nozaki and 
Takaya was a major breakthrough, and stimulated the development of this hybrid 
ligand class.28 The controlled spatial arrangement of two chiral Bisnaphthol backbones 
in conjunction with the difference in electronic properties of phosphine and phosphite, 
result in a well-defined hydroformylation catalyst giving more than 90 % ee using 
styrene as a substrate (Figure 1.2, Scheme 1.4). However, the lengthy synthesis and 
low b/l (branched aldehyde / linear aldehyde) ratio’s motivated further research in this 
area. Van Leeuwen and co-workers reported ligand 5 that is based on a tropos 
biphenyl backbone connected to a P-chiral phosphine by a flexible linker.29 The 
configuration of the biphenyl group is controlled by the adjacent stereocenter. 
Enantioselectivities up to 63 % were achieved in the asymmetric hydroformylation of 
styrene, significantly lower than with Binaphos. Ruiz and Claver introduced sugar 
backbones, as linker unit between phosphine and phosphite, but this additional 
chirality did not prove beneficial for hydroformylation reactions as moderate 
 
Scheme 1.4 Asymmetric Rh-catalyzed hydroformylation. 
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ee’s up to 38 % were achieved with ligand 6.30 
The groups of Pizzano and Schmalz took advantage of a more rigid phenyl scaffold 

to link the inequivalent donor atoms in ligands 7 and 8. Ligand 7 was initially 
developed for asymmetric hydrogenation of dehydroamino acid esters and enol ester 
phosphonates, giving selectivities up to 95 % ee.31 The ee’s in hydroformylation 
reactions did not exceed 71 % for styrene.32 Higher selectivities, up to 85 % ee, were 
obtained using the Taddol functionalized ligand 8,33 which was initially used for 
hydroboration reactions.34 The ortho-substituent next to the phosphite moiety proved 
to be pivotal in order to obtain high ee’s. Only with t-Bu and Ph substituents, ee’s over 
80 % were achieved, again indicating the importance of rigidity and control over the 
coordination sphere. Our group took advantage of these concepts in the design of 
Xantphos derivative 9. The rigid xanthene backbone was equipped with a 
diphenylphosphine and a bulky octahydrobinol derived phosphonite. High 
enantioselectivities (up to 91 % ee) were obtained for dihydrofuran substrates.35  
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O P O

O

Binaphos

PPh2

O P
O

O

tBu

tBu
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tBu
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O
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O P
O
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Figure 1.2 Phosphine-phosph(on)ite ligands for Rh-catalyzed asymmetric hydroformylation. 

 
In addition to the examples discussed above, other chiral phosphine-phosphite 

ligands were reported based on the Binaphos platform by Zhang et al.,36 and ferrocene 
derivatives by Chan et al.37 Phosphine-phosphite ligands made most impact on the 
field of asymmetric hydroformylation, however, they have also been successfully 
employed in allylic alkylation,38 conjugate addition,39 hydroboration, and 
hydrogenation.40 Again, the difference in trans-influence between the donor atoms 
facilitates regioselective reactions and specific binding of prochiral substrates. From 
the examples reported up to now, it seems that rigidity is a key element in this ligand 
class. Furthermore, combinatorial synthesis of some of these ligands allows for fine-
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tuning,34,38b which is necessary as subtle changes in the ligand structure can have 
dramatic effects on the efficiency of enantioselection.33 

Phosphine-phosphoramidite ligands. Notwithstanding the fact that 
phosphoramidite ligands are electronically very similar to phosphites, the steric 
properties show some marked differences. The nitrogen atom in a phosphoramidite is 
trivalent versus a bivalent oxygen in a phosphite. This makes phosphoramidites 
slightly more congested and also offers additional opportunities for derivatization for a 
more precise control over the positioning of the steric bulk. Moreover, it also enables 
the incorporation of the nitrogen in a cyclic framework, leading to a higher degree of 
rigidity. Introduction of an additional phosphine-coordinating group further increases 
the rigidity. The class of phosphine-phosphoramidite ligands will be treated in detail as 
the IndolPhos ligands discussed in this thesis belong to this class. 

In the review of Crévisy, phosphine-phosphoramidites are divided into four classes 
based on their amine building blocks: cyclic amines, ferrocene, benzyl/aryl-amines, 
and chiral-pool diphenylphosphinoamines.41 In order to reduce ambiguity, we would 
like to introduce an alternative classification based on the linker unit between 
phosphine and phosphoramidite. The linker can be a rigid cyclic amine (1), rigid 
(bi)cyclic moiety (2), or a flexible chain containing at least one non-cyclic sp3-
hybridized carbon atom (3). We believe that this classification is able to cover all 
examples reported up to now and differentiates clearly in the degree of rigidity, which 
is a key element in the ligand design. 
 

O

O
P N

Me
PiPr2

O

O
P N

Ph2P

nBu

Quinaphos IndolPhos  
Figure 1.3 Cyclic amine containing phosphine-phosphoramidites Quinaphos and IndolPhos. 

 
Class 1. In 2000, Leitner reported the first example of a phosphine-

phosphoramidite ligand, Quinaphos, which was used for highly enantioselective Rh-
catalyzed hydrogenation of dimethyl itaconate and methyl 2-acetamidoacrylate 
(hereafter dmi and maa, Figure 1.3 and Table 1.1).42 A pronounced 
matched/mismatched effect was observed for the configuration of the two 
stereocenters. Moreover, this versatile class of ligands was also used successfully in 
Ru-catalyzed hydrogenation of ketones with ee’s up to 94 %.43 Quinaphos ligands are 
synthesized from 8-bromoquinoleine in two consecutive lithiation steps, followed by 
separation of the two diastereomers formed. This separation results in a low yield for 
the desired diastereomer giving high ee in catalysis. The second example in this class 
is the IndolPhos ligand, which will be discussed in detail in the following chapters. 
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Class 2. Xumu Zhang and co-workers replaced the oxygen linker in Binaphos for 
an ethylamino group to obtain its phosphoramidite analogue YanPhos (Figure 1.4).44 
The added rigidity and slight change in the ligand’s conformation imposed by using 
nitrogen instead of oxygen was beneficial for the application of the ligand in 
asymmetric hydroformylation of styrene, vinyl acetate and allyl cyanide giving ee’s of 
99, 98, and 96 %, respectively.45 These enantioselectivities even surpass Binaphos but 
the b/l selectivity was moderate. The synthesis of the ligand is, as in the case of 
Binaphos, long, laborious, and low yielding (> 10 steps). Triphosphorus phosphine-
phosphoramidite ligand 10, also developed by Zhang et al., coordinates to Rh and Pd 
in a bidentate fashion leaving one PPh2 group uncoordinated.46 The ligand is obtained 
in four steps from commercially available Binol in good overall yield. It gives rise to 
highly enantioselective hydrogenation of arylenamides, dehydroamino acid esters, and 
itaconic acid derivatives (up to 99 % ee). A remarkable solvent effect was observed in 
the hydrogenation of these itaconates, switching the absolute configuration of the 
product when the reaction was performed in ketonic solvents.47 The reason for this 
enantioreversal remains unclear. 
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O
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Figure 1.4 Phosphine-phosphoramidite ligands connected by a rigid (bi)cyclic linker. 
 
The group of Zhuo Zheng reported the synthesis of tetrahydronaphtalene- and 

naphthalene-bridged phosphine-phosphoramidites THNAPhos and HY-Phos, 
respectively.48 The phosphine was introduced by directed lithiation of (R)-1,2,3,4-
tetrahydro-1-naphtylamine or 1-aminonaphtalene followed by condensation with a 
bisnaphthol phosphorochloridite. Even though the synthesis is short, the yields for the 
directed lithiation are moderate (30 – 52 %). Both ligands proved to be highly efficient 
for Rh-catalyzed hydrogenation. Over 95 % ee was obtained for a variety of prochiral 
olefins, including α-enol phosphonates, dehydroamino acids, arylenamides, 
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hydroxymethylacrylates, and α-dehydroamino acid esters.49 
Kostas and Börner described the synthesis of Me-AnilaPhos that is obtained in a 

single step from 2-diphenylphosphino-N-methylaniline. It can be considered as the 
phosphoramidite analogue of ligand 7, which gave rise to the formation of good 
hydrogenation catalysts. Indeed, the Rh-complex of Me-AnilaPhos is highly active for 
the hydrogenation of methyl 2-acetamidocinnamate (mac) and dmi giving selectivities 
of 98 and 96 % ee, respectively.50 Derivatives of this ligand containing chiral 
substituents on the phosphoramidite (11), were successfully applied in the asymmetric 
hydrogenation of olefins, β-ketoesters, and quinolines.51 

Class 3. Ferrocenylphosphine derived ligands 12 were independently reported by 
the groups of Chan and Zheng (Figure 1.5).37,52 They are prepared in a four-step 
synthesis from commercially available Ugi’s amine, N,N-dimethyl-1-
ferrocenylethylamine, in moderate overall yield. Application of ligand 12 in 
asymmetric hydrogenation reactions leads to highly active and selective catalysts. 
Excellent enantioselectivity up to 99.9 % ee was obtained for a broad range of 
substrates, including β-dehydro amino acid esters.53 Moreover, the catalyst loading 
could be lowered to 0.01 mol% while full conversion was obtained within 30 minutes. 
The outstanding performance of these catalysts may be seen as the result of combining 
two privileged chiral scaffolds, i.e. the bisnaphthol and chiral ferrocene fragment of 
the very successful ligands BINAP and Josiphos,54 respectively. Similar results were 
obtained using the H8-Binol derivative.55 
 

Fe PPh2

N
R O

O
P N
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Figure 1.5 Hybrid phosphine-phosphoramidites based on a more flexible linker. 
 
Phenylethylamine-based ligands, PEAPhos reported by Zheng et al.,56 feature a 

similar linking unit as ferrocenyl-based ligands 12. Replacing the ferrocene moiety 
with a benzene unit significantly shortens the synthesis, starting from commercially 
available phenylethylamine. The ligands were evaluated in the Rh-catalyzed 
asymmetric hydrogenation of α-dehydroamino acid esters, arylenamides and dimethyl 
itaconate, generating up to 99.9 % ee. Crévisy and co-workers reported the similar 
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ligand 13,41 which does not contain a chiral center in the linker. This ligand is obtained 
from o-diphenylphosphinobenzaldehyde that is converted to the aminophosphine by 
reductive amination. Subsequent treatment with PCl3 and (S)-Binol furnishes the 
hybrid phosphine-phosphoramidite. Unfortunately, no application of this ligand in 
catalysis has been reported, which would give valuable information on the importance 
of the chiral center in the linker. Ligand 14, containing a short fully aliphatic linker, 
was prepared in five steps from Boc-protected phenylalaninol. Up to now, this ligand 
was only evaluated in Cu-catalyzed conjugate additions, resulting in poor ee values not 
exceeding 5 %.57 

 
Table 1.1 Rh-catalyzed asymmetric hydrogenation of dimethyl itaconate (dmi), methyl 2-
acetamidoacrylate (maa) and methyl 2-acetamidocinnamate (mac) using phosphine-
phosphoramidite ligands.a 

X CO2Me

[Rh(L*)(diene)]BF4

H2

dmi: R = OMe, R' = H, X = CH2
maa: R = Me, R' = H, X = NH
mac: R = Me, R' = Ph, X = NH

R

O

X CO2MeR

O
R' R'

 

Entry 
 

Ligand 
(config Binol) 

Substrate 
 

Solvent 
 

H2 
Press. 
(bar) 

% 
Conv. 

 

% ee 
(config) 

1 Quinaphos (R) dmi CH2Cl2 30 > 99 99 (R) 
2 IndolPhos (S) dmi CH2Cl2 10 > 99 98 (S) 
3 10 (R) dmi TFE 1 > 99 99 (R) 
4 THNAPhos (R) dmi CH2Cl2 10 > 99 99 (R) 
5 Me-AnilaPhos (R) dmi CH2Cl2 1 > 99 96 (R) 
6 11 (S) dmi CH2Cl2 10 > 99 99 (S) 
7 12 (S) dmi CH2Cl2 10 > 99 99 (S) 
8 PEAPhos (S) dmi CH2Cl2 10 > 99 99 (nd) 
9 Quinaphos (R) maa CH2Cl2 30 > 99 98 (S) 
10 IndolPhos (S) maa CH2Cl2 10 > 99 98 (R) 
11 10 (R) maa acetone 1 > 99 99 (R) 
12 THNAPhos (R) mac CH2Cl2 10 > 99 99 (S) 
13 HY-Phos (S) mac CH2Cl2 10 > 99 98 (R) 
14 Me-AnilaPhos (R) mac CH2Cl2 1 > 99 98 (S) 
15 11 (S) maa CH2Cl2 10 > 99 99 (R) 
16 12 (S) mac CH2Cl2 10 > 99 99 (R) 
17 PEAPhos (S) mac CH2Cl2 10 > 99 99 (R) 

a Reactions were performed at Rh/L ≤ 1:1.1, Rh/substrate ≤ 1:100, at 25 °C for ≤ 24 h using 
[Rh(nbd)2]BF4 or [Rh(cod)2]BF4 as metal precursor. (TFE = trifluoroethanol) 

 
Comparison of the catalytic properties of the phosphine-phosphoramidites 

discussed above may give valuable insight into the structure-reactivity/selectivity 
relationship within this class of ligands. Unfortunately, not all ligands have been 
applied in the same reaction, prohibiting direct comparison of all ligands. However, 
results in asymmetric hydrogenation have been reported for most examples and are 
summarized in Table 1.1 for dmi and maa. When results for maa were unavailable, 
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results obtained with mac, a structurally similar substrate, are included. For these 
substrates, all ligands give full conversion and enantioselectivities range between 96 
and 99 %. In nearly all cases, the absolute configuration of the bisnaphthol backbone 
determines the absolute configuration of the product. This indicates a similar 
mechanism of enantioselection for the whole class of phosphine-phosphoramidites, 
except for ligand 10. This exception can be understood as in this case the Bisnaphthol 
moiety is the linking unit, whereas in all other cases it is not involved in connecting 
the phosphine and phosphoramidite. For some examples, the activity was studied more 
carefully.42,52 It was found that phosphine-phosphoramidite give unusually active 
hydrogenation catalysts, which may be explained by a perfect synergy between the 
electron-donating properties of the phosphine and π-acidic character of the 
phosphoramidite. Summarizing, the excellent activities and enantioselectivities 
obtained in asymmetric hydrogenation reactions illustrate the practical potential of 
phosphine-phosphoramidites. Especially ligands that are synthesized in only two or 
three synthetic steps are promising candidates to be applied in fine-chemical synthesis 
on an industrial scale. 

1.5 Next generation chiral monodentate and supramolecular 
phosphorus ligands 

In 2000, the groups of Reetz, Feringa and de Vries, and Pringle independently 
reported the use of Binol-based phosphites (15),58 phosphoramidites (16),59 and 
phosphonites (17),60 respectively, as ligands in Rh-catalyzed asymmetric 
hydrogenation reactions (Figure 1.6).61 These ligands are attractive as they induce high 
enantioselectivities up to 99 % ee and for their ease of preparation; just one or two 
steps from cheap commercially available starting materials. The active Rh-species is 
found to be coordinated by two monodentate ligands.62 This opens up the possibility of 
mixing monodentate ligands in order to increase the number of successful catalyst.63 
This combinatorial approach has significantly contributed to the success of this class 
of ligands enabling asymmetric hydrogenation of a broad range of substrates and 
application in many other reactions such as Cu-catalyzed conjugate additions.64 
 

O

O
P OMe

O

O
P N

O

O
P Me

15 16
MonoPhos

17
 

Figure 1.6 Next generation monodentate Binol-based phosphites, phosphoramidites and 
phosphonites 
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Application of mixtures of monodentate ligands is an attractive strategy to generate 
large ligand libraries but also has the inherent drawback that the homocombinations, 
which are likely present, have a detrimental effect on the enantioselectivity. By tuning 
the ratio’s between the two different ligands, this problem can be circumvented, 
however, at the expense of inefficient use of rhodium as part is captured in an inactive 
complex.65 Alternatively, a supramolecular recognition group can be build into the 
monodentate building blocks, forming an attractive interaction that generates a 
supramolecular bidentate ligand upon self-assembly. 

Supramolecular phosphorus ligands enable the construction of a combinatorial 
library of bidentate ligands. Early examples based on metal-ligand interactions were 
reported by our group66 and Takacs et al.67 Even though excellent catalytic results 
were obtained with these ligands, their lengthy synthesis and high molecular weight 
hampers commercial applications. More recently, hydrogen-bonding interactions are 
being used to obtain supramolecular bidentate ligands, which are prepared in a few 
synthetic steps only and do not exceed molecular weights of classic bidentate ligands. 
Breit and co-workers took advantage of nature’s hydrogen-bonding pattern in DNA in 
the supramolecular bidentate ligand composed of 19a and 19b (Figure 1.7).68 The 
power of this binding motif is that the aminopyridine and isoquinoline building blocks 
bind cooperatively. Even though they are self-complementary in the absence of a 
metal, coordination of the phosphines preorganizes the binding motifs, which leads to 
exclusive formation of supramolecular heterobidentate ligands. Achiral versions of 
these catalysts have been shown to generate high l/b ratio’s in the hydroformylation of 
linear olefins, which are normally only achieved with wide bite-angle diphosphine 
ligands, thus indicating the bidentate character of these supramolecular ligands.69 
Heterobidentate ligands containing a chiral Binol derived phosphonite, were shown to 
give high enantioselectivities up to 99 % ee for the asymmetric hydrogenation of dmi 
and maa.70 

Our group contributed to self-assembled hydrogen-bonded bidentate ligands with 
UREAPhos, which has shown excellent efficiencies in asymmetric hydrogenation 
reactions of industrially relevant substrates.71 Initially, these ligands were applied 
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Figure 1.7 Supramolecular approaches towards chiral bidentate ligands based on hydrogen-
bonding interactions. 
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as supramolecular homobidentate ligands, but more recently they have been 
successfully used as supramolecular heterobidentates by combining with 
ureaphosphines (22).72 We also reported the use of sulfonamido-functionalized 
phosphines, METAMORPhos, to form supramolecular bidentate ligands (Figure 
1.7).73 The adaptive character of the ligand allows the formation of purely 
heterobidentate complexes that show excellent activity and selectivity (up to 99 % ee) 
in the hydrogenation of maa. In the presence of cationic Rh-precursors the 
Bisnaphthol-based METAMORPhos ligands give rise to the formation of dinuclear 
species that show unprecedented selectivities up to 99 % ee for tetrasubstituted 
prochiral olefins.74 

A second recent example of hydrogen-bonded supramolecular phosphorus ligands, 
LEUPhos, is based on the complementary interaction of an amino acid derived 
phosphoramidite (21) with an ureaphosphine (22).75 The self-assembled catalyst was 
shown to be highly active for the synthesis of Roche ester derivatives by means of 
asymmetric hydrogenation. By now, many more examples of supramolecular ligands 
have been reported based on metal-ligand interactions, hydrogen bonding, and ion 
pairing,76 which are reviewed elsewhere.67b,68,77 

1.6 Privileged vs. combinatorial ligands 
Since the introduction of the term ‘privileged ligand’, this classification is found 

widespread in the literature concerning ligand design. However, the meaning is not 
always the same and therefore a stricter definition in this context is used here: A 
privileged ligand is a single chiral structure that provides highly active and 
enantioselective catalysts for a broad range of substrates and reactions. Privileged 
ligands exhibit a high degree of generality, which opposes the specificity found in 
enzymes and recent developments in combinatorial approaches towards ligand design. 
In the last approach, for each substrate in a particular reaction a tailor made ligand is 
provided. In this section, we will try to identify advantages and disadvantages of both 
strategies and highlight their complementarities. 

Comparing different ligands without a specific reaction or substrate is not very 
informative; therefore we will illustrate differences based on two different cases. In the 
case of a new asymmetric reaction that is not yet mechanistically fully understood, 
such as asymmetric hydroamination with Rh or Pd,78 privileged ligands are often the 
first choice. Their rigidity and bidentate coordination result in well-defined complexes, 
which is often advantageous when not all reaction parameters are optimized. Good 
ee’s are obtained for a small number of model substrates. However, when an 
asymmetric reaction is to be applied for real-life substrates of which the products are 
to be used as e.g. pharmaceutical intermediates, the privileged ligand approach is often 
insufficient (asymmetric hydrogenation). Fine-tuning of the catalyst is required in 
those cases, which can be achieved through modular ligand synthesis (hybrid ligands) 
or combinatorial approaches (monodentate and supramolecular ligands). 
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Privileged and combinatorial ligands are therefore complementary strategies for 
catalyst optimization. Whereas privileged ligands will be valuable in the early stages 
of reaction discovery, optimization and application for real-life substrates necessitates 
fine-tuning provided by combinatorial approaches. Hybrid ligands can be considered 
as an intermediate option between these two extremes, as they offer possibilities for 
fine-tuning but still display a high degree of generality. 

In conclusion, it is in our opinion impossible to ever find one ligand that will be 
suitable for all substrates in a specific reaction, let alone multiple reactions. New 
ligands for new applications will therefore always be required. It is important, 
however, that these new ligands are able to also transform real-life, non-benchmark 
substrates. We therefore would like to encourage all researchers in this field to 
evaluate their new ligands for challenging substrates next to some benchmark 
substrates, as it is hard to judge the potential of a new ligand solely on the results 
obtained for benchmark substrates. 

1.7 Outline of the thesis 
Based on the work on chiral phosphorus ligands discussed in this chapter, hybrid 

ligands clearly have a great potential to play a major role in applications of 
asymmetric catalysis in industry. However, the cost effectiveness of these ligands is 
not ideal in many cases and short and robust synthetic sequences are desirable. In this 
thesis we describe the development of a new hybrid ligand, IndolPhos, which is able to 
address this question and shows applicability for a broad range of substrates and 
reactions (Chapters 2-7). Apart from their facile preparation, the ligands exhibit 
interesting metal-coordination properties and unusual reaction mechanisms. In 
addition, the newly developed synthetic methodology has also been applied in the 
synthesis of tetraphosphine ligands and their corresponding Rh-complexes, which give 
rise to the formation of stable metalloradicals that enable oxidative activation of 
dihydrogen (Chapter 9). 

An important aspect of contemporary combinatorial ligand synthesis is the 
evaluation of the large number of catalysts generated. Catalyst selection tools offer a 
rapid alternative to individual testing. In chapter 8, we introduce a screening protocol 
based on the stability of catalytic intermediates determined by mass spectrometry. We 
demonstrated the concept successfully in the Pd-catalyzed allylic alkylation using 
diphosphine and IndolPhos ligands. 
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Abstract: A new class of hybrid bidentate phosphine-phosphoramidite ligands 

based on the indole backbone is presented. Their coordination mode to Rh is 
controlled by the steric properties of the ligand, which has shown to play a major role 
in the asymmetric hydrogenation and hydroformylation leading to high 
enantioselectivities (up to 98% ee). 
 
 
 
 
† Part of this chapter has been published: Wassenaar, J.; Reek, J. N. H. Dalton Trans. 
2007, 3750–3753. 
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2.1 Introduction 
Enantioselective transition metal catalysis has emerged as a unique tool for the 

introduction of chirality in pharmaceuticals and fine chemical intermediates. 
Asymmetric catalytic hydrogenation has become particularly important as many 
different building blocks with a variety of functional groups become accessible.1 
Traditionally, chiral bidentate phosphine ligands2 have dominated this field until more 
recently Feringa and De Vries,3 Reetz,4 and Pringle5 introduced the use of 
monodentate phosphites and phosphoramidites. Due to their more simple structure, 
their synthesis is generally much less elaborate, enabling the preparation of large 
ligand libraries that are essential to rapidly find new catalysts that enable asymmetric 
conversion of new substrates. Although these monodentate–based catalysts have been 
successful for many reactions, bidentate ligands, and heterobidentates in particular, 
will always be required to achieve high activity, selectivity and stability for a number 
of transformations. Therefore there is a need to develop novel bidentate ligands, 
preferentially with straightforward synthetic procedures. A recent advancement in this 
area is the use of supramolecular bidentate ligands which form by assembly of 
functionalized simple monodentate building blocks.6,7 Alternatively, one could devise 
simple modular synthetic strategies that should lead to easy access to bidentate 
ligands. Here we present a series of hybrid bidentate phosphine–phosphoramidite 
ligands 2a–d that are accessible by a two-step synthetic sequence from cheap 
commercially available building blocks.8 The new ligands display unusual 
coordination properties and are highly active and selective in the rhodium catalyzed 
hydrogenation and hydroformylation. 

2.2 Ligand design & synthesis 
Browning and co-workers have introduced indolylphosphines 1, which are 

appealing to us as they are easily prepared in one step from cheap starting materials 
and offer further phosphorus functionalization through the indolyl nitrogen.9 The novel 
bidentate phosphine-phosphoramidite ligand (IndolPhos) contains a two-atom bridge 
leading to the formation of five-membered coordination cycles as opposed to the 
frequently reported six–membered cycles.10 In addition, molecular modelling indicates 
that the backbone is completely sp2 hybridized, thereby enforcing a high degree of 
rigidity (Figure 2.1). The rigidity is expressed by large phosphine–phosphoramidite 
couplings in the 31P NMR spectra of ligands 2a–d (up to 250 Hz, see experimental 
section), which is also observed for other rigid small bite angle ligands.8c,11 Therefore, 
IndolPhos can be considered as a hybrid analogue of the privileged DuPHOS in terms 
of bite-angle and rigidity, but variation of substituents is far more facile in the current 
ligand, enabling the synthesis of large and diverse ligand libraries. 
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Figure 2.1 Calculated (DFT, B3LYP, 6–31G*) structure of IndolPhos 2b (green = C, white = H, 
blue = N, red = O, yellow = P). 

 
We have optimized the synthesis of 3-methyl-2-indolylphosphines by using CO2 as 

a protecting and directing group, resulting in a one-pot protocol.12 Deprotonation of 
the indolyl NH by n-BuLi is followed by carboxylation to yield the protected 1-
carboxyl-3-methylindole in situ. Addition of t-BuLi results in selective deprotonation 
at the ortho-position of the carboxyl group to yield the 2-lithiated intermediate, which 
is reacted with the corresponding chlorophosphine. The carboxyl protecting group is 
removed by mild acidic workup to give indolylphosphines 1 in good yield. Initial 
condensation attempts of 1 with bisnaphthol phosphorochloridites in the presence of 
weak bases such as triethylamine failed, probably due to the low nucleophilicity of the 
indolyl NH. Deprotonation using a strong base such as n-BuLi proved to be effective 
and IndolPhos ligands 2a–d are obtained in high yield (Scheme 2.1). 
 
Scheme 2.1 Synthesis of IndolPhos ligands. 

N
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(S)-2a R = Ph, R' = H (99%)
(S)-2b R = iPr, R' = H (89%)
(S)-2c R = Ph, R' = SiMe3 (92%)
(S)-2d R = iPr, R' = Me (93%)  

2.3 Coordination chemistry 
The coordination properties of ligands 2a–d to cationic rhodium were investigated 

by 1H and 31P NMR spectroscopy. Mixing ligand 2a with one equivalent of 
[Rh(nbd)2]BF4 in CDCl3 led to the formation of a 1 : 4 mixture of the expected 
[Rh(2a)(nbd)]BF4 and a second species exhibiting a complicated AA’XX’ multiplet in 
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the 31P NMR spectrum (Figures 2.2 and 2.4). The second species could be identified as 
[Rh(2a)2]BF4 where phosphines and phosphoramidites of the two ligands are in mutual 
cis position as indicated by the large JPN,PC of 389 Hz (Figure 2.3). To our knowledge 
this is the second report of such a bis-ligated species for hybrid bidentate phosphorus 
ligands.13 Importantly, when changing the steric properties of the ligand to more bulky 
substituents on either the phosphine (2b) or bisnaphthol (2c), only mono-ligated 
species [Rh(2b)(nbd)]BF4 and [Rh(2c)(nbd)]BF4 were formed (Figures 2.5 – 2.7). 
Additional factors disfavouring bis-ligated species in the case of 2b and 2d are the lack 
of π-stacking interactions and the stronger trans-effect of alkyl phosphines. 
 

 
Figure 2.2 Calculated (top) and measured (bottom) 31P{1H} NMR spectra for [Rh(2a)2]BF4. 
Coupling constants used for the simulated spectrum: JPN,Rh = 225 Hz, JPC,Rh = 124 Hz, JPN,PN = 
26 Hz, JPC,PC = 17 Hz, JPN,PC(cis) = −62 Hz, JPN,PC(trans) = 389 Hz. The additional doublet of 
doublets in the measured spectrum stems from [Rh(2a)(nbd)]BF4. 
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OO
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Figure 2.3 Structure of [Rh(2a)2]BF4 (left) and assignment of 31P NMR coupling constants 
(right). 

2.4 Asymmetric hydrogenation & hydroformylation 
The special coordination properties of ligands 2a–d prompted us to investigate 

their influence on the catalytic performance in the Rh-catalyzed asymmetric 
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hydrogenation and hydroformylation. The hydrogenation of benchmark substrates 
dimethyl itaconate (A) and methyl 2-acetamidoacrylate (B) using ligands 2a–d was 
studied (Table 2.1). To our surprise it was observed that ligand 2a, although it forms 
unreactive bis-ligated species, was able to hydrogenate A and B to full conversion, 
inducing a considerable amount of ee (entries 1 and 5). It is proposed that the minor 
mono-ligated species performs most of the catalysis along with the achiral Rh-
precursor which lowers the ee. Control experiments showed that ligand free 
[Rh(nbd)2]BF4 was able to fully convert A and B within 12 h. The more bulky ligand 
2c bearing trimethylsilyl groups in ortho-position on the Bisnaphthol, preventing 
formation of bis-ligated species, results in similar activities compared to ligand 2a as 
full conversion is obtained. However, the selectivity obtained with the catalyst based 
on 2c was rather low (entries 3 and 7). Interestingly, full conversion and high 
selectivities were obtained when the steric bulk was introduced on the phosphine 
moiety (2b, up to 98% ee, entries 2 and 6). For MAA (B), the enantioselectivity could 
be further enhanced by introducing methyl substituents in ortho-position of the 
Bisnaphthol moiety (2d, up to 97% ee, entries 4 and 8). 

 
Table 2.1 Rhodium catalyzed asymmetric hydrogenation of dimethyl itaconate and methyl 2-
acetamidoacrylate.a 

COOMe
MeOOC

COOMeN
H

O

A B  
Entry Ligand Substrate % conv. % ee (config) 
1 2a A 100 73 (S) 
2 2b A 100 98 (S) 
3 2cb A 100 12 (S) 
4 2d A 100 92 (S) 
5 2a B 100 13 (S) 
6 2b B 100 86 (R) 
7 2cb B 100 36 (R) 
8 2d B 100 97 (R) 
a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, 10 bar of H2, at 
25°C for 16 h using [Rh(nbd)2]BF4 as metal precursor. b [Rh(2c)(cod)]BF4 was used instead of 
the in situ generated catalyst. 

 
In all ligands the absolute configuration of the Bisnaphthol, the only source of 

chirality in the molecule, was identical. It is therefore surprising that 2a gives the 
opposite enantiomer of the product compared to 2b–d in the hydrogenation of B 
(entries 5–8). This result suggests that a different mechanism is operating in the case 
of 2a.14 Jugé et al. have described a similar effect when changing substituents on their 
hybrid aminophosphine–phosphinite system.15 They observed a reversal of 
enantioselectivity when aryl substituents were replaced by alkyl, which is explained by 
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steric effects in the intermediate olefin complexes forcing the substrate to coordinate 
with the other prochiral face. A similar explanation is likely for the origin of the 
effects we observe, as the change in substituents is comparable. 

 
Table 2.2 Rhodium catalysed asymmetric hydroformylation of styrene.a 

[Rh]
H2/CO

CHO
CHO +

 
Entry T (°C) Ligand % conv.b b/lc % eed 

1e 60 2a 3 2 0 
2f 40 2b 84 17 50 
3 60 2b 55 6 51 
4 60 2c 99 12 9 
5 40 2d 96 10 72 
6 60 2d 97 7 61 
a [Rh(acac)(CO)2] = 1.0 mmol/l in toluene, [ligand] = 4.0 mmol/l, styrene/rhodium = 1000, 
pressure = 10 bar (CO/H2 = 1/1). b

 Percentage conversion; the reaction was stopped after 19 h. c 
Ratio of branched to linear product. d In all cases the R enantiomer of the product was formed. e 
48 h. f 65 h. 

 
After the promising results obtained in the asymmetric hydrogenation, we 

investigated the catalytic properties of ligands 2a–d in the more challenging 
hydroformylation of styrene (Table 2.2). We were encouraged by the results of Zhang 
and co-workers who obtained complete enantioselection in the hydroformylation of 
styrene using a hybrid phosphine-phosphoramidite ligand derived from NOBIN.8f 
Initial results were disappointing as the application of parent ligand 2a gave rise to low 
conversion (entry 1). Since the hydroformylation reaction is carried out in the presence 
of excess ligand with respect to rhodium, this low activity can be explained by the 
formation of inactive complexes with two ligands 2a coordinated to rhodium, as was 
also observed in the NMR experiments (vide supra), and for TangPhos ligands.16 
Indeed, introduction of sterically more demanding groups suppresses the formation of 
such species. Instead active catalysts are formed that provide the product with 
moderate to good ee’s with a maximum of 72% ee (ligand 2d entry 5). A high 
selectivity for the branched product with a b/l ratio of 17 was obtained using ligand 2b 
(entry 2). We expect that further optimization of this ligand will lead to a catalyst that 
will give both high regio- and enantioselectivity, as will be discussed in chapter 6. 

2.5 Conclusion 
In summary, we have developed a new set of hybrid bidentate phosphine-

phosphoramidite ligands based on the indole backbone. Their coordination mode to Rh 
is controlled by the steric properties of the ligand, which has been shown to play a 
major role in the asymmetric hydrogenation and hydroformylation. High 
enantioselectivities (up to 98% ee) are obtained with ligands 2b and 2d in the 
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asymmetric hydrogenation of benchmark substrates A and B. A high selectivity for the 
branched aldehyde along with good ee (up to 72%) is reached in the hydroformylation 
of styrene. The modular synthetic sequence allows for easy derivatization of the ligand 
enabling high–throughput screening of a IndolPhos library to convert more 
challenging substrates, which is treated in chapters 3 and 4. In chapter 5, the 
mechanism of enantioselection is investigated in more detail by kinetic studies, high-
pressure NMR spectroscopy, and DFT calculations. In chapter 6, the substrate scope 
and mechanism of the IndolPhos-Rh catalyzed asymmetric hydroformylation is 
investigated in detail. 

2.6 Experimental section 
General procedures. All reactions were carried out under an atmosphere of argon using 

standard Schlenk techniques. THF, pentane, hexane and diethyl ether were distilled from 
sodium benzophenone ketyl; CH2Cl2, isopropanol and methanol were distilled from CaH2 and 
toluene was distilled from sodium under nitrogen. With exception of the compounds given 
below, all reagents were purchased from commercial suppliers and used without further 
purification. The following compounds were synthesized according to published procedures: 
phosphorochloridite of (S)-(-)-2,2'-bisnaphthol,17 phosphorochloridite of (S)-(-)-3,3'-
bis(trimethylsilyl)-2,2'-bisnaphthol,17 phosphorochloridite of (S)-(-)-3,3’-dimethyl-2,2’-
bisnaphtol.18 NMR spectra (1H, 31P and 13C) were measured on a Varian INOVA 500 MHz. 
Optical rotations were determined on a Perkin-Elmer 241 polarimeter. High resolution mass 
spectra were recorded on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 
3-nitrobenzyl alcohol was used as matrix. Gas chromatographic analyses were run on a 
Shimadzu GC-17A apparatus (split/splitless, equipped with a FID detector and a BPX35 
column, internal diameter of 0.22 mm, film thickness 0.25 µm, carrier gas 70 kPa He). Chiral 
GC separations were conducted on an Interscience Trace GC Ultra (FID detector) with a ph 
Megadex column (internal diameter 0.1 mm, 5 m column, film thickness 0.1 µm) and an 
Interscience Focus GC (FID detector) with a Supelco BETA DEX column (0.25 mm x 30 m). 

Synthesis of diphenyl(3-methyl-2-indolyl)phosphine (1a).9 To a solution of 3-
methylindole (2.46 g, 18.8 mmol) in THF (50 mL) was added dropwise 7.9 mL of n-BuLi (2.5 
M in hexanes) at -78 °C. The resulting suspension was stirred at -78 °C for 20 min. Carbon 
dioxide was bubbled through the suspension for 30 min allowing the mixture to warm to room 
temperature, after which the solvent was removed in vacuo. The resulting white residue was 
dissolved in THF (50 mL) to give a clear yellow solution, which was cooled to -78 °C. To this 
solution 11.6 mL of t-BuLi (1.7 M in pentanes) was added and the resulting orange solution was 
stirred at -78 °C for 1 h. Chlorodiphenylphosphine (3.37 mL, 18.8 mmol) was added dropwise 
and the reaction mixture was stirred for 16 h allowing to warm to room temperature. The 
resulting yellow solution was washed with 50 mL degassed sat. aq. NH4Cl. The organic layer 
was dried over MgSO4, filtered and the solvent was removed in vacuo. The crude pale yellow 
residue was recrystallised from MeOH to yield the product as a white powder. Yield: 4.01 g (68 
%). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 7.63 (d, J = 8.0 Hz, 1H), 7.48 (bs, 1H), 7.38-
7.33 (m, 10H), 7.24 (d, J = 8.0 Hz, 1H), 7.21 (dt, J = 7.0 Hz, 1.0 Hz, 1H), 7.13 (dt, J = 7.0 Hz, 
1.0 Hz, 1H), 2.49 (s, 3H). 13C NMR (CDCl3, 125.5 MHz, 298 K): δ (ppm) 138.3, 136.43, 
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136.36, 133.32, 133.2, 129.52, 129.47, 129.07, 129.05, 129.01, 127.4, 127.3, 123.3, 122.5, 
122.3, 119.6, 119.4, 111.2, 10.1. 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) -32.08 (s). 
HRMS (FAB) calcd for [M + H]+ C21H19NP, 316.1255; found, 316.1242. 

Synthesis of diisopropyl(3-methyl-2-indolyl)phosphine (1b). To a solution of 3-
methylindole (3.55 g, 27.1 mmol) in THF (70 mL) was added dropwise 11.4 mL of n-BuLi (2.5 
M in hexanes) at -78 °C. The resulting suspension was stirred at -78 °C for 20 min. Carbon 
dioxide was bubbled through the suspension for 30 min allowing the mixture to warm to room 
temperature, after which the solvent was removed in vacuo. The resulting white residue was 
dissolved in THF (70 mL) to give a clear yellow solution, which was cooled to -78 °C. To this 
solution 18.9 mL of t-BuLi (1.5 M in pentanes) was added and the resulting orange solution was 
stirred at -78 °C for 1 h. Chlorodiisopropylphosphine (4.31 mL, 27.1 mmol) was added 
dropwise and the reaction mixture was stirred for 16 h allowing to warm to room temperature. 
The resulting yellow solution was washed with 50 mL degassed sat. aq. NH4Cl. The organic 
layer was dried over MgSO4, filtered and the solvent was removed in vacuo. The crude pale 
yellow residue was dissolved in 60% EtOAc/Hexanes and filtered through a pad of SiO2 to 
obtain the product as an off white powder. Yield: 5.23 g (78 %). 1H NMR (CDCl3, 500 MHz, 
298 K): δ (ppm) 7.91 (br s, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 7.5 Hz, 1H), 7.23 (t, J = 
7.5 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 2.48 (s, 3H), 2.18 (septet, J = 7.0 Hz, 2H), 1.16 (dd, JHH = 
7.0 Hz, JPH = 16.0 Hz, 6H), 1.01 (dd, JHH = 7.0 Hz, JPH = 11.0 Hz, 6H). 13C NMR (CDCl3, 
125.5 MHz, 298 K): δ (ppm) 138.0, 129.2, 129.1, 127.9, 127.7, 123.5, 123.4, 123.0, 119.24, 
119.22, 110.7, 23.9, 23.8, 20.6, 20.5, 19.9, 19.8, 10.4, 10.3. 31P{1H} NMR (CDCl3, 202.3 MHz, 
298 K): δ (ppm) -17.70 (s). HRMS (FAB) calcd for [M + H]+ C15H23NP, 248.1568; found, 
248.1561. 

Synthesis of diphenyl{1-[(S)-3,5-dioxa-4-phospha-cyclohepta(2,1-a;3,4-a’) 
dinaphtalen-4-yl]-3-methyl-2-indolyl}phosphine (2a). To a solution of 1a (1.05 g, 3.3 mmol) 
in THF (15 mL) was added dropwise 1.33 mL of n-BuLi (2.5 M in hexanes) at -78 °C. The 
resulting yellow-orange solution was stirred for 0.5 h at -78 °C and allowed to warm to room 
temperature. This solution was added dropwise to a solution of (S)-(-)-2,2’-bisnaphtol 
phosphorochloridite (1.17 g, 3.3 mmol) in THF (10 mL) at -78 °C. The reaction mixture was 
stirred for 15 h allowing to warm to room temperature. The resulting pale yellow solution was 
filtered through a pad of SiO2, which was rinsed twice with THF (2 x 10 mL). The solvent was 
removed in vacuo. Co-evaporation with pentanes gave the product as a white powder. Yield: 
2.08 g (99 %). [α]22

D = +238.2 (c = 2.9, CHCl3). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 
7.97 (d, J = 9.0 Hz, 1H), 7.94 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.56-7.31 (m, 18H), 
7.28 (m, 1H), 6.89 (t, J = 7.3 Hz, 1H), 6.75 (d, J = 8.5 Hz, 1H), 6.53 (d, J = 8.5 Hz, 1H), 6.24 
(t, J = 7.8 Hz, 1H), 2.04 (s, 3H). 13C NMR (CDCl3, 125.5 MHz, 298 K): δ (ppm) 150.4, 148.7, 
140.6, 135.7, 135.1, 133.2, 132.9, 132.8, 132.2, 132.0, 131.5, 130.9, 130.6, 128.9, 128.81, 
128.76, 128.68, 128.64, 128.62, 128.58, 128.47, 128.1, 127.3, 126.9, 126.62, 126.55, 125.5, 
125.1, 124.7, 123.8, 123.0, 121.9, 121.5, 121.2, 118.6, 116.3, 10.8. 31P{1H} NMR (CDCl3, 
202.3 MHz, 298 K): δ (ppm) 143.43 (d, JPP = 165.7 Hz), -27.95 (d, JPP = 165.7 Hz). HRMS 
(FAB) calcd for [M + H]+ C41H30NO2P2, 630.1752; found, 630.1743. 

Synthesis of diisopropyl{1-[(S)-3,5-dioxa-4-phospha-cyclohepta(2,1-a;3,4-a’) 
dinaphtalen-4-yl]-3-methyl-2-indolyl}phosphine (2b). To a solution of 1b (298 mg, 1.2 
mmol) in THF (10 mL) was added dropwise 0.48 mL of n-BuLi (2.5 M in hexanes) at -78°C. 
The resulting pale yellow solution was stirred for 1 h at -78 °C and allowed to warm to room 
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temperature. This solution was added dropwise to a solution of (S)-(-)-2,2’-bisnaphtol 
phosphorochloridite (422 mg, 1.2 mmol) in THF (5 mL) at -78 °C. The reaction mixture was 
stirred for 1 h at -78 °C and then allowed to warm to room temperature. The resulting pale 
yellow solution was filtered through a pad of SiO2, which was rinsed twice with THF (2 x 10 
mL). The solvent was removed in vacuo. The crude off-white solid was purified by SiO2 column 
chromatography (5 % EtOAc/Hexanes) to obtain the product as a white powder. Yield: 598 mg 
(89 %). [α]22

D = +366.1 (c = 2.1, CHCl3). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 8.06 (d, 
J = 9.0 Hz, 1H), 7.99 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.60 (d, J = 9.0 Hz, 1H), 
7.55 (d, J = 8.5 Hz, 1H), 7.51-7.45 (m, 4H), 7.40 (d, J = 7.5 Hz, 1H), 7.37-7.31 (m, 2H), 6.87 (t, 
J = 7.5 Hz, 1H), 6.79 (d, J = 9.0 Hz, 1H), 6.52 (br d, J = 6.5 Hz, 1H), 6.18 (t, J = 8.5 Hz, 1H), 
2.75 (br m, 1H), 2.67 (m, 1H), 2.50 (s, 3H), 1.33-1.27 (m, 6H), 1.18-0.99 (m, 6H). 13C NMR 
(CDCl3, 125.5 MHz, 298 K): δ (ppm) 150.6, 148.9, 140.4, 133.2, 132.9, 132.0, 131.5, 131.0, 
130.7, 128.7, 128.6, 127.4, 127.0. 126.7, 126.59, 125.57, 125.2, 124.9, 123.4, 122.97, 122.94, 
121.9, 121.6, 121.2, 119.2, 118.6, 116.4, 110.7, 26.2, 25.6, 23.9, 23.8, 22.4, 22.1, 21.61, 21.54, 
21.45, 20.6, 20.5, 19.89, 19.83, 11.5, 11.4. 31P{1H} NMR (CDCl3, 202.3 MHz, 223 K): δ (ppm) 
143.61 (d, JPP = 249.2 Hz, 0.5P), 142.17 (s, 0.5P), -10.39 (d, JPP = 247.8 Hz, 0.5P), -11.52 (s, 
0.5P). HRMS (FAB) calcd for [M + H]+ C35H34NO2P2, 562.2065; found, 562.2070. 

Synthesis of diphenyl{1-[(S)-2,6-bis-trimethylsilyl-3,5-dioxa-4-phospha-cyclohepta(2,1-
a;3,4-a’)dinaphtalen-4-yl]-3-methyl-2-indolyl}phosphine (2c). To a solution of 1a (218 mg, 
0.69 mmol) in THF (5 mL) was added dropwise 0.276 mL of n-BuLi (2.5 M in hexanes) at -78 
°C. The resulting yellow-orange solution was stirred for 0.5 h at -78 °C and allowed to warm to 
room temperature. This solution was added dropwise to a solution of (S)-(-)-3,3’-
bis(trimethylsilyl)-2,2’-bisnaphtol phosphorochloridite (343 mg, 0.69 mmol) in THF (5 mL) at -
78°C. The reaction mixture was stirred for 1 h at -78 °C and then allowed to warm to room 
temperature. The resulting red solution was filtered through a pad of SiO2, which was rinsed 
twice with THF (3 x 5 mL). The solvent was removed in vacuo. Co-evaporation with CH2Cl2 
gave the product as an off white powder. Yield: 493 mg (92 %). 1H NMR (CDCl3, 500 MHz, 
298 K): δ (ppm) 8.05 (s, 1H), 7.92 (d, J = 7.5 Hz, 1H), 7.89 (s, 2H), 7.52-7.22 (m, 17H), 6.90 (t, 
J = 7.5 Hz, 1H), 6.42 (d, J = 8.5 Hz, 1H), 6.28 (t, J = 7.75 Hz, 1H), 1.70 (s, 3H), 0.05 (s, 9H), 
0.01 (s, 9H). 13C NMR (CDCl3, 125.5 MHz, 298 K): δ (ppm) 154.9, 153.0, 139.7, 137.9. 137.5, 
134.21, 134.15, 134.03, 133.99, 132.9, 132.8, 132.6, 132.0, 131.5, 130.9, 129.2, 129.13, 129.08, 
128.71, 128.66, 128.59, 128.47, 128.38, 127.2, 127.1, 126.78, 126.72, 125.3, 124.9, 123.9, 
123.6, 121.9, 121.2, 118.2, 116.5, 10.6, -0.1, -0.3. 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ 
(ppm) 133.73 (d, JPP = 250.4 Hz), -25.82 (d, JPP = 253.3 Hz). HRMS (FAB) calcd for [M + H]+ 
C47H45NO2P2Si2, 774.2542; found, 774.2532. 

Synthesis of diisopropyl{1-[(S)-2,6-dimethyl-3,5-dioxa-4-phospha-cyclohepta 
(2,1-a;3,4-a’)di-naphtalen-4-yl]-3-methyl-2-indolyl}phosphine (2d). To a solution of 1b (314 
mg, 1.3 mmol) in THF (8 mL) was added dropwise 1.07 mL of sec-BuLi (1.3 M in 
cyclohexane/hexanes) at -78°C. The resulting pale yellow solution was stirred for 1 h at -78 °C 
and allowed to warm to room temperature. This solution was added dropwise to a solution of 
(S)-(-)-3,3’-dimethyl-2,2’-bisnaphtol phosphorochloridite (481 mg, 1.3 mmol) in THF (5 mL) at 
-78 °C. The reaction mixture was stirred for 1 h at -78 °C and then allowed to warm to room 
temperature. The solvent was removed in vacuo and the reddish-brown residue was redissolved 
in a 20:80 mixture of EtOAc/Hexanes (20 mL).  The resulting suspension was filtered through a 
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pad of SiO2, which was rinsed with a 20:80 mixture of EtOAc/Hexanes (20 mL). The solvent 
was removed in vacuo to obtain the product as a white powder. Yield: 695 mg (93 %). [α]22

D = 
+401.3 (c = 3.5, CHCl3). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 7.90 (m, 2H), 7.80 (d, J 
= 8.0 Hz, 1H), 7.47-7.39 (m, 6H), 7.29-7.23 (m, 2H), 6.93 (t, J = 7.5 Hz, 1H), 6.51 (d, J = 8.5 
Hz, 1H), 6.24 (t, J = 7.5 Hz, 1H), 2.75 (m, 2H), 2.62 (s, 3H), 2.54 (s, 3H), 1.69 (s, 3H), 1.33-
1.27 (m, 6H), 1.17-1.07 (m, 3H), 1.05-1.00 (m, 3H). 13C NMR (CDCl3, 125.5 MHz, 298 K): δ 
(ppm) 150.8, 148.1, 140.2, 132.2, 132.0, 131.9, 131.6, 131.5, 130.6, 130.41, 130.35, 130.25, 
127.84, 127.76, 127.3, 127.2, 127.1, 125.7, 125.6, 125.34, 125.29, 125.1, 123.4, 123.0, 122.6, 
121.4, 119.2, 118.6, 116.5, 110.7, 30.3, 30.2, 26.9, 26.8, 26.74, 26.66, 23.9, 23.8, 22.1, 22.0, 
21.4, 20.6, 20.5, 19.9, 19.8, 17.4, 17.2, 11.6, 11.4. 31P{1H} NMR (CDCl3, 202.3 MHz, 223 K): δ 
(ppm) 137.65 (d, JPP = 239.7 Hz, 0.25P), 136.34 (s, 0.75P), -9.80 (d, JPP = 239.7 Hz, 0.25P), -
11.25 (s, 0.75P). HRMS (FAB) calcd for [M + H]+ C37H37NO2P2, 590.2378; found, 590.2356. 

Synthesis of [Rh(2c)(cod)]BF4. A suspension of [Rh(cod)Cl]2 (56 mg, 0.11 mmol) and 
AgBF4 (44 mg, 0.23 mmol) in THF (4 mL) was stirred for 45 minutes protected from light. The 
resulting yellow mixture was filtered over a short pad of Celite, which was rinsed with THF (4 
mL). To this solution, 2c (176 mg, 0.23 mmol) in THF (8 mL) was added dropwise and the 
resulting orange solution was stirred for 1 h, filtered, and the solution was concentrated in vacuo 
to ca. 0.5 mL. Pentane (20 mL) was added to precipitate an orange solid, which was washed 
with pentanes (20 mL) and dried in vacuo. Yield: 203 mg (83 %). 1H NMR (CDCl3, 500 MHz, 
298 K): δ (ppm) 8.21 (s, 1H), 8.04 (d, J = 8.5 Hz, 1H), 7.99 (m, 3H), 7.67-7.54 (m, 8H), 7.44 
(m, 4H), 7.36 (m, 2H), 7.23 (d, J = 8.5 Hz, 1H), 7.08 (t, J = 7.5 Hz, 2H), 6.50 (t, J = 8.0 Hz, 
1H), 6.02 (d, J = 8.5 Hz, 1H), 5.76 (br s, 1H), 5.44 (br s, 2H), 4.08 (br s, 1H), 2.48-2.05 (m, 
8H), 1.94 (s, 3H), 0.29 (s, 9H), 0.12 (s, 9H). 13C NMR (CDCl3, 125.5 MHz, 298 K): δ (ppm) 
153.8, 153.7, 139.1, 138.4, 137.7, 137.4, 134.1, 133.8, 133.7, 133.6, 132.9, 132.4, 131.68, 
131.64, 131.55, 131.45, 130.7, 130.44, 130.36, 130.0, 129.9, 129.1, 128.81, 128.77, 128.3, 
128.2, 127.9, 127.1, 126.94, 126.85, 126.83, 126.5, 126.4, 126.1, 126.0, 123.6, 122.0, 120.6, 
120.5, 115.5, 111.6, 108.9, 97.1, 31.3, 30.2, 30.0, 29.0, 10.4, 1.0, -0.9. 31P{1H} NMR (CDCl3, 
202.3 MHz, 298 K): δ (ppm) 137.83 (dd, JPRh = 257.3 Hz, JPP = 45.9 Hz), 24.94 (dd, JPRh = 
140.2 Hz JPP = 45.9 Hz). HRMS (FAB) calcd for [M – BF4]+ C55H57NO2P2Si2Rh, 984.2458; 
found, 984.2459. 

General procedure for the asymmetric hydrogenation. The hydrogenation experiments 
were carried out in a stainless steel autoclave (150 mL) charged with an insert suitable for 5 
reaction vessels (including Teflon mini stirring bars) for conducting parallel reactions. In a 
typical experiment, the reaction vessels were charged with 2.5 µmol of [Rh(nbd)2]BF4, 2.75 
µmol of ligand and 0.25 mmol of alkene substrate in 2.5 mL of CH2Cl2. In case of ligand 2c the 
corresponding rhodium complex [Rh(2c)(cod)]BF4 was used instead of the in situ generated 
catalyst because the free ligand 2c proved to be very unstable towards hydrolysis by moisture. 
Before starting the catalytic reactions, the charged autoclave was purged three times with 15 bar 
of dihydrogen and then pressurised at 10 bar H2. The reaction mixtures were stirred at 25 °C for 
the appropriate reaction time. After catalysis the pressure was reduced to 1.0 bar and the 
conversion and enantiomeric purity was determined by chiral GC (dimethyl itaconate: Supelco 
BETA DEX, isothermal at 68 °C, tR (R) = 43.1 min. and tR (S) = 43.7 min.; methyl 2-
acetamidoacrylate: ph Megadex column, initial temperature = 70 °C and ΔT = 7 °C min-1; tR (S) 
= 3.32 min. and tR (R) = 4.05 min.). 
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General procedure for the asymmetric hydroformylation of styrene. The reactions were 
performed in a stainless steel autoclave containing a 15 mL glass beaker equipped with a Teflon 
stirring bar. The substrate styrene was filtered freshly over basic alumina to remove possible 
peroxide impurities. The autoclave was charged with 3.0 µmol of [Rh(acac)(CO)2], 12.0 µmol of 
ligand, 344 µl of styrene and 193 µl of decane in 3.0 ml of toluene. Before starting the catalytic 
reactions, the charged autoclave was purged three times with 15 bar of syngas (CO/H2=1/1) and 
then pressurized at 10 bar (CO/H2 = 1/1). The reaction mixtures were stirred at 40 °C or 60 °C 
for the appropriate reaction time. After catalysis the pressure was reduced to 1.0 bar and the 
conversion was checked by GC. The enantiomeric purity was determined by chiral GC (ph 
Megadex column; initial temperature = 40 °C and ΔT = 25 °C min-1; tR (R) = 4.51 min. and tR 
(S) = 4.64 min.). 
NMR spectroscopy study of [Rh(2a)2]BF4 and [Rh(2a)(nbd)]BF4. [Rh(nbd)2]BF4 (6.44 mg, 
17.2 µmol) and 2a (10.76 mg, 17.1 µmol) were dissolved in CDCl3 (1 mL) and stirred for 3 h to 
allow complex formation. A 4:1 mixture of [Rh(2a)2]BF4 and [Rh(2a)(nbd)]BF4 was obtained 
(Figure 2.4). [Rh(2a)2]BF4: 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 7.93-7.14 (m, 42 H), 
7.01 (d, J = 8.5 Hz, 1H), 6.93 (t, J = 7.5 Hz, 1H), 6.85 (m, 2H), 6.75 (t, J = 7.3 Hz, 1H), 6.61 (t, 
J = 8.3 Hz, 2H), 6.17 (t, J = 8.0 Hz, 1H), 5.80 (d, J = 9.0 Hz, 1H), 5.46 (d, J = 9.0 Hz, 1H), 
1.80 (s, 3H), 1.29 (s, 3H). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) 157.05 (m, JPN,Rh 
= 225.2 Hz, JPN,PCtrans = 388.7 Hz, JPN,PCcis = -61.8 Hz, JPN,PN’ = 25.7 Hz), 24.83 (m, JPC,Rh = 
124.0 Hz, JPC,PNtrans = 388.7 Hz, JPC,PNcis = -61.8 Hz, JPC,PC’ = 16.9 Hz). [Rh(2a)(nbd)]BF4:19 
31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) 147.06 (dd, JPN,Rh = 270.9 Hz, JPN,PC = 56.6 
Hz), 26.51 (dd, JPC,Rh = 144.2, JPC,PN = 55.2 Hz). 

 

 
Figure 2.4 31P{1H} NMR spectrum of complex study with ligand 2a. ♣ [Rh(2a)2]BF4,  
♥ [Rh(2a)(nbd)]BF4. 

♣  ♣ 

♥  ♥ 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NMR spectroscopy study of [Rh(2b)(nbd)]BF4. [Rh(nbd)2]BF4 (5.26 mg, 14.0 µmol) and 
2b (7.15 mg, 12.7 µmol) were dissolved in CDCl3 (1 mL) and stirred for 1 h to allow complex 
formation (Figure 2.5). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 8.23 (d, J = 8.5 Hz, 1H), 
8.07 (d, J = 8.5 Hz, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.81 (d, J = 9.0 Hz, 1H), 7.66 (d, J = 8.5 Hz, 
1H), 7.60-7.53 (m, 2H), 7.45-7.35 (m, 5H), 6.99 (t, J = 7.5 Hz, 1H), 6.83 (d, J = 9.0 Hz, 1H), 
6.62 (br s, 1H), 6.48 (br s, 1H), 6.26 (t, J = 7.8 Hz, 1H), 5.98 (d, J = 8.5 Hz, 1H), 5.48 (br s, 
2H), 4.39 (br s, 1H), 4.13 (br s, 1H), 3.01 (m, 2H), 2.47 (s, 3H), 1.72 (br s, 2H), 1.54-1.34 (m, 
12H). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) 146.05 (dd, JPN,Rh = 272.1 Hz, JPN,PC 
= 51.2 Hz), 53.23 (dd, JPC,Rh = 142.8 Hz, JPC,PN = 52.6 Hz). 
 

 
Figure 2.5 31P{1H} NMR spectrum of complex study with ligand 2b. 

 
NMR spectroscopy study of [Rh(2c)(nbd)]BF4. [Rh(nbd)2]BF4 (4.97 mg, 13.3 µmol) and 

2c (10.22 mg, 13.2 µmol) were dissolved in CDCl3 (1 mL) and stirred for 0.5 h to allow 
complex formation (Figure 2.6). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 8.26 (s, 1H), 8.06 
(d, J = 8.5 Hz, 1H), 7.99 (d, J = 8.5 Hz, 1H), 7.98 (s, 1H), 7.89 (d, J = 6.5 Hz, 1H), 7.86 (d, J = 
7.0 Hz, 1H), 7.63 (m, 6H), 7.57 (m, 2H), 7.47 (d, J = 8.0 Hz, 1H), 7.36 (t, J = 8.0 Hz, 2H), 7.30 
(m, 2H), 7.20 (d, J = 9.0 Hz, 1H), 7.15 (d, J = 8.5 Hz, 1H), 7.10 (t, J = 7.0 Hz, 1H), 6.52 (t, J = 
8.0 Hz, 1H), 5.97 (d, J = 8.0 Hz, 1H), 5.82 (br s, 1H), 5.76 (br s, 1H), 5.69 (br s, 1H), 4.17 (br s, 
1H), 4.09 (br s, 1H), 4.04 (br s, 1H), 1.92 (s, 3H), 1.80 (d, J = 9.5 Hz, 1H), 1.60 (d, J = 9.0 Hz, 
1H), 0.31 (s, 9H), -0.07 (s, 9H). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) 139.58 
(dd, JPN,Rh = 268.0 Hz, JPN,PC = 53.8 Hz), 25.04 (dd, JPC,Rh = 145.5 Hz, JPC,PN = 53.8 Hz). 
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Figure 2.6 31P{1H} NMR spectrum of complex study with ligand 2c. 

 
 

 
Figure 2.7 31P{1H} NMR spectrum of complex study with ligand 2d. 
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NMR spectroscopy study of [Rh(2d)(nbd)]BF4. [Rh(nbd)2]BF4 (4.27 mg, 11.4 µmol) and 
2d (7.50 mg, 12.7 µmol) were dissolved in CDCl3 (1 mL) and stirred for 1h to allow complex 
formation (Figure 2.7). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 8.04 (s, 1H), 7.98 (d, J = 
8.0 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.60 (s, 1H), 7.56-7.50 (m, 2H), 7.47 (d, J = 7.5 Hz, 1H), 
7.35-7.28 (m, 3H), 7.22 (d, J = 8.5 Hz, 1H), 7.05 (t, J = 7.5 Hz, 1H), 6.72 (br s, 1H), 6.56 (br s, 
1H), 6.36 (t, J = 8.0 Hz, 1H), 5.85 (d, J = 8.5 Hz, 1H), 5.60 (br s, 1H), 4.75 (br s, 1H), 4.30 (br 
s, 1H), 4.17 (br s, 1H), 3.08 (m, 1H), 2.96 (m, 1H), 2.80 (s, 3H), 2.49 (s, 3H), 1.90 (br d, J = 6.0 
Hz, 1H), 1.82 (s, 3H), 1.66 (br d, J = 7.5 Hz, 1H), 1.53-1.44 (m, 6H), 1.36 (dd, J = 19.0, 7.0 Hz, 
3H), 1.14 (dd, J = 22.0, 6.5 Hz, 3H). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) 
141.67 (dd, JPN,Rh = 272.1 Hz, JPN,PC = 52.4 Hz), 55.36 (dd, JPC,Rh = 142.8 Hz, JPC,PN = 52.6 Hz). 
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Chapter 3 
 

Asymmetric synthesis of the Roche Ester and its 
derivatives by Rh-IndolPhos catalyzed 

hydrogenation† 
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(S)-iPr2-IndolPhos

98 % ee
TOF > 5500 h-1  

 
Abstract: (S)-3-hydroxy-2-methylpropionate, known as the Roche ester, and 

several of its derivatives are successfully synthesized through asymmetric rhodium 
catalyzed hydrogenation, using IndolPhos (diisopropyl{1-[(S)-3,5-dioxa-4-phospha-
cyclohepta(2,1-a;3,4-a’)dinaphtalen-4-yl]-3-methyl-2-indolyl}phosphine) as the chiral 
ligand, in excellent yield and very high ee (TOF over 5500 h-1 at 25 °C; up to 98% ee 
at -40 °C). 
 
 
 
 
† Part of this chapter has been published: Wassenaar, J.; Kuil, M.; Reek, J. N. H. Adv. 
Synth. Catal. 2008, 350, 1610–1614. 
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3.1 Introduction 
Transition metal catalyzed asymmetric hydrogenation has evolved in recent years 

as a practical and economical strategy in the preparation of fine chemical 
intermediates for the pharmaceutical industry.1 In this course, a broad range of chiral 
hydrogenation catalysts have been developed, most of which rely on chiral mono- or 
bidentate phosphorus ligands.2 The continuous development of new ligands has been 
shown to be vital in order to discover good catalysts. Two successful strategies in 
catalyst development have been reported that aim at catalysts for a broad substrate 
scope; the privileged ligand approach and combinatorial ligand approach. Privileged 
ligands, as defined by Jacobsen, usually consist of a rigid chiral backbone and give 
high selectivities for a broad range of substrates requiring only minor or no changes in 
the ligand structure.3 In ultimate examples the ligands provide selective catalysts for 
several transition metal catalyzed conversions. Alternatively, the combinatorial ligand 
approach utilizes facile preparation of ligands enabling the construction of large and 
diverse ligand libraries that allow, in conjunction with automated screening methods, 
the identification the optimum catalyst for each individual substrate.4 Our group has 
contributed to this field by developing both combinatorial5 as well as privileged 
ligands.6 To illustrate the potential of these ligands though, it is essential to employ 
them in the synthesis of relevant and challenging chiral targets.5f 
 

R1O OR2

O

R3

1a R1 = H, R2 = Me, R3 = H
1b R1= H, R2 = Bn, R3 = H
1c R1 = Ac, R2 = Me, R3 = H
1d R1 = H, R2 = Me, R3 = Ph  

Figure 3.1 Structure of the Roche ester 1a and its derivatives. 
 
In the past decade, a few reports appeared on the asymmetric synthesis of methyl 

3-hydroxy-2-methylpropionate 1a, known as the Roche ester, by means of 
enantioselective hydrogenation (Figure 3.1).7,8 The Roche ester is a very important 
chiral starting material for the total synthesis of pharmaceutical compounds, e.g. in the 
synthesis of anti-tumor agents tedanolide and discodermolide.9 Importantly, as the 
Roche ester is a liquid the optical purity can not be increased by crystallization and 
therefore asymmetric synthesis of this building block is only interesting if the ee of the 
product is very high (more than 95 %). Genêt et al. reported a highly enantioselective 
synthesis of Roche Ester derivatives with bulky ester groups using a Ru-SYNPHOS 
catalyst.8a-b However, the parent Roche ester containing a methyl ester (1a) was 
obtained in only 88% ee. Saito and co-workers reported 90% ee using a Rh-DuPHOS 
catalyst.8d Until the results in this chapter were published, these examples represented 
the leads in the asymmetric synthesis of 1a by enantioselective hydrogenation, and 
routes that provided over 90 % enantiomeric purity remained a challenge. Afterwards, 
the groups of Börner,10 Zheng,11 and our own laboratory reported ee’s for this 
substrate up to 99 %.12 
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Recently, we reported the synthesis of a new hybrid bidentate phosphine-
phosphoramidite ligand IndolPhos (4) and its application in asymmetric rhodium 
catalyzed hydrogenation and hydroformylation (chapter 2).13 In terms of bite angle and 
rigidity, the ligand shows similarities with DuPHOS, one of the most successful 
ligands for the preparation of 1a, which therefore prompted our interest in applying 
IndolPhos in the synthesis of Roche ester derivatives. We here report the asymmetric 
synthesis of the Roche ester and its derivatives through rhodium-IndolPhos catalyzed 
hydrogenation. 

3.2 Ligand synthesis 
IndolPhos ligands 4a-f are prepared in one step from the corresponding 

indolylphosphines 3a-d by condensation with a Bisnaphthol phosphorochloridite 
(Scheme 3.1).  It was observed in chapter 2 that bulky phosphines were important in 
order to achieve high selectivity in asymmetric hydrogenation.13 Therefore, we 
expanded the IndolPhos library with a cyclohexylphosphine (4c) and  
o-tolylphosphine (4d) donor group. 
 
Scheme 3.1 Synthesis of IndolPhos ligands. 

N
H

PR2

Me

n-BuLi

(S)-BINOL-PCl

O

O
P N

PR2

3a R = Ph
3b R = iPr

R'

R'
4a R = Ph; R' = H
4b R = iPr; R' = H
4c R = Cy; R' = H

3c R = Cy
3d R = oTol

4d R = oTol; R' = H
4e R = Ph; R' = SiMe3
4f R = iPr; R' = Me  

3.3 Asymmetric hydrogenation 
Ligands 4a-f were studied in the rhodium catalyzed hydrogenation of methyl 2-

hydroxymethylacrylate 2a, which is available in one step via Baylis-Hillman reaction 
of methyl acrylate and formaldehyde, giving Roche ester 1a (Scheme 3.2).14 The 
catalysts were generated in situ from [Rh(nbd)2]BF4 and the corresponding IndolPhos 
ligand in dichloromethane (Table 3.1). All ligands give rhodium catalysts that display 
high activity as all reactions are (almost) completed after 20 h at 10 bar H2 and room 
temperature, providing 1a as the only product. On the other hand, large variations are 
observed with regard to the enantioselectivity of the catalysts based on the various 
ligands. The catalyst generated from parent IndolPhos ligand 4a gives an almost 
racemic product, whereas the introduction of bulky groups on the Bisnaphtol moiety or 
the use of bulky phosphines results in moderate to excellent enantioselectivities up to 
91 % ee (Table 3.1, entries 1-6). 
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Scheme 3.2 Synthetic strategy for the Roche Ester synthesis. 

O

HH
+

O

OMe
DABCO

HO OMe

O
1 mol%
[Rh(IndolPhos)(nbd)]BF4

10 bar H2, DCM HO OMe

O

1a2a  
 

The large dependence of the enantioselectivity on the steric properties of the ligand 
may be rationalized by the formation of bis-ligated species [Rh(4a)2]BF4. In chapter 2 
we detected this species by NMR spectroscopy when mixing equimolar amounts of 4a 
with [Rh(nbd)2]BF4. Importantly, when changing the steric properties of the ligand to 
more bulky substituents on either the phosphine (4b-d) or Bisnaphthol (4e), only 
mono-ligated species [Rh(4)(nbd)]BF4 were observed. Additional factors disfavoring 
bis-ligated species in the case of 4b-c and 4f are the lack of π-stacking interactions and 
the stronger trans-effect of alkyl phosphines. 
 
Table 3.1 Ligand screening in the rhodium catalyzed asymmetric hydrogenation of methyl 2-
hydroxymethylacrylate.a 

OMe

O

HO

Ligand 4a-e
[Rh(nbd)2]BF4

H2, DCM
10 bar, 20oC

OMe

O

HO

2a (S)-1a  

Entry Ligand % conv. % eeb 

1 4a 100 7 
2 4b 100 91 
3 4c 100 85 
4 4d 100 66 
5 4e 80 62 
6 4f 100 74 
7 (S)-Monophosc 100 43 
a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, [Rh] = 1.0 mM, 10 
bar of H2, at 20°C for 20 h using [Rh(nbd)2]BF4 as metal precursor. b The (S)-enantiomer was 
obtained in all cases. c (S)-(+)-(3,5-Dioxa-4-phospha-cyclohepta[2,1-a;3,4-a’] 
dinaphthalen-4-yl)dimethylamine. 

 
The ligand screening experiments indicate that especially bulky, electron-rich 

alkylphosphines are required for catalysts that provide the product in ee values over 80 
%. Comparison with Monophos confirms this necessity and demonstrates the added 
value of hybrid ligands in this transformation (Table 3.1, entry 7).15 

After the encouraging screening results, conditions were optimized for the most 
selective catalyst based on ligand 4b. These optimization experiments were carried out 
in an AMTEC SPR16, consisting of 16 parallel reactors equipped with temperature 
and pressure sensors and a mass flow controller, allowing the reaction rates to be 
determined from gas-uptake profiles. The rate measurements revealed turnover 
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frequencies of over 5500 mol1a molRh
-1 h-1 (Table 3.2, entry 2). Lowering the hydrogen 

pressure does not affect the ee but leads to an almost linear decrease of the rate, 
suggesting a first order dependency on the partial hydrogen pressure (Table 3.2, 
entries 1-2). When the catalyst loading was reduced to 0.25 - 0.1 mol%, activity 
dropped and full conversion was no longer reached (Table 2, entry 2-4). The gas up-
take profiles (Figure 3.2) for entries 3 and 4 level off at 95% and 46% conversion, 
respectively, indicating catalyst deactivation at lower catalyst loading, which is most 
probably caused by small, undetectable, impurities in the substrate. In order to increase 
the enantioselectivity, we conducted the hydrogenation at -15 °C and -40 °C, which 
results in a, at the time of publication, unprecedented ee of 98% and full conversion 
(Table 3.2, entry 5-6). Following these optimized reaction conditions (-40 °C), Roche 
ester 1a was obtained on a 50 mmol scale in high isolated yield (87 %) and an 
excellent ee of 98 % (Table 3.2. entry 7). 

 
Table 3.2 Variation of conditions in the rhodium catalyzed asymmetric hydrogenation of methyl 
2-hydroxymethylacrylate using ligand 4b.a 

Entry S/C P (bar) T (°C) % conv. TOFb % eec 

1 100 5 25 100 3.2 x103 93 
2 100 10 25 100 5.7 x103 93 
3 400 10 25 95 1.1 x103 93 
4 1000 10 25 46 2.5 x103 92 
5d 100 10 -15 100 n.d. 95 
6d 100 10 -40 100 n.d. 98 
7d,e 100 20 -40 100 (87)f n.d. 98 
a Reactions were performed in CH2Cl2, Rh/L = 1:1.1 for 1.5 h using [Rh(nbd)2]BF4 as metal 
precursor. b Turnover frequency determined at 10% conversion (mol1a molRh

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

 
The scope of the Rh-IndolPhos catalyzed hydrogenation towards Roche ester 

derivatives 1b-d was studied to explore the limits of the approach and to identify 
structural motifs in the substrate governing the stereoselective outcome. First, the 
methyl ester was replaced with a benzyl ester (2b), and also this substrate was fully 
converted in high stereoselectivity (Table 3.3, entries 1-2). The substrate that is 
protected with an acyl group at the primary alcohol functionality (2c) seems less 
reactive as it is not fully converted under these conditions and the ee of the product 
reaches only 35%, indicating the importance of the alcohol group in the 
enantiodiscriminating step (Table 3.3, entries 3-4). Introduction of a phenyl group on 
the double bond (2d) also reduces the reactivity of the substrate (35 % conversion), 
and the product formed is racemic (Table 3.3, entries 5-6). 

The asymmetric hydrogenation of the structurally related α-methylcinnamic acid 5 
results in moderate yield and an enantioselectivity of 78% ee (Table 3.3, entries 7-8). 
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Considering the structural similarity of 2d and 5, the difference in reactivity and 
selectivity towards asymmetric hydrogenation is remarkable. 

As control experiments we also studied MonoPhos based rhodium catalysts in 
these hydrogenation reactions. As is clear from the results, in none of the examples 
this catalyst gave better results than IndolPhos based catalysts (Table 3.1, entry 6, and 
Table 3.3, entries 2,4,6 and 9). This superiority of IndolPhos over MonoPhos in the 
hydrogenation of Roche ester derivatives shows the importance of chelating ligands in 
this reaction. 

 
Table 3.3 Scope of the Rh-IndolPhos catalyzed hydrogenation.a 
Entry Substrate Ligand % conv. % ee (config.) 

1 4b 100 89 (S) 

2 
HO OBn

O

2b   (S)-MonoPhosb 90 48 (S) 

3 4b 34 35 (S) 

4 
AcO OMe

O

2c   (S)-MonoPhosb 50 0 

5 4a 33 0 

6 
HO OMe

O

Ph
2d   (S)-MonoPhosb 23 0 

7 4e 45 78 (R) 

8c 4e 46 73 (R) 

9d 

OH

O

Ph
5

  (R)-MonoPhosb 43 8 (S) 
a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, 10 bar of H2, at 
20°C for 20 h using [Rh(nbd)2]BF4 as metal precursor. Additional catalytic results are available 
in the experimental section. b  (S)-(+)-(3,5-Dioxa-4-phospha-cyclohepta[2,1-a;3,4-
a’]dinaphthalen-4-yl)dimethylamine. c 20 bar H2. d Literature value.16 

3.4 Conclusion 
In conclusion, Roche ester 1a and some of its derivatives are successfully 

synthesized through asymmetric rhodium catalyzed hydrogenation using IndolPhos in 
high yield and, at the time of publication, unprecedented enantioselectivity (up to 98% 
ee) on a preparative scale. The bidentate character of IndolPhos is of importance as all 
experiments with monodentate MonoPhos ligands resulted in poor ee of the product. A 
short study of the substrate scope revealed little sensitivity of the catalyst with regard 
to the ester group present in the substrate; both methyl as benzyl ester were converted 
in high selectivity. However, the primary alcohol function seems to have an important 
function, as the acyl-protected substrate could not be hydrogenated in high selectivity. 
The tri-substituted substrate with an additional phenyl group at the 3-position is less 
reactive and forms the product as a racemate. Hydrogenation of the structurally related 
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α-methylcinnamic acid 5 results in moderate activity and high enantioselectivity up to 
78% ee. 

3.5 Experimental section 
General procedures. All reactions were carried out under an atmosphere of argon using 

standard Schlenk techniques. THF, pentane, hexane and diethyl ether were distilled from 
sodium benzophenone ketyl; CH2Cl2, isopropanol and methanol were distilled from CaH2 and 
toluene was distilled from sodium under nitrogen. With exception of the compounds given 
below, all reagents were purchased from commercial suppliers and used without further 
purification. The following compounds were synthesized according to published procedures: 
phosphorochloridite of (S)-(-)-2,2'-bisnaphthol,17 methyl 2-hydroxymethylacrylate (2a),14 benzyl 
2-hydroxymethyl-acrylate (2b),18 and methyl (2E)-3-phenyl-2-hydroxymethylacrylate (2d).19 
Melting points were recorded on a Gallenkamp melting point apparatus and are uncorrected. 
NMR spectra (1H, 31P and 13C) were measured on a Varian INOVA 500 MHz. Optical rotations 
were determined on a Perkin-Elmer 241 polarimeter. High resolution mass spectra were 
recorded on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-
nitrobenzyl alcohol was used as matrix. Chiral GC separations were conducted on an 
Interscience Trace GC Ultra (FID detector) with a Chiralsil DEX-CB column (internal diameter 
0.1 mm, 5 m column, film thickness 0.1 µm) and an Interscience HR GC Mega 2 apparatus 
(split/splitless injector, carrier gas 70 kPa He, FID detector) with a Supelco BETA DEX column 
(0.25 mm x 30 m). Chiral HPLC separations were conducted on a Shimadzu 10A HPLC, 
equipped with a UV-detector. 

General procedure for the synthesis of Indolylphosphines 3a-d. To a solution of 3-
methylindole (1.78 g, 13.6 mmol) in THF (40 mL) was added dropwise 5.7 mL of n-BuLi (2.5 
M in hexanes) at -70 °C. The resulting suspension was stirred at -78 °C for 20 min. Carbon 
dioxide was bubbled through the suspension for 10 min to give a clear pale yellow solution 
which was allowed to warm to room temperature after which the solvent was removed in vacuo. 
The resulting white residue was dissolved in THF (40 mL) to give a clear pale yellow solution, 
which was cooled to -78 °C. To this solution, 8.4 mL of t-BuLi (1.7 M in pentanes) was added 
and the resulting orange solution was stirred at -70 °C for 1 h. The appropriate chlorophosphine 
(13.6 mmol) was added and the reaction mixture was stirred for 16 h allowing to warm to room 
temperature. The resulting yellow solution was washed with 40 mL degassed sat. aq. NH4Cl. 
The organic layer was dried over MgSO4, filtered and the solvent was removed in vacuo. The 
crude, pale yellow solid was recrystallized from hot MeOH to yield the product as colourless 
crystals. 

Dicyclohexyl(3-methyl-2-indolyl)phosphine (3c). Yield: 2.84 g (64 %). Mp = 118 °C. 1H 
NMR (CDCl3, 499.8 MHz, 298 K): δ (ppm) 7.89 (br s, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.36 (d, J 
= 8.0 Hz, 1H), 7.22 (t, J = 8.0 Hz, 1H), 7.12 (t, J = 7.5 Hz, 1H), 2.45 (s, 3H), 1.99-1.89 (m, 
4H), 1.81-1.78 (m, 2H), 1.70-1.62 (m, 6H), 1.38-1.08 (m, 10H). 13C NMR (CDCl3, 125.7 MHz, 
298 K): δ (ppm) 137.9 (Cq), 129.2 (d, JCP = 5.9 Hz, Cq), 127.8 (d, JCP = 27.9 Hz, Cq), 123.5 (d, 
JCP = 24.9 Hz, Cq), 122.9, 119.3, 119.2, 110.8, 33.4 (d, JCP = 9.3 Hz), 30.9 (d, JCP = 17.7 Hz, 
CH2), 29.9 (d, JCP = 6.3 Hz, CH2), 27.4 (d, JCP = 16.5 Hz, CH2), 27.3 (d, JCP = 10.6 Hz, CH2), 
26.5 (CH2), 10.4 (d, JCP = 12.7 Hz, CH3). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) 
−26.95 (s). HRMS (FAB) calcd for [M + H]+ C21H31NP, 328.2194; found, 328.2193. 
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Di-(o-Tolyl)-(3-methyl-2-indolyl)phosphine (3d). Yield: 3.88 g (83 %). Mp = 194 °C. 1H 
NMR (CDCl3, 499.8 MHz, 298 K): δ (ppm) 7.64 (d, J = 7.5 Hz, 1H), 7.36 (br s, 1H), 7.29 (t, J 
= 7.5 Hz, 2H), 7.26-7.18 (m, 4H), 7.15-7.10 (m, 3H), 6.86 (m, 2H), 2.48 (s, 3H), 2.38 (s, 6H). 
13C NMR (CDCl3, 125.7 MHz, 298 K): δ (ppm) 142.4 (d, JCP = 25.8 Hz, Cq), 138.4 (Cq), 134.3 
(d, JCP = 9.3 Hz, Cq), 132.5, 130.7 (d, JCP = 4.7 Hz), 129.5 (d, JCP = 6.4 Hz, Cq), 129.2, 126.6, 
125.9 (d, JCP = 17.2 Hz, Cq), 123.1, 122.5 (d, JCP = 28.3 Hz, Cq), 119.5, 119.4, 111.1, 21.2 (d, 
JCP = 20.6 Hz, CH3), 9.9 (d, JCP = 11.3 Hz, CH3). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ 
(ppm) −46.53 (s). HRMS (FAB) calcd for [M + H]+ C23H23NP, 344.1568; found, 344.1571. 

General procedure for the synthesis of IndolPhos ligands 4a-f. To a solution of the 
corresponding indolylphosphine 3 (1.46 mmol) in THF (5 mL) was added dropwise 0.58 mL of 
n-BuLi (2.5 M in hexanes) at -78°C. The resulting pale yellow solution was stirred for 0.5 h at -
78 °C. To this solution, a solution of (S)-(-)-2,2’-bisnaphtol phosphorochloridite (0.51 g, 1.46 
mmol) in THF (4 mL) was added at -78 °C. The reaction mixture was stirred for 1 h at -78 °C 
and then allowed to warm to room temperature. The resulting pale yellow solution was 
concentrated in vacuo. Toluene (5 mL) was added and the suspension was filtered over Celite 
after which the solvent was removed in vacuo to obtain a white powder. In selected cases the 
crude product was further purified by SiO2 chromatography. 

Dicyclohexyl{1-[(S)-3,5-dioxa-4-phospha-cyclohepta(2,1-a;3,4-a’)dinaphtalen-4-yl]-3-
methyl-2-indolyl}phosphine (4c). Yield: 553 mg (59 %). Mp = 255 °C. [α]27

D = +286.6 (c = 
1.2, CHCl3). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 8.06 (d, J = 8.5 Hz, 1H), 7.99 (d, J = 
8.0 Hz, 1H), 7.85 (br d, J = 7.5 Hz, 1H), 7.59 (br d, J = 7.0 Hz, 1H), 7.55 (d, J = 8.5 Hz, 1H), 
7.51-7.46 (m, 4H), 7.39 (d, J = 8.0 Hz, 1H), 7.36-7.32 (m, 2H), 6.87 (t, J = 7.5 Hz, 1H), 6.83 
(br s, 1H), 6.42 (br s, 1H), 6.20 (t, J = 8.0 Hz, 1H), 2.61 (br s, 2H), 2.48 (s, 3H), 2.00 (m, 2H), 
1.86-1.55 (m, 8H), 1.43-1.20 (m, 10H). 13C NMR (CDCl3, 125.5 MHz, 298 K): δ (ppm) 150.7 
(Cq), 148.9 (Cq), 140.3 (Cq), 133.1 (d, JCP = 33.8 Hz, Cq), 132.0 (Cq), 131.8 (d, JCP = 67.1 Hz, 
Cq), 131.1, 128.7 (d, JCP = 10.1 Hz), 127.4, 127.0, 126.7 (d, JCP = 20.0 Hz). 125.6, 125.2, 124.9 
(d, JCP = 5.9 Hz, Cq), 122.9 (Cq), 121.8, 121.6, 121.1, 32.6 (d, JCP = 21.1 Hz), 31.1 (CH2), 30.9 
(d, JCP = 9.3 Hz, CH2), 27.4 (d, JCP = 7.5 Hz, CH2), 27.0 (d, JCP = 14.7 Hz, CH2), 26.5 (d, JCP = 
7.7 Hz, CH2), 11.5 (d, JCP = 17.3 Hz, CH3). 31P{1H} NMR (CDCl3, 202.3 MHz, 233 K): δ (ppm) 
144.24 (d, JPP = 249.2 Hz, 0.3P), 141.50 (s, 0.7P), −19.91 (d, JPP = 251.9 Hz, 0.3P), −22.17 (s, 
0.7P). HRMS (FAB) calcd for [M + H]+ C41H42NO2P2, 642.2691; found, 642.2697. 

Di-(o-Tolyl)-{1-[(S)-3,5-dioxa-4-phospha-cyclohepta(2,1-a;3,4-a’)dinaphtalen-4-yl]-3-
methyl-2-indolyl}phosphine (4d). Yield: 749 mg (78 %). Mp = 175 °C. [α]20

D = +207.2 (c = 
1.1, CHCl3). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 7.98 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 
8.0 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.56 (d, J = 9.0 Hz, 1H), 7.50-7.42 (m, 5H), 7.38-7.21 
(m, 8H), 7.19-7.12 (m, 3H), 6.88 (t, J = 7.5 Hz, 1H), 6.75 (d, J = 9.0 Hz, 1H), 6.56 (d, J = 8.5 
Hz, 1H), 6.24 (t, J = 7.8 Hz, 1H), 2.48 (s, 3H), 2.44 (s, 3H), 1.78 (s, 3H). 13C NMR (CDCl3, 
125.5 MHz, 298 K): δ (ppm) 150.3 (d, JCP = 5.5 Hz, Cq), 148.8 (Cq), 142.5 (d, JCP = 26.5 Hz, 
Cq), 142.2 (d, JCP = 26.1 Hz, Cq), 140.5 (d, JCP = 5.5 Hz, Cq), 133.6, 133.1 (Cq), 133.0 (Cq), 
132.5, 132.2 (Cq), 132.0 (Cq), 131.5 (Cq), 130.8, 130.6, 130.5 (d, JCP = 4.5 Hz), 130.1 (d, JCP = 
6.3 Hz, Cq), 129.9 (d, JCP = 6.8 Hz, Cq), 129.2, 129.0, 128.6, 128.5, 127.5 (Cq), 126.9, 126.6, 
126.5 (d, JCP = 4.7), 126.4, 126.1, 125.5, 125.1, 124.8 (d, JCP = 5.9 Hz, Cq), 123.6, 123.2 (Cq), 
123.0, 122.0, 121.6, 121.1, 119.4 (d, JCP = 8.9 Hz), 118.3, 116.1, 111.1, 21.7 (d, JCP = 19.9 Hz, 
CH3), 21.5 (d, JCP = 19.4 Hz, CH3), 9.9 (d, JCP = 3.4 Hz, CH3). 31P{1H} NMR (CDCl3, 202.3 
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MHz, 298 K): δ (ppm) 144.11 (d, JPP = 210.2 Hz), −40.08 (d, JPP = 211.6 Hz). HRMS (FAB) 
calcd for [M + H]+ C43H33NO2P2, 658.2065; found, 658.2063. 

General procedure for hydrogenation catalyst screening experiments. The 
hydrogenation experiments were carried out in a stainless steel autoclave (150 mL) charged with 
an insert suitable for 8 reaction vessels (including Teflon mini stirring bars) for conducting 
parallel reactions. In a typical experiment, the reaction vessels were charged with 1.0 µmol of 
[Rh(nbd)2]BF4, 1.1 µmol of ligand and 0.10 mmol of alkene substrate in 1.0 mL of CH2Cl2. 
Before starting the catalytic reactions, the charged autoclave was purged three times with 15 bar 
of dihydrogen and then pressurized at 10 bar H2. The reaction mixtures were stirred at 20 °C for 
the appropriate reaction time. After catalysis the pressure was reduced to 1.0 bar and the 
conversion and enantiomeric purity was determined by chiral GC or HPLC. 

Preparative scale asymmetric hydrogenation of methyl 2-hydroxymethylacrylate (2a). 
IndolPhos ligand 4b (309 mg, 0.55 mmol) and [Rh(nbd)2]BF4 (187 mg, 0.50 mmol) were 
dissolved in dry DCM (50 mL). Methyl 2-hydroxymethylacrylate 2a (5.8 g, 50 mmol) was 
added and the mixture was transferred to a 150 mL stainless steel autoclave equipped with a 
glass insert and a mechanical stirrer. The autoclave was cooled to -40 °C and subsequently 
purged three times with 15 bar of dihydrogen and pressurized at 20 bar H2. The reaction mixture 
was stirred for 15 h at -40 °C after which it was allowed to warm to room temperature. The 
pressure was reduced to 1.0 bar and the solvent was removed under reduced pressure. Et2O (50 
mL) was added to the residue and the resulting yellow suspension was filtered through a plug of 
SiO2 which was rinsed twice with Et2O (2 x 50 mL). Removal of the solvent under reduced 
pressure gave a colourless oil. Yield: 5.16 g (87 %). 98 % ee (chiral GC). [α]20

D = +15.4 (c = 
3.1, CHCl3). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 3.72 (m, 5H), 2.68 (m, 1H), 2.10 (br 
s, 1H), 1.18 (d, J = 7.5 Hz, 3H). 13C NMR (CDCl3, 125.5 MHz, 298 K): δ (ppm) 176.1 (Cq), 
64.6 (CH2), 51.8 (CH3), 41.6 (CH), 13.4 (CH3). 

AMTEC experimental details. The experiments were carried out in a AMTEC SPR16 
consisting of 16 parallel reactors equipped with temperature and pressure sensors, and a mass 
flow controller. The apparatus is suited for monitoring gas uptake profiles during the catalytic 
reactions. Four autoclaves were heated to 110 °C and flushed with argon (22 bar) five times. 
Next the reactors were cooled to 25 °C and flushed again with argon (22 bar) five times. The 
autoclaves were charged with the appropriate amount of [Rh(nbd)2(BF4)], ligand 4b and 
methyl2-hydroxymethylacrylate in 8.00 ml of CH2Cl2 under argon. The reactors were 
pressurized with 5 (reactor 1) or 10 (reactors 2-4) bar H2 and the pressure was kept constant 
during the whole reaction. The reaction mixtures were stirred at 25 °C for 1.5 h and the 
hydrogen uptake was monitored and recorded for every reactor. After catalysis the pressure was 
reduced to 2.0 bar and samples (0.2 ml) were taken. The results are summarized in Table 3.4,  
 
Table 3.4 Hydrogenation of methyl 2-hydroxymethylacrylate (2a) under various conditions in 
AMTEC parallel reactor. 

reactor ligand Rha 

(µmol) 
2a 
(µmol) 

PH2 
(bar) 

t 
(h) 

conv 
(%) 

ee 
(%) 

1 4b 8.00 800 5 1.6 100 93 
2 4b 8.00 800 10 1.5 100 93 
3 4b 0.80 800 10 1.5 46 92 
4 4b 0.80 320 10 1.4 95 93 

a [Rh(nbd)2BF4] 
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Figure 3.2 Gas-uptake profile for the hydrogenation of methyl 2-hydroxymethylacrylate. 
 
and the gas-uptake profiles are depicted in Figure 3.2. 

Chiral GC and HPLC separation data for hydrogenation products. Methyl 3-hydroxy-
2-methylpropionate (1a): The conversion and ee were determined by chiral GC analysis 
(Chiralsil DEX-CB, isothermal at 75 °C for 2.0 min., 5 °C/min to 90 °C, 50 °C/min to 220 °C; tR 
(R) = 5.42 min., tR (S) = 5.52 min., and tR (substrate) = 5.62 min.). Benzyl 3-hydroxy-2-
methylpropionate (1b): Conversion was determined by GC analysis (Chiralsil DEX-CB, 
isothermal at 110 °C for 30.0 min., 2 °C/min to 140 °C; tR (substrate) = 20.94 min., tR (S) = 
41.16 min., and tR (R) = 41.38 min.). The ee was determined by chiral HPLC analysis (Chiralcel 
OJ-H, flow rate: 1.0 mL/min, eluent: hexane/isopropanol (90/10), detection at 254 nm; tR (S) = 
12.01 min., and tR (R) = 12.87 min.). For HPLC analyses, the crude reaction mixture was 
concentrated in vacuo, extracted with the corresponding eluent and filtered through a pad of 
neutral alumina. Methyl 3-acetoxy-2-methylpropionate (1c): The conversion and ee were 
determined by chiral GC analysis (Supelco BETA DEX, isothermal at 70 °C for 30.0 min., 25 
°C/min to 220 °C; tR (R) = 28.19 min., tR (S) = 28.78 min., and tR (substrate) = 32.27 min.). 
Methyl 3-hydroxy-2-benzylpropionate (1d): The conversion and ee were determined by chiral 
GC analysis (Chiralsil DEX-CB, isothermal at 115 °C for 30.0 min., 2 °C/min to 150 °C; tR 
(enantiomer 1) = 44.13 min., tR (enantiomer 2) = 44.61 min., and tR (substrate) = 46.36 min.). 2-
methyl-3-phenylpropanoic acid: Prior to analysis, the product from the hydrogenation of α-
methylcinnamic acid (5) was converted to the methyl ester using trimethylsilyldiazomethane in 
MeOH. The conversion and ee were determined by chiral HPLC analysis (Chiralcel OD-H, 
flow-rate: 1.0 mL/min, eluent: hexane/isopropanol (99.5/0.5), detection at 210 nm, tR (R) = 9.1 
min., tR (S) = 10.7 min., and tR (substrate) = 15.0 min.). 
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Chapter 4 
 

Asymmetric hydrogenation of enamides, α-enol 
and α-enamido ester phosphonates catalyzed by 

IndolPhos-Rh complexes† 
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Abstract: The scope of the IndolPhos-Rh-catalyzed asymmetric hydrogenation of 

enamides, α-enol and α-enamido ester phosphonates has been investigated. In addition, 
Taddol-based IndolPhos ligands are introduced. High activities and good to excellent 
enantioselectivities up to 99 % ee are obtained for a broad range of structurally diverse 
substrates, giving access to important chiral products such as α, β2, β3 amino acid 
derivatives, arylamines, and amino and hydroxy phosphonates. 
 
 
† Part of this chapter has been published: Wassenaar, J.; Reek, J. N. H. J. Org. Chem. 
2009, 74, 8403–8406. 
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4.1 Introduction 
Asymmetric rhodium-catalyzed hydrogenation of prochiral alkenes has been 

proven to be an attractive and efficient strategy for the introduction of chirality in 
many fine-chemical intermediates for the production of pharmaceuticals.1 Being a 
mature field of research, a plethora of catalysts for this reaction have been developed 
in the last four decades, most frequently based on phosphorus ligands.2 Therefore, 
improvement of these catalysts is challenging and only justified if two of the main 
challenges can be tackled, i.e. substrate specificity and availability of the chiral ligand. 
One approach to obtain a broad substrate scope utilizes combinatorial ligand synthesis3 
or supramolecular assembly of ligands,4 which creates large libraries of catalysts, and 
therefore increases the probability of finding an efficient catalyst for a given substrate. 
Alternatively, one can rely on privileged ligands that have proven to induce good 
enantioselectivities for a broad range of substrates.5 Importantly, these ligands have to 
be synthesized in no more than one to three steps from cheap, commercially available 
starting materials to become applicable in this field. 

Hybrid bidentate phosphine-phosphoramidite ligands are promising candidates for 
meeting the two challenges outlined above.6,7 Specific substrate coordination, 
facilitated by two non-equivalent donor atoms, enables asymmetric hydrogenation of a 
broad range of prochiral alkenes. Secondly, as the different donor atoms are often 
combined by means of a simple condensation, their synthesis is short and allows for 
easy modification. This concept was elegantly illustrated by Zheng and co-workers, 
who used the hybrid phosphine-phosphoramidite THNAPhos for highly 
enantioselective hydrogenation of α-enol and α-enamido phosphonates, α-
dehydroamino acid esters, α-arylenamides, and dimethyl itaconate.8 
 

O

O
P N

Me
R2P

R'

R'
(S)

1a R = Ph; R' = H
1b R = iPr; R' = H
1c R = Cy; R' = H
1d R = oTol; R' = H
1e R = Ph; R' = SiMe3
1f R = iPr; R' = Me

 
Figure 4.1 Structure of IndolPhos ligands 1a–f. 

 
Our group contributed to this field with the development of IndolPhos (1), a readily 

available hybrid phosphine-phosphoramidite based on a rigid 3-methylindole 
backbone (Figure 4.1).9 The use of a very rigid backbone connecting the inequivalent 
phosphorus donor atoms is proposed to be pivotal in order to achieve high selectivities 
over a broad range of substrates as it provides a constant chiral pocket, which is not 
affected greatly by the structure of the substrate. The potential of this ligand was 
demonstrated in asymmetric allylic alkylation (see chapter 7),10 hydroformylation (see 
chapter 6), and hydrogenation of methyl 2-acetamidoacrylate, dimethyl itaconate and 
2-hydroxymethyl propionates (see chapters 2 and 3).11 However, a full demonstration 
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of the broad applicability of 1 in asymmetric hydrogenation is lacking, but necessary 
in order to consider this ligand useful from an industrial point of view. We therefore 
report on the IndolPhos-Rh catalyzed hydrogenation of enamides giving access to 
enantiomerically enriched, protected α-, β2-, and β3-amino acid esters, and optically 
active arylamines. Furthermore, α-enol and α-enamido phosphonates are hydrogenated 
to their corresponding α-hydroxy and α-amino phosphonates. It should be noted that 
all of these products are of relevance to the pharmaceutical community as 
intermediates in drug synthesis. In addition to the investigation of the scope of the 
IndolPhos-Rh-catalyzed hydrogenation, in this chapter new Taddol-derived IndolPhos 
derivatives are introduced. 

4.2 Synthesis of Taddol-based IndolPhos ligands 
In order to introduce more diversity in the IndolPhos library and increase the 

propensity of successful conversions, Taddol-based IndolPhos ligands 2 were 
introduced. Even though generally Taddol-derived phosphite and phosphoramidite 
ligands tend to give lower ee than their Binol derivatives, recent results from our 
laboratory have shown superior selectivity of Taddol-based phosphine-phosphites in 
the asymmetric hydroformylation of styrene.12 

The new ligands are prepared in similar fashion as the Binol-based IndolPhos 
ligands 1. Deprotonation of the corresponding indolylphosphine, followed by addition 
of (R,R)-Taddol phosphorochloridite, gives the hybrid phosphine-phosphoramidite in 
39-69 % yield. The new ligands are surprisingly air-stable, which allows purification 
by SiO2 chromatography, a feature seldom observed for otherwise notoriously 
moisture-sensitive phosphoramidites. Similarly as for IndolPhos ligands 1, the Taddol 
derivatives feature large P-P coupling constants in the 31P NMR spectrum of 198 Hz 
and 213 Hz for ligands 2a and 2b, respectively. This indicates that the Taddol 
backbone has no major influence on the conformation of the ligand, thus 
demonstrating the advantage of the rigid indole scaffold, allowing for systematic fine-
tuning of the ligand. 
 
Scheme 4.1 Synthesis of Taddol-based IndolPhos ligands  
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4.3 Asymmetric hydrogenation of enamides 
In chapter 2, the hydrogenation of methyl 2-acetamidoacrylate (3b) with full 

conversion and up to 97 % ee using an IndolPhos-Rh catalyst was discussed.9 In order 
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to study the effect of further substitution on the double bond, (Z)-methyl 2-
acetamidocinnamate (3a) was hydrogenated using IndolPhos-Rh catalysts to yield the 
protected phenylalanine methyl ester (Table 4.1, entries 1-9). For comparison, the 
results obtained in the hydrogenation of 3b are included as well (entries 10-13). 
Catalysts were generated in situ from the corresponding ligand and [Rh(nbd)2]BF4. 
When using the diphenylphosphine ligand 1a, low ee at moderate conversion is 
obtained. Good enantioselectivities are obtained for di(o-tolyl)phosphine ligand 1d 
and bulky 3,3’-bis-TMS-bisnaphthol-containing ligand 1e, albeit at moderate 
conversion up to 59 % only. Full conversion and high enantioselectivities are achieved 
when alkylphosphines are used. Introducing methyl groups in 3 and 3’ position on the 
bisnaphthol moiety leads to an excellent ee of 97 % for the catalyst based on ligand 1f. 
The new Taddol derived ligands 2a-b give low ee and conversion for 3a, however, full 
conversion and good ee up to 91 % are obtained for 3b (entries 15-16). Contrary to our 
earlier findings in the hydrogenation of 3b, in which a reversal of absolute 
configuration of the product was observed when using ligand 1a, the hydrogenation of 
3a yields the R-enantiomer for all ligands. This result suggests that the same 
mechanism is operative for all IndolPhos-Rh catalysts. 

When these results are compared to the results obtained for 3b, which lacks the 
phenyl substituent on the double bond, it appears that the trisubstituted character of the 
double bond lowers the reactivity, as expected. Whereas full conversion was obtained 
for all ligands in case of 3b, only more electron-rich alkylphosphines give full 
conversion for 3a. However, the activity and selectivity obtained with ligand 1f are 
excellent for this benchmark substrate and identical to those obtained for 3b. 
Therefore, for the best catalyst, there is no influence on the efficiency in the 
asymmetric hydrogenation by introducing a phenyl substituent on the double bond. 

The high activity of the catalysts is further illustrated by the possibility to lower the 
catalyst concentration (entries 3 and 14). For 3a, 94 % conversion is obtained after 1.8 
h without loss of enantioselectivity at a substrate/catalyst (S/C) ratio of 5,000:1, using 
ligand 1b. In the case of 3b, full conversion is obtained within 1.8 h at an S/C ratio of 
10,000:1, using ligand 1f. The ee even increases at this low catalyst loading to 98 %. 
These numbers satisfy the criteria for commercial large-scale hydrogenation,13 which 
is remarkable considering the simplicity of the ligand. Even though many highly 
selective catalysts have been reported for these benchmark substrates,2 a thorough 
investigation of the activity in terms of turnover-frequency is often lacking, which 
hinders comparison of the high activities reported here to other systems. 

After realizing that the IndolPhos-Rh catalysts were active in the asymmetric 
hydrogenation of trisubstituted olefins, we envisioned that also β3-amino esters are 
feasible synthetic targets through hydrogenation of the corresponding β3-acylamino 
acrylates. This reaction has recently gained much attention because the resulting  
β3-amino acid derivatives are important building blocks for making chiral drugs.14 
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Table 4.1 IndolPhos-Rh-catalyzed asymmetric hydrogenation of acyl-protected (Z)-
dehydroamino acid methyl esters 3.a 

R
HNAc

CO2Me
1 mol%
[Rh(IndolPhos)(nbd)]BF4

10 bar H2, CH2Cl2, rt, 16h
R

HNAc

CO2Me

3a: R = Ph
3b: R = H  

Entry Ligand Substrate % Conversionb % ee (config.)b 

1 1a 3a 59 24 (R) 
2 1b 3a 100 91 (R) 
3c 1b 3a 94 91 (R) 
4 1c 3a 100 88 (R) 
5 1d 3a 50 76 (R) 
6 1e 3a 48 87 (R) 
7 1f 3a 100 97 (R) 
8 2a 3a 16 88 (R) 
9 2b 3a 5 74 (R) 
10 1a 3b 100 13 (S) 
11 1b 3b 100 86 (R) 
12 1e 3b 100 36 (R) 
13 1f 3b 100 97 (R) 
14d 1f 3b 100 98 (R) 
15 2a 3b 100 91 (R) 
16 2b 3b 100 83 (R) 

a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, 10 bar of H2, at 25 
°C for 16 h using [Rh(nbd)2]BF4 as metal precursor. b Conversion and ee were determined by 
chiral GC (Chiralsil DEX-CB). c S/C ratio = 5,000:1; reaction time = 1.8 h. d S/C ratio = 
10,000:1; reaction time = 1.8 h. 

 
Even though many ligands are effective in this transformation, only a few chiral 
ligands can provide the product in over 95% ee.2 Hydrogenation of (Z)-methyl 3-
acetamido-2-butenoate (4), using IndolPhos-Rh catalysts, gives acyl protected β3-
alanine methyl ester (6) at 10 bar H2 (Table 4.2, entries 1-8). For the arylphosphine 
ligands, low to moderate conversion is obtained. Moderate conversion and high ee is 
achieved for TMS-substituted bisnaphthol derivative 1e. On the other hand, high 
conversion and excellent ee’s are obtained when using alkylphosphines. In particular 
i-propyl substituted phosphines, give almost complete enantioselection and full 
conversion. These efficiencies are among the best reported to date for this 
transformation. The Taddol-based ligands give no or negligible activity and 
selectivity. 

The synthesis of β2-amino acid derivatives by means of asymmetric hydrogenation 
is far less explored to this date, compared to their β3 isomers.4l,15 This triggered our 
interest to utilize IndolPhos-Rh catalysts in the asymmetric hydrogenation of (E)-α-
phenyl-β-(acetamidomethyl)acrylate (5), giving acyl protected β2-phenylalanine 
methyl ester (7) (Table 4.2, entries 9-16). All catalysts give good ee at moderate to low  
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Table 4.2 IndolPhos-Rh-catalyzed asymmetric hydrogenation of acyl-protected β-dehydroamino 
acid methyl esters 4 and 5.a 

 
Entry Ligand Substrate % Conversionb % eeb 

1 1a 4 5 29 
2 1b 4 95 98 
3 1c 4 77 91 
4 1d 4 11 10 
5 1e 4 43 89 
6 1f 4 100 99 
7 2a 4 0 - 
8 2b 4 10 17 
9 1a 5 38 87 
10 1b 5 26 73 
11 1c 5 15 83 
12 1d 5 44 73 
13 1e 5 36 45 
14 1f 5 24 81 
15 2a 5 6 86 
16 2b 5 1 40 

a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, 10 bar of H2, at 25 
°C for 18 h using [Rh(cod)2]BF4 as metal precursor. b Conversion and ee were determined by 
chiral GC (for 6: Chiralsil DEX-CB, for 7: Supelco ß-dex 225). The R-enantiomer was obtained 
in all cases for 6. The absolute configuration for 7 was not determined. 
 
conversion, except for the ones generated from TMS-substituted ligand 1e and Taddol- 
based ligand 2b.  Surprisingly, the highest ee of 87 % was reached with the parent 
ligand 1a, which gave poor results for the other substrates discussed above. In 
addition, the Taddol-based derivative 2a, containing also a diphenylphosphine moiety, 
gives almost identical ee at somewhat lower conversion. In terms of enantioselectivity, 
the performance of IndolPhos-Rh compares relatively well to the highest ee for this 
reaction of 96 % ee, reported by our group.4l 

Asymmetric hydrogenation of α-arylenamides is an attractive route towards 
optically pure arylamines, which are valuable intermediates in the synthesis of 
pharmaceuticals. As opposed to the substrates described earlier, these enamides do not 
contain an additional ester functionality, which may coordinate to the metal center. We 
conducted the hydrogenation of N-(1-Phenylethenyl)acetamide (8) under standard 
conditions and obtained full conversion for all catalysts screened, except for 2a (Table 
4.3). A high ee of 92% is obtained for the catalyst generated from ligand 1a. Parallel to 
the high selectivity obtained for substrate 5, this efficiency is in stark contrast to the 
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Table 4.3 IndolPhos-Rh catalyzed asymmetric hydrogenation of N-(1-Phenylethenyl) 
acetamide 8.a 

 
Entry Ligand Substrate % Conversionb % eeb 

1 1a 8 100 92 
2 1b 8 100 94 
3 1c 8 100 88 
4 1d 8 100 49 
5 1e 8 100 91 
6 1f 8 100 81 
7 2a 8 32 17 
8 2b 8 100 15 

a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, 10 bar of H2, at 25 
°C for 16 h using [Rh(nbd)2]BF4 as metal precursor. b Conversion and ee were determined by 
chiral GC (Chiralsil DEX-CB). The S-enantiomer was obtained in all cases. 
 
results obtained with this catalyst for the other enamide substrates, where low ee’s up 
to only 24% were obtained. In general, all catalysts give good to high 
enantioselectivities up to 94%, except for ditolylphosphine ligand 1d and the Taddol 
derived ligands 2a-b. The Taddol group as source for chirality is clearly far less suited 
for this substrate. Interestingly, all catalysts give the S enantiomer as the major 
product, whereas for the other enamide substrates 2 and 4, the R product is obtained. 
Such a reversal of absolute configuration has up to now only been reported for 
monophosphoramidite-rhodium catalysts.16 

For the asymmetric hydrogenation of α-arylenamides, selectivities up to 99% ee 
have been reported using intricate bidentate phosphorus ligands.2 However, when 
IndolPhos is compared to other ligands that are prepared in a one or two-step 
procedure, like MonoPhos, our system compares favorably. Feringa and co-workers 
report 86% ee at room temperature for the asymmetric hydrogenation of 8.16 

4.4 Asymmetric hydrogenation of α-enol and α-enamido 
phosphonates 

Chiral amino- and hydroxy phosphonates are interesting synthetic targets, as they 
display enzyme inhibition, facilitated by their ability to mimic hydrolysis transition 
states.17 Asymmetric hydrogenation of the corresponding enol or enamido 
phosphonates is an attractive route towards these optically active phosphonates, 
because the substrates can be obtained in two steps from the corresponding acyl 
chloride and trialkyl phosphite.8,18 IndolPhos-Rh complexes provide active catalysts 
for the hydrogenation of α-enol and α-enamido phosphonates 10a-d (Table 4.4). For 
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the unsubstituted enol phosphonate 10a, full conversion was obtained in all cases, 
except for ligand 2a. Alkylphosphines provide catalysts giving higher ee up to 87 %, 
compared to the arylphosphines. The good activity and selectivity of Taddol derived 
ligand 2b is remarkable, as this ligand gave an unsuccessful catalyst for the 
hydrogenation of most enamides. Indeed, also for substituted enol phosphonates 10b-
c, this ligand provided the highest ee up to 45 %, whereas Binol based ligands gave 
ee’s not exceeding 20 %. For enamidophosphonate 10d, full conversion and 
enantioselectivities up to 55 % ee were obtained. Even though the reported 
enantioselectivities are promising, ee’s over 95 % have been reported for these 
substrates.8,18 

 

Table 4.4 IndolPhos-Rh catalyzed asymmetric hydrogenation of α-enamido and α-enol 
phosphonates 10a-d.a 

 
Entry Ligand Substrate % Conversionb % ee (config.)b 

1 1a 10a: R = H, X = OBz 100 32 (S) 
2 1b 10a: R = H, X = OBz 100 60 (S) 
3 1c 10a: R = H, X = OBz 100 69 (S) 
4 1d 10a: R = H, X = OBz 100 25 (S) 
5 1e 10a: R = H, X = OBz 100 39 (S) 
6 1f 10a: R = H, X = OBz 100 87 (S) 
7 2a 10a: R = H, X = OBz 27 15 (S) 
8 2b 10a: R = H, X = OBz 100 82 (S) 
9 2b 10b: R = Me, X = OBz 30 46 (S) 
10 2b 10c: R = Ph, X = OBz 5 40 (S) 
11 1a 10d: R = H, X = NHCBz 100 55 (S) 

a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, 10 bar of H2, at 25 
°C for 24 h using [Rh(cod)2]BF4 as metal precursor. b Conversion and ee were determined by 
chiral HPLC (see experimental section for details). 

4.5 Conclusion 
The substrate scope presented in this study highlights the versatility of IndolPhos-

Rh complexes in the hydrogenation of a variety of enamides and phosphonates. The 
ligands are especially suited for the hydrogenation of β3-amino acid precursors with 
selectivities up to 99 % ee. The ligand screening reveals that for IndolPhos ligands 
1a-f, alkylphosphines and in particular isopropyl-substituted phosphines give more 
active and selective catalysts for the majority of substrates. Mechanistic studies to 
explain these effects have also been conducted and are reported in chapter 5. However, 
the observed trend does not hold in all cases and therefore demonstrates that screening 
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of a ligand library is necessary for finding the optimal catalyst. The new Taddol 
derived IndolPhos ligands 2 are less suited for the hydrogenation of enamides but 
show good activity and selectivity for enol phosphonates and even outperform the 
Binol-based ligands for substituted phosphonates. In the hydrogenation of α-dehydro 
amino acid esters, turnover numbers of over 10,000 are found, which make IndolPhos-
Rh catalysts suitable candidates for hydrogenations on industrial scale. 

4.6 Experimental section 
General procedures. All reactions were carried out under an atmosphere of argon using 

standard Schlenk techniques. THF, pentane, hexane and diethyl ether were distilled from 
sodium benzophenone ketyl; CH2Cl2, isopropanol and methanol were distilled from CaH2 and 
toluene was distilled from sodium under nitrogen. With exception of the compounds given 
below, all reagents were purchased from commercial suppliers and used without further 
purification. The following compounds were synthesized according to published procedures: 
phosphorochloridite of (R,R)-Taddol,19 diphenyl(3-methyl-2-indolyl)phosphine,9 diisopropyl(3-
methyl-2-indolyl)phosphine,9 IndolPhos ligands 1a-f,9,11 (Z)-methyl 2-acetamidocinnamate 3a,20 
(Z)-methyl 3-acetamido-2-butenoate 4,21 (E)-α-phenyl-β-(acetamidomethyl)acrylate 5,15b N-(1-
Phenylethenyl)acetamide 8,16 enol phosphonates 10a-c,8a and enamido phosphonate 10d.22 
Melting points were recorded on a Gallenkamp melting point apparatus and are uncorrected. 
NMR spectra (1H, 31P and 13C) were measured on a Varian INOVA 500 MHz. Optical rotations 
were determined on a Perkin-Elmer 241 polarimeter. High resolution mass spectra were 
recorded on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-
nitrobenzyl alcohol was used as matrix. Chiral GC separations were conducted on an 
Interscience Trace GC Ultra (FID detector) with a Chiralsil DEX-CB column (internal diameter 
0.1 mm, 5 m column, film thickness 0.1 µm) and an Interscience Focus GC (FID detector) with 
a Supelco BETA DEX 225 column (0.25 mm x 30 m). Chiral HPLC separations were conducted 
on a Shimadzu 10A HPLC, equipped with a UV-detector. 

Synthesis of IndolPhos ligand 2a. To a solution of diphenyl(3-methyl-2-indolyl)phosphine 
(0.177 g, 0.56 mmol) in THF (5 mL) was added dropwise 0.225 mL of n-BuLi (2.5 M in 
hexanes) at -78 °C. The resulting yellow solution was stirred for 0.5 h at -78 °C, after which a 
solution of (R,R)-Taddol phosphorochloridite (0.298 g, 0.56 mmol) in THF (5 mL) was added. 
The reaction mixture was stirred overnight allowing to warm to room temperature. The resulting 
pale yellow solution was evaporated to dryness, and the resulting residue was purified by flash 
SiO2 column chromatography (5% EtOAc in hexane) to give a white solid. Yield: 0.178 g (39 
%). [α]22

D = +118.0 (c = 1.0, CHCl3). mp = 226.2 °C. 1H-NMR (500 MHz; CDCl3, 298 K): δ 
8.41 (d, J = 7.7 Hz, 1H), 7.68 (d, J = 7.4 Hz, 2H), 7.61 (d, J = 7.8 Hz, 1H), 7.55-7.48 (m, 3H), 
7.38-7.28 (m, 15H), 7.23-7.18 (m, 8H), 7.14 (m, 2H), 7.07 (t, J = 7.5 Hz, 2H), 5.34 (dd, J = 8.4, 
3.3 Hz, 1H), 5.16 (d, J = 8.4 Hz, 1H), 1.74 (s, 3H), 1.46 (s, 3H), 0.43 (s, 3H) ppm. 13C-NMR 
(126 MHz; CDCl3, 298 K): δ 146.2, 145.0, 141.4, 140.7, 135.7, 132.7, 132.6, 132.4, 129.0, 
128.9, 128.6, 128.4, 128.2, 128.1, 127.9, 127.8, 127.6, 127.4, 127.3, 127.0, 123.6, 121.4, 119.2, 
112.2, 83.6, 83.48, 83.46, 83.43, 83.35, 83.0 (d, J = 4.0 Hz), 27.8, 25.3, 10.4 ppm. 31P-NMR 
(202 MHz; CDCl3, 298 K): δ  140.90 (d, J = 197.7 Hz, 1P), -26.87 (d, J = 198.5 Hz, 1P). HRMS 
(FAB) calcd for [M + H]+ C52H46NO4P2, 810.2902; found, 810.2909. 
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Synthesis of IndolPhos ligand 2b. To a solution of diisopropyl(3-methyl-2-
indolyl)phosphine (0.213 g,  mmol) in THF (5 mL) was added dropwise 0.36 mL of n-BuLi (2.5 
M in hexanes) at -78 °C. The resulting yellow solution was stirred for 0.5 h at -78 °C, after 
which a solution of (R,R)-Taddol phosphorochloridite (0.457 g,  mmol) in THF (5 mL) was 
added. The reaction mixture was stirred overnight allowing to warm to room temperature. The 
resulting pale yellow solution was evaporated to dryness, and the resulting residue was purified 
by flash SiO2 column chromatography (2% EtOAc in hexane) to give a white solid. Yield: 0.439 
g (69 %). [α]22

D = +110.3 (c = 1, CHCl3). mp = 117.3 °C. 1H-NMR (500 MHz; CDCl3, 233 K): 
δ 8.97 (d, J = 8.2 Hz, 0.1H ), 8.85 (d, J = 8.2 Hz, 0.9H), 8.30 (s, 1H), 7.99 (d, J = 7.5 Hz, 2H), 
7.84 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 7.9 Hz, 1H), 7.69 (t, J = 7.0 Hz, 2H), 7.58-7.29 (m, 16H), 
5.91 (dd, J = 8.3, 2.9 Hz, 0.9H), 5.70 (dd, J = 8.3, 1.9 Hz, 0.1H), 5.08 (d, J = 8.4 Hz, 1H), 2.62 
(s, 3H), 2.31 (dt, J = 13.6, 6.8 Hz, 2H), 1.79 (s, 3H), 1.25 (dd, J = 16.4, 6.9 Hz, 3H), 1.18-1.12 
(m, 3H), 0.83 (dd, J = 15.9, 6.7 Hz, 3H), 0.69 (dd, J = 16.0, 6.6 Hz, 3H), 0.39 (s, 3H) ppm. 13C-
NMR (126 MHz; CDCl3, 298 K): δ 145.8, 145.3, 142.2, 141.4, 139.0, 137.9, 129.4, 128.6 (d, J 
= 4.0 Hz), 128.3, 127.80, 127.75, 127.70, 127.4, 127.3, 127.2 (d, J = 2.0 Hz), 123.4, 122.9, 
121.3, 119.1, 116.9, 112.4, 110.7, 83.4 (d, J = 10.1 Hz), 82.7, 27.8, 25.6, 25.5 (dd, J = 16.4, 8.0 
Hz), 24.3 (dd, J = 18.7, 8.8 Hz), 23.7 (d, J = 8.6 Hz), 21.3 (d, J = 22.8 Hz), 20.4 (d, J = 19.4 
Hz), 19.8 (d, J = 7.7 Hz), 11.4 (d, J = 18.0 Hz), 10.3 (d, J = 12.2 Hz) ppm. 31P-NMR (202 MHz; 
CDCl3, 233 K): δ 141.63 (d, J = 212.4 Hz, 0.1P), 140.08 (s, 0.9P), -8.54 (d, J = 212.9 Hz, 0.1P), 
-11.16 (s, 0.9P) ppm. HRMS (FAB) calcd for [M + H]+ C46H50NO4P2, 742.3215; found, 
742.3207. 

General hydrogenation procedure. The hydrogenation experiments were carried out in a 
stainless steel autoclave (150 mL) charged with an insert suitable for 8 reaction vessels 
(including Teflon mini stirring bars) for conducting parallel reactions. In a typical experiment, 
the reaction vessels were charged with 1.0 µmol of [Rh(diene)2]BF4, 1.1 µmol of ligand and 
0.10 mmol of alkene substrate in 1.0 mL of CH2Cl2. Before starting the catalytic reactions, the 
charged autoclave was purged three times with 15 bar of dihydrogen and then pressurized at 10 
bar H2. The reaction mixtures were stirred at 22 °C for the appropriate reaction time. After 
catalysis the pressure was reduced to 1.0 bar, and the conversion and enantiomeric purity were 
determined by chiral GC or HPLC. 

Chiral GC and HPLC separation data for hydrogenation products. N-Acetylalanine 
methyl ester. Conversion and ee were determined by chiral GC analysis (Chiralsil DEX-CB, 
isothermal at 70 °C for 1.0 min., 7 °C/min to 220 °C; tR (S) = 8.06 min., tR (R) = 8.21 min.). N-
Acetylphenylalanine methyl ester. Conversion and ee were determined by chiral GC analysis 
(Chiralsil DEX-CB, 90 °C, 5 °C/min to 220 °C; tR (R) = 15.35 min., and tR (S) = 15.49 min.). N-
Acetyl-β3-alanine methyl ester (6). Conversion and ee were determined by chiral GC analysis 
(Chiralsil DEX-CB, isothermal at 70 °C for 1.0 min., 7 °C/min to 220 °C; tR (S) = 8.13 min., tR 
(R) = 8.40 min.). N-Acetyl-β2-phenylalanine methyl ester (7). Conversion and ee were 
determined by chiral GC analysis (Supelco ß-dex 225, 70 °C, 10 °C/min to 160 °C, isothermal at 
160 °C for 5 min., 4 °C/min to 220 °C; tR (minor enantiomer) = 19.29 min., tR (major 
enantiomer) = 20.68 min.). N-(1-Phenylethyl)-acetamide (9). Conversion and ee were 
determined by chiral GC analysis (Chiralsil DEX-CB, 90 °C, 5 °C/min to 220 °C; tR (R) = 11.31 
min., and tR (S) = 11.60 min.). 1-Benzoyloxy-1-dimethylphosphonylethane (11a). The 
conversion was checked by 1H NMR, and the ee was determined by chiral HPLC analysis 
(Chiralcel AD, 30 °C, flow-rate: 1.0 mL/min, eluent: hexane/isopropanol (98.5/1.5), detection at 
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254 nm, tR (S) = 25.26 min., tR (R) = 27.22 min.). 1-Benzoyloxy-1-
dimethylphosphonylpropane (11b). The conversion was checked by 1H NMR, and the ee was 
determined by chiral HPLC analysis (Chiralcel OD-H, 30 °C, flow-rate: 1.0 mL/min, eluent: 
hexane/isopropanol (98/2), detection at 254 nm, tR (S) = 17.32 min., tR (R) = 18.99 min.). 1-
Benzoyloxy-1-dimethylphosphonyl-2-phenylethane (11c). The conversion was checked by 1H 
NMR, and the ee was determined by chiral HPLC analysis (Chiralcel AD, 30 °C, flow-rate: 1.0 
mL/min, eluent: hexane/isopropanol (95/5), detection at 215 nm, tR (R) = 22.46 min., tR (S) = 
32.45 min.). 1-Benzyloxycarbonylamino-1-dimethylphosphonylethane (11d). The conversion 
was checked by 1H NMR, and the ee was determined by chiral HPLC analysis (Chiralcel AD-H, 
30 °C, flow-rate: 1.0 mL/min, eluent: hexane/isopropanol (95/5), detection at 215 nm, tR (R) = 
17.38 min., tR (S) = 21.26 min.). 
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Chapter 5 
 

Asymmetric hydrogenation with highly active 
IndolPhos-Rh catalysts: Kinetics and reaction 

mechanism† 
 
 

 
 
Abstract: The reaction mechanism of the IndolPhos-Rh-catalyzed asymmetric 

hydrogenation of prochiral olefins has been investigated. Unlike C2 symmetric 
diphosphine ligands, the catalysts generated from this C1 symmetric hybrid phosphine-
phosphoramidite ligand seem to follow a lock-and-key mechanism in which the major 
diastereomeric substrate-catalyst complex leads to the product. 
 
 
† Part of this chapter has been published: Wassenaar, J.; Kuil, M.; Lutz, M.; Spek, A. 
L.; Reek, J. N. H. Chem. Eur. J. 2010, DOI: 10.1002/chem.200903476. 
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5.1 Introduction 
The amplification of chirality by means of asymmetric catalysis is an elegant and 

useful concept in the synthesis of complex structures, expressing biological activity 
relevant to pharmaceutical use.1 Homogeneous transition metal catalysis has emerged 
in the past four decades as one of the most efficient and powerful tools to transfer 
chirality from catalyst to product. Asymmetric hydrogenation (hereafter, AH) of 
olefins was found as one of the first catalytic asymmetric reactions, and is still one of 
the most important industrial processes in the production of chiral fine chemical 
building blocks.2 The first catalysts were derived from cationic rhodium and chiral 
mono- or bidentate phosphorus ligands, which play the pivotal role in obtaining high 
selectivities, introduced by Knowles and Kagan in the early 1970’s.3 Over the 
subsequent decades more than three thousand chiral phosphorus ligands have been 
developed, guided by an increasing understanding of the reaction mechanism.4 

In the seminal work by Halpern5 and Brown6 it was proposed that the 
enantioselectivity in the AH of olefins, in particular N-acylated dehydroamino esters, 
is determined by the oxidative addition of dihydrogen to one of the diastereomeric 
catalyst-substrate complexes 1B (Figure 1, top). The less stable diastereomer is more 
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Figure 5.1 Unsaturate/dihydride mechanism for the AH of N-acylated dehydroamino esters [P-P 
= (R,R)-DIPAMP, (R,R)-CHIRAPHOS, or (R)-BINAP; s = solvent] (top). Dihydride/unsaturate 
mechanism [P-P = (R,R)-t-Bu-BisP*] (bottom). 
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reactive and leads to the product. This so-called “unsaturate/dihydride” mechanism is 
shown to be operative for C2-symmetric diphosphines such as BINAP, DIPAMP, and 
CHIRAPHOS. More recently, an alternative mechanism has been proposed by 
Gridnev and Imamoto for t-Bu-BisP*-Rh catalysts, which involves oxidative addition 
of H2 to the solvate complex A prior to olefin coordination (“dihydride/unsaturate” 
mechanism; Figure 1, bottom).7 The enantioselectivity is determined in the migratory 
insertion of one of the hydrides into the double bond of the substrate. In this case, two 
possible diastereomeric substrate-RhH2 complexes 2C may be formed. Conversely to 
the unsatuate/dihydride mechanism, the most stable diastereomer leads to the product. 
In terms of efficiency, the latter mechanism seems attractive as most of the catalyst is 
involved in the turnover of substrates to products, whereas in the unsaturate/dihydride 
mechanism only a small fraction of the catalyst participates in turnover. In addition to 
these two general mechanisms, highly functionalized ligands can give rise to 
alternative pathways.8 

Heteroditopic C1-symmetric ligands enable desymmetrization of the coordination 
sphere by differences in trans-influence of the donor atoms. As a result, specific 
substrate coordination is feasible and the exclusion of one diastereomer (1B or 2C) can 
be achieved. Evans et al. demonstrated this concept using a P/S mixed ligand.9 The 
reaction follows in that case the unsaturate/dihydride catalytic cycle, however, the 
stereochemistry of the product suggests that the major diastereomer leads to the 
product (lock-and-key mechanism). Mechanistic studies by Reetz et al. also indicate a 
similar mechanism for monodentate phosphite ligands.10,11 

Hybrid phosphine-phosphoramidite ligands, which also feature heteroditopicity 
and C1-symmetry, have been succesfully employed to generate highly active and 
selective catalysts for the AH of functionalized olefins.12,13 It has been suggested that 
these ligands too, enable specific substrate binding. However, up to now no detailed 
mechanistic studies have been reported substantiating this proposition and one may 
wonder whether the difference in trans-influence between phosphine and 
phosphoramidite allows for such effects. Our laboratory reported the synthesis of 
phosphine-phosphoramidite IndolPhos (3) and its use as ligand in highly selective 
asymmetric hydrogenations (chapters 2-4), hydroformylations (chapters 2 and 6), and 
allylic alkylations (chapter 7).14 In this chapter, we investigate the mechanism of the 
IndolPhos-Rh catalyzed AH in order to answer the question which mechanism is 
operable, and if specific substrate binding (lock-and-key mechanism) is indeed 
achieved. The latter will be substantiated by X-ray crystal structure determination, 
kinetic studies, high-pressure NMR spectroscopy and DFT calculations. 

5.2 Ligand synthesis 
IndolPhos ligands 3a-f are synthesized according to the previously described 

procedures outlined in Scheme 5.1 (chapters 2-3).14a-b The 2-lithioindole, generated by 
in situ protection with CO2 of the indole NH and subsequent lithiation with t-BuLi, is 
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reacted with the appropriate phosphine chloride. Condensation of the thus obtained 
indolylphosphines with (S)-bisnaphthol phosphorochloridites gives IndolPhos ligands 
in good to excellent yield. 
 
Scheme 5.1 Synthesis of IndolPhos ligands 3a-f. 
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5.3 X-ray crystal structure 
Ligand 3e was reacted with dichloro-1,5-cyclooctadiene rhodium dimer, and 

treated subsequently with silver tetrafluoroborate to obtain complex 4 of the formula 
[Rh(3e)(cod)]BF4.14a Crystals suitable for single crystal X-ray diffraction were 
obtained as red cubes by slow diffusion of hexane into a dichloromethane solution. 
Top and side views of displacement ellipsoid plots of complex 4 are shown in Figure 
5.2 and 5.3. Relevant bond distances and angles are listed in the caption of Figure 5.2. 
The absolute structure of 4 in the non-centrosymmetric space group P212121 was 
reliably determined using the Flack parameter (see experimental section). 

As expected, complex 4 exhibits a square planar geometry, placing the substituents 
on phosphorus above and below the coordination plane. The Rh(1)−P(1) distance is 
0.07 Å shorter compared to the Rh(1)−P(2) bond, indicating significant π-
backdonation in case of the phosphoramidite. The bite angle of 85° is small compared 
to most chiral bidentate phosphorus ligands. This may explain the high selectivity for 
the branched aldehyde in the rhodium-catalyzed hydroformylation of styrene, reported 
in chapters 2 and 6.14a 

The side view presented in Figure 5.3 allows the construction of a quadrant model. 
On the right side, intermediate steric crowding is encountered from the substituents on 
the phosphine. The upper left quadrant exhibits most crowding due to the chiral 
bisnaphthol moiety. Consequently, the lower left quadrant is most accessible to the 
bulk solution. Furthermore, it is noteworthy that the aromatic six-membered ring of 
the indole backbone in part enforces the twisted conformation of the bisnaphthol and 
further rigidifies the structure. This element of ligand design may be vital in order to 
obtain the high selectivity’s reported in this chapter. 
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Figure 5.2 Top view of displacement ellipsoid plot (50% probability level) of complex 4. 
Hydrogen atoms, solvent molecules and the tetrafluoroborate counter anion are omitted for 
clarity. Selected bond distances (Å) and angles (deg): Rh(1)−P(1), 2.2152(7); Rh(1)−P(2), 
2.2828(7); P(1)−Rh(1)−P(2), 84.75(3). 
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Figure 5.3. (top) Side view of displacement ellipsoid plot (50% probability level) of complex 4. 
Hydrogen atoms, a solvent molecule, the tetrafluoroborate counter anion and the 1,5-
cyclooctadiene ligand are omitted for clarity. (bottom) Quadrant diagram indicating the spatial 
distribution of the steric bulk. Darker regions represent a greater amount of steric crowding. 
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5.4 Scope of IndolPhos-Rh catalyzed hydrogenation 
Table 5.1 summarizes the full substrate scope of the IndolPhos-Rh catalysts. High 

efficiencies are obtained for N-acyl-protected enamides (entries 1-5), which allow for 
the synthesis of protected α- and β- amino acids, and optically active arylamines.14d 
Also double bonds, which are not part of an enamide, are hydrogenated efficiently 
with high enantioselectivity (entries 6-9). In addition to dimethylitaconate, 2-
hydroxymethylacrylates giving Roche ester derivatives, which serve as valuable 
building blocks in natural product synthesis, are hydrogenated in high yield and 
enantioselectivity.14b The functional group tolerance of the catalytic system is 
illustrated by the hydrogenation of α-methylcinnamic acid in good ee (entry 9). 
However, the conversion is lower and gas-uptake measurements suggest deactivation 
of the catalyst over time. Finally, enol- and enamido phosphonate esters are 
hydrogenated to the corresponding hydroxy- and amino phosphonates quantitatively in 
moderate to good ee.14d For most substrates, ligands containing an isopropylphosphine 
give the highest ee. 

 
Table 5.1 Summary of IndolPhos-Rh catalyzed AH scope.a 

Entry 
 

Ligand Substrate % Conv % ee (config.) 

1 3f 
CO2Me

NHAc  
100 97 (R) 

2 3f Ph
CO2Me

NHAc  
100 97 (R) 

3 3b 
Ph

NHAc  
100 94 (S) 

4 3f 
NHAc

MeO2C
 

100 99 (R) 

5 3a 
CO2MeAcHN

Ph  
38 87 (nd) 

6 3b MeO2C
CO2Me

 
100 98 (S) 

7b 3b CO2MeHO
 

100 98 (S) 

8 3b HO
CO2Bn

 
100 89 (S) 

9 3f 
CO2H

 
45 78 (R) 

10 3f P

OBz

O

OMe
OMe

 
100 87 (S) 

11 3a P

NHCBz

O

OMe
OMe

 
100 55 (S) 

a Reactions were performed in CH2Cl2, Rh/L = 1:1.1, Rh/substrate = 1:100, 10 bar of H2, at 25 
°C for 16 h using [Rh(nbd)2]BF4 as metal precursor. b –40 °C. 

 



Asymmetric hydrogenation with highly active IndolPhos-Rh catalysts: Kinetics and reaction mechanism 

65 

5.5 Kinetics 
In order to investigate the mechanism of the IndolPhos-Rh AH, a kinetic study was 

carried out. These kinetic experiments were carried out in the AMTEC SPR16 
consisting of 16 parallel reactors equipped with temperature and pressure sensors, and 
a mass flow controller, allowing the reaction rates to be determined from gas-uptake 
profiles. We focused our studies on the AH of methyl 2-acetamidoacrylate (MAA) 
using the catalyst generated in situ from ligand 3f and [Rh(nbd)2]BF4. 
Initial rate-determination experiments revealed the high activity of the catalytic 
system. This required us to lower the catalyst loading to 0.01-0.05 mol%, which 
resulted in complete conversion after 5 minutes at room temperature and 10 bar H2. In 
addition, gas-uptake profiles reveal no induction period suggesting very rapid 
activation of the precatalyst by hydrogenation of the diolefin. Using Blackmond’s 
kinetic analysis,15 product inhibition or catalyst decomposition was observed at higher 
conversions, which required us to determine the rate at an early stage of the reaction. 
Rate-determination from the gas-uptake profiles allowed us to determine the order in 
Rh-catalyst from a ln[Rh]/ln(TOF) plot (Figure 5.4). A first order is obtained from the 
slope of this plot, which is expected for a mononuclear Rh-catalyzed AH mechanism. 
Absolute turnover-frequencies of over 90,000 h-1 are achieved by this catalytic system. 

Next, we determined the order in olefin concentration at S/C ratio’s of 1250-2500 
(Figure 5.5, top). The ln[olefin]/ln(TOF) plot yields a straight line with slope = 1, 
indicative of a first order reaction. A first-order dependency on the substrate 
concentration is rarely observed for AH of olefins,16 as the oxidative addition of 
dihydrogen is proposed to be the rate-limiting step. In these cases, Michaelis-Menten 
kinetics are proposed to be operable, in which the pre-equilibrium forming the 
catalyst-substrate complex lies on the side of the educts (vide infra). In order to arrive 
at saturation kinetics, we conducted rate-measurements at higher S/C ratio’s of 3400-
5600. Indeed, the order in olefin is lowered to ca. 0.5, indicating that the pre-
equilibrium is shifted (Figure 5.5, bottom). Unfortunately, further lowering of the 
 

 
Figure 5.4 Ln[Rh]/Ln(TOF) plot for the AH of MAA by [Rh(3f)(nbd)]BF4 at S/C ratio’s of 
4000-8000 and 10 bar H2. ([Rh] in M, TOF in mol mol-1 min-1). 
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Figure 5.5 Ln[olefin]/Ln(TOF) plot for the AH of MAA by [Rh(3f)(nbd)]BF4 at S/C ratio’s 
between 1250-2500 (top) and 3400-5600 (bottom), at 10 bar H2. ([olefin] in M, TOF in mol mol-

1 min-1) 
 
amount of catalyst resulted in loss of activity, which is tentatively ascribed to very 
small impurities in the substrate that poison the catalyst. (Note: at S/C ratio’s over 
10,000, the purity of the substrate has to exceed 99.9999 %) 

Due to the limitations of the MAA system, we decided to perform a full reaction 
progress kinetic analysis of the AH of dimethyl itaconate (DMI) using ligand 3b. 
Previous studies by Heller and co-workers have shown that this substrate shows 
similar behavior in asymmetric hydrogenation compared to dehydroamino acid 
esters.17 Indeed, in this case we were able to lower the catalyst loading to an S/C ratio 
of 30,000 presumably because of lower levels of impurities in this substrate. The 
corresponding graphical rate equation is depicted in Figure 5.6. 

The plot of reaction rate versus substrate concentration shows a strong, almost 
linear depedendency. Therefore, for substrate concentrations below 3 M a first order 
approximation for the rate equation may be used. The influence of catalyst 
concentration and hydrogen pressure were thus determined using first order rate 
constants obtained by fitting of the experimental curves to a first order function 
(Figure 5.7). Both plots reveal, as expected, a first order depedency of the reaction on 
 

S/C = 1250 - 2500 

S/C = 3400 - 5600 
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Figure 5.6 Rate versus substrate concentration plot for the AH of DMI by [Rh(3b)(nbd)]BF4; a 
fit to equation 1 gives k2 = 9.14 ± 0.21 M h-1 and KM = 5.01 ± 0.16 M. 

 
the amount of catalyst and hydrogen pressure. For dimethyl itaconate, very high initial 
turnover frequencies are obtained (> 50,000 h-1) and turnover numbers up to 30,000. 

The kinetics of the AH of MAA and dimethyl itaconate by IndolPhos-Rh catalysts 
can best be described by Michaelis-Menten kinetics as was shown previously for 
diphosphine systems following the unsaturate/dihydride pathway.5b,5d,18 In this 
Michaelis-Menten model, reversible coordination of the olefin forming the 
diastereomeric substrate-catalyst complexes 1B, is followed by irreversible reaction 
with dihydrogen. The irreversible rate-determining step may then be either oxidative 
addition of dihydrogen or migratory insertion. The rate-equation can, under isobaric 
conditions (k2 = k2’ ⋅ [H2]), be written as depicted in eq. 1, and two limiting cases can 
 

 
Figure 5.7 Plot of first order rate constants versus catalyst loading (left) and hydrogen pressure 
(right) for the AH of DMI by [Rh(3b)(nbd)]BF4. 
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be distinguished. If the olefin concentration is very high, the pre-equilibrium is 
completely shifted towards the catalyst-substrate complex and the rate depends solely 
on the rhodium (catalyst) concentration and hydrogen pressure (eq. 2). On the other 
hand, at lower olefin concentrations, the rate also depends linearly on the substrate 
concentration (eq. 3). The absolute values of these concentrations are determined by 
the magnitude of KM (eq.4). 

 

€ 

v =
d[P]
dt

=
k2 ⋅ [Rh]0 ⋅ [S]
KM + [S]

 (eq. 1) 

 

€ 

d[P]
dt

= k2 ⋅ [Rh]0  for KM << [S] (eq. 2) 

 

€ 

d[P]
dt

=
k2 ⋅ [Rh]0
KM

⋅ [S] = kobs ⋅ [S]  for KM >> [S] (eq. 3) 

 

€ 

KM =
[A] ⋅ [S]
[1B]

 (eq. 4) 

 
The kinetic profiles for the hydrogenation of MAA and dimethyl itaconate indicate 

that under typical conditions, the reaction exhibits first order behavior (eq. 3). For 
dimethyl itaconate, values for k2 and KM could be obtained from the graphical rate 
equation by fitting the data to equation 1 (Figure 5.6). The very high value of KM (KM 
= 5.01 ± 0.16 M) indicates that most of the catalyst is present as the solvent complex, 
i.e. the resting state of the catalsyst. The measured value for KM is unusually high for 
AH reactions, which generally exhibit zero-order kinetics and the substrate-catalyst 
complexes 1B are the resting state. Alternatively, the mechanism may follow a 
dihydride/unsaturate pathway in which the rate-determining step is the coordination of 
the olefin to the solvate-dihydride complex 2B or subsequent migratory insertion. 
However, the inability to detect solvate-dihydride species by high-pressure NMR 
spectroscopy speaks against this (vide infra). 

5.6 High-pressure NMR spectroscopy 
The kinetic experiments described above give valuable information about the rate-

equation, however, it does not allow for detection of the intermediates in the catalytic 
cycle. We therefore turned to high-pressure NMR spectroscopy to obtain structural 
information about these intermediates. Also for these studies we used the in situ 
generated complex [Rh(3f)(nbd)]BF4 (5), which exhibits two doublets-of-doublets in 
the 31P NMR spectrum at 141 and 54 ppm with JPP = 52.7 Hz. When this complex is 
subjected to five bar pressure of molecular hydrogen in CD2Cl2, very broad signals are 
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obtained. However, when this species is reacted with olefin substrates and dihydrogen, 
the hydrogenation products were obtained with the same enantioselectivity. Addition 
of MeCN to this ill-defined species yields the MeCN-solvate complex, 
[Rh(3f)(MeCN)2]BF4, indicating that the species giving broad signals is the CD2Cl2-
solvent complex. Formation of the well-defined solvate complex 
[Rh(3f)(CD3OD)2]BF4 is also achieved by changing the solvent to deuteromethanol, 
characterized by a new set of doublets-of-doublets at 146.4 and 78.4 ppm with JPP = 
72.4 Hz. Attempts to detect the solvate-dihydride complex 2B at low temperatures 
following the protocol by Gridnev and Imamoto were unsuccessful.7a Furthermore, 
efforts to replace solvent molecules with substrates did not result in the formation of 
diastereomeric catalyst-substrate complexes 1B, which is in line with the kinetic 
profile (KM is very large). 

The high-pressure NMR experiments are in agreement with the kinetic data as no 
substrate-catalyst complexes could be obtained. Instead, stable solvate complexes 
could be detected and will be the major resting state. The inability of the solvate 
complexes to form dihydrides at low temperatures indicates that an 
unsaturate/dihydride pathway is followed. Recent contributions from Gridnev and 
Imamoto suggest that dihydride formation may be accelerated by partial substrate 
coordination via the carbonyl function.7d This may indeed also occur in our system 
under catalytic conditions but we are unable to study this as no substrate-catalyst 
complexes can be prepared. 

5.7 DFT calculations 
The kinetic studies in conjunction with the high-pressure NMR studies discussed 
above point towards a unsaturate/dihydride pathway in which the absolute 
configuration of the product is determined in the oxidative addition of dihydrogen to 
one of the catalyst-substrate complexes 1B. As these species cannot be detected 
experimentally because of the large value of KM, we decided to calculate the four 
possible diastereomeric catalyst-substrate complexes 1B at a high level of theory 
(B3LYP, 6-31G*/LANL2DZ) without any constraints, for the hydrogenation of 
dimethyl itaconate, using ligand 3b. The obtained structures and energies are depicted 
in Figure 5.8. 

The calculations indicate that one complex, 1B-proS-trans, appears to be much 
more stable than the other three complexes. The greater stability can be understood in 
terms of perturbation from the ideal square planar geometry preferred by RhI and 
trans-effect. In case of 1B-proR-trans, the olefin is tilted out of the coordination plane 
because of steric repulsion of the α,β-unsaturated ester with the bisnaphthol moiety, 
forcing the methyl group of the ester to be eclipsing with the olefin fragment. 1B-
proS-cis also displays out of plane coordination of the olefin, however, in this case 
caused by repulsive interactions between the saturated ester and the bisnaphthol 
fragment. For 1B-proR-cis, the orientation of the substrate causes steric crowding 
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between the α,β-unsaturated ester and the bisnaphthol group and the phosphine-
carbonyl trans-disposition is less favorable compared to phosphoramidite-carbonyl 
trans. 

 

 
Figure 5.8 Calculated (B3LYP, 6-31G*/LANL2DZ) structures and energies of diastereomeric 
catalyst-substrate complexes 1B. 
 

We found experimentally that the S-enantiomer is obtained in 98 % ee using ligand 
3b. This excellent result is in good agreement with the outcome of the DFT 
calculations, which predict that the diastereoisomer 1B-proS-trans, leading to the S-
enantiomer is the only populated one at room temperature according to the Boltzmann 
distribution. It is possible that olefin decoordination may occur during the oxidative 
addition step as proposed by Gridnev and Imamoto (vide supra). Therefore, a full 
computational analysis of the reaction pathway would be necessary to substantiate the 
true origin of enantioselection. However, theory and experiment are in good agreement 
and suggest that a lock-and-key type mechanism is followed in the IndolPhos-
catalyzed AH of dimethyl itaconate and most probably also for other substrates 
coordinating in a similar fashion. 

The proposed mechanism differs significantly from the Halpern and Brown 
mechanism for C2 symmetric diphosphines, in which the least stable diastereomeric 
substrate-catalyst complex leads to the product (vide supra). Landis and co-workers 



Asymmetric hydrogenation with highly active IndolPhos-Rh catalysts: Kinetics and reaction mechanism 

71 

calculated the whole reaction pathway of the rhodium-catalyzed AH, using DuPHOS 
as the chiral ligand.19 They found energy differences between the major and minor 
catalyst substrate complexes of 3.7 kcal/mol and a total energy difference between the 
two pathways of 4.4 kcal/mol. In our case, the energy differences in the catalyst-
substrate complexes are much larger (9.3 kcal/mol) at the same level of theory. In 
addition, the overall reaction activation energy (Ea) is ca. 15.3 kcal/mol for the 
hydrogenation of DMI, which is derived from the value of k2 using the Arrhenius 
equation. Consequently, a mechanism similar to the one proposed by Evans and Reetz 
for C1 symmetric P/S and monodentate ligands is much more likely to be operable for 
IndolPhos-Rh catalysts.9,10 

5.8 Conclusions 
IndolPhos-Rh complexes are shown to be highly active (TOF > 90,000 h-1) and 

enantioselective (up to 99 % ee) hydrogenation catalysts for a broad range of prochiral 
olefins, making them suitable candidates for industrial large scale AH processes.20 
Their facile preparation allows for easy derivatization leading to rapid construction of 
a small ligand library. Kinetic studies indicate that the AH of MAA and dimethyl 
itaconate follows Michaelis-Menten kinetics, exhibiting a very large value for KM, 
which indicates that the Rh-solvate complex is the major resting state of the catalyst. 
Several solvate complexes have been observed by high-pressure NMR spectroscopy 
and formation of neither substrate-catalyst complexes nor solvate-dihydride species is 
observed. This suggests that an unsaturate-dihydride mechanism is followed but we 
cannot exclude a dihydride-unsaturate mechanism completely. High-level DFT 
calculations indicate that only one of the four possible diastereomeric substrate-
catalyst complexes is energetically accessible, which leads to the experimentally found 
absolute configuration of the product. We are currently investigating the full reaction 
pathway by DFT calculations to substantiate these findings. 

In conclusion, the mechanistic studies on IndolPhos-Rh catalysts reported in this 
chapter are in line with a lock-and-key type mechanism of enantiodiscrimination as 
has been previously proposed for C1 symmetric P/S and monodentate ligands.9,10 
However, on the basis of the current data we cannot exclude other mechanistic 
pathways. Compared to the anti lock-and-key mechanism observed for C2 symmetric 
ligands, this mechanism is more elegant and efficient as the major flux of the reaction 
proceeds through the major isomer, i.e. a higher effective catalyst concentration. For 
IndolPhos-Rh catalysts, however, a large amount of the catalysts exists as the solvate 
complex at typical conditions. 

5.9 Experimental section 
Kinetic gas-uptake measurements. The experiments were carried out in a AMTEC SPR16 

consisting of 16 parallel reactors equipped with temperature and pressure sensors, and a mass 
flow controller. The apparatus is suited for monitoring gas uptake profiles during the catalytic 



Chapter 5 

 72 

reactions. The autoclaves were heated to 110 °C and flushed with argon (22 bar) five times. 
Next, the reactors were cooled to 25 °C and flushed again with argon (22 bar) five times. The 
autoclaves were charged with the appropriate amount of [Rh(nbd)2(BF4)], ligand 3 and substrate 
in 8.00 ml of CH2Cl2 under argon. The reactors were pressurized to the desired pressure with H2 

and the pressure was kept constant during the whole reaction. The reaction mixtures were stirred 
at 25 °C and the hydrogen uptake was monitored and recorded for every reactor. After catalysis 
the pressure was reduced to 2.0 bar and samples (0.2 ml) were taken for chiral GC analysis. 

High-pressure NMR experiments. In a typical experiment a 5 mm sapphire high-pressure 
NMR tube was filled with a solution of [Rh(nbd)2]BF4 (5.6 mg, 0.015 mmol), ligand 3f (8.8 mg, 
0.015 mmol), and CD2Cl2 or CD3OD (0.5 mL). The tube was purged three times with 5 bar of 
H2, and then pressurized with 5 bar of H2. After vigorous manual shaking for ca. 2 min, the tube 
was inserted in the NMR spectrometer. NMR data for [Rh(3f)(CD3OD)2]BF4. 1H-NMR (500 
MHz; CD3OD; 253 K): δ 8.15 (s, 1H), 8.06 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.82-
7.79 (m, 2H), 7.63 (d, J = 8.0 Hz, 1H), 7.51 (d, J = 7.8 Hz, 1H), 7.13-7.09 (m, 1H), 6.98 (t, J = 
7.6 Hz, 1H), 6.89 (d, J = 8.3 Hz, 1H), 6.17 (t, J = 7.5 Hz, 1H), 6.01 (t, J = 1.8 Hz, 2H), 5.88 (d, 
J = 8.4 Hz, 1H), 3.09 (s, 3H), 2.85 (m, 3H), 1.66-1.64 (m, 2H), 1.62 (s, 3H), 1.52-0.93 (m, 12H) 
ppm. 31P-NMR (202 MHz; CD3OD,): δ 146.43 (dd, J = 331.8, 72.6 Hz, 1P), 78.42 (dd, J = 
180.3, 72.3 Hz, 1P) ppm. 

Synthesis of [Rh(3b)(MeCN)2]BF4. Ligand 3b (100 mg, 0.18 mmol) was added to solution 
of [Rh(nbd)2]BF4 (67 mg, 0.18 mmol) in CH2Cl2 (4 mL) and stirred for 30 min at rt. Dihydrogen 
was bubbled through the solution for 30 min. Filtration through Celite followed by evaporation 
of the solvent in vacuo. Washing of the resulting orange solid with hexane (3 x 5 mL) and 
drying in vacuo gave the characteristic broad NMR spectra for the CH2Cl2-solvate complex. The 
compound was redissolved in MeCN (5 mL), stirred for 20 min at rt, and the solvent was 
removed in vacuo to give a yellow solid. The solid can be handled in air but decomposes 
overnight in CDCl3 and upon storage in air for several days. Yield: 122 mg (82 %). 1H-NMR 
(500 MHz; CDCl3; 298 K): δ 8.16 (d, J = 8.8 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 8.1 
Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.71 (d, J = 8.8 Hz, 1H), 7.54-7.50 (m, 2H), 7.43-7.32 (m, 
5H), 6.99 (t, J = 7.5 Hz, 1H), 6.92 (d, J = 8.8 Hz, 1H), 6.37 (t, J = 7.8 Hz, 1H), 6.00 (d, J = 8.5 
Hz, 1H), 2.68 (2 x td, J = 15.3, 7.8 Hz, 2H), 2.43 (s, 3H), 2.14 (br s, 6H), 1.49-1.33 (m, 9H), 
1.17 (dd, J = 16.9, 6.9 Hz, 3H) ppm. 13C-NMR (126 MHz; CDCl3; 298 K): δ 149.63 (d, J = 16.0 
Hz), 147.70 (d, J = 5.2 Hz), 136.86 (d, J = 6.9 Hz), 132.68 (s), 132.33 (s), 131.86 (s), 131.57 (s), 
131.22 (s), 130.71 (s), 128.55 (d, J = 3.1 Hz), 127.22 (s), 127.05 (s), 127.02 (s), 126.95 (s), 
126.33 (s), 125.81 (s), 124.39 (s), 123.27 (d, J = 1.9 Hz), 122.99 (s), 122.34 (s), 121.46 (s), 
121.10 (s), 119.55 (s), 115.28 (s), 70.68 (s), 27.52 (d, J = 8.7 Hz), 27.29 (d, J = 10.7 Hz), 26.61 
(s), 20.23 (s), 20.08 (d, J = 4.5 Hz), 19.99 (s), 19.82 (d, J = 4.5 Hz), 11.13 (s), 2.26 (s) ppm. 31P-
NMR (202 MHz; CDCl3; 298 K): δ 148.45 (dd, J = 294.5, 63.1 Hz, 1P), 71.60 (dd, J = 159.2, 
63.0 Hz, 1P) ppm. MS (ESI) calcd for [M – BF4]+ C39H39N3O2P2Rh, 746.16; found, 746.20. 

X-ray crystal structure determination of 4. [C55H57NO2P2RhSi2](BF4) · CH2Cl2 + 
disordered solvent, Fw = 1156.78 [*], orange block, 0.25 x 0.12 x 0.09 mm3, orthorhombic, 
P212121 (no. 19), a = 14.1237(1), b = 15.3310(1), c = 26.7687(2) Å, V = 5796.24(7) Å3, Z = 4, 
Dx = 1.33 g/cm3 [*], µ = 0.54 mm-1 [*]. 74726 Reflections were measured on a Nonius Kappa 
CCD diffractometer with rotating anode (graphite monochromator, λ = 0.71073 Å) up to a 
resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. Intensities were integrated 
with HKL200021. An absorption correction based on multiple measured reflections was 
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performed using the program SADABS22 (correction range 0.74-0.95). 13196 Reflections were 
unique (Rint = 0.041), of which 11865 were observed [I>2σ(I)]. The structure was solved with 
Direct Methods using the program SHELXS-9723. The structure was refined with SHELXL-9723 
against F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement 
parameters. All hydrogen atoms were introduced in calculated positions and refined with a 
riding model. The crystal structure contains ordered dichloromethane solvent molecules, which 
were refined with full occupancies. The crystal structure also contains voids (542 Å3 / unit cell) 
filled with severely disordered dichloromethane molecules. Their contribution to the structure 
factors was taken into account using back-Fourier transformation with the SQUEEZE routine of 
the program PLATON,24 resulting in 151 electrons / unit cell. 647 Parameters were refined with 
11 restraints. R1/wR2 [I > 2σ(I)]: 0.0351 / 0.0840. R1/wR2 [all refl.]: 0.0418 / 0.0871. S = 
1.041. Flack x-parameter25: -0.024(16). Residual electron density between -0.81 and 0.93 e/Å3. 
Geometry calculations and checking for higher symmetry was performed with the PLATON  

program.24 [*] derived parameters do not contain the contribution of the disordered solvent. 
CCDC 756580 contains the supplementary crystallographic data for this paper. These data 

can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

Computational details. DFT calculations were performed using the Spartan ’04 for 
windows program package,26 employing the B3LYP functional.27 The basis set was 6-31G* for 
all atoms,28 except for Rh, which was described by an effective core potential and the associated 
basis set LANL2DZ.29 Graphics were generated using MacPyMOL.30 
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Chapter 6 
 

Rh-catalyzed asymmetric hydroformylation with 
Taddol-based IndolPhos ligands 
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Abstract: A library of Taddol-based IndolPhos ligands has been synthesized and 
applied in asymmetric hydroformylation of styrene, vinyl acetate, and allyl cyanide. 
Good ee’s up to 74 % have been achieved at high b/l ratio’s. An unexpected reversal 
of enantioselectivity has been found when using a xylyl derivatized Taddol building 
block instead of the phenyl-based analogue, which is explained by a different 
conformation of the active hydroformylation catalyst. 
 
 
† Part of this chapter has been published: Wassenaar, J.; de Bruin, B.; Reek, J. N. H. 
Organometallics 2010, accepted. 



Chapter 6 

 78 

6.1 Introduction 
Hydroformylation of alkenes is arguably the most elegant transition metal 

catalyzed transformation developed to date. In a single reaction step, three substrates 
(alkene, CO, H2) are combined to give highly valuable aldehyde products, which may 
be further transformed by reduction (alcohols), oxidation (acids/esters) or 
condensation (imines/amines). The 100 % atom efficiency of the process has attracted 
much industrial interest and nowadays hydroformylation is the largest industrial 
application of homogeneous catalysis.1 In most of these processes linear aldehydes are 
desired and their selective formation can be achieved by using wide bite-angle 
diphosphine ligands in the case of Rh-catalyzed hydroformylation.2 

Asymmetric hydroformylation (AHF) on the other hand focuses on formation of 
the branched aldehydes. As a chiral center is introduced in this reaction, AHF 
represents a promising tool for the production of optically active compounds for 
pharmaceutical or agrochemical uses.3 AHF of styrene derivatives gives rapid access 
to nonsteroidal anti-inflammatory agents like Ibuprofen, Ketoprofen and Naproxen 
after oxidation of the aldehyde.3a When vinyl acetate is used as a substrate, the 
resulting aldehydes are conveniently transformed into α-amino acids, optically pure 
isoxazolines and imidazoles.4 However, applications to this date are rare due to the 
challenging nature of the reaction. As opposed to other enantioselective reactions such 
as asymmetric hydrogenation where only activity and enantioselectivity need to be 
controlled, AHF also demands a high degree of regiocontrol to suppress the formation 
of linear aldehydes. Also higher temperatures are required to achieve sufficient 
reaction rates for AHF, but this often leads to a decrease in regio- and 
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Figure 6.1 Structure of representative examples of successful ligands for AHF. 
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enantioselectivity. Finally, in many cases the aldehyde products are prone to 
racemization under typical reaction conditions. 

Over the past two decades a number of chiral phosphorus ligands have been 
reported, which are able to address these challenges to some extent. Most of these 
ligands rely on relatively π-acidic phosphorus atoms like phosphites, 
phosphoramidites, phospholanes and diazaphospholanes to achieve good reaction rates 
as opposed to the electron-rich phosphines most-commonly used in asymmetric 
hydrogenation. Bidentate phosphite ligands such as (2R,4R)-Chiraphite5 and (S,S)-
Kelliphite6 give high regioselectivities but only moderate ee (Figure 6.1). C2-
symmetric phospholane-type ligands, e.g. (S,S)-Esphos developed by Wills et al. 
provide high enantioselectivity for vinyl acetate but is unselective for styrene.7 Landis 
and Klosin extended the success of phospholane-type ligands with the introduction of 
diazaphospholanes, giving high ee’s for styrene, vinyl acetate and allyl cyanide.4,8 

The most promising class of ligands for AHF are hybrid ligands containing a 
phosphine and a phosphite or phosphoramidite. A major breakthrough was achieved 
by Takaya and Nozaki with the development of Binaphos and its derivatives, giving 
ee’s up to 94 % for a range of substrates.9 More recently, Zhang and co-workers 
reported even higher enantioselectivities with their phosphoramidite analogue of 
Binaphos, YanPhos, giving up to 98 % ee for styrene, vinyl acetate and allyl cyanide.10 
However, both systems give rather low b/l ratio’s. Other successful examples of 
phosphine-phosph(on)ite systems were reported by the groups of van Leeuwen,11 
Dieguez,12 Pizzano,13 Schmalz,14 and Reek.14,15 

Our group developed hybrid phosphine-phosphoramidite IndolPhos 1 and its 
Taddol-based derivatives 2 (Figure 6.2),16 which have been successfully applied in 
asymmetric hydrogenation (chapters 2-5) and allylic alkylation (chapter 7). The small 
bite angle of only 85° observed in the crystal structure of [Rh(1e)(cod)]BF4 (see 
chapter 5), prompted us to investigate the use of ligands 1 and 2 in Rh-catalyzed AHF. 
By virtue of their small bite angle, these ligands would efficiently enforce equatorial-
apical coordination in the hydridobiscarbonyl rhodium intermediates, likely leading to 
a high selectivity for the desired branched aldehyde. Preliminary studies outlined in 
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chapter 2 confirm this and high b/l ratio’s up to 17 along with good enantioselectivity 
up to 72 % ee were obtained. In this chapter a full investigation is reported, focusing 
on the Taddol-based derivatives 2. A reversal of enantioselectivity is observed by 
changing substituents on the Taddol moiety. The origin of this effect has been 
investigated by kinetic measurements, high-pressure NMR and IR spectroscopy, and 
DFT calculations. 

6.2 Ligand synthesis 
The Taddol-based IndolPhos derivatives 2a-g are synthesized in a straightforward 

two-step synthesis from the corresponding (R,R)-Taddol (Scheme 6.1). Transformation 
of the diol into the phosphorochloridite is achieved by treatment with PCl3 at low 
temperature under basic conditions. The yields are quantitative and the 
phosphorochloridites are used without further purification. Condensation with the 
corresponding indolylphosphine gives IndolPhos derivatives 2a-g in good yield up to 
68 % after flash SiO2 chromatography. The modularity of the synthetic sequence 
allows for facile derivatization and fine-tuning of the chiral pocket in the 
corresponding hydroformylation catalysts. The steric and electronic properties have 
been varied systematically on the phosphine part (2a-c), Taddol moiety (2d-f), and the 
effect of substitution of the indole ring on the 7-position has been examined using 2g. 
All ligands are easy to handle as white powders and are stable as a solid towards air 
and moisture. 

Similar to the Bisnaphthol-based IndolPhos ligands 1, the Taddol-based derivatives 
display large coupling constants between the two inequivalent phosphorus atoms in the 
31P NMR spectra (JPP ≈ 200 Hz). In the case of isopropyl phosphines (2b and 2e), two 
conformations of the ligand are observed at low temperatures of which only one 
displays a P-P coupling. We believe that this is due to rotation of the phosphine-carbon  

  
Scheme 6.1 Synthesis of Taddol-based IndolPhos ligands 2a-g. 
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bond, leading to two conformers where the phosphorus lone pairs point towards each 
other or away from one another. In the former case a large coupling constant is 
expected but not in the latter. 

6.3 Ligand screening in AHF 
Preliminary experiments in the AHF of styrene using IndolPhos ligands 1, showed 

that only the isopropyl substituted ligands 1a-b were giving appreciable levels of 
activity, and regio- and enantioselectivity.16a In the case of phenyl substituted ligands 
no conversion was obtained, which is likely explained by the formation of bis-ligated 
species as has been observed for TangPhos systems.17 The more bulky Taddol-based 
ligands should not suffer from this problem and indeed active catalysts are generated 
with all ligands. Styrene was used as benchmark substrate and ligand screening was 
carried out under standard conditions (20 bar CO/H2, PhMe, L/Rh = 2.0) at 40 °C and 
70 °C (Table 6.1). Even though higher rates can be expected at lower syngas 
pressures, we chose for 20 bar as lower pressures may have a detrimental effect on the 
 
Table 6.1 Screening of ligands in AHF of styrenea 

0.1 mol% [Rh(acac)(CO)2]
0.2 mol% L*

20 bar CO/H2, PhMe, 20h
CHO

b

+
CHO

l  
Entry Ligand T (°C) % conv.b b/lc % eed 

1 1a 40 32 14 64 (R) 
2  70 99 6 46 (R) 
3 1b 40 96 10 72 (R) 
4  70 100 6 53 (R) 
5 2a 40 57 28 71 (R) 
6  70 100 14 46 (R) 
7 2b 40 3 14 55 (R) 
8  70 69 10 44 (R) 
9 2c 40 8 2 48 (R) 
10  70 98 21 42 (R) 
11 2d 40 48 37 33 (R) 
12  70 100 20 16 (S) 
13 2e 40 8 17 37 (R) 
14  70 100 5 10 (S) 
15 2f 40 < 1 - - 
16  70 98 21 11 (S) 
17 2g 40 10 5 58 (R) 
18  70 100 6 3 (R) 
a [Rh(acac)(CO)2] = 1.0 mmol/l in toluene, [ligand] = 2.0 mmol/l, styrene/rhodium = 1000, 
pressure = 20 bar (CO/H2 = 1/1). b

 Percentage conversion determined by GC; the reaction was 
stopped after 20 h. c Ratio of branched to linear product. d Enantiomeric excess determined by 
chiral GC (Supelco BETA DEX 225). 
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enantioselectivity and conversion due to slow formation of the active species (vide 
infra). 

Taddol-based ligand 2a provides the hydroformylation product of styrene in 71 % 
ee, which is almost identical to Bisnaphthol-based ligand 1b (entries 3 and 5). 
However, the regioselectivity is much higher (b/l ratio of 28), albeit at somewhat 
lower conversion. Increasing the steric bulk on the phosphine moiety leads to a 
decrease in activity, regioselectivity and enantioselectivity (entries 7 and 9). The use 
of more bulky xylyl paddle wheels on the Taddol fragment leads to a decrease in 
activity and enantioselectivity, but raises the b/l ratio up to 37 (entries 11 and 13). At 
40 °C, only traces of hydroformylation products were obtained employing the 
perfluorated ligand 2f (entry 15). We found previously that substituents on the ligand 
backbone of Taddol-containing phosphine-phosphite ligands could dramatically 
enhance the enantioselectivity in the AHF of styrene.14 However, ligand 2g containing 
a methyl group in 7-position of the indole backbone gives a lower activity, b/l ratio, 
and ee (entry 17). 

When the temperature is raised to 70 °C, almost all ligands provide catalysts that 
give full conversion but both enantioselectivity and regioselectivity are significantly 
lower. The application of ligands 2d and 2e leads to the formation of the enantiomer 
containing the S absolute configuration in up to 16 % ee as opposed to the R 
enantiomer at 40 °C (entries 11-14). This result is highly unexpected and has up to 
now only been observed in Pt/Sn-catalyzed AHF reactions.18 It may be caused by the 
presence of multiple active isomers of the catalyst that have a different response in rate 
to temperature changes. The phenomenon will be discussed in more detail in sections 
6.4-6.7. 

To study the scope, we applied IndolPhos ligands 1 and 2 in the AHF of vinyl 
acetate (Table 6.2). Bisnaphthol-based ligands 1a-b yield unreactive and unselective 
catalysts for this substrate as conversions of only up to 5 % at low b/l ratio’s and ee are 
achieved (entries 1 and 3). Conversely, Taddol-based ligand 2a leads to a moderate 
rate and a good ee of 72 % and b/l ratio of 22, similar to the performance in the case of 
styrene (entry 5). Surprisingly, the xylyl functionalized ligand 2d gives the opposite 
enantiomer in 59 % ee (entry 11, Δee = 141 %). Both ligands contain the same 
absolute configuration of the Taddol moiety (R,R) and only differ in substituents on 
the paddle wheels. Such a dramatic reversal of absolute configuration induced by a 
slight modification of the substituents on the ligand in AHF reactions has only been 
observed for Josiphos ligands (Δee ≤ 82 %).17 The other ligands display very low 
activities at 40 °C. At 70 °C, most ligands give quantitative conversion, except for the 
more bulky isopropyl and o-tolyl functionalized ligands 2b, 2c, and 2e. The b/l ratio 
increases at higher temperatures, which in some cases leads to almost exclusive 
formation of the branched product with a b/l ratio up to 777 (entries 4 and 8). The 
enantioselectivity is generally lower at higher temperature, but remarkably, the 
application of ligand 1b at higher temperature results in an increase of ee (from 31 to 
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42 %, entry 4). 
AHF of allyl cyanide is a potentially valuable process as it furnishes β-amino acid 

derivatives after hydrogenation and oxidation. Application of IndolPhos ligands 1 and 
2 in this reaction lead to b/l ratio’s up to 50 and 63 % ee at high conversion (Table 
6.3). In general b/l ratio’s for this substrate are low and the regioselectivity provided 
by ligand 1a is exceptional and among the highest reported to date. The absolute 
configuration also reverses for this substrate when using the more sterically 
demanding xylyl functionalized ligands 2d and 2e, similarly as in the case of vinyl 
acetate (entries 11-14). 

Summarizing, the ligand screening experiments in the AHF of three substrates 
gave enantioselectivities up to 72, 72, and 63 % ee for styrene, vinyl acetate and allyl 
cyanide, respectively. Using the full library of IndolPhos ligands 1 and 2, the substrate 
specificity of the generated catalysts is low, making them attractive for general use. 
The enantioselectivities are not among the highest reported but certainly useful as the 
ee of real-life products may be increased by crystallization. Especially the high b/l 
ratio’s result in a high net yield of the desired optically active branched aldehyde. The 
  
Table 6.2 Screening of ligands in AHF of vinyl acetatea 

AcO

0.1 mol% [Rh(acac)(CO)2]
0.2 mol% L*

20 bar CO/H2, PhMe, 20h
AcO

+
AcO CHO

b l

CHO

 
Entry Ligand T (°C) % conv.b b/lc % eed 

1 1a 40 2 1.2 24 (S) 
2  70 100 16.8 19 (S) 
3 1b 40 5 4.2 31 (S) 
4  70 97 777 42 (S) 
5 2a 40 19 21.7 72 (S) 
6  70 98 40 33 (S) 
7 2b 40 < 1 - - 
8  70 49 199 36 (S) 
9 2c 40 < 1 - - 
10  70 87 25.7 6 (R) 
11 2d 40 13 8 59 (R) 
12  70 99 97 35 (R) 
13 2e 40 2 0.3 39 (R) 
14  70 49 59 29 (R) 
15 2f 40 < 1 - - 
16  70 99 1.5 10 (S) 
17 2g 40 2 0.3 51 (S) 
18  70 100 15.1 < 2 
a [Rh(acac)(CO)2] = 1.0 mmol/l in toluene, [ligand] = 2.0 mmol/l, vinyl acetate/rhodium = 1000, 
pressure = 20 bar (CO/H2 = 1/1). b

 Percentage conversion determined by GC; the reaction was 
stopped after 20 h. c Ratio of branched to linear product. d Enantiomeric excess determined by 
chiral GC (Supelco BETA DEX 225). 
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Table 6.3 Screening of ligands in AHF of allyl cyanidea 

0.1 mol% [Rh(acac)(CO)2]
0.2 mol% L*

20 bar CO/H2, PhMe, 20h
+ CHONC NC NC

b l

CHO

 
Entry Ligand T (°C) % conv.b b/lc % eed 

1 1a 40 10 50 51 (S) 
2  70 3 16.5 45 (S) 
3 1b 40 78 8.4 63 (S) 
4  70 99 6.3 55 (S) 
5 2a 40 71 4.4 59 (S) 
6  70 99 3.2 50 (S) 
7 2b 40 6 4.8 40 (S) 
8  70 96 2.1 36 (S) 
9 2c 40 12 1.2 45 (S) 
10  70 98 1.0 43 (S) 
11 2d 40 39 4.1 35 (R) 
12  70 99 3.3 29 (R) 
13 2e 40 8 4.1 47 (R) 
14  70 98 2.3 39 (R) 
15 2f 40 4 8.4 24 (S) 
16  70 98 2.3 17 (S) 
17 2g 40 14 3.5 37 (S) 
18  70 99 2.4 3 (S) 
a [Rh(acac)(CO)2] = 1.0 mmol/l in toluene, [ligand] = 2.0 mmol/l, allyl cyanide/rhodium = 1000, 
pressure = 20 bar (CO/H2 = 1/1). b

 Percentage conversion determined by GC; the reaction was 
stopped after 20 h. c Ratio of branched to linear product. d Enantiomeric excess determined by 
chiral GC (Astec Chiraldex A-TA). 

 
dependence of the absolute configuration of the products on the 
temperature and substituents on the ligand is unexpected and up to now unexplored in 
the literature. Understanding these effects may lead to a better mechanistic picture and 
eventually a route to rational optimization of the catalysts. Therefore kinetic studies, 
high-pressure NMR experiments and DFT calculations were performed to uncover the 
origin of the enantioreversal. 

6.4 Kinetics 
In order to determine whether the catalysts generated from ligands 2a and 2d 

follow the same catalytic cycle, we monitored the progress of the AHF of vinyl acetate 
in time using in situ gas uptake measurements. Two types of general mechanisms can 
be distinguished in hydroformylation reactions: type-I and type-II kinetics (eq 1-2). 

 

€ 

Rate(type − I) =
A[alkene][Rh]

B + [L]
 (eq. 1) 
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€ 

Rate(type − II) =
C[H2][Rh]
D+ [CO]

 (eq. 2) 

 
(A-D are constants, [L] is proportional to the phosphine ligand and [CO]) 

 
In type-I kinetics, positive orders are found in [alkene] and [rhodium], a zero order 

in pH2 and a negative order in [ligand] and/or pCO. Most catalyst systems follow these 
kinetics, which are consistent with a rate-determining alkene coordination or migratory 
insertion of the alkene in the Rh-H bond. Type-II kinetics has been reported for bulky 
phosphite systems in which oxidative addition of H2 to the acylrhodium species is rate 
determining, hence a positive order in pH2. In type-I kinetics the enantioselectivity is 
determined in the migratory insertion under conditions that this step is irreversible.1a,19 

Table 6.4 summarizes the performance of ligands 2a and 2d in the 
hydroformylation of vinyl acetate. The enantioselectivity is independent of the 
pressure, whereas the b/l ratio is lower at higher syngas pressures. The latter is 
unexpected as usually higher CO pressures result in higher b/l ratio’s.1a Also the 
conversion is lower at higher pressures, thus indicating a negative order in pCO. 

The lower rates at higher pressures are also reflected in the reaction profiles 
derived from gasuptake measurements (Figure 6.2). Turnover frequencies are obtained 
from these profiles and are shown in Table 6.4. A significant decrease of the rate is 
observed with increasing pressure, again indicating the negative order in pCO. At 10 
bar the curves show an induction period up to 4 h, most likely resulting from slow 
 
Table 6.4 Influence of syngas pressure on the asymmetric hydroformylation of vinyl acetate 
with ligands 2a and 2da 

AcO

0.5 mol% [Rh(acac)(CO)2]
1.0 mol% L*

CO/H2, 40 oC, PhMe, 17h
AcO

+
AcO CHO

b l

CHO

 
Entry Ligand PCO/H2 (bar) % conv.b TOF (h-1)c b/ld % eee 

1 2a 10 51 7.6 58.7 73 (S) 
2  20 23 3.5 19.0 73 (S) 
3  30 20 3.1 14.3 74 (S) 
4  40 16 2.5 9.9 73 (S) 
5 2d 10 37 6.5 21.4 58 (R) 
6  20 23 3.5 12.0 59 (R) 
7  30 15 2.7 9.6 60 (R) 
8  40 11 2.2 5.4 59 (R) 
a [Rh(acac)(CO)2] = 1.0 mmol/l in toluene, [ligand] = 2.0 mmol/l, vinyl acetate/rhodium = 200, 
temperature = 40 °C. b

 Percentage conversion determined by GC; the reaction was stopped after 
17 h. c Turnover frequency determined in the linear part of the reaction profile (10-20 % conv). d 
Ratio of branched to linear product. e Enantiomeric excess determined by chiral GC (Supelco 
BETA DEX 225). 
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Figure 6.2 Reaction profiles of the asymmetric hydroformylation of vinyl acetate using ligands 
2a and 2d at 10, 20, 30 and 40 bar CO/H2 and 40 °C. Conversions are obtained from gasuptake 
curves using the ideal gas law and are uncorrected. Dissolution of the gas into the solution is not 
entirely finished at the point of reaction start, leading to slightly higher conversions than 
obtained by GC. 

 
formation of the active hydridobiscarbonyl species from the acac-complex. At higher 
pressures, the active species is formed faster and no induction period is observed. 
After the induction period, a constant slope is observed for both ligands, indicating 
steady-state kinetics up to at least 50 % conversion. This can be explained by 
reversible alkene coordination prior to an irreversible migratory insertion, which 
results in a pseudo-first order in [alkene] at high concentrations of the substrate. 
Ligand 2a gives a slightly higher rate compared to ligand 2d, which is more 
pronounced at lower pressures. 

The kinetics outlined above are in best agreement with type-I kinetics as we found 
a strong decrease in rate with increasing syngas pressure. The rate-determining step is 
proposed to be the migratory insertion because steady-state kinetics are observed in 
the beginning of the reaction, indicating reversible alkene coordination. The absolute 
configuration is determined in the insertion step, if this is irreversible. 

To investigate whether insertion of the alkene is reversible, we carried out 
deuterioformylation experiments with vinyl acetate using a CO/D2 (1:1) gas mixture. 
Under standard conditions similar conversions and higher b/l ratio’s are observed 
(Scheme 6.2). The pathway leading to the linear aldehyde is less favorable when 
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deuterium is used as was also observed for Binaphos by Nozaki and Takaya.19 The ee 
is not significantly affected by the use of D2 instead of H2. Analysis of the products by 
1H NMR shows that deuterium is only incorporated at the expected positions, i.e. on 
the aldehyde and methyl groups. Therefore, no scrambling of the deuterium atoms 
occurs and thus insertion of the alkene in the Rh-H bond is irreversible under the 
applied conditions.19 

 
Scheme 6.2 Deuteroformylation of vinyl acetate with ligands 2a and 2d. 

AcO

0.1 mol% [Rh(acac)(CO)2]
0.2 mol% L*

20 bar CO/D2, PhMe, 60h
AcO

+
AcO CDOCDO

CH2D D

2a: 37 % conv, b/l 205, 71 % ee (S)
2d: 29 % conv, b/l 95, 57 % ee (R)  

6.5 High-pressure NMR and IR spectroscopy 
The hydridobiscarbonyl species of all Taddol-based IndolPhos ligands 2 were 

studied by high-pressure 1H and 31P NMR spectroscopy. As a reference, Bisnaphthol-
based ligand 1a was also used in this study. Three different isomers can be expected 
for unsymmetrical hybrid ligands, the ee (bis-equatorial) isomer and two ea 
(equatorial-apical) isomers A and B in which either the phosphine or the 
phosphoramidite occupies the apical position (Figure 6.3). The complexes were 
generated in a high-pressure NMR tube from the corresponding acac-complex that was 
exposed to 5 bar CO/H2 at 50 °C for 16 h. The chemical shifts of the hydride and 
phosphorus signals as well as the coupling constants with the hydride are depicted in 
Table 6.5. Ligand 2c gave rise to the formation of a new species under syngas 
atmosphere observed by 31P NMR spectroscopy, however, no hydride signal could be 
detected. In the case of ligand 2g only decomposition was observed after prolonged 
heating under syngas atmosphere. 

The metal complexes of all ligands (except for 2c and 2g) give rise to either a 
doublet-of-doublets-of-doublets or a doublet-of-triplets (in case one of the hydride-
phosphorus couplings equals the Rh-H coupling constant) in the 1H NMR spectrum at 
high field (–8 to –10 ppm). No other hydride signals were detected under the indicated 
conditions. At least one of the hydride-phosphorus couplings is very large, which is 
indicative for a trans disposition of hydride and phosphorus atom. This observation 
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Figure 6.3 Structures of bis-equatorial isomer ee, and equatorial-apical isomers A and B of the 
hydridobiscarbonyl rhodium species. 
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Table 6.5 NMR data for the hydride resonance of RhH(IndolPhos)(CO)2 complexesa 

Entry Ligand T (°C) δHRh 
1JRhH δPC 

2JHPC δPN 
2JHPN 

1 1a 25 –8.40 9.9 68.2 66.7 176.7 95.7 
2  45 –8.48 9.7 68.5 63.8 176.9 101.9 
3 2a 25 –8.78 9.5 29.7 113.1 144.0 3.6 
4  45 –8.82 9.4 29.8 112.7 143.8 4.8 
5 2b 25 –8.35 9.1 69.3 109.1 142.5 ndb 

9 2d 25 –8.62 9.6 29.5 110.5 142.2 9.6 
10  45 –8.69 9.6 29.5 109.2 142.2 12.3 
11 2e 25 –8.26 10.0 69.1 108.4 140.4 6.2 
12  45 –8.34 8.7 69.1 107.6 140.4 8.7 
13 2f 25 –9.64 9.7 ndc 111.0 ndc 2.3 
14  45 –9.67 8.6 ndc 112.3 ndc ndb 
a Hydridobiscarbonylcomplexes were generated from [Rh(acac)(CO)2] and the corresponding 
ligand by heating for 16 h at 50 °C under 5 bar CO/H2 in C6D6. b Not detected due to zero or 
near zero value of coupling constant. c Not detected due to low concentration. 
 
already excludes formation of ee complexes, which is in line with what we expected 
based on the small bite-angle of the ligand. The Rh-H coupling constant is around 8-10 
Hz, typical for trigonal bipyramidal [Rh(H)(CO)2(L)2] complexes. 

Bisnaphthol-based ligand 1a exhibits large values for the 2JHP(phosphine) and 
2JHP(phosphoramidite) couplings, in which the latter is the largest one (Table 6.5, entries 1-
2). This indicates a rapid equilibrium between isomers A and B, in which B is the 
major species.20 The temperature dependence of the 2JHP couplings confirms this 
proposition. For the Taddol-based ligands, an opposite trend is observed with large 
values for 2JHP(phosphine), indicating a preference for isomer A (Table 6.5, entries 3-14). 
The temperature dependent coupling constants allow calculation of the ratio between 
A and B, which is >99:1 at 45 °C.20 The more bulky xylyl-functionalized Taddol in 
ligands 2d and 2e gives rise to slightly larger values of 2JHP(phosphoramidite) compared to 
the ligands containing the parent Taddol. This indicates that the equilibrium between 
A and B is slightly shifted towards isomer B for the more bulky ligand 2d (A/B = 95:5 
at 45 °C), which is also reflected in the smaller energy difference between these 
species found by DFT calculations (vide infra). 

For hybrid phosphine-phosphoramidite ligands, no high-pressure NMR studies of 
the hydridobiscarbonyl rhodium species have been reported. For phosphine-phosphites 
on the other hand, examples have been reported with both a preference for isomer A 
(van Leeuwen,11a Claver,21 Pizzano,13 Schmalz14) as well as for isomer B (Binaphos9a). 
The presence of both isomers A and B in the case of IndolPhos ligands 2a and 2d 
raises the question, which will be the active species leading to the product. In analogy 
to the mechanism of asymmetric hydrogenation (chapter 5), the minor isomer B may 
be far more active resulting from a lower transition state barrier for alkene insertion 
than A and thus leading to the product.  
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High-pressure in situ IR spectroscopy enables the study of the catalyst resting state 
during the reaction, giving valuable mechanistic information.22 We studied the 
formation of the hydridobiscarbonyl rhodium species for ligands 2a and 2d, which 
were formed within 20 h at 40 °C and 20 bar CO/H2 in cyclohexane (Figure 6.4). As 
expected, only one set of signals (symmetric and anti-symmetric stretch) for the 
carbonyls of the ea complex is observed in both cases. The calculated IR absorptions 
(ri-DFT, BP86, SV(P)) of isomer A for ligand 2a (2016.9 and 1990.2 cm-1) and 2d 
(2012.0 and 1984.6 cm-1) correspond well with the experimentally found absorptions. 
Visualization of the vibrations reveals that they are strongly coupled with the Rh-H 
stretching modes. The observation of only one set of signals indicates that the carbonyl 
ligands of isomer A dominate the spectrum. Isomer B seems to be visible in small 
amounts as red-shifted shoulders that partly overlap with the main signals of isomer A. 
The shoulders are more pronounced for 2d, in agreement with the NMR data. Upon 
addition of vinyl acetate a second species forms in both experiments at slightly higher 
wavenumbers (± 2054 cm-1), exhibiting only a single peak. This signal is unlikely to 
stem from a monocarbonyl alkene adduct, [RhH(2a)(CO)(vinyl acetate)]. Calculation 
of those complexes gave IR absorptions at much lower wavenumbers as is to be 
expected. Instead, it appears as if the substrate induces the formation of a dormant 
species that is in equilibrium with the active species. In line with this, the signal 
disappears slowly as the reaction proceeds. The nature of this dormant species is 
currently not clear. 

 

  
Figure 6.4 High-pressure IR spectra of RhH(IndolPhos)(CO)2 complexes of ligands 2a (left) 
and 2d (right) after incubation (black), and in the presence vinyl acetate (red). 

6.6 DFT calculations 
In order to gain a more detailed understanding about the relative energies of isomers A 
and B for ligands 2a and 2d, and to assign the IR spectra more accurately, we carried 
out DFT calculations on these complexes at the ri-DFT BP86 level using  
the SV(P) basis set on all atoms. The calculated structures for the 
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RhH(IndolPhos)(CO)2 species of ligands 2a and 2d are displayed in Figures 6.5a and 
6.5b, respectively. The energies are summarized in Table 6.6. 
 

  
 
 

  
 
 

Figure 6.5 DFT calculated structures of isomers A and B with: a) ligand 2a, b) ligand 2d. 
 
Table 6.6 Calculated energies of hydridobiscarbonyl rhodium isomers A and B for ligands 2a 
and 2d at the ri-DFT BP86 level using the SV(P) basis set on all atoms.a 

Entry Ligand Isomer T (°C) ΔEZPE
b ΔGc ΔHd ΔSe 

1 2a A 25 0.0 0.0 0.0 0.0 
2  B 25 3.1 3.4 3.3 –0.5 
3  A 40 0.0 0.0 0.0 0.0 
4  B 40 3.1 3.3 3.3 –0.2 
5 2d A 25 0.0 0.0 0.0 0.0 
6  B 25 2.5 0.1 2.4 7.8 
7  A 40 0.0 0.0 0.0 0.0 
8  B 40 2.5 –0.1 2.5 8.5 
a All energies are relative to isomer A for each ligand at each temperature. b Zero point energy 
corrected SCF energy in kcal/mol. c Standard free energy difference in the gas phase (1 bar), in 
kcal/mol. d Standard enthalpy difference in the gas phase in kcal/mol. e Standard entropy 
difference in the gas phase in cal/mol/K. 

 

a) 

A (2a) B (2a) 

b) 

A (2d) B (2d) 
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The geometries obtained after optimization for isomers A and B are very similar 
for both ligands. However, the energy difference between A and B is much smaller for 
ligand 2d compared to 2a. For 2a, isomer A is 3.4 kcal/mol more stable, which is also 
reflected in the small fraction of B (< 1 %) found by HP-NMR. For 2d, isomer B is 
almost equal in free energy with A. This is in good agreement with the HP-NMR 
studies where larger values for 2JHP(phosphoramidite) were found in the case of ligand 2d, 
and about 5 % of isomer B is present in solution at 45 °C. The slightly larger energy 
difference found spectroscopically may be attributed to solvent effects. Moreover, a 
highly positive entropy contribution is observed for conversion of A (2d) to B (2d) 
versus a negative contribution in the case of conversion of A (2a) to B (2a). This may 
explain the temperature dependent reversal of enantioselectivity when styrene is used 
as a substrate (Table 6.1).  

6.7 Proposed mechanism of enantiodiscrimination 
Based on the results outlined above it can be envisioned that the reversal of 

enantioselectivity observed in the asymmetric hydroformylation using ligand 2a and 
2d is a result of the difference in relative stability of ea isomers A and B for ligands 2a 
and 2d. The migratory insertion of the alkene into the Rh-H bond, which is proposed 
to be the rate and selectivity determining step (vide supra), is accompanied by a 
rotation of the double bond from in-plane coordination to a perpendicular mode in the 
transition state. For ligand 2a the reaction may proceed via hydridobiscarbonyl 
rhodium species A that, after loss of one molecule of CO, selectively coordinates the 
alkene, which inserts into the Rh-H bond in TS A (Scheme 6.3). The configuration of 
the phenyl rings on the phosphine, controlled by the chiral information in the Taddol 
moiety, block the double bond rotation selectively, similar as proposed by Pizzano et 
al.13 In the case of ligand 2d the main reaction flux may be carried by isomer B and 
the selectivity is determined in TS B. One of the xylyl-paddle wheels of the Taddol 
moiety selectively blocks one coordination site. The other site can selectively 
discriminate between the two prochiral faces of the alkene. However, when the 
substituent on the alkene becomes larger, as is the case in styrene, the substrate does 
not fit very well and reaction via TS A becomes competitive. Only by shifting the 
equilibrium to isomer B using higher temperatures (ΔS is positive), TS B can dominate 
the outcome of the reaction. 

The proposed mechanism assumes similar barriers for alkene insertion for both 
isomers A and B. However, it is known that in many reactions the minor species may 
lead to the product like in asymmetric hydrogenation (chapter 5). Therefore, 
calculation of these transition states is necessary to give a definitive answer. However, 
the proposed mechanism is in accordance with all data obtained by experimental and 
theoretical techniques. 
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Scheme 6.3 Mechanism of enantioselection of ligand 2a (left) and 2d (right) leading to the 
opposite enantiomers of the product. 
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6.8 Conclusions 
Summarizing, we have reported the synthesis of a small library of Taddol-based 

IndolPhos ligands and their use in AHF reactions. Moderate to good 
enantioselectivities are obtained for styrene, vinyl acetate, and allyl cyanide up to 72, 
74 and 63 % ee, respectively. High b/l ratio’s are obtained, which results in a high net 
yield of the desired chiral aldehyde. We found an unprecedented temperature 
dependent reversal of enantioselectivity using ligands 2d-e that are based on a xylyl-
derived Taddol in the AHF of styrene. Furthermore, these ligands give the opposite 
enantiomer of the product for vinyl acetate and allyl cyanide when compared to the 
other library members, all of which are based on R,R tartaric acid. 

We investigated the origin of this enantioreversal by kinetic studies, high-pressure 
NMR and IR spectroscopy, and DFT calculations. It was found that ligand 2a and 2d 
reveal a similar kinetic profile, which is best described by type-I kinetics. 
Deuterioformylation experiments have shown that insertion of the alkene into the Rh-
H bond is irreversible under the conditions applied. The hydridobiscarbonyl rhodium 
species, which is the resting state of the catalyst, features equatorial-apical 
coordination of the ligands with a preference for the phosphine in apical position, 
isomer A. However, DFT calculations and high-pressure NMR studies indicate that in 
the case of ligand 2d the isomer in which the phosphoramidite occupies the apical 
position, B, is only marginally higher in free energy than isomer A. We therefore 
propose that formation of the product takes place via isomer B for ligands 2d-e and via 
isomer A for all other ligands, explaining the observed reversal of enantioselectivity. 

In conclusion, we have demonstrated the efficient applicability of catalysts derived 
from Taddol-based IndolPhos ligands in AHF reactions. Moreover, the detailed 
investigation triggered by an unprecedented reversal of enantioselectivity has provided 
valuable insights into the mechanism of enantiodiscrimination in AHF reactions that 
may also be applicable for other catalytic systems.  
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6.9 Experimental section 
General procedures. All reactions were carried out under an atmosphere of argon using 

standard Schlenk techniques. THF, pentane, hexane and diethyl ether were distilled from 
sodium benzophenone ketyl; CH2Cl2, isopropanol and methanol were distilled from CaH2 and 
toluene was distilled from sodium under nitrogen. With exception of the compounds given 
below, all reagents were purchased from commercial suppliers and used without further 
purification. The following compounds were synthesized according to published procedures: 
substituted and unsubstituted Taddols,23 diphenyl(3-methyl-2-indolyl)phosphine,16a 
diisopropyl(3-methyl-2-indolyl)phosphine,16a IndolPhos ligands 1a-f,16a-b  Taddol-based 
IndolPhos ligands 2a-b,16c 3,7-dimethylindole.24 Melting points were recorded on a Gallenkamp 
melting point apparatus and are uncorrected. NMR spectra (1H, 31P and 13C) were measured on a 
Varian INOVA 500 MHz. Optical rotations were determined on a Perkin-Elmer 241 
polarimeter. High resolution mass spectra were recorded on a JEOL JMS SX/SX102A four 
sector mass spectrometer; for FAB-MS 3-nitrobenzyl alcohol was used as matrix. Chiral GC 
separations were conducted on an Interscience Focus GC (FID detector) with a Supelco BETA 
DEX 225 column (0.25 mm x 30 m) or an Astec Chiraldex A-TA column (0.25 mm x 30 m). 

General procedure for the Synthesis of Taddol phosphorochloridites. The desired 
Taddol was azeotropically dried prior to use by co-evaporation with PhMe. To a solution of 
Et3N (4.00 mmol) in THF (10 mL) was added subsequently PCl3 (2.08 mmol) and a solution of 
the corresponding Taddol (1.98 mmol) in THF (10 mL) at -78 °C. The mixture was stirred for 
30 min at -78 °C and then allowed to warm to rt. The resulting white suspension was filtered 
over Celite and the filtrate was concentrated in vacuo to obtain a white solid in quantitative 
yield, which was used without further purification. 

Synthesis of diphenyl(3,7-dimethyl-2-indolyl)phosphine. To a solution of 3,7-
dimethylindole (0.93 g, 6.4 mmol) in THF (20 mL) was added dropwise 2.7 mL of n-BuLi (2.5 
M in hexanes) at -78 °C. The resulting deep red solution was stirred at -78 °C for 20 min. 
Carbon dioxide was bubbled through the mixture for 10 min, which was allowed to warm to 
room temperature and the solvent was removed in vacuo. The resulting residue was dissolved in 
THF (20 mL) to give a clear solution, which was cooled to -78 °C. To this solution, 4.2 mL of t-
BuLi (1.6 M in pentanes) was added and the resulting orange solution was stirred at -78 °C for 1 
h. Chlorodiphenylphosphine (1.15 ml, 6.4 mmol) was added and the reaction mixture was 
stirred for 16 h allowing to warm to room temperature. The resulting yellow solution was 
washed with 20 mL degassed sat. aq. NH4Cl. The organic layer was dried over MgSO4, filtered 
and the solvent was removed in vacuo. The crude oil was purified by SiO2 column 
chromatography (5 % EtOAc in hexane) to give an off-white solid. Yield: 1.13 g (53 %). mp = 
119.3 °C. 1H-NMR (500 MHz; CDCl3; 298 K): δ 7.47 (d, J = 7.4 Hz, 1H), 7.38-7.35 (m, 10H), 
7.06 (t, J = 7.5 Hz, 1H), 7.00 (d, J = 7.0 Hz, 1H), 2.46 (s, 3H), 2.30 (s, 3H) ppm. 13C-NMR (126 
MHz; CDCl3; 298 K): δ 137.8, 136.4 (d, JCP = 9.0 Hz), 133.2, 133.0, 128.93, 128.88, 126.7 (d, 
JCP = 18.4 Hz), 123.7, 122.9 (d, JCP = 27.2 Hz), 120.2, 119.7, 117.1 (d, JCP = 1.6 Hz), 16.5, 10.1 
(d, JCP = 11.1 Hz) ppm. 31P-NMR (202 MHz; CDCl3; 298 K): δ -31.56 (s). HRMS (FAB) calcd 
for [M + H]+ C22H21NP, 330.1412; found, 330.1417. 

Synthesis of Taddol-based IndolPhos ligand 2c. To a solution of di-o-tolyl(3-methyl-2-
indolyl)phosphine (0.166 g, 0.48 mmol) in THF (5 mL) was added dropwise 0.20 mL of n-BuLi 
(2.5 M in hexanes) at -78 °C. The resulting yellow solution was stirred for 0.5 h at -78 °C, after 
which a solution of the phosphorochloridite derived from (4R,5R)-2,2-dimethyl-α,α,α’,α’-
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tetraphenyl-1,3-dioxolane-4,5-dimethanol (0.256 g, 0.48 mmol) in THF (5 mL) was added. The 
reaction mixture was stirred overnight allowing to warm to room temperature. The resulting pale 
yellow solution was evaporated to dryness, and the resulting residue was purified by flash SiO2 
column chromatography (2% EtOAc in hexane) to give a white solid. Yield: 0.258 g (64 %). 
[α]22

D = +113.2 (c = 1.0, CHCl3). mp = 127.5 °C. 1H-NMR (500 MHz; CDCl3; 223 K): δ 8.81 
(d, J = 8.0 Hz, 0.4H), 8.67 (d, J = 8.8 Hz, 0.6H), 7.85 (br s, 1H), 7.69 (d, J = 8.0 Hz, 0.6H), 7.63 
(m, 3.4H), 7.55 (t, J = 7.8 Hz, 1H), 7.45 (d, J = 6.9 Hz, 2H), 7.38-7.08 (m, 21H), 6.91-6.88 (m, 
1H), 6.77 (dd, J = 7.6, 3.9 Hz, 1H), 6.41 (br s, 1H), 5.42 (d, J = 8.1 Hz, 0.4H), 5.28 (dd, J = 8.3, 
2.1 Hz, 0.6H), 4.93 (d, J = 8.4 Hz, 0.4H), 4.91 (d, J = 8.4 Hz, 0.6H), 2.26 (s, 1.2H), 2.24 (s, 
1.8H), 2.07 (s, 3H), 1.65 (s, 3H), 1.59 (s, 1.2H), 1.50 (s, 1.8H), 0.22 (s, 3H) ppm. 13C-NMR 
(126 MHz; CDCl3; 298 K): δ 146.2, 145.1, 140.9, 138.6, 133.1, 130.2 (d, JCP = 5.0 Hz), 129.1, 
128.4, 128.2, 127.37, 127.33, 127.31, 127.27, 123.4, 121.2, 118.9, 116.4, 112.2, 83.24 (d, JCP = 
9.5 Hz), 83.18, 82.8, 58.5, 57.4, 27.8, 25.4, 21.3 (d, JCP = 20.1 Hz) ppm. 31P-NMR (202 MHz; 
CDCl3; 223 K): δ 141.10 (d, J = 218.4 Hz, 0.4P), 139.89 (d, J = 215.7 Hz, 0.6P), -39.15 (d, J = 
216.3 Hz, 0.6P), -42.14 (d, J = 218.2 Hz, 0.4P) ppm. HRMS (FAB) calcd for [M + H]+ 
C54H50NO4P2, 838.3215; found, 838.3207. 

Synthesis of Taddol-based IndolPhos ligand 2d. To a solution of diphenyl(3-methyl-2-
indolyl)phosphine (0.209 g, 0.66 mmol) in THF (5 mL) was added dropwise 0.28 mL of n-BuLi 
(2.5 M in hexanes) at -78 °C. The resulting yellow solution was stirred for 0.5 h at -78 °C, after 
which a solution of the phosphorochloridite derived from (4R,5R)-2,2-dimethyl-α,α,α’,α’-
tetrakis(3,5-dimethylphenyl)-1,3-dioxolane-4,5-dimethanol (0.427 g, 0.66 mmol) in THF (5 mL) 
was added. The reaction mixture was stirred overnight allowing to warm to room temperature. 
The resulting pale yellow solution was evaporated to dryness, and the resulting residue was 
purified by flash SiO2 column chromatography (3% EtOAc in hexane) to give a white solid. 
Yield: 0.372 g (61 %). [α]22

D = +97.6 (c = 1.0, CHCl3). mp = 163.4 °C. 1H-NMR (500 MHz; 
CDCl3; 298 K): δ 8.84 (d, J = 8.3 Hz, 1H), 7.64 (d, J = 7.9 Hz, 1H), 7.52 (t, J = 7.7 Hz, 1H), 
7.44 (s, 2H), 7.39-7.26 (m, 14H), 7.16 (s, 4H), 6.82 (d, J = 7.3 Hz, 2H), 6.76 (s, 1H), 5.41 (dd, J 
= 8.2, 2.9 Hz, 1H), 5.00 (d, J = 8.4 Hz, 1H), 2.27 (s, 6H), 2.22 (s, 6H), 2.13 (s, 6H), 2.07 (s, 6H), 
1.75 (s, 3H), 1.66 (s, 3H), 0.39 (s, 3H) ppm. 13C-NMR (126 MHz; CDCl3; 298 K): δ 146.3, 
145.0, 141.2, 140.9, 139.1, 137.3 (d, JCP = 8.0 Hz), 136.9, 136.3, 135.0, 133.2, 132.5 (d, JCP = 
18.5 Hz), 131.9 (d, JCP = 18.4 Hz), 129.3 (d, JCP = 4.4 Hz), 128.9, 128.7, 128.5 (d, JCP = 6.1 Hz), 
128.3 (d, JCP = 5.8 Hz), 128.1, 127.9 (m), 127.7, 126.9, 126.5, 125.9 (d, JCP = 3.3 Hz), 125.2, 
124.7, 123.1, 121.5, 119.1, 117.3, 111.8, 84.07, 84.05, 83.8, 83.6, 82.2 (d, JCP = 5.4 Hz), 28.1, 
25.5, 21.70, 21.68, 21.65, 21.52, 10.6 ppm. 31P-NMR (202 MHz; CDCl3; 298 K): δ 140.83 (d, J 
= 209.9 Hz, 1P), -28.73 (d, J = 210.4 Hz, 1P) ppm. HRMS (FAB) calcd for [M + H]+ 
C60H62NO4P2, 922.4154; found, 922.4157. 

Synthesis of Taddol-based IndolPhos ligand 2e. To a solution of diisopropyl(3-methyl-2-
indolyl)phosphine (0.247 g, 1.00 mmol) in THF (10 mL) was added dropwise 0.42 mL of n-
BuLi (2.5 M in hexanes) at -78 °C. The resulting yellow solution was stirred for 0.5 h at -78 °C, 
after which a solution of the phosphorochloridite derived from (4R,5R)-2,2-dimethyl-α,α,α’,α’-
tetrakis(3,5-dimethylphenyl)-1,3-dioxolane-4,5-dimethanol (0.643 g, 1.05 mmol) in THF (10 
mL) was added. The reaction mixture was stirred overnight allowing to warm to room 
temperature. The resulting pale yellow solution was evaporated to dryness, and the resulting 
residue was purified by flash SiO2 column chromatography (2% EtOAc in hexane) to give a 
white solid. Yield: 0.580 g (68 %). [α]22

D = –93.6 (c = 1.0, CHCl3). mp = 133.3 °C. 1H-NMR 
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(500 MHz; CDCl3; 318 K): δ 8.47 (d, J = 8.5 Hz, 1H), 7.57 (d, J = 7.9 Hz, 1H), 7.46 (s, 2H), 
7.29 (t, J = 7.2 Hz, 1H), 7.23 (t, J = 7.4 Hz, 1H), 7.12 (s, 2H), 7.10 (s, 2H), 6.97 (s, 2H), 6.95 (s, 
1H), 6.86 (s, 1H), 6.82 (s, 1H), 6.81 (s, 1H), 5.74 (dd, J = 8.0, 4.3 Hz, 1H), 4.99 (d, J = 8.2 Hz, 
1H), 2.46 (s, 3H), 2.37 (br m, 1H), 2.34 (s, 6H), 2.29 (br m, 1H), 2.24 (s, 6H), 2.23 (s, 6H), 2.19 
(s, 6H), 1.43 (s, 3H), 1.08-1.03 (m, 3H), 0.92-0.82 (m, 6H), 0.58-0.53 (m, 3H), 0.48 (s, 3H) 
ppm. 13C-NMR (126 MHz; CDCl3; 298 K): δ 145.5 (d, JCP = 2.2 Hz), 142.0, 141.6, 139.0 (m), 
137.2, 136.9, 136.8, 136.1, 129.5, 129.3, 128.9, 127.5, 126.5, 125.9, 125.2, 122.9, 121.2, 119.2, 
117.6, 112.4, 110.7, 83.3, 83.2, 82.9, 27.9, 26.1, 25.5, 24.6, 21.8, 21.7, 21.6, 20.5 (d, JCP = 19.5 
Hz), 19.8 (d, JCP = 7.8 Hz), 11.3 (d, JCP = 15.8 Hz) ppm. 31P-NMR (202 MHz; CDCl3; 318 K): δ 
140.07 (br s, 0.5P), 139.77 (br s, 0.5P), -7.51 (br s, 0.5P), -7.79 (br s, 0.5P) ppm. HRMS (FAB) 
calcd for [M + H]+ C54H66NO4P2, 854.4467; found, 854.4484. 

Synthesis of Taddol-based IndolPhos ligand 2f. To a solution of diphenyl(3-methyl-2-
indolyl)phosphine (0.196 g, 0.62 mmol) in THF (5 mL) was added dropwise 0.26 mL of n-BuLi 
(2.5 M in hexanes) at -78 °C. The resulting yellow solution was stirred for 0.5 h at -78 °C, after 
which a solution of the phosphorochloridite derived from (4R,5R)-2,2-dimethyl-α,α,α’,α’-
tetrakis[3,5-bis(trifluoromethyl)phenyl]-1,3-dioxolane-4,5-dimethanol (0.800 g, 0.74 mmol) in 
THF (5 mL) was added. The reaction mixture was stirred overnight allowing to warm to room 
temperature. The resulting pale yellow solution was evaporated to dryness, and the resulting 
residue was purified by flash SiO2 column chromatography (4% EtOAc in hexane) to give a 
white solid. Yield: 0.352 g (45 %). [α]22

D = –60.0 (c = 1.0, CHCl3). mp = 105.4 °C. 1H-NMR 
(500 MHz; CDCl3; 298 K): δ 8.31 (s, 2H), 8.23 (s, 1H), 7.99 (s, 2H), 7.93 (s, 1H), 7.91 (s, 2H), 
7.86 (s, 1H), 7.83 (s, 3H), 7.78 (s, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.40 (t, 
J = 7.5 Hz, 1H), 7.31 (br s, 3H), 7.27-7.19 (m, 5H), 7.12 (t, J = 7.5 Hz, 2H), 5.43 (dd, J = 8.2, 
3.4 Hz, 1H), 4.75 (d, J = 8.5 Hz, 1H), 1.71 (s, 3H), 1.58 (s, 3H), 0.46 (s, 3H) ppm. 13C-NMR 
(126 MHz; CDCl3; 298 K): δ 145.9, 145.2 (d, JCP = 2.4 Hz), 141.9, 141.6, 138.6, 134.2 (t, JCP = 
6.7 Hz), 133.9 (t, JCP = 5.4 Hz), 133.7, 132.9 (d, JCP = 10.7 Hz), 132.6, 132.4, 132.3 (d, JCP = 
3.7 Hz), 132.1 (d, JCP = 3.0 Hz), 132.00, 131.97, 131.8, 131.7, 131.5, 131.3, 129.2, 128.73, 
128.67, 128.65, 128.60, 128.46, 127.1, 126.37, 126.34, 126.3, 126.2, 124.9, 124.20, 124.17, 
124.12, 124.0, 123.5 (m), 122.8 (m), 122.7, 122.03, 122.00, 121.9, 121.8, 120.2, 119.9, 119.83, 
119.77, 119.64, 114.6, 114.1, 82.8, 82.2 (d, JCP = 11.1 Hz), 81.41, 81.36, 81.2, 27.2, 25.6, 10.4 
ppm. 31P-NMR (202 MHz; CDCl3; 298 K): δ 138.93 (d, J = 198.9 Hz, 1P), -26.10 (d, J = 198.8 
Hz, 1P) ppm. HRMS (FAB) calcd for [M + H]+ C60H38F24NO4P4, 1354.1893; found, 1354.1904. 

Synthesis of Taddol-based IndolPhos ligand 2g. To a solution of diphenyl(3,7-dimethyl-
2-indolyl)phosphine (0.310 g, 0.94 mmol) in THF (10 mL) was added dropwise 0.40 mL of n-
BuLi (2.5 M in hexanes) at -78 °C. The resulting yellow solution was stirred for 0.5 h at -78 °C, 
after which a solution of the phosphorochloridite derived from (4R,5R)-2,2-dimethyl-α,α,α’,α’-
tetraphenyl-1,3-dioxolane-4,5-dimethanol (0.525 g, 0.99 mmol) in THF (5 mL) was added. The 
reaction mixture was stirred overnight allowing to warm to room temperature. The resulting pale 
yellow solution was evaporated to dryness, and the resulting residue was purified by flash SiO2 
column chromatography (3% EtOAc in hexane) to give a white solid. Yield: 0.327 g (42 %). 

€ 

[α]D
22  = +94.4 (c = 1.0, CHCl3). mp = 189.1 °C. 1H-NMR (500 MHz; CDCl3; 233 K): δ 7.83 (br 

s, 2H), 7.58 (t, J = 7.2 Hz, 2H), 7.42 (t, J = 6.7 Hz, 4H), 7.38-7.33 (m, 8H), 7.28-7.21 (m, 8H), 
7.12 (t, J = 7.5 Hz, 2H), 7.05 (ddd, J = 21.3, 14.5, 7.1 Hz, 5H), 6.87 (t, J = 7.7 Hz, 2H), 5.40 
(dd, J = 8.3, 2.5 Hz, 1H), 5.22 (d, J = 8.4 Hz, 1H), 1.94 (s, 1.5H), 1.92 (s, 1.5H), 1.69 (s, 3H), 
1.51 (s, 3H), 0.12 (s, 3H) ppm. 13C-NMR (126 MHz; CDCl3; 298 K): δ 147.0, 141.9, 140.7, 
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136.6 (t, JCP = 16.1 Hz), 132.1, 131.7 (d, JCP = 18.3 Hz), 129.8 (d, JCP = 8.0 Hz), 129.0 (d, JCP = 
6.2 Hz), 128.3 (m), 127.7, 127.3, 121.1, 116.8, 112.1, 84.8, 84.3, 83.2, 83.1, 82.6, 27.9, 24.9, 
11.5 ppm. 31P-NMR (202 MHz; CDCl3; 233 K): δ 140.88 (d, J = 6.7 Hz, 1P), -23.08 (d, J = 6.1 
Hz, 1P) ppm. HRMS (FAB) calcd for [M + H]+ C53H48NO4P2, 824.3059; found, 824.3054. 

General procedure for asymmetric hydroformylation. The experiments were carried out 
in a stainless steel autoclave (150 mL) charged with an insert suitable for 8 reaction vessels 
(including Teflon mini stirring bars) for conducting parallel reactions. Styrene was filtered 
freshly over basic alumina to remove possible peroxide impurities. The autoclave was charged 
with 1.0 µmol of [Rh(acac)(CO)2], 2.0 µmol of ligand, 1.0 mmol of substrate and 0.50 mmol of 
internal standard (decane for styrene and allyl cyanide, heptane for vinyl acetate) in a total 
volume of 1.0 ml using toluene as solvent. Before starting the catalytic reactions, the charged 
autoclave was purged three times with 15 bar of syngas (CO/H2=1/1) and then pressurized at 20 
bar (CO/H2 = 1/1). The reaction mixtures were stirred at 40 °C or 70 °C for 20 h. After catalysis 
the pressure was reduced to 1.0 bar and the conversion and b/l ratio was checked by GC (BPX35 
column, FID detector). The enantiomeric purity was determined by chiral GC. For styrene: 
Supelco BETA DEX 225 column; initial temperature = 100 °C for 5 min, then 4 °C/min to 160 
°C; tR (S) = 11.27 min and tR (R) = 11.45 min. For vinyl acetate: Supelco BETA DEX 225 
column; initial temperature = 100 °C for 5 min, then 4 °C/min to 160 °C; tR (S) = 6.14 min and 
tR (R) = 7.85 min. For allyl cyanide: Astec Chiraldex A-TA column; initial temperature = 90 °C 
for 7 min, then 5 °C/min to 180 °C; tR (S) = 16.29 min and tR (R) = 16.75 min. 

Kinetic gas-uptake measurements. The experiments were carried out in an AMTEC 
SPR16 consisting of 16 parallel reactors equipped with temperature and pressure sensors, and a 
mass flow controller. The apparatus is suited for monitoring gas uptake profiles during the 
catalytic reactions. The autoclaves were heated to 110 °C and flushed with argon (22 bar) five 
times. Next, the reactors were cooled to 25 °C and flushed again with argon (22 bar) five times. 
The autoclaves were charged with the appropriate amount of [Rh(acac)(CO)2], ligand, substrate, 
and internal standard in 5.00 ml of Toluene under argon. The reactors were heated to 40 °C and 
pressurized to the desired pressure with CO/H2 (1/1) and the pressure was kept constant during 
the whole reaction. The reaction mixtures were stirred at 40 °C for 17 h and the syngas uptake 
was monitored and recorded for every reactor. After catalysis the pressure was reduced to 2.0 
bar and samples were taken for GC and chiral GC analysis. 

High-pressure NMR experiments. In a typical experiment a 5 mm sapphire high-pressure 
NMR tube was filled with a solution of [Rh(acac)(CO)2] (4.0 mg, 0.016 mmol), ligand (0.017 
mmol), and benzene-d6 (0.5 ml) under an argon atmosphere. Formation of the acac-complex 
[Rh(acac)(L)] was checked by NMR. The tube was then purged three times with 5 bar of CO/H2 
(1:1), pressurized with 5 bar of CO/H2 (1:1), and left for 16 h at 50 °C. After cooling to room 
temperature the NMR spectra were recorded at the desired temperature. 

High-pressure in situ IR spectroscopy. In a typical experiment a 50 mL HP IR autoclave 
was filled with a solution of ligand (0.030 mmol) in cyclohexane (15 mL). The autoclave was 
purged three times with 15 bar of CO/H2 (1:1), pressurized with 20 bar of CO/H2 (1:1), heated at 
40 °C under stirring and a background spectrum was recorded. A solution of [Rh(acac)(CO)2] 
(3.9 mg, 0.015 mmol) in cyclohexane (1 mL), previously charged into the reservoir of the 
autoclave, was added to the reaction mixture by overpressure. After complete conversion to the 
hydridobiscarbonyl rhodium species a solution of vinyl acetate (0.28 mL, 3.0 mmol) in 
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cyclohexane (1 mL), previously charged into the reservoir of the autoclave, was added to the 
reaction mixture by overpressure. The IR spectra were recorded at 40 °C. 

DFT calculations. The geometry optimizations were carried out with the Turbomole 
program25 coupled to the PQS Baker optimizer.26 The geometries were optimized as minima at 
the ri-DFT BP8627 level using the SV(P) basis set28 on all atoms. We applied the BOpt script 
package developed by Prof. Peter H. M. Budzelaar to facilitate all data evaluation processes.29 
The obtained stationary points (minima) were characterized by vibrational analysis (numerical 
frequencies); ZPE and gas phase thermal corrections (entropy and enthalpy, 298 K, 1 bar) from 
these analyses were calculated according to standard formulas of statistical thermodynamics. 
The thus obtained (free) energies (kcal mol-1) are reported in Table 6.6. 
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Chapter 7 
 

IndolPhosphole and IndolPhos palladium-allyl 
complexes in asymmetric allylic alkylations† 

 
 

 
 
 
Abstract: Palladium allyl complexes of novel phosphole-containing 

IndolPhosphole and previously reported IndolPhos hybrid bidentate ligands were 
studied by X-ray crystallography and multidimensional NMR spectrometry. The 
complexes were evaluated as catalysts in asymmetric allylic alkylations, providing 
enantioselectivities up to 90% ee. 
 
 
 
† Part of this chapter has been published: Wassenaar, J.; van Zutphen, S.; Mora, G.; Le 
Floch, P.; Siegler, M. A.; Spek, A. L.; Reek, J. N. H. Organometallics 2009, 28, 2724-
2734. 
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7.1 Introduction 
Chiral hybrid bidentate phosphine-phosphoramidite ligands have recently gained 

much attention by the synthetic community for their use in highly efficient asymmetric 
catalytic transformations.1 Along with the renaissance of chiral monodentate2 and the 
introduction of supramolecular bidentate ligands,3 hybrid ligands are among the most 
significant developments in the field of asymmetric transition-metal catalysis in the 
new millennium. Compared to classical chiral bidentate phosphines such as BINAP 
and DuPHOS, hybrid ligands offer several advantages. Firstly, the presence of two 
different phosphorus donor atoms, in addition to one or more chirality elements, 
results in desymmetrization of the coordination sphere in the transition metal 
complexes of hybrid ligands. This enables specific binding of prochiral substrates thus 
providing an additional handle for enantiodiscrimination. Secondly, the facile 
preparation resulting from the often modular synthetic sequence in two or three steps 
allows for rapid scale-up for industrial use and provides an economical advantage over 
conventional chiral diphosphines. 

In 2000, Leitner et al. introduced the first hybrid bidentate phosphine-
phosphoramidite QUINAPHOS and demonstrated its use in the asymmetric Rh-
catalyzed hydrogenation of dimethyl itaconate and methyl 2-acetamidoacrylate.4 Up to 
now several other chiral phosphine-phosphoramidites have been reported, including 
ferrocene-based derivatives,5  PEAPhos,6 NOBIN-based derivatives,7 Me-AnilaPhos,8 
beta-aminoalcohol-based derivatives,9 THNA-Phos,10 and HY-Phos.11 The ligands 
have been employed in a range of asymmetric transformations including Rh- and Ru-
catalyzed hydrogenation, hydroformylation, and Cu-catalyzed conjugate addition to 
enones. Our group contributed to this field with the development of IndolPhos 1, 
which is based on a rigid 3-methylindole backbone resulting in a very small bite-angle 
(Figure 7.1).12 Good to excellent enantioselectivities were obtained using this ligand in 
Rh-catalyzed hydrogenation and hydroformylation. It was observed that the steric and 
electronic properties of the phosphine part played a crucial role in obtaining high 
selectivity’s in these transformations. Changing a diphenylphosphine for a 
diisopropylphosphine results in some cases to an increase of enantioselectivity up to 
90 % ee. Encouraged by these findings we aim to introduce more variation on this 
position. Phospholes, unsaturated phosphorus-containing five-membered heterocycles, 
exhibit different steric and electronic properties compared to phosphines, making them 
suitable candidates to introduce more variety on the IndolPhos platform.13 

Phosphole derivatives were found to show excellent activity in the Pd-catalyzed 
allylic substitution, prompting us to investigate the reactivity of the phosphole 
containing IndolPhos derivatives in this transformation.14 To the best of our 
knowledge, hybrid phosphine-phosphoramidite ligands have not been used up to now 
in this reaction despite their potential to direct nucleophilic attack specifically to one 
position of the coordinated allyl.15,16 However, excellent results in the asymmetric 
allylic alkylation have been obtained with diphosphites and phosphite-
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phosphoramidites.17 Here, we introduce IndolPhospholes as a new class of hybrid 
phosphole-phosphoramidite ligands and describe their synthesis, coordination 
properties, and reactivity in the Pd-catalyzed asymmetric allylic alkylation. 
Furthermore, IndolPhos palladium complexes are described along with their catalytic 
performance in the asymmetric allylic alkylation. 
 

O

O
P N

R2P

R'

R'

1a R = Ph; R' = H
1b R = iPr; R' = H
1c R = Cy; R' = H
1d R = oTol; R' = H
1e R = Ph; R' = SiMe3
1f R = iPr; R' = Me  

Figure 7.1 Structure of IndolPhos ligands 1a-f. 

7.2 Ligand synthesis 
IndolPhosphole ligands 3 were prepared in a 2-step procedure analogous to the 

synthesis of IndolPhos ligands 1.12 Instead of reacting 3-methylindole with a 
chlorophosphine, P-cyano-2,5-diphenyl (DPP) and 3,4-dimethyl (DMP) phospholes 
were used as electrophiles. The cyanophospholes were selected in favor of their 
chloro- and bromo- derivatives which are very reactive and difficult to handle.18 In the 
first step, the 3-methylindole NH is protected in situ with carbon dioxide which also 
acts as a directing group for the selective deprotonation in 2-position of the indole 
(Scheme 7.1). Addition of the corresponding cyanophosphole gives indolylphospholes 
2a and 2b as yellow and white solids, respectively, in good yields (71-84 %), requiring 
no chromatographic work-up. Deprotonation of the NH of the indolylphospholes 2 at 
low temperature followed by condensation with (S)-Bisnaphthol phosphorochloridite 
results in the formation of IndolPhosphole ligands 3a and 3b (Scheme 7.2). They are 
obtained in moderate yield (48-63 %) after chromatographic purification as yellow and 
white solids, respectively. 

We reported previously that the 31P NMR signals of IndolPhos ligands 1 exhibit 
large coupling constants in the range of 200 Hz.12a Their phosphole derivatives 3 on 
the other hand do not exhibit such large couplings, but the 31P NMR spectrum of 3a 
exhibits two singlets. Two doublets are obtained for 3b with a coupling constant of 
43.1 Hz. The large difference in these parameters can be attributed to the difference  
 
Scheme 7.1 Synthesis of indolylphospholes 2a-b. 
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Scheme 7.2 Synthesis of IndolPhospholes 3a-b. 
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in electronic properties of phospholes compared to phosphines. 

7.3 Synthesis of palladium allyl complexes 
The coordination properties of ligands 1a and 3b were investigated in their cationic 

palladium allyl complexes. Reaction of the ligand with 0.5 equivalent of [Pd2(η3-
C3H5)2Cl2] in dichloromethane followed by abstraction of the chloride with AgPF6 
afforded  4a and 5 as pale yellow solids in good to excellent yield (79-99 %, Scheme 
7.3). Similarly, the bright yellow Pd-diphenylallyl complex 4b was obtained using 
[Pd2(η3-1,3-diphenylallyl)2Cl2] and 1a in 60 % yield. The allyl complexes are fully 
characterized by NMR techniques (1H, 31P, 13C), mass spectrometry, and X-ray 
crystallography. Phosphole 3a was also reacted with the Pd-allyl chloride dimer, 
resulting in the formation of the desired coordination compound in a complex product 
matrix from which isolation proved impossible. 
 
Scheme 7.3 Synthesis of Palladium Allyl complexes 4 and 5. 
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7.4 NMR study of palladium allyl complexes 
Complexes 4a-b and 5 were studied by one- and two-dimensional NMR 

spectroscopy in order to determine their structure in solution. Complex 4a displays 
duplicated signals for all allyl-protons and for some of the protons on the IndolPhos 
ligand. This effect can be attributed to isomerism of the allyl-fragment, which can 
adopt two orientations (Figure 7.3). The isomers are able to interconvert via a formal 
π-rotation involving a η3–η1–η3 isomerization. It was found previously in Josiphos19 
and other bidentate ligands containing different phosphorus donor atoms,20 that this 
isomerization is selective involving opening of only one Pd-C bond of the allyl 
fragment. In order to establish if such a selectivity is also present in complex 4a, a 
phase-sensitive 1H 2D NOESY experiment was carried out (Figure 7.2). The spectrum 
shows exchange peaks (blue) for the central proton H2 of both isomers and their 
selective NOE contacts (red) with the syn-protons within each isomer. There is no 
exchange of syn- and anti-protons at C3, i.e. H3s of isomer I becomes H3s of isomer II 
and likewise for H3a. At C1 on the other hand, syn-anti exchange does occur, 
interconverting H1s of isomer I into H1a of isomer II and vice versa. The exchange 
pathways are summarized in Figure 7.3. 

 

 
Figure 7.2 Section of the phase-sensitive 1H 2D NOESY spectrum (CD2Cl2, 500 MHz, 298 K) 
for complex 4a. The blue off-diagonal peaks arise from exchange, whereas the red peaks arise 
from NOE. 



Chapter 7 

 104 

∗

Pd

Ph2
P

PN

H1s
H1a

H3s
H3a

H2

OO
∗

Pd

Ph2
P

P N

H1s
H1a

H3s
H3a

H2

O O

(I) (II)

a

b

c

d e  
Figure 7.3 Exchange pathways interconverting isomers (I) and (II) of complex 4a. 

 
The selective syn-anti exchange at C1, cis to the phosphoramidite moiety, indicates 

that the η3–η1–η3 isomerization follows a mechanism in which the Pd-C3 bond opens, 
forming a η1-transition state wherein the C1-C2 bond rotates 180 degrees, completed by 
re-formation of the η3-allyl (Scheme 7.4). Importantly, the selective opening of the η3-
allyl occurs cis to the phosphine and can be rationalized by the greater steric bulk of 
the diphenylphosphine compared to the Bisnaphthol phosphoramidite, as was observed 
earlier in related systems.19b The increased Pd-C3 bond length in the crystal structure 
of 4a supports this observation (vide infra).  
 
Scheme 7.4 Mechanism of η3–η1–η3 isomerization in complex 4a. 
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The room temperature 1H NMR spectrum of complex 5 exhibits broad signals for 

all protons except for the indole backbone protons. A variable temperature NMR study 
was performed to analyze the dynamic process (Figure 7.4). The broadening can be 
attributed to a faster η3–η1–η3 isomerization compared to complex 4a, as individual 
signals are obtained for the allyl protons of both isomeric complexes (III) and (IV). 
The coalescence temperature could unfortunately not be established in CD2Cl2, the 
only suitable solvent with regard to stability and solubility of the complex, due to its 
low boiling point. Nevertheless, using line shape analysis at various temperatures, the 
thermodynamic parameters for the isomerization could be determined (Table 7.1). The 
free energy of activation is found to be 16.3 kcal mol-1, which is in good agreement 
with previous measurements of dynamic allyl palladium complexes.21 The positive 
entropy contribution results from the additional degree of freedom gained from the 
intramolecular isomerization. At 20 °C, the rate of exchange is 3.6 s-1. However, this 
rate can not be related to the catalytic experiments as substituted allyl ligands are 
known to isomerize much slower if at all.15a 
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Figure 7.4 1H VT NMR spectra (CD2Cl2, 500 MHz) of complex 5. 

 
Table 7.1 Thermodynamic parameters for the η3–η1–η3 isomerization in complex 5. 

Parameter Value 

Ea 
a (kcal mol-1) 21.0 

ΔG‡ a (kcal mol-1) 16.3 
ΔH‡ (kcal mol-1) 20.4 
ΔS‡ (kcal mol-1 K-1) 1.4 · 10-2 

k b (s-1) 3.6 
a At 298 K. b Rate of exchange at 293 K. 
 

The 1H 2D NOESY spectrum of complex 5 was recorded at -10 °C (Figure 7.5). As 
for complex 4a, the central allyl protons are exchanged in the η3–η1–η3 isomerization. 
All syn- and anti-allyl protons of one isomer exhibit exchange peaks with the signals 
for the other rotational isomer, although with low intensity. This implies that the 
isomerization is unselective, and Pd-C bond opening occurs at both termini of the allyl 
ligand. The decreased steric demand of the 3,5-dimethylphosphole in 5 compared to 
the diphenylphosphine in 4a, leads both donor atoms (phosphoramidite and phosphole) 
to be similar in size and thus no selective bond opening occurs. 

The phenyl allyl complex 4b does not exhibit rotational isomerism in solution or 
syn-anti interconversion. The 1H 2D NOESY spectrum shows no off-diagonal 
exchange signals but only signals arising from NOE (Figure 7.6). In spite of severe 
overlap of signals, the signals stemming from the phenylallyl fragment could be 
assigned unambiguously. NOE contacts between one of the anti allyl protons (H1a) and 
the adjacent phenyl ring with the downfield Bisnaphthol protons (top left of NOESY 
spectrum) indicate that the phenyl group of the allyl fragment points away from the 
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Figure 7.5 Section of the phase-sensitive 1H 2D NOESY spectrum (CD2Cl2, 500 MHz, 263 K) 
for complex 5. The blue off-diagonal peaks arise from exchange, whereas the red peaks arise 
from NOE. 
 

 
Figure 7.6 Section of the phase-sensitive 1H 2D NOESY spectrum (CDCl3, 500 MHz, 298 K) 
for complex 5. The blue off-diagonal peaks arise from exchange, whereas the red peaks arise 
from NOE. 
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bulk imposed by the chiral Bisnaphthol moiety. The contacts are confirmed by the 
DFT calculated structure (BP86, SV(P)) shown in Figure 7.7, which lies 0.5 kcal mol-1 
lower in energy than the other possible rotational isomer. According to the Boltzmann 
distribution, this other isomer is accessible and indeed the 31P NMR spectrum shows 
the presence of a second species in trace amounts (< 2%), which may be assigned to 
the second rotational isomer. As 4b is the key catalytic intermediate in the allylic 
alkylation of rac-1,3-diphenylprop-2-enyl acetate, nucleophilic attack on this species 
leads to the product and determines the enantioselectivity (vide infra). 
 

 
Figure 7.7 Calculated lowest energy structure of 4b (DFT, BP86, SV(P), green = C, blue = N, 
red = O, orange = P, marine blue = Pd). 

7.5 X-ray crystallography 
Crystals of complexes 4a and 5 suitable for single crystal X-ray diffraction were 

obtained by slow diffusion of hexanes into a saturated dichloromethane solution. 
Displacement ellipsoids plots for compounds 4a and 5 are shown in Figures 7.8 and 
7.9, respectively. The relevant bond distances and angles are listed in the 
corresponding figure captions. 

In the crystal structure of 5, the four crystallographically independent Pd-
complexes and two of the four independent PF6

- counter anions of the asymmetric unit 
form two-dimensional (hereafter, 2-D) planes parallel to (001). Along these planes, 
each PF6

- counterion is encapsulated into a tetrameric box built of the four independent 
cations (Figure 7.10). The formation of these tetrameric boxes can be attributed to 
weak C−H···F intermolecular interactions [C···F distances (C = carbon atoms of the 
allyl groups/phosphole rings/Bisnaphthol moieties) vary in the range of 3.23−3.54 Å, 
all standard uncertainties are lower than 0.01 Å] and the templating effect 
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Figure 7.8 Displacement ellipsoid plot (50% probability level) of one Pd complex of 4a. 
Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): C(1)–C(2), 
1.393(9); C(2)–C(3), 1.373(11); Pd(1)–C(1), 2.167(12);  Pd(1)–C(2), 2.183(4); Pd(1)–C(3), 
2.218(15); Pd(1)–P(1), 2.2255(7); Pd(1)–P(2), 2.2844(7); P(1)–N(1), 1.688(2); P(2)–C(4), 
1.812(3); C(2)–Pd(1)–P(1), 134.15(13); C(2)–Pd(1)–P(2), 135.80(13); P(1)–Pd(1)–P(2), 
87.93(3). 

 

 
Figure 7.9 Displacement ellipsoid plot (50% probability level) of one Pd complex of 5. 
Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (°): C(1)–C(2), 
1.382(6); C(2)–C(3), 1.357(6); Pd(1)–C(1), 2.170 (3);  Pd(1)–C(2), 2.157(4); Pd(1)–C(3), 2.181 
(4); Pd(1)–P(1), 2.2243(8); Pd(1)–P(2), 2.2870(9); P(1)–N(1), 1.680(3); P(2)–C(4), 1.794(3); 
C(2)–Pd(1)–P(1), 138.34(13); C(2)–Pd(1)–P(2), 134.20(13); P(1)–Pd(1)–P(2), 85.80(3). 
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Figure 7.10 a) The packing of one 2-D plane built of the four independent Pd-complexes and 
two of the four independent PF6

- counter anions looking down the normal to (001) in the crystal 
structure of 5. The symmetry independent residues are colored differently. The black outline 
corresponds to one tetrameric box. The disorder of one allyl ligand and of one PF6

- counter 
anion, and the H-atoms were omitted for the sake of clarity. b) One tetrameric box in space 
filling style (grey = C, blue = N, red = O, orange = P, yellow = F, green = Pd) projected down 
the c* direction. The disorder of one allyl ligand was omitted for clarity. 

 
of the two spherical PF6

- counter anions. Within each tetrameric box, the four 
independent Pd-complexes are always found in close contacts with each other. These 
contacts are found between i) one proton of the bisnapthol moiety of one complex and 
the π-system of the Bisnaphthol moiety of the adjacent complex, ii) one indole proton 
of one complex and the π-system of the Bisnaphthol moiety of the adjacent complex, 
iii) one proton of the allyl ligand of one complex and the π-system of the indole 
moiety of the adjacent complex. There is no evidence that the tetrameric boxes are 
stable in solution. The presence of the phosphole ligand might be important for the 
formation of the box structure, which is not found in the crystal structure of 4a. 

The remaining independent PF6
- counter anions and lattice solvent molecules (i.e. 

dichloromethane) are found to be intercalated between the 2-D planes including the 
tetrameric boxes. These counter anions are in short contact with the Pd-complexes via 
C−H···F interactions, which are comparable with those found for other encapsulated 
anions.22 

Both molecular structures of 4a and 5 display a square planar geometry around the 
palladium atom. Differences in the structures mainly arise from the increased 
bulkiness of the diphenylphosphine compared to the phosphole. This is reflected in the 
larger bite angle and Pd(1)–C(3) distance for 4a. In addition, the phosphoramidite 
group in 5 is tilted out of the coordination plane, which is probably the result of 
packing effects that allow for the formation of the tetrameric box. 
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7.6 Palladium catalyzed asymmetric allylic alkylation 
The catalytic activity of the Pd-complexes of ligands 1a-f and 3a-b was evaluated 

in the palladium-catalyzed asymmetric allylic substitution. Preliminary experiments 
using nitrogen nucleophiles in this reaction such as aniline and benzylamine did not 
yield the desired products. Therefore, dimethyl malonate was chosen as nucleophile in 
the alkylation of racemic allylic acetates. Catalysts were generated in situ from 
[Pd2(η3-C3H5)2Cl2] and the corresponding ligand. 

 
Table 7.2 Pd-catalyzed allylic alkylation of 6 with ligands 1 and 3.a 

Ph Ph

OAc

6

[Pd(C3H5)Cl]2 / Ligand

CH2(CO2Me)2 / BSA Ph Ph

CH(CO2Me)2

7  

Entry Ligand % Convb % eec 

1 1a (R = Ph, R’ = H) 100 43 
2 1b (R = iPr, R’ = H) 100 70 
3 1c (R = Cy, R’ = H) 90 64 
4 1d (R = oTol, R’ = H) 100 66 
5 1e (R = Ph, R’ = SiMe3) 15 90 
6 1f (R = i-Pr, R’ = Me) 18 74 
7 3a (R1 = Ph, R2 = H) 99 32 
8 3b (R1 = H, R2 = Me) 100 56 

a 0.5 mol % of [Pd2(η3-C3H5)2Cl2], 1.1 mol % of ligand, CH2Cl2, room temperature, 3 eq. of 
dimethyl malonate, 3 eq. of BSA, pinch of KOAc. b Conversion percentage of acetate after 1 h 
determined by GC. c Enantiomeric excess determined by chiral HPLC (Chiralcel-ODH). The 
(S)-enantiomer was obtained in all cases. 

 
All ligands provided active catalysts for the allylic alkylation of rac-1,3-

diphenylprop-2-enyl acetate 6, a benchmark substrate for new ligands in the 
asymmetric allylic alkylation (Table 7.2). The reactivity and selectivity are highly 
affected by the ligand’s substituents and nature of the phosphine donor group. For 
IndolPhos ligands 1a-d, which vary only in the type of phosphine, similar reactivities 
are observed (entries 1-4). Sterically more demanding phosphines give rise to higher 
ee’s compared to diphenylphosphine, whereas the electronic properties seem to be less 
important. When introducing substituents in 3 and 3’ positions on the Bisnaphthol 
moiety, the reactivity decreases while the ee increases up to 90 % (entries 5-6). 

IndolPhospholes 3a and 3b both give full conversion and enantioselectivities of 32 
% and 56 %, respectively (entries 7-8). Surprisingly, the sterically less congested 
phosphole now gives higher selectivity, which opposes the trend observed for 
IndolPhos ligands 1a-d as discussed above. 
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From the screening experiments outlined above it was observed that ligand 1e gave 
rise to the highest enantioselectivity but showed only 15 % conversion after 1 h of 
reaction. However, longer reaction times allow for quantitative formation of the 
product. A solvent study using 1e as ligand was carried out, in an attempt to increase 
the activity while maintaining the high selectivity (Table 7.3). Acetonitrile proves to 
be the only solvent giving a significantly higher rate compared to dichloromethane 
(entry 3). However, the enantioselectivity drops to 76 % ee. The trade-off in selectivity 
is not compensated by the gain in activity and we thus carried out all further 
experiments using dichloromethane as solvent. 

 
Table 7.3 Pd-catalyzed allylic alkylation of 6 with ligand 1e.a 

Entry Solvent % Conv (h)b % eec 

1 CH2Cl2 100 (8) 90 
2 THF 84 (4) 70 
3 MeCN 100 (1) 76 
4 EtOAc 65 (4) 68 
5 PhMe 74 (4) 85 
6 iPrOH 0 (22) - 

a 0.5 mol % of [Pd2(η3-C3H5)2Cl2], 1.1 mol % of 1e, room temperature, 3 eq. of dimethyl 
malonate, 3 eq. of BSA, pinch of KOAc. b Conversion percentage of acetate determined by GC. 
Reaction time in hours shown in parentheses. c Enantiomeric excess determined by chiral HPLC 
(Chiralcel-ODH). 

 
To investigate the effect of the structure of the substrate on the catalytic 

performance, rac-1,3-dimethylprop-2-enyl acetate 8 was subjected to the alkylation 
conditions (Table 7.4). It is known that changing the Ph-group for a methyl results in 
most cases in lower enantioselectivity and rate enhancement.15a This is also observed 
for the catalysts generated from ligands 1 and 3. Remarkably, the enantioselectivity 
obtained with arylphosphine substituted ligands is lowered to a lesser extent than in 
the case of alkylphosphines (entries 1-6). In addition, substituents on the Bisnaphthol 
moiety are not beneficial for this substrate (entries 5-6). The highest selectivity of 51 
% ee is reached with o-tolyl substituted ligand 1d. When the performance of 
phospholes 3a and 3b are compared, the more bulky 3a gives higher selectivity, which 
opposes the ligand effects observed in the alkylation of 6. We speculate that the 
smaller Me-substituents of 8 require a catalyst containing more steric bulk compared 
to 6 to achieve efficient enantioselection. 

Cyclic substrates are usually more difficult to alkylate in high enantioselectivity. 
The small syn-substituents, a proton in most cases, poorly interact with the chiral steric 
environment imposed by the ligand.  Indeed, very low enantioselectivities are obtained 
for most ligands in the allylic alkylation of 3-acetoxycyclohexene 10 (Table 7.5). Only  
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Table 7.4 Pd-catalyzed allylic alkylation of 8 with ligands 1 and 3.a 

Me Me

OAc

8

[Pd(C3H5)Cl]2 / Ligand

CH2(CO2Me)2 / BSA Me Me

CH(CO2Me)2

9  

Entry Ligand % Convb % eec 

1 1a (R = Ph, R’ = H) 100 31 
2 1b (R = iPr, R’ = H) 100 21 
3 1c (R = Cy, R’ = H) 100 20 
4 1d (R = oTol, R’ = H) 100 51 
5 1e (R = Ph, R’ = SiMe3) 100 39 
6 1f (R = iPr, R’ = Me) 100 15 
7 3a (R1 = Ph, R2 = H) 57 35 
8 3b (R1 = H, R2 = Me) 100 26 

a 0.5 mol % of [Pd2(η3-C3H5)2Cl2], 1.1 mol % of ligand, CH2Cl2, room temperature, 3 eq. of 
dimethyl malonate, 3 eq. of BSA, pinch of KOAc. b Conversion percentage of acetate after 1 h 
determined by GC. c Enantiomeric excess determined by chiral GC (Chiralsil DEX CB). 

 
bulky ligands 1d-f are able to induce significant enantioselection up to 50 % ee 
(entries 4-6). 

Mono-substituted linear substrates represent a challenge in allylic alkylations as 
both the regio- and enantioselectivity have to be controlled. In contrast to Ir-catalyzed 
allylic alkylations,23 Pd-based catalysts generally give low branched to linear ratio’s 
(b/l).24 Ligands 1 and 3 provide active catalysts for the allylic alkylation of cinnamyl 
acetate 12 (Table 7.6). As expected for Pd-based systems, the branched product 13 is 
formed in only 5-14 % and low ee, except for ligand 1d. A good enantioselectivity of 
81 % ee at a b/l ratio of 14/86 is obtained by using the o-tolyl substituted IndolPhos 
ligand 1d (entry 4). Although the b/l is low, the enantioselectivity is among the highest 
reported to date, and represents a lead for further optimization.25 

When the efficiency of IndolPhos(phole) ligands in the asymmetric allylic alkylation is 
compared to other hybrid ligand systems such as phospite-phosphoramidites, it can be 
noted that our system is less active.17b-c The lower reactivity can be explained in terms 
of electronic effects. Phosphines are less π-acidic compared to phosphites, which leads 
to lower reaction rates as the rate-limiting step is a reductive elimination.16 Concerning 
the enantioselectivity, IndolPhos(phole) systems give similar ee’s compared to 
phosphite-phosphoramidite ligands containing a rigid pyranoside sugar backbone.17b 
On the other hand, phosphite-phosphoramidite ligands containing a more simple 
amino alcohol backbone are more selective than our system.17c These results indicate 
that a more flexible backbone is beneficial for the enantioselectivity in this 
transformation. 
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Table 7.5 Pd-catalyzed allylic alkylation of 10 with ligands 1 and 3.a 

[Pd(C3H5)Cl]2 / Ligand

CH2(CO2Me)2 / BSA

OAc

10

CH(CO2Me)2

11  

Entry Ligand % Convb % eec 

1 1a (R = Ph, R’ = H) 73 < 1 
2 1b (R = iPr, R’ = H) 94 19 
3 1c (R = Cy, R’ = H) 82 26 
4 1d (R = oTol, R’ = H) 100 44 
5 1e (R = Ph, R’ = SiMe3) 15 50 
6 1f (R = iPr, R’ = Me) 12 38 
7 3a (R1 = Ph, R2 = H) 6 < 1 
8 3b (R1 = H, R2 = Me) 34 7 

a 0.5 mol % of [Pd2(η3-C3H5)2Cl2], 1.1 mol % of ligand, CH2Cl2, room temperature, 3 eq. of 
dimethyl malonate, 3 eq. of BSA, pinch of KOAc. b Conversion percentage of acetate after 1 h 
determined by GC. c Enantiomeric excess determined by chiral GC (Supelco β-DEX 225). 

 
Table 7.6 Pd-catalyzed allylic alkylation of 12 with ligands 1 and 3.a 

Ph

12

[Pd(C3H5)Cl]2 / Ligand

CH2(CO2Me)2 / BSA Ph

13

CH(CO2Me)2OAc

+

CH(CO2Me)2

14
Ph

 

Entry Ligand % Convb 13/14c % eed 

1 1a (R = Ph, R’ = H) 100 9/91 12 
2 1b (R = iPr, R’ = H) 100 5/95 < 5 
3 1c (R = Cy, R’ = H) 100 5/95 < 5 
4 1d (R = oTol, R’ = H) 100 14/86 81 
5 1e (R = Ph, R’ = SiMe3) 100 11/89 < 5 
6 1f (R = iPr, R’ = Me) 100 5/95 10 
7 3a (R1 = Ph, R2 = H) 80 10/90 < 5 
8 3b (R1 = H, R2 = Me) 100 7/93 < 5 

a 0.5 mol % of [Pd2(η3-C3H5)2Cl2], 1.1 mol % of ligand, CH2Cl2, room temperature, 3 eq. of 
dimethyl malonate, 3 eq. of BSA, pinch of KOAc. b Conversion percentage of acetate after 1 h 
determined by GC. c Branched-to-linear ratio determined by GC. d Enantiomeric excess 
determined by chiral HPLC (Chiralcel-OJH). 

7.7 Mechanism of enantiodiscrimination 
It is known that in the case of 1,3-disubstituted substrates, enantiodiscrimination 
results from preferential attack on one of the enantiotopic termini of the allylpalladium 
complex.15b In the case of ligand 1a, Pd-allyl complex 4b is the actual intermediate in 
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the catalytic cycle. As the structure in solution was assigned with NOESY and DFT 
calculations (Figure 7.6-7), and no syn-anti-interconversion was observed, attack on 
this complex determines which enantiomer is obtained. The other rotational isomer is 
observed in trace amounts by NMR spectroscopy, for which DFT calculations in the 
gas-phase indicate that this isomer would be 0.5 kcal mol-1 higher in energy. Even 
though present in trace amount, it can not be excluded that this second rotational 
isomer plays a role in the reaction as it is known that species that are present in only 
very low amount can carry out most of the reaction flux. 
The stereochemical pathway of the reaction can be described in terms of the diagram 
depicted in Scheme 5.26 Nucleophilic attack can take place on either the major or 
minor Pd allyl complex. For the major isomer, rotation accompanied with formation of 
the η2-alkene species favors pathway b towards the (S) enantiomer. The steric bulk of 
the Bisnaphthol hinders the substrate rotation by having unfavorable steric interactions 
with the newly formed tertiary substituent in the case of path a. If on the other hand 
nucleophillic attack occurs on the minor isomer, no preferred sense of rotation would 
be expected on steric grounds. 
 
Scheme 7.5 Enantiocontrol provided by IndolPhos(phole) Pd catalysts 
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Experimentally, we found that the (S)-enantiomer of the alkylation product was 
formed in excess with all ligands. The selective isomerization and crystal structure of 
4a indicate a labilization of the Pd-C3 bond (vide supra). These observations support a 
mechanism following path b, i.e. attack on the C3 allyl terminus of the major allyl 
isomer. This mechanism is in agreement with an early as well as a late transition state 
model. The former is supported by the labilization of the Pd-C3 bond, and the latter by 
repulsive steric interactions during rotation of the substrate upon nucleophilic attack.27 
If the main reaction flux would be carried out by the minor allyl isomer, a much lower 
enantiomeric excess would be expected as rotation of the substrate in both cases (path 
c and d) is not majorly hindered by repulsive steric interactions. Therefore we believe 
that formation of the alkylation product proceeds by path b. 

7.8 Conclusions 
Phosphole substituted IndolPhos derivatives 3a and 3b have been successfully 

synthesized and characterized. For 3b, the coordination to palladium(II) was 
investigated in the allyl palladium complex 5 and compared to the corresponding 
IndolPhos palladium species 4a. In solution these complexes exist each as two isomers 
in a 1:1 ratio, which interconvert through a η3–η1–η3 isomerization. A selective 
isomerization was found for 4a where Pd-C bond opening only occurs trans with 
regard to the diphenylphosphine donor group due to steric effects. For complex 5, no 
such selectivity has been found, which is explained by the smaller phosphole 
substituent. As a result, the steric demand of phosphole and phosphoramidite are 
similar, and Pd-C bond opening occurs at both allyl termini. The rate constant of the 
isomerization process for 5 is k = 3.6 s-1. 4a does not display dynamic behavior at 
room temperature, and consequently its rate constant could not be determined. 

In the solid state, complexes 4a and 5 display disorder in the coordinated allyl 
fragments, confirming the rotational isomerism observed in solution. Interestingly, the 
phosphole containing complex 5 forms a tetrameric box structure in the solid state 
which is templated by encapsulation of one PF6 counter anion. The encapsulation is 
driven by eight C−H···F interactions between hydrogen atoms located on the 
phosphole ligand and the PF6 anion. 

IndolPhospholes 3a-b and IndolPhos ligands 1a-f were evaluated in the Pd-
catalyzed asymmetric allylic alkylation. For 1,3-disubstituted propenyl acetates, high 
activity was found and good enantioselectivity up to 90 % ee. For cyclic substrate 10, 
only moderate ee up to 50 % was obtained. The alkylation of cinnamyl acetate was 
achieved in good enantioselectivity up to 81 % ee but in a low b/l of 14/86. The results 
show that hybrid ligands are able to induce moderate to good enantioselectivities for a 
range of substrates in the asymmetric allylic alkylation. The introduction of 
phosphole-containing ligands did not lead to an increase in selectivity, which was 
anticipated based on earlier successful application of phospholes in the allylic 
substitution. 
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Based on the structural data for the complexes 4a and b, the formation of the (S)-
enantiomer in the case of 1,3-diphenylprop-2-enyl acetate can be rationalized by a 
selective nucleophilic attack cis to the phosphine in the Pd-allyl intermediate. In 
contrast to other C1-symmetrical ligands possessing two different donor atoms such as 
P-N ligands, the ratio of isomeric Pd-allyl intermediates observed in solution is much 
larger in our case (> 50:1 vs. 9:1).28 Analogously however, the enantioselectivity arises 
from the regioselective attack on the major isomeric Pd-allyl complex. Our results 
from X-ray crystallography and 2D NMR spectroscopy indicate that steric rather than 
electronic effects play the dominant role in this step. 

7.9 Experimental section 
General procedures. All reactions were carried out under an atmosphere of argon using 

standard Schlenk techniques. With exception of the compounds given below, all reagents were 
purchased from commercial suppliers and used without further purification. The following 
compounds were synthesized according to published procedures: phosphorochloridite of (S)-(-)-
2,2'-bisnaphthol,29 1-cyano-3,4-dimethylphosphole,30 1-cyano-2,5-diphenylphosphole,14b 
[Pd2(η3-1,3-diphenylallyl)2Cl2],26 rac-1,3-diphenylprop-2-enyl acetate 6,31 rac-1,3-
dimethylprop-2-enyl acetate 8,32 and rac-3-acetoxycyclohexene 10.33 THF, pentane, hexane and 
diethyl ether were distilled from sodium benzophenone ketyl; CH2Cl2, MeCN, EtOAc i-PrOH 
and MeOH were distilled from CaH2, and toluene was distilled from sodium under nitrogen. 
Melting points were recorded on a Gallenkamp melting point apparatus and are uncorrected.  
NMR spectra (1H, 31P and 13C) were measured on a Varian INOVA 500 MHz or a Varian 
MERCURY 300 MHz. Optical rotations were determined on a Perkin-Elmer 241 polarimeter. 
High resolution mass spectra were recorded on a JEOL JMS SX/SX102A four sector mass 
spectrometer; for FAB-MS 3-nitrobenzyl alcohol was used as matrix. Gas chromatographic 
analyses were run on a Shimadzu GC-17A apparatus. Chiral GC separations were conducted on 
an Interscience Focus GC Ultra. Chiral HPLC separations were conducted on a Shimadzu 10A 
HPLC, equipped with a UV-detector. 

Synthesis of indolylphosphole 2a. To a solution of 3-methylindole (126 mg, 0.96 mmol) in 
THF (5 mL) was added dropwise 0.40 mL of n-BuLi (2.5 M in hexanes) at -70 °C. The resulting 
suspension was stirred at -70 °C for 20 min. Carbon dioxide was bubbled through the 
suspension for 10 min to give a clear pale yellow solution which was allowed to warm to room 
temperature after which the solvent was removed in vacuo. The resulting white residue was 
dissolved in THF (5 mL) to give a clear pale yellow solution, which was cooled to -70 °C. To 
this solution, 0.63 mL of t-BuLi (1.6 M in pentanes) was added and the resulting orange solution 
was stirred at -70 °C for 30 min. To this solution, a solution of 1-cyano-2,5-diphenylphosphole 
(250 mg, 0.96 mmol) in THF (2 mL) was added and the reaction mixture was stirred for 1 h at -
70 °C. The resulting yellow solution was allowed to warm to room temperature and stirred for 
16 h after which it was washed with 5 mL degassed sat. aq. NH4Cl. The organic layer was dried 
over MgSO4, filtered and the solvent was removed in vacuo to yield the product as a bright 
yellow solid. Yield: 293 mg (84 %). Mp = 144 °C. 1H NMR (CDCl3, 499.8 MHz, 298 K): δ 
(ppm) 7.57 (m, 5H), 7.51 (br s, 1H), 7.42 (d, JP,H = 11.0 Hz, 2H), 7.29 (t, JH,H = 7.5 Hz, 4H), 
7.20 (t, JH,H = 7.5 Hz, 2H), 7.13 (m, 2H), 7.07 (m, 1H), 2.76 (s, 3H). 13C NMR (CDCl3, 125.7 
MHz, 298 K): δ (ppm) 150.3 (Cq), 138.5 (Cq), 136.2 (d, JP,C = 16.5 Hz, Cq), 132.8 (d, JP,C = 10.2 
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Hz), 129.0, 127.8, 126.4 (d, JP,C = 9.2 Hz), 124.3 (Cq), 124.0 (Cq), 123.7, 121.6 (d, JP,C = 16.5 
Hz, Cq), 119.5, 119.3, 111.1, 10.5 (d, JP,C = 10.6 Hz, CH3). 31P{1H} NMR (CDCl3, 202.3 MHz, 
298 K): δ (ppm) -32.25 (s). HRMS (FAB) calcd for [M + H]+ C25H21NP, 366.1412; found, 
366.1414. 

Synthesis of Indolylphosphole 2b. The same procedure was followed as for 2a, except for 
using 1-cyano-3,4-dimethylphosphole (208 mg, 1.52 mmol) instead of 1-cyano-3,4-
diphenylphosphole and 200 mg of 3-methylindole (1.52 mmol) to obtain the product as an off-
white solid. Yield: 262 mg (71 %). Mp = 117 °C. 1H NMR (CDCl3, 499.8 MHz, 298 K): δ 
(ppm) 7.58 (d, JH,H = 8.0 Hz, 1H), 7.41 (br s, 1H), 7.21 (m, 2H), 7.11 (t, JH,H = 7.0 Hz, 1H), 
6.47 (d, JP,H = 38.5 Hz, 2H), 2.58 (s, 3H), 2.21 (d, JP,H = 3.5 Hz, 6H). 13C NMR (CDCl3, 125.7 
MHz, 298 K): δ (ppm) 150.5 (Cq), 150.4 (Cq), 137.9 (Cq), 129.1, 123,5, 122.9 (Cq, JP,C = 29.0 
Hz), 122.03 (Cq, JP,C = 21.1 Hz), 121.95 (JP,C = 33.3 Hz), 119.3, 110.8, 18.1 (CH3, JP,C = 3.8 
Hz), 10.2 (CH3, JP,C = 10.6 Hz). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) -37.70 (s). 
HRMS (FAB) calcd for [M + H]+ C15H17NP, 242.1099; found, 242.1093. 

Synthesis of IndolPhosphole 3a. To a solution of indolylphosphole 2a (70 mg, 0.19 mmol) 
in THF (3 mL) was added dropwise 0.76 mL of n-BuLi (0.25 M in hexanes) at -70°C. The 
resulting orange solution was stirred for 10 min at -70 °C. To this solution, a solution of (S)-(-)-
2,2’-Bisnaphthol phosphorochloridite (67 mg, 0.19 mmol) in THF (1 mL) was added at -70 °C. 
The reaction mixture was stirred for 1 h at -70 °C and then allowed to warm to room 
temperature. The resulting yellow solution was filtered through a plug of SiO2 and concentrated 
in vacuo. The crude product was further purified by SiO2 chromatography (5 % EtOAc/Hexane) 
to obtain a bright yellow solid. Yield: 81 mg (63 %). Mp = 147 °C. [α]D

20 = +36.0 (c = 0.5, 
CHCl3). 1H NMR (CDCl3, 499.8 MHz, 298 K): δ (ppm) 8.01-7.92 (m, 3H), 7.71 (d, JH,H = 7.0 
Hz, 1H), 7.60 (d, JH,H = 7.5 Hz, 4H), 7.53 (d, JH,H = 8.0 Hz, 1H), 7.50-7.22 (m, 15H), 6.81 (t, 
JH,H = 7.5 Hz, 1H), 6.21 (br s, 1H), 6.11 (t, JH,H = 8.0 Hz, 1H), 5.55 (br s, 1H), 2.92 (br s, 3H). 
13C NMR (CDCl3, 125.7 MHz, 298 K): δ (ppm) 150.1 (Cq, JP,C = 4.7 Hz), 148.7 (Cq), 136.9 (Cq, 
JP,C = 16.0 Hz), 133.1 (Cq), 132.8 (Cq), 132.0 (Cq), 131.4 (Cq), 130.8, 130.5, 129.1, 129.0, 128.6 
(JP,C = 22.4 Hz), 127.5, 127.4, 126.9 (JP,C = 9.7 Hz), 126.8, 126.6, 126.4, 125.5, 125.0, 122.9 
(Cq), 121.9, 121.2, 121.0, 119.2, 116.2, 111.0, 11.4 (CH3). 31P{1H} NMR (CDCl3, 202.3 MHz, 
298 K): δ (ppm) 148.57 (s), -32.66 (s). HRMS (FAB) calcd for [M + H]+ C45H32NO2P2, 
680.1908; found, 680.1906. 

Synthesis of IndolPhosphole 3b. The same procedure was followed as for 3a, except for 
using indolylphosphine 2b (70 mg, 0.29 mmol) instead of 2a, 1.16 mL of n-BuLi (0.25 M in 
hexanes) and 102 mg of (S)-(-)-2,2’-Bisnaphthol phosphorochloridite (0.29 mmol) to obtain the 
product as a white solid. Yield: 77 mg (48 %). Mp = 167 °C. [α]D

20 = +188.0 (c = 0.5, CHCl3). 
1H NMR (CDCl3, 499.8 MHz, 298 K): δ (ppm) 8.02 (d, JH,H = 8.5 Hz, 1H), 7.97 (d, JH,H = 8.0 
Hz, 1H), 7.81 (d, JH,H = 8.0 Hz, 1H), 7.52 (dd, JH,H = 9.0 Hz, JH,H = 4.0 Hz, 2H), 7.50-7.43 (m, 
4H), 7.37 (d, JH,H = 8.0 Hz, 1H), 7.34-7.30 (m, 2H), 6.82 (m, 2H), 6.76-6.68 (m, 2H), 6.39 (d, 
JH,H = 8.5 Hz, 1H), 6.15 (t, JH,H = 8.0 Hz, 1H), 2.49 (s, 3H), 2.12 (br s, 6H). 13C NMR (CDCl3, 
125.7 MHz, 298 K): δ (ppm) 150.6 (Cq, JP,C = 5.5 Hz), 149.0 (Cq), 141.1 (Cq, JP,C = 7.5 Hz), 
133.2 (Cq), 132.9 (Cq), 131.9 (Cq), 131.5 (Cq), 130.8, 130.6, 129.9 (Cq, JP,C = 27.0 Hz, JP,C = 5.0 
Hz), 129.2, 128.6 (JP,C = 10.9 Hz), 127.4, 126.9, 126.6, 126.5, 125.5, 125.1, 124.8 (Cq, JP,C = 5.9 
Hz), 123.8, 122.9 (Cq), 122.0, 121.8, 121.0, 118.7, 116.2, 18.1 (CH3), 10.8 (CH3, JP,C = 14.3 
Hz). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ (ppm) 148.33 (d, JP,P = 43.1 Hz), -37.03 (d, 
JP,P = 43.1 Hz). HRMS (FAB) calcd for [M + H]+ C35H28O2NP2, 556.1595; found, 556.1594. 
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Synthesis of Complex 4a, [Pd(1a)(C3H5)]PF6. To a solution of INDOLPhos 1a (100 mg, 
0.16 mmol) in CH2Cl2 (4 mL) was added [Pd2(η3-C3H5)2Cl2] (29 mg, 0.08 mmol) at room 
temperature. The solution was stirred for 5 min. Silver hexafluorophosphate salt (41 mg, 0.16 
mmol) was then added and the resulting suspension was stirred for 30 min. Filtration over Celite 
and evaporation of the solvent afforded the product as a white solid. Colorless needles suitable 
for X-ray crystallographic analysis were obtained by slow diffusion of hexanes into a saturated 
dichloromethane solution. Yield: 117 mg (79 %). Mp = 174 °C (decomp.). [α]D

20 = + 263.0 (c = 
1.0, CHCl3). 1H NMR (CD2Cl2, 499.8 MHz, 298 K): δ (ppm) 8.34 (d, JH,H = 9.0 Hz, 0.5H), 8.32 
(d, JH,H = 9.0 Hz, 0.5H), 8.16 (t, JH,H = 7.5 Hz, 1H), 7.98 (t, JH,H = 8.5 Hz, 1H), 7.81-7.54 (m, 
15H), 7.51-7.43 (m, 4H), 7.12 (t, JH,H = 7.5 Hz, 1H), 6.86 (d, JH,H = 9.0 Hz, 0.5H), 6.75 (d, JH,H 
= 9.0 Hz, 0.5H), 6.48 (m, 1H), 6.40 (d, JH,H = 8.5 Hz, 0.5H), 6.37 (d, JH,H = 8.5 Hz, 0.5H), 5.75 
(tt, JH,H = 14.0 Hz, JH,H = 7.5 Hz, 0.5H), 5.47 (tt, JH,H = 14.0 Hz, JH,H = 7.0 Hz, 0.5H), 4.82 (t, 
JH,H = 7.5 Hz, 0.5H), 4.68 (t, JH,H = 8.5 Hz, 0.5H), 4.58 (m, 0.5H), 4.36 (m, 0.5H), 3.47 (m, 
0.5H), 3.33 (t, JH,H = 15.0 Hz, 0.5H), 3.22 (t, JH,H = 15.0 Hz, 0.5H), 2.96 (m, 0.5H), 2.09 (s, 3H). 
13C NMR (CD2Cl2, 125.7 MHz, 298 K): δ (ppm) 149.5 (Cq, JP,C = 6.4 Hz), 149.4 (Cq, JP,C = 5.9 
Hz), 147.1 (Cq, JP,C = 5.2 Hz), 147.0 (Cq, JP,C = 5.5 Hz), 139.2 (Cq), 136.7 (Cq), 133.6, 133.5, 
133.3, 133.2, 133.1, 133.01 (Cq), 132.96, 132.91 (Cq), 132.86, 132.77, 132.73 (Cq), 132.68, 
132.51, 132.42, 130.7 (JP,C = 12.2 Hz), 130.6 (JP,C = 12.3 Hz), 130.4 (JP,C = 8.4 Hz), 130.3 (JP,C 
= 8.4 Hz), 129.5 (JP,C = 5.0 Hz), 129.2 (JP,C = 2.1 Hz), 128.09, 128.05, 127.6 (JP,C = 11.8 Hz), 
127.4 (JP,C = 4.1 Hz), 127.2 (JP,C = 4.3 Hz), 127.0 (JP,C = 3.0 Hz), 126.8, 125.3 (JP,C = 6.3 Hz), 
125.2 (JP,C = 6.4 Hz), 124.3, 124.2 (Cq), 122.5 (Cq), 121.2, 121.0, 120.2 (JP,C = 8.0 Hz), 115.7, 
73.94 (CH2, JP,C = 44.1 Hz), 73.89 (CH2, JP,C = 45.1 Hz), 73.0 (CH2, JP,C = 8.2 Hz), 72.8 (CH2, 
JP,C = 8.0 Hz), 10.9 (CH3). 31P{1H} NMR (CD2Cl2, 202.3 MHz, 298 K): δ (ppm) 293.13 
(septuplet, JP,F = 710.1 Hz, PF6), 151.45 (d, JP,P = 83.5 Hz, 0.5P), 151.42 (d, JP,P = 83.5 Hz, 
0.5P), 16.99 (d, JP,P = 83.5 Hz, 0.5P), 16.86 (d, JP,P = 82.3 Hz, 0.5P). HRMS (FAB) calcd for 
[M – PF6]+ C44H34O2NP2Pd, 776.1116; found, 776.1119. 

Synthesis of Complex 4b, [Pd(1a)(1,3-diphenylallyl)]PF6. To a solution of INDOLPhos 
1a (100 mg, 0.16 mmol) in CH2Cl2 (5 mL) was added [Pd2(η3-1,3-diphenylallyl)2Cl2] (53 mg, 
0.08 mmol) at room temperature. The solution was stirred for 15 min. Silver 
hexafluorophosphate salt (41 mg, 0.16 mmol) was then added and the resulting suspension was 
stirred for 30 min. Filtration over Celite gave a bright yellow solution. Hexanes (10 mL) was 
added to precipitate a bright yellow solid. The solvent was removed by syringe, and the product 
was dried in vacuo. Yield: 103 mg (60 %). Mp = 221 °C (decomp.). [α]D

20 =  + 420.0 (c = 1.0, 
CHCl3). 1H NMR (CDCl3, 499.8 MHz, 298 K): δ (ppm) 8.19 (d, JH,H = 9.0 Hz, 1H), 8.13 (d, 
JH,H = 9.0 Hz, 1H), 8.01 (d, JH,H = 8.5 Hz, 1H), 7.85 (d, JH,H = 8.0 Hz, 1H), 7.68-7.54 (m, 6H), 
7.50 (t, JH,H = 7.5 Hz, 2H), 7.37-7.22 (m, 8H), 7.05 (d, JH,H = 8.5 Hz, 1H), 7.02 (t, JH,H = 7.5 
Hz, 2H), 6.94 (t, JH,H = 7.5 Hz, 1H), 6.90 (d, JH,H = 7.5 Hz, 2H), 6.81 (m, 3H), 6.65 (d, JH,H = 
7.5 Hz, 1H), 6.63 (d, 7.5 Hz, 1H), 6.26 (m, 3H), 6.19 (d, JH,H = 6.5 Hz, 1H), 6.17 (m, 1H), 5.93 
(d, JH,H = 8.5 Hz, 1H), 5.77 (vt, J = 10.0 Hz, 1H), 5.60 (vt, J = 15.0 Hz, 1H), 1.84 (s, 3H). 13C 
NMR (CDCl3, 125.7 MHz, 298 K): δ (ppm) 149.3 (Cq, JP,C = 14.8 Hz), 147.1 (Cq, JP,C = 5.4 
Hz), 138.6 (Cq, JP,C = 6.7 Hz), 137.3 (Cq, JP,C = 5.0 Hz), 136.1 (Cq, JP,C = 4.7 Hz), 135.5 (Cq, 
JP,C = 12.7 Hz), 134.5, 134.3, 133.1, 132.8 (Cq), 132.6 (Cq), 132.5, 132.1 (Cq), 131.7 (JP,C = 2.5 
Hz), 131.6, 131.3 (JP,C = 11.8 Hz), 129.9 (JP,C = 12.2 Hz), 129.8 (Cq, JP,C = 10.9 Hz), 129.2, 
129.1, 128.7, 128.5, 128.3 (JP,C = 10.2 Hz), 127.6, 127.5, 127.3, 127.0, 126.4 (JP,C = 9.2 Hz), 
126.1, 125.71 (Cq, JP,C = 20.6 Hz), 125.70, 125.3 (Cq, JP,C = 19.4 Hz), 123.4, 122.3 (Cq, JP,C = 
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2.9 Hz), 121.8, 121.7 (Cq, JP,C = 2.9 Hz), 120.4, 120.1, 115.7, 115.5, 94.2 (CH, JP,C = 36.0, 5.9 
Hz), 92.1 (CH, JP,C = 24.9, 10.1 Hz), 10.5 (CH3). 31P{1H} NMR (CDCl3, 202.3 MHz, 298 K): δ 
(ppm) 293.76 (septuplet, JP,F = 714.1 Hz, PF6), 146.02 (d, JP,P = 103.8 Hz), 12.83 (d, JP,P = 
103.8 Hz); a second set of signals was observed in trace amounts (< 2%) at δ (ppm) 145.42 (d, 
JP,P = 108.6 Hz), 12.42 (d, JP,P = 108.1 Hz). HRMS (FAB) calcd for [M – PF6]+ 
C56H42O2NP2Pd, 928.1745; found, 928.1738. 

Synthesis of Complex 5, [Pd(3b)(C3H5)]PF6. To a solution of INDOLPhosphole 3b (28.0 
mg, 0.050 mmol) in CH2Cl2 (2 mL) was added [Pd2(η3-C3H5)2Cl2] (9.2 mg, 0.025 mmol) at 
room temperature. The solution was stirred for 15 min. Silver hexafluorophosphate salt (12.7 
mg, 0.050 mmol) was then added and the resulting suspension was stirred for 30 min. Filtration 
over Celite and evaporation of the solvent afforded the product as a white solid. Needles suitable 
for X-ray crystallographic analysis were obtained by slow diffusion of hexanes into a saturated 
dichloromethane solution. Yield: 42 mg (99 %). Mp = 166 °C (decomp.). [α]D

20 = + 354.0 (c = 
0.5, CHCl3). 1H NMR (CD2Cl2, 499.8 MHz, 263 K): δ (ppm) 8.29 (d, JH,H = 9.0 Hz, 0.5H), 
8.26, JH,H = 9.0 Hz, 0.5H), 8.13 (t, JH,H = 8.5 Hz, 1H), 7.99 (t, JH,H = 7.5 Hz, 1H), 7.80 (d, JH,H 
= 9.0 Hz, 0.5H), 7.76 (d, JH,H = 9.0 Hz, 0.5H), 7.72 (d, JH,H = 9.0 Hz, 0.5H), 7.65-7.58 (m, 2H), 
7.52-7.42 (m, 5H), 7.06 (t, JH,H = 8.5 Hz, 2H), 6.67-6.44 (m, 2H), 6.42 (t, JH,H = 7.5 Hz, 1H), 
6.18 (d, JH,H = 8.5 Hz, 0.5H), 6.14 (d, JH,H = 8.5 Hz, 0.5H), 5.62 (tt, JH,H = 13.5 Hz, JH,H = 6.5 
Hz, 0.5H), 5.35 (tt, JH,H = 13.5 Hz, JH,H = 7.0 Hz, 0.5H), 4.34 (m, 1H), 4.26 (t, JH,H = 9.0 Hz, 
0.5H), 4.16 (m, 0.5H), 3.28 (m, 1H), 3.12 (t, JH,H = 15.0 Hz, 0.5H), 2.89 (m, 0.5H), 2.35 (s, 
1.5H), 2.34 (s, 1.5H), 2.32 (s, 3H), 2.04 (s, 3H). 13C NMR (CD2Cl2, 125.7 MHz, 298 K): δ 
(ppm) 156.2 (Cq), 150.0 (Cq), 147.6 (Cq), 139.1 (Cq), 136.6 (Cq), 133.3 (Cq), 133.0 (Cq), 132.9 
(Cq), 132.7 (Cq), 132.6, 129.5, 129.2, 128.0, 127.7, 127.5, 127.2, 127.0, 126.2, 124.8, 124.4 
(Cq), 124.1, 122.4 (Cq), 121.0, 120.8, 120.5, 120.1, 119.3, 115.6, 73.9 (CH2), 73.2 (CH2), 18.2 
(CH3), 8.9 (CH3). 31P{1H} NMR (CD2Cl2, 202.3 MHz, 263 K): δ (ppm) 292.94 (septuplet, JP,F = 
711.5 Hz, PF6), 151.28 (d, JP,P = 74.5 Hz, 0.5P), 151.17 (d, JP,P = 75.1 Hz, 0.5P), 3.59 (d, JP,P = 
75.1 Hz, 0.5P), 3.47 (d, JP,P = 74.4 Hz, 0.5P). HRMS (FAB) calcd for [M – PF6]+ 
C38H32O2NP2Pd, 702.0958; found, 702.0950. 

Allylic Alkylation of rac-1,3-Diphenylprop-3-enyl Acetate (6). A solution of [Pd2(η3-
C3H5)2Cl2] (0.46 mg, 1.25 µmol) and INDOLPhos(phole) ligand (2.75 µmol) in CH2Cl2 (1 mL) 
was stirred for 30 min. Subsequently, a solution of rac-6 (63 mg, 0.25 mmol) in CH2Cl2 (1 mL), 
dimethyl malonate (86 µL, 0.75 mmol), N,O-bis(trimethylsilyl)acetamide (185 µL, 0.75 mmol), 
and a pinch of KOAc were added. The reaction mixture was stirred at room temperature. After 1 
h the reaction mixture was diluted with Et2O (3 mL) and sat. aq. NH4Cl (10 mL). The aqueous 
phase was removed. To determine the conversion, a sample for GC-analysis was taken from the 
organic phase. The solvent was removed in vacuo. To determine the ee by HPLC (Chiralcel-
ODH, 0.5 % 2-propanol/hexane, flow 0.5 mL/min) a sample was filtered over SiO2, using 
hexanes as eluent. 

Allylic Alkylation of rac-1,3-Dimethylprop-3-enyl Acetate (8). A solution of [Pd2(η3-
C3H5)2Cl2] (0.46 mg, 1.25 µmol) and IndolPhos(phole) ligand (2.75 µmol) in CH2Cl2 (1 mL) 
was stirred for 30 min. Subsequently, a solution of rac-8 (32 mg, 0.25 mmol) in CH2Cl2 (1 mL), 
dimethyl malonate (86 µL, 0.75 mmol), N,O-bis(trimethylsilyl)acetamide (185 µL, 0.75 mmol), 
and a pinch of KOAc were added. The reaction mixture was stirred at room temperature. After 1 
h the reaction mixture was diluted with Et2O (3 mL) and sat. aq. NH4Cl (10 mL). The aqueous 
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phase was removed. Conversion and ee were determined by chiral GC (Chiralsil DEX CB, 
isothermal at 65 °C).  

Allylic Alkylation of rac-3-Acetoxycyclohexene (10). A solution of [Pd2(η3-C3H5)2Cl2] 
(0.46 mg, 1.25 µmol) and IndolPhos(phole) ligand (2.75 µmol) in CH2Cl2 (1 mL) was stirred for 
30 min. Subsequently, a solution of rac-10 (35 mg, 0.25 mmol) in CH2Cl2 (1 mL), dimethyl 
malonate (86 µL, 0.75 mmol), N,O-bis(trimethylsilyl)acetamide (185 µL, 0.75 mmol), and a 
pinch of KOAc were added. The reaction mixture was stirred at room temperature. After 1 h the 
reaction mixture was diluted with Et2O (3 mL) and sat. aq. NH4Cl (10 mL). The aqueous phase 
was removed. Conversion and ee were determined by chiral GC (Supelco β-DEX 225, 
isothermal at 50 °C for 2 min, 3 °C/min to 190 °C). 

Allylic Alkylation of Cinnamyl Acetate (12). A solution of [Pd2(η3-C3H5)2Cl2] (0.46 mg, 
1.25 µmol) and IndolPhos(phole) ligand (2.75 µmol) in CH2Cl2 (1 mL) was stirred for 30 min. 
Subsequently, a solution of 12 (42 µL, 0.25 mmol) in CH2Cl2 (1 mL), dimethyl malonate (86 
µL, 0.75 mmol), N,O-bis(trimethylsilyl)acetamide (185 µL, 0.75 mmol), and a pinch of KOAc 
were added. The reaction mixture was stirred at room temperature. After 1 h the reaction 
mixture was diluted with Et2O (3 mL) and sat. aq. NH4Cl (10 mL). The aqueous phase was 
removed. To determine the conversion, a sample for GC-analysis was taken from the organic 
phase. The solvent was removed in vacuo. To determine the ee by HPLC (Chiralcel-OJH, 3.0 % 
2-propanol/hexane, flow 0.7 mL/min) a sample was filtered over SiO2, using hexanes as eluent. 

X-ray Crystallography of 4a and 5. All reflection intensities were measured at 110(2) K 
using a Nonius KappaCCD diffractometer (rotating anode) with graphite-monochromated Mo 
Kα radiation (λ = 0.71073 Å) under the program COLLECT.34 The programs PEAKREF35 was 
used to refine the cell dimensions. Data reduction was done using the programs EVALCCD.36 
The structure of 4a was solved with the program DIRDIF08,37 and that of 5 with the program 
SHELXS-97.38 The two structures were refined on F2 with SHELXL-97.38 Analytical absorption 
corrections based on crystal face-indexing were applied to the data using SADABS39 
{transmission ranges for 4a: 0.80-0.92, and for 5: 0.87-1.00}. The temperature of the data 
collection was controlled using the system OXFORD CRYOSTREAM 600 (manufactured by 
OXFORD CRYOSYSTEMS). The H-atoms were placed at calculated positions (AFIX 23 or AFIX 
43 or AFIX 93 or AFIX 137) with isotropic displacement parameters having values 1.2 or 1.5 
times Ueq of the attached C atom, and were refined with a riding model. In the crystal structure 
of 4a, the asymmetric unit contains two crystallographically independent Pd complexes, two 
hexafluorophosphate counter anions and two dichloromethane solvent molecules. The allyl 
ligands are disordered, and their major components refine to 0.703(8) and 0.623(9). In the 
crystal structure of 5a, the asymmetric unit was modeled with four Pd complexes, four 
hexafluorophosphate counter anions and two dichloromethane solvent molecules. One allyl 
ligand and one counter anion PF6

- were found to be disordered. The major component of the 
disordered allyl ligand refines to 0.718(8) and that of the disordered counter anion refines to 
0.717(6). One void, which probably contains very disordered solvent molecules, was found at (-
0.169, 0.748, 0.606). The contribution of these solvent molecules was taken out for the last stage 
of the refinement using the program SQUEEZE.40 For both structures, the absolute configuration 
was established by the structure determination of a compound containing a chiral reference 
molecule of known absolute configuration and confirmed by anomalous-dispersion effects in 
diffraction measurements on the crystals. Geometry calculations were performed with the 
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PLATON program.41 Graphical illustrations were made using ORTEP-3 (2.02)42 and Mercury 
1.4.2 (Build 2).43 

4a: C45H36Cl2F6NO2P3Pd, Mw = 1006.96, colorless block, 0.23 x 0.12 x 0.12 mm3, 
monoclinic, P21 (no. 4), a = 9.6088(2) Å, b = 41.1341(6) Å, c = 10.4629(2) Å, β = 91.581(1)°, V 
= 4133.88(13) Å3, Z = 4, Dx = 1.618 g.cm-3, µ = 0.76 mm-1. 74134 Reflections were measured. 
18886 Reflections were unique (Rint = 0.038) and 16822 reflections were observed using the 
criterion I > 2σ(I). 1139 Parameters were refined with 217 restraints. R1/wR2 [I > 2σ(I)]: 
0.033/0.056. R1/wR2 (all refl.): 0.043/0.058. S = 1.06. Residual electron density between -0.47 
and 0.58 e Å-3. Flack parameter44 = -0.018(10). 

5a: C38.5H33ClF6NO2P3Pd, Mw = 890.42,* colorless block, 0.19 x 0.19 x 0.16 mm3, triclinic 
P1 (no. 1), a = 15.6617(4) Å, b = 15.8329(4) Å, c = 16.2065(5) Å, α = 98.715(1)°, β = 
92.600(1)°, γ = 90.599(2)°, V = 3967.63(19) Å3, Z = 4, Dx = 1.491 g.cm-3,* µ = 0.72 mm-1.* 
90387 Reflections were measured. 36340 Reflections were unique (Rint = 0.034) and 32022 
reflections were observed using the criterion I > 2σ(I). 1989 Parameters were refined with 421 
restraints. R1/wR2 [I > 2σ(I)]: 0.036/0.077. R1/wR2 (all refl.): 0.046/0.080. S = 1.06. Residual 
electron density between -0.68 and 0.87 e Å-3. Flack parameter44 = -0.016(8). SQUEEZE details: 
void of 319 Å3 per unit cell filled with 55 electrons per unit cell. 
* excluding the disordered solvent contribution. 

DFT calculations. The geometry optimization of complex 4b was carried out with the 
Turbomole program45 coupled to the PQS Baker optimizer.46 Geometries were fully optimized 
as minima at the BP8647 level using the SV(P) basis set on all atoms.48 
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Chapter 8 
 

Survival of the weakest: Catalyst selection based 
on intermediate stability measured by mass 

spectrometry† 
 

 
Abstract: A new catalyst selection approach is reported for palladium-catalyzed 

allylic substitution reactions. The stability of palladium allyl complexes, which are the 
key intermediates, is determined using ESI-MS spectrometry. This stability of the 
catalytic intermediate shows an inverse relation with the reactivity of the 
corresponding complex in allylic substitution; “the survival of the weakest”. 
Therefore, this technique enables screening of ligand libraries from which the most 
active catalyst is selected. 

 
† Part of this chapter has been published: Wassenaar, J.; Jansen, E.; van Zeist, W. –J.; 
Bickelhaupt, F. M.; Siegler, M. A.; Spek, A. L.; Reek, J. N. H. Nature Chem. 2010, 2, 
417-421. 



Chapter 8 

 126 

8.1 Introduction 
The power of natural selection through “survival of the fittest” is nature’s ultimate 

tool for the improvement and advancement of species. Applying this concept in 
catalyst development is attractive and may lead to more rapid discovery of new 
catalysts for the synthesis of relevant targets such as pharmaceuticals. Recent advances 
in ligand synthesis using combinatorial methods allow the generation of a great 
diversity of catalysts. However, selection methods are few in number. We introduce a 
new selection method, which focuses on the stability of catalytic intermediates, 
measured by mass spectrometry. The stability of the intermediate relates inversely to 
the reactivity of the catalyst, which forms the basis of a catalyst screening protocol in 
which the least abundant species represents the most active catalyst; “the survival of 
the weakest”. We demonstrate this concept in the palladium catalyzed allylic 
alkylation reaction using diphosphine and IndolPhos ligands and support our results 
with high-level DFT calculations. 

Enzymes, nature’s most successful class of catalysts, exhibit rates and selectivities 
in catalytic transformations seldom or never rivaled by man-made catalysts. Apart 
from differences in size and mechanism of action, the way enzymes are developed 
differs significantly from synthetic catalysts. Whereas chemists aim at a rational 
catalyst and ligand design (if possible), nature evolves its enzymes fully by the 
generation of diversity (e.g. through mutation) followed by selection. The challenge of 
transferring these evolutionary principles to artificial systems is pursued by many 
chemists nowadays.1 

With the introduction of combinatorial methods in ligand synthesis, the generation 
of diversity is achieved through the availability of large ligand libraries.2 The 
screening and evaluation of the ligands for activity or selectivity still remains an 
elaborate process as all library members have to be evaluated individually. High 
throughput analytical techniques are important as they speed up the evaluation 
process, but a tool that allows the selection of the best catalyst from a mixture is 
desirable as individual evaluation of catalysts is then not necessary.3 Selection of the 
fastest catalyst for a certain reaction can be achieved by using a transition state 
analogue that represents the transition state of the rate determining step; the library 
member that stabilizes the transition state to the largest extend should give the fastest 
reaction.4 Catalytic antibodies rely on this concept and recently Otto and co-workers 
reported selection of a Diels-Alder catalyst from a dynamic combinatorial library of 
macrocyclic ligands.5 Transition state analogues have been used by Severin et al. to 
create molecular imprinted catalysts for Ru-catalyzed hydrogenation.6 A different 
approach to catalyst selection can be envisaged by looking at catalytic intermediates. 
Pfaltz and co-workers used this concept and introduced several selection techniques 
for enantioselective catalysts based on electrospray ionization mass spectrometry (ESI-
MS) using mass-labeled pseudo-enantiomers.7 Very recently, Matyjaszewski et al. 
demonstrated that ESI-MS can be used to select the best catalyst for atom transfer 
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radical polymerizations.8 Elegant work reported by Chen et al.9 and others10 have 
shown that ESI-MS is very suitable to study the stability of organometallic complexes 
and metal-ligand equilibria. We report here a novel selection tool that selects the most 
active catalyst from a catalyst library in dynamic equilibrium in the Pd-catalyzed 
allylic substitution by quantification of the least stable Pd-allyl intermediate with ESI-
MS. 

8.2 Proof of principle 
The reaction rate of a chemical reaction, determined by the activation energy (Ea), 

can essentially be increased by decreasing the activation barrier in two ways. Either 
the transition state (hereafter, TS) is stabilized with respect to the intermediate, or the 
reactant/intermediate is destabilized with respect to the TS and therefore raised in 
energy. Both effects lead to a decrease of Ea and consequently a higher reaction rate 
(Hammond’s Postulate). Marcus theory describes the reaction pathway as the result of 
two intersecting parabola.11 The transition state lies on the intersection of these 
parabola, and is affected to a lesser extent when the reactant (intermediate) is raised or 
lowered in energy, especially if the reaction proceeds via a late transition state. In this 
case we can assume that the energy of the transition state is approximately constant 
and thus the relative stability of the intermediate will determine Ea. 

In the Pd-catalyzed allylic alkylation it is known that the rate-determining step is 
the attack of the nucleophile on the π-allyl-palladium intermediate and proceeds 
through a late transition state (Figure 9.1a).12 Lloyd-Jones and co-workers recently 
showed that the formation of tight ion-pairs in the π-allyl-palladium intermediate can 
lead to counterintuitive kinetics.12b The rate-determining step remains the nucleophilic 
attack onto the allyl intermediate, however, the steady-state concentration of active 
intermediate is affected by the degree of tight ion-pairing. Furthermore, this effect can 
be bypassed using electronically similar ligands. Following our hypothesis outlined 
above, the stability of the intermediate Pd-allyl will determine Ea. Measurement of the 
relative stability of these intermediates would therefore serve as a tool to determine the 
relative activity of catalysts. By using the concepts of dynamic combinatorial 
chemistry,13 in the presence of a mixture of ligands the least stable intermediate Pd-
complex should lead to the most active catalyst. This is the fundamental basis of the 
catalyst-selection procedure “survival of the weakest”, where the weakest complex 
formed in a mixture survives the selection procedure as it is identified as the most 
active catalyst. 

For the selection experiments, a library of homologous diphosphine ligands was 
used (Figure 9.1b). We specifically wanted to investigate the effect of the bite-angle 
and steric properties of the aryl groups, to which end we decided to use dppe, dppp, 
dppb, and their corresponding o-tolylphosphine analogues, resulting in complexes 1a-c 
and 2a-c, respectively. Surprisingly, the bidentate o-tolylphosphine complexes 2a-c 
have not been reported earlier. The crystal structure of 2b is found to be similar to the 
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Figure 8.1 Catalyst selection methodology applied to the Pd-catalyzed allylic substitution 
reaction using a diphosphine ligands 1a-c and 2a-c. (a) Simplified potential energy diagram of 
the Pd-catalyzed allylic alkylation. The rate-determining step consists of the nucleophilic attack 
onto the Pd-allyl complex. Raising the intermediate in energy leads to a smaller activation 
energy (Ea) and thus a higher reaction rate. (b) Displacement ellipsoid plot (given at 50% 
probability) of the cation of 2 (top). Pd-crotyl complexes 1a-c and 2a-c bearing diphosphine 
ligands which are used in selection experiments (below). (c) ESI-MS spectra of a dynamic 
library of Pd-allyl intermediates for ligands 1a-c (left) and 2a-c (right) series. In both series the 
ligands with the largest bite-angle are least abundant and should therefore lead to the most 
active catalyst. 
 
corresponding diphenylphosphine derivative, with the methyl groups pointing as far 
away as possible from each other.14 

In a typical selection experiment, one equivalent of 1a was mixed in 
dichloromethane with equimolar amounts of the other free ligands, i.e. dppp and dppb, 
to generate a dynamic library of intermediates. Ligand exchange was shown to be fast 
by 31P-NMR spectroscopy and after one hour the mixture was analyzed by ESI-MS 
(Figure 9.1c). As there is only one equivalent of metal ion present, the ligand that 
forms the most stable Pd-allyl complex will compete most effectively for coordination 
and the corresponding complex will be most abundant in the mixture. Therefore, the 
abundance of the complexes in the ESI-MS spectrum is a direct reflection of the 
stability of the corresponding species. In order to exclude trapping of kinetic mixtures, 
we performed the experiments also starting from the dppp and dppb Pd-allyl 

a b 

c 
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complexes, which resulted in identical spectra. Furthermore, to be sure the intensities 
can be correlated to concentrations of the observed species, we made calibration 
curves of the spraying efficiencies by injecting mixtures of preformed diphosphine Pd-
allyl complexes at different ratios. 

The ESI-MS spectra display signals corresponding to all three Pd-allyl complexes 
in case of both phenyl and o-tolyl substituents on phosphorus (Figure 8.1c). The 
complexes with the ethyl backbone are most abundant followed by the propyl and 
butyl backbone. This trend suggests that dppb should give the fastest allylic alkylation 
catalyst and that the rate of the reaction increases with increasing bite-angle in the 
investigated series of ligands. 

In order to verify the validity of the method, we evaluated the Pd-allyl complexes 
in the allylic alkylation of crotyl acetate with sodium diethylmethylmalonate (see 
Table 8.1). The selectivity follows the expected trends observed previously.14 A larger 
bite-angle results in a higher selectivity for the E-isomer of the linear product, whereas 
more steric bulk on the phosphine increases the linearity. The trend observed for the 
reaction rate is that it increases with a larger bite-angle of the ligand applied. When the 
activity of the catalysts is compared to the selection experiments, the fastest catalysts 
are least abundant in the ESI-MS spectra and the slowest ones are most abundant. In 
addition, the selection experiments correctly predict that the ligands with the propane 
backbone are more similar in rate to ethane for Ar = Ph, and more in between ethane 
and butane for Ar = oTol. 

The relative intensities obtained from the selection experiments can be translated 
into relative energies ΔGMS = –RT ln(IA/IB), and the turnover frequencies (k) to relative 
activation energies ΔEa =  = –RT ln(kA/kB), assuming that frequency factors AA and AB 
in the Arrhenius equation for kA and kB are approximately equal, i.e. ln(AA/AB) ≈ 0 (see 
Table 8.2).15  

 
Table 8.1 Allylic alkylation of crotyl acetate with sodium diethylmethylmalonate catalyzed by 
Pd-allyl complexes 1a-c and 2a-c. 

 
OAc 0.05 mol% [Pd]

NaCMe(CO2Et)2, THF, rt
CMe(CO2Et)2 +

CMe(CO2Et)2E/Z  
Entry Catalyst TOFa l/bb E/Zc 

1 [Pd(crotyl)(dppe)]OTf (1a) 2.0 80/20 86/14 
2 [Pd(crotyl)(dppp)]OTf (1b) 2.9 83/17 92/8 
3 [Pd(crotyl)(dppb)]OTf (1c) 8.9 82/18 96/4 
4 [Pd(crotyl)(dtpe)]OTf (2a) 0.7 91/9 71/29 
5 [Pd(crotyl)(dtpp)]OTf (2b) 1.5 96/4 67/33 
6 [Pd(crotyl)(dtpb)]OTf (2c) 3.8 98/2 87/13 

a Turnover frequency, determined at 20% conversion, in 103 mol mol-1 h-1. b Linear over 
branched ratio. c E over Z ratio of the linear product. 
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Table 8.2 Relative energies from ESI-MS selection experiments and DFT calculations, and 
activation energies from catalytic experiments.a 

Entry Pd-allyl complex ΔGMS ΔEDFT ΔEa 

1 [Pd(crotyl)(dppe)]OTf (1a) 0.0 0.0 b 0.0 
2 [Pd(crotyl)(dppp)]OTf (1b) 0.4 0.4 b –0.3 
3 [Pd(crotyl)(dppb)]OTf (1c) 2.8 3.9 b –0.9 
4 [Pd(crotyl)(dtpe)]OTf (2a) 0.0 - 0.0 
5 [Pd(crotyl)(dtpp)]OTf (2b) 0.6 - –0.5 
6 [Pd(crotyl)(dtpb)]OTf (2c) 2.9 - –1.0 

a
 All energies are in kcal/mol.  b Computed in the absence of OTf– counterion at ZORA-BLYP/TZ2P. 
 
The experimental relative energies were compared with theoretical values, ΔEDFT, 

computed with the ADF program for the cationic dppe, dppp, and dppb Pd-crotyl 
complexes (i.e., without OTf–), using relativistic density functional theory (DFT) at the 
ZORA-BLYP/TZ2P level of theory (see Tables 8.2 and 8.3).16 Vibrational analyses 
verify that all stationary points are equilibrium structures. 

The calculated relative energies of the Pd-crotyl intermediates (0.0, 0.4 and 3.9 
kcal/mol along the dppe, dppp and dppb complexes) correspond well, within the 1 
kcal/mol range, with the energies from the ESI-MS selection experiments (0.0, 0.4 and 
2.8 kcal/mol, respectively). Table 8.2 shows that indeed raising the intermediate 
energy results in a decrease of Ea. However, the degree to which Ea is affected by 
varying the diphosphine ligand is much smaller than the effect on the intermediate 
stability, which can be understood in terms of Marcus theory (vide supra). Thus, the 
effects that destabilize the intermediate are less pronounced in the transition state, 
which is why Ea decreases. However, they may still destabilize the TS to some extent. 
This would explain why the destabilization of the intermediate is larger than the 
reduction of Ea. 

To uncover what causes the trend in stability along dppe, dppp and dppb 
complexes, we have computationally analyzed the overall complexes in terms of two 
consecutive complexation reactions, as indicated in Table 8.3. These reaction energies 
∆E are furthermore decomposed into the strain energy ∆Estrain associated with 
deforming the reactants from their individual equilibrium geometry to the structure 
they adopt in the product of the reaction, plus the interaction energy ∆Eint between 
these deformed reactants (Eq. 1):16b  

 
∆E  =   ∆Estrain +  ∆Eint  (1) 
 
The computed reaction energies, bite angles and energy decomposition are shown 

in Table 8.3. The main observation is that the overall stability ∆E of [Pd(crotyl)-
(ligand)]+ with respect to the palladium(II) cation, the crotyl anion and the ligand 
fragment shows the aforementioned monotonous trend: it decreases steadily from dppe 
(n = 2) to dppp (n = 3) to dppb (n = 4). Note however that the changes along this line  
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Table 8.3 Bonding analysis of [Pd(ligand)(crotyl)]+ resulting from the break-down of formation 
of diphenylphosphinoalkane-palladium–crotyl complexes in two steps (R = Ph, n = 2, 3, 4).a 

 
   ∆E1

 c,d ∆E2
 d strain 2 e 

ligand bite 
angleb ∆E total int strain total int straine [Pd(ligand)]2+ (crotyl) 

dppe 87.5 -699.5 -446.1 -470.3 24.2 -253.4 -271.1 17.7 10.4 7.3 
dppp 99.3 -699.1 -451.2 -475.4 24.2 -247.9 -267.9 20.0 13.2 6.8 
dppb 103.4 -695.6 -449.5 -474.6 25.2 -246.1 -268.0 21.9 15.1 6.8 

a Computed at ZORA-BLYP/TZ2P: ∆E = ∆E1 + ∆E2. b P–Pd–P angle in [Pd(ligand)(crotyl)]+. c ∆E1 is 
computed relative to PdII in its closed-shell valence d8s0 state. d See Eq. 1. e ∆E2,strain = ∆E2,strain[Pd(ligand)]2+ 
+ ∆E2,strain(crotyl). 
 
are not uniform: from dppe (n = 2) to dppp (n = 3) the step is very small and the two 
complexes do not differ much in stability (only 0.4 kcal/mol). But from dppp (n = 3) to 
dppb (n = 4) the decrease in stability is more pronounced, about 3 kcal/mol. 

This appears to be the result of counteracting trends in reaction energy 1 (∆E1) and 
reaction energy 2 (∆E2). The complexation of PdII in its valence d8s0 state with the 
diphosphine ligand (∆E1) becomes more stabilizing from n = 2 to n = 3 and 4 (the 
latter two being close in stability), whereas the complexation of [Pd(ligand)]2+ with 
(crotyl)– (∆E2) becomes less stabilizing along n = 2, 3 and 4. Analyses show that the 
strengthening in ∆E1 from n = 2 to n = 3 and 4, is due to the fact that the ligands with 
longer bridges between phosphine ligands (n = 2, 3) are better suited to take the 
optimal orientation for coordination to palladium because of sufficient flexibility. This 
may also be conceived as a decrease of the internal strain in the resulting 
[Pd(ligand)]2+ complex. 

On the other hand, the weakening in ∆E2 along n = 2, 3 and 4, is due to the fact that 
in the case of a shorter bridge, the terminal phosphines are drawn away from the 
coordination site of the incoming crotyl anion. Consequently, there is less steric 
(Pauli) repulsion and also less deformation of the [Pd(ligand)]2+ moiety upon 
complexation with the crotyl anion. If the bridge gets longer, the phosphine groups 
move somewhat more towards the allyl coordination site (see increasing bite angle in 
Table 8.3), which causes an increase in the steric (Pauli) repulsion with an incoming 
crotyl anion as well as the geometrical deformation and strain of the [Pd(ligand)]2+ 
fragment that is caused by this repulsion. 

Thus, the calculations show that the stability of the Pd-crotyl complexes are 
determined by the bite-angle in two ways. Firstly, a longer bridge in the diphosphine 
ligand introduces more flexibility to obtain a more favorable coordination geometry 
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and a higher stability for the two larger ligands, dppp and dppb (∆E1). Secondly, a 
larger bite-angle imposes more steric crowding on the crotyl fragment. For the ligands 
investigated, the second effect dominates and therefore large bite-angle diphosphine 
Pd-crotyl complexes lie higher in energy. The same trend is also obtained for the 
corresponding Pd-allyl (i.e., Pd-[CH2CHCH2]–) complexes. 

8.3 Application to IndolPhos-Pd catalysts 
After the proof-of-principle of the “survival of the weakest” demonstrated above, 

we decided to apply the methodology in the IndolPhos-Pd-catalyzed asymmetric 
allylic alkylation of rac-diphenylpropenyl acetate (Figure 8.2a, see also chapter 7).17 
In this case, equimolar amounts of five sterically and electronically diverse IndolPhos 
ligands 3a-e were simultaneously subjected to equilibration for three days with one 
equivalent of palladium-diphenylallyl precursor, [Pd(η3-1,3-diphenylallyl) 
(MeCN)2]PF6. The relative abundances of the corresponding palladium-allyl 
complexes were determined by ESI-MS and corrected for their spraying efficiencies. 
Turnover frequencies were determined by monitoring the reaction progress with GC 
and are also depicted in Figure 8.2b. 
 

 
Figure 8.2 “Survival of the weakest” methodology applied in the IndolPhos-Pd catalyzed allylic 
alkylation of rac-diphenylpropenyl acetate. (a) Reaction scheme including the structure of 
IndolPhos ligands 3a-e. (b) Diagram of relative abundance of Pd-allyl complexes in MS 
selection experiments (dark grey) and relative turnover frequencies (light grey) of IndolPhos 
ligands 3a-e. An inverse correlation is obtained between these parameters confirming the 
prediction based on the theoretical model. 

 

a 

b 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In the selection experiment, all Pd-allyl complexes under investigation were 
detected and their relative stability could be determined. It appears that, with the 
exception of ligand 3b, the arylphosphines (R = Ph, oTol) give the least stable 
complexes, which can be rationalized in terms of electronic effects as the PdII 
oxidation state is stabilized by more electron-rich ligands. Importantly, also for this 
series of ligands the relative stability determined by MS correlates inversely with the 
turnover frequencies of the corresponding complexes, even though not as 
quantitatively as was the case for the previous series where only the bite-angle was 
changed. As the IndolPhos library is more diverse in terms of steric and electronic 
properties, the position of transition state may move from late to early within the series 
(vide supra), thus leading to a less quantitative correlation. However, the method is 
capable of qualitatively predicting the most active catalyst and the order of activity 
within the IndolPhos ligand library. In case of larger ligand libraries, the more active 
species may not be visible in the first screening. However, screening rounds in which 
the stable complexes are eliminated should lead to discovery of the fastest catalyst. 

8.4 Conclusions 
In conclusion, we introduced a new technique to select the most active catalyst 

from a dynamic mixture of palladium complexes for allylic alkylations, which was 
demonstrated using three different ligand libraries. According to our hypothesis, the 
least stable intermediate gives the most active catalyst, hence the “survival of the 
weakest”.  High level DFT calculations show that destabilization of the intermediate 
Pd-allyl complexes is caused by steric repulsion between the ligand and the substrate 
for the diphosphine ligands, overruling the counterbalancing electronic effect. 
Importantly, no specialized equipment is necessary for this selection methodology. A 
LCMS containing an ESI probe and a direct injection valve is all that is required. After 
this proof-of-concept we aim to expand this methodology now to larger ligand 
libraries and other reactions involving charged intermediates, which precede the rate-
limiting step. 

8.5 Experimental section 
General procedures. All experiments were performed under a dry, inert atmosphere of 

argon using standard Schlenk techniques, unless stated otherwise. Solvents were dried and 
distilled under nitrogen prior to use. Diethylether was distilled from sodium/benzophenone and 
hexanes from sodium/benzophenone/triethylene glycol dimethyl ether. Dichloromethane and 
Acetonitrile were distilled from CaH2. NMR spectra were recorded on a Varian Mercury 300, a 
Bruker ARX 400 or a Varian Inova 500 spectrophotometer. 31P and 13C spectra were measured 
1H decoupled. CDCl3 was used as a solvent, unless stated otherwise. Shifts are given relative to 
TMS (1H, 13C) and 85% H3PO4 (31P). High Resolution Mass Spectra were recorded at the 
Department of Mass Spectrometry at the University of Amsterdam using FAB+ ionization on a 
JEOL JMS SX/SX102A four sector mass spectrometer with 3-nitrobenzyl alcohol as the matrix. 
GC measurements were performed on a Shimadzu GC-17A apparatus (split/splitless, equipped 



Chapter 8 

 134 

with a FID detector and a DB-1(J&W) column (length 30 m, internal diameter 0.32 mm, film 
thickness 3 µm, carrier gas 70 kPa He, initial temperature = 100 °C, ΔT = 10 °C/min). 
Chemicals have been purchased from commercial suppliers and, if not stated otherwise, used 
without further purification. Bis(di-o-tolylphosphinoethane),18 bis(di-o-tolyl-
phosphinopropane),19 bis(di-o-tolyl-phosphinobutane),19 [Pd(dppe)(crotyl)]OTf,14a 
[Pd(dppp)(crotyl)]OTf,14a [Pd(dppb)(crotyl)]OTf,14a IndolPhos ligands 3a-e,20 and [Pd(η3-
diphenylallyl)Cl]2,21 were synthesized according to published procedures. ESI-MS experiments 
were performed on a Shimadzu LCMS-2010 A, using an ESI probe and a standard AS column 
(CDL temperature = 250 °C, block temperature = 200 °C, flow = 0.2 ml/min) 

Synthesis of bis(o-tolylphosphino)-containing Pd-allyl complexes (2a-c). The Pd-
complexes were prepared in DCM from [Pd(crotyl)Cl]2 by adding 2 equivalents of the 
appropriate diphosphine ligand and abstracting the chloride atom with 2 eq. AgOTf. Filtration 
over celite and evaporation in vacuo resulted in isolation of the complexes in quantative yields 
and as white/yellow crystalline powders. [Pd(crotyl)(dtpe)]OTf (dtpe = bis[di-o-
tolylphosphinoethane]) (2a). 1H-NMR (CD2Cl2, 499.7 MHz): δ = 7.51-7.15 (m, 16H, HAr), 
5.51 (m, 1H, Hc-allyl), 4.29 (m, 1H, Ha-allyl), 4.05 (m, 1H, Hd-allyl), 3.07 (t, J = 11 Hz, 1H, Hb-
allyl), 2.99-2.63 (m, 4H, CH2-bridge), 2.49 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.24 (s, 6H, CH3), 
1.28 (m, 3H, CH3) ppm. 31P-NMR (CD2Cl2, 202.3 MHz): δ = minor: 45.7 (d, J = 32 Hz), 41.9 
(d, J = 32 Hz), major: 44.7 (d, J = 25 Hz), 40.4 (d, J = 27 Hz) ppm. 13C-NMR (CD2Cl2, 125.6 
MHz): δ = 141.5, 141.4, 141.2, 141.1, 136.5, 134.8, 134.7, 134.6, 133.3, 133.1, 132.7, 132.6, 
132.5, 132.4, 132.2, 132.1, 131.9, 130.8, 128.9, 128.6, 128.4, 128.1, 127.2, 127.1, 127.0, 126.9, 
126.2, 125.9, 125.1, 124.8, 122.6, 121.9, 120.0, 92.5, 92.2, 87.5, 68.5, 67.2, 67.0, 65.9, 61.7, 
44.7, 28.0, 27.9, 27.8, 27.7, 27.4, 27.3, 27.2, 27.1, 22.8, 22.6, 22.1, 16.7, 15.3, 13.9 ppm. HRMS 
(FAB) for C34H39P2Pd- calculated: 615.1575 observed: 615.1577. [Pd(crotyl)(dtpp)]OTf (dtpp 
= bis[di-o-tolyl-phosphinopropane]) (2b). 1H-NMR (CD2Cl2, 499.7 MHz): δ = 7.49-7.01 (m, 
16H, HAr), 5.38 (m, 1H, Hc-allyl), 4.39 (m, 1H, Ha-allyl), 4.02 (b, 1H, Hd-allyl), 3.36 (m, 1H, 
Hb-allyl), 2.75 (m, 6H, CH3), 2.63 (s, 3H, CH3), 2.42 (s, 3H, CH3), 2.36 (s, 3H, CH3) 2.27 (s, 
3H, CH3), 1.27 (m, 2H, CH2-bridge), 1.04 (dd, J = 10.5 Hz, J = 6.5 Hz, 3H, CH3), 0.8 (m, 2H, 
CH2-bridge) ppm. 13C-NMR (CD2Cl2, 125.6 MHz): δ = 141.1, 132.6, 132.6, 132.49, 132.46, 
132.38, 132.32, 131.8, 131.7, 127.0, 126.9, 126.73, 126.67, 122.6, 121.3, 96.6, 96.5, 96.37, 
96.35, 96.08, 96.04, 96.00, 95.78, 95.76, 95.74, 95.71, 95.63, 95.57, 95.4, 95.0, 65.9, 29.9, 25.3, 
25.1, 24.8, 24.6, 22.8, 22.3, 22.2, 19.4, 15.9, 15.3 ppm. 31P-NMR (CD2Cl2, 202.3 MHz, +50°C): 
δ = 7.03 (bd), -3.64 (bd) ppm. HRMS (FAB) for C35H41P2Pd- calculated: 629.1732 observed: 
629.1727. [Pd(crotyl)(dtpb)]OTf (dtpb = bis[di-o-tolyl-phosphinobutane]) (2c). 1H-NMR 
(CD2Cl2, 400 MHz): δ = 7.51-6.86 (m, 16H, HAr), 5.46 (m, 1H, Hc-allyl), 3.62 (m, 1H, Hd-allyl), 
3.05 (b, 1H, Hb-allyl), 2.74 (b, 3H, CH3), 2.56 (b, 6H, CH3), 2.38 (m, 3H, CH3), 2.08-1.57 (b, 
4H, CH2-bridge), 1.34 (b, 4H, CH2-bridge), 0.61 (m, 3H, CH3) ppm. The signal of the Ha-allyl is 
not visible. 13C-NMR (CD2Cl2, 100.6 MHz): δ = 14.4, 15.8, 21.3, 22.8, 30.3, 37.5, 43.3, 58.2, 
98.9, 97.5, 96.5, 118.9, 121.6, 123.7, 131.1, 131.3 ppm. 31P-NMR (CD2Cl2, 161.9MHz, -50°C): 
δ = 25.9 (b) ppm. HRMS (FAB) for C36H43P2Pd- calculated: 643.1889 observed: 643.1874 

General procedure for ESI-MS selection experiments using diphosphine ligands. One 
equivalent of preformed [Pd(crotyl)(diphosphine)]OTf (0.020 mmol) in CH2Cl2 (1 mL) was 
added to a library with equimolar amounts of diphosphine ligands (0.020 mmol) in CH2Cl2 (2 
mL). The solution was stirred for one hour and the equilibrium mixture was injected after 
dilution with CH2Cl2. Peak heights are determined by taking an average over the four most 
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intense isotope signals. The ESI-MS signal was calibrated by injecting mixtures of preformed 
[Pd(allyl)(diphosphine)]OTf complexes in CH2Cl2 at different ratios. The intensities of peaks of 
the Pd-complexes in the mass spectrum are proportional to the amount of Pd+-complex present 
in the mixture. 

General procedure for ESI-MS selection experiments using IndolPhos ligands. A 
solution of equimolar amounts of ligands 3a-e (1.77 µmol) and one equivalent of [Pd(1,3-
diphenylallyl)(MeCN)2]PF6 (1.90 mg, 1.77 µmol) in MeCN (1.77 mL) were stirred for three 
days at room temperature. After dilution with MeCN, the mixture was injected into the ESI 
mass spectrometer. Peak heights are determined by taking an average over the four most intense 
isotope signals. The ESI-MS signal was calibrated by injecting mixtures of preformed [Pd(1,3-
diphenylallyl)(3)]PF6 complexes in MeCN at different ratios. The ratio of peak intensities versus 
the molar ratio referenced to [Pd(1,3-diphenylallyl)(3a)]PF6 was plotted. The slopes of the 
corresponding calibration curves give the correction factor for the spraying efficiencies. 

Allylic alkylation of crotyl acetate. The allylic alkylation reactions were performed in THF 
(10.5 ml), using 0.05 mol% of [Pd(diphosphine)(crotyl)]OTf, 1.41 mmol of crotyl acetate and 
2.82 mmol of sodium diethyl 2-methylmalonate. The reaction was monitored by quenching 
samples from the reaction mixture by flash chromatography which were analysed by GC using 
dihexylether as the internal standard. 

Allylic alkylation of rac-1,3-diphenylprop-3-enyl acetate. A solution of [Pd(η3-
diphenylallyl)(MeCN)2] (1.32 mg, 2.50 µmol) and IndolPhos ligand 3 (2.75 µmol) in CH2Cl2 (3 
mL) was stirred for 15 min. Subsequently, rac-1,3-diphenylprop-3-enyl acetate (126 mg, 0.50 
mmol) dimethyl malonate (172 µL, 1.50 mmol), dihexyl ether (23.5 µL, 0.10 mmol) as internal 
standard, and a pinch of KOAc were added. The reaction was started upon addition of N,O-
bis(trimethylsilyl)acetamide (367 µL, 1.50 mmol), and mixture was stirred at room temperature. 
Samples were taken after 5, 10, and 20 minutes, which were quenched with saturated aqueous 
NH4Cl and diluted with Et2O. The samples were analyzed by GC using the internal standard 
method.  

Crystallographic details. All reflection intensities were measured at 150(2) K using a 
Nonius KappaCCD diffractometer (rotating anode) with graphite-monochromated Mo Kα 
radiation (λ = 0.71073 Å) under the program COLLECT.22 The program PEAKREF23 was used 
to refine the cell dimensions. Data reduction was done using the program EVALCCD.24 The 
structure was solved with the program DIRDIF0825 and was refined on F2 with SHELXL-97.26 
The temperature of the data collection was controlled using the system OXFORD 
CRYOSTREAM 600 (manufactured by OXFORD CRYOSYSTEMS). The H-atoms were placed at 
calculated positions using the instructions AFIX 23 or AFIX 43 or AFIX 93 or AFIX 137 with 
isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the attached C atom. 

Refinement details of [Pd(crotyl)(dtpp)]OTf: The crotyl ligands of the two 
crystallographically independent Pd-crotyl complex molecules are found to be disordered. The 
values of the occupancy factors given for the major components of the disordered crotyl ligands 
refine to 0.742(13) and 0.549(12). The ring C182→C242 of the second molecule is also 
disordered, and the value of the occupancy factors given for the major component of the 
disordered ring refines to 0.643(7). The two independent triflate counter anions are also 
disordered (which is not surprising since there is no strong interaction found in the crystal 
structure). Their corresponding occupancy factors given for the major components refine to 
0.516(11) and 0.589(14). Crystals of [Pd(crotyl)(dtpp)]OTf were non-merohedrally twinned. In 
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the process of determining the cell dimensions, the program DIRAX27 found the twin 
relationship for which the two domains are related by a twofold axis along the c* direction. 
Final structure refinement was made with HKLF 5 data.The fractional contribution of the major 
component (i.e., the BASF batch scale factor) refines to 0.5137(7). [Pd(crotyl)(dtpp)]OTf (2b): 
C36H41F3O3P2PdS, Fw = 779.09, pale yelow thick plate, 0.38 × 0.17 × 0.08 mm3, triclinic, P

€ 

1 
(no. 2), a = 10.9546(7), b = 11.5774(8), c = 30.591(2) Å, α = 85.323(3), β = 81.590(3), γ = 
63.569(4)°, V = 3436.2(4) Å3, Z = 4, Dx = 1.51 g cm−3, µ = 0.75 mm−1. Reflections were 
measured up to a resolution of (sin θ/λ)max = 0.62 Å−1. 13423 Reflections were unique (Rint = 
0.054), of which 11929 were observed [I > 2σ(I)]. 1085 Parameters were refined, and 1048 
restraints were used for the refinement. R1/wR2 [I > 2σ(I)]: 0.0525/0.0999. R1/wR2 [all refl.]: 
0.0651/0.1044. S = 1.255. Residual electron density found between −0.63 and 0.68 eÅ−3. CCDC 
760831. 
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Chapter 9 
 

Activation of H2 by a highly distorted RhII complex 
with a new C3-symmetric tripodal tetraphosphine 

ligand† 
 
 

 
 
 
Abstract: The synthesis and reactivity of RhI-complexes featuring novel tripodal 

ligands derived from 3-methylindole are detailed. Oxidation leads to the isolation of 
stable RhII derivatives that can activate dihydrogen in an unprecedented manner, 
ultimately yielding the stable RhIII-hydride analogue. 
 
 
 
† Part of this chapter has been published: Wassenaar, J.; de Bruin, B.; Siegler, M. A.; 
Spek, A. L.; Reek, J. N. H.; van der Vlugt, J. I. Chem. Commun. 2010, 46, 1232-1234. 
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9.1 Introduction 
Activation of dihydrogen provides a basic and often crucial elementary step in 

many important transition-metal catalyzed processes, such as hydrogenation and 
hydroformylation. This activation is most commonly achieved by oxidative addition 
within the coordination sphere of a transition-metal.1,2 Alternatively, dihydrogen 
activation may be achieved by heterolytic cleavage of the H-H bond, e.g. aided by a 
strong base, as observed in some Ru hydrogenation catalysts.3 However, activation of 
dihydrogen by metal-centered radical complexes is hitherto scarcely explored. Such a 
reaction would be the starting point for hydrogen atom transfer (HAT) reactions,4 
using molecular hydrogen as hydrogen atom donor. The latter type of activation 
requires a metal-ligand combination that is able to stabilize reactive open-shell 
metalloradical intermediates. Confined metal geometries are therefore a prerequisite 
for selective transformations of this kind.5 Multipodal and in particular C3-symmetric 
tripodal skeletons are attractive frameworks for this purpose.6,7 The main advantage of 
these ligands is the effective shielding of the metal center, preventing side reactions 
that could lead to decomposition or loss of selectivity. Secondly, a higher number of 
coordinating atoms is advantageous in stabilizing higher oxidation states, by efficient 
donation of electron-density to the transition metal. In particular tetradentate 
architectures that feature an all-phosphorus coordination sphere would be ideally 
suited.8 Herein we report two new, sterically demanding, C3-symmetric tripodal 
tetraphosphine ligands 1 and 2 based on 3-methylindole as a building block, their Rh-
complexes 3 and 4, as well as unusual subsequent reactivity of the related 
paramagnetic species [3][PF6] to activate dihydrogen. 

9.2 Ligand synthesis 
The 3-methylindole scaffold seemed a very suitable building block for a tripodal 

tetraphosphine ligand, since it is very rigid and thus minimizes conformational 
ambiguity.9 Moreover, we developed the necessary synthetic methods to introduce 
phosphorus substituents on the nitrogen as well as on the C2 position of the indole ring 
previously in the synthesis of chiral hybrid bidentate ligand IndolPhos and close 
analogues thereof (see chapters 2-7).10  

We set out to construct PP3 ligand 1, which features a central bridgehead 
phosphorus atom that is connected to three 3-methylindole fragments at the 2-position 
(Scheme 9.1). Capping of PCl3 with 3 equiv 2-lithioindole, employing in situ 
protection of the nitrogen using CO2,11 followed by phosphorylation of the nitrogen 
atom gave the desired product 1 in good yield. The pivotal P-atom showed up as a 
quartet at δ -75.1 ppm, whilst a doublet was observed at δ 37.3 ppm for the peripheral 
PPh2 units, with a large coupling constant JP-P of 159 Hz. 
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Scheme 9.1. Synthesis of tripodal ligands 1 and 2. Conditions: i) n-BuLi, THF, -78 °C; CO2; t-
BuLi; PCl3. ii) n-BuLi, THF, -78 °C; ClPPh2. iii) n-BuLi, THF, -78 °C; CO2; t-BuLi; ClPPh2. iv) 
n-BuLi, THF, -78 °C; PCl3. 

 
Conversely to ligand 1, its linkage isomer 2 is prepared by condensation of three 

indolylphosphine building blocks with PCl3 to give a C3-symmetric tetraphosphine 
featuring a central phosphorus atom connected to three nitrogens. The 31P NMR 
spectrum features the reverse pattern of ligand 1 with a quartet at δ 73.7 ppm and a 
doublet at δ -29.6 ppm with an even larger coupling constant JPP of 197 Hz. Single 
crystals for both species were grown from CDCl3-Et2O (1) or THF-hexane (2) and the 
resulting molecular structures of 1 and 2 are depicted in Figure 9.1. Partial oxidation 
of the peripheral phosphines occurred in solution during crystallization of 1. 
  

 
Figure 9.1 (left) Displacement ellipsoid plot (50% probability level) of the trisoxide of ligand 1. 
Hydrogen atoms and solvent molecules are omitted for clarity. Selected bond lengths (Å) and 
angles (°): P1–C1 1.835(3), P1–C22 1.837(2), P1–C43 1.831(3), P2–N2 1.705(2), C1–P1–C22 
99.93(12), C1–P1–C43 102.31(12), C22–P1–C43 105.21(13). (right) Displacement ellipsoid plot 
(50% probability level) of ligand 2. Hydrogen atoms and solvent molecules are omitted for 
clarity. Selected bond lengths (Å) and angles (°): P1–N1 1.727(2), P1–N2 1.737(3), P1–N3 
1.737(2), P2–C22 1.817(2), N1–P1–N2 100.99(10), N1–P1–N3 102.05(10), N2–P1–N3 100.56(10). 
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Although this compound is stable when stored as a solid, this 
observation might indicate a subtle difference in the electronic properties of the 
phosphines in 1 and 2. The C3-symmetric nature of these ligand scaffolds is 
immediately apparent, as well as the helical feature enforced by the sterically 
encumbered side-groups. The lone pair on the central P1 atom points inward with 
respect to the cavity created by the three bulky arms. The overall C3-symmetry and 
related basket-shaped configuration likely also dominate in solution as a result of the 
rigid ligand architecture. This is indicated by the large coupling constant JP-P between 
the inequivalent P-atoms, with values of 159 and 197 Hz for 1 and 2, respectively. 

9.3 Rh coordination chemistry 
In addition to stringent requirements for the ligand, we believe that also the choice 

of the transition metal is pivotal in order to achieve stable metalloradicals for hydrogen 
activation. Rhodium was selected as the privileged metal as it is known to form stable 
odd-electron species, using tetradentate nitrogen donor ligands.12,13 Complexation with 
Rh was achieved by reaction of stoichiometric amounts of the ligands with 
[Rh(cod)(µ-Cl)]2. The 31P NMR spectrum for [RhCl(1)] (3) consists of a doublet-of-
quartets at δ 43.5 ppm (Δδ is 80.8 ppm) for the central P-atom, and the peripheral 
phosphorus-units are present as a doublet-of-doublets at δ 74.0 ppm, suggesting a C3- 
 

 
Figure 9.2 (left) Displacement ellipsoid plots (50% probability level) of complex 3. Hydrogen 
atoms and solvent molecules are omitted for clarity. Selected bond lengths (Å) and angles (°): 
Rh1–P1 2.1592(7), Rh1–P2 2.2882(8), Rh1–P3 2.2980(7), Rh1–P4 2.3012(8), Rh1–Cl1 2.4402(7), 
P1–C1 1.803(3); P2–N2 1.738(2); P1–Rh1–Cl1 177.60(3), P1–Rh1–P3 86.16(3), P2–Rh1–P3 
121.79(3), P2–Rh1–P4 120.74(3), P3–Rh1–P4 115.95(3), P3–Rh1–Cl1 94.30(2). (right) 
Displacement ellipsoid plot (50% probability level) of complex 4. Hydrogen atoms and solvent 
molecules are omitted for clarity. Selected bond lengths (Å) and angles (°):Rh1–P1 2.1124(4), 
Rh1–P2 2.3163(4), Rh1–P3 2.3605(5), Rh1–P4 2.3003(4), Rh1–Cl1 2.4257(4), P1–N1 1.7049(15); 
P2–C22 1.8279(18); P1–Rh1–Cl1 173.29(2), P1–Rh1–P4 83.31(2), P2–Rh1–P3 115.74(2), P4–Rh1–
Cl1 103.39(2). 
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symmetric trigonal bipyramidal geometry. The latter was corroborated by single 
crystal X-ray analysis, see Figure 9.2 (left) for the molecular structure of 4. The 
structure displays a slightly distorted trigonal bipyramidal geometry (τ-value: 0.93).14 
From the structure, it is apparent that ligand 1 is indeed able to fully embrace the Rh 
metal centre from the top, whereas the other side is protected by a strongly 
coordinating chloride ligand. Similarly, [RhCl(2)] (4) was obtained and its molecular 
structure is depicted in Figure 9.2 (right). The slightly more rigid framework of ligand 
2 enforces a larger distortion from the ideal tbp geometry in complex 4 (τ-value: 0.80). 
 

 
Figure 9.3 (left) Displacement ellipsoid plot (50% probability level) of RhII complex [4][PF6]. 
Hydrogen atoms, solvent molecules, and the PF6 counter anion are omitted for clarity. Selected 
bond lengths (Å) and angles (°): Rh1–P1 2.2040(5), Rh1–P2 2.3110(5), Rh1–P3 2.3482(6), Rh1–P4 
2.3094(6), Rh1–Cl1 2.3949(5), P1–C1 1.801(2); P2–N2 1.7128(17); P1–Rh1–Cl1 177.21(2), P1–
Rh1–P3 83.83(2), P2–Rh1–P4 107.93(2), P2–Rh1–P3 105.33(2), P3–Rh1–P4 144.21(2), P3–Rh1–Cl1 
94.94(2). (right) Space-filling representation of [4][PF6], viewed along the Rh1–P2 axis (grey = 
C, blue = N, green = Cl, orange = P, purple = Rh). 
 

To our delight, the chloride co-ligand was stable in the presence of Ag-salts, as no 
abstraction to form AgCl was observed. Instead, an instantaneous colour change from 
burgundy-red to dark-purple with formation of a Ag0-mirror indicated redox-based 
reactivity, resulting in formation of the corresponding (PP3)RhIICl complexes [3]PF6 
and [4]PF6. Disproportionation of (PP3)RhIICl is likely hindered by the strained 
(ligand) geometries of the hypothetical (trigonal pyramidal) (PP3)RhI and (constrained 
octahedral) (PP3)RhIIICl products. In line with this, cyclic voltammetry for complex 3 
showed a fully reversible RhI/RhII oxidation wave at -0.4 V, referenced vs. Fc/Fc+. The 
relatively low potential indicates facile oxidation, likely due to the coordination of four 
strongly electron-donating phosphines. RhII complex [3]PF6 was independently 
prepared by one-electron oxidation of 3 with ferrocenium hexafluorophosphate. 
Solution-state RT magnetization measurements by Evans’ method are consistent with 
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the formulation of complex [3]PF6 as a radical species, with a meff value of 2.29(1) 
mB.15  This value is somewhat larger than the spin-only value (1.73 mB), indicating 
spin-orbit influences.16 Species [3]PF6 is a bench-stable solid and no appreciable 
decomposition is observed in common solvents, indicating highly effective shielding 
of the RhII center by the ligand sphere. The proposed formulation of [3]PF6 was 
confirmed by X-ray crystallography (Figure 9.3). The molecular structure features a 
distorted trigonal bipyramidal geometry around the Rh-center, with a τ-value of 0.55. 
Clearly, the geometric constraints in ligand framework 1 dictate and govern the 
unusual structural characteristics of the corresponding metalloradical complex. The 
RhII-ion is largely shielded and protected by the rigid ligand scaffold. 

The X-band EPR spectrum of [3]PF6 is shown in Figure 9.4. Identical data were 
obtained for stored (one-month old) and in situ generated samples, indicative of a 
highly stable radical species. Simulation of the experimental EPR spectrum of [3]PF6 
at 20K reveals a rhombic g-tensor with moderate g-anisotropy and resolved 
superhyperfine couplings with mainly three P atoms; large coupling with P2 and 
smaller couplings with P3 and P4. The fourth P-atom (pivotal P1) shows no resolved 
coupling. A distorted geometry in-between a trigonal bipyramid (tbp) and a square 
pyramid (sqpy) is revealed. This is remarkable, because 5-coordinate RhII-complexes 
generally adopt a square-pyramidal geometry (Jahn-Teller effect).17 DFT calculations 
show that about 51% of the spin density of 3+ resides on Rh and about 24% on the 
“apical” P2-donor (Figure 9.5). The species is thus best described as a strongly 
covalent radical. It has substantial metalloradical character, but with a strong 
contribution of the square pyramidal ‘axial’ P2 donor. 

 

 
Figure 9.4 Experimental (black) and simulated (red) X-band EPR spectrum of [3]PF6. 
Experimental details: 20K, frequency 9.3794 GHz, microwave power 0.2 mW, modulation 
amplitude 4 Gauss. TBAH (~0.1 M) was added to obtain a better glass. 
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Figure 9.5 SOMO (left) and spin density (right) of complex 3+ (view along the Cl-Rh- P1 axis) 

9.4 Activation of H2 

Despite the long-term stability of solid samples of metalloradical complex 3+, and 
the apparent small accessible molecular surface (Figure 9.3, right), we wondered if this 
species would exhibit reactivity towards molecular hydrogen. When [3]PF6 was 
exposed to molecular hydrogen for 12 hours (5 bar, CD2Cl2), RhIII-H species 5 was 
formed quantitatively. In the 1H NMR spectrum, a complex doublet-of-doublet-of-
doublet-of-triplets was observed at d -6.52 ppm, with a large 2JP-H coupling of 174.8 
Hz (trans-disposition with phosphorus, Figure 9.6). This strongly suggests the 
presence of a hydride ligand coupled to three inequivalent P-atoms. In the 
corresponding 31P NMR spectrum an AM2X spin pattern could be discerned. This led 
us to assign this species as the hydrido complex 5, formulated as [Rh(1)(H)Cl]PF6 
(Scheme 9.2), with the hydrido ligand trans to one of the side-arm P-atoms and the 
chloro ligand trans to the pivotal P donor. Independent synthesis of this complex (as 
the analogous triflate salt) was carried out by protonation of 3 with HOTf. 
Furthermore, when D2 instead of H2 was reacted with [3]PF6, deuterido complex 5-D, 
[Rh(1)(D)Cl]PF6, was obtained, unambiguously proving that the hydride stems from 
molecular hydrogen. The NMR spectrum of 5-D shows only traces of the hydride 
caused by the presence of H2 and HD in the D2 gas. 

The formation of 5 is proposed to proceed via an outer-sphere redox process, in 
which the RhII complex is reduced to RhI complex 3 by dihydrogen (H2 → 2H+ + 2e), 
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Scheme 9.2 Activation of H2 by complex [3]PF6, resulting in formation of RhIII complex 5 via 
intermediacy of species 3. 
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Figure 9.6 1H (hydride region, top) and 31P (below) NMR spectra of 5. Coupling constants: JRhH 
= 9.2 Hz, JP1H = 14.5 Hz, JP2H = 174.8 Hz, JP34H = 6.2 Hz, JRhP1 = 91.6 Hz, JRhP2 = 91.1 Hz, 
JRhP34 = 108.1 Hz 
 
with subsequent or concerted protonation of RhI to RhIII-H. The mechanism of net 
hydrogen transfer from H2 to the sterically protected metalloradical species should 
differ substantially from that proposed by Rauchfuss for H2 oxidation by an Ir-based 
ligand-centered radical species.18 The redox-potential of [3]PF6 vs. NHE is 0.28 V, 
which implies that the overall oxidation of H2 to 2H+ is thermodynamically allowed 
even without subsequent metal protonation. The process might thus involve the 
concerted trimolecular two-electron oxidation of H2 simultaneously by two complexes 
3+ (which may proceed over a rather long distance between the species so that steric 
hindrance plays a minor role). However, we cannot completely exclude other 
mechanisms, such as two consecutive bimolecular single-electron transfer steps. The 
formation of high-energy species (H2•+, or H• after immediate proton transfer to RhI) 
in the latter case speaks against such a stepwise process, but this could be possible if 
tunneling is involved. Direct homolytic splitting of H2, as observed for RhII-porphyrin 
systems,19 also seems less likely, because this reaction should suffer from extensive 
steric shielding provided by the ligand protecting the RhII center (again, unless 
tunneling is involved). We are currently investigating possibilities to apply the 
observed activation of dihydrogen by RhII metalloradicals based on these novel, 
modular tripodal phosphorus ligands for hydrogen atom-transfer (HAT) reactions. 

9.5 Conclusions 
Summarizing, we have reported the straightforward synthesis of mononuclear RhI 

complexes 3 and 4, and the corresponding stable RhII species 3+ and 4+, based on novel 
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tripodal, tetradentate phosphorus ligands 1 and 2. The isolated metalloradical complex 
3+ is a rare RhIICl compound with an unusual intermediate coordination geometry. 
Notwithstanding its bench-stable character, 3+ reacts with molecular hydrogen to 
quantitatively form the corresponding RhIII hydrochloride complex 5. This is the first 
example of dihydrogen activation by a metal-centered RhII metalloradical, which may 
proceed through complete oxidation of molecular hydrogen followed by protonation of 
the resulting RhI species. This reaction can be considered as starting point of HAT 
reactions, using molecular hydrogen as hydrogen atom donor. Further studies aimed at 
the reactivity of these unusual RhII metallo-radicals are ongoing, including studies 
derived from the related cationic RhI species. Moreover, we are investigating the use 
of enantiomerically pure C3-symmetric derivatives of 1 and 2 in asymmetric 
transformations. 

9.6 Experimental section 
General procedures. All reactions were carried out under an atmosphere of argon using 

standard Schlenk techniques. With exception of the compounds given below, all reagents were 
purchased from commercial suppliers and used without further purification. The following 
compound was synthesized according to published procedures: diphenyl(3-methyl-2-
indolyl)phosphine.10a THF, pentane, hexane and diethyl ether were distilled from sodium 
benzophenone ketyl; CH2Cl2, isopropanol and methanol were distilled from CaH2, and toluene 
was distilled from sodium under nitrogen. Melting points were recorded on a Gallenkamp 
melting point apparatus and are uncorrected. NMR spectra (1H, 31P and 13C) were measured on a 
Varian INOVA 500 MHz or a Varian MERCURY 300 MHz. High resolution mass spectra were 
recorded on a JEOL JMS SX/SX102A four sector mass spectrometer; for FAB-MS 3-
nitrobenzyl alcohol was used as matrix. Elemental analyses were carried out at Kolbe 
Mikroanalytisches Laboratorium in Mülheim an der Ruhr. Cyclic voltammograms were 
recorded on an Eco Chemie Autolab PGSTAT10 potentiostat. UV-VIS spectra were measured 
on a Hewlett-Packard 8453 spectrofotometer. X-band EPR spectroscopy measurements were 
performed with a Bruker EMX Plus spectrometer.  

Synthesis of Tris-2-(3-methylindolyl)phosphine.11b To a solution of 3-methylindole (9.88 
g, 75.3 mmol) in THF (200 mL) was added dropwise n-BuLi (2.5 M in hexanes, 31.6 mL, 79.1 
mmol) at -78 °C. The resulting suspension was stirred at -78 °C for 20 min. Carbon dioxide was 
bubbled through the suspension for 10 min to give a clear solution, which was allowed to warm 
to room temperature. The solvent was removed in vacuo. The resulting white residue was 
dissolved in THF (200 mL) and cooled to -78 °C. To this solution, t-BuLi (1.6 M in pentanes, 
49.4 mL, 79.1 mmol) was added and the resulting orange solution was stirred at -78 °C for 1 h. 
Phosphorus trichloride (2.19 mL, 25.1 mmol) was added and the reaction mixture was stirred for 
16 h allowing to warm to room temperature. The resulting yellow solution was washed with 200 
mL sat. aq. NH4Cl. The organic layer was dried over MgSO4, filtered and the solvent was 
removed in vacuo. The crude, yellow solid was triturated with MeOH to yield the product as a 
colourless powder. Yield: 4.29 g (40 %). Spectral and analytical data were identical to literature 
values. 
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Synthesis of Tris-2-(3-methylindolyl-N-phosphino)phosphine (1). To a solution of tris-2-
(3-methylindolyl)phosphine (1.5 g, 3.56 mmol) in THF (50 mL) was added n-BuLi (2.5 M in 
hexanes, 4.28 mL, 10.7 mmol) at -78 °C. The resulting solution was stirred for 1 h and 
chlorodiphenylphosphine (1.92 mL, 10.7 mmol) was added. The reaction mixture was stirred for 
16 h allowing to warm slowly to room temperature. The resulting white suspension was 
concentrated in vacuo and redissolved in CHCl3 (40 mL). The suspension was filtered through a 
pad of basic alumina, which was rinsed with CHCl3 (2 x 20 mL). The solvent was removed 
under reduced pressure and the resulting white solid was washed with Et2O (3 x 10 mL) and 
dried in vacuo. Yield: 2.00 g (58 %). Mp = 267 °C dec. 1H-NMR (500 MHz; CDCl3, 298 K): δ 
7.43 (d, J = 7.9 Hz, 3H), 7.24-7.10 (m, 30H), 7.02 (t, J = 7.4 Hz, 3H), 6.83 (t, J = 7.7 Hz, 3H), 
6.71 (d, J = 8.3 Hz, 3H), 2.05 (s, 9H) ppm. 13C-NMR (126 MHz; CDCl3, 298 K): δ 140.6 (d, JCP 
= 10.7 Hz), 136.3 (m), 136.1 (d, JCP = 16.8 Hz), 133.7 (m), 131.9 (t, JCP = 21.1 Hz), 128.8, 
128.3 (t, JCP = 5.5 Hz), 124.3 (m), 122.4, 120.0, 118.9, 114.5, 9.8 ppm. 31P-NMR (202 MHz; 
CDCl3, 298 K): δ 37.27 (d, J = 159.2 Hz, 3P), -75.07 (q, J = 159.3 Hz, 1P) ppm. Anal. Calcd for 
the trisphosphine oxide C63H51N3O3P4 (%): C 74.04, H 5.03, N 4.11; found: C 74.20, H 5.17, N 
4.12. HRMS (FAB) calcd for [M + H]+ C63H52N3P4, 974.3112; found, 974.3108. 

Synthesis of Tris(N-3-methyl-2-indolylphosphino)phosphine (2). To a solution of 
diphenyl(3-methyl-2-indolyl)phosphine (4 g, 12.7 mmol) in THF (60 mL) was added n-BuLi 
(2.5 M in hexanes, 5.08 mL, 12.7 mmol) at -78 °C. The resulting solution was stirred for 30 min 
and phosphorus trichloride (369 µL, 4.2 mmol) was added. The reaction mixture was stirred for 
2 days allowing to warm to room temperature. The resulting white suspension was concentrated 
in vacuo and redissolved in CHCl3 (50 mL). The suspension was filtered through a pad of SiO2, 
which was rinsed with CHCl3 (2 x 50 mL). The solvent was removed under reduced pressure 
and the resulting white solid was washed with Et2O (3 x 20 mL) and dried in vacuo. Yield: 3.21 
g (78 %). Mp = 293 °C (dec.). 1H-NMR (500 MHz; CDCl3; 298 K): δ 7.54 (d, J = 7.8 Hz, 3H), 
7.28-7.26 (m, 3H), 7.19-7.14 (m, 9H), 7.11 (t, J = 7.6 Hz, 6H), 7.07-7.04 (m, 3H), 7.02-6.96 (m, 
9H), 6.66 (d, J = 8.5 Hz, 3H), 6.51 (t, J = 7.2 Hz, 6H), 1.77 (s, 9H) ppm. 13C-NMR (126 MHz; 
CDCl3; 298 K): δ 134.2 (d, JCP = 20.6 Hz), 133.8 (d, JCP = 30.9 Hz), 133.6-133.2 (m), 131.4 (d, 
JCP = 18.1 Hz), 128.4 (d, JCP = 13.2 Hz), 128.3-127.9 (m), 127.2, 125.8 (m), 124.9, 120.8, 119.4, 
114.0, 10.7 ppm. 31P-NMR (202 MHz; CDCl3; 298 K): δ 73.72 (q, J = 197.3 Hz, 1P), -29.58 (d, 
J = 197.4 Hz, 3P) ppm. Anal. Calcd for C63H51N3P4 (%): C 77.69, H 5.28, N 4.31; found: C 
77.41, H 5.47, N 4.22. HRMS (FAB) calcd for [M + H]+ C63H52N3P4, 974.3112; found, 
974.3117. 

Synthesis of [Rh(1)Cl] (3). Tetraphosphine 1 (400 mg, 0.41 mmol) and [Rh(cod)Cl]2 (101 
mg, 0.21 mmol) are stirred in CH2Cl2 (20 mL) for 0.5 h at room temperature. The resulting deep 
red solution was concentrated under reduced pressure and hexanes (40 mL) were added to 
precipitate a burgundy-colored solid. The solid was collected by filtration and washed with 
hexanes (2 x 10 mL). Yield: 378 mg (83 %). Mp = 303 °C dec. 1H-NMR (500 MHz; CDCl3; 
298 K): δ 7.55 (d, J = 8.0 Hz, 3H), 7.05-7.02 (m, 15H), 6.82-6.77 (m, 21H), 6.42 (d, J = 8.5 Hz, 
3H), 2.55 (s, 9H) ppm. 13C-NMR (126 MHz; CDCl3; 298 K): δ 139.7 (m), 136.7 (m), 136.1 (d, 
JCP = 8.7 Hz), 129.8 (m), 128.1 (d, JCP = 4.9 Hz), 124.1, 122.3 (m), 121.0, 120.3, 116.3, 10.5 
ppm. 31P-NMR (202 MHz; CDCl3; 298 K): δ 73.95 (dd, JPRh = 158.8 Hz, JPP = 26.9 Hz, 3P), 
43.49 (dq, JPRh = 108.2 Hz, JPP = 26.8 Hz, 1P) ppm. Anal. Calcd for the CH2Cl2 adduct 
C64H53Cl3N3P4Rh (%): C 64.20, H 4.46, N 3.51; found: C 64.22, H 4.51, N 3.48. HRMS (FAB) 
calcd for [M]+ C63H51ClN3P4Rh, 1111.1777; found, 1111.1771.  
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Synthesis of [Rh(2)Cl] (4). Tetraphosphine 2 (800 mg, 0.82 mmol) and [Rh(cod)Cl]2 (203 
mg, 0.41 mmol) are stirred in CH2Cl2 (40 mL) for 0.5 h at room temperature. The resulting deep 
red solution was concentrated under reduced pressure and hexanes (100 mL) were added to 
precipitate a dark red solid. The solid was collected by filtration and washed with hexanes (20 
mL). Yield: 834 mg (91 %). Mp = 319 °C. 1H-NMR (500 MHz; CDCl3; 298 K): δ 7.46 (d, J = 
7.9 Hz, 3H), 7.29 (br s, 6H), 7.22 (t, J = 7.3 Hz, 3H), 7.18 (t, J = 7.6 Hz, 3H), 7.10 (t, J = 7.5 
Hz, 12H), 7.04 (t, J = 7.3 Hz, 3H), 6.98 (t, J = 7.8 Hz, 3H), 6.83 (t, J = 7.6 Hz, 6H), 6.70 (d, J = 
8.4 Hz, 3H), 1.59 (s, 9H) ppm. 13C-NMR (126 MHz; CDCl3; 298 K): δ 139.4 (m), 136.1 (m), 
134.2-133.9 (m), 130.8-130.5 (m), 128.9 (m), 128.5, 128.2 (m), 127.9, 125.3, 122.1, 120.5, 
113.8, 10.3 ppm. 31P-NMR (202 MHz; CDCl3; 298 K): δ 131.75 (dq, JPRh = 169.7 Hz, JPP = 
30.3 Hz, 1P), 5.74 (dd, JPRh = 138.0 Hz, JPP = 30.2 Hz, 3P) ppm. Anal. Calcd for the CH2Cl2 
adduct C64H53Cl3N3P4Rh (%): C 64.20, H 4.46, N 3.51; found: C 64.19, H 4.55, N 3.41. HRMS 
(FAB) calcd for [M + H]+ C63H52ClN3P4Rh, 1112.1855; found, 1112.1849. 

Synthesis of [Rh(1)Cl]PF6 ([3]PF6). Complex 3 (100 mg, 0.09 mmol) and ferrocenium 
hexafluorophosphate (30 mg, 0.09 mmol) are stirred in CH2Cl2 (5 mL) for 1 h at room 
temperature. The resulting deep purple solution was concentrated under reduced pressure. The 
dark purple residue was washed with Et2O (3 x 10 mL) and dried in vacuo. Yield: 54 mg (48 
%). Mp = 220 °C. Anal. Calcd for the CH2Cl2 adduct C64H53Cl3F6N3P5Rh (%): C 57.27, H 3.98, 
N 3.13; found: C 57.88, H 4.06, N 3.24. HRMS (FAB) calcd for [M – PF6]+ C63H51ClN3P4Rh, 
1111.1777; found, 1111.1777. 

Synthesis of [Rh(2)Cl]PF6 ([4]PF6). Complex 4 (80 mg, 0.072 mmol) and ferrocenium 
hexafluorophosphate (24 mg, 0.072 mmol) are stirred in CH2Cl2 (4 mL) for 1 h at room 
temperature. The resulting deep purple solution was concentrated under reduced pressure. The 
dark purple residue was washed with Et2O (3 x 10 mL) and dried in vacuo. Yield: 77 mg (85 
%). Mp = 190 °C. Anal. Calcd for the CH2Cl2 adduct C64H53Cl3F6N3P5Rh (%): C 57.27, H 3.98, 
N 3.13; found: C 57.32, H 4.68, N 3.01. HRMS (FAB) calcd for [M – PF6]+ C63H51ClN3P4Rh, 
1111.1777; found, 1111.1786. 

Synthesis of [Rh(1)(H)Cl]PF6 (5). Complex [3]PF6 (13 mg, 0.01 mmol) was charged to a 5 
mm high-pressure NMR-tube and dissolved in CD2Cl2. The tube was put under 5 bar of H2 and 
the reaction followed by NMR spectroscopy. Quantitative conversion to complex 5 was 
observed after 24 h. By comparison with an authentic sample (vide infra, different anion), this 
was characterized as [RhIII(1)(H)Cl]PF6. [Rh(1)(H)Cl]OTf was prepared by reaction of 3 (100 
mg, 0.09 mmol) with one equiv HOTf (13.5 mg, 0.09 mmol) in CH2Cl2 (5 mL) for 2 h. The 
solvent was evaporated in vacuo, and the residue was washed with pentanes. After drying in 
vacuo, a dark-brown solid was obtained. Yield: 88 mg (77 %). 1H-NMR (500 MHz; CD2Cl2, 
298 K): δ 7.76 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 8.1 Hz, 1H), 7.57 (q, J = 6.9 Hz, 4H), 7.45 (t, J = 
7.4 Hz, 2H), 7.32 (t, J = 7.8 Hz, 4H), 7.26 (t, J = 7.6 Hz, 2H), 7.19 (m, 6H), 7.02 (t, J = 7.8 Hz, 
2H), 6.95 (q, J = 6.2 Hz, 4H), 6.91-6.81 (m, 12H), 6.46 (d, J = 8.5 Hz, 2H), 6.12 (d, J = 8.5 Hz, 
1H), 2.75 (d, J = 1.6 Hz, 6H), 2.65 (d, J = 0.7 Hz, 3H), -6.52 (ddq, J = 174.8, 14.6, 7.4 Hz, 1H) 
ppm. 13C-NMR (126 MHz; CD2Cl2): δ 140.8 (d, JCP = 13.1 Hz), 140.2 (d, JCP = 6.2 Hz), 136.1 
(d, JCP = 11.3 Hz), 135.9 (d, JCP = 9.7 Hz), 132.6, 132.4 (t, JCP = 6.2 Hz), 132.0, 131.0 (d, JCP = 
2.5 Hz), 130.7 (t, JCP = 6.6 Hz), 130.6, 130.5, 129.6, 129.5 (m), 129.19, 129.15, 129.10, 129.07 
(d, JCP = 3.8 Hz), 128.8, 128.6 (d, JCP = 2.0 Hz), 127.3, 126.5, 125.5 (m), 125.3, 123.7, 123.4, 
122.2, 122.0, 116.9, 115.5, 11.4 (d, JCP = 19.9 Hz) ppm. 31P-NMR (202 MHz; CD2Cl2, 298 K): 
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δ 77.13 (dt, J = 108.1, 15.9 Hz, 2P), 67.15 (dt, J = 91.1, 24.1 Hz, 1P), 26.44 (dq, J = 91.6, 19.1 
Hz, 1P) ppm. 

Synthesis of [Rh(1)(D)Cl]PF6 (6). The deuterido complex was prepared according to the 
procedure described above for hydrido complex 5, using D2 instead of H2. 1H-NMR (500 MHz; 
CD2Cl2, 298 K): δ 7.76 (d, J = 8.1 Hz, 2H), 7.71-7.70 (m, 1H), 7.57 (q, J = 7.0 Hz, 4H), 7.45 (t, 
J = 7.4 Hz, 2H), 7.32 (t, J = 7.8 Hz, 4H), 7.26 (t, J = 7.6 Hz, 2H), 7.23-7.15 (m, 6H), 7.02 (t, J = 
7.8 Hz, 2H), 6.95 (q, J = 6.4 Hz, 4H), 6.91-6.81 (m, 12H), 6.46 (d, J = 8.5 Hz, 2H), 6.12 (d, J = 
8.5 Hz, 1H), 2.74 (d, J = 1.4 Hz, 6H), 2.64 (s, 3H) ppm. 13C-NMR (126 MHz; CD2Cl2, 298 K): 
δ 140.8-140.6 (m), 135.8 (m), 132.6, 132.4 (t, JCP = 6.5 Hz), 131.9, 131.0, 130.7 (t, JCP = 6.6 
Hz), 130.5 (d, JCP = 11.7 Hz), 129.5 (d, JCP = 4.5 Hz), 129.4 (t, JCP = 5.3 Hz), 129.1 (t, JCP = 5.7 
Hz), 129.0, 127.2, 126.5, 125.3 (d, JCP = 24.9 Hz), 123.7, 123.3, 122.2, 122.0, 116.8, 115.5, 11.4 
(d, JCP = 20.3 Hz) ppm. 31P-NMR (202 MHz; CD2Cl2): δ 77.24 (dt, J = 107.2, 16.1 Hz, 2P), 
67.42-66.62 (m, 1P), 26.44 (dq, J = 91.6, 19.2 Hz, 1P) ppm. 

Crystallographic details. X-ray data were collected with a Nonius KappaCCD 
diffractometer with graphite monochromated MoKα radiation (λ = 0.71073 Å). All structures 
were refined with SHELXL-97.20 The CIF's (CCDC 735994-735998) with full details can be 
obtained free of charge from the Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. Crystal data for: 1: C63H51N3O1.85P4, C4H8O, Fw = 
1075.45, colorless block, 0.10 x 0.16 x 0.20 mm3, T = 110 K, Monoclinic, P21/c (No: 14), a = 
15.3670(3), b = 15.7364(2), c = 25.0442(4)Å, β = 114.746(1)o, V = 5500.09(16)Å3, Z = 4, Dx = 
1.299 g/cm3, R = 0.0487, wR2 = 0.1154, S = 1.03, ρ(min) = -0.29 e/Å3, ρ(max) = 0.24 e/Å3. One 
phenyl group (C16-C21) of the main molecule is disordered [0.822:0.178]. The solvent 
molecule is disordered  over two conformations [0.650:0.350]. The three phosphines P1, P2, P3 
are found to be partially oxidized [0.294(6), 0.841(6) and 0.718(7)]. CCDC 735996. 2: 
C63H51N3P4, CDCl3*, Fw = 1094.32*, colorless block, 0.26 x 0.26 x 0.31 mm3, T = 110 K, 
Trigonal, R-3 (No: 148), a = 34.4488(5), c = 27.7148(6)Å, V = 28483.3(8)Å3, Z = 18, Dx = 
1.148 g/cm3*, R = 0.0515, wR2 = 0.1377, S = 1.06, ρ(min) = -0.62 e/Å3, ρ(max) = 0.40 e/Å3. 
The structure contains a large solvent accessible void at 0,0,0 of 5312 Å3 filled with disordered 
solvent. The contribution to the structure factors (1238 electrons) was taken into account by 
PLATON/SQUEEZE routine.21 Starred data are without 'SQUEEZED' solvent contribution. The 
CDCl3 solvent  molecule was refined with a disorder model with populations 0.556(3), 
0.233(10) and 0.211(10). CCDC 735994.  3: C63H51ClN3P4Rh·CH2Cl2, FW = 1197.23, red 
block, 0.10×0.14×0.27 mm3, T = 110 K, Triclinic, P-1, a = 11.8086(5), b = 14.6492(4), c = 
17.0348(5)Å, α = 83.286(2), β = 87.505(2), γ = 71.163(2)o, V = 2769.79(17)Å3, Z = 2, 12704 
reflections, 62878 unique (Rint = 0.062), R = 0.0386, wR2 = 0.0767 (all data); CCDC 735997. 
[3]PF6: C63H51ClN3P4Rh·F6P·3(CH2Cl2), FW = 1512.06, purple block, 0.26×0.31×0.32 mm3, T 
= 110 K, Triclinic, P-1, a = 13.2110(6), b = 15.3608(8), c = 17.6791(10)Å, α = 93.963(2), β = 
110.874(2), γ = 101.654(3)o, V = 3243.8(3)Å3, Z = 2, 14892 reflections, 83759 unique (Rint = 
0.024), R = 0.0309, wR2 = 0.0759 (all data); CCDC 735998. 4: C63H51ClN3P4Rh, C4H8O, Fw = 
1184.41, red block, 0.30 x 0.36 x 0.41 mm3, T = 110 K, Monoclinic, P21/c (No: 14), a = 
12.1978(1), b = 18.4770(1), c = 25.0123(1)Å, β = 97.1776(3)o, V = 5593.07(6)Å3, Z = 4, Dx = 
1.407 g/cm3, R = 0.0301, wR2 = 0.0752, S = 1.03, ρ(min) = -0.48 e/Å3, ρ(max) = 0.81 e/Å3. One 
of the phenyl groups is disordered over two positions [0.544:0.456]. CCDC 735995. 

EPR spectroscopy. Experimental X-band EPR spectra were recorded on a Bruker EMX 
spectrometer equipped with a He temperature control cryostat system (Oxford Instruments). The 
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spectra were simulated by iteration of the anisotropic g values, (super)hyperfine coupling 
constants and line widths. We thank Prof. F. Neese for a copy of his EPR simulation program. 

DFT geometry optimizations and EPR parameter calculations. The geometry 
optimizations were carried out with the Turbomole program22 coupled to the PQS Baker 
optimizer23 Geometries were fully optimized as minima at the bp8624 level using the Turbomole 
SV(P) basisset22c,d on all atoms EPR parameters25 were calculated with the ADF26 program 
system using the bp8624 functional with the ZORA/TZP basis set supplied with the program (all 
electron, core double zeta, valence triple zeta polarized basis set on all atoms), using the 
coordinates from the structures optimized in Turbomole as input. Orbital and spin density plots 
were generated with Molden.27 
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Summary 
 

Indole-based phosphorus ligands in 
asymmetric catalysis 

 
 

 
Over the last decades, catalysis has brought about a silent revolution in organic 

synthesis that rapidly spilled over to the industrial manufacturing of bulk and fine 
chemicals and pharmaceuticals. In a sustainable society in which waste streams need 
to be minimized but profits cannot be compromised, catalysis plays a pivotal role, as it 
enables selective conversions solely towards the desired product. However, to arrive at 
such selective processes is no easy task. A number of challenges, in particular for 
catalytic enantioselective transformations, appear as obstacles on the road towards new 
catalysts and processes, such as the specificity of catalysts for only a very limited 
number of substrates, the often long and laborious synthesis of catalysts and ligands, 
and elaborate catalyst evaluation. In this thesis several approaches are presented that 
address these challenges. The development of chiral hybrid bidentate IndolPhos 
ligands that provide highly efficient catalysts (chapters 2-7), a novel catalyst selection 
tool (chapter 8), and an unprecedented mode of dihydrogen activation (chapter 9) all 
contribute to more selective and sustainable processes in chemical manufacturing. 
Indole plays an important role in all these applications as structural basis of the novel 
ligands that enable the newly developed technologies. 

With over three thousand chiral phosphorus ligands known, some of which are 
reviewed in chapter 1, a useful contribution to this area of research requires a thorough 
ligand design rationale. In order to ensure high enantioselectivity over a broad range of 
substrates and to effect regioselective reactions, a hybrid donor atom approach was 
followed in the design of IndolPhos ligands 1, possessing a phosphine and a 
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phosphoramidite group to bind to transition metals (Scheme 1). A small bite angle is 
desirable as this leads to strong chelation and hence tight metal binding, precluding the 
use of excess ligand. Importantly, the ligand must be synthesized in no more than two 
steps to be cheap and thus of industrial interest. Indole occurred to us as an ideal 
backbone of the hybrid bidentate ligand to meet the requirements outlined above. It 
allows for the synthesis in two steps to give IndolPhos 1, which relies on a 
Bisnaphthol moiety as the privileged chiral element. 
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In chapter 2 the synthesis, coordination chemistry and preliminary evaluation in the 
Rh-catalyzed asymmetric hydrogenation and hydroformylation by IndolPhos ligands 
are described. We developed a one-pot synthesis of the indolylphosphine intermediate 
by taking advantage of CO2 as an in situ protecting and directing group for the 
selective lithiation on the 2-position of the indole. This affords these intermediates in 
good yields (up to 70 %) on a preparative scale (up to 15 g). Treatment with a strong 
base and the appropriate phosphorochloridite gave the desired hybrid ligand in 
excellent yields (up to 99 %). Application of ligands 1 in the asymmetric 
hydrogenation of benchmark substrates methyl 2-acetamidoacrylate and dimethyl 
itaconate gave the enantiomerically enriched products quantitatively in up to 98 % ee. 
 
Scheme 2 
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In chapter 3 and 4 we studied the scope of the IndolPhos-Rh catalyzed asymmetric 
hydrogenation towards the synthesis of relevant chiral targets such as the Roche ester, 
α- and β-amino acids, and amino- and hydroxyphosphonates (Scheme 2). These 
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molecules find their application in natural product synthesis and active pharmaceutical 
ingredients. Furthermore, the broad substrate scope showcases the generality of these 
catalysts, making them suitable candidates for industrial hydrogenations. 

The kinetics and mechanism of the asymmetric hydrogenation using IndolPhos 
ligands was studies in detail in chapter 5. The catalysts appear to be highly active 
giving turnover frequencies up to 90 000 h-1 and turnover numbers up to 30 000, 
thereby satisfying the criteria for industrial application. Moreover, using DFT 
calculations it was found that the catalysts selectively bind to one prochiral face of the 
substrate, which gives rise to a lock-and-key mechanism of enantioselection. The latter 
is unusual as for many other systems an anti-lock-and-key mechanism was found. It 
seems to be the result of the hybrid donor atom approach as such a mechanism was 
found previously for P,S ligands.  

The use of IndolPhos ligands 1 in other relevant asymmetric transformations for 
the synthesis of active pharmaceutical ingredients and intermediates is described in 
chapters 6 and 7. In chapter 6 ligands 1 and their Taddol derivatives 2 are successfully 
applied in the asymmetric hydroformylation of several alkenes (Scheme 3, top), giving 
rise to good enantioselectivities (up to 75 % ee) and high b/l ratio’s (> 98/2). 
Surprisingly, when examining differently substituted Taddol derived ligands 2 in the 
hydroformylation of vinyl acetate (R = OAc), a switch of enantioselectivity was 
observed. Mechanistic investigations suggest that this is the result of a different 
conformation of the active species depending on the ligand’s substituents, which lead 
to opposite absolute configurations of the product. 
 
Scheme 3 

R

0.1 mol% [Rh(acac)(CO)2]
0.2 mol% 1 or 2

20 bar CO/H2, PhMe, 20h
R

+
R CHO

b l

CHO

up to 75 % ee
b/l > 98/2

R = Ph, OAc, CH2CN

N
Me

R2P

O

O O
O

Ar Ar

Ar Ar

P

O

O
P N

Me
P

R2
R2

R1

R1

2
R = Ph, iPr, oTol

Ar = Ph, 3,5-Xyl, 3,5-Me2-C6H3

Ph Ph

OAc
0.5 mol% [Pd(C3H5)Cl]2
1.1 mol% 1 or 3

CH2(CO2Me)2, BSA,
CH2Cl2, rt, 1h

Ph Ph

CH(CO2Me)2

> 99% conv.
up to 90% ee

3
R1 = H, Ph, R2 = H, Me

 
 



Summary 

 156 

In chapter 7 we evaluated ligands 1 and IndolPhosphole ligands 3 in the Pd-
catalyzed asymmetric allylic alkylation. They give highly active catalysts, which yield 
the alkylation products in high enantioselectivities of up to 90 % ee (Scheme 3, 
bottom). The Pd-allyl intermediates were studied in detail by X-ray crystallography 
and 2D NMR spectroscopy that allowed us to propose a rationale for the observed 
mode of enantioselection. The hybrid character of the ligand directs the regioselective 
attack of the nucleophile on the Pd-allyl intermediate. In addition to disubstituted 
allylic substrates, also mono-substituted substrates were converted in high 
enantioselectivity (up to 81 % ee). 
 
Scheme 4 

 
Chapter 8 deals with the development of a novel catalyst selection tool, based on 

intermediate stability measured by mass spectrometry. A library of ligands is 
equilibrated with a metal precursor to form a dynamic mixture of catalytic 
intermediates, which are quantified by electrospray ionization mass spectrometry 
(ESI-MS, Scheme 4). The more abundant species will be the most stable and less 
stable species will be present in smaller amounts. The stability of the intermediates 
relates inversely with the reactivity in the catalytic reaction, and hence the less-
abundant species represent the most-active catalysts, ‘the survival of the weakest’. We 
demonstrated this concept in the Pd-catalyzed allylic alkylation reaction using simple 
diphosphine and IndolPhos ligands (1) and supported our results with high-level DFT 
calculations. An almost quantitative correlation was found between intermediate  
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stability and catalyst activity, confirming our hypothesis and validating the selection 
method. 

The modular synthetic sequence to prepare IndolPhos ligands was used in chapter 
9 to create C3 symmetric tripodal tetraphosphine ligands 4 and 5 (Scheme 5). The 
strong electron-donating properties in conjunction with their ability to fully embrace 
and thus protect coordinated metal ions such as Rh (6), resulted in the formation of 
highly stable RhII metalloradicals (6+), which are otherwise very reactive and unstable. 
However, these radicals maintain their ability to activate small molecules, as was 
demonstrated in the activation of dihydrogen to form the corresponding RhIII hydride 
(7). Such activation can serve as a starting point for hydrogen atom transfer catalysis. 

In conclusion, the approaches in catalyst design and selection presented in this 
thesis can make a valuable contribution towards more sustainable chemical processes 
and a more efficient use of scarce and valuable resources. The high activity and 
enantioselectivities provided by catalysts based on IndolPhos in a number of 
asymmetric transformations and for a broad range of substrates make these systems 
good candidates for the use as ligands in industrial applications. The novel selection 
method, ‘survival of the weakest’, is still in an early stage of its development but may 
be implemented in the future to find the optimal catalyst more rapidly. This would 
preclude time-consuming and waste-generating catalyst testing, which results in a 
more efficient and sustainable catalyst development process. 



 

 

 

 

Samenvatting 
 

Asymmetrische katalyse met indool gebaseerde 
fosforliganden 

 
 

 
 

Gedurende de laatste tientallen jaren heeft de toepassing van katalyse een stille 
revolutie teweeggebracht in de organische synthese en de productie van zowel fijn- als 
bulkchemicaliën. In een duurzame samenleving moeten afvalstromen geminimaliseerd 
worden terwijl bedrijfsresultaten niet mogen dalen. Katalyse kan hier een centrale rol 
in spelen, door selectieve processen te genereren waarin alleen het gewenste product 
wordt gevormd, zodat er geen chemisch afval ontstaat. Dit is echter geen eenvoudige 
taak. Een aantal uitdagingen ligt namelijk op de weg naar de ontwikkeling van nieuwe 
katalysatoren en processen, in het bijzonder voor katalytische enantioselectieve 
omzettingen. Veel katalysatoren zijn namelijk zeer specifiek en geven goede activiteit 
en selectiviteit voor een paar substraten, maar zijn niet breed toepasbaar. Verder is de 
synthese van de katalysatoren en liganden vaak lang en tijdrovend, en kost ook de 
evaluatie van de katalysatoren veel tijd en genereert een aanzienlijke hoeveelheid 
chemisch afval wordt gegenereerd. In dit proefschrift wordt een aantal benaderingen 
beschreven die een oplossing kunnen bieden voor deze uitdagingen. De ontwikkeling 
van de chirale hybride bidentaat IndolPhos liganden die aanleiding geven tot zeer 
efficiënte katalysatoren (hoofdstukken 2-7), een nieuwe selectiemethode voor 
katalysatoren (hoofdstuk 8), en een nieuwe manier om waterstof te activeren 
(hoofdstuk 9), dragen allen bij tot selectievere en duurzamere processen in de 
chemische industrie. Indool speelt een sleutelrol in al deze nieuwe toepassingen, 
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omdat het dient als basiselement voor de synthese van de liganden die de nieuwe 
technologieën mogelijk maken. 

Met meer dan drieduizend chirale fosforliganden bekend in de literatuur, waarvan 
een aantal voorbeelden worden beschreven in hoofdstuk 1, vergt een nieuwe bijdrage 
aan dit vakgebied een doordacht ligandontwerp. Om hoge enantioselectiviteit te 
genereren voor een breed scala aan substraten en om regioselectiviteit te induceren is 
er gekozen voor een hybride donoratoom aanpak in het ontwerp van IndolPhos ligand 
1 (Schema 1). Het bevat een fosfine en een fosforamidiet om aan overgangsmetalen te 
binden. Een kleine bijthoek van het ligand geeft aanleiding tot een groot chelaateffect, 
waardoor het ligand sterk aan het metaal bindt en het in katalytische toepassingen niet 
nodig is een overmaat van het ligand te gebruiken. Verder is het zeer belangrijk dat het 
ligand gemakkelijk te synthetiseren is in niet meer dan twee stappen, zodat het 
goedkoop te maken is en het hierdoor commercieel aantrekkelijk kan zijn. Indool blijkt 
een uitstekende ruggengraat te zijn voor een hybride bidentaat ligand dat aan de 
hierboven genoemde voorwaarden kan voldoen. IndolPhos (1) is te synthetiseren in 
slechts twee stappen en maakt gebruik van een bisnaftol groep als bevoorrecht chiraal 
element. 
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In hoofdstuk 2 wordt de synthese en coördinatiechemie van IndolPhos liganden 
beschreven en de toepassing van deze liganden in de rhodiumgekatalyseerde 
asymmetrische hydrogenering en hydroformylering. Er is een éénpots-synthese 
ontwikkeld naar het indolylphosphine intermediair, door gebruik te maken van CO2 als 
in situ beschermende en sturende groep voor de selectieve lithiering van de 2-positie 
op het indool. Dit nieuwe protocol geeft de intermediairen in goede opbrengst (tot 
70 %) op een preparatieve schaal (tot 15 g). Reactie van deze indolylphosphines met 
een sterke base en het gewenste fosforochloridiet levert de beoogde hybride liganden 
in uitmuntende opbrengsten (tot 99 %). Toepassing van liganden van het type 1 in de 
asymmetrische hydrogenering van benchmarksubstraten methyl 2-acetamidoacrylaat 
en dimethyl itaconaat leidt tot de enantiomeer-verrijkte producten in volledige 
omzetting en enantioselectiviteiten tot 98 % ee. 
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Schema 2 
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In hoofdstukken 3 en 4 is de bredere toepasbaarheid van de IndolPhos-Rh 
gekatalyseerde hydrogenering onderzocht voor de asymmetrische synthese van 
relevante doelmoleculen zoals de Roche ester, α- en β-aminozuren, en amino- en 
hydroxylfosfonaten (Schema 2). Deze moleculen worden toegepast in de synthese van 
natuurstoffen en actieve farmaceutische ingrediënten. Uit het uitgebreide scala aan 
substraten dat kan worden omgezet met IndolPhos-Rh katalysatoren blijkt dat deze 
breed toepasbaar zijn en dus geschikt voor gebruik in industriële 
hydrogeneringsprocessen. 

De kinetiek en het mechanisme van de asymmetrische hydrogenering met 
IndolPhos liganden is gedetailleerd bestudeerd in hoofdstuk 5. De katalysatoren 
blijken uiterst actief te zijn en omzettingsfrequenties tot 90 000 h-1 en 
omzettingsgetallen tot 30 000 te geven. Deze getallen vervullen de criteria voor 
industriële toepassing van deze katalysatoren. Verder is gebleken uit 
dichtheidsfunctionele (DFT) berekeningen dat de katalysator selectief bindt aan één 
van de prochirale zijden van het substraat. Dit geeft aanleiding tot een slot-en-sleutel 
enantioselectie-mechanisme dat ongebruikelijk is, aangezien veel andere katalysatoren 
juist een anti-slot-en-sleutel mechanisme laten zien. Het lijkt het resultaat te zijn van 
de hybride donoratoom structuur en de C1 symmetrie van het ligand, omdat eenzelfde 
mechanisme eerder is gevonden met C1 symmetrische fosfor-zwavel en monodentaat 
fosfiet liganden. 

Het gebruik van IndolPhos liganden (1) in andere relevante asymmetrische 
omzettingen voor de synthese van farmaceutische ingrediënten en intermediairen staat 
beschreven in hoofdstukken 6 en 7. In hoofdstuk 6 zijn liganden 1 en de Taddol 
derivaten 2 met succes toegepast in de asymmetrische hydroformylering van 
verscheidene alkenen (Schema 3, boven). De liganden geven aanleiding tot goede 
enantioselectiviteiten (tot 75 % ee) en hoge b/l verhoudingen (> 98/2). De 
hydroformylering van vinyl acetaat (R = OAc) met verschillend gesubstitueerde 
Taddol gebaseerde liganden 2 liet een onverwachte omkering van de 
enantioselectiviteit zien. Mechanistisch onderzoek naar dit effect suggereert dat het 
veroorzaakt wordt door een andere conformatie van het katalytisch actieve deeltje 
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afhankelijk van de substituenten op het ligand, dat leidt tot een tegenovergestelde 
absolute configuratie van het product. 
 
Schema 3 
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3
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In hoofdstuk 7 zijn liganden 1 en IndolPhosphole liganden 3 geëvalueerd in de 
palladiumgekatalyseerde asymmetrische allylische alkylering. De liganden vormen 
zeer actieve katalysatoren en geven hoge enantioselectiviteiten tot 90 % ee (Schema 3, 
onder). De Pd-allyl intermediairen zijn gedetailleerd bestudeerd met behulp van 
kristallografie en tweedimensionale NMR spectroscopie. De resultaten uit die studie 
maken het mogelijk om een model te maken dat de oorsprong van de enantioselectie 
verklaart. Het hybride karakter van het ligand stuurt de regioselectieve aanval van het 
nucleofiel op de Pd-allyl intermediair. Naast bisgesubstitueerde allylische substraten 
worden ook monogesubstitueerde substraten omgezet door de IndolPhos-Pd 
katalysatoren met goede enantioselectiviteit (tot 81 % ee). 
 
Schema 4 

 
 

[Pd]
equilibratie ESI-MS

Bibliotheek van
Liganden

P
P

P
P

Pd
Bibliotheek van
Intermediairen
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Hoofdstuk 8 beschrijft de ontwikkeling van een nieuwe selectiemethode voor 
katalysatoren, die gebaseerd is op de stabiliteit van katalytische intermediairen en 
gebruik maakt van massaspectrometrie als detectie. Een bibliotheek van liganden 
wordt in evenwicht gebracht (equilibratie) met een metaalcomplex om zodoende een 
dynamische bibliotheek van katalytische intermediairen te vormen, die vervolgens 
gekwantificeerd wordt met behulp van electrospray ionisatie massaspectrometrie (ESI-
MS, Schema 4). Het meest voorkomende intermediair zal het meest stabiel zijn, terwijl 
minder stabiele intermediairen in lagere concentratie aanwezig zijn. De stabiliteit van 
de intermediairen verhoudt zich omgekeerd tot hun reactiviteit in de katalytische 
reactie waardoor het minst voorkomende deeltje de meest actieve katalysator 
representeert. Dit ‘survival of the weakest’ concept is gedemonstreerd in de 
palladiumgekatalyseerde allylische alkylering met eenvoudige bisfosfine en IndolPhos 
liganden. De resultaten zijn verder onderbouwd met DFT berekeningen van de 
intermediairen. Er is een bijna kwantitatieve correlatie gevonden tussen de stabiliteit 
van het intermediair en de katalysatoractiviteit. Daarmee is onze hypothese bevestigd 
en de selectiemethode gevalideerd. 

 
Schema 5 
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De modulaire synthesesequentie om IndolPhos liganden te maken is in hoofdstuk 9 

gebruikt om C3 symmetrische tripodale tetrafosfine liganden 4 en 5 te creëren (Schema 
5). De sterke elektronenstuwende eigenschappen, in samenspel met de mogelijkheid 
om overgangsmetalen zoals Rh (6) volledig te omsluiten en daardoor te beschermen, 
geven aanleiding tot de vorming van stabiele RhII metaalradicalen (6+) die 
normaalgesproken zeer reactief zijn. Ondanks die stabiliteit kunnen deze 
metaalradicalen worden gebruikt om waterstof te activeren, onder de vorming van een 
RhIII hydride (7). Dit type waterstofactivering kan dienen als beginpunt voor 
waterstofatoom overdrachtskatalyse. 

Concluderend kunnen de nieuwe methoden in katalysatorontwerp en selectie uit dit 
proefschrift een waardevolle bijdrage leveren aan duurzamere chemische processen en 
een efficiënter gebruik van schaarse grondstoffen. De hoge activiteit en 
enantioselectiviteit die katalysatoren gebaseerd op IndolPhos geven in verscheidene 
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asymmetrische omzettingen en voor een breed scala aan substraten, maken deze 
systemen uiterst geschikt voor gebruik in industriële toepassingen. De nieuwe 
selectiemethode, ‘survival of the weakest’, bevindt zich nog in een vroeg stadium van 
ontwikkeling, maar kan in de toekomst worden geïmplementeerd om sneller de 
optimale katalysator voor een bepaalde reactie te vinden. Het gebruik hiervan zou 
tijdrovende en afvalgenererende katalysatorevaluatie omzeilen en daarmee leiden tot 
een efficiënter en duurzamer katalysatorontwikkelingsproces. 



List of Publications 

  165 

List of Publications 
 
 
Wassenaar, J.; Reek, J. N. H. Privileged vs. combinatorial phosphorus ligands as 
complementary strategies for ligand design in asymmetric catalysis. Manuscript in 
preparation. 
 
Wassenaar, J.; Detz, R. J.; de Boer, S. Y.; Lutz, M.; van Maarseveen, J.; Hiemstra, H.; 
Reek, J. N. H. Highly tunable chiral ClickPhine P,N ligands for Ir-catalyzed 
asymmetric hydrogenation. Manuscript in preparation. 
 
Wassenaar, J.; de Bruin, B.; Reek, J. N. H. Rh-catalyzed asymmetric hydroformylation 
with Taddol-based IndolPhos ligands. Organometallics 2010, accepted. 
 
Wassenaar, J.; Siegler, M. A.; de Bruin, B.; Spek, A. L.; Reek, J. N. H.; van der Vlugt, 
J. I. Versatile new C3-symmetric tripodal tetraphosphine ligands; structural flexibility 
to stabilize CuI and RhI species and their reactivity. Inorg. Chem. 2010, accepted. 
 
Wassenaar, J.; Kuil, M.; Lutz, M.; Spek, A. L.; Reek, J. N. H. Asymmetric 
hydrogenation with highly active IndolPhos-Rh catalysts: Kinetics and reaction 
mechanism. Chem. Eur. J. 2010, DOI: 10.1002/chem.200903476. 
 
Wassenaar, J.; Jansen, E.; van Zeist, W.-J.; Bickelhaupt, F. M.; Siegler, M. A.; Spek, 
A. L.; Reek, J. N. H. Catalyst selection based on intermediate stability measured by 
mass spectrometry. Nature Chem. 2010, 2, 417-421. 

 
Wassenaar, J.; de Bruin, B.; Siegler, M. A.; Spek, A. L.; Reek, J. N. H.; van der Vlugt, 
J. I. Activation of H2 by a highly distorted RhII complex with a new C3-symmetric 
tripodal tetraphosphine ligand. Chem. Commun. 2010, 46, 1232-1234. 
 
Robert, T.; Abiri, Z.; Wassenaar, J.; Sandee, A. J.; Romanski, S.; Neudörfl, J.-M.; 
Schmalz, H.-G.; Reek, J. N. H. Asymmetric hydroformylation using Taddol-based 
chiral phosphine-phosphite ligands. Organometallics 2010, 29, 478-483. 

 
Wassenaar, J.; Reek, J. N. H. Asymmetric hydrogenation of enamides, α-enol and α-
enamido ester phosphonates catalyzed by IndolPhos-Rh complexes. J. Org. Chem. 
2009, 74, 8403-8406. 
 



List of Publications 

 166 

Wassenaar, J.; van Zutphen, S.; Mora, G.; Le Floch, P.; Siegler, M. A.; Spek, A. L.; 
Reek, J. N. H. IndolPhosphole and IndolPhos palladium-allyl complexes in 
asymmetric allylic alkylations. Organometallics, 2009, 28, 2724-2734. 

 
Wassenaar, J.; Kuil, M.; Reek, J. N. H. Asymmetric synthesis of the Roche ester and 
its derivatives by rhodium-IndolPhos-catalyzed hydrogenation. Adv. Synth. Catal. 
2008, 350, 1610-1614. 

 
Koblenz, T. S.; Wassenaar, J.; Reek, J. N. H. Reactivity within a confined self-
assembled nanospace. Chem. Soc. Rev. 2008, 37, 247-262. 

 
Wassenaar, J.; Reek, J. N. H. IndolPhos: novel hybrid phosphine-phosphoramidite 
ligands for asymmetric hydrogenation and hydroformylation. Dalton Trans. 2007, 
3750-3753. 
 
Sprengers, J. W.; Wassenaar, J.; Clement, N. D.; Cavell, K. J.; Elsevier, C. J. 
Palladium-(N-heterocyclic carbene) hydrogenation catalysts. Angew. Chem., Int. Ed. 
2005, 44, 2026-2029. 



Dankwoord 

  167 

Dankwoord 
 
 

Empirische wetenschap zoals die staat beschreven in dit proefschrift tracht de 
natuur te verkennen en uiteindelijk wetten te ontdekken waarmee we de natuur kunnen 
voorspellen. De natuur is echter zo complex dat onze wetten alsmaar bijgesteld moeten 
worden aan nieuwe empirische vindingen. Dit kan frustrerend werken als nieuwe 
onderzoeksideeën die gebaseerd zijn op onvolledige wetten of theorieën, niet blijken te 
werken. Aan de andere kant geeft dit af en toe de mogelijkheid de beperkingen van 
bestaande theorie te verkennen en vervolgens deze theorie verder uit te bouwen, aan te 
passen of te verwerpen waardoor ons begrip van de natuur toeneemt. Op het moment 
dat ik dit dankwoord schrijf ben ik zelf het 'slachtoffer' van de complexiteit van de 
natuur. De uitbarsting van de Eyjafjallajokull in IJsland zorgt er namelijk voor dat 
Vessela en ik pas tien dagen later dan gepland terug kunnen naar Nederland vanuit 
Australië. Niemand had ons voor vertrek kunnen vertellen dat deze vulkaan op dat 
moment zou uitbarsten. Wij zijn echter niet de enigen, want ongeveer zeven miljoen 
andere reizigers hebben hun reisschema moeten aanpassen door de uitbarsting. In de 
wetenschap en vooral tijdens het promotietraject sta je er ook niet alleen voor. Naast 
gedeelde smart kan je in teamverband veel sneller complexe problemen oplossen en 
elkaar motiveren als het tegenzit. Dit laatste en meest gelezen hoofdstuk is daarom 
geheel gewijd aan degenen die mij hebben bijgestaan in deze reis naar 
wetenschappelijke volwassenheid. 

Joost, zonder jou had dit proefschrift er nooit gelegen en zou ik nu niet 
promoveren. Sinds mijn eerste stage bij homkat als tweedejaars bachelorstudent heb jij 
me weten te motiveren en boeien met een stormvloed aan ideeën en een hele 
persoonlijke aanpak in het begeleiden van je studenten, aio's en post-docs. Je gaf me 
ook de vrijheid eigen ideeën te ontwikkelen en die wetenschappelijk te valoriseren. Dit 
gaf mij de mogelijkheid om te groeien als onderzoeker waardoor we steeds meer als 
'peers' met elkaar om kunnen gaan. Daarnaast hield jij me altijd scherp met kritische 
opmerkingen en vragen en mij te motiveren om door te gaan als het tegenzat met 
lastige onderwerpen. Hierdoor kan ik nu terugkijken op een fantastische tijd en een 
proefschrift waar ik ontzettend trots op ben. Dankjewel en ik hoop dat wij in de 
toekomst deze vruchtbare samenwerking kunnen voortzetten. 

Ook de rest van de staf heeft een grote bijdrage geleverd aan dit proefschrift. Piet, 
je hebt een geweldige groep gesmeed op de UvA die aan de basis staat aan de huidige 
successen. In mijn eerste jaren heb jij me ook scherp gehouden met jou kritische 
vragen en immense kennis van de homogene katalyse. Het is een eer om jou nu in mijn 
promotiecommissie te hebben! Bas, jouw aanstekelijke enthousiasme en gedetailleerde 
kennis van metalloradicalen en DFT berekeningen hebben mij enorm geholpen. Ik 
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wens jou heel veel succes met je huidige subgroep en ben er van overtuigd dat het niet 
lang meer duurt voordat ik je met professor aan moet spreken. Jarl, jij bent mijn eerste 
begeleider die ik (ten dele) zelf heb mogen aanstellen. Het bleek een goede keus, want 
jou drive en creativiteit hebben ons samen twee hele mooie papers opgeleverd. Ook 
ben jij de perfecte sparringpartner of het nu om wetenschap of ieder ander willekeurig 
onderwerp gaat. Bedankt voor al jouw input en het zeer nauwkeurig doorlezen van 
mijn manuscript! Verder wil ik ook Bert en Frantisek bedanken voor hun bijdragen bij 
werkbesprekingen, mini-meetings en vooral ook bij borrels. 

Wetenschap beoefen je niet alleen, niet eens met één groep, maar samenwerking 
nationaal en internationaal is het devies. Dit is ook in mijn projecten veelvuldig 
gebeurd en leidde tot een aantal zeer interessante publicaties. Laten we dicht bij huis 
beginnen. Mark, dank voor jouw expertise en uitstekend experimenteel werk met de 
Amtec robot waarmee we aardig wat mechanistische raadsels hebben opgehelderd. 
Ook Remko, Jan en Henk van organisch wil ik bedanken voor de zeer vruchtbare 
samenwerking met het Clickphine ligand. Net iets verder, maar nog steeds in 
Amsterdam wil ik Willem-Jan en professor Bickelhaupt aan de VU danken voor de 
DFT berekeningen en theoretische expertise wat leidde tot die mooie Nature 
Chemistry publicatie. De samenwerking met de kristallografiegroep in Utrecht bleek 
essentieel voor mijn werk en Maxime, Martin en professor Spek waren onmisbaar. 
Internationaal wil ik de groep van professor Le Floch bedanken voor hun 
samenwerking op het gebied van de fosfolen. Het heeft me diep bedroefd dat Pascal 
Le Floch pas is overleden. Ons vakgebied heeft een zeer gewaardeerde en creatieve 
chemicus verloren. Daarnaast wil ik Guilhem Mora en natuurlijk Steven van Zutphen 
bijzonder bedanken voor de synthese van de cyanofosfolen en de leuke tijd die we op 
het ISHC in Florence hebben gehad. In dit verband wil ik ook mijn dank uitspreken 
aan het REVCAT netwerk voor de stimulerende meetings in een paar van de mooiste 
steden van Europa. 

Het begeleiden van studenten is een onderdeel van mijn promotie waar ik veel 
plezier aan heb beleefd. Naast het experimentele werk dat zij mij uit handen hebben 
kunnen nemen vond ik het geweldig om ze te zien groeien in hun project en mij te 
verrassen met nieuwe ideeën. Vlien, jouw inzet stond aan de basis van ons Nature 
Chemistry artikel en ik zie jou enorm groeien in je eigen promotie en wens jou daar 
heel veel succes mee. Sandra, in maar drie maanden tijd wist jij een dubbele éénpots-
reactie te ontwikkelen waarmee we nu in twee dagen een bibliotheek aan zeer 
complexe iridiumkats in elkaar kunnen zetten. Bedankt hiervoor en succes met het 
afronden van je studie. Guido, het is jammer dat IndolinePhos het niet heeft gered, 
maar dat neemt niet weg dat jij een prima onderzoeker bent die ontzettend veel 
creativiteit toont. 

Tot zover studenten en groepsoverbruggende samenwerking. Misschien nog wel 
belangrijker is het samenwerken met je collega aio's en postdocs in je eigen lab. Deze 
samenwerking gaat een stuk verder dan het lab alleen. De borrels, etentjes, 
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koffiepauzes, lunches, promotiefeesten, congressen, andere feesten, labuitjes, etc. 
waren onvergetelijk. Mijn dank aan alle groepsleden hiervoor die samen met mij 
hebben 'gediend'. Mijn eerste lab (toen nog als masterstudent) deelde ik met Jitte, 
Tehila, Ivo, Johanneke en Sander, en dit lab stond naast een altijd luidkeelse Jitte ook 
bekend om de nog hardere muziek. Tehila, als mijn begeleidster wil ik in het bijzonder 
bedanken voor haar persoonlijke begeleiding en humor, ook al had ze zelf vaak niet 
door waarom iets grappig was. Als beginnende aio verhuisde ik naar B9.38 en qua 
muziek was dat niet bepaald een vooruitgang, vooral niet op vrijdagmiddag. In het 
begin was daar Gledison (Uh, you touched my tralala), Wojciech, Alistair (stayin' 
alive master) en labfurie Erica. Erica, jij bent hoofdverantwoordelijk voor die 
verschrikkelijke muziek, bedankt hiervoor, ik keek er iedere week naar uit. Veel 
succes als mijn concurrente in de plasticbusiness en met het afronden van je 
proefschrift. Wojciech, I think after four years I'm finally able to spell your name 
correctly. Thank you for your help with DFT calculations, advise as world-class 
single-electron specialist, being my paranimf, and countless discussions about science 
and other futilities. Take good care of Erica and lots of success wrapping up your 
thesis. Later veranderde de samenstelling van dit lab met de komst van Annelie, 
Annemarie (de nieuwe labfurie van B9.38), Dinesch en Pawel (so good to have 
someone else in the lab who likes indoles), maar tegen die tijd was ik zelf al verhuisd 
naar het lab er naast voor een hogedrukzuurkast. 

Daar nam ik de zuurkast over van de labchampion Fred P. Fred, thank you for 
always giving advice, especially on NMR techniques, and for being a great companion 
on all conferences, courses and other events. I wish you lots of success becoming a 
professor and all the best for you and your wife Shijun. Fabrizio M., you’re probably 
the most colorful homkat group member and your presence is always a guarantee for a 
lot of fun, be it in the lab or in a nightclub. Lots of success in Rotterdam and with your 
defense. Miguel, as a master of hybrid phosphine-phosphite ligands I could not have 
wished for a better lab mate to give me advice. All the best to you and your wife in 
beautiful Seville. Alma, for such a cute girl your heavy metal music is quite surprising. 
Good luck with everything for you and Ivo. Tenslotte wil ik natuurlijk meester-post-
doc Dennis niet vergeten. Bedankt voor al je hulp en advies en heel veel succes met 
jouw academische carrière. 

Voor een gemiddelde groep zou dit het einde zijn van het aantal collega aio’s en 
post-docs. In het geval van homkat zijn dit er echter aanzienlijk meer en dat betekent 
meer kennis, meer samenwerking en veel meer lol. Een aantal van jullie wil ik 
bijzonder bedanken. Jurjen, de sociale kracht binnen de groep of het nou gaat om het 
organiseren van het labuitje in Keulen, de beruchte (en ook vrije geurige) balkon-bbq’s 
of gastheer zijn voor de hele groep om naar het EK te kijken (ook met bbq). Bedankt 
dat je mijn paranimf wil zijn en ik ben blij dat wij nog een tijdje collega’s kunnen 
blijven. Quinten, gangmaker en kwajongen die opeens directeur van Cat-Fix bleek te 
zijn. Bedankt voor al jouw suggesties en al dan niet flauwe grappen. Bij deze ook dank 
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aan de rest van de Cat-Fix crew Chrétien, Richard en Jelmer. Sander, jij zat natuurlijk 
ook even bij Cat-Fix, maar je hebt snel de weg naar de top gevonden als directeur van 
InCatT. Vooral op het einde van m’n promotie hebben we aardig wat samengewerkt 
en ik hoop dat je van IndolPhos een commercieel succes kan maken. Remko, onze 
samenwerking met Clickphine was erg leuk en blijkt nog succesvol te zijn ook. Ik was 
blij dat je bij InCatT kwam zodat we die samenwerking nog even konden voortzetten. 
Succes met InCatT en je toekomstige vrouw Sharon in Amersfoort. Pierre, in addition 
to our dedication to evolutionary tools in catalysis we’ve had loads of fun on plenty of 
conferences, parties, meetings and borrels. Thanx and lots of success in Lyon as my 
semi-Total colleague. Vladi, I also enjoyed having you as a Revcat team companion 
and all our discussions about chemistry, wine, philosophy, etc. All the best for you and 
Maria. Johanneke, je kan altijd op jou rekenen als er iets georganiseerd moet worden 
en je staat altijd klaar met een luisterend oor, bedankt! Ivo, ik zal de underground 
industrial muziekoptredens niet snel vergeten. Succes met het afronden van je 
proefschrift en met een eventuele post-doc. Elsbeth, bedankt voor het delen van je 
expertise op het gebied van synthese en katalyse. René, hetzelfde geldt ook voor jou 
en zullen we nog één biertje doen? Jitte, dank voor al jouw hulp tijdens m’n 
masterstage en promotie. Ik hoop dat het goed bevalt in Melbourne, maar dat zal zeker 
wel. Franco, thank you for your help with highly complex NMR spectra and the many 
good discussions we had. En natuurlijk dank aan (in willekeurige volgorde): Nicole, 
Peter D., Tendai, Max, Guillaume, Eoin, Alessandra, Erik Z., Axel, Irshad, Xiao-Bin, 
Ruifang, Sumesh, Samir, Teresa, Ruta, Silvia, Angelica, Rieko, Luis, Coen, Tom, 
Aldo, Fabrizio R., Rosalba, Markus, Ronald, Bart, Piluka, Michel, Sara, Gennady, 
Sofia, Yasemin, Jana, Fred T. en iedereen die ik vergeten ben (sorry). 

De technische ondersteuning is de olie die de motor van wetenschappelijk 
onderzoek draaiende houdt. Heel veel dank hiervoor, zonder jullie zou dit proefschrift 
er niet liggen: Erik B., Fatna, Lidy, Zohar, Jurriaan, Lars, Taasje, Jan Geenevasen, Jan 
Meine Ernsting en Han Peeters. Verder wil ik nog een aantal andere mensen binnen de 
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