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1.1 Introduction 

Rapidly rising consumption of goods due to the ever increasing human population 

and the rise of living standards puts enormous demands on the natural resources of the 

planet, which, if explored at the current rate, are expected to run out in the near future. 

This state of affairs calls for devoting more attention towards renewable resources and 

for using our current reserves of natural resources more efficiently. This requires the 

development of new technologies that are at best not only more environmentally 

friendly, but also more economically efficient, therefore attracting industrial application 

and accelerating their implementation. Catalysis is a key element of controlling 

chemical transformations, especially in industry, and is therefore of crucial importance 

for sustainable development.
1
 The central role of (transition metal) catalysts is to 

accelerate reactions that are otherwise very slow, primarily by creating new reactivity 

pathways via a combination of simple elementary steps at the metal center.
2
 Therefore, 

it can give access to new transformations and open up otherwise inaccessible, yet 

effective, shortcuts relevant to current synthetic schemes. In addition, it may be crucial 

for the application of renewable building blocks, replacing fossil-fuel-based materials.  

Homogeneous transition metal catalysis, in particular, offers powerful and 

straightforward methods for carrying out selective and effective chemical 

transformations,
3
 attracting considerable attention and making tremendous progress over 

the last few decades. For transition metal catalysts the activity, selectivity (and the 

stability) is highly dependent on the ligands coordinated to the catalytic metal center.
4
 

Despite notable insights in various reaction mechanisms and the role of the ligands in 

these reactions, in addition to the development of powerful computational methods, the 

prediction of the selectivity that a new catalyst will display is still beyond our abilities. 

Therefore, the search for catalysts typically still involves the knowledge-supported trial-

and-error screening of candidate systems. Often, the screening of catalysts based on 

privileged ligands,
5
 which have been proven to provide good selectivities (and 

activities) for a broad range of reactions and substrates, is a good starting point that is 

then followed by the structure optimization of the catalyst. This approach has provided 

many successes, but is not a general strategy. There are reactions for which selectivity 

issues are difficult to solve with this approach; reactions, for example, in which the 

pathway to the desired product is higher in energy than the alternative pathways, or 

reactions with many competing pathways. Therefore, complementary approaches that 

allow for a more rational catalyst design for these challenging reactions would be of 

high value. 

Supramolecular chemistry, defined by Jean-Marie Lehn as ‘chemistry beyond the 

molecule’, describes chemical systems formed by a self-assembly of a number of 

molecular building blocks or components via reversible, relatively weak interactions.
6
 

Enormous progress in this field has been achieved over the past few decades resulting in 

good understanding and insight into these weak, yet effective interactions that allow for 

formation of large self-assembled molecular architectures.
7
 Considering that the 

selectivity of catalytic reactions can be determined by energy differences in the 

competing transition states that are as small as 3 kcal mol
-1

, one can expect that these 

relatively weak interactions are important for the selectivity of any catalytic 

transformation. Therefore, supramolecular chemistry can provide important new tools 

for catalyst development and has attracted considerable attention in the last few years, 

giving rise to a group of strategies collectively called ‘supramolecular catalysis’.
8
 In this 

chapter, we will provide a guide through different strategies that use the tools of 
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supramolecular chemistry to control catalyst selectivity (and activity) that are applicable 

to homogeneous transition metal catalysis, emphasizing the advantages and limitations 

for each strategy and also highlight some key examples demonstrating their power. 

It is important to point out that the selectivity and the activity of a reaction are 

closely related. The selectivity of a reaction is defined directly by the ratio of the rates 

between competitive reaction pathways, while the overall activity is in principle defined 

by the sum of the rates for all reaction pathways. Therefore, the strategies that are 

focused on promoting one reaction pathway, via, for instance, selective stabilization of a 

crucial transition state, will also result in improving the activity. They are thus favored 

over strategies that improve the selectivity by hindering all alternative reaction 

pathways, via, for instance, adding extra steric bulk close to the catalytic center. 

 

1.2 Reactivity within the confined space of molecular capsules 

Nature has served as a major source of inspiration in the area of supramolecular 

chemistry, and, correspondingly, enzymes – natural catalysts – have served as models 

for the design of supramolecular catalysts. In enzymes, an ‘active site’ at which the 

catalytic transformation takes place is typically buried within a specific proteomic 

micro-environment. Therefore, a substrate that is brought into a confined space of this 

‘cavity’ experiences a series of ‘confinement effects’ that are otherwise not present in 

the bulk.
9
 First, the encapsulated substrate molecule can accept only specific 

conformations imposed by the size and shape of the cavity that also limit its motion, and 

restricting the number of possible reactions. This usually also results in reduced 

activation entropy of a reaction. The proximity and orientation of the reactive groups is 

well-defined, which in turn determines the reaction selectivity. In the case of 

bimolecular reactions, the effective concentrations
10

 within the catalytic cavity are much 

higher compared to those in bulk, and consequently the activity is highly increased. 

Also, the substrates are (at least partially) stripped from the solvent molecules, which 

modifies their reactivity. Finally, the transition state of the effective reaction pathway is 

stabilized more efficiently than the substrate in its ground state by the surrounding 

cavity (either electrostatically or with secondary interactions like van der Waals forces, 

H-bonding, π-π interactions etc.). In some cases, the substrate or the reaction 

intermediate is forced to adopt a high-energy conformation of increased reactivity,
11

 

which also effectively lowers the free-energy reaction barrier. Additionally, only 

substrates of a certain size and shape can enter the nanospace of the ‘active site’, leading 

to precise substrate selectivity. Considering the excellent selectivities and extreme 

activities of enzymes that are unmatched by synthetic catalysts, a lot of effort, especially 

during the initial phases of research, has been put to mimic the properties of these 

natural catalysts, generally using simple reaction models such as hydrolysis of esters.
12

  

Promising candidates for mimicking the enzymatic ‘catalytic cavities’ are 

supramolecular capsules with hollow, three-dimensional structures, formed by self-

assembly of smaller building blocks utilizing hydrogen-bonding, metal-ligand, ionic and 

hydrophobic interactions.
13

 In principle, capsules can encapsulate guest molecules – 

substrates – within their internal space, imposing all of the above described confinement 

effects.
14

 This approach has resulted in a number of elegant examples of capsule-driven 

reactions that display enhanced selectivity and/ or activity. This area of ‘supramolecular 

catalysis’ has been well reviewed.
14,15

 Therefore, we will give only a few crucial 

examples that demonstrate the potential of the approach. We will highlight examples of 
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the capsule-driven reactions involving transition metal catalysts, and we will discuss 

very recent contributions to the field. 

 

 
Figure 1. Molecular capsules A-D. 

 

 
Scheme 1. 1,3-Dipolar cycloaddition between phenylacetylene 1 and phenylazide 2 within nanoreactor A. 

 

Confinement effects of synthetic capsules have been elegantly demonstrated in 

metal-free reactions taking place in a capsule. For example, the cylinder-shaped capsule 

A (Figure 1a), developed by Rebek and co-workers,
13e-f

 was shown to co-encapsulate 

phenylacetylene 1 and phenylazide 2 (Scheme 1).
16

 The shape of the capsule imposes 

edge-to-edge pre-orientation of the acetylene and the azide moiety, which results in a 

formation of exclusively one (3) out of two possible 1,3-dipolar cycloaddition products 

(3 and 4), which are formed in a 1:1 ratio in a control reaction. Effects on the reaction 

selectivity by substrate preorganization within a capsule were also demonstrated in 

olefin photo-dimerization
17

 and photo-oxidation
18

 reactions, as well as, in 

photomediated radical reactions.
19

 One of the most interesting changes of selectivity 

and/or activity driven by confinement effects were observed in the Diels-Alder reactions 

within the octahedral coordination cage B (Figure 1b), developed by Fujita and co-
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workers.
15d,20

 Capsule B can selectively recognize a particular pair of substrates, for 

instance, 9-hydroxymethylanthrancene 5 and N-cyclohexylphthalimide 6a.
21

 

Interestingly, upon warming the reaction mixture, the unusual syn-1,4-Diels-Alder 

adduct 7a is formed quantitatively (Scheme 2), and no formation of the typical 1,9-

adduct 8a is observed. The free solution reaction, on the other hand, leads to the 

formation of only 1,9-adduct 8a, without any traces of the 1,4-adduct 7a. The unusual 

stereo- and regioselectivity of the reaction is attributed to the fixed, sterically-driven 

pre-orientation of the two substrates within the capsule that prevents reaction at the 

usual 9,10-position of the anthracene. In accordance with the model, the reaction with 

less sterically demanding N-propylphthalimide 6b results in the formation of the typical 

1,4-Diels-Alder adduct 8b (and 1,9-adduct 7b is not observed). Furthermore, capsule B 

was also able to activate typically inert aromatic compounds (naphthalenes, triphenylene 

and perylene), which gave the Diels-Alder products in a highly regio- and stereo-

controlled fashion.
22

 
 

 
Scheme 2. Diels–Alder reaction between the anthracene 5 and N-alkylmaleimides 6a-b within capsule B. 

 

 
Figure 2. Conformational change of 9 upon encapsulation within capsule B. 
 

Encapsulation of molecules can also promote otherwise high-energy conformations 

and change the properties of some functional groups. For instance, the encapsulation of 

an overcrowded chromic alkene 9 inside of the octahedral cage B results in conversion 

of its conformation from an anti-folded to the higher energy twisted one (Figure 2).
23

 

The process is accompanied by a dramatic color change from yellow to deep purple. 

The encapsulation of amines and phosphines within a highly (negatively) charged 

tetrahedral coordination cage C (Figure 1c), developed by Raymond and co-workers,
15g-

h
 results in a dramatic increase of their effective basicities (with up to 4.5 pKa units).

24
 

This effect is observed due to the thermodynamic stabilization of the (positively 

charged) protonated guest via electrostatic interactions with the negatively charged 

cage. In principle, this effect was shown to accelerate the hydrolysis of orthoformates by 

the stabilization of the decisive positively charged transition state.
25

 Interestingly, the 

reaction is initiated by the protonation of the encapsulated substrate, presumably by a 
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water molecule, despite the basicity of the solution (pH=11), highlighting the power of 

the positive charge stabilization inside of the capsule. Furthermore, the reaction reveals 

a high level of substrate selectivity, as only the substrates that can enter the cage are 

efficiently hydrolyzed in the presence of the cage (tributyl orthoformate and smaller 

analogues versus tripentyl orthoformate). Similarly, the acetals can be readily 

deprotected under basic conditions using catalytic amounts of the cage C.
26

 Cage C also 

proved to efficiently catalyze the unimolecular 3-Aza-Cope rearrangement of allyl 

enammonium cations, also in an enantioselective manner, by reducing both the entropic 

and enthalpic contributions to the barriers of the reaction.
27

 Analogously, the 

thermodynamic stabilization of negatively charged intermediates involving a positively 

charged orthogonal cage B was used to catalyze the Knoevenagel condensation of 

aromatic aldehydes taking place in water under neutral conditions.
28

 Impressively, the 

Nazarov cyclization reaction of 1,4-dien-3-ol to form a cyclopentadiene in capsule C 

was over a million times faster than the uncatalyzed reaction.
29

 This unprecedented rate 

enhancement is attributed to the combination of (i) preorganization of the encapsulated 

substrate molecule, (ii) stabilization of the transition state of the cyclization by 

constrictive binding, and (iii) an increase in the basicity of the alcohol group of the 

bound reactant via the aforementioned electrostatic effects. 

Molecular capsules can also be used to sequester a catalytic metal center, such that 

metal-catalyzed reactions occurring within their internal space experience the 

aforementioned confinement effects. Additionally, the isolation of the metal complex 

from the bulk can also result in its increased stability. In an elegant proof-of-concept 

study, it was shown that upon encapsulation inside of a tetrahedral cage with a 

hydrophobic interior, highly air-sensitive (pyrophoric) white phosphorus (P4) becomes 

very stable, as the solution can be exposed to the atmosphere for months without any 

change.
30

 Importantly, the stabilization is not achieved through hermetic exclusion of O2 

but rather by constriction of individual P4 molecules. The interior of the cavity is still 

accessible, as shown by the competition experiments with better guest molecules. In this 

vein, the isolation of a ruthenium (II) catalyst, [RuCp(PMe3)(MeCN)2]
+
, inside 

tetrahedral capsule C protects it from decomposition, and the catalyst was stable in 

aqueous solution for days, while the unbound complex quickly decomposes (t1/2 ~ 60 

min).
31

 Importantly, the complex stays catalytically active inside the capsule, which 

allows for the efficient allyl alcohol isomerization reaction to occur, with higher 

turnover numbers and increased catalyst lifetime. Partial encapsulation by a 

supramolecular enhancement of the steric bulk around the catalytic center also resulted 

in the increased lifetimes of a Mn
III

-porphyrin and a Mn
III

-salen catalysts for the 

epoxidation of olefins.
32

  

Encapsulation of a metal catalyst can result in a rate enhancement of the catalytic 

reaction due to confinement effects. For example, it was demonstrated that Me3PAu
+
 

encapsulated inside capsule C catalyzes the hydroalkoxylation of allenes with 8-fold 

higher rate than for the reaction in solution.
33

 The encapsulated catalyst can react only 

with substrates that can enter the cavity of the capsule, allowing for efficient control of 

substrate selectivity based on size and shape. This principle was displayed by the 

catalyst Rh(PMe3)2
+
 inside of the tetrahedral cage C, which can selectively isomerize 

small linear allylic alcohols and ethers that can enter the cavity, while leaving out 

unreacted bigger substrates.
34

 Moreover, encapsulation protects the metal center against 

decomposition by preventing poisons to interact with the catalyst. Catalyst 

encapsulation can also change the product selectivity profiles as observed for (i-Pr-
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NHC)Au(OTf) enclosed in a self-assembled hexameric capsule of resorcin[4]arene in 

the hydration and cyclization of phenylalkynes.
35

 In another study, it was shown that 

encapsulation of the Rh(nbd)2
+
 complex in a resorcin[4]arene capsule modifies the 

catalyst’s stability, selectivity, and reactivity relative to the free form in solution.
36

 The 

encapsulated catalyst is stable for hours under an atmosphere of H2 and catalytically 

hydrogenates norbornadiene to norbornene, while the free catalyst decomposes within a 

few minutes and leads to formation of a norbornene dimer. Finally, by encapsulation 

one can also trap and stabilize certain isomers of metal complexes that are not stable in 

solution, as shown for dinuclear ruthenium complexes within the octahedral 

coordination cage C.
37

 

Another strategy to introduce a catalytic metal center inside a capsule, developed by 

Reek and co-workers,
15i

 is a so-called ligand-template approach. In principle, the ligands 

used have a bifunctional character, containing groups for the capsule formation as well 

as donor atom sites for coordination to a catalytic metal. In general, the ligand can be a 

part of the capsule or just function as an internal scaffold around which the capsule is 

assembled.
38

 One of the biggest advantages of this approach is the ease with which the 

metal center is introduced inside the capsule, as the encapsulation is simply driven by 

the coordination chemistry. Moreover, the position of the catalytic center inside the 

capsule is well-defined, as the coordinated ligand has a low conformational freedom 

inside of the capsule. Finally, the interior of the capsule can be easily tailored by 

changing the size and shape of either the ligand or the template.  

Pyridylphosphines are particularly good candidates for ligands, as the imines of the 

pyridyl groups can selectively coordinate to zinc templates, such as Zn
II
-porphyrins or 

Zn
II
-salphens, forming the ligand–template capsules, while the phosphine atoms can 

coordinate to the catalytically active transitional metals.
39

 For example, tris(meta-

pyridyl)phosphine can coordinate via pyridines to three Zn
II
-porphyrins and at the same 

time bind a rhodium(I) center (Figure 1d). This self-assembled rhodium catalyst D was 

shown to have unusual reactivity and regioselectivity in the industrially important 

hydroformylation reaction.
39

 Importantly, the catalyst can operate under industrially 

relevant conditions (temperature, pressure etc.), making it attractive for commercial 

applications.
40

 This supramolecular system also proved to be a high-precision 

hydroformylation catalyst for very challenging internal alkene substrates.
39e

 It is worth 

noting that there are no other catalytic systems that can distinguish between two carbon 

atoms of internal aliphatic alkenes; this highlights the potential of nanocapsules in 

controlling reaction selectivity. Moreover, application of chiral ligands also allows 

control over the enantioselectivity of the reaction.
41

 The ligand-template approach was 

also extended to other reactions, such as Au-catalyzed hydroalkoxylation,
42

 Rh-

catalyzed enantioselective hydrogenation,
43

 as well as Pd-catalyzed CO/4-tert-

butylstyrene copolymerization,
44

 offering often unprecedented properties. 

 

1.3 Self-assembled bidentate ligands 

As mentioned before, the selectivity and activity of a transition metal catalyst 

depends on the ligands that are coordinated to the metal center. The ligand modifies the 

electronic properties of the catalytic metal, and thus directly affects the activity. The 

steric properties of the ligand also shape the space around the catalytic center, which 

directs the substrate approach to the metal center, and as a consequence determines the 

reaction selectivity. In enantioselective catalysis, the reaction enantioselectivity 

(enantiomeric excess, e.e.) is fully dependent on the chirality of the ligands, and precise 
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control over selectivity is particularly difficult. Therefore, catalyst development is 

mainly based on trial-and-error approaches, preferentially with high throughput 

experimentation to simultaneously evaluate large numbers of catalysts within a short 

time-frame.
45

  

For many years, the main focus was on bidentate ligands, which initially 

outperformed their monodentate counterparts.
46

 The degrees of freedom for chelating 

bidentate ligands are limited compared to monodentate analogues, and hence the space 

around the metal center is well defined, which helps to control the reaction selectivity. 

Furthermore, the backbone of the bidentate ligands generally enforces cis coordination 

to the metal center, which is necessary for some reaction steps in the mechanism of 

many catalytic transformations. Much attention has been paid to the enantioselective 

hydrogenation of prochiral olefins, since it is one of the most industrially relevant 

reaction. In this case, the use of C2-symmetric bidentate ligands reduces the number of 

coordination modes for the substrate (Re, Si). This limits the number of competing 

pathways,
47

 and it has proved to be a successful strategy.
48

 Alternatively, the use of 

strongly unsymmetrical ligands, that is strong σ-donor/strong π-acceptor bidentate 

ligands that provide sufficient differences in electronic properties to direct the 

coordination of the chelating substrate, proved to result in very selective catalysts.
49

 The 

severe disadvantage of this approach, despite the potential for the high-throughput 

screening, is often tedious and time-consuming synthesis of unsymmetrical bidentate 

ligands.  

In the early 2000’s, it was shown that monodentate ligands can also be used to 

develop highly selective catalysts.
50

 An important breakthrough in this field was the use 

of binary mixtures of monodentate ligands (La and Lb), which can form more selective 

(and active) heterocomplexes [MLaLb] along with the homocomplexes [MLaLa] and 

[MLbLb].
51

 The advantage of this approach is the easy preparation of monodentate 

ligands, which, together with a combinatorial approach, quickly generates wide libraries 

of putative catalysts that are suitable for the automated high-throughput screening 

experimentation. The obvious downside of the approach is the formation of 

homocomplexes that can compromise the reaction selectivity. The ratio between hetero- 

and homo-complexes can be tuned to some extent, by the selection of ligands with 

appropriate electronic properties of the donor atom sites (for instance, σ-donor ligands 

(e.g. phosphine) can be combined with π-acceptor ligands (eg. phosphoramidite),
52

 or by 

careful optimization of the La/Lb ratio used,
53

 yet both methods are rather imperfect and 

introduce additional limitations. 

Supramolecular chemistry provides tools that allow researchers to take advantage of 

both approaches; that is to construct libraries of supramolecular bidentate ligands that 

bear the favourable features of covalent bidentate ligands, but are constructed from 

easier to make monodentate components. In this case mondentate building blocks are 

equipped with an additional functional group for an assembly process that can lead to an 

in situ formed supramolecular bidentate ligand. In principle, two ligands can bind 

directly to each other, or via a template platform/ion center, generating a supramolecular 

bidentate ligand (Scheme 3). The functional groups used for the assembly process can 

be self-complementary, allowing for formation of homobidentate ligands (Scheme 3a). 

Alternatively, the use of (non-self) complementary functional groups allows for a 

selective assembly of heterobidentate ligands (Scheme 3b). The latter is an extremely 

powerful strategy for the construction of wide libraries of ligands as n components of 

type La and m components of type Lb generates geometric n·m number of bidentate 
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ligand La-Lb combinations. This strategy has been extensively studied, and was 

reviewed recently.
54

 We will discuss, below, selected examples that demonstrate the 

power of the approach. We will discuss the interactions that have proven to be suitable 

for the self-assembly process and reactions for which the strategy was successful. We 

will also present recent contributions to this field. 

 

 
Scheme 3. Schematic representation of supramolecular bidentate ligands. 
 

Hydrogen bonds have been one of the most frequently used interactions for the self-

assembly process of ligand building blocks. The binding energy is sufficient to form 

relatively stable adducts, especially when an array of H-bonding interactions is used. 

Also, several H-bond motifs are available, which provides easy access to various 

libraries of putative monodentate building blocks.
55

 Moreover, the preferred 

arrangement of H-bonding motifs potentially allows the geometry of a self-assembled 

bidentate ligand to be well-controlled, allowing for formation of rigid structures, 

analogous to covalent bidentate ligands. 

In this vein, the 2-pyridone 10A /2-hydroxypyridine 10B tautomer system was used 

to construct self-assembled bidentate ligands (Scheme 4).
56

 In principle, both tautomers 

can complementarily dimerize to form a nonsymmetrical dimer via a pair of hydrogen 

bonds. The nonsymmetric dimer is slightly higher in energy than the symmetric dimer, 

yet upon metal coordination to the additional donating phosphine functionalities the 

nonsymmetric dimer becomes more favourable. The complex formed using the rhodium 

precursor provides very high regioselectivities in the industrially important 

hydroformylation reaction of terminal olefins, similar to the best catalysts with wide-

bite angle bidentate ligands, such as Xantphos. Interestingly, the catalyst is also highly 

active, allowing for the reaction to be performed even at ambient temperature and 

pressure.
57

 The increased activity for this ligand, compared to the covalently bound 

bidentate ligands, can be (at least partially) attributed to the synergism of flexibility and 

structural integrity, since it allows for the adoption of different coordination modes and 

bite angles during the catalytic cycle without severe energy penalties, as concluded from 

DFT studies.
58

 Importantly, the presence of the hydrogen bonding was proved to be 

present for the resting state and during the catalytic cycle based on a combination of 

experimental and theoretical results.
58,59

 Control experiments with similar ligands, for 

which the assembling process was obstructed by N- or O-methyl substitution, showed 

poor selectivities and inferior activity, confirming the importance of the hydrogen 

bonding. The catalyst was further applied successfully to tandem processes such as a 

tandem hydroformylation/asymmetric organocatalytic cross-aldol reaction
60

 and a 

tandem hydroformylation/hydrogenation process.
61

 Employing chiral moieties on the 

donor atom, the pyridone-based ligand system was extended to Rh-catalyzed 
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asymmetric hydrogenation
62

 and Pd-catalyzed asymmetric allylic amination reactions,
63

 

showing the general applicability of the supramolecular approach to construct self-

assembled bidentate ligands. 

 
Scheme 4. Self-assembly of the tautomer system 2-pyridone/2-hydroxypyridine in the presence of a transition 

metal. 
 

Inspired by the principles of DNA base pairing, and on the basis of the previous 

results, a platform for the generation of a library of heterobidentate ligands was 

devised.
64

 In this case, two types of ligands are involved: building blocks based on 

isoquinoline and aminopyridine moieties (Scheme 5). In solutions, a 1:1 mixture of 

monodentate building blocks of both types forms the heterodimers selectively via 

complementary hydrogen bonding. Alternatively, other platforms with similar arrays of 

hydrogen bonding groups can be used, which allows modulation of the properties (e.g. 

the bite angle) of the supramolecular ligand. The use of several components of each type 

generates large libraries of ligands, which has been proven to provide very active and 

very selective catalysts for the Rh-catalyzed hydroformylation of alkenes,
65

 the Ru-

catalyzed anti-Markovnikov hydration of terminal alkynes,
66

 the Ru-catalyzed hydration 

of nitriles
67

 and the Ni-catalyzed hydrocyanation of alkenes.
68

 Introduction of chiral 

elements into these building blocks also allows for application of the strategy to the 

enantioselective reactions, such as the Rh-catalyzed hydrogenation of prochiral olefins, 

resulting in very selective catalysts (up to 99% e.e.).
69

 Interestingly, on it was 

demonstrated later that by applying a smart deconvolution strategy, the best catalysts 

can be identified from the 120-member library within only 17 experiments, instead of 

120 experiments necessary in a classic parallel screening method.
70

 The 

pyridone/aminopyridine hydrogen-bonding pair was also used to construct chiral 

dinuclear Co(II)-salen catalysts that gave high selectivities and significantly increased 

activities in the Henry reaction.
71

 

In a related design, mondodentate ligands functionalized with a short peptide were 

shown to self-assemble via inter-ligand helical hydrogen bonding.
72

 This generates 

assemblies that can mimic successfully the classic PhanPhos planar ligand, as has been 

shown in Rh-catalysed enantioselective hydrogenation of prochiral olefins. Application 

of C-linked and N-linked peptide-functionalized building blocks allows for selective 

formation of the heterodimers that assemble complementarily via antiparallel -sheet 

type structure.
73

 A moderate level of enantioselectivity is induced in the Rh-catalyzed 

hydroformylation of styrene, despite rather big distance between the catalytic center and 

the chiral information of the peptide stereocenters. 
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Scheme 5. DNA inspired heterobidentate ligands formed by complementary interactions between 

aminopyridine and isoquinolone. 
 

In contrast to 2-component systems, urea-functionalized phosphine ligands – coined 

UreaPhos – can bind directly to each other. Alternatively a templating chloride anion is 

used to form a self-assembled homobidentate ligand (Scheme 6).
74

 The advantage of 

these ligands is their easy modular synthesis from simple commercial building blocks 

that can be easily varied, which allows for generation of wide ligand libraries of high 

structural diversity.
75

 The catalyst synthesis, screening and optimization can be 

automated using ChemSpeed and AMTEC SPR16 technologies,
76

 speeding up the 

catalyst development, as demonstrated for the Rh-catalyzed enantioselective 

hydrogenation of several ‘difficult substrates’ (in some cases getting the highest e.e.’s 

ever reported).
77

  Recently, this approach was extended also to chiral oxazoline ligands, 

for the Cu-catalyzed enantioselective benzoylation of hydrobenzoin and for 

desymmetrization of meso-hydrobenzoin by benzoylation.
78

 The ligands furnished good 

selectivities, in some cases outperforming classical bis(oxazolines) ligands. 

 
Scheme 6. Self-assembly of UreaPhos ligands in the presence of a transition metal and presence or absence of 

a templating chloride anion. 
 

Recently, two classes of highly related ligands were introduced – PhthalaPhos and 

BenzaPhos – which are constructed on the phthalic acid diamide and benzamide 

derivatives, respectively, and which can self-assemble via hydrogen bonding.
79

 Again, 

the advantage of the ligands is their simple, modular synthesis (2-4 steps), allowing for 

generation of wide libraries. The ligands proved to form highly selective catalysts for 

the Rh-catalyzed enantioselective hydrogenation of challenging substrates (with the 

highest ever reported e.e.’s). On the basis of control experiments and the DFT 

calculations, the high selectivities were partially attributed to the additional hydrogen 

bonding interactions that allow for the substrate preorganization (see Section 1.5). 

Hydrogen bonding was shown to be structurally important also for other classes of 

monodenate ligands. For example, the monodentate phosphoramidites containing an NH 

moiety self-assemble via hydrogen bonding with the oxygen atom of the adjacent 

ligand. These complexes provide much higher activity and selectivity in the Rh-

catalyzed enantioselective hydrogenation of olefins, than those devoid of these 
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functionalities.
80

 Secondary phosphine oxides were shown to form hydrogen bonds 

between the ligands coordinated to a metal center, affecting its catalytic properties.
81

 

The hydrogen bonding was also shown to play a structural function in complexes of 

sulfonamido-phosphorus ligands (MetamorPhos),
82

 and their close analogues, urea-

phosphorus ligands (Phosphinoureas),
83

 that form selective catalysts for the Rh-

catalyzed hydrogenation and hydroformylation reactions. 

Aside from hydrogen bonding, metal-ligand interactions are commonly used as 

structural interactions to construct supramolecular bidentate ligands. The advantage is 

the relatively high strength and the directionality of the interaction that allows for 

precise control of the geometry of the assembly. In principle, monodentate building 

blocks can bind to each other directly or via a template that introduces another element 

for the structural modifications (Scheme 3). 

The template induced formation of bidentate ligands was demonstrated with bis-

zinc(II) and bis-tin(IV) porphyrin building blocks to which, respectively, imine-

functionalized and carboxyl-functionalized monodentate components can bind (Scheme 

7a), as shown by the NMR spectroscopy and X-ray analysis.
84

 Importantly, upon 

addition of a metal precursor (such as rhodium or palladium), the assembly is not 

disrupted, but the soft metal coordinates selectively to the soft donor sites, that is 

phosphine or phosphite functionalities. Compared to catalysts with analogous 

monodentate ligands, this multicomponent self-assembly behaves similarly to catalysts 

with covalent bidentate ligands, as shown in the Rh-catalyzed (enantioselective) 

hydroformylation and hydrogenation reactions, as well as, in the Pd-catalyzed 

assymetric allylic alkylation. The use of more rigid bis-zinc(II) salphen building blocks, 

instead of bis-zinc(II) porphyrin, allows for selective formation of heterobidentate 

combinations despite the equivalency of the binding sites.
85

 The selectivity is 

presumably driven by the combination of steric effects and the thermodynamic stability 

of the heterocombinations at the rhodium center.
52 

 

 
Scheme 7. Examples of catalysts formed by self-assembly of (a) imine-functionalized ligands on a 

bis(zinc(II))-template, and (b) imine-functionalized and zinc(II)-template-functionalized ligands. 
 

Alternatively, one of the ligands can be functionalized with a zinc(II)-templating 

moiety. The combination of these ligands with the imine-functionalized ones selectively 

generates the heterobidenate assemblies (Scheme 7b). This strategy generated ligands 

for selective catalysts for the Pd-catalyzed asymmetric allylic alkylation
86

 and kinetic 

resolution of racemic cyclohexenyl acetate,
87

 as well as for the Rh-catalyzed asymmetric 

hydrogenation of difficult substrates
88

 and regioselective hydroformylation of styrene.
89

 

An elegant system has been reported based on bifunctional ligands equipped with a 

moiety for soft (catalytic) metal coordination and with a bis(oxazoline) moiety for a 
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hard (structural) metal coordination (Scheme 8). Due to steric requirements only ligands 

with opposite chiral configuration at the bis(oxazoline) moiety can coordinate to the 

zinc(II) center simultaneously forming tetrahedral heteroleptic complexes. Therefore, 

the strategy is well suited for generation of heterobidentate self-assembled ligands. 

These ligands generated good catalysts for various reactions, such as the Pd-catalyzed 

allylic amination,
90

 the Rh-catalyzed asymmetric hydrogenation
91

 and the Rh-catalyzed 

asymmetric hydroboration.
92

 In a similar system, easy-to-make ditopic ligands are 

equipped with both a phosphorous moiety for a soft (catalytic) metal coordination and 

with a (two or three) hard donor atoms center for a structural metal coordination (Ti(IV) 

or Zn(II)).
93

 The platform is suitable for formation of only homocombinations, yet it 

provided a class of wide-bite angle supramolecular ligands that formed the 

regioselective catalysts for the Rh-catalyzed hydroformylation of alkenes. 

 

 
Scheme 8. An example of a catalyst assembled with the metal templating heterobidentate approach. 
 

Ionic interactions have also been exploited as the driving force for self-assembly of 

supramolecular bidentate ligands. The clear advantage is their high strength and 

complementarity, which could strongly promote formation of the heterodimeric 

assemblies. The drawback is the low directionality of the interaction, hence the rather 

low control of the geometry of the assembly. In principle combinations of anion- and 

cation-functionalized ligands (or acid- and base-functionalized ligands) should result in 

selective formation of bidentate ligands. The studies reported so far present limited 

success of the approach, as mixtures of homo- and hetero-combinations were usually 

observed.
94

 The formation of hetero bis-ligand complexes can be further promoted by 

additional hydrogen bonding between the two ligands.
95

 Despite formation of mixtures 

of homo- and heterocomplexes, in some cases mixtures provided better results in the 

Rh-catalyzed asymmetric hydrogenation, than the respective homocombinations.
94b,95

 

π –π interactions between electron-rich and electron poor arene units were also 

explored as a driving force for the assembly of hetero-bidentate supramolecular 

ligands.
96

 No selective formation of hetero-combinations was observed, suggesting that 

the interactions are too weak to act as an efficient driving force. Interestingly, in some 

cases heterocombinations of monodenate ligands provided better result than those of the 

respective homocombinations in the Rh-catalyzed enantioselective hydrogenation 

reaction.
96a
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More elaborate systems based on pseudorotaxanes
97

 and inclusion
98

 complexes have 

also been constructed. In some cases, the supramolecular assemblies exhibited superior 

activity and enantioselectivity compared to the parent monodentate ligands in the Rh-

catalyzed asymmetric hydrogenation.
97

 

Recently, the multicomponent catalyst assembly approach has been extended and 

explored in the area of organocatalysis.
99

 In principle, components bearing both the 

organocatalytic functions and complementary functions for self-assembling can be 

employed. Usually hydrogen bonding
100

 and/or ionic
101

 interactions are used as the 

driving force for the catalyst assembly. These studies have resulted in a myriad of 

highly selective organocatalysts for various reactions, such as the Michael-type 

addition,
100,101,102

 the hetero-Diels–Alder,
103

 aldol
104

 and other transformations.
105

 

 

1.4 Supramolecular fine-tuning of a catalyst 

A typical search for selective and active catalysts, whether applying classic covalent 

or supramolecular ligands,
106

 is comprised of iterative rounds of catalyst screening and 

optimization. Initially, a library of diverse catalysts is tested (e.g. a library of catalysts 

furnished with privileged or supramolecular ligands that have worked well in similar 

reactions),
107

 searching for initial leads. Subsequently, the promising catalysts are 

subjected to further rounds of optimization, by creating new focused libraries, which 

may include structurally elaborated ligands. The search can be significantly accelerated 

by automated high throughput parallel experimentation and combinatorial methods 

involving self-assembled supramolecular ligands, which generate large ligand libraries 

relative to classic catalyst searches. However, the final rounds of optimization often 

require time-consuming ligand synthesis, effectively slowing down the procedure. 

Considering that the final catalyst tailoring typically requires introduction of only small 

structural changes, one might envision that the final catalyst fine-tuning could be 

achieved using supramolecular interactions. In principle, the strategy requires catalysts 

furnished with a recognition site that can bind small and easily accessible molecules or 

ions – ‘cofactors’ – which will modify the space around the catalytic center (Scheme 9). 

 
Scheme 9. Schematic representation of supramolecular catalyst modifications with cofactor binding. 

 

In this vein, a new multicomponent catalyst has been constructed from a chiral diol 

cofactor (chiral inducer) that can coordinate to a structural metal (titanium(IV)), 

together with two achiral ditopic ligands that form the bidentate phosphine ligand 

coordinating to the catalytic metal (Scheme 10).
108

 As shown, the assembly is formed 



Supramolecular control of selectivity in transition metal catalysis 

 15 

selectively in situ upon mixing of all components, which, together with easy access to 

commercial chiral diols, provides access to a wide library of chiral bidentate ligands 

with minimal synthetic effort. The evaluation of the library in the Rh-catalyzed 

hydrogenation of prochiral olefins revealed that good enantioselectivities are achieved 

when bulky diols are present in the ligand assembly (e.e.’s up to 92%). This 

demonstrates the effective chirogenesis from the chiral diol onto the metal center over 

more than 10 bonds.
109

  

 
Scheme 10. Supramolecular strategy for chiral bidentate ligand formation via self-assembly with diols as 

chiral cofactors. 

 

In a related study, an achiral porphyrin based cage was modified by coordination of 

small chiral cofactors in proximity to the catalytic center.
32d

. Despite the small effect – 

an e.e. of 14% was observed in sulfoxidation of methyl p-tolyl sulphide – the effective 

through-space chirality transfer was observed, proving the validity of the principle. 

In another study, a new strategy of the ‘ion-paired’ ligands that consist of a cationic 

ammonium–phosphine component paired with a chiral binaphtholate anion was 

envisioned (Scheme 11).
110

 This platform supplements the powerful chiral counteranion 

strategy developed for enantioselective catalytic transformations that is applicable only 

to reactions with metal-cationic intermediates and with non-ionic nucleophiles.
111

 In 

principle, the electrostatic interactions between the anion derived from a chiral bulky 

diol and the positively charged onium functionality of the ligand coordinated to the 

metal center positions the chiral cofactor nearby the catalytic site. Easy variation of the 

structure by the use of accessible chiral diols allows for efficient catalyst optimization. 

The ligand furnished selective catalysts for the challenging Pd-catalyzed 

enantioselective allylic alkylation of α-nitrocarboxylates (e.e.’s up to 97%). Later, this 

strategy was extended to the Pd-catalyzed enantioselective allylation of 

benzofuranones.
112

 In this case, introduction of the additional chiral information onto the 

onium cation was necessary to reach high level of selectivity (e.e.’s up to 97%). 
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Scheme 11. (a) Schematic representation of ion-paired ligand, and (b) an exemplary ion-paired ligand. 
 

The ligand-template approach,
15i,38-44

 described in detail in Section 1.2, is also 

suitable for supramolecular fine tuning. For instance, for palladium catalysts applied in 

CO/4-tert-butylstyrene copolymerization, the catalytic activity of the complex and the 

molecular weight of the copolymer obtained can be tuned by altering the properties of 

the easily accessible zinc salphen units used to assemble the catalyst.
44

 Similarly, the 

enantioselectivity and the activity of rhodium hydroformylation
41d

 and hydrogenation
43

 

catalysts built on chiral ligands equipped with pyridine moieties for zinc(II)/ 

ruthenium(II) template binding can be tuned by changing the properties of templates, in 

this example porphyrin and salphen molecules. 

Another related approach, which has been extensively studied recently, is the 

concept of DNA-based asymmetric catalysis.
113

 In principle, metal complexes 

containing ligands capable of intercalation to DNA are used. This allows embedding of 

the catalytic center within the biomolecular DNA scaffold, which exerts secondary 

coordination sphere effects on the catalyzed reaction (Figure 3). This provides a myriad 

of highly selective catalytic reactions that take place in water, such as the Diels–Alder 

reaction, the Michael addition and the Friedel–Crafts alkylation.
113 

 

 
Figure 3. Schematic representation of DNA -based asymmetric catalysis using the supramolecular anchoring 

strategy. 
 

An alternative to the above-described supramolecular modification of the catalyst is 

the temporary alteration of the structure of the reactive substrate (Scheme 12a). This 

principle was elegantly presented for the Cu-catalyzed, enantioselective coupling of 

alkyne and imine to form propargylamines (Scheme 12b).
114

 Hydrogen bonding between 

an amino acid derivative and the imine substrate allows for efficient enantio-induction 

(e.e.’s up to 99%), which, considering the achiral nature of the Cu-phosphine catalyst, 

demonstrates the principle of this strategy. However, a disadvantage of this approach is 

the large amount of cofactor required (stoichiometric with respect to substrate, instead 

of catalyst). 
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Scheme 12. (a) Schematic representation of selectivity control via supramolecular cofactor-substrate 

interactions, and (b) the example: enantioselective imine/alkyne coupling modulated via chiral amino acid 
derivatives. 

 

1.5 Precise supramolecular substrate preorganization 

In natural enzymes, aside from the confinement effects intrinsic to the nanospace of 

the active sites described in detail in Section 1.2, other factors often play an important 

role in controlling the selectivity (and the activity) of the catalyzed reaction. Frequently 

the positioning of the substrate is determined not only by the size and shape of the 

enzymatic cavity, but also by directional interactions between functional groups of the 

substrate and of the active site, such as hydrogen bonding, ionic interactions or even 

reversible covalent bonding.
9
 This ensures precise substrate orientation and dramatically 

limits its motion, both of which are essential for obtaining high selectivity. Importantly, 

this operational mode is less susceptible to changes in substrate size (as long as a 

substrate molecule bears the essential functional groups), and allows for selective 

transformations of a broad substrate scope. In contrast, substrate orientation based 

exclusively on shape and size is far more substrate dependent, as seen, for instance, for 

the Diels-Alder reactions within the cage B (Scheme 2).
21

 Furthermore, interactions 

with the functional groups of the substrate can modulate their reactivity allowing for 

even better control over the selectivity and the activity of the reaction. 

In traditional catalysis, substrate preorganization is realized via coordination of 

‘directing group’ to a metal center.
115

 The directing group can be either a functional 

group present in the substrate or is introduced before the catalytic reaction and removed 

afterwards. Although effective, this methodology is limited to substrates with directing 

groups spatially close to the reactive functionality, imposing limitations. Moreover, the 

reaction occurring at the metal center must be compatible with the directing group, and 

also requires one vacant coordination site at the metal center, limiting its potential to 

some extent. 

Supramolecular chemistry provides ideal tools for substrate preorganization. In 

transition metal catalysis the substrate preorganization can be realized by the 

supramolecular interactions between the ‘directing groups’ of the substrate and a 

suitable ligand from the catalyst (Scheme 13). In principle, a catalyst that is furnished 

with a specific recognition site will bind the substrate molecule and preorganize its 

reactive moiety with respect to the metal center. The location of the directing group and 

the reactive functionality are theoretically independent, which makes it possible for this 

strategy to be applied to substrates with directing groups in various positions, allowing 

for remote control, and exceeding the possibilities of the traditional substrate 

preorganization approach. Thanks to a well-established understanding of weak 
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interactions between molecules, the rational design of selective catalysts that operate 

predictively can be envisioned. The methodology is especially attractive for reactions 

for which the selectivity issues are notoriously difficult to solve with the traditional 

trial-and-error approach, e.g. reactions for which the pathway to the desired isomer is 

higher in energy than the alternative one or for which many reaction pathways compete 

simultaneously.  

 
Scheme 13. Schematic representation of supramolecular substrate preorganization. 

 

In this vein, a catalyst that mimics the hydroxylating cytochrome P-450 enzyme was 

developed.
116

 The Mn
III

-porphyrin 11 was functionalized with a cyclodextrin (CD) 

moiety on each of its meso-phenyl rings, and it was shown that the CDs bind to the 

hydrophobic groups of steroid derivative 12 (Scheme 14). The substrate binding 

precisely positions the steroid moiety on the manganese porphyrin such that its C6 α 

position is exposed to the catalytic center, resulting in highly regioselective 

hydroxylation of this CH function (regioselectivity >90%). Importantly, the porphyrin is 

a true catalyst, as it performs 187 turnovers. A substrate with different anchoring 

groups, which binds in a different geometry, reacts selectively at a different position (C9 

α). In further studies, it was shown that metal-ligand interactions can be also used for 

precise substrate preorganization.
117

 

In another study, another Mn-catalyzed, selective C-H oxidation at sp
3
-carbon atoms 

was targeted. In this case nonporphyrin system 13 was devised, which consists of a di-

-oxo dimanganese core – a very active catalyst for oxidation chemistry – based on 

ligand 14 equipped with Kemp’s triacid, a recognition site for carboxylic acids (Figure 

4).
118

 Molecular modeling predicts that the catalyst binds a molecule of ibuprofen (15) 

in such a way that the benzylic proton of the more remote position is precisely oriented 

towards the catalytic manganese center (Figure 4). As predicted by the model, the 

catalyst oxidizes ibuprofen at this position with very high regioselectivity (98.5%, 

Scheme 15). In contrast, the reaction with a catalyst devoid of the COOH recognition 

site leads to a mixture of products. Impressively, catalyst 14 can also oxidize (4-

methylcyclohexyl) acetic acid 16 selectively (>99%) at the C-H position, as predicted 

by the modeling. Interestingly, only the trans isomer of 16 reacts readily, since the cis 

isomer does not expose an oxidisable C-H group to the catalytic center when its COOH 

is bound to the recognition site. In a control experiment with the catalyst devoid of the 

COOH recognition site both isomers react similarly, and the reaction leads to a mixture 

of several oxidation products. This system shows that, along with providing an 

unprecedented level of reaction selectivity, bifunctional catalysts can allow for efficient 

substrate selection, including challenging diastereoselection. 
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Scheme 14. Mn-catalyst 11 with attached cyclodextrins, and selective hydroxylation of steroid 12 catalysed 

by 11. 

 

 
Figure 4. Molecular model of catalyst 13 docked with a molecule of hydrogen-bonded substrate 15 – 

Ibuprofen. 
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Scheme 15. Oxidation products of substrates 15-16 with 13 as catalyst. 

 

In a subsequent study, the same catalyst and an analogue – a manganese porphyrin 

catalyst furnished with the same Kemp’s triacid recognition site – were used as catalysts 

for selective epoxidation of alkenes containing a carboxylic group.
119

 For two out of 

three substrates studied, molecular recognition directs oxidation to the olefin moiety and 

prevents the unselective oxidation of C-H bonds observed in control experiments. 

However, poor diastereoselectivity is observed for the epoxide products, which on the 

basis of molecular modeling is attributed to the ill-defined preference between 

alternative orientations of the reactive double bond in the catalyst-substrate complex. 

In a related study, a Ru(II)-porphyrin 17 equipped with a chiral tricyclic γ-lactam 

that can form a complementary two-point hydrogen bonding with the CONH amide 

functional group was synthesized (Figure 5).
120

 Molecular modeling showed that this 

two-point interaction orients 3-vinylquinolone (18) at the catalyst (Figure 5) such that 

one prochiral site of the reactive double bond is exposed to the catalytic center 

preferentially due to steric requirements. As predicted by the model the substrate 

preorganization leads to high enantioselectivities (e.e.’s up to 98%) in epoxidation for a 

series of 3-vinylquinolones. The epoxidation of substrate 19 with 2 reactive sites, 3,9-

divinylquinolone, takes places with high regioselectivity on the vinyl group in position 3 

(91% versus 9% of the alternative product, Scheme 16). This selectivity is in line with 

the proposed mechanistic model, which predicts that only the vinyl group in position 3 

can react at the catalytic center when the substrate is bound to the recognition site. The 

reaction with the same substrate but with a catalyst devoid of the recognition site leads 

to two alternative products in a 62/38 ratio, revealing its crucial role for the selectivity. 

The importance of the double hydrogen bonding was further confirmed by control 

reactions with either the N-methylated substrate or catalyst in which drastic 

deterioration of the selectivity was observed. Studies on the substrate scope show that 

other substrates, such vinylpyridones, primary alkenoic amides and carbamates also 

experience the effect of the preorganization. However, a clear trend can be noted 

whereby the enantioselectivity gradually drops with increasing flexibility of the 
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substrate. The distance between the catalytic metal and the chiral groups is over 7.0 Å, 

showing that the remote selectivity control via supramolecular interactions is viable. 

  
Figure 5. Ru(II)-porphyrin pre-catalyst 17 docked with substrate 18 – schematic representation and the 

probable transition state found by DFT. 
 

 
Scheme 16. Epoxidation products of substrate 19 with 17 as catalyst. 

 

In a subsequent study, the same recognition site was used to preorganize sulfide 

quinolone-type derivatives on a Mn(III)-salen catalyst, which is capable of catalyzing 

the enantioselective sulfoxidation reaction (e.e.’s up to 71%).
121

 Again, control 

experiments confirmed the crucial role of the two-point hydrogen bonding in the 

prochiral face differentiation. 

Very recently it was also reported that a Rh(II) complex bearing the same two γ-

lactam binding sites catalyzes the regio- and enantioselective (e.e.’s up to 74%) C–H 

amination reactions of 3-benzylquinolones.
122

 It was confirmed that both the regio- and 

enantioselectivity of the reaction is controlled by substrate positioning imposed by the 

hydrogen bonding. 

The chiral tricyclic γ-lactam binding site was also used to preorganize prochiral 

substrates at photosensitizers (in metal-free reactions). This enabled unprecedented 

induction of enantioselectivity in the photoinduced conjugate additions of -amino alkyl 

radicals to enones,
123

 as well as in intramolecular [2+2] photocycloaddition reactions.
124

 

In another study, regioselectivity issues of hydroformylation reactions were 

addressed with phosphine ligand 20 bearing a guanidine-based recognition unit that is 

able to bind unsaturated carboxylic acids via two-point hydrogen bonding (Scheme 

17).
125

 The substrate binding results in increased activity and high regioselectivity for 

hydroformylation of 3-alkenoic acids 21-23. Remarkably, the system presents 

unprecedented high regioselectivity for hydroformylation of an internal alkene 22 and 

reaction-site selectivity for substrate 23 with two reactive double bonds (Scheme 17). 

The crucial role of binding to the recognition unit of the ligand was demonstrated by a 

series of control experiments with substrates and modified ligands that cannot form the 

supramolecular interaction. The system is highly susceptible to the relative position of 

the directing carboxylic group and the double bound, as hydroformylation of an 
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analogue of 21 that is one carbon longer (4-butenoic acid 24) leads to a typical mixture 

of isomeric products. 2-Alkenoic acid 25 undergoes 2-regioselective decarboxylative 

hydroformylation, resulting in formation of the liner aldehyde, thus formally 

substituting the carboxylic group with an aldehyde (Scheme 17).
126

 Furthermore, a 

related guanidinium-based system was used for aldehyde hydrogenation and for tandem 

hydroformylation-hydrogenation of terminal olefins, again with a crucial role for the 

hydrogen bonding functional groups.
127

 

 
Scheme 17. Binding of substrate 21 to ligand 20 in the hydride migration step of hydroformylation (above), 
and hydroformylation products of substrates 21-25 with Rh-20 catalyst (below). 

 

Inspired by the cooperativity displayed by metalloenzymes such as 

carboxypeptidase, capable of peptide bond hydrolysis, highly active and selective 

bifunctional catalysts for anti-Markovnikov hydration of terminal alkynes were 

developed.
128

 The full reaction mechanism has not yet been revealed, however, studies 

have so far shown the crucial role of pendant basic functional groups that take part in 

proton transfer and hydrogen bonding in the reaction intermediate.
129

 

The previous examples demonstrate the general potential of catalysts that are 

carefully designed to control the selectivity of reactions via crafted catalyst-substrate 

interactions. However, in many other cases the importance of non-covalent interactions 

on the catalyst selectivity was realized post factum. These serendipitous findings 

suggest that non-covalent interactions play a crucial role in the selectivity control much 

more often than it was previously assumed. This observation can help to generate new 
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leads for catalyst design. For example, during the search for enantioselective catalysts 

for the hydrogenation of 3-hydroxy-2-methylpropionate to the Roche ester – an 

important synthon for the synthesis of bioactive chemicals – it was found that the self-

assembled heterobidentate ligand (see Section 1.3) consisting of LEUPhos 

phosphoramidite and urea–phosphine furnishes a highly selective catalyst (99% e.e.).
52b

 

Experimental and theoretical studies revealed that an additional single hydrogen bond 

between the substrate’s OH function and the ester group of LEUPhos ligand is crucial 

for high selectivity (Figure 6). Subsequently, related observations were made for other 

systems for the Rh-catalyzed enantioselective hydrogenation of prochiral alkenes.
79b,c

 A 

similar effect was observed in the Co-catalyzed cyclopropanation reaction.
130

 The 

hydrogen bonding between the substrate and the ligands was also proposed to activate 

allylic alcohols for the Pd-catalyzed direct allylation of indoles,
131

 and water molecules 

for the Ru-catalyzed hydration of nitriles.
67 

 

  
Figure 6. Substrate orientation through additional hydrogen bonding between the hydroxyl group of the 
substrate and the ester unit of the LeuPhos – determined by DFT and control experiments. 

 

In the search for a selective (and active) catalyst for challenging allylic alkylation of 

indoles with unsymmetrical 1,3-disubstituted allyl acetates, P,S-bidentate ligands with 

an additional sulfinyl group were explored.
132

 It was found that the additional SO 

moiety forms a hydrogen bond with the indole-NH, and presumably helps to orient the 

nucleophile during the reaction (Scheme 18), resulting in a high level of regio- and 

enantioselectivity (e.e.’s 84-95%). This interaction seems to be crucial not only for the 

selectivity but also for the activity, as the reaction with N-substituted indole, which 

cannot form this interaction, does not take place. This successful example of a 

cooperative catalyst should encourage application of bifunctional ligands in catalyst 

discovery. 

 

 
Scheme 18. (a) Structure of the bifunctional ligands, and (b) tentative model of hydrogen-bond induced indole 
activation toward allylation. 
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The examples shown so far have primarily shown supramolecular substrate 

preorganization accomplished mainly through hydrogen bonding. However, in principle, 

any reversible bonding that does not interfere with either the metal center or the 

catalytic reaction can be used for that purpose. Reversible covalent bonding is an 

attractive tool to control selectivity of a reaction by modifying substrates with 

covalently attached ligand-type directing groups (e.g. diphenylphosphinobenzoate 

group).
133

 Reversible bonding allows the use of only catalytic amounts of these kinds of 

directing groups, improving the applicable value of the approach (from a commercial 

and an atom-efficient point of view).  

To illustrate the potential of reversible covalent bonding, catalytic scaffolding 

ligands have been introduced and extensively studied in the Rh-catalyzed 

hydroformylation of unsaturated alcohols and sulfonamides.
134

 In principle, under 

optimized conditions the scaffolding ligands extensively exchange with hydroxyl 

functionalities from substrates (Scheme 19). Under catalytic conditions, the formed 

ligand-substrate composite reacts preferentially over the free substrate, since the ligand 

donor moiety coordinates to the metal bringing the reactive double bond near the 

catalytic center. After the transformation, the product formed is exchanged for a new 

substrate, which subsequently reacts. This efficient substrate preorganization allowed 

for highly regio-, diastereo- and enantioselective reactions of various terminal and 

internal alkenes bearing either hydroxy or sulfonamide group.
134

 The strategy also 

allowed for enforcing hydroformylation of tertiary carbon atoms, highlighting the power 

of the approach.  

 
Scheme 19. (a) Equilibrium with scaffolding ligands, and (b) the example of the effect of scaffolding ligands 

on reaction selectivity. 
 

1.6 Conclusions and outlook  

The different supramolecular strategies discussed in this chapter, supported with 

some successful examples of their implementation, unambiguously show that 

supramolecular chemistry provides a full toolbox of strategies for selective catalyst 

development. Clever manipulation of non-covalent interactions brings the properties of 

the finite microenvironments of natural enzymes to synthetic catalysts, as described in 

Section 1.2. Although full mimicry of enzymatic precision and efficiency is still rather 
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distant, the examples reported so far, especially those with unique reaction selectivities 

induced by synthetic cavities, demonstrate the power of the concept. Further 

mechanistic studies are required to fully understand the principles that rule the reactions 

carried out in a confined space of a capsule. This will help researchers to take full 

advantage of the concept and may facilitate the step to practical applications. 

The supramolecular methods to generate wide libraries of ligands that are described 

in Section 1.3 represent arguably the most developed contribution of supramolecular 

chemistry to transition metal catalysis at this point. The methodologies are well-

matured, complement traditional approaches, and in principle are ready to be used to 

tackle practical problems for homogeneous catalysis, and their commercial application 

is currently being explored.
135

 Research on supramolecular catalyst fine-tuning that is 

described in Section 1.4 will bring further progress to the field of catalyst development 

based on high throughput screening. 

Although the field of precise supramolecular substrate preorganization, described in 

Section 1.5, is still in its infancy, several examples of highly selective catalyst with 

practical levels of efficiency have already appeared. In some cases, the supramolecular 

catalysts provide unique reaction selectivities that are otherwise inaccessible. As the 

catalysts operate quite predictably, they can be easily crafted, and thus designed for 

substrates of interest. That substantially strengthens the potential of the approach and 

points towards a bright future. 

In addition to the contributions to the field of ‘static’ catalysts that are discussed in 

this chapter, supramolecular chemistry also provides tools to develop ‘responsive 

catalytic systems.’ The properties (activity/selectivity) of such catalysts can be precisely 

controlled over time, via chemical (allosteric) or physical (e.g. photocontrol) regulation, 

depending on the current need of the reaction. One may envision that these systems 

could find practical applications, for example, in multistep transformations and 

processes, which involve more than one reaction that are separated in time. First steps 

toward these goals have been made recently, providing promising results (yet they are 

beyond the scope of this chapter).
136

 Dynamic combinatorial chemistry,
137

 a subfield of 

supramolecular chemistry dedicated to complex responsive chemical networks, provides 

further possibilities to catalyst development, which we recently discussed in a separate 

contribution.
138

 

After many years of parallel, unruffled lives, the paths of supramolecular chemistry 

and transition metal catalysis have finally crossed. This has resulted in revolutionary 

strategies and a myriad of ‘supramolecular transition metal catalysts’ with novel 

properties and opportunities for the future. 

 

1.7 Outline of the thesis 

Based on the work described in this chapter, it is clear that the presented 

supramolecular approaches have great potential in the field of catalyst development. 

Some of these supramolecular tools, like the use of self-assembled bidentate ligands, are 

already well matured and being tested for commercial applications. They allow the 

dramatic acceleration of trial-and-error catalyst search via automated high-throughput 

screening. Alternatively, the use of supramolecular interactions also allows for rational 

design of a selective catalyst for a reaction of interest by, for example, a supramolecular 

substrate preorganization approach. This strategy, however, is still in its infancy, but its 

power has already been revealed in initial reports. Future studies will assist the 

development of the field by creating a better understanding of the mechanistic principles 
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of these kinds of catalysts. Contributions addressing the selectivity issues of 

commercially important reactions, especially those that cannot be solved otherwise, 

should further stimulate this are of research, potentially leading to commercial 

applications. 

In this thesis we introduce a new class of bifunctional ligands, coined DIMPhos, 

which consists of two phosphorus atoms for coordination to a catalytic metal center and 

a specific recognition site – DIM pocket – for binding to a carboxylate functional group 

of a substrate. In Chapter 2 we introduce this concept and we discuss the principles of 

the catalyst design. We present the initial results that provide proof for the concept. We 

show that the catalyst controls the selectivity in the rhodium catalyzed hydroformylation 

of two classes of substrates, terminally unsaturated (deprotonated) carboxylic and 

phosphonic acids. This illustrates the first example of wide-ranging remote control of 

catalyst selectivity by secondary substrate-ligand interactions. In Chapter 3 we report 

the full account of this study (including the initial results presented in Chapter 2). We 

show that the system also allows for the precise control of the selectivity in the 

hydroformylation of challenging internal alkenes functionalized with a carboxyl group. 

Detailed experimental and computational studies reveal the structure of the catalyst and 

its precise operational mode. In Chapter 4 we show that this catalytic system combined 

with an isomerization catalyst allows for a new sequence of isomerization-

hydroformylation reaction to convert terminal olefins to α-methyl-branched aldehydes 

with unprecedented selectivities. To demonstrate the full potential of the catalytic 

system, we next show that the precise supramolecular substrate preorganization for 

vinyl arene derivatives allows for the unprecedented full reversal of selectivity from the 

typical α-aldehyde to the otherwise unfavored β-aldehyde product (Chapters 5 and 6). In 

Chapter 5, we focus on the reactivity of 2-vinylarenecarboxylic acids, the 

hydroformylation products of which represent a valuable class of synthetic important 

intermediates for the fine-chemical industry. Therefore, this catalytic system, which 

operates under mild conditions for a wide substrate scope, opens up new pathways to 

current industrially relevant synthetic schemes, which we further demonstrate with 

several examples. In Chapter 6 we report the full account of this study (including the 

initial results presented in Chapter 5). We extend the approach to related classes of 

substrates and we provide mechanistic insight using detailed experimental and 

computational means. This study reveals unusual kinetic effects for these reactions. This 

shows that a large number of factors can be involved in controlling the reactivity of a 

supramolecular homogenous transition metal catalyst. 

Aside from supramolecular substrate preorganization, the recognition site of 

DIMPhos ligands can also be used to fine-tune catalyst structure, the principles of which 

are discussed in Section 1.4 of this chapter. In Chapter 7 we show that this is a powerful 

approach as an achiral catalyst modified with non-covalently bound chiral cofactors 

gives high enantioselectivities (e.e.’s up to 99%) in the hydrogenation reaction of 

alkenes. Interestingly, we also observed substrate preorganization via additional 

hydrogen bonding between the cofactor and the substrate. Remarkably, in a competition 

experiments with a mixture of cofactors, the catalyst with the best cofactor dominates 

the reaction. This feature provides a basis for smart screening strategies, which are 

discussed and presented as well. 
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2.1 Introduction 

Immense progress in the field of transition metal catalysis has been achieved over 

the past few decades, and the contributions of the ligands coordinated to the metals are 

now well-understood.
1
 Despite notable insights made into various reaction mechanisms 

over the years, the prediction of the selectivity that a new catalyst will display is still 

beyond our abilities. This becomes a particularly difficult issue when the reaction 

pathways leading to the isomeric products are nearly identical in energy, or worse, if the 

pathway for the desired isomer is higher in energy. For these challenging reactions, the 

trial-and-error approach is still dominant in the search for appropriate catalysts, and 

thus, combinatorial methods and high-throughput screening of ligands and catalysts 

have been developed in the past decades.
2
 Supramolecular ligands that form by self-

assembly from smaller components appear suitable for this approach as the modular 

synthesis efficiently generates wide libraries of ligands.
3
  

Enzyme mimicry represents an alternative route to selective catalysts. Inspired by 

the properties and working principles of enzymes,  great effort in catalyst development 

has been applied  to the incorporation of cavitands that can bind guest molecules to an 

active site, promoting reactions typically displayed by enzymes.
4
 Remarkable examples 

of highly selective oxidation reactions catalyzed by metalloporphyrins, where 

hydrophobic interactions allow for substrate pre-organization, have been developed by 

Breslow and co-workers.
5
 However, simple hydrogen bond interactions between a 

substrate and the functional groups of a catalyst can also be used to greatly improve the 

selectivity of a reaction. This was elegantly demonstrated by Crabtree, Brudvig and co-

workers in a dimanganese catalyst for the highly selective functionalization of sp
3
 C-H 

bonds.
6
 Recently, our research group showed that even a single hydrogen bond between 

a catalyst and a substrate leads to improved activities in cyclopropanation,
7
 and 

excellent enantioselectivity in the hydrogenation of the Roche ester precursor.
8
 A 

similar supramolecular substrate pre-organization strategy has been reported by Breit 

and co-workers, who applied guanidiunium functionalized phosphines to the 

regioselective hydroformylation of vinylacetic acid and its analogues.
9
 

As supramolecular interactions can be arranged relatively easily, selective 

installation of functional groups can provide a powerful tool for the rational design of 

selective catalysts, which operate predicatively. The approach requires a set of receptors 

that can address a wide range of functional groups. In addition, the impact would be 

larger if the selectivity could also be controlled by non-covalent interactions that are 

more remote from the catalytic center. In this chapter we introduce the concept of 

selectivity control by supramolecular interactions between a substrate molecule and a 

catalyst, which is developed further in Chapters 3-6. We discuss here the principles of 

the catalyst design, and we present the initial results that provide the proof for the 

concept. We report here a bisphosphine ligand based on an anion receptor backbone that 

provides, as predicted, regioselective rhodium-based hydroformylation catalyst for 

substrates that have anionic groups. Remarkably high regioselectivities are obtained for 

those substrates that precisely span the distance between receptor and rhodium center, 

and various anions can be applied. DFT calculations of the essential intermediates show 

that the hydride migration pathway to the undesired product is blocked by the anion 

binding, whereas that for the desired product is lowered in energy. The full account of 

this study, including the initial results presented in this chapter, is presented in Chapter 

3. 
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2.2 Results and discussion 

We anticipated that neutral anion receptors are excellent candidates for the design of 

substrate-directing motifs in supramolecular catalysts. Their relatively strong and highly 

directional interactions with anionic substrates
10 

allow for the predictable orientation of 

a reactive functionality close to a catalytic metal center. For the current study, we fused 

a 7,7’-diamido-2,2’-diindolylmethane (DIM) scaffold - a tailor-made receptor
11

 for 

carboxylate and phosphate anions - with two triphenylphosphine moieties, generating 

the new bidentate ligand (DIMPhos, 1, Figure 1). DFT calculations show that ligand 1 

forms a rigid mononuclear Rh-complex, which can orient functionalized alkenes for 

selective hydride migration as a part of the hydroformylation cycle. 
 

 
 

Figure 1. Structure of ligand 1 (left) and general concept of anionic substrate pre-organization by  
a Rh-catalyst with a ligand furnished with an anion-binding pocket (right). 

 

The new ligand DIMPhos (1) is prepared easily by hydrogenation of  7,7’-dinitro-

2,2’-diindolomethane 2
11

 using H2 and Pd/C and subsequent condensation with  

4-(diphenylphosphino)benzoic acid using a standard protocol,
12

 providing bisphospine 1 

with an overall yield of 62% (Scheme 1).  
 

 
Scheme 1. Synthesis of ligand 1: a) H2, Pd/C(10%), MeOH, rt; b) 4-(Ph2P)PhCOOH, DIC, DMAP,  

4-Pyrrolidinopyridine, DCM, rt. 

 

Upon the addition of [RhCl(CO)2]2 to a DCM solution of 1 with an acetate bound in 

the DIM pocket, a rhodium complex was formed with two P-donors in a mutual trans-

orientation coordinated to Rh. This coordination geometry was further supported by the 

X-ray structure of [Rh(1·AcO)(CO)Cl]

TBA

+
 (Figure 2).

13
 Importantly, the acetate 

anion is still bound in the DIM pocket of the Rh complex of ligand 1. As anticipated, all 

four NH-groups are engaged in acetate binding and the relative short distances indicate 

that the hydrogen bonds formed are relatively strong (the N-O distances are 2.737(3) 

and 3.006(3) Å, for N-amide and N-indole, respectively). In line with our design, the 

aliphatic group of the anionic guest points towards the metal center.  
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Figure 2. Crystal structure of the supramolecular complex [Rh(1·AcO)(CO)Cl]; TBA counterion and 
disordered solvent molecules are omitted for clarity. 

 

High pressure (HP) NMR experiments show that a 1 : 1 mixture of ligand 1 and 

Rh(acac)(CO)2 under hydroformylation conditions, 5 bar CO/H2, forms a mononuclear 

trigonal bipyramidal rhodium complex, Rh(1)(CO)2H exclusively.
14

 Low-temperature 

NMR studies reveal that bis-phosphine ligand 1 is coordinated predominantly in an 

equatorial-equatorial (ee) fashion. At room temperature this complex is in fast 

equilibrium on the NMR time-scale with the minor equatorial-apical (ea) isomer.
15

 

Indeed, high pressure infrared (IR) spectra using H2/CO and D2/CO revealed four bands 

in the carbonyl region belonging to the ee and ea isomeric complexes.
14,16 

Moreover, HP 

IR studies indicate a fast catalyst activation process, the conversion of Rh(1)(acac) into 

Rh(1)(CO)2H takes less than 2h even at room temperature. HP-NMR experiments show 

that the coordination geometry around rhodium does not change in the presence of 

carboxylate (acetate) or phosphate anions (H2PO4

). Under these conditions the signals 

of the NH groups are shifted towards low field in the 
1
H NMR spectra (∆δ = 2.5 – 3.1 

ppm), signifying the formation of strong hydrogen bonds involving the anion binding 

within the pocket.
11

 The carbonyl bands in the HP IR spectra also show a small shift to 

lower wavenumbers (up to 5cm
1

) upon anion binding, indicating increased electron 

density at the phosphorous atoms. 

The binding constants of carboxylate and phosphate anions in the DIM pocket of 

Rh(1)(CO)2H were determined from titration experiments carried out at 5 bar CO/H2 in 

DCM, monitoring the chemical shift of various protons using HP-NMR. These titration 

studies reveal that only one anion is bound in the DIM receptor of Rh(1)(CO)2H, with 

the association constants for CH3COO

 and H2PO4

 
being higher than 10

5
 and ~ 10

3.7
  

respectively. In contrast to these anionic species, non-deprotonated CH3COOH and 

H3PO4, as well as their methyl and ethyl esters, are not bound in the pocket of ligand 1.
 

Next, we applied ligand 1 in the Rh-catalyzed hydroformylation of a series of 

(deprotonated) unsaturated carboxylic acids, with a range of aliphatic chain lengths 

between the carboxylic functionality and the double bond, i.e. from 3-butenoic to 8-

nonenoic acid. Calculations show that 3-butenoate anion (C3CO2
-
) is too small to bind 

in the pocket while coordinated to the rhodium metal, 4-pentenoate anion (C4-CO2
-
) fits 

precisely and the other substrates easily span the distance between metal and binding 

site. The neutral acids and methyl esters, substrates that do not bind in the pocket, were 
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used as control experiments. The linear/branched selectivity (l/b) determined by 
1
H 

NMR is displayed in Figure 3. For the small 3-butenoic-acid-based substrates we hardly 

observe any difference between the anion, the acid and ester analogues, and the l/b ratio 

is in the expected range between 1.6 and 2.6. In contrast, 4-pentenoate anion, the 

substrate that precisely fits, is hydroformylated with unprecedented selectivity for the 

linear aldehyde (l/b ratio of 40). If the reaction is carried out at room temperature 

(instead of 40ºC) the l/b ratio even exceeds 50 (Table 1, Entry 1). For the protonated or 

the methyl ester analogues, substrates of the same size that do not bind in the DIM 

pocket, typical selectivities of l/b ratio around 3 are obtained, confirming the importance 

of the anion binding. Besides the higher selectivity, also the conversion is much higher 

when the substrate is bound in the pocket. This suggests that the reaction barrier to form 

the linear aldehyde is lowered by the substrate pre-organizing binding event, while the 

barrier to the branched aldehyde is increased. To further verify that the anion binding 

unit and the catalytic center must be present as an integrated system, we performed a 

control experiment using a mixture of the anion receptor (4) and triphenylphosphine (3). 

In this case, as expected, 4-pentenoate anion (5) is hydroformylated with the typical 

selectivity displayed by catalysts based on triphenylphospine (3) (Table 1, Entry 2 and 

3). In the absence of phosphorous ligand, substrate 5 is hydroformylated with poor 

selectivity (l/b=1.8) and low yield (Table 1, Entry 4). Importantly, for non-anionic 

substrates, the addition of excess acetate anion that binds in the DIM pocket of 

Rh(1)(CO)2H has no effect on the (low) regioselectivity.
17

  

                 
Figure 3. Hydroformylation of ω-unsaturated carboxylic acids and methyl esters. [Rh(acac)(CO)2]/1/substrate 
= 1:3:100; c0(substrate) = 0.2 M, 20 bar CO/H2 (1:1), DCM, 40ºC, 24h. DIPEA used as a base for anionic 

substrate generation (CDIPEA = 0.3 M). Regioselectivity and conversion (%) were determined by 1H NMR 

analysis of the reaction mixture. No side reactions (isomerisation, hydrogenation etc.) were observed. 
 

The substrates that are longer than the one that precisely fits – 5-hexenoate through 

8-nonenoate anion – also experience an effect of binding in the pocket; and they are 

hydroformylated with higher selectivity for linear products than their acid or ester 

analogues. The l/b factors are all greater than 20 for the anionic substrates, and between 

5 and 10 for the substrates that do not bind to the DIM. Importantly, the highest 

regioselectivity is obtained for 4-pentenoate anion, the substrate that fits best. 
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Table 1. Hydroformylation of 5.a 

 
Entry Ligand Conversion [%] Regioselectivity (l/b ratio) 

1 1 95 (80)b 40 (> 50)b 

2 4/3 (1:2) 100 2.9 

3c 3 100 3.1 

4 - 13 1.8 

a [Rh(acac)(CO)2]/1(4 and/or 3)/5/DIPEA = 1:3(3 and/or 6):100:150; c0(5) = 0.2 M, 20 bar CO/H2 (1:1), 

DCM, 40ºC, 24h. Regioselectivity and conversion (%) were determined by 1H NMR analysis of the reaction 

mixture. b Reaction at rt, 72h. c For other studied acids from Figure 3 the results are similar, for details see 
Supporting Information. 

 

We extended the scope of substrates to alkenes functionalized with the phosphate 

group (Table 2). Again, we expected that 3-butenylphosphonate anion (C4-PO3
2-

) would 

be hydroformylated with the highest selectivity as this substrate exactly spans the 

distance between binding site and metal center. Indeed this substrate is hydroformylated 

by Rh(1)(CO)2H to the linear aldehyde with excellent regioselectivity (the l/b factor is 

greater than 40). Again, the high selectivity and higher yield are observed only when the 

anionic substrate is used (Table 2, Entries 4-6). The shorter substrate, allylphosponate 

anion (C3-PO3
2-

), is hydroformylated with similar regioselectivity as the analogue that 

does not bind (Table 2, Entry 1 and 3).  
 

Table 2. Hydroformylation of ω-unsaturated phosphonic acids and ethyl esters.a 

 

Entry Substrate (n) Form (OR) Conversion [%] Regioselectivity (l/b) 

1 1 ester (OEt) 3 0.6 

2 1 acid (OH) -b - 

3 1 anion (O) 10 (69)c - (1.6)c 

4 2 ester (OEt) 12 4.0 

5 2 acid (OH) -b - 

6 2 anion (O) 100 >40 

a [Rh(acac)(CO)2]/1/substrate = 1:3:100; c0(substrate) = 0.2 M, 20 bar CO/H2 (1:1), DCM, rt, 24h, DIPEA 
used as a base for anionic substrate generation (CDIPEA = 0.6 M). Regioselectivity and conversion (%) were 

determined by 1H and 13C NMR analysis of the reaction mixture. b Additional experiments with 1-octene 

showed that under these strongly acidic conditions the catalyst is inactive. c At rt the conversion is too low to 
determine the selectivity; values between parentheses are for the reaction at 40°C. 

 

To gain a deeper understanding of the origin of the high selectivity in the 

hydroformylation of anionic substrates we studied the Rh(1)-catalytic system with DFT 
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(BP86, SV(P)). Since, in the absence of isomerisation, the regioselectivity of the 

rhodium/phosphine-catalyzed hydroformylation is defined by insertion of the olefin into 

the RhH bond to generate the Rhalkyl complex (alkene hydrometalation),
1c

 this step 

was studied in detail. We first calculated several possible structures of the complex 

[RhH(CO)(1)]-(4-pentenoate), and found that for this complex the ee coordination 

geometry was favoured. The minimum-energy structure shows that the carboxylate 

group of the substrate is strongly bound in the pocket by four hydrogen bonds  

(dN-O = 2.7-2.9Å), and the coordinated alkene moiety is already tilted out of the P-Rh-P 

plane of the trigonal bipyramidal complex (Figure 4a). This perturbation results from 

anchoring of the carboxylate in the pocket, which severely restricts the movement of the 

coordinated double bond. The alkene, however, easily rotates towards the transition 

state leading to the linear alkylRh complex. In fact, the geometry of the complex in the 

calculated early transition state (∆G
‡ 

= 11.2 kJ mol
1

) is almost unperturbed  

(RhH bond elongates by only 0.036Å), with the alkene rotated only a little further out 

of the equatorial plane (Figure 4b). There is no low-barrier reaction pathway towards the 

branched alkylRh intermediate from this catalyst-substrate complex conformer, since 

the double bond cannot rotate in the necessary direction due to the anchoring of the 

carboxylate within the pocket.
18

 This indicates that the branched aldehyde that is formed 

during the reaction follows a pathway in which the anion is not bound in the receptor. 

We also modelled the conformer of the initial complex which has the carbonyl and 

hydride positions inverted (Figure 4d), and which favours the rotation of the alkene 

toward the transition state leading to the branched alkyl intermediate. However, this 

conformation has much higher energy (15.8 kJ mol
1

), even higher than the transition 

state leading to the linear product (∆∆G
 

= 4.6 kJ mol
1

). Thus, the calculations 

corroborate our assertion that the high regioselectivity obtained by the Rh(1)-catalyst 

stems from substrate orientation by the hydrogen bonds between the anionic 

functionality and the DIM pocket of the ligand. The substrate binding in the pocket 

favours one reaction pathway and hinders the competing pathway that would lead to the 

isomeric product by restricting the movements of the reactive functionality during the 

key selectivity-determining step. 

 
Figure 4. Calculated reaction pathway (DFT, BP86, SV(P)) of the regioselectivity determining hydride 

migration step of hydroformylation of 4-pentenoate by Rh(1)-catalyst; catalyst-substrate complex (a), 

transition state toward linear product (b) and linear alkylRh complex (c), alternative catalyst-substrate 

complex favoring formation of the branched product (d). G298 - Gibbs free energy at 298K (relative to complex 

a) in kJ·mol1. 
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2.3 Conclusions 

In summary, we have introduced DIMPhos (1), a new bidentate phosphorus ligand 

with an integral anion recognition site. We have demonstrated that under 

hydroformylation conditions well-defined rhodium complexes are formed that strongly 

bind anionic substrate species. DFT calculations show that 4-pentenoate exactly spans 

the distance between rhodium and receptor site, and this substrate orientation should 

lead to selective reactions. Indeed, high selectivity for the linear aldehyde is observed 

(l/b=40) for this substrate, in contrast to those that do not bind or are too small. The 

substrate scope can be extended to larger -unsaturated carboxylic, up to 8-nonenoic 

acid, and phosphonic acids, providing the first example of wide-ranging remote control 

of catalyst selectivity by secondary substrate-ligand interactions. The use of 

functionalized bidentate ligands such as DIMPhos (1) has the advantage above 

functionalized mondentate ligands that the number of possible complexes that can be 

formed is significantly less, which may be important for the design of selective catalysts 

based on substrate orientation.
9
 Current efforts are focused on optimizing the activity of 

this system, and applying supramolecular ligands equipped with the anion binding 

pocket to other challenging transformations, and the results will be reported in due 

course.  

 

2.4 Experimental section 

General 

All reactions were carried out under an argon atmosphere 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. NMR spectra were measured 

on a Bruker AMX 400 (400.1MHz, 100.6MHz and 162.0 for 1H, 13C and 31P respectively). Infrared spectra 

were recorded on a Thermo Nicolet NEXUS 670 FT-IR. Elemental analyses were carried out on a Carlo Erba 
NCSO-analyzer. 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. ESI-MS measurements were recorded 

on a Shimadzu LCMS-2010A liquid chromatography mass spectrometer by direct injection of the sample to 
the ESI probe. CD2Cl2 and DIPEA were dried over molecular sieves (4Å) and degassed by 3 freeze-pump-

thaw cycles. If not stated otherwise, syngas refers to a 1 : 1 mixture of H2 and CO, and the pressure refers to a 

sum pressure of both. 
 

Materials 

All reagents were purchased from commercial suppliers and used without further purification, with the 

exception of compound 2 (1,1-bis-(-3-methyl-7-nitro-1H-indol-2-yl)-propane) and anion receptor 4, which 
were synthesized according to the published procedures.11 

 

Synthesis of ligands and substrates 

Ligand 1 - Bis-(4-(diphenylphosphino)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane) 

1,1-Bis-(-3-methyl-7-nitro-1H-indol-2-yl)propane (2) (784mg, 2mmol) was suspended in methanol (40 ml) 

and 10% palladium on charcoal was added (0.2g). The reaction mixture was flushed with hydrogen, and then 
vigorously stirred under a hydrogen atmosphere (balloon). The progress of the reaction was monitored by 

TLC, and after completion (~hour), the catalyst was filtered off over Celite®. The solvent was evaporated, and 

the crude diamine 6 was immediately used in the subsequent reaction without further purification. 
To the solution of crude diamine 6 (2mmol), 4-(diphenylphosphino)benzoic acid (1.286g, 4.2mmol), 4-

dimethylaminopyridine (120mg, 1mmol) and 4-pyrrolidinopyridine (120mg, 0.8mmol) in dichloromethane 

(60ml), N,N’-diisopropylcarbodiimide (1.63ml, 16.2mmol) was slowly added while stirring, and the mixture 
was allowed to continue stirring overnight. The precipitate was filtered off, the solvent was evaporated and the 

solid residue was purified by column chromatography on silica gel (100g), with a hexane:chloroform (2:1 → 

1:1) mixture as an eluent. Fractions of the product were combined, and the solvent evaporated off, and pure 
product was obtained by recrystalliazation. The solid was dissolved in a minimum amount of dichloromethane 
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and precipitated by the addition of hexane, followed by the cooling (20ºC), and the powder was isolated by 

the filtration of the cold solution, yielding 1.15g (62%) of 1·H2O. 
1H NMR (400MHz, CD2Cl2): δ = 9.45 (s, 2H, NH-indole), 8.20 (s, 2H, NH-amide), 7.81 (d, J = 7.3Hz, 4H), 

7.63-7.49 (m, 22H), 7.30 (m, 4H), 7.22 (t, J = 7.7Hz, 2H), 7.15 (bd, J = 7.4Hz, 2H), 4.67 (t, 3J = 8Hz, 1H, 

CHCH2CH3), 2.52 (s, 6H, ArCH3), 2.34 (m, 2H, CHCH2CH3), 1.17 (t, J = 7.3Hz, 3H, CHCH2CH3). 
13C{1H} NMR (100MHz, CD2Cl2): δ = 165.6 (s, CO), 143.0 (d, J = 14.8Hz), 136.5 (dd, J = 11.3Hz, J = 

3.0Hz), 135.9 (s), 134.4 (s), 134.0 (dd, J = 20.0Hz, J = 6.1Hz), 133.4 (d, J = 19.0Hz), 132.0 (s), 129.3 (d, J = 

2.9Hz), 128.8 (d, J = 2.8Hz), 127.7 (s), 127.2 (d, J = 6.4Hz), 129.1 (s), 119.0 (s), 116.0 (s), 113.6 (s), 108 (s), 
36.6 (s), 27.6 (s), 12.2 (s), 8.6 (s); 
31P{1H} NMR (162MHz, CD2Cl2): δ = -5.56; 

HR MS (FAB): calcd. for C59H51N4O2P2 [MH]: 909.3487, found: 909.3497; 

Elemental analysis (%) calcd. for C59H50N4O2P2·H2O: C 76.44, H 5.65, N 6.04, P 6.68, found: C 76.51, H 

5.66, N 5.86, P 6.46. 

 

General procedure for preparation of ω-unsaturated phosphonic acids 

To a solution of the diethyl ester of the ω-unsaturated phosphonic acid (5mmol) in dichloromethane (40ml), 

bromotrimethylsilane (6.60ml, 50mmol) was added dropwise by syringe under a continuous flow of argon. 

After stirring with a constant flow of argon for 24 hours, the volatile reactants were removed under vacuum. 
To the residue, methanol (60ml) was added and stirring was continued under a continuous flow of argon for 

another 24 hours. Upon removal of the volatile reactants, the solid was washed with hexane and dried, 

yielding the product without further purification necessary. 
 

Allylphosphonic acid 

Diethyl allylphosphonate (0.88ml, 5mmol) was used as the starting material, yielding 566mg (93%) of 
product. 
1H NMR (400MHz, DMSO-d6): δ = 9.38 (bs, 2H, OH), 5.75 (m, 1H, PCH2CH), 5.11 (m, 2H, PCH2CHCH2), 

2.41(dd, J = 21.6Hz, J = 7.4, 2H, PCH2); 
13C NMR (100MHz, DMSO-d6): δ = 130.0 (d, J = 10.6Hz), 118.3 (d, J = 13.9Hz), 33.7 (d, J = 134.6Hz); 
31P NMR (162MHz, DMSO-d6): δ = 22.23; 

HR MS (FAB): calcd. for C3H8O3P [M+H]+: 123.0211, found 123.0217; 
Elemental analysis (%) calcd. for 4·(C3H7O3P)·H2O: C 28.47, H 5.97, P 24.47, found: C 28.67, H 5.93, P 

24.89. 

 

3-Butenylphosphonic acid 

Diethyl 3-butenylphosphonate (0.96ml, 5mmol) was used as the starting material, yielding 623mg (92%) of 

product. 
1H NMR (400MHz, DMSO-d6): δ = 10.13 (bs, 2H, OH), 5.87 (m, 1H, PCH2CH2CH), 5.03 (dm, J = 17.2Hz, 

1H, PCH2CH2CHCH2), 4.94 (dm, J = 10.2Hz, 1H, PCH2CH2CHCH2), 2.20 (m, 2H, PCH2), 1.59 (m, 2H, 

PCH2CH2); 
13C NMR (100MHz, DMSO-d6): δ = 138.4 (d, J = 17.3Hz), 114.5 (s), 26.9 (d, J = 4.3Hz), 26.8 (d, J = 

136.4Hz); 
31P NMR (162MHz, DMSO-d6): δ = 26.39; 

HR MS (FAB): calcd. for C4H10O3P [M+H]+: 137.0368, found 137.0362; 

Elemental analysis (%) calcd. for 3·(C4H9O3P)·H2O: C 33.81, H 6.86, P 21.80, found: C 33.77, H 6.83, P 
20.82. 

 

General procedure for preparation of methyl ester of ω-unsaturated carboxylic acids 

To a solution of the ω-unsaturated carboxylic acid (2mmol) in toluene (10ml) and methanol (4ml), a solution 
of trimethysilyldiazomethane in diethyl ether (1.3ml, 2M, 2.6mmol) was added dropwise while stirring, and 

stirring was continued for 2 hours. Upon removal of residual solvents and trimethylsilyl species, the product 

was obtained in quantitative yield without further purification necessary. 
 

Methyl 7-octenoate 

7-Octenoic acid was used as the starting material (0.30ml, 2mmol). 
1H NMR (400MHz, CDCl3): δ = 5.81 (m, 1H, CH), 4.96 (m, 2H, CH2CH), 3.66 (s, 3H, OCH3), 2.30 (t, J = 

7.5Hz, COCH2), 2.04 (m, 2H), 1.63 (m, 2H), 1.45-1.27 (m, 4H); 
13C NMR (100MHz, CDCl3): δ = 174.2, 138.8, 114.4, 51.4, 34.0, 33.5, 28.6. 28.5, 24.8; 
HR MS (FAB): calcd. for C9H17O2 [M+H]+: 157.1229, found: 157.1237. 
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Methyl 8-nonenoate 

8-Nonenoic acid was used as the substrate (0.33ml, 2mmol). 
1H NMR (400MHz, CDCl3): δ = 5.80 (ddt, J = 16.9Hz, J = 10.2Hz, J = 6.7Hz, 1H, CH), 4.95 (m, 2H, 

CH2CH), 3.66 (s, 3H, OCH3), 2.30 (t, J = 7.5Hz, COCH2), 2.03 (m, 2H), 1.63 (m, 2H), 1.42-1.28 (m, 6H); 
13C NMR (100MHz, CDCl3): δ = 174.3, 139.0, 114.3, 51.4, 34.1, 33.7, 29.0, 28.69, 28.68, 24.9; 
HR MS (FAB): calcd. for C10H19O2 [M+H]+: 171.1385, found: 171.1370. 

 

Binding studies 

General comments 

Commercially available tetrabutylammonium (TBA) salts were used as the source of anions. All 
manipulations were conducted under inert atmosphere (argon or nitrogen). All NMR spectra, except where 

noted, were collected at 25ºC. 

 

NMR titration experiments under CO/H2 pressure  

A flame-dried Schlenk flask equipped with a teflon stirring bar was charged with ligand 1 and with 

Rh(acac)(CO)2 (1:1 ratio), followed by addition of an appropriate amount of CD2Cl2 to obtain a 0.004 M 

solution of the Rh(1) complex. The solution was stirred for 30 minutes at room temperature. In another flame-
dried Schlenk flask a 0.05 M solution of the appropriate tetrabutylammonium salt was prepared. Under inert 

atmosphere (glove-box), aliquots (0.5ml) of the Rh(1) complex solution were transferred to high pressure 

reaction vessels, followed by addition of aliquots of the tetrabutylammonium salt solution. Next, the vessels 
were transferred to stainless steel mini-autoclaves, which were purged three times with 20 bar of syngas and 

then pressurized at 20 bar syngas overnight. Then the pressure was released and the solution was transferred 

immediately to the high pressure NMR tube, which was then purged three times with 10 bar of syngas and 
subsequently pressurized with 5 bar of syngas.  

 

NMR titration experiments under inert gas 

The inert gas NMR titration experiments were analogous to the experiments conducted under high pressure 
syngas, with the following exceptions: the ligand 1 solution was prepared without the rhodium precursor; both 

solutions, ligand 1 and TBA salt solutions, were transferred directly to the NMR tubes and both pressurization 

steps were omitted.  

 

Experiments with tetrabutyloammonium dihydrogen phosphate (TBA-H2PO4) 

The chemical shift of the ligand protons upon addition of different amounts of the anion were monitored. The 

largest changes were observed for both NH-indole and NH-amide protons in both cases studied (since they 
take part in hydrogen bond formation), and these signals were used to calculate the binding constants. 

Nonlinear curve fitting for 1:1 binding model was carried out with the WinEQNMR2 Version 2.00 program.  
In both experiments, with the Rh(1) complex under syngas pressure as well as with free ligand 1 under 

nitrogen, NH signals’ coalescence was observed between 0 and 1 equivalents of anion, and this phenomenon 

is common in anion binding chemistry.10 

The phosphine signal of ligand 1 on 31P NMR did not shift significantly upon anion addition. 

 

Table 3. 1H NMR titration experiments for the Rh(1)  complex or free ligand 1 and TBA-H2PO4. 

Rh-ligand 1 complex under syngas (5bar) free ligand 1 under nitrogen (1 bar) 
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 NH amide NH indole  NH amide NH indole 

Ka 6445 4216 Ka 8740 3360 

log Ka 3.81 3.62 log Ka 3.94 3.53 
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Experiments with tetrabutyloammonium acetate (TBA-AcO) 

The chemical shift of ligand protons upon addition of different amount of the anion was observed. The highest 

changes were observed for both NH-indole and NH-amide protons in both studied cases (as they take part in 
hydrogen bond formation).  

Due to slow anion/receptor complex formation on the NMR timescale, there were two sets of broad NH 

signals observed between 0 and 1 equivalent of anion (other signals are significantly broaden, e.g. broad 
pseudo-singlet RhH hydride signal), and their ratio depends on the amount of anion added.  

In the case of the Rh-complex under syngas (5bar), the spectrum was resolved, with all the signals sharpening 

(e.g. the RhH hydride signal is a clear doublet of triplets), when slightly more than a stoichiometric amount of 
anion is added (1.05 equ.). At this point the anion binding pocket is saturated, and further addition of anion 

does not change the spectrum. Taking into account the complex concentration in this point (C1·Rh= 0.003690 

M), the association constant can be easily estimated: Ka = [CA]/([C]·[A]), with: [CA] ≡ the concentration of 
the anion/receptor complex, [C] ≡ the concentration of the free receptor, [A] ≡ the concentration of the free 

anion. Based on analysis of the spectrum at 1.05 equivalents of anion: [CA] >> 0.95·C1·Rh, [C] << 0.05· C1·Rh, 

so then [A] ~ 0.05·C1·Rh. After rearrangement: Ka  >> 380·(C1·Rh)
1, so then Ka >> 105. 

 

Control experiments with acids and esters 

Control titration experiments of ligand 1 with AcOH, AcOMe, H3PO4 and PO(OEt)3 showed that non-

deprotonated carboxylic and phosphonic acids as well as their esters are not bound in the binding pocket of 
ligand 1. 

 

Low-temperature NMR studies under CO/H2 pressure 

The sample preparation for the low-temperature high pressure NMR studies was analogous to the procedure 
for the titration experiments under high pressure of syngas with the exception that the concentration of the 

Rh(1) complex was increased to 0.0143M. 

For the 1H NMR spectra at 70ºC and above, only one hydride signal for both ee and ea isomers of 

Rh(1)(CO)2H was observed at an averaged chemical shift. At 80ºC and below, one can see that there are two 

broad signals: a pseudo-singlet of the major ee isomer and a pseudo-doublet of the minor ea form, with an 

expected phosphorous-proton coupling constant (2JPH) of ca. 100Hz. As expected, the PH coupling 
disappeared, when the phosphorous decoupling pulse was used (1H{31P]} NMR study), and  hydride signals 

for both ee and ee isomers overlapped. 

For the 31P{1H} NMR spectra at 50ºC and above, only one phosphorous signal for both ee and ea isomers of 

Rh(1)(CO)2H was observed at an averaged chemical shift. At 60ºC and 70ºC, one can see that there are two 

signals: a doublet of the major ee isomer and a broad pseudo-singlet of the minor ea form. 

 

High-pressure Infrared (HP IR) studies under CO/H2 pressure 

These experiments were performed in a stainless steel (SS 316) 50 mL autoclave equipped with IRTRAN 

windows (ZnS, transparent up to 700 cm1, 10 mm i.d., optical path length 0.4 mm), a mechanical stirrer, a 

temperature controller, and a pressure transducer. The autoclave is equipped with a separately pressurized 
reservoir which allows for the addition of liquid or dissolved reagents to the main chamber, while it is 

pressurized.19 All HP IR experiments were performed at room temperature. 

A flame-dried Schlenk flask equipped with a teflon stirring bar was charged with ligand 1 and DCM was 
added to obtain 0.00321 M (= 15/14·0.003 M) solution. In another flame-dried Schlenk flask, a 0.015 M of 

Rh(CO)2(acac) solution in DCM was prepared. Under inert atmosphere (via syringe) the solution of ligand 1 

(14ml) was transferred to the autoclave, which was subsequently purged with 20bar of CO/H2 and then 

pressurized at 20 bar of syngas. After full equilibration (~15 minutes), a background spectrum was collected, 

the rhodium precursor solution (1ml) was added (from the reservoir) and a series of kinetic measurements was 

started. After 15 h (full catalyst activation was observed after less than 2h) the appropriate TBA salt solution 
(1ml, 0.009M) in DCM was added (from the reservoir) and the IR spectrum was collected. The effect of an 

anion addition was immediate and the spectrum did not change with time. 
For the rhodium deuteride studies, Rh(1)(CO)2D, deuterium-containing syngas (CO/D2) was used (instead of 

CO/H2) in both purging and pressurizing steps. In this case, full catalyst activation time was shorter than 20 

minutes. After 15h, the pressure was released, the autoclave was purged with 20bar of CO/H2 and pressurized 
at 20bar of CO/H2. The deuteride Rh(1)(CO)2D was fully transformed to the hydride Rh(1)(CO)2H 

immediately (< 5min). 

High pressure infrared (IR) studies using H2/CO and D2/CO revealed four bands in the carbonyl region 
belonging to the ee and ea isomeric complexes. Upon H/D exchange, two bands shift significantly to lower 
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wavenumbers (both  =  21cm1), and therefore, they are assigned to the ee complex. The other two bands, 

which are less responsive to H/D exchange, belong to the ea isomer.16 

 

Catalysis studies 

General procedure for the hydroformylation experiments 

A stock solution for the hydroformylation experiments was prepared by charging a flame-dried Schlenk flask 

with Rh(acac)(CO)2, ligand, DIPEA (if appropraite), internal standard (1,3,5-trimethoxybenzene) and solvent 
(DCM). The solution was stirred for 15 minutes and then transferred into 1.5ml reaction vessels equipped with 

mini Teflon stir bars (under inert conditions), followed by substrate addition. The vessels were placed in a 

stainless steel autoclave (250 mL) charged with an insert suitable for 15 reaction vessels for conducting 
parallel reactions. Before starting the catalytic reactions, the charged autoclave was purged three times with 20 

bar of syngas and then pressurized at 20 bar of syngas. The reaction mixtures were stirred at the appropriate 

temperature for the required reaction time, after which the pressure was released and the regioselectivity and 
the conversion determined by NMR. Additionally, the reaction mixtures were analyzed by electrospray 

ionization mass spectrometry (ESI MS). 

For NMR analysis, usually two small portions (75 μl) of each reaction mixture were taken. From one of them, 
the solvent was evaporated (400 mbar, 40ºC). Then, both samples were diluted to 0.7ml with CDCl3 and 1H 

NMR spectra were recorded and compared with a 1H NMR spectrum of the initial reaction mixture (before 

hydroformylation). Analyses of characteristic signals in the aliphatic and aldehyde regions were in agreement 
in all cases. No by-products (hydrogenation, double bond isomerysation) were observed in all runs. 

When 3-butenoic or 4-pentenoic acid were used as substrates, the characteristic aldehyde signal for the 

branched product was not observed (due to intramolecular interactions).9 Thus, a small amount (50 μl) of 
DIPEA was added to the sample, and the 1H NMR spectrum was collected once more, which enabled direct 

integration of both aldehyde signals. Furthermore, straightforward analysis was conducted in more polar 

solvents (DMSO-d6 or MeOD-d4), giving the same results.  
When phosphonic acids were used as substrates, the characteristic aldehyde signal for the branched product 

was also not observed (due to intramolecular interactions), both after addition of DIPEA and in more polar 

solvents (DMSO-d6 or MeOD-d4). The aldehyde signal was only observed after esterification of the 
phosphonic group. For straightforward analysis, larger portions (700 μl) of each reaction mixture were taken 

and the solvent was evaporated (50 mbar, 40ºC). The residue was diluted to 0.7ml with CD2Cl2 and 13C NMR 

spectrum was recorded, which allowed the determination of the ratio between both products. No by-products 

were observed. 

For ESI MS analysis, a small portion (10 μl) of each reaction mixture was taken and diluted with MeOH (1 

ml). Samples prepared in this way were analyzed by ESI-MS (negative ions). No by-products (hydrogenation 
of double bond or aldehyde group) were observed. 

 

Table 4. Hydroformylation of ω-unsaturated carboxylic acids and their esters by Rh(1).a 

entry substrate formb 
regioselectivity 

(l/b ratio) 

conversion 

(%) 

1 methyl 3-butanoate ester 01.6 46 
2 3-butanoic acid acid 01.4 46 

3 3-butanoic acid anion 02.6 23 

4 methyl 4-pentanoate ester 03.6 42 
5 4-pentenoic acid acid 03.7 49 

6 4-pentenoic acid anion 40.0 95 

7 methyl 5-hexanoate ester 05.0 42 
8 5-hexenoic acid acid 06.3 55 

9 5-hexenoic acid anion 220 85 

10 methyl 6-heptenoate ester 06.7 43 
11 6-heptenoic acid acid 09.8 58 

12 6-heptenoic acid anion 260 77 

13 methyl 7-octenoate ester 07.2 42 
14 7-octenoic acid acid 09.3 54 

15 7-octenoic acid anion 190 58 

16 methyl 8-nonenoate ester 08.2 43 
17 8-nonenoic acid acid 100 63 

18 8-nonenoic acid anion 240 56 
a Reactions were performed in DCM, at 40ºC, 24h; substrate/1/Rh(acac)(CO)2 = 100:3:1;  

C(substrate) = 0.2 M. b DIPEA was added to generate anionic forms of the substrates (C(DIPEA) = 0.3 M). 
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Table 5. Control experiments - hydroformylation of ω-unsaturated carboxylic acids by Rh-PPh3.
a 

entry Substrate Regioselectivity (l/b ratio) conversion  (%) 

1 3-butanoic acid 3.1 100 
2 4-pentenoic acid 3.1 100 

3 5-hexenoic acid 3.0 100 

4 6-heptenoic acid 3.1 100 
5 7-octenoic acid 3.1 100 

6 8-nonenoic acid 3.1 100 
a Reactions were performed in DCM, at 40ºC, 24h. substrate/DIPEA/PPh3/Rh(acac)(CO)2 = 100:150:6:1; 

C(substrate) = 0.2 M; DIPEA was added to generate anionic forms of the substrates (C(DIPEA) = 0.3 M). 
  

Table 6. Control experiments.a 

Entry substrate ligand additivesb 
Regioselectivity (l/b 

ratio) 
conversion (%) 

1 4-pentenoic acid 4/3 (1:2) DIPEA 2.9 100 

2 4-pentenoic acid - DIPEA 1.8 13 

3 1-octene 1 - 7.8 51 

4 methyl 4-pentanoate 1 DIPEA 3.6 43 

5 methyl 4-pentanoate 1 AcOH 3.9 34 
6 methyl 4-pentanoate 1 DIPEA/AcOH 3.5 27 

a Reactions were performed in DCM, at 40ºC, 24h; substrate/ligand/Rh(acac)(CO)2 = 100:3:1; C(substrate) = 0.2 

M b Additives were used as noted (C(AcOH) = 0.2 M and C(DIPEA)  =  0.3 M). 

 

DFT calculations 

The mechanism of the regioselectivity-determining hydrometalation step of 4-pentenoate by Rh(1)  was 

studied with DFT. The geometry optimizations were carried out with the Turbomole program20 coupled to the 

PQS Baker optimizer21 at the ri-DFT level22 using the BP8623 functional and the resolution-of-identity (ri) 
method. We used the SV(P) basis set24 for the geometry optimizations of all stationary points. All minima (no 

imaginary frequencies) and transition states (one imaginary frequency) were characterized by numerically 

calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy and enthalpy, 298 K, 1 bar) 

from these analyses were calculated. The thus obtained energies in kJ mol1 are reported in Table 7 (the values 

are relative to structure A). Structures A-D are presented in Figure 4. Structure E represents an alternative 

catalyst-substrate complex – the DIMPhos ligand coordinated in the ea fashion. 
 

Table 7. DFT calculated energies of structures A-E (relative to structure A). 

Structure 
∆E 

[kJ mol1] 

∆EZPE 

[kJ mol1] 

∆Gº298K 

[kJ mol1] 

∆Hº298K 

[kJ mol1] 

∆Sº298K 

[J mol1 K1] 

A 0 0 0 0 0 

B (TS) 8.6 7.5 11.2 5.3 19.7 

C 40.5 29.3 27.8 30.6 9.5 

D 17.2 15.0 15.8 15.0 2.7 

E 6.7 10.8 17.8 8.6 30.7 

 

X-ray crystal structure: [Rh(1·AcO)(CO)Cl]TBA+ 

CCDC 787323 [C60H50ClN4O3P2Rh][C16H36N][C2H3O2] + disordered solvent, Fw = 1376.84[*], yellow block, 

0.36 x 0.21 x 0.21 mm3, orthorhombic, Pnma (no. 62), a = 19.7962(3), b = 24.1139(5), c = 17.2646(3) Å, V = 

8241.5(3) Å3, Z = 4, Dx = 1.110 g/cm3[*],  = 0.33 mm1[*] ([*] - derived values do not contain the contribution 
of the disordered solvent molecules). 86928 Reflections were measured on a Nonius KappaCCD 

diffractometer with rotating anode (graphite monochromator,  = 0.71073 Å) up to a resolution of (sin 

)max = 0.61 Å1 at a temperature of 150(2) K. Intensity integration was performed with HKL2000.25 The 
SORTAV program26  was used for scaling. An absorption correction was not considered necessary. 8024 

Reflections were unique (Rint = 0.072), of which 6097 were observed [I>2(I)]. The structure was solved 

with Direct Methods using the program SHELXS-97.27 The structure was refined with SHELXL-97 against F2 
of all reflections. Non hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 

atoms were introduced in calculated positions and refined with a riding model. The crystal structure contains 

solvent accessible voids (1602 Å3 / unit cell) filled with disordered solvent molecules. Their contribution to 
the structure factors was secured by back-Fourier transformation using the SQUEEZE routine of PLATON28 

resulting in 488 electrons / unit cell). 447 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 
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0.0446 / 0.1129. R1/wR2 [all refl.]: 0.0630 / 0.1212. S = 1.051. Residual electron density between 0.41 and 

0.63 e/Å3. Geometry calculations and checking for higher symmetry was performed with the PLATON 
program. 
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3.1 Introduction 

Transition metal catalysis is a powerful enabling technology for the sustainable 

preparation of chemical compounds.
1
 However, the value of the individual catalytic 

transformations depends largely on the access to catalysts displaying the required 

selectivity, activity and stability.
2
 Various tools to control these decisive features by 

modification of ligands coordinated to the catalytically active metal centers have been 

introduced.
3
 The traditional approach to catalyst development involves knowledge-

supported trial-and-error protocol, for which combinatorial and high-throughput 

screening methods of putative catalysts have demonstrated their added value.
4
 If the 

required selectivity is not obtained using these strategies, “directing groups” (DGs) can 

be used. Such groups should be introduced to the substrate molecules, and during the 

reaction they steer the selectivity by coordination to the metal center, directing the 

reaction toward the desired product.
5
 Although effective, this method is limited to 

substrates with DGs spatially close to the reactive functionality, imposing limitations. 

Moreover, the reaction occurring at the metal center should be compatible with the DGs, 

further limiting its potential. For these reasons it is highly interesting to develop 

alternative methodologies with directing groups that operate via interactions between 

the functional groups of the substrate and the ligand of the catalyst. This can be 

achieved by using bifunctional ligands that can coordinate to the metal center and bind 

non-covalently to a substrate molecule.
6
 This supramolecular substrate binding can in 

principle pre-organize the reactive functionality at the catalytic center (Figure 1) such 

that one of the competitive reaction pathways is favored over the competing ones, 

controlling the overall selectivity. This principle was demonstrated in selective 

oxidation reactions catalyzed by metalloporphyrins by Breslow and coworkers,
7
 using 

hydrophobic or coordination interactions as the driving force. Hydrogen bonding is 

highly directional and can lead to relatively strong interactions, hence it provides a 

powerful tool for the rational design of selective catalysts that operate via substrate 

orientation.
8
 As such, it was elegantly used for controlling the regioselectivity in the Ru-

catalyzed hydration of alkynes,
9
 the Mn-catalyzed C-H oxidation at sp

3
-carbon atoms,

10
 

and the Rh-catalyzed hydroformylation of ,-unsaturated carboxylic acids.
11

 A two-

point hydrogen bonding interaction allowed also to control regio- and enantioselectivity 

in the Ru-catalyzed epoxidation of olefinic double bonds,
12

 and a simple single 

hydrogen bond was shown to improve the selectivity in the Co-catalyzed 

cyclopropanation
13

 and the enantioselectivity in the Rh-catalyzed hydrogenation of 

olefins.
14

 

 
Figure 1. General concept of substrate preorganization by a catalyst with a bifunctional ligand - equipped with 

a donating function for a catalytic center coordination and a specific recognition site for binding to a 
functional group of a substrate. 
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The examples reported so far,
9-14

 addressed successfully quite small or rigid 

substrate molecules of rather limited scope. We anticipated that the ‘remote control’ for 

more flexible and bigger substrates requires catalytic systems based on well-defined, 

rigid complex structures, in which the positions of the controlling unit and the catalytic 

centers are precisely defined. In this respect, the use of functionalized bidentate ligands 

has an advantage over functionalized mondentate ligands11
 
as the number of possible 

complexes that can be formed is significantly lower. We considered that neutral anion 

receptors
15

 that operate with hydrogen bonding are excellent candidates for the 

substrate-directing motifs for supramolecular catalysts, as they can interact with one of 

the most common functional groups in organic compounds, i.e. carboxylic moiety. 

Therefore we chose the 7,7’-diamido-2,2’-diindolylmethane (the DIM pocket)
16

 - a 

tailor-made receptor for carboxylate and phosphate anions, as a scaffold to prepare new 

bidentate DIMPhos ligands L1-L3 (Figure 2). In this chapter we report in depth studies 

that demonstrate that these new ligands can control the regioselectivity in 

hydroformylation of alkenes by substrate orientation in the binding site. Especially, 

control over selectivity in the hydroformylation of internal alkenes is challenging
17

 and 

there are only a few literature precedence of precise selectivity control.
11,18,19

 DFT 

calculations of the decisive intermediates reveal the mode of operation of this new 

catalyst. The anion binding in the DIM pocket restricts the rotational freedom of the 

reactive double bound required during the hydride migration step. As a result, the 

pathway to the undesired product is strongly hindered, whereas that for the desired 

product is lowered in energy. The kinetic studies and the in situ spectroscopic 

measurements support this mechanism, and reveal that the system follows Michaelis–

Menten kinetics. Full details of these studies are presented in the following sections of 

this chapter.
20

 

 

3.2 Results and discussion 

3.2.1 Coordination and Anion Binding Properties 

We first investigated the anion binding and coordination properties of the DIMPhos 

ligands. Strong anion binding of L1 was apparent as the presence of acetate anions 

triggered a significant downfield shift of the NH signals (Δσ=2.4-3.9 ppm) on 
1
H NMR 

spectra in CD2Cl2. Further, the titration studies revealed the high association constant, 

Ka >> 10
5
 M

-1
, for the formation of a 1 : 1 ligand – acetate anion complex. Upon the 

addition of the rhodium precursor, [Rh(acac)(C2H4)2] (acac=acetylacetonate), the 

rhodium – ligand complex, the precursor of the active hydroformylation catalyst
17a

 with 

the acetate remained bound in the DIM pocket, [Rh(L1·AcO)(acac)], was formed. Also 

the addition of [RhCl(CO)2]2 as metal precursor led to the formation of the complex 

with both phosphorus atoms coordinated to the rhodium center in a trans mutual 

orientation, with the acetate anion bound in the DIM pocket. The structure of this 

complex was also elucidated by the X-ray crystallography of 

TBA[Rh(L1·AcO)(CO)(Cl)] crystals (Figure 2 (right), TBA
+
= tetrabutylammonium 

cation).
20a

 As anticipated, the acetate is bound in the binding site with 4 strong hydrogen 

bonds (the N–O distances are 2.737(3) and 3.006(3) Å, for the amide and indole N 

atoms, respectively), and importantly, its aliphatic group points toward the metal center. 
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Figure 2. Structure of DIMPhos ligands L1-L3 and DIM anion receptor R1 (left) and X-ray structure of the 

supramolecular complex [Rh(L1·AcO)(CO)Cl] (right); TBA+ counterion, disordered solvent molecules and 
most hydrogen atoms are omitted for clarity. 

 

High-pressure (HP) NMR studies reveal that a 1 : 1 mixture of ligand L1 and 

[Rh(acac)(CO)2] under hydroformylation conditions, 5 bar CO/H2 (1:1), results in 

exclusive formation of a trigonal bipyramidal hydrido complex [Rh(L1)(CO)2H] – the 

catalytically active complex for hydroformylation.
17

 A typical doublet of triplets for the 

hydride signal at  = 9.5 ppm in the 
1
H NMR spectrum indicates that the hydride has a 

coupling with both rhodium and the two phosphorous donor atoms. This signal 

simplifies in a phosphorous-decoupled 
1
H-{

31
P} NMR experiment and the observed 

doublet is consistent with the hydride coupled to rhodium. The 
31

P-{
1
H} NMR spectrum 

displays only one doublet at  = 36.7 ppm, indicative of the phosphine coupling with 

rhodium and showing the equivalency of both phosphorous atoms. Upon lowering the 

temperature from 25°C to -95°C the signals in both 
1
H and 

31
P NMR spectra broaden 

and split into two sets.
21

 These experiments establish that the bidentate ligand L1 

coordinates in both equatorial–equatorial (eq-eq) and equatorial–axial (eq-ax) fashions 

and that at room temperature these isomeric complexes are in fast equilibrium on the 

NMR timescale. The low value of the phosphorous-hydride coupling (4.0 Hz) indicates 

that the eq-eq isomer dominates the equilibrium.
22

 In line with this, high-pressure 

infrared (IR) studies using either H2/CO or D2/CO (both 1:1, 20bar) show absorption 

bands in the carbonyl region corresponding to both eq-eq and eq-ax isomeric 

complexes.
23

 Furthermore, DFT calculations (BP86, SV(P)) indicate that the complex 

can adopt both conformations, and that the eq-eq isomer is more favored by 11.4 

kJ/mol.
24

 

Importantly, HP NMR studies show that the coordination geometry around the 

rhodium center does not change in the presence of anions (acetate or H2PO4
-
) that are 

bound in the binding site of the ligand. The signals of the NH groups of the ligand are 
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shifted towards lower fields in the 
1
H NMR spectra (=2.5–3.1 ppm), confirming the 

formation of strong hydrogen bonds between the anions and the binding site of the 

ligand.
15

 The carbonyl absorption bands of the rhodium complex show only a small shift 

in the HP IR spectra to lower wavenumbers ( up to 5 cm
-1

) upon anion binding, 

indicating a slightly increased electron density at the metal complex. The binding 

constants for carboxylate and phosphate anions to the DIM binding site of 

[Rh(L1)(CO)2H] were determined from titration experiments performed at 5 bar CO/H2 

(1:1) in CD2Cl2 by using HP NMR spectroscopy. These studies reveal that only one 

anion is bound in the DIM pocket of [Rh(L1)(CO)2H], and that the association constants 

for CH3COO
-
 and H2PO4

-
 are higher than 10

5 
M

-1
 and around 10

3.7
 M

-1
, respectively. In 

contrast to these anionic species, the acidic (CH3COOH and H3PO4) and the (alkyl) 

esters analogues are not bound in the DIM pocket of the ligand,
24

 and therefore they are 

well suited for control experiments.  

 

3.2.2 Regioselective Hydroformylation of TerminallyUnsaturated Aliphatic Acids 

We next studied the performance of ligand L1 in the rhodium-catalyzed 

hydroformylation of a series of deprotonated -unsaturated carboxylic acids 1a-8a, 

varying the aliphatic chain length between the carboxylic moiety and the double bond, 

that is, from 3-butenoic to 10-undecenoic acid (Table 1). Molecular modeling reveals 

that the shortest substrate 1a (3-butenoate anion) cannot simultaneously bind to the 

anion binding site and coordinate to the Rh center with its double bond. The homologue 

substrate 2a that is one carbon longer (4-pentenoate anion) can precisely span the 

distance between the metal and the binding site of the catalyst, whereas the other 

substrates 3a-8a fit easily. To verify the influence of the anion binding on the reaction 

selectivity, we performed control experiments with the neutral acids 1b-8b and their 

methyl esters 1c-8c (Table 1 and Table 5), substrates that do not bind in the DIM pocket 

of the catalyst (vide supra). As anticipated, the shortest substrate 1a is hydroformylated 

with poor selectivity, and hardly any difference in reactivity is observed between this 

anionic substrate and its acid (1b) and ester (1c) analogues. The linear/branched 

selectivity (l/b product ratio) is in the expected range for these substrates, between 1.6 

and 2.6. In sharp contrast, substrate 2a (4-pentenoate anion) that precisely spans the 

distance between the metal and the DIM pocket, is hydroformylated with unprecedented 

selectivity for the linear aldehyde (l/b ratio of 40). If the reaction is carried out at room 

temperature (instead of 40°C) the l/b ratio reaches 66. In contrast, the neutral acid (2b) 

and the methyl ester (2c) analogues of 2a, substrates of the same size that do not bind to 

the DIM binding site of the ligand, form the aldehyde with the typical low selectivity 

(l/b ratios of ca. 3), verifying the importance of the anion binding. These results 

demonstrate that for anionic 2a the reaction barrier for the formation of the linear 

aldehyde is effectively lowered, with respect to that for the branched product, by the 

substrate binding event. Interestingly, along with the higher selectivity, the conversion is 

also much higher when the substrate binds in the DIM pocket of the ligand. The 

observed rate acceleration can result from the overall lowered reaction barrier due to the 

substrate pre-organization, as well as, from the higher concentration of the olefin near 

the metal center due to substrate pre-binding to the DIM pocket of the ligand – that is 

the so called effective concentration
25

 of the olefin is substantially higher than the actual 

concentration of the olefin in solution.  Obviously, both effects can contribute 

simultaneously to the overall increase in rate. 
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Scheme 1 

 
Table 1. Hydroformylation of anionic substrates 1a-8a and control experiments.a 

# ligand substrate n conversion (%) regioselectivity (l/b ratio) 

1 L1 1a 1 23 2.6 

2 L1 2a 2 95 (80)b 40 (66)b 

3 L1 3a 3 85 22 
4 L1 4a 4 77 27 

5 L1 5a 5 58 19 

6 L1 6a 6 56 24 
7 L1 7a 7 45 20 

8 L1 8a 8 42 15 

9 L1 1b 1 46 1.4 
10 L1 1c 1 46 1.6 

11 L1 2b 2 49 3.7 

12 L1 2c 2 42 3.6 

13c L1 2c 2 43 3.6 

14d L1 2c 2 34 3.9 

15e L1 2c 2 27 3.5 
16 R1/L4 2a 2 100 2.9 

17 L4 2a 2 100 3.1 

18 - 2a 2 13 1.8 
a Reagents and conditions: [Rh(acac)(CO)2]/L1(R1 and/or L4)/substrate = 1 : 3(3 and/or 6) : 100; c(Rh) = 2 
mmol, 20 bar CO/H2 (1 : 1), CH2Cl2, 40°C, 24h, N,N-diisopropylethylamine (DIPEA, 1.5 equiv.) was used as 

a base for anionic substrate generation; triethylamine (TEA) can be used alternatively. Regioselectivity and 

conversion (%) were determined by 1H NMR analysis of the reaction mixture. Isomerization and 
hydrogenation side reactions were not observed. b Values between parentheses are for the reaction at room 

temperature for 72h. c Reaction in the presence of DIPEA (0.3 M). d Reaction in the presence of acetic acid 
(0.2 M). e Reaction in the presence of a mixture of acetic acid and DIPEA (0.2 and 0.3 M, respectively). For 

full experimental details see the experimental section.  

 

Control experiments confirmed that the presence of acetate ions has negligible effect 

on the regioselectivity and activity of the Rh(L1) catalyst for non-anionic substrates, 

e.g. methyl 4-pentenoate (2c) (Table 1, entries 12-15). To further verify that the anion 

binding site and the catalytic center must be present as an integrated system, we 

performed a control experiment using a mixture of the anion receptor R1 (Figure 2) and 

triphenylphosphine (L4). In this case substrate 2a (4-pentenoate anion) is 

hydroformylated with low selectivity, nearly the same as displayed by the catalyst based 

on only triphenylphospine (Table 1, entries 16 and 17). In the absence of any 

phosphorus ligand, substrate 2a is also hydroformylated with poor selectivity (l/b=1.8) 

and low conversion (Table 1, entry 18). 
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Scheme 2 

 

Scheme 3 

 
Table 2. Hydroformylation of substrates 9-13.a 

# substrate n conversion (%) regioselectivity (l/b ratio) 

1 9 - 79 > 100 
2 10 - 84 28 

3 11 - 22 13 

4 12a 1 10(69)b - (1.6)b 
5 12b 1 0c - 

6 12c 1 3 0.6 

7 13a 2 100 > 40 
8 13b 2 0c - 

9 13c 2 12 4.0 
a Reagents and conditions: [Rh(acac)(CO)2]/L1/substrate = 1 : 3 : 100; c(Rh) = 2 mmol, 20 bar CO/H2 (1 : 1), 

CH2Cl2, 40°C for entries 1-3 and room temperature (RT) for entries 4-9, 24h, N,N-diisopropylethylamine 
(DIPEA, 1.5 equiv. for entries 1-3; 3 equiv. for entries 4-9) was used as a base for anionic substrate 

generation. Regioselectivity and conversion (%) were determined by 1H and/or 13C NMR analysis of the 

reaction mixture. Isomerization and hydrogenation side reactions were not observed. b At RT the conversion is 
too low to determine the selectivity; values between parentheses are for the reaction at 40°C. c Additional 

experiments with 1-octene showed that under these strongly acidic conditions the catalyst is inactive. For full 
experimental details see the experimental section.  

 

Substrates 3a-8a (5-hexenoate through 10-undecenoate anions) that are longer 

homologues of optimal substrate 2a also experience an effect of binding in the DIM 

pocket of the ligand (Table 1). These substrates are hydroformylated with higher 

selectivity for linear products than their acid 3b-8b or ester analogues 3c-8c. In these 

reactions, the l/b ratios are larger than 15 and therefore all considerably higher than that 

for the substrates that do not bind to the DIM pocket of the ligand (Table 5). Notably, 

both the regioselectivity and the rate enhancement (based on conversion) gradually drop 

with the increasing distance between the anion and the alkene of the substrate (i.e., from 

2a to 8a). This trend can be explained by the aforementioned effective concentration 

once the alkene is bound in the DIM pocket of the catalyst, which depends on the 
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inverse cube of the linker length.
25

 Consequently, with larger substrates the effective 

concentration of alkene is lower, hence the reaction is slower, and the alternative 

pathway via the non-bound species (that is the non-selective “background reaction”) 

contributes effectively, lowering to some extent the overall selectivity of the reaction. 

Also, the longer substrates lead to complexes with less perturbed alkene coordination, 

which could affect their reactivity (vide infra). Interestingly, for the longest substrate 8a 

the conversion is alike for ester 8c, however, the selectivity is still enhanced. Notably, 

among the series of substrates 1a-8a, the highest regioselectivity and the highest rate 

enhancement was achieved for substrate 2a, 4-pentenoate anion that fits precisely in the 

catalytic cavity, that is between the DIM pocket and the rhodium center. 

To further investigate the substrate scope, we also evaluated a small series of 

(deprotonated) substituted 4-pentenoate acids 9-11 (Table 2). These experiments show 

that the Rh(L1) catalyst stays highly selective as long as the substituents introduced do 

not hamper the bifuntional substrate binding (Table 2, entries 1-2 vs. entry 3). 

In view of the high affinity of the DIM binding site for phosphate anions (vide 

supra), we next extended the scope of substrates to alkenes functionalized with the 

phosphate group (Table 2). One might expect that substrate 13a, 3-butenylphosphonate 

anion that is a phosphate analogue of 2a, would react with similar high selectivity. 

Indeed, substrate 13a is hydroformylated by the Rh(L1) catalyst to form the linear 

aldehyde with excellent regioselectivity (l/b>40). Again, the high selectivity and higher 

conversion are observed only when the anionic substrate is used (Table 2, entries 7–9). 

As expected, the homologue 12a, allyl-phosponate anion that is too short to span the 

distance between catalyst and binding site is converted with low regioselectivity (Table 

2, entries 4 and 6). 
 

3.2.3 Kinetic Studies and Mode of Action 

To gain a deeper insight into the reaction mechanism we studied the 

hydroformylation of substrate 2a by Rh(L1) in more details. In situ HP IR spectroscopy 

identifies the hydrido complex [Rh(L1)(CO)2H] as the resting state of the catalyst 

throughout the whole catalytic experiment.
24

 Monitoring reaction progress by the gas-

uptake for experiments with different partial pressures of CO and H2 reveals the (nearly) 

zero order dependence of the reaction rate (Turnover Frequency, TOF, consumed 

substrate/catalyst/time in mol·mol
-1

h
-1

) on the hydrogen pressure and the negative 

dependence of the TOF on the pressure of CO (Table 3). Furthermore, experiments with 

different substrate concentrations reveal the positive dependency of the TOF on the 

alkene concentration (Table 3). Thus, both in situ HP IR spectroscopy and gas-uptake 

experiments are in agreement with a rate-determining step early in the catalytic cycle 

(Scheme 4), being either alkene coordination or hydride migration.
3
 

 

Table 3. Hydroformylation of substrate 2a by Rh(L1).a  

# c(2a) (M) P(H2) (bar) P(CO) (bar) TOF 

1 1.0 10 10 24 

2 1.0 10 20 11 
3 1.0 20 10 25 

4 1.0 20 20 13 

5 0.5 10 10 19 
6 0.2 10 10 15 

7 0.1 10 10 13 
a Reagents and conditions: [Rh(acac)(CO)2]/L1 = 1 : 1.5; c(Rh) = 2 mmol, CH2Cl2, 40°C, triethylamine (TEA, 

1.5 equiv.) was used as a base for anionic substrate generation. Turnover Frequency, TOF (mol·mol-1h-1) 

determined from gas-uptake profiles at 10% conversion. 
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Scheme 4. General catalytic cycle of the rhodium catalyzed hydroformylation 

 

Reaction progress kinetic analysis
26

 for experiments under the standard conditions 

(CO/H2 1:1, 20bar (constant pressure), 40°C) provides further insight in the reaction 

mechanism. The initial studies were performed for ester 2c (methyl 4-pentenoate), that 

is the substrate, which does not bind in the DIM pocket of the Rh(L1) catalyst. These 

experiments reveal, common for hydroformylation,
3b

 the first-order dependence of the 

reaction rate on the substrate concentration (the first-order constant, k1=0.0458 h
-1

; 

equation 1). Furthermore, no catalyst inhibition by the product was observed, as 

indicated by the overlying curves, in Figure 3a.
26

 

          (eq. 1) 

Additionally, this analysis shows that the catalyst activation period is negligible and 

that there is no catalyst deactivation occurring during the reaction triggered by the 

substrate or the product. Both of these findings stay in agreement with the in situ HP IR 

and HP NMR studies, which showed the fast catalyst activation (< 15 min at 40°C) and 

no catalyst decomposition within at least 48h. 

In contrast, the reaction progress kinetic analysis for the hydroformylation of anionic 

alkene 2a (4-pentenoate), which is the substrate that does bind in the binding site of the 

Rh(L1) catalyst, demonstrates a different kinetic behavior (under otherwise identical 

conditions, Figure 3b). Experiments at different initial substrate concentrations (0.1 – 

1.0 M of 2a) reveal a linear dependence of rate on substrate concentration for an 

individual experiment yet the reaction kinetics is also strongly dependent on the initial 

substrate concentration (non-overlying blue, red, orange and green curves, Figure 3b). 

This observation could indicate either slow catalyst deactivation in the course of the 

reaction or catalyst inhibition by the product formed.
26

 To discriminate between these 

scenarios, we performed an additional experiment using a mixture of 0.5 M of the 

substrate and 0.5 M of the product, simulating the reaction with the initial substrate 

concentration of 1M at 50% conversion. As is clear from Figure 3b, the reaction rate 

versus substrate concentration plots from these experiments overlay perfectly (green and 

black curves, Figure 3b), in contrast to that for the experiment with the initial substrate 

concentration of 0.5 M (orange curve, Figure 3b). These experiments indicate that the 

catalyst is stable and that the reaction is inhibited to some extent by the product that is 

formed. Such behavior is in line with a mechanism in which the substrate is pre-

organized in the binding site of the catalyst prior the conversion. Such system should 
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follow Michaelis-Menten kinetics with a competitive product inhibition (equation 2; V 

= reaction rate (in M·h-1
), Vmax = maximum reaction rate (in  

M·h-1
), Kmm = Michaelis constant (in M), Ki = product inhibition constant (in M), [S] = 

substrate concentration (in M), and [P] = product concentration (in M)).
27

 

   
        

        
   

  
    

   (eq. 2) 

 

 

 

 

 

 
Figure 3. Graphical representation of the kinetic profiles: reaction rate vs. substrate concentration plots from 
reaction at different initial substrate concentration for hydroformylation of ester 2c (a) and anionic 2a (b) 

using Rh(L1) as the catalyst, determined by gas uptake methods. Reagents and conditions:  20 bar CO/H2 (1 : 

1), CH2Cl2, 40°C, [Rh(acac)(CO)2]/L1 = 1 : 1.5; c(Rh) = 2 mmol, triethylamine (TEA, 1.5 equiv.) was used as 

a base for anionic substrate generation, pentanoic acid was used to mimic the product (the aldehyde group is 

proven not to affect the kinetics). (* = repeated experiment with a longer reaction time); for full experimental 
details see the experimental section. 



Precise Supramolecular Control of Selectivity 

 59 

Indeed, the reaction progress data gave a good fit to equation 2, revealing the 

following kinetic parameters: Vmax=0.063 M·h-1
, Kmm=0.168±5 M and Ki=0.158±4 M. 

Nearly equal values of the Michaelis constant and the product inhibition constant show 

that both the substrate and the product interact with the catalyst with a similar fashion. 

This indicates that they compete for the binding in the DIM pocket (rather than for the 

metal center). Thus the product inhibits the reaction via partial expelling the substrate 

from the DIM pocket, hence lowering its ‘effective concentration’. In view of nearly 

equal values of Kmm and Ki, and the stoichiometry of the reaction (one molecule of the 

product formed for one molecule of the substrate reacted, hence the sum of [S] and [P] 

being equal to the initial substrate concentration (c0)), equation 2 can be simplified: 
       

and 
           

Thus in this case equation 2 simplifies to: 

   
        

      
   (eq. 3) 

Equation 3 shows and rationalizes the pseudo-first order dependence of the reaction 

rate on the substrate concentration observed experimentally for individual experiments 

(Figure 3b) and shows the influence of the initial substrate concentration on the reaction 

kinetics. 

The evaluation of the influence of the concentration of substrate 2a on its 

hydroformylation reveals that the selectivity gradually drops with higher initial 

concentrations, however, it does not change during the single experiment (the l/b ratio = 

52, 44, 22 and 15, at 0.1, 0.2, 0.5 and 1.0 M solution of 2a, respectively, and the l/b = 15 

at 0.5 M solution of 2a in the presence of 0.5 M of the product). This shows that at 

higher concentrations a greater part of the reaction occurs along a non-selective pathway 

with more substrate molecules involved. Higher concentrations favor a scenario, in 

which the anionic functionality of the reactive substrate is not bound in the DIM binding 

site, because the latter is already occupied by another molecule (substrate or product 

formed). Thus, this transformation does not experience any substrate preorganization 

and leads to a mixture of both products (in analogy to reaction with non-anionic 

substrates). This stays in agreement with DFT calculations, which suggest that the 

branched aldehyde cannot be formed when the anionic moiety is bound in the DIM 

binding site of the catalyst (vide infra). 

To investigate the relative substrate selectivity, we next performed competition 

experiments with mixtures of substrates. Competitive hydroformylation of substrate 2a 

that precisely fits to the Rh(L1) system, and of its methyl ester analogue (2c) shows that 

at first mostly anionic substrate is consumed, while during that reaction period ester 2c 

reacts slowly (Figure 4a). During the course of the reaction, when a greater part of 2a is 

consumed (and the anionic product formed competes for the binding to the DIM binding 

site with remaining substrate 2a (vide supra)), ester substrate 2c is converted more 

quickly (Figure 4a). Kinetic analysis shows that anion 2a reacts with the overall first 

order kinetics, despite the competition with ester 2c, as in the single substrate 

experiments (vide supra). Interestingly, ester 2c reacts at first with the seeming negative 

order kinetics that during the course of the reaction (conversion of 2a > 60%) switches 

to the expected first order kinetics. This indicates that initially the pre-association of 2a 

with the DIM pocket of the Rh(L1) increases its ‘effective concentration’ around the 
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catalytic metal center, allowing to outcompete substrate 2c, but in the final phase of the 

reaction this effect is attenuated due to the product inhibition (vide supra).  

 

 

 

 

 

Figure 4. Substrate competition experiments: hydroformylation of a (1 : 1) mixture of substrates 2a and 2c (a) 

and 1a and 1c (b) by Rh(L1). Reagents and conditions:    20 bar CO/H2 (1 : 1), CH2Cl2, 40°C, 

[Rh(acac)(CO)2]/L1/substrate I/substrate II = 1 : 3 : 100 : 100; c(Rh) = 2 mmol, N,N-diisopropylethylamine 

(DIPEA, 1.5 equiv.) was used as a base for anionic substrate generation; for full experimental details see the 
experimental section. 
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In contrast, the competition experiment with the shortest substrate 1a, which is too 

short for bifunctional binding to Rh(L1), and with its methyl ester 1c, shows that both 

substrates react rather independently of each other (Figure 4b), and both follow the first 

order kinetics. Interestingly, in this case ester 1c reacts a bit faster than anionic 1a. 

Presumably, the latter being bound in the anion binding site needs to dissociate prior to 

reacting on the metal center, resulting in its lower reactivity. Furthermore, the 

competition experiment between anionic substrates 1a and 2a shows similar reactivity 

trends (Figure 5), with the first order kinetics, demonstrating that both compete for the 

binding site equally. However, substrate 2a reacts faster, since it can react more easily 

on the metal center when its anionic group is bound in the DIM pocket, while substrate 

1a needs to dissociate from the DIM binding site prior to reacting on the metal center, 

lowering its reactivity. Additionally, the competition experiment between the longest 

anionic substrate 8a and ester 1c shows that both substrates seem to react independently 

of one another, both following first order kinetics.
24

 This reveals that, at the 

concentrations used, the effective concentration of the long substrate 8a is comparable 

to the actual concentration in solution.
28

 Therefore, the substrate pre-binding does not 

lead to the effective competition with the non-binding substrate 1c, and hence does not 

inhibit the intermolecular hydroformylation. This confirms that the effective 

concentration that depends inversely on the linker length
25

 is of crucial importance in 

determining the (relative) reaction rate, which is found both in the competition 

experiment, as well as in the rate enhancement for shorter substrate 2a compared to 8a. 

 

 

 

 
Figure 5. Competitive hydroformylation of a (1 : 1) mixture of substrates 1a and 2a by Rh(L1). Reagents and 

conditions:    20 bar CO/H2 (1 : 1), CH2Cl2, 40°C, [Rh(acac)(CO)2]/L1/1a/2a = 1 : 3 : 100 : 100; c(Rh) = 2 

mmol, triethylamine (TEA, 1.5 equiv.) was used as a base for anionic substrate generation; for full 
experimental details see the experimental section. 
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Taken all these results together these experiments reveal the order of the events 

taking place on the catalyst. First, the substrate molecule is bound via the anionic group 

to the binding site of the catalyst (rather than the double bond coordinates first). Then, if 

the CO dissociates from the rhodium center, the double bond can coordinate to it and 

follow the catalytic cycle (Scheme 4), that is finished by the product release. Otherwise, 

the substrate can leave the DIM pocket of the catalyst, with which it is in fast 

equilibrium. 

 

3.2.4 DFT Calculations and Origin of Selectivity 

To gain deeper understanding of the origin of the selectivity, we studied the Rh(L1) 

catalytic system with DFT (BP86, SV(P)). Both in situ IR and kinetic studies (vide 

supra) show that the rate-determining step is early in the catalytic cycle, which in 

combination with the absence of double bond isomerization indicates that the 

regioselectivity for this catalytic system is defined during insertion of the olefin into the 

RhH bond. We additionally confirmed this by performing experiments using D2/CO. 

Under these conditions deuterium scrambling was not observed (see Figure 11), which 

indicates that the hydride migration step is indeed irreversible.
24,29

 Consequently, this 

selectivity determining hydride migration step was further studied in detail.  

 

 

 

 
Figure 6. Calculated reaction pathway (DFT, BP86, SV(P)) of the regioselectivity-determining hydride 
migration step in the hydroformylation of substrate 2a by the Rh(L1) catalyst. Notation: catalyst–substrate 

complex I, transition state toward linear product II and linear alkyl Rh complex III, alternative structures of 

the catalyst–substrate complex IV and V. G298: Gibbs free energy at 298 K (relative to the catalyst-substrate 

complex I) in kJ·mol-1; for full computational details, see the experimental section. 
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We first calculated several possible structures of the substrate-catalyst complex 

[RhH(CO)(L1)]–(2a) with different geometries around the metal center.
30

 We found 

that the eq-eq coordination geometry is preferred over the eq-ax isomeric complex by 

17.7 kJ/mol (I and V in Figure 6). The optimal eq-eq complex structure shows that the 

carboxylate group of the substrate is strongly bound in the DIM pocket of the ligand 

with 4 hydrogen bonds (dN–O=2.7–2.9Å), and the coordinated alkene moiety is tilted out 

of the P-Rh-P plane of the trigonal bipyramidal rhodium complex (I in Figure 6). This 

perturbation results from the carboxylate moiety being anchored in the binding site of 

the ligand. Importantly, the anionic group binding severely restricts the movement of the 

coordinated double bond. However, the double bond can easily rotate towards the 

transition state, leading to the linear alkyl Rh complex, and hence to the linear aldehyde 

product. In fact, the geometry of the complex in the calculated early transition state 

(G
°‡

=11.2 kJ·mol
-1

) is almost unperturbed (the Rh–H bond elongates by only 0.036 Å), 

with the alkene rotated only a little further out of the equatorial plane (II in Figure 6). 

Restrictions on the movement of the double bond imposed by the bifunctional substrate 

binding block its rotation in the direction necessary for the reaction pathway towards the 

branched alkyl Rh,
31

 hence the branched aldehyde product cannot be formed from this 

complex conformer. The alternative conformer of the substrate-catalyst complex in 

which the carbonyl and hydride positions are inverted (IV in Figure 6), hence for which 

the favored rotation of the alkene would direct the reaction toward the branched product, 

was also evaluated. This conformation has a much higher energy (15.8 kJ·mol
-1

)
32

 that is 

even higher than the transition state leading to the linear product from the former 

substrate-catalyst conformer (G
°
= 4.6 kJ·mol

-1
). These calculations suggest that the 

branched aldehyde product that is formed during the reaction follows a pathway in 

which the anion moiety of the substrate is not bound in the DIM pocket of the ligand 

(e.g. the anion binding site is occupied by another substrate molecule or by the product 

formed, vide supra). 

Calculations for reactions with longer substrates 3a and 4a reveal similar trends for 

the hydride migration step (Figure 7). The main difference is that the longer aliphatic 

linkers between the double bond and the carboxylic moiety allow to more easily span 

the distance between the metal center and the anion binding site, resulting in the less 

perturbed coordination of the alkene moiety in the equatorial plane of the Rh(L1) 

complex. Thus, the double bond needs to rotate a bit further to reach the transition state 

leading to the linear product. However, this is still the privileged direction of the alkene 

rotation, due to restrictions imposed by the substrate anchoring in the DIM pocket. 

Moreover, the lower perturbation of the alkene coordination for longer substrates results 

in the greater difference between the substrate-catalyst complex and the decisive 

transition state. This in turn results in a higher energy barrier. This, together with the 

change in the effective concentration, explains why the longer anionic substrates have a 

lower rate enhancement with respect to their ester analogues in comparison to the 

substrate 2a that fits best (vide supra). 

This DFT studies corroborate our assertion that the high regioselectivity obtained for 

size-matching substrates with the Rh(L1) catalyst originates from substrate pre-

orientation imposed by the hydrogen bonds between the anionic functionality and the 

DIM pocket. This interaction highly restricts the movement of the reactive double bond 

during the decisive selectivity-determining step. Pre-organization favors the reaction 

pathway that leads to the linear aldehyde and hinders the competing pathway that would 

lead to the isomeric product. 
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Figure 7. Calculated reaction pathway (DFT, BP86, SV(P)) of the regioselectivity-determining hydride 
migration step in the hydroformylation of substrate 3a (a) and 4a (b) by the Rh(L1) catalyst. Notation: 

catalyst–substrate complex I, transition state toward linear product II and linear alkyl Rh complex III. G298: 

Gibbs free energy at 298 K (relative to the catalyst-substrate complex I) in kJ·mol-1; for full computational 

details, see the experimental section. 

 

3.2.5 Regioselective Hydroformylation of Internally Unsaturated Aliphatic Acids 

Selective hydroformylation of internal alkenes is highly challenging, as it involves 

an internal double bond with inherent lower reactivity. More forcing conditions in turn 

lead to possible isomerization side reactions,
2
 which are deteriorating the selectivity.

33
  

Moreover, to be selective, the catalyst needs to precisely differentiate between carbon 

atoms of the double bond whose electronic properties are nearly identical. Importantly, 

analysis of the mechanism controlling the regioselectivity for hydroformylation of 

terminal olefins 1a-8a with the Rh(L1) catalyst (Figures 6-7) allows to postulate that the 

approach should be also operative for substrates with internal double bonds. In 

principle, one may expect that the restricted movement of the reactive functionality 

should allow for selective introduction of the aldehyde moiety on the carbon atom of the 

double bond, which is more distant from the carboxylic group. Unfortunately, our initial 

hydroformylation experiments proved that the Rh(L1) catalyst is not active enough for 

substrates with internal double bonds. Therefore, we next investigated the optimization 

of the activity for this catalytic system by modifying the DIMPhos ligand. 
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Less basic phosphine and more -accepting phosphite ligands are known to afford 

more active rhodium complexes for hydroformylation.
34,35

  We therefore designed and 

prepared ligand L2, a close analogue of L1 functionalized with 2 strongly electron 

withdrawing trifluoromethyl groups on each of 4 phenyl rings (Figure 2). We also 

obtained ligand L3, equipped with phosphite donor atoms (Figure 2), which are known 

to lead to highly reactive hydroformylation catalysts.
35a

 

To evaluate the influence of the modifications introduced, ligands L2 and L3 were 

first studied in the hydroformylation of anionic terminal olefins 1a-8a (under otherwise 

identical conditions). In general, ligands L1-L3 allow for hydroformylation of all 

substrates 1a-8a with remarkable regioselectivities, with the l/b ratios all above 38. The 

trends of relative selectivity are somewhat different (Figure 8), and they cannot be fully 

rationalized at this point. Interestingly, when phosphite ligand L3 was applied, also the 

shortest substrate 1a reacts with very high selectivity (l/b = 38), in contrast to results for 

catalysts with phosphine ligands L1-L2. To rationalize this, we performed DFT studies 

for the Rh(L3)-(1a) complex. The molecular modeling shows that the higher flexibility 

of this phosphite-based ligand allows to reduce the distance between the metal center 

and the anion binding site such that the Rh(L3) can adjust for bifunctional binding to 

substrate 1a (Figure 9). Again, the double bond can rotate more easily in one direction, 

leading to regioselective hydroformylation of the bound substrate (see the experimental 

section - Figures 13). The activities displayed by catalysts with all DIMPhos ligands L1-

L3 were further compared quantitatively in hydroformylation of model substrate 2a, 

revealing TOFs: 24, 86 and 100 mol·mol
-1

h
-1

, for L1, L2 and L3, respectively, proving 

the successful design of new ligands. 

 
Figure 8. Hydroformylation of anionic substrates 1a-8a using Rh–ligands L1-L3 catalysts. Full conversion in 

all cases for catalysts with ligands L2-L3, for conversion with ligand L1, see Table 1. Conditions as described 

at the footnote to Table 1, with L2/Rh = L3/Rh = 1.1. For full experimental details see the experimental 

section. 

 
Figure 9. Calculated structure (DFT, BP86, SV(P)) of the catalyst–substrate complex [RhH(CO)(L3)]–(1a). 
For reaction pathways of the regioselectivity-determining hydride migration step in the hydroformylation of 

substrate 1a by the Rh(L3) catalyst, see Figure 13. 
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Scheme 5 

 
Table 4. Hydroformylation of internal alkenes 14-19.a  

# substrate major product conv. (%) regioselect. (o/i ratio) 

1 14 

 

94 23 

2 15 

 

95 25 

3 16 

 

86 27 

4 17 

 

82 26 

5 18 

 

>99 78 

6 19 

 

95 27 

 

a Reagents and conditions: [Rh(acac)(CO)2]/L3/substrate = 1 : 1.1 : 100; [Rh] = 2 mmol, 20 bar CO/H2 (1 : 1), 

CH2Cl2, 40°C, 72h, triethylamine (TEA, 1.5 equiv.) was used as a base for anionic substrate generation. 

Regioselectivity and conversion (%) were determined by 1H NMR analysis of the reaction mixture. For full 
experimental details see the experimental section. 

 

With more active catalysts in hand, we evaluated the hydroformylation of aliphatic 

carboxylates with internal double bonds. Although more reactive than Rh(L1), the 

catalyst with phosphine ligand L2 did not afford sufficient activity to convert internal 

alkenes. Fortunately, the catalyst based on phosphite L3 proved to be active toward 

these substrates, providing close to full conversion for most of reactions (Table 4). 

Interestingly, the catalyst is highly precise, presenting unprecedented regioselectivities 

for the whole range of substrates that differ in the positions of the reactive double bond 

with respect to the carboxylic functionality and in size of the substituents (Table 4). In 

addition, both E and Z isomers of the substrates are converted with high selectivity. The 

analysis of the isolated products show that, as anticipated, in all cases the major product 

has the aldehyde functionality on the carbon atom of the double bond more distant from 

the carboxylate group (Table 4). The relative selectivity of addition of the aldehyde 

group across the double bond is above 23 in all cases, hence the major product is formed 
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with regioselectivity above 95%!
36

 For comparison, typical catalysts provide close to 

equimolar mixtures of alternative products. For example, for Rh-PPh3 catalyst, the ratio 

between products is in the range 0.8 and 1.7 (under otherwise identical conditions).
24

 

Importantly, for reactions with Rh(L3) at higher temperatures, the regioselectivity is 

retained at a similar level, allowing for greater catalyst activity, however, at the expense 

of some side/consecutive reactions.
24

 These results further confirm the general 

operational model of the Rh-DIMPhos catalysts. 

 

3.3 Conclusions 

In summary, we have reported a series of DIMPhos ligands L1-L3, which are 

bidentate phosphorous ligands equipped with an integral anion binding site (the DIM 

pocket). We have shown that these bifunctional ligands form well-defined rhodium 

complexes that can bind anionic species in the binding site of the ligand. This 

interaction can be used to preorganize a substrate molecule, i.e. an alkene with an 

anionic group that can be remote from the reactive double bond (even 10 bonds!), which 

leads to its highly selective hydroformylation. For the hydroformylation of substrates 

with internal double bonds the current system gives the highest selectivity reported in 

the literature,
37

 clearly demonstrating the power of supramolecular control of the 

selectivity for catalysis. Importantly, the mode of operation is well understood by the 

detailed studies provided in this paper. This enables rational design of selective catalysts 

for desired reactions, clearly complementing trial-and-error approaches in the field of 

transition metal catalysis. In principle it should be possible to transmit the current 

system to other transition metal catalyzed processes involving a migration in the 

selectivity-determining step, giving rise to other selective transformations in chemical 

catalysis. 

 

3.4 Experimental section 

General Procedures 

 All reactions were carried out under an argon atmosphere using standard Schlenk techniques. THF, pentane, 

hexane and diethyl ether were distilled from sodium benzophenone ketyl under nitrogen; CH2Cl2, isopropanol 
and methanol were distilled from CaH2 under nitrogen; toluene was distilled from sodium under nitrogen and 

triethylamine was distilled from KOH pellets under nitrogen. NMR spectra were measured on a Bruker AMX 

400 (400.1MHz, 100.6MHz and 162.0 for 1H, 13C and 31P respectively). Infrared spectra were recorded on a 
Thermo Nicolet NEXUS 670 FT-IR. Elemental analyses were carried out on a Carlo Erba NCSO-analyzer. 

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. ESI-MS measurements were recorded on a Shimadzu 
LCMS-2010A liquid chromatography mass spectrometer by direct injection of the sample to the ESI probe. 

CD2Cl2 and DIPEA were dried over molecular sieves (3Å) and degassed by 3 freeze-pump-thaw cycles. If not 

stated otherwise, syngas refers to a 1 : 1 mixture of H2 and CO, and the pressure refers to a sum pressure of 

both. 

 

Materials 

All reagents were purchased from commercial suppliers and used without further purification, with the 
exception of a ligand building block – 1,1-bis-(-3-methyl-7-nitro-1H-indol-2-yl)-propane,16 receptor R1,16 

which were synthesized according to the published procedures. The synthesis procedures for ligands L120 and 

L3,20 and substrates 6c-7c, 12a-13a20 were reported previously (see also Chapters 2 and 5). 

 



Chapter 3 

 68 

Synthesis of ligand L2 

4-(Bis(3,5-di(trifluoromethyl)phenyl)phosphino)benzoic acid: 4-iodobenzoic acid (822mg, 3.3 mmol), bis(3,5-

di(trifluoromethyl)phenyl)phosphine (1.52g, 3.3 mmol), triethylamine (0.93ml) and palladium (II) acetate 
(2mg), were dissolved in acetonitrile (25 ml) under argon, brought to reflux and continued overnight. The next 

day, the volatiles were evaporated under reduced pressure, and to the residue water (40ml) and potassium 

hydroxide (0.45g) were added. Then, the water phase was washed with diethyl ether (3·50ml), acidified with 
1M HCl to pH ~ 3, and extracted with DCM (3·50 ml). The combined organic layers were dried over MgSO4, 

and the solvent was removed under vacuum. The solid residue was crystalized from hot C2H4Cl2 (20ml), 

adding a hexane layer on the top (15ml), yielding 1.57g (82%) of the product. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.25 (bs, 1H), 8.20 (s, 2H), 8.00 (d, J1 = 8.0 Hz, 2H), 7.93 (d, J1 = 6.3 

Hz, 4H), 7.53 (dd, J1 = J2 = 8.0 Hz, 2H);  
13C NMR (100MHz, DMSO-d6): δ = 166.7 (s), 139.3 (d, J1 = 18.8 Hz), 138.8 (d, J1 = 13.2 Hz), 134.0 (d, J1 = 
20.9 Hz), 133.6 (d, J1 = 19.7 Hz), 132.4 (s), 130.8 (qd, J1 = 30.2 Hz, J2 = 6.2 Hz), 129.9 (d, J1 = 7.3 Hz), 123.6 

(m), 123.0 (q, J1 = 272.0 Hz); 
31P{1H} NMR (162MHz, DMSO-d6): δ = -5.28. 
 

Bis-(4-(bis(3,5-di(trifluoromethyl)phenyl)phosphino)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-

yl)-propane)): 1,1-Bis-(-3-methyl-7-nitro-1H-indol-2-yl)propane (392mg, 1mmol) was suspended in methanol 
(20 ml) and 10% palladium on charcoal was added (0.1g). The reaction mixture was flushed with hydrogen, 

and then vigorously stirred under a hydrogen atmosphere (balloon). The progress of the reaction was 

monitored by TLC, and after completion (~hour), the catalyst was filtered off over Celite®. The solvent was 
evaporated, and the crude diamine was immediately used in the subsequent reaction without further 

purification. 

To the solution of crude diamine (1mmol), 4-(bis(3,5-di(trifluoromethyl)phenyl)phosphino)benzoic acid 
(1.45g, 2.5mmol), 4-dimethylaminopyridine (60mg, 0.5mmol) and 4-pyrrolidinopyridine (60mg, 0.4mmol) in 

dichloromethane (30ml), N,N’-diisopropylcarbodiimide (0.82ml, 8mmol) was slowly added while stirring, and 

the mixture was allowed to continue stirring overnight. The solvent was evaporated and the solid residue was 
purified by column chromatography on silica gel (60g), with a hexane : chloroform (2:1 → 1:1) mixture as an 

eluent. Fractions of the product were combined, and the solvent evaporated off, and pure product was obtained 

by recrystalliazation. The solid was dissolved in a minimum amount of dichloromethane and precipitated by 

the addition of hexane, followed by the cooling (20ºC), and the powder was isolated by the filtration of the 

cold suspension, yielding 0.94g (64%) of L2·H2O. 
1H NMR (400MHz, CD2Cl2): δ = 9.45 (s, 2H, NH-indole), 8.25 (s, 2H, NH-amide), 7.98 (s, 4H), 7.90-7.70 
(m, 12H), 7.41-7.29 (m, 6H), 7.03 (dd, J1 = J2 = 7.5Hz, 2H), 6.92 (d, J1 = 7.5Hz, 2H), 4.49 (t, J1 = 7.9Hz, 1H, 

CHCH2CH3), 2.30 (s, 6H, ArCH3), 2.23 (m, 2H, CHCH2CH3), 1.01 (t, J = 7.3Hz, 3H, CHCH2CH3); 
13C{1H} NMR (100MHz, CD2Cl2): δ = 165.1 (s), 139.2 (dd, J1 = 18.2Hz, J2 = 3.4Hz), 138.1 (d, J1 = 13.4Hz), 
136.5 (d, J1 = 26.0Hz), 134.2 (d, J1 = 20.9Hz), 133.9 (d, J1 = 21.5Hz), 132.6 (qd, J1 = 33.6Hz, J2 = 7.2Hz), 

132.5 (s), 128.5 (d, J = 7.7Hz), 128.1 (s), 124.3 (m), 123.2 (q, J1 = 273.1Hz), 122.0 (s), 119.3 (s), 116.6 (s), 

114.0 (s), 108.5 (s), 37.3 (s), 27.6 (s), 12.5 (s), 8.9 (s); 
31P{1H} NMR (162MHz, CD2Cl2): δ = -4.45 (s); 

HR MS (FAB): calcd. for C67H42N4O2P2F24 [M]: 1452.2400, found: 1452.2390; 

Elemental analysis (%) calcd. for C67H42N4O2F24P2·H2O: C 54.71, H 3.01, N 3.81, F 31.00, P 4.21, found: C 

55.01, H 3.29, N 3.62, F 29.76, P 4.61. 

 

Coordination and titration studies 

For details concerning coordination and titration studies, see the experimental section of Chapter 2. The details 

concerning the in situ HP IR studies are provided below. 

The in situ HP IR experiments in the presence of substrate were analogous to the above described coordination 
experiments, with the following exceptions: the autoclave was initially charged with the solution of ligand L1, 

substrate 2a and DIPEA, with the 3 : 100 : 150 ratio, respectively; before the addition of the rhodium 

precursor solution (from the reservoir) the autoclave was equilibrated at 40°C, which was the temperature of 
the actual measurement. 

The experiments revealed the fast catalyst activation under the actual hydroformylation conditions. The full 

activation was reached before the first spectrum was recorded (at 15min), and the metal carbonyl region of the 
spectrum did not change further in the course of the experiment. The spectrum presents the same signals as the 

rhodium hydride observed before, revealing that the Rh(L1)(CO)2H complex is the resting state of the 

catalyst. Furthermore, the consumption of the substrate and the formation of the product can be observed, 
respectively,  at 1639 cm-1 (corresponding to the terminal double bond signal) and at 1728 cm-1. 
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Catalysis studies 

General procedure for the hydroformylation experiments 

A stock solution for the hydroformylation experiments was prepared by charging a flame-dried Schlenk flask 

with Rh(acac)(CO)2, ligand, DIPEA or TEA (if appropriate), internal standard (1,3,5-trimethoxybenzene) and 
solvent (DCM). The solution was stirred for several minutes and then transferred into 1.5ml reaction vessels 

equipped with mini Teflon stir bars (under inert conditions), followed by substrate addition. The vessels were 

placed in a stainless steel autoclave (250 mL) charged with an insert suitable for 15 reaction vessels for 
conducting parallel reactions. Before starting the catalytic reactions, the charged autoclave was purged three 

times with 20 bar of syngas and then pressurized at 20 bar of syngas. The reaction mixtures were stirred at the 

appropriate temperature for the required reaction time, after which the pressure was released and the 
regioselectivity and the conversion determined by NMR. Additionally, the reaction mixtures were analyzed by 

electrospray ionization mass spectrometry (ESI MS). 

For NMR analysis, usually two small portions (75 μl) of each reaction mixture were taken. From one of them, 
the solvent was evaporated (400 mbar, 40ºC). Then, both samples were diluted to 0.7ml with CDCl3 and 1H 

NMR spectra were recorded and compared with a 1H NMR spectrum of the initial reaction mixture (before 

hydroformylation). Analyses of characteristic signals in the aliphatic and aldehyde regions were in agreement 

in all cases. No by-products (hydrogenation, double bond isomerization) were observed in all runs. 

When 3-butenoic or 4-pentenoic acid, or substrates with the internal double bond in positions 3 or 4 form the 

carboxylic group, were used as substrates, the characteristic aldehyde signal for the branched product was not 
observed or was broadened (due to intramolecular interactions).11 Thus, a small amount (~50 μl) of DIPEA or 

TEA was added to the sample, and the 1H NMR spectrum was collected once more, which enabled direct 

integration of both aldehyde signals. Furthermore, alternative straightforward analysis conducted in more 
polar solvents (DMSO-d6 or MeOD-d4) gave the same results.  

When phosphonic acids were used as substrates, the characteristic aldehyde signal for the branched product 

was also not observed (due to intramolecular interactions), both after addition of DIPEA and in more polar 
solvents (DMSO-d6 or MeOD-d4). The aldehyde signal was only observed after esterification of the 

phosphonic group. For straightforward analysis, larger portions (700 μl) of each reaction mixture were taken 

and the solvent was evaporated (50 mbar, 40ºC). The residue was diluted to 0.7ml with CD2Cl2 and 13C NMR 
spectrum was recorded, which allowed the determination of the ratio between both products. No by-products 

were observed. 

For ESI MS analysis, a small portion (10 μl) of each reaction mixture was taken and diluted with MeOH (1 

ml). Samples prepared in this way were analyzed by ESI-MS (negative ions). No by-products (hydrogenation 

of double bond or aldehyde group) were observed. 

For more details concerning the hydroformylation of the terminal alkenes, including images of NMR and ESI-
MS spectra, see the supporting information of the preliminary report20a 

(http://onlinelibrary.wiley.com/doi/10.1002/anie.201005173/suppinfo) and Chapter 2. 

 
Table 5. Hydroformylation of 1b-8b and 1c-8c with the Rh(L1) – control experiments.a 

# substrate n conversion (%) regioselectivity (l/b ratio) 

1 1b 1 46 1.4 
2 2b 2 49 3.7 

3 3b 3 55 6.3 

4 4b 4 58 9.8 
5 5b 5 54 9.3 

6 6b 6 63 10 

7 7b 7 77 12 
8 8b 8 76 10.6 

9 1c 1 46 1.6 

10 2c 2 42 3.6 
11 3c 3 42 5.0 

12 4c 4 43 6.7 

13 5c 5 42 7.2 
14 6c 6 43 8.2 

15 7c 7 38 9.7 

16 8c 8 39 9.9 
a Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [substrate] = 0.2 M, Rh : ligand L1 : substrate,  
1/3/100, CO/H2 = 1/1 (20bar), 24h, 40°C, CH2Cl2 as a solvent; acac = acetylacetonate. 
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Table 6. Hydroformylation of 14-19 with the Rh-PPh3catalyst – control experiments.a 

# substrate conversion (%) regioselectivity (o/i ratio) 

1 14 

 

26 1.1 

2 15 

 

40 1.0 

3 16 

 

23 0.9 

4 17 

 

28 0.8 

5 18 

 

24 1.2 

6 19 

 

23 1.7 

a Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [substrate] = 0.2 M, Rh : PPh3 : substrate,  

1/6/100, CO/H2 = 1/1 (20bar), 72h, 40°C, CH2Cl2 as a solvent; acac = acetylacetonate. 
 

Isolation of products: 

General procedure: A stainless steel autoclave equipped with an oven-dried glass insert (15 mL) was charged 

with a solution of a substrate (0.2M), dry triethylamine (0.2M), Rh(CO)2(acac) (0.002M), ligand L3 
(0.0022M) in dry DCM. The charged autoclave was carefully purged three times with 20 bar of syngas and 

then pressurized at 20 bar of syngas, followed by stirring at 40°C for 96h. Afterwards the pressure was 

carefully released, the reaction mixture was evaporated with ~1g of silica gel, the residue was charged onto a 
chromatography column (20-30g SiO2) and eluted with a hexane : diethyl ether : acetic acid mixture (200 : 

100 :1). Fractions of the pure product were combined, and the solvent evaporated off (the traces of acetic acid 

were co-evaporated with toluene), yielding the product. 
 

4-Methyl-5-oxopentanoic acid: 

(E)-3-Pentenoic acid 14 (100mg, 1mmol) was used as the starting material, yielding 103mg (80%) of the 

product. 
1H NMR (400 Mhz, CDCl3): δ = 10.00 (vbs, 1H, COOH), 9.63 (d, J1 = 1.5 Hz, 1H, CHO), 2.50-2.40 (m, 3H, 

CH2COO+CHCHO), 2.11-2.01 (m, 1H, CH2CHCHO), 1.74-1.64 (m, 1H, CH2CHCHO), 1.14 (d, J1 = 7.1 Hz, 

3H, CH3); 
13C NMR (100MHz, CDCl3): δ = 204.2, 179.2, 45.4, 31.3, 25.1, 13.4; 

HR MS (FAB): calcd. for C6H11O3 [MH]: 131.0708, found: 131.0708. 

 

4-Formylhexanoic acid: 

(E)-3-Hexenoic acid 15 (114mg, 1mmol) was used as the starting material, yielding 123mg (86%) of the 

product. 
1H NMR (400 Mhz, CDCl3): δ = 10.40 (bs, 1H, COOH), 9.59 (bs, 1H, CHO), 2.48-2.23 (m, 3H, 
CH2COO+CHCHO), 2.01-1.90 (m, 1H, CH2CH2COOH), 1.83-1.63 (m, 2H, CH2CH3+ CH2CH2COOH), 1.61-

1.49 (m, 1H, CH2CH3), 0.93 (t, J1 = 7.5 Hz, 3H, CH3); 
13C NMR (100MHz, CDCl3): δ = 204.6, 179.4, 52.3, 31.5, 22.8, 21.9, 11.3; 

HR MS (FAB): calcd. for C7H13O3 [MH]: 145.0865, found: 145.0860. 

4-Formylheptanoic acid: 

(E/Z)-3-Heptenoic acid 16 (128mg, 1mmol) was used as the starting material, yielding 115mg (73%) of the 

product. 
1H NMR (400 Mhz, CDCl3): δ = 10.80 (bs, 1H, COOH), 9.60 (bs, 1H, CHO), 2.48-2.28 (m, 3H, 

CH2COO+CHCHO), 2.03-1.89 (m, 1H, CH2CH2COOH), 1.85-1.72 (m, 1H, CH2CH2COOH), 1.72-1.59 (m, 

1H, CH2CH2CH3), 1.52-1.27 (m, 3H, 1H of CH2CH2CH3 + CH2CH2CH3), 0.93 (t, J1 = 7.2 Hz, 3H, CH3); 
13C NMR (100MHz, CDCl3): δ = 204.5, 179.0, 50.9, 31.4, 31.1, 23.3, 20.2, 14.2; 
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HR MS (FAB): calcd. for C8H15O3 [MH]: 159.1021, found: 159.1025. 

 

4-Formyloctanoic acid: 

(E/Z)-3-Octenoic acid 17 (142mg, 1mmol) was used as the starting material, yielding 122mg (71%) of the 
product. 
1H NMR (400 Mhz, CDCl3): δ = 9.67 (vbs, 1H, COOH), 9.57 (bs, 1H, CHO), 2.48-2.27 (m, 3H, 

CH2COO+CHCHO), 2.02-1.89 (m, 1H, CH2CH2COOH), 1.84-1.72 (m, 1H, CH2CH2COOH), 1.72-1.61 (m, 
1H, CH2CH2CH2CH3), 1.53-1.39 (m, 1H, CH2CH2CH2CH3), 1.38-1.23 (m, 4H, 1H of CH2CH2CH3), 0.89 (t, J1 

= 6.7 Hz, 3H, CH3); 
13C NMR (100MHz, CDCl3): δ = 204.4, 179.2, 50.9, 31.5, 29.1, 28.6, 23.3, 22.8, 14.0; 

HR MS (FAB): calcd. for C9H17O3 [MH]: 173.1178, found: 173.1175. 

 

5-Methyl-6-oxohexanoic acid: 

(E/Z)-4-Hexenoic acid 18 (114mg, 1mmol) was used as the starting material, yielding 108mg (75%) of the 

product. 
1H NMR (400 Mhz, CDCl3): δ = 10.10 (bs, 1H, COOH), 9.62 (d, J1 = 1.7 Hz, 1H, CHO), 2.43-2.30 (m, 3H, 

CH2COO+CHCHO), 1.83-1.89 (m, 3H, 1H of CH2CHCHO + CH2CH2COO), 1.46-1.36 (m, 1H, 

CH2CHCHO), 1.11 (d, J1 = 7.1 Hz, 3H, CH3); 
13C NMR (100MHz, CDCl3): δ = 204.9, 179.6, 46.1, 34.0, 29.8, 22.1, 13.4; 

HR MS (FAB): calcd. for C7H13O3 [MH]: 145.0865, found: 145.0867. 

 

6-Methyl-7-oxoheptanoic acid: 

(Z)-5-Heptenoic acid 19 (128mg, 1mmol) was used as the starting material, yielding 80mg (51%) of the 
product, which contains ~5% of the alternative product - 5-formylheptanoic acid. 
1H NMR (400 Mhz, CDCl3): δ = 9.61 (d, J1 = 1.9 Hz, 1H, CHO), 9.40 (bs, 1H, COOH), 2.40-2.30 (m, 3H, 

CH2COO+CHCHO), 1.79-1.60 (m, 3H, 1H of CH2CHCHO + CH2CH2COO), 1.44-1.32 (m, 3H, 1H of 
CH2CHCHO + CH2CH2CHCHO), 1.09 (d, J1 = 7.0 Hz, 3H, CH3); 
13C NMR (100MHz, CDCl3): δ = 205.3, 179.8, 46.2, 33.9, 30.2, 26.5, 27.7, 13.5; 

HR MS (FAB): calcd. for C8H15O3 [MH]: 159.1021, found: 159.1025. 

 

Gas uptake experiments  

The experiments were carried out in the AMTEC SPR16 equipment38 consisting of 16 parallel reactors 

equipped with internal temperature and pressure sensors, and a mass flow controller. The apparatus is suited 
for monitoring gas uptake profiles during the catalytic reactions. Prior to catalytic experiments, the autoclaves 

were heated to 110°C and flushed with argon (22 bar) five times. Next the reactors were cooled to room 

temperature and flushed again with argon (22 bar) five times. Then, the autoclaves were charged with 
solutions of the rhodium precursor [Rh(acac)(CO)2], ligand, substrate, base (if desired) and internal standard 

(1,3,5-trimethoxybenzene) in CH2Cl2 (8ml). The reactors were pressurized with syngas (CO/H2, appropriate 

ratio and pressure) and heated up to 40°C. The pressure was kept constant during the whole reaction, and the 
gas uptake was monitored and recorded for every reactor. After catalysis the pressure was reduced to 2.0 bar, 

the reactor was flushed with argon, and samples were taken for further analysis. 

Conversions were determined by NMR analysis of the final reaction mixtures (in respect to the internal 
standard). Initially, the measured data of the gas consumption in time (attributed quantitatively to the 

conversion in time) were smoothed, to minimize the noise inherent in the integral measurements (to capture 

important patterns in the data, while leaving out noise),26 with the Origin 8.0 software, applying the 

Boltzmann model or similar. To avoid artefacts, the correctness of the model used was evaluated and 

confirmed by the analysis of the regular residuals of the fitting. The smoothed data were used to determine 
initial TOFs, reported in Table 4 and in the main text. Furthermore, as presented in Figure 3, the analysis 

revealed the linear dependency of the reaction rate of the Rh(L1) catalyst on the substrate concentration (for 

both, substrate 2a and 2c) in every separate experiment followed in time, as well as, showed the product 
inhibition in case of anionic substrate 2a, and no product inhibition in case of substrate 2c.  

Testing the Michaelis-Menten kinetic model with a competitive product inhibition (equation 1) for 

experiments with different initial substrate 2a concentrations (under otherwise identical conditions of pressure, 
temperature and catalyst concentration), the initial data (without smoothing) were used, to avoid the data 

deflection due to amplifying of the fitting errors. The numerical differentiation was performed, and all datasets 

from 5 independent experiments were simultaneously fitted to the equation:  
V = [S]*Vmax/(Kmm+[S]+(C0-[S])* Kmm /Ki) 
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The global fitting with parameter sharing method was applied, using the data fitting software package Origin 

8.0. The maximum reaction rate Vmax, the Michaelis constant Kmm and the inhibition constant Ki were set as 
shared free parameters for fitting, while the initial substrate concentration (or if applied, the sum of the  initial 

substrate and the initial product concentrations) C0 was set as a fixed parameter, defined separately for each 

dataset. The goodness of fit was evaluated by the analysis of the regular residuals of the fitting. For 
comparison, the processed data (after smoothing) were also fitted to the above described model, giving 

essentially the same results. Finally, the model and the quality of the obtained parameters were evaluated by a 

comparison of the measured to the simulated conversion in function of time for each dataset. The conversion 
in function of time can be described as: 

Conversion /% = (1-exp(-Vmax*t/(Kmm+C0)))*100 /% 

For experiments with different initial substrate 2c concentrations, similarly to the experiments with substrate 
2a, the global fitting of all initial datasets was applied. For the kinetic model V = k1*[S], the conversion in 

function of time can be described as: 

Conversion /% = (1-exp(-k1*t))*100 /% 
Again, the global fitting with parameter sharing method was used, setting the first-order rate constant k1 as a 

shared free parameter for fitting. The goodness of fit was evaluated by the analysis of the regular residuals of 

the fitting. 

 

Hydroformylation of substrate 2a by the Rh(L1) catalyst – different initial substrate concentration: 

global data fitting: 

The parameters estimated during the fitting procedure: the maximum reaction rate Vmax= 0.06301(47) M*h-1, 

the Michaelis constant Kmm = 0.1688(46) M, and the inhibition constant Ki = 0.1575(44) M.  
Global correlation coefficient value is 0.90; correlation coefficient values for each dataset in range of 0.78-

0.91. For detailed analysis, see: 

http://pubs.acs.org/doi/suppl/10.1021/ja4046235/suppl_file/ja4046235_si_001.pdf 

 

Hydroformylation of substrate 2c by the Rh(L1) catalyst – different initial substrate concentration: 

global data fitting: 

The estimated value of the first-order rate constant k1 = 0.04578(3) h-1.  

Global correlation coefficient value is 0.998; correlation coefficient values for each dataset in range of 0.994-

0.999. For detailed analysis, see: 
http://pubs.acs.org/doi/suppl/10.1021/ja4046235/suppl_file/ja4046235_si_001.pdf 

 

Hydroformylation of mixture of two substrates 

The substrate competition studies were conducted analogously to the above described hydroformylation 
experiments in an autoclave equipped with a sampling outlet. The sampled in time aliquots of the reaction 

mixture were analyzed immediately (to avoid further reactions), following the typical procedure. 

For detailed analysis, see: http://pubs.acs.org/doi/suppl/10.1021/ja4046235/suppl_file/ja4046235_si_001.pdf 
 

 

Figure 10. Competitive hydroformylation of a (1 : 1) mixture of substrates 8a and 1c by Rh(L1) - conversion 

of both substrates 8a and 1c versus time. Reagents and conditions: 20 bar CO/H2 (1 : 1), CH2Cl2, 40°C, 
[Rh(acac)(CO)2]/L1/8a/1c = 1 : 1.5 : 100 : 100; c(Rh) = 2 mmol, N,N-diisopropylethylamine (DIPEA, 1.5 

equiv.) was used as a base for anionic substrate generation. 
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Isotope labeling studies - deuterioformylation 

The deuterioformylation study was conducted analogously to the hydroformylation experiments, using a 1 : 1 

mixture of D2 and CO in place of H2 and CO. The conversion was determined by the standard 1H NMR 
analysis. The reaction time was adjusted to reach a medial conversion, so that there is still a high substrate 

concentration, yet the reaction time allows for a significant level of, if possible, deuterium incorporation to the 

substrate molecules via the reversible hydride migration – beta-hydride elimination mechanism.29 The crude 
reaction mixture was investigated by 2H NMR spectroscopic analysis (no other solvents were added). No 

deuterium incorporation into the substrate molecules was observed. 

 

Figure 11. 2H NMR spectrum of the substrate 2a deuterioformylation reaction mixture by the Rh(L1) catalyst. 
Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [substrate 2a] = 0.2 M, Rh : ligand L1 : 

substrate 2a : TEA,  1/1.5/100/150, CO/D2 = 1/1 (20bar), 5h, 40°C, CH2Cl2 as a solvent; acac = 

acetylacetonate, TEA = triethylamine. Conversion = 42%. 
 

DFT calculations 

The isomeric complexes of the active catalyst ([Rh(L1)(CO)2H]) and the mechanisms of the regioselectivity-

determining hydrometalation step for the anionic substrates by Rh(L1) or Rh(L3) were studied with DFT. The 
geometry optimizations were carried out with the Turbomole program39 coupled to the PQS Baker optimizer40 

at the ri-DFT level41 using the BP8642 functional and the resolution-of-identity (ri) method. We used the SV(P) 

basis set43 for the geometry optimizations of all stationary points. All minima (no imaginary frequencies) and 
transition states (one imaginary frequency) were characterized by numerically calculating the Hessian matrix. 

ZPE and gas-phase thermal corrections (entropy and enthalpy, 298 K, 1 bar) from these analyses were 

calculated. The thus obtained energies in kJ mol1 are reported. 
 

 
Figure 12. Calculated isomeric equatorial-equatorial (eq-eq) and equatorial-apical (eq-ap) structures of 

[Rh(L1)(CO)2H] complex, the active form of the hydroformylation catalyst (DFT, BP86, SV(P)), and the 

Gibbs free energy  (G298) difference at 298K. 
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Figure 13. Calculated alternative reaction pathways (DFT, BP86, SV(P)) of the regioselectivity-determining 
hydride migration step in the hydroformylation of substrate 1a by the Rh(L3) catalyst. Notation: catalyst–

substrate complex I, transition state toward linear product II and linear alkyl Rh complex III, and alternative 

transition state toward branched product IV and branched alkyl Rh complex V. G298: Gibbs free energy at 298 
K (relative to the catalyst-substrate complex I) in kJ mol-1. 
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4.1 Introduction 

Alkene hydroformylation, the addition of the formyl group (CHO) to a C=C double 

bond to form an aldehyde using syn-gas as the reagent, is key to various industrial 

processes with a total production capacity of 10
7
 ton/year.

1
 Hence, this transformation 

has attracted considerable research interest over the past decades.
2
 This brought a 

myriad of examples of highly active and selective catalysts,
2,3

 as well as detailed 

knowledge on the reaction mechanism.
2a,4

 The regioselectivity of the reaction, that is the 

ratio between regio-isomeric products that can form, is a crucial parameter that should 

be controlled. For aliphatic olefins such as 1-octene and 1-hexene, rhodium catalysts 

generally produce the linear aldehyde preferentially. The selectivity for the linear 

product can be increased by using bulky ligands
5
 and is especially high (l/b ratio 50-

100) when ligands with a wide bite angle
6
 such as BISBI and Xantphos are applied. In 

contrast, catalysts that form dominantly the branched aldehyde products from aliphatic 

olefins, are very scarce,
7
 and rather moderate selectivities (b/l ratio up to 3, and up to 10 

for, respectively, unfunctionalized and functionalized olefins) have been obtained so 

far.
7d

 Access to branched aldehydes by catalytic conversion of alkenes is highly desired 

considering the synthetic value of these building blocks for the fine chemical and 

pharma industries.
 7a,8

 To circumvent the difficulties imposed by the inherent properties 

of the terminal double bond, we devised a new alternative approach (Scheme 1), which 

consists of the selective mono-isomerization of the terminal double bond and  its 

subsequent C-2 regioselective hydroformylation.
9
 Herein we report first examples of 

such one-pot tandem reactions, using an isomerization catalyst and a supramolecular 

hydroformylation catalyst recently developed in our group (Chapter 3),
14a

 to convert 

terminal alkenes with anionic groups to the C-2 aldehyde products with unprecedented 

selectivities: branched/linear ratios of up to 28 and with up to 85% yields of the α-

methyl-branched products. 
 

 
 

Scheme 1. Selective isomerization-hydroformylation sequence for a terminal olefin to access the α-methyl-

branched aldehyde, and possible undesired side reaction pathways. 
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4.2 Results and discussion 

Our strategy for α-methyl-branched selective hydroformylation of terminal olefins is 

based on a two-catalyst system involving a single isomerization step followed by a 

regio-selective hydroformylation (Scheme 1). The isomerization of the terminal double 

bond to the internal alkene product is driven by the higher thermodynamic stability of 

the latter.
10

 However, the primary product can in principle enter further isomerization 

cycles, leading to a mixture of alkenes,
10

 which would be detrimental for the overall 

selectivity of the two step process. Recent studies reported that a Pd
II
 catalyst

11
 and a 

Ru
II
 ‘zipper’ catalyst

12
 are rather selective for monoisomerization of a few terminal 

alkenes. In contrast, common Ir
I
 and Ru

II
 catalysts

13
 led to the formation of mixtures of 

products with the double bond scrambled along the alkyl chain.
11

 The terminal alkene 

substrates of the current study also contain a carboxylic group at the other terminal end 

of the alkyl chain as these are the typical functional groups that are required to control 

the regioselectivity in the subsequent hydroformylation step using our supramolecular 

catalyst (Scheme 2).
14

 In addition, this class of substrates is easily accessible, also via 

isomerizing olefin cross-metathesis of bio-available fatty acids.
15

 The carboxylic group 

that is initially used to control the selectivity is one of the most common functional 

groups in organic molecules, which can be useful in further product synthesis.  
 

 
Scheme 2 

 

We first optimized the isomerization reaction before attempting the cascade reaction. 

Initial experiments revealed that both the Pd
II
 and Ru

II
 ‘zipper’ catalysts are active in the 

isomerization of the carboxyl containing substrates, showing that the carboxylic group 

does not interfere with the alkene isomerization. Interestingly, the activity of the Pd 

catalysts can be readily switched off at the optimal alkene product distribution by the 

addition of base (e.g. triethylamine), while the Ru catalyst remains active under these 

conditions. For one-pot cascade reactions this switching off the isomerization activity is 

important, as it allows to limit the formation of later isomerization products that are 

detrimental for the overall selectivity, and as such the Pd catalytic system was used in 

further studies. Further experiments reveal that a mixture of [(allyl)PdCl]2, PPh3 and 

AgOTf provides a catalytically active system already at room temperature in CH2Cl2, 
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without the necessity of using any activating additives (e.g. ethylene or diallyl ether).
11

 

4-Pentenoic acid (1) is smoothly isomerized to 3-pentenoic acid (1a), reaching a 3 : 97 

substrate-to-product ratio (Scheme 3). The reverse reaction, that is starting from pure 3-

pentenoic acid leads to the same product distribution, confirming that this is the 

equilibrium. The catalyst loading can be significantly lowered (see Figure 2), although, 

the equilibrium is reached after longer reaction time, that is 20h with 0.5 mol % Pd 

catalyst. Importantly, in none of these experiments is over-isomerization to 2-pentenoic 

acid (1b) observed, even upon prolonged reaction time and high catalyst loadings. 
 

 
Scheme 3. Isomerization of 4-pentenoic acid (1) by the Pd-PPh3 catalyst 

 

Next, we studied the isomerization of longer substrates for which the primary 

products can also be expected to tend to undergo subsequent isomerization steps, due to 

the unsubstituted allylic and homoallylic positions in the substrate carbon chain.
10-13

 

Indeed, the isomerization of 5-hexenoic acid (2) leads to a mixture of isomeric products, 

4-hexenoic (2a) and 3-hexenoic (2b) acids (Figure 1). However, double isomerization is 

only observed after most of the 5-hexenoic acid (2) was converted. From the plot of 

product distribution versus time a clear window is visible in which 2a is the dominant 

product in the mixture, with the best ratio of 1 : 22 : 2 ratio for components 2 to 2a to 

2b. Similarly, isomerization of 6-heptenoic acid (3) leads to a mixture of components, 

yet it can be stopped at 92% of the primary product, 5-heptenoic acid (3a), with only 6% 

of the secondary product, 4-heptenoic acid (3b), and 2% of the substrate left (Figure 3). 

This clearly shows that the primary isomerization of the terminal double bond is much 

faster than the subsequent one (around 60 times faster in the case of substrate 2). Such a 

high relative reaction rate in principle allows for the kinetic control of the 

monoisomerized product formation. 

 

 

 
Figure 1. Isomerization of 5-hexenoic acid (2) by the Pd-PPh3 catalyst (10 mol%).  

 

With optimized conditions for alkene monoisomerization in hand, we approached 

the hydroformylation of a series of terminal alkenes with a carboxylic group 1-5. In a 

typical reaction we stir a 1 M solution of the substrate with 1 mol% of Palladium 

catalyst for 24 hours, after which we add triethylamine (90 mol%) as the base to stop the 
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isomerization reaction. Next we add a solution of Rh(acac)CO2 (1 mol%) and the ligand 

1 (1.1 mol%) and pressurize the autoclave with 10 bar of syngas (H2/CO 1:1) to initiate 

the hydroformylation reaction performed at 50°C. Under these conditions, in the case of 

all the substrates studied the α-methyl-branched aldehyde was the major product after 

the cascade reaction, confirming the feasibility of the developed strategy (Table 1). 

Substrates 1-3, 4-pentenoic through 6-heptenoic acids are hydroformylated to the α-

methyl-branched aldehydes with unprecedented regioselectivities between 85-88%, and 

yields up to 85%. Longer substrates 4-5, 7-octenoic and 8-nonenoic acids react with 

lower regioselectivites, 69 and 48%, respectively. The diminished selectivity can be 

attributed to the inherent lower regiocontrol of the catalyst used for the longer substrates 

in the second (hydroformylation) step.
14a

 Notably, for all substrates 1-5, the linear 

aldehyde product that would be typically formed from the terminal alkene is identified 

as a minor product, (3-12%). 
 

Table 1. Isomerization-hydroformylation sequence for substrates 1-5 with the Pd-PPh3 and Rh-L1 catalysts.a 

 

Substrate n 
aldehyde regioselectivity conversion to 

aldehydes (%) 

yield of 

% linear % α-Me-branched % isomers α-Me- branched (%) 

1 1 7 88 5 92 81 

2 2 3 85 12 100 85 

3 3 5 85 10 81 69 

4 4 6 69 26 56 39 

5 5 12 48 40 29 14 
a Reagents and conditions: 1. [(allyl)PdCl]2/PPh3/AgOTf/substrate = 1 : 2 : 2 : 200, [Pd] = 5 mmol, CH2Cl2, at 

room temp., 24h, OTf- = CF3SO3
-;  2. [Rh(acac)(CO)2]/L1/substrate/TEA = 1 : 1.1 : 100 : 90; [Rh] = 2 mmol, 

10 bar CO/H2 (1 : 1), CH2Cl2, 50°C, 72h, TEA = triethylamine. Chemo- and regioselectivity (%) were 
determined by 1H NMR analysis of the reaction mixture. 

 

4.3 Conclusions 

In conclusion, we report here a new strategy for the synthesis of α-methyl-branched 

aldehydes via a one-pot stepwise selective isomerization-hydroformylation protocol. 

Whereas the more classic one-pot simultaneous isomerization-hydroformylation gives 

access to the linear aldehydes from internal alkenes,
16

 the current strategy leads to 

branched aldehydes from terminal alkenes. The two transformations, the terminal alkene 

isomerization and the regioselectively hydroformylation, need to be done sequentially, 

due to much higher reactivity of the terminal alkenes in hydroformylation. For the 

hydroformylation step we have applied our previously developed supramolecular 

DIMPhos ligand that pre-organizes the substrate on the metal complex such that only 

one of the two possible regioisomers forms. The overall selectivity for the α-methyl-

branched aldehyde from the terminal alkene is the highest reported in the literature to 

date,
7
 which makes this in combination with the accessibility of the starting materials 

from renewable resources an attractive route to these valuable intermediates for 

synthetic targets.
7a,8

 In principle, this strategy can also give access to the C-3 branched 

aldehydes utilizing appropriate hydroformylation catalysts.
3d,17

 It can also be combined 

with reactions of alkenes other than hydroformylation. Current efforts will include the 

extension of the cascade protocol to other selective olefin transformations. 
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4.4 Experimental section 

General 

Unless stated otherwise, all reactions were carried out under an argon atmosphere using standard Schlenk 

techniques. The experiments carried out in the glove box were performed under the atmosphere of nitrogen. 
THF, pentane, hexane and diethyl ether were distilled from sodium benzophenone ketyl under nitrogen; 

CH2Cl2, isopropanol and methanol were distilled from CaH2 under nitrogen; toluene was distilled from sodium 

under nitrogen and triethylamine was distilled from KOH pellets under nitrogen.  
CD2Cl2 and DIPEA were dried over molecular sieves (3Å) and degassed by at least 3 freeze-pump-thaw 

cycles.  

NMR spectra were measured on a Bruker AMX 400 (400.1MHz, 100.6MHz and 162.0 for 1H, 13C and 31P 
respectively). The GC analysis was conducted on a Simadzu 17A GC with a supelco SPBTM-1 fused silica 

capillary column (length 30 m, diameter 0.32 mm, film thickness 2.0 µm for experiments with pentenoic acid 

isomers, and on a HP-Agilent GC-MS with a Restek RTX©-5 amine(crossbond© 5% diphenyl/95% 
dimethylpolysilonxane) column (length 30 m, diameter 0.25 mm, film thickness 0.25 µm for all other 

experiments. The GC methods are reported in the description of the experiments for which they were relevant. 

If not stated otherwise, syngas refers to a 1 : 1 mixture of H2 and CO, and the pressure refers to a sum pressure 
of both. 

 

Materials 

All reagents and solvents were purchased from commercial suppliers and used without further purification. 
Ligand L1 was prepared via literature procedure.14 

 

Catalysis studies 

General procedure for the isomerization experiments with Pd-PPh3 catalyst  

In a flame-dried Schlenk flask, Silver triflate, PPh3 ligand and allylpalladium(II) chloride dimer were mixed in 
dry DCM in a 1:1:0.5 ratio in the indicate mol% (in respect to a substrate). The substrate was subsequently 

added (1.0 M) and the reaction mixture was left stirring at room temperature for the required reaction time. 

Subsequently, triethylamine was added to each reaction vessel to prevent any further reaction. In experiments 
with allyl ether as an activating additive (1 or 0.5 equivalent in respect to the catalyst) was added 20 minutes 

prior to the substrate addition. For GC analysis, 20 µl samples were methylated with methyl iodide according 

to the general method for preparation of GC samples. The GC analysis was performed. In case of internal 
alkenes, the significant preference of the trans geometric isomer formation was observed (over the formation 

of the cis isomer). GC method for pentenoic acid isomers: 70°C for 1 min, then 7°Cmin-1 to 250°C, then 

250°C for 5 min. Retention times (verified with commercial compounds): 6.28 min for 4-pentenoic acid 
methyl ester; 6.78 min for (trans)-3-pentenoic acid methyl ester and 6.89 min for (cis)-3-pentenoic acid methyl 

ester. GC-MS method for hexenoic acid isomers: 55°C for 10 min, then 50°Cmin-1 to 300°C, then 300°C for 2 

min. Retention times (verified with commercial compounds): 4.31 min for 5-hexenoic acid methyl ester; 4.76 
min and 5.00 for (cis/trans)-4-hexenoic acid methyl ester; and 5.11 min (trans)-3-hexenoic acid methyl ester. 

GC-MS method for heptenoic acid isomers: 65°C for 10 min, then 50°Cmin-1 to 300°C, then 300°C for 2 min. 

Retention time: 5.93 min for 6-heptenoic acid methyl ester (verified with a commercial sample); 6.43 min for 
(trans)-5-heptenoic acid methyl ester and 6.64 min for (cis)-5-heptenoic acid methyl ester (verified with a 

commercial sample); and 6.10 min for (cis/trans)-4-heptenoic acid (the next upcoming isomer); 6.56 min for 

(trans)-3-heptenoic acid methyl ester and 8.55 min for (cis)-3-heptenoic acid methyl ester (verified with a 
commercial sample). 

 

General procedure for preparation of GC samples  

The specified amount of a reaction mixture sample was added to dimethylformamide (0.3 ml) saturated with 
KHCO3 in a reaction tube under air. Methyl iodide (50 µl) was added and the mixture was stirred for ~ 1 hour. 

Then ethyl acetate (1 ml) and distilled water (1 ml) were added. The mixture was shaken, followed by 

separation of the layers. Next, the ethyl acetate layer was dried over MgSO4, filtered over a syringe HPLC 
filter, and transferred to a GC vial, followed by the GC analysis. 
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Figure 2. Isomerization of 4-pentenoic acid (1) by the Pd-PPh3 catalyst followed in time – the influence of the 

catalyst loading on the reaction rate. Reaction conditions: 1,0 M 4-pentenoic acid in DCM with in situ formed 
catalyst consisting of n/2 mol% of (allyl)Pd(II)chloride dimer, n mol% of triphenylphosphine and n mol% of 

silver triflate. Relative concentrations of isomers analyzed with GC/MS. 

 

 
Figure 3. Isomerization of 6-heptenoic acid (3) followed in time. Reaction conditions: 1,0 M 6-heptenoic acid 

in DCM with in situ formed catalyst consisting of 5 mol% (allyl)Pd(II)chloride dimer, 10 mol% 

triphenylphosphine and 10mol% silver triflate. Relative concentrations of isomers analyzed with GC/MS. No 

formation of 3-heptenoic acid (3c) was observed. 
 

General procedure for the sequential isomerization-hydroformylation 

In a flame-dried Schlenk flask, allylpalladium(II) chloride dimer (9.020 mg, 0.025 mmol), triphenylphosphine 

(12.936 mg, 0.049 mmmol) and silver triflate (13.5 mg, 0.053 mmol) were dissolved in 10 ml DCM and 
stirred for 3 h at room temperature in the glove box. Next, the isomerization catalyst stock solution was 

transferred to flame-dried GC vials equipped with magnetic stirring bars (1 ml of the solution to each one), 

followed by the substrate addition to obtain the 1.0 M solution of a substrate in each vial (ranging from 4-
pentenoic acid to 8-nonenoic acid). The isomerization reaction mixtures were left stirring at room temperature 

in the glove box for 24 hours. Next, in an another flame-dried Schlenk flask, 11 ml stock solution of 
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Rh(acac)(CO)2 (7.11 mg), ligand L1 (39.4 mg) and triethylamine (364 µl) in DCM was prepared. From each 

isomerization reaction mixture, 200 µl sample was transferred to a new flame-dried GC vial equipped with a 
magnetic stirring bar, followed by addition of 800 µl aliquot of the Rh-L1 stock solution. Each vial was then 

capped with a septum cap, which was then punctured with a needle (25G x 5/8"), which was left piercing 

through the cap throughout the catalysis. The vials were put in a stainless steel autoclave, which was then 
sealed and flushed three times with 20 bar syngas, and then pressurized with 10 bar of syngas. The autoclave 

was then put in an oil bath at 50°C, and the vials were left stirring for 72 h. Next, the autoclave was cooled 

down and vented to 1bar. From each GC vial, 100 µl aliquots of the reaction mixture was taken for the NMR 
analysis (see the Appendix). The analysis was performed according to the previously developed methodology, 

and the results were compared with those for the analogues reaction mixtures.14 Analyses of characteristic 

signals in the aliphatic and aldehyde regions were in agreement. The results are reported in Table 1. 
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5.1 Introduction 

In the past decades numerous stoichiometric organic reactions have been replaced by 

catalytic transformations, resulting in more efficient synthetic and economic routes to 

create high-value chemicals.
1
 To a large extent, the applicability of such catalytic 

reaction depends on the activity and the ability to control the selectivity, as well as the 

synthetic value of the functional group that has been introduced. The hydroformylation 

reaction,
2
 which introduces a synthetically versatile aldehyde group into a C=C double 

bond with 100% atom economy, is a key example since a variety of cheap olefins can be 

converted towards various valuable compounds, making this one of the most important 

industrial transformations involving a homogeneous catalyst.
3
 Despite intensive 

research with a main focus on ligand design to control the activity and selectivity of the 

reaction, the regioselectivity of the hydroformylation can be controlled only to a limited 

extent.
2
 Thus the applicability of this technology is still limited to certain classes of 

compounds and certain products.  

 

 
Scheme 1. Regioselectivity issues in hydroformylation of vinyl arenes. 

 

-Aryl aldehydes, for instance,  common intermediates in the synthetic schemes of 

various important organic molecules, are prepared by rather sophisticated and tedious 

stochiometric reactions burdened with waste production, instead of applying clean 

hydroformylation processes.
4
 In principle, hydroformylation of abundant aryl vinyls 

could also provide this class of aldehydes, but typically only a few percent of the -

aldehyde product is formed, alongside the main α-aldehyde product (Scheme 1).
2
 The 

preference for the α-aldehyde is due to the formation of a stable rhodium α-arylalkyl 

intermediate, which is stabilized via a π-benzyl-intermediate due to the adjacent 

aromatic ring,
5
 and there are no general catalytic systems that can effectively surmount 

this “natural” selectivity. There are remarkable exceptions, reported by Bryant,
6
 Beller,

7
 

and Zhang,
8
 that form the -aldehyde product with good practical level of selectivity 

(~90%), yet only for the non-substituted benchmark substrate styrenes (R=H, Ar=Ph in 

Scheme 1). Directing the selectivity to the -aldehyde is even more challenging for 1,2-
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disubstituted vinyl arenes (R≠H, in Scheme 1), as it involves an internal double bond 

with inherent significantly lower reactivity,
9
 and possible isomerization side reactions.

2
 

Currently, there is no precedent in literature for the -selective hydroformylation for this 

class of substrates, yet technology that can provide this unusual selectivity would be of 

high value, given the potential broad application in bulk/fine chemicals synthesis. Here, 

we report a highly active (TOF > 6,000 mol·mol
1

h
1

 and TON > 18,000) and 100% 

chemo- and -regioselective supramolecular catalyst for hydroformylation of vinyl  

2-carboxyarenes.
10,11

 We extend the approach to related classes of substrates and we 

provide detailed mechanistic insight in Chapter 6, which presents the full account of this 

study (including the results presented in this chapter). 
 

5.2 Results and discussion 

On the basis of the previous studies on the regioselective hydroformylation of 

olefins with anionic groups (Chapters 2 and 3),
10d

 we devised a more active catalyst for 

the -regioselective hydroformylation of vinyl arenes equipped with a carboxylic group, 

the products of which are common building blocks for valuable chemicals synthesis.
12

 

The designed catalyst contains bidentate ligand 1 functionalized with i) phosphite 

moieties for rhodium coordination to form sufficiently active catalysts for 

hydroformylation of internal alkenes;
2,9

 and ii) the diamidodiindolylmethane pocket that 

can strongly bind to the carboxylate group.
13

 The rhodium ligand complex, 

[Rh(1)(acac)], the precursor to the active hydroformylation catalyst, was easily obtained 

by mixing a CD2Cl2 solution of ligand 1 and [Rh(CO)2(acac)]; acac=acetylacetonate. 

NMR titration experiments for [Rh(1)(acac)] confirmed that the benzoate anion is 

strongly bound in the pocket of 1 (Ka >> 10
5
 M

1
, in CD2Cl2). Molecular modeling 

(DFT, BP86, SV(P)) shows that, indeed, the active form of the catalyst, Rh(1)(CO)(H), 

can bind the model substrate 2-vinylbenzoate (2a) in a ditopic fashion (Figure 1) with 

the double bond coordinated to the metal center, while the carboxylate is held in the 

binding pocket.
14

 The carboxylate interaction severely restricts the movement of the 

alkene moiety at the metal center, and consequently the double bond can rotate only in 

the direction of the hydride migration transition state (ΔG
# 

= 15.8 kJ·mol
1

) that leads to 

the -phenylalkyl Rh complex (Figure 1).
15

 The rotation towards the transition state that 

leads to the α-phenylalkyl Rh complex is effectively blocked (ΔG
# 

= 71.6 kJ·mol
1

),
16 

and the usual stable pi-allyl intermediate cannot be formed while the carboxylate of the 

substrate is bound in the pocket. Therefore, this product can only be formed if the 

carboxylate leaves the binding site, or from a different conformer of the catalyst-
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substrate complex. The complex with inverted positions of carbonyl and hydride that 

favors the formation of the α-aldehyde product is much higher in energy (ΔG = 15.1 

kJ·mol
1

), and goes also through a much higher transition state (ΔG
#
 = 40.2 kJ·mol

1
).

16
 

Consequently, according to these calculations the bifunctional substrate binding 

effectively blocks the formation of the typical α-aldehyde product usually formed in the 

hydroformylation of vinyl arenes. 

 

 
Figure 1. Calculated reaction pathway (DFT, BP86, SV(P)) of the regioselectivity-determining hydride-

migration step in the hydroformylation of 2-vinylbenzoate (2a) by the Rh(1) catalyst; the binol moieties are 

included in calculations but omitted in the picture for clarity, binol=1,1'-bi-2-naphthol; for full computational 
details, see the experimental section. 

 

 
Scheme 2. Hydroformylation of 2a and 4 with the Rh(1) catalyst. Products yields by NMR spectroscopy and 
GC analysis. 

 

As predicted by the model, hydroformylation of 2-vinylbenzoic acid (2a) by the 

Rh(1) catalyst leads to exclusive formation of -aldehyde 3a, 2-(3-oxopropane)-benzoic 

acid, and the reaction is 100% chemo- and regioselective (Scheme 2, equation 1). 

Moreover, the activity of the catalyst is high (TOF = 57 h
1

) already under mild 

conditions (30°C, 20 bar of CO/H2, 1:1). To demonstrate that the supramolecular 

interactions between the substrate and the ligand are crucial to obtain the selectivity, a 

series of control experiments with substrates devoid of this functionality were carried 

out. Hydroformylation of various styrene-derivatives, with electron-withdrawing and 

electron-donating groups that cannot bind in the pocket of the Rh(1) catalyst, revealed 

typical selectivity for α-aldehyde products, with only 3-10% of -aldehydes formed  
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(see Table 4). The methyl ester of 2a (4), which is the closest in terms of electronic 

effects but is unable to bind in the pocket, gives only 5% of -aldehyde 5 and 95% of  

α-aldehyde 6 (Scheme 2, equation 2), a sharp contrast to the 100% selectivity for the  

-aldehyde obtained for 2a. Moreover, ester 4 reacts more slowly than acid analogue 2a 

(TOF = 11.7 h
1

 vs. 57 h
1

), under the same conditions. From the selectivity and activity 

of the reactions with 2a and 4, one can estimate the effect of substrate binding on 

relative reaction rates for formation of the α- and -aldehyde products. Substrate 

preorganization accelerates the formation of the -aldehyde by a factor of 60, while the 

rate of the α-aldehyde formation is slowed down with more than a factor 100. These 

experiments clearly confirm that the high activity and the unusual regioselectivity 

displayed by Rh(1) are a result of substrate binding in the pocket of 1. For comparison, 

hydroformylation of 2a with typical hydroformylation catalysts, i.e. Rh complexes 

based on monodentate PPh3, P(OPh)3 or with bidentate ligands xantphos and dppp 

ligands, (xantphos= 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene, dppp=1,3-

bis(diphenylphosphino)propane), under otherwise the same conditions, show no or only 

moderate activity (TOF < 9.5 h
1

) and typical regioselectivity for the α-aldehyde.
[16]

 

Furthermore, the Rh-catalyst containing a binol phosphite ligand without the covalently 

attached anion binding pocket did not show any activity for hydroformylation of 2a, in 

the presence or absence of the anion receptor.
16

 

After demonstration of the operational mode of the supramolecular catalyst Rh(1), 

we next evaluated its substrate scope (Scheme 3). For all but one studied vinyl aryl 

derivatives we observed full selectivity for the -aldehyde products. Most reactions 

went to completion at room temperature or slightly above, and only the naphthyl 

derivative 2k required 60°C to produce the product in high yield. In general, the 

catalytic system tolerates substitutions at every position of the aryl ring and a variety of 

functional groups, such as alkyl, alkoxy, chloride, nitro and amide groups. Substrates 

with other aryl rings including heteroaromatics, such as naphthyl, pyridine, indole and 

(benzo)thiophene rings are also smoothly converted. Only the furan derivative 2p was 

not converted with full selectivity, but the -aldehyde isomer 3p was still formed in 

70% yield and with 87% regioselectivity.  

Next, we examined if the system can also convert in a selective manner even more 

challenging substrates with an internal double bond, i.e. -substituted vinyl arene 

derivatives. For this class of substrates the reactivity is lower and the preference for the 

-position is further suppressed.
9
  In addition, the double bond can in principle 

isomerize, which leads to a more complex mixture of products. The supramolecular 

catalyst Rh(1) is the first catalyst that converts substrates 7 and 8 to form exclusively the 

-aldehyde products, which are isolated in almost quantitative yield (Scheme 4).
17

 

To further evaluate the potential of the Rh(1) catalyst in applications, we 

investigated its operational properties in more detail. The catalyst can operate in various 

solvents, such as dichloromethane, toluene, tetrahydrofuran and acetonitrile.
[16]

 

Interestingly, the activity is retained even under ambient pressure of syngas at room 

temperature, thus the reaction can be performed using the common laboratory 

equipment (a Schlenk type flask with a balloon).
16 

We found that the activity of Rh(1) 

catalyst can be further increased by elevating the temperature without losing any 

selectivity, and even at 80°C we obtained the product with full regioselectivity.
16

 

Importantly, we also demonstrate that even at very low catalyst loadings (0.005 mol%) 

the reaction still runs smoothly with the typical high activity and selectivity, TOF > 

6,000 mol·mol
1

h
1

 and TON > 18,000, which is important in view of commercial 
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applications. We also performed the reaction on a multigram scale (> 5g) from which 

the analytically pure product was obtained with nearly quantitative yield (97%) by a 

simple acid-base extraction from the reaction mixture. The aldehyde product is a 

convenient intermediate for further synthesis. Indeed, 3a is easily converted in three 

straightforward steps (78% overall yield in three steps), via the amino aryl ester 12, to 

the corresponding aryl ε-lactam 11, which provides the basis for an efficient route to 

bioactive compounds, such as a ghrelin receptor antagonist, a putative anti-obesity 

pharmaceutical,
12g

 or aspartyl protease inhibitors for an Alzheimer’s disease treatment
12d

 

(Scheme 5). Aldehyde 3a can also be converted in two steps to the hydroxyaryl acid 14, 

which represents the basic skeleton for somatostatin mimetics,
12f

 and to the aryl ε-lacton 

13. Thus, the obtained products represent important building blocks in the synthesis of 

several classes of aforementioned valuable compounds.
12 

 
Scheme 3. Hydroformylation of vinyl 2-carboxyarenes 2 with the Rh(1) catalyst. Product yield and selectivity 

determined by 1H and 13C NMR analysis of the reaction mixture. Value in parentheses indicates yield after 
isolation for reactions conducted on 0.3-0.8-mmol scale. Full conversion of the starting material in all cases 

(except where noted). Reagents and conditions: [2]=0.2 M, base = DIPEA or TEA (0.5 - 1.5 equiv.), 
Rh(CO)2(acac) (1 mol%), ligand 1 (1.1 mol%), CO/H2 = 1/1 (20 bar), 22-60°C, 24-72 h; a 95% conversion;  
b regioselectivity toward aldehyde 3p and chemoselectivity towards aldehydes, respectively; for full 

experimental details see the experimental section. 
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Scheme 4. Hydroformylation of -substituted vinyl arenes 7 and 8 with the supramolecular catalyst Rh(1). 

Product yield by NMR analysis of the reaction mixture – no side products were observed. Value in 

parentheses indicates yield after isolation for reactions conducted on 0.5-0.8 mmol scale. 
 

 

 
Scheme 5. Transformation of aldehydes 3 into other valuable building blocks; for Ar=1,2-Ph, R=n-C4H9: a) 

CH3I, KHCO3; b) 1. RNH2, 2) NaBH4; c) Al(CH3)3; d) NaBH4; e) p-TolSO3H; for full experimental details see 

the experimental section. 
 

5.3 Conclusions 

Transition metal catalysis is a powerful enabling technology for the sustainable 

preparation of chemical compounds, but only if the desired selectivity can be reached. 

Here we report a supramolecular hydroformylation catalyst that was made by rational 

design that converts 2-vinylbenzoic acid and its analogues to the -aldehyde in a 

regiospecific manner. As predicted by the model used in the design, the binding of the 

carboxylate moiety of the substrate in the pocket of the catalyst fixes the alkene 

coordination at the metal center such that it blocks the pathway to the undesired α-

aldehyde. The preorganization of the substrate also resulted in very high activities (TOF 

> 6,000 mol·mol
1

h
1

) and the catalyst proved to be selective for a wide scope of 
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substrates. This unprecedented selectivity opens new green routes to valuable 

intermediates, as is presented by a few examples in this report. In addition, clean 

catalytic technology to introduce vinyl-groups onto aromatic substrates via aromatic  

C-H activation routes using carboxylic acid directing groups, amide or ester 

analogues,
18

 as well as selective C-H alkylation of alkenes,
19

 is already available and 

therefore these intermediates are accessible from benzoic acid using only green routes. 

As many transition metal catalyzed processes involve a migration in the selectivity-

determining step, related methodologies in the field of selective transformations in 

chemical catalysis, towards fully sustainable synthesis are anticipated. 

 

5.4 Experimental section 

General 

 All reactions were carried out under an argon atmosphere 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. NMR spectra were measured 
on a Bruker AMX 400 (400.1MHz, 100.6MHz and 162.0 for 1H, 13C and 31P respectively). Infrared spectra 

were recorded on a Thermo Nicolet NEXUS 670 FT-IR. Elemental analyses were carried out on a Carlo Erba 

NCSO-analyzer. 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. ESI-MS measurements were recorded 

on a Shimadzu LCMS-2010A liquid chromatography mass spectrometer by direct injection of the sample to 

the ESI probe. CD2Cl2 and DIPEA were dried over molecular sieves (3Å) and degassed by 3 freeze-pump-
thaw cycles. If not stated otherwise, syngas refers to a 1 : 1 mixture of H2 and CO, and the pressure refers to a 

sum pressure of both. 

 

Materials. 

All reagents were purchased from commercial suppliers and used without further purification, with the 

exception of a ligand building block – 1,1-bis-(-3-methyl-7-nitro-1H-indol-2-yl)-propane,13 1,1-bis-(-7-

benzoylamino-3-methyl-1H-indol-2-yl)-propane (anion receptor R1),1 8-hydroxy-5,6,7,8-

tetrahydronaphthalene-1-carboxylic acid,13 4-phenoxy-(R)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin 

(ligand L2),20 which were synthesized according to the published procedures. 

 

Synthesis of ligand and substrates 

Synthesis of ligand 1 

Bis-(4-( benzyloxy)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane) (15): 1,1-Bis-(-3-

methyl-7-nitro-1H-indol-2-yl)propane1(3.09g, 7.88mmol) was suspended in methanol (130 ml) and 10% 

palladium on charcoal was added (0.8g). The reaction mixture was flushed with hydrogen, and then 
vigorously stirred under a hydrogen atmosphere (balloon). The progress of the reaction was monitored by 

TLC, and after completion (~hour), the catalyst was filtered off over Celite®. The solvent was evaporated, and 

the crude diamine was immediately used in the subsequent reaction without further purification. 
To the solution of crude diamine (7.88mmol) and triethylamine (8.85ml, 64mmol) in dichloromethane 

(100ml), the solution of 4-(benzyloxy)benzoyl chloride (4.86g, 19.7mmol) in dichloromethane (30ml) was 

slowly added while stirring, and the mixture was allowed to continue stirring overnight. The reaction mixture 

was washed with the saturated water solution of NaHCO3 (2 • 100ml), water (100ml), then dried with MgSO4 

and evaporated. The solid residue was purified by column chromatography on silica gel (120g), with a DCM : 

methanol (99:1) mixture as an eluent. Fractions of the product were combined, and the solvent evaporated off, 
and pure product was obtained by recrystallization. The solid was dissolved/suspended in dichloromethane 

(~20ml) and precipitated by the addition of hexane, followed by the sonication (15min), and the powder was 

isolated by the filtration of the solution, yielding 5.40g (81%) of 15. 
1H NMR (400 Mhz, DMSO-d6): δ = 10.24 (bs, 2H), 9.95 (bs, 2H), 7.94 (d, J1 = 8.7 Hz, 4H), 7.49 – 7.29 (m, 

12H), 7.25 (d, J1 = 7.8 Hz, 2H), 7.09 (d, J1 = 8.7 Hz, 4H), 6.96 (t, J1 = 7.7 Hz, 2H), 5.17 (t, J1 = 2.6Hz, 4H, 

PhCH2), 4.50 (t, J = 8.2 Hz, 1H, CHCH2CH3), 2.24 (s, 6H, ArCH3), 2.20 (m, 2H, CHCH2CH3), 0.91 (t, J = 7.2 
Hz, 3H, CHCH2CH3);  
13C NMR (100MHz, DMSO-d6): δ = 165.0, 160.8, 136.6, 135.7, 130.4, 129.8, 128.5, 127.9, 127.7, 127.4, 

122.9, 118.3, 114.9, 114.6, 114.4, 106.4, 69.4, 35.9, 26.6, 12.2, 8.6. 

HR MS (FAB): calcd. for C49H45N4O4 [MH]: 753.3441, found: 753.3447; 
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Elemental analysis (%) calcd. for C49H44N4O4: C 78.17, H 5.89, N 7.44, found: C 77.88, H 5.70, N 7.26. 

 

Bis-(4-(hydroxy)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane) (16): Diamide 15 
(5.40g, 7.16mmol) was dissolved in a methanol: THF (1:3) mixture (120 ml) and 10% palladium on charcoal 

was added (1.68g). The reaction mixture was flushed with hydrogen, and then vigorously stirred under a 

hydrogen atmosphere (balloon) at 40°C. The progress of the reaction was monitored by TLC, and after 
completion (~12 hours), the catalyst was filtered off over Celite®. The solvent was evaporated, and the pure 

product was obtained by recrystallization. The solid was dissolved/suspended in dichloromethane (~10ml) and 

precipitated by the addition of hexane (~200ml), followed by the sonication (15min), and the powder was 
isolated by the filtration of the solution, yielding 4.15g (100%) of 16. 
1H NMR (400 Mhz, DMSO-d6): δ = 10.26 (bs, 2H), 10.07 (bs, 2H), 9.84 (bs, 2H), 7.84 (d, J1 = 8.7 Hz, 4H), 

7.35 (d, J1 = 7.7 Hz, 2H), 7.23 (d, J1 = 7.8 Hz, 2H), 6.95 (dd, J1 = J2 = 7.9 Hz, 2H), 6.85 (d, J1 = 8.7 Hz, 4H), 
4.49 (t, J1 = 8.0 Hz, 1H, CHCH2CH3), 2.22 (s, 6H, ArCH3), 2.19 (m, 2H, CHCH2CH3), 0.91 (t, J1 = 7.2 Hz, 

3H, CHCH2CH3);  
13C NMR (100MHz, DMSO-d6): δ = 165.3, 160.5, 135.6, 130.4, 129.9, 128.3, 125.6, 123.1, 118.3, 114.9, 
114.7, 114.4, 106.3, 36.0, 26.6, 12.2, 8.6. 

HR MS (FAB): calcd. for C35H33N4O4 [MH]: 573.2502, found: 573.2499; 

Elemental analysis (%) calcd. for (C35H32N4O4)4·(H2O)3·C6H14: C 72.14, H 6.14, N 9.22, found: C 72.26, H 
6.30, N 9.09. 

 

(S)-1,1’-Binaphthyl-2,2-diyl phosphorochloridate, (S)-binol-PCl: All glassware was oven-dried or flame-dried 
under vacuum. All solvents and reagents were dry and degassed. (S)-1,1’-Bi(2-naphthol) – (S)-binol  was 

azeotropically dried prior to use, by co-evaporation with dry toluene. To a solution of TEA (1.1 ml, 8 mmol) 

in THF (20 mL) were added drop wise subsequently PCl3 (0.40 ml, 4.6 mmol) and a solution of (S)-binol 
(1.14 g, 4 mmol) in THF (20 ml) at -78°C. The reaction mixture was stirred for 20 minutes, then allowed to 

warm up to room temperature, and further stirred for 45 minutes at rt. Then, all volatiles were removed under 

vacuum, followed by addition of toluene (10 ml) and its evaporation. Next, the solid residue, being a mixture 
of the desired (S)-binol-PCl and TEA*HCl salt, was dissolved/suspended in THF (30 ml) and used in the next 

step without further purification. 
31P{1H} NMR (162MHz, THF-h8): δ = 177.9. 

 

Ligand 1 (bis-(4-((S)-1,1’-binaphthyl-2,2-diyl phosphito)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-

indol-2-yl)-propane)): All glassware was oven-dried or flame-dried under vacuum. All solvents and reagents 

were dry and degassed. Diol 16 was azeotropically dried prior to use, by co-evaporation with dry toluene three 

times. To the solution of diol 16 (1.14 g, 2 mmol) and triethylamine (2.8 ml, 20 mmol) in THF (20 ml), the 
freshly-prepared solution of phosphorylchloride (4 mmol) in THF (20 ml) was added drop wise at -78°C. 

After 30 minutes the cooling bath was removed, and the mixture was allowed to continue stirring overnight. 

The reaction mixture was evaporated, to the solid residue THF (20 ml) and triethylamine (2ml) were added, 
and the suspension was filtered through a plug of SiO2 gel, which was subsequently washed with THF (20 ml). 

The combined organic fractions were concentrated, cyclohexane (20 ml) was added, followed by evaporation 

of all volatiles to dryness, yielding 2.40g (93%) of 1• C6H12. NOTE: Ligand 1 is sensitive, thus should be 
stored in inert conditions at low temperatures preferably. 
1H NMR (400 Mhz, CD2Cl2): δ = 9.58 (s, 2H), 8.24 (s, 1H), 8.21 (s, 1H), 8.07 – 7.80 (m, 8H), 7.71 – 7.62 (m, 

4H), 7.53 – 7.20 (m, 18H), 7.15 – 6.94 (m, 8H), 4.45 (t, J1 = 7.9 Hz, 1H, CHCH2CH3), 2.32 (pd, 6H, 
2•ArCH3), 2.19 (dt, J1 = J2 = 7.4 Hz, 2H, CHCH2CH3), 0.92 (t, J1 = 7.3 Hz, 3H, CHCH2CH3);  
13C NMR (100MHz, CD2Cl2): δ = 165.5 (s), 155.0 (d, J1 = 7.6 Hz), 147.8 (d, J1 = 3.9 Hz), 147.2 (s), 136.4 (d, 

J1 = 6.0 Hz), 133.0 (d, J1 = 32.0 Hz), 132.3 (d, J1 = 9.0 Hz), 131.7 (s), 131.1 (s), 130.8 (s), 130.5 (s), 129.9 (s), 
128.9 (d, J1 = 5.5 Hz), 128.3 (d, J1 = 5.5 Hz), 127.2 (d, J1 = 15.0 Hz), 126.8 (d, J1 = 9.5 Hz), 125.7 (d, J1 = 

19.1 Hz), 124.6 (d, J1 = 4.9 Hz), 124.4 (d, J1 = 17.0 Hz), 123.2 (d, J1 = 1.4 Hz), 122.5 (d, J1 = 1.4 Hz), 121.9 

(d, J1 = 5.5 Hz), 120.5 (d, J1 = 2.5 Hz), 120.4 (d, J1 = 2.5 Hz), 119.3 (s), 116.1 (d, J1 = 2.0 Hz), 114.2 (d, J1 = 
3.4 Hz), 108.1 (d, J1 = 7.6 Hz), 36.8 (s), 27.8 (s), 12.5 (s), 8.9 (s); 
31P{1H} NMR (162MHz, CD2Cl2): δ = 143.8. 

HR MS (FAB): calcd. for C75H55N4O8P2 [MH]: 1201.3495, found: 1201.3497; 

Elemental analysis (%) calcd. for 2·C75H54N4O8P2·C6H12: C 75.35, H 4.86, N 4.51, P 4.98, found: C 75.19, H 

4.49, N 4.26, P 4.97. 

 

Synthesis of 2-methyl-6-vinylbenzoic acid (2b) 

Methyl 2-bromo-6-methylbenzoate: To a solution of 2-bromo-6-methylbenzoic acid (1.05 g, 4.9 mmol) in 

toluene (20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (5 ml, 2 M, 10 
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mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the 

volatiles under vacuum, the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.44 – 7.31 (m, 1H), 7.22 – 7.14 (m, 2H), 3.92 (s, 3H, OCH3), 2.31 (s, 3H, 

ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 168.6, 137.5, 136.4, 130.9, 130.2, 129.4, 119.2, 52.8, 19.8; 

HR MS (FAB): calcd. for C9H10O2Br [MH]: 228.9864, found: 228.9867. 

 

Methyl 2-methyl-6-vinylbenzoate: The synthesis was performed according to the published procedures for 
analogical reactions with small modifications.21 A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged 

with methyl 2-bromo-6-methylbenzoate (1.1 g, 4.8 mmol), potassium vinyltrifluoroborate (790 mg, 5.9 

mmol), cesium carbonate (6 g), palladium (II) chloride (70 mg), triphenylphosphine (320 mg), THF (9 ml) and 
degassed water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. The 1H NMR analysis 

of the crude reaction mixture showed ca. 30% of unreacted starting material, thus additional portions of 

potassium vinyltrifluoroborate (790 mg, 5.9 mmol), palladium (II) chloride (70 mg), triphenylphosphine (320 
mg) were added and stirring at 85°C was continued for 3 days. Then, the reaction mixture was diluted with 

DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the water phase was 

extracted with DCM (2•50 ml). The combined organic layers were dried over MgSO4, and the solvent was 
removed under vacuum. The crude product was purified by column chromatography on silica gel, with a 

pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the pure product were combined, and the 

solvent evaporated off, yielding 420 mg (50%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.42 (d, J1 = 7.8 Hz, 1H), 7.29 (dd, J1 = 7.8 Hz, J2 = 7.7 Hz, 1H), 7.14 (d, J1 

= 7.5 Hz, 1H), 6.72 (dd, J1 = 17.4 Hz, J2 = 11.0 Hz, 1H, CHCH2), 5.71 (dd, J1 = 17.4 Hz, J2 = 1.0 Hz, 1H, 

CHCH2), 5.31 (dd, J1 = 11.0 Hz, J2 = 1.0 Hz, 1H, CHCH2), 3.89 (s, 3H, OCH3), 2.29 (s, 3H, ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 170.2, 135.5, 135.4, 134.4, 133.3, 129.9, 129.8, 123.1, 116.1, 52.3, 19.7; 

HR MS (FAB): calcd. for C11H13O2 [MH]: 177.0916, found: 177.0917. 

 
2-Methyl-6-vinylbenzoic acid (2b): A round-bottom flask was charged with methyl 2-methyl-6-vinylbenzoate 

(400 mg, 2.3 mmol), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture (10 ml), sealed 

and stirred at 70°C. The progress of the reaction was monitored by TLC, and after completion (4 days), the 
reaction mixture was diluted with water (20 ml), followed by evaporation of THF and methanol under reduced 

pressure (100 mbar, 40ºC). Then, the water phase residue was washed with DCM (20 ml), acidified with 1M 

HCl to pH ~ 3, and extracted with DCM (3•40 ml). The combined organic layers were dried over MgSO4, and 

the solvent was removed under vacuum. The solid residue was crystalized from a hot water : ethanol (10 : 3) 

mixture, yielding 350 mg (95%) of 2b. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.30 (bs, 1H, COOH), 7.50 (d, J1 = 7.8 Hz, 1H), 7.30 (dd, J1 = 7.8 Hz, 
J2 = 7.7 Hz, 1H), 7.18 (d, J1 = 7.6 Hz, 1H), 6.72 (dd, J1 = 17.4 Hz, J2 = 11.0 Hz, 1H, CHCH2), 5.82 (dd, J1 = 

17.4 Hz, J2 = 1.0 Hz, 1H, CHCH2), 5.34 (dd, J1 = 11.0 Hz, J2 = 1.0 Hz, 1H, CHCH2), 2.27 (s, 3H, ArCH3); 
13C NMR (100MHz, DMSO-d6): δ = 170.4, 134.6, 133.7, 133.6, 133.3, 129.4, 128.8, 122.3, 116.7, 19.1; 

HR MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0755. 

Elemental analysis (%) calcd. for C10H10O2: C 74.06, H 6.21, found: C 73.25, H 5.81. 

 

Synthesis of 3-methyl-6-vinylbenzoic acid (2c) 

Methyl 2-bromo-5-methylbenzoate: To a solution of 2-bromo-5-methylbenzoic acid (0.9 g, 4.2 mmol) in 

toluene (20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (2.7 ml, 2 M, 5.4 
mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the 

volatiles under vacuum, the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.59 (d, J1 = 2.0 Hz, 1H), 7.53 (d, J1 = 8.2 Hz, 1H), 7.16 (dd, J1 = 8.2 Hz, J2 

= 2.0 Hz, 1H), 3.89 (s, 3H, OCH3), 2.33 (s, 3H, ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 167.0, 138.0, 134.3, 133.8, 132.4, 132.1, 118.2, 52.7, 20.8; 

HR MS (FAB): calcd. for C9H10O2Br [MH]: 228.9864, found: 228.9852. 
 

Methyl 3-methyl-6-vinylbenzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 

2-bromo-5-methylbenzoate (0.94 g, 4.1 mmol), potassium vinyltrifluoroborate (590 mg, 4.4 mmol), cesium 
carbonate (4.1 g), palladium (II) chloride (29 mg), triphenylphosphine (130 mg), THF (9 ml) and degassed 

water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, the reaction 

mixture was diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was 
separated, and the water phase was extracted with DCM (2•50 ml). The combined organic layers were dried 

over MgSO4, and the solvent was removed under vacuum. The crude product was purified by column 

chromatography on silica gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the 
product were combined, and the solvent evaporated off, yielding 610 mg (84%) of product. 
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1H NMR (400 Mhz, CD2Cl2): δ = 7.66 (s, 1H), 7.51 (d, J1 = 8.1 Hz, 1H), 7.39 (dd, J1 = 17.5 Hz, J2 = 11.0 Hz, 

1H, CHCH2), 7.31 (d, J1 = 8.1 Hz, 1H), 5.63 (dd, J1 = 17.5 Hz, J2 = 1.4 Hz, 1H, CHCH2), 5.28 (dd, J1 = 11.0 

Hz, J2 = 1.4 Hz, 1H, CHCH2), 3.87 (s, 3H, OCH3), 2.37 (s, 3H, ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 168.2, 137.9, 136.7, 135.9, 133.2, 131.0, 129.1, 127.2, 115.6, 52.3, 21.1; 

HR MS (FAB): calcd. for C11H13O2 [MH]: 177.0916, found: 177.0917. 

 
3-Methyl-6-vinylbenzoic acid (2c): A round-bottom flask was charged with methyl 3-methyl-6-vinylbenzoate 

(600 mg, 3.4 mmol), lithium hydroxide (220 mg), a THF : methanol : water (4 : 1 : 1) mixture (18 ml), sealed 

and stirred at 70°C overnight. The next day, the reaction mixture was diluted with water (20 ml), followed by 
evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue 

was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The 

combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, yielding 470 
mg (85%) of 2c. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.90 (bs, 1H, COOH), 7.61 (s, 1H), 7.57 (d, J1 = 8.1 Hz, 1H), 7.38 (dd, 

J1 = 17.6 Hz, J2 = 11.0 Hz, 1H, CHCH2), 7.34 (d, J1 = 8.1 Hz, 1H), 5.69 (dd, J1 = 17.6 Hz, J2 = 1.2 Hz, 1H, 
CHCH2), 5.27 (dd, J1 = 11.0 Hz, J2 = 1.2 Hz, 1H, CHCH2), 2.32 (s, 3H, ArCH3); 
13C NMR (100MHz, DMSO-d6): δ = 168.7, 137.1, 135.2, 135.0, 132.4, 130.3, 129.6, 126.4, 115.5, 20.5;  

HR MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0762. 
Elemental analysis (%) calcd. for C10H10O2: C 74.06, H 6.21, found: C 73.57, H 6.21. 

 

Synthesis of 4-methyl-2-vinylbenzoic acid (2d) 

Methyl 2-bromo-4-methylbenzoate: To a solution of 2-bromo-4-methylbenzoic acid (1.07 g, 5.0 mmol) in 
toluene (20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (3.25 ml, 2 M, 

6.2 mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the 

volatiles under vacuum, the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.70 (d, J1 = 7.9 Hz, 1H), 7.51 (s, 1H), 7.19 (d, J1 = 7.9 Hz, 1H), 3.88 (s, 

3H, OCH3), 2.36 (s, 3H, ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 166.7, 144.3, 135.3, 134.7, 131.7, 129.4, 128.4, 52.6, 21.2; 

HR MS (FAB): calcd. for C9H10O2Br [MH]: 228.9864, found: 228.9864. 

 

Methyl 4-methyl-2-vinylbenzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 

2-bromo-4-methylbenzoate (1.13 g, 4.9 mmol), potassium vinyltrifluoroborate (700 mg, 5.2 mmol), cesium 

carbonate (4.9 g), palladium (II) chloride (35 mg), triphenylphosphine (160 mg), THF (9 ml) and degassed 
water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, the reaction 

mixture was diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was 

separated, and the water phase was extracted with DCM (2•50 ml). The combined organic layers were dried 
over MgSO4, and the solvent was removed under vacuum. The crude product was purified by column 

chromatography on silica gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the 

product were combined, and the solvent evaporated off, yielding 755 mg (87%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.77 (d, J1 = 7.9 Hz, 1H), 7.47 (dd, J1 = 17.5 Hz, J2 = 11.0 Hz, 1H, CHCH2), 

7.42 (s, 1H), 7.15 (d, J1 = 7.9 Hz, 1H), 5.65 (dd, J1 = 17.5 Hz, J2 = 1.4 Hz, 1H, CHCH2), 5.32 (dd, J1 = 11.0 

Hz, J2 = 1.4 Hz, 1H, CHCH2), 3.85 (s, 3H, OCH3), 2.39 (s, 3H, ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 168.0, 143.1, 139.8, 136.5, 130.8, 128.6, 128.1, 126.3, 116.1, 52.2, 21.6; 

HR MS (FAB): calcd. for C11H13O2 [MH]: 177.0916, found: 177.0917. 

 
4-Methyl-2-vinylbenzoic acid (2d): A round-bottom flask was charged with methyl 4-methyl-2-vinylbenzoate 

(740 mg, 4.2 mmol), lithium hydroxide (300 mg), a THF : methanol : water (4 : 1 : 1) mixture (18 ml), sealed 

and stirred at 70°C overnight. The next day, the reaction mixture was diluted with water (20 ml), followed by 
evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue 

was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The 

combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, yielding 600 
mg (88%) of 2d. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.84 (bs, 1H, COOH), 7.72 (d, J1 = 8.0 Hz, 1H), 7.48 (s, 1H), 7.46 (dd, 

J1 = 17.5 Hz, J2 = 11.0 Hz, 1H, CHCH2), 7.18 (d, J1 = 8.0 Hz, 1H), 5.72 (dd, J1 = 17.5 Hz, J2 = 1.4 Hz, 1H, 
CHCH2), 5.30 (dd, J1 = 11.0 Hz, J2 = 1.4 Hz, 1H, CHCH2), 2.36 (s, 3H, ArCH3); 
13C NMR (100MHz, DMSO-d6): δ = 168.4, 141.9, 138.3, 135.5, 130.3, 128.3, 127.1, 126.7, 116.1, 21.0; HR 

MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0752. 
Elemental analysis (%) calcd. for C10H10O2: C 74.06, H 6.21, found: C 73.54, H 6.30. 
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Synthesis of 3-methyl-2-vinylbenzoic acid (2e) 

Methyl 2-bromo-3-methylbenzoate: To a solution of 2-bromo-3-methylbenzoic acid (1.0 g, 4.65 mmol) in 

toluene (20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (5.0 ml, 2 M, 10 
mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the 

volatiles under vacuum, the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.44 (d, J1 = 7.5 Hz, 1H), 7.37 (d, J1 = 7.5 Hz, 1H), 7.27 (dd, J1 = J2 = 7.5 
Hz, 1H), 3.90 (s, 3H, OCH3), 2.45 (s, 3H, ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 167.9, 140.2, 134.7, 133.4, 128.1, 127.3, 123.2, 52.8, 23.9; 

HR MS (FAB): calcd. for C9H10O2Br [MH]: 228.9864, found: 228.9876. 
 

Methyl 3-methyl-2-vinylbenzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 

2-bromo-3-methylbenzoate (1.05 g, 4.6 mmol), potassium vinyltrifluoroborate (935 mg, 7 mmol), cesium 
carbonate (6 g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (9 ml) and degassed 

water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. The 1H NMR analysis of the 

crude reaction mixture showed ca. 40% of unreacted starting material, thus additional portions of potassium 
vinyltrifluoroborate (935 mg, 7 mmol), palladium (II) chloride (105 mg), triphenylphosphine (480 mg) were 

added and stirring at 85°C was continued for another 40h. After cooling down, the reaction mixture was 

diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the 
water phase was extracted with DCM (2•50 ml). The combined organic layers were dried over MgSO4, and 

the solvent was removed under vacuum. The crude product was purified by column chromatography on silica 

gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the pure product were combined, 
and the solvent evaporated off, yielding 350 mg (43%) of product. (Alongside fractions containing the product 

with the starting material were combined, and the solvent evaporated off, providing ~500 mg of a mixture 

product : starting material (~3 : 1 by 1H NMR analysis)). 
1H NMR (400 Mhz, CD2Cl2): δ = 7.51 (d, J1 = 7.8 Hz, 1H), 7.33 (d, J1 = 7.5 Hz, 1H), 7.21 (dd, J1 = 7.8 Hz, J2 

= 7.5 Hz, 1H), 6.96 (dd, J1 = 17.8 Hz, J2 = 11.4 Hz, 1H, CHCH2), 5.44 (dd, J1 = 11.4 Hz, J2 = 1.6 Hz, 1H, 

CHCH2), 5.17 (dd, J1 = 17.8 Hz, J2 = 1.6 Hz, 1H, CHCH2), 3.80 (s, 3H, OCH3), 2.34 (s, 3H, ArCH3); 
13C NMR (100MHz, CD2Cl2): δ = 169.5, 138.7, 137.2, 135.6, 133.4, 131.7, 127.1, 127.0, 118.9, 52.2, 20.8; 

HR MS (FAB): calcd. for C11H13O2 [MH]: 177.0916, found: 177.0917. 

 
3-Methyl-2-vinylbenzoic acid (2e): A round-bottom flask was charged with methyl 3-methyl-2-vinylbenzoate 

(300 mg, 1.7 mmol), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture (10 ml), sealed 

and stirred at 50°C overnight. The next day, the reaction mixture was diluted with water (20 ml), followed by 
evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue 

was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The 

combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, yielding 211 
mg (76%) of 2e. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.80 (bs, 1H, COOH), 7.46 (d, J1 = 7.6 Hz, 1H), 7.36 (d, J1 = 7.6 Hz, 

1H), 7.24 (dd, J1 = J2 = 7.6 Hz, 1H), 6.96 (dd, J1 = 17.8 Hz, J2 = 11.4 Hz, 1H, CHCH2), 5.43 (dd, J1 = 11.4 Hz, 
J2 = 1.7 Hz, 1H, CHCH2), 5.21 (dd, J1 = 17.8 Hz, J2 = 1.7 Hz, 1H, CHCH2), 2.30 (s, 3H, ArCH3); 
13C NMR (100MHz, DMSO-d6): δ = 169.7, 137.1, 136.1, 135.1, 132.5, 132.4, 126.8, 126.3, 118.8, 20.4;  

HR MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0755. 

Elemental analysis (%) calcd. for C10H10O2: C 74.06, H 6.21, found: C 72.22, H 6.31. 

 

Synthesis of 5-methyoxy-2-vinylbenzoic acid (2f) 

Methyl 5-methoxy-2-vinylbenzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with 

methyl 2-bromo-5-methoxybenzoate (1.96 g, 8 mmol), potassium vinyltrifluoroborate (1.13 g, 8.4 mmol), 

cesium carbonate (7.8 g), palladium (II) chloride (30 mg), triphenylphosphine (130 mg), THF (18 ml) and 
degassed water (2 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 24h. After cooling down, the 

reaction mixture was diluted with DCM (100 ml) and water (30 ml), filtered over Celite, the organic layer was 

separated, and the water phase was extracted with DCM (2•50 ml). The combined organic layers were dried 
over MgSO4, and the solvent was removed under vacuum. The crude product was purified by column 

chromatography on silica gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the 

product were combined, and the solvent evaporated off, yielding 1.06 g (69%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.55 (d, J1 = 8.7 Hz, 1H), 7.35 (d, J1 = 2.9 Hz, 1H), 7.35 (dd, J1 = 17.5 Hz, 

J2 = 11.0 Hz, 1H, CHCH2), 7.04 (dd, J1 = 8.7 Hz, J2 = 2.9 Hz, 1H), 5.57 (dd, J1 = 17.5 Hz, J2 = 1.3 Hz, 1H, 

CHCH2), 5.24 (dd, J1 = 11.0 Hz, J2 = 1.3 Hz, 1H, CHCH2), 3.87 (s, 3H), 3.83 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 167.9, 159.3, 135.5, 132.1, 130.3, 128.6, 118.7, 114.9, 114.7, 55.9, 52.4; 

HR MS (FAB): calcd. for C11H13O3 [MH]: 193.0865, found: 193.0860. 
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5-Methoxy-2-vinylbenzoic acid (2f): A round-bottom flask was charged with methyl 5-methoxy-2-

vinylbenzoate (910 mg, 4.7 mmol), lithium hydroxide (300 mg), a THF : methanol : water (4 : 1 : 1) mixture 
(18 ml), sealed and stirred at 70°C overnight. The next day, the reaction mixture was diluted with water (20 

ml), followed by evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water 

phase residue was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM 
(3•40 ml). The combined organic layers were dried over MgSO4, and the solvent was removed under vacuum. 

The solid residue was crystalized from hot water, yielding 700 mg (83%) of 2f. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.08 (bs, 1H, COOH), 7.62 (d, J1 = 8.7 Hz, 1H), 7.32 (dd, J1 = 17.6 Hz, 
J2 = 11.0 Hz, 1H, CHCH2), 7.28 (d, J1 = 2.8 Hz, 1H), 7.11 (dd, J1 = 8.7 Hz, J2 = 2.8 Hz, 1H), 5.63 (dd, J1 = 

17.6 Hz, J2 = 1.3 Hz, 1H, CHCH2), 5.21 (dd, J1 = 11.0 Hz, J2 = 1.3 Hz, 1H, CHCH2), 3.80 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 168.4, 158.4, 134.6, 131.0, 130.4, 127.9, 117.9, 114.4, 114.2, 55.4;  

HR MS (FAB): calcd. for C10H11O3 [MH]: 179.0708, found: 179.0710; 

Elemental analysis (%) calcd. for C10H10O4: C 67.41, H 5.66, found: C 66.39, H 5.42. 

 

Synthesis of 5-chloro-2-vinylbenzoic acid (2g) 

Methyl 2-bromo-5-chlorobenzoate: To a solution of 2-bromo-5-chlorobenzoic acid (1.88 g, 8.0 mmol) in 

toluene (20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (5.2 ml, 2 M, 

10.4 mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the 
volatiles under vacuum, the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.78 (d, J1 = 2.6 Hz, 1H), 7.61 (d, J1 = 8.6 Hz, 1H), 7.34 (dd, J1 = 8.6 Hz, J2 

= 2.6 Hz, 1H), 3.91 (s, 3H); 

HR MS (FAB): calcd. for C8H7O2BrCl [MH]: 250.9296, found: 250.9293. 

 

Methyl 5-chloro-2-vinylbenzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 
2-bromo-5-chlorobenzoate (1.98 g, 7.9 mmol), potassium vinyltrifluoroborate (1.13 g, 8.4 mmol), cesium 

carbonate (7.8 g), palladium (II) chloride (56 mg), triphenylphosphine (260 mg), THF (18 ml) and degassed 

water (2 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, the reaction 
mixture was diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was 

separated, and the water phase was extracted with DCM (2•50 ml). The combined organic layers were dried 

over MgSO4, and the solvent was removed under vacuum. The crude product was purified by column 

chromatography on silica gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the 

product were combined, and the solvent evaporated off, yielding 1.38 g (89%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.85 (d, J1 = 2.3 Hz, 1H), 7.56 (d, J1 = 8.4 Hz, 1H), 7.45 (dd, J1 = 8.4 Hz, J2 

= 2.3 Hz, 1H), 7.40 (dd, J1 = 17.4 Hz, J2 = 11.0 Hz, 1H, CHCH2), 5.67 (dd, J1 = 17.4 Hz, J2 = 1.2 Hz, 1H, 

CHCH2), 5.37 (dd, J1 = 11.0 Hz, J2 = 1.2 Hz, 1H, CHCH2), 3.88 (s, 3H); 

HR MS (FAB): calcd. for C10H10O2Cl [MH]: 197.0369, found: 197.0363. 

 

5-chloro-2-vinylbenzoic acid (2g): A round-bottom flask was charged with methyl 5-chloro-2-vinylbenzoate 
(1.36 g, 6.9 mmol), lithium hydroxide (440 mg), a THF : methanol : water (4 : 1 : 1) mixture (36 ml), sealed 

and stirred at 70°C overnight. The next day, the reaction mixture was diluted with water (20 ml), followed by 

evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue 
was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The 

combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, yielding 1.21 g 

(96%) of 2g. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.38 (bs, 1H, COOH), 7.77 (d, J1 = 2.3 Hz, 1H), 7.71 (d, J1 = 8.4 Hz, 

1H), 7.60 (dd, J1 = 8.4 Hz, J2 = 2.3 Hz, 1H), 7.36 (dd, J1 = 17.5 Hz, J2 = 11.0 Hz, 1H, CHCH2), 5.78 (dd, J1 = 

17.5 Hz, J2 = 1.1 Hz, 1H, CHCH2), 5.38 (dd, J1 = 11.0 Hz, J2 = 1.1 Hz, 1H, CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 167.3, 136.7, 134.0, 132.1, 131.6, 131.4, 129.4, 128.5, 117.4;  

HR MS (FAB): calcd. for C9H8O2Cl [MH]: 183.0213, found: 183.0211; 

Elemental analysis (%) calcd. for C9H7O2Cl: C 59.20, H 3.86, Cl 19.42, found: C 58.12, H 3.99, Cl 19.00. 
 

Synthesis of 5-nitro-2-vinylbenzoic acid (2h) 

Methyl 2-bromo-5-nitrobenzoate: To a solution of 2-bromo-5-nitrobenzoic acid (1.97 g, 8.0 mmol) in toluene 

(20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (5.2 ml, 2 M, 10.4 
mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the 

volatiles under vacuum, the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.63 (d, J1 = 2.8 Hz, 1H), 8.17 (dd, J1 = 8.8 Hz, J2 = 2.8 Hz, 1H), 7.89 (d, J1 
= 8.8 Hz, 1H), 3.97 (s, 3H); 
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13C NMR (100MHz, CD2Cl2): δ = 164.9, 147.2, 136.2, 133.8, 129.4, 127.0, 126.6, 53.4; 

HR MS (FAB): calcd. for C8H7O4NBr [MH]: 259.9558, found: 259.9548. 
 

Methyl 5-nitro-2-vinylbenzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 2-

bromo-5-nitrobenzoate (2.06 g, 7.9 mmol), potassium vinyltrifluoroborate (1.39 g, 10 mmol), cesium 
carbonate (9.8 g), palladium (II) chloride (70 mg), triphenylphosphine (320 mg), THF (18 ml) and degassed 

water (2 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, the reaction 

mixture was diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was 
separated, and the water phase was extracted with DCM (2•50 ml). The combined organic layers were dried 

over MgSO4, and the solvent was removed under vacuum. The crude product was purified by column 

chromatography on silica gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the 
product were combined, and the solvent evaporated off, yielding 1.22 g (74%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.71 (d, J1 = 2.5 Hz, 1H), 8.30 (dd, J1 = 8.7 Hz, J2 = 2.5 Hz, 1H), 7.78 (d, J1 

= 8.7 Hz, 1H), 7.53 (dd, J1 = 17.5 Hz, J2 = 11.1 Hz, 1H, CHCH2), 5.85 (dd, J1 = 17.5 Hz, J2 = 0.9 Hz, 1H, 
CHCH2), 5.57 (dd, J1 = 11.1 Hz, J2 = 0.9 Hz, 1H, CHCH2), 3.94 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 166.1, 147.2, 145.8, 134.6, 130.0, 128.7, 126.7, 126.1, 120.6, 53.0; 

HR MS (FAB): calcd. for C10H10NO4 [MH]: 208.0610, found: 208.0609. 
 

5-Nitro-2-vinylbenzoic acid (2h): A round-bottom flask was charged with methyl 5-nitro-2-vinylbenzoate 

(1.13 g, 5.5 mmol), lithium hydroxide (1.4 g), a THF : methanol : water (4 : 1 : 1) mixture (20 ml), sealed and 
stirred at rt overnight. The next day, the reaction mixture was diluted with water (20 ml), followed by 

evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue 

was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The 
combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, yielding 1.03 g 

(98%) of 2h. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.73 (bs, 1H, COOH), 8.55 (d, J1 = 2.7 Hz, 1H), 8.35 (dd, J1 = 8.7 Hz, 
J2 = 2.7 Hz, 1H), 7.98 (d, J1 = 8.7 Hz, 1H), 7.50 (dd, J1 = 17.6 Hz, J2 = 11.0 Hz, 1H, CHCH2), 6.00 (dd, J1 = 

17.6 Hz, J2 = 0.9 Hz, 1H, CHCH2), 5.60 (dd, J1 = 11.0 Hz, J2 = 0.9 Hz, 1H, CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 166.7, 166.3, 144.1, 133.7, 130.6, 128.3, 126.1, 125.0, 120.8;  

HR MS (FAB): calcd. for C9H8NO4 [MH]: 194.0453, found: 194.0453. 

Elemental analysis (%) calcd. for C9H7NO4: C 54.96, H 3.65, N 7.25, found: C 55.99, H 3.88, N 7.12. 

 

Synthesis of 5-acetamido-2-vinylbenzoic acid (2i) 

5-Acetamido-2-bromobenzoic acid: Acetic anhydride (4 ml) was slowly added to a solution of 5-amino-2-

bromobenzoic acid (4.27 g, 19.8 mmol) in acetic acid (30 ml), and the reaction mixture was stirred under 

reflux for several hours. Then, the volatiles were removed under vacuum, the solid residue was thoroughly 
washed with DCM and hexane, yielding 4.63 g (91%) of product. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.27 (bs, 1H), 10.19 (bs, 1H), 8.02 (d, J1 = 1.9 Hz, 1H), 7.64 – 7.59 (m, 

2H), 2.05 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 168.7, 167.1, 138.7, 134.1, 133.6, 122.6, 120.7, 112.7, 24.0; 

HR MS (FAB): calcd. for C9H9NO3Br [MH]: 257.9766, found: 257.9762. 

 
Methyl 5-acetamido-2-bromobenzoate: 5-Acetamido-2-bromobenzoic acid (2.06 g, 8 mmol) and Na2CO3 

(4.26 g, 40 mmol) were dissolved in DMF (60 ml) and stirred for 30 min. Then, methyl iodide (2.5 ml, 40 

mmol) was added to the reaction mixture, and the stirring was continued for 1h. Afterwards, all the volatiles 
were removed under vacuum, the solid residue was dissolved in ethyl acetate (100 ml), washed with saturated 

NH4Cl(aq.) (2•50 ml), water (50 ml) and dried over MgSO4. Upon removal of the solvent under vacuum, 1.95 g 

(90%) of product was obtained. 
1H NMR (400 Mhz, DMSO-d6): δ = 10.23 (s, 1H), 8.06 (s, 1H), 7.66 (s, 2H), 3.86 (s, 3H, OCH3), 2.05 (s, 3H, 

COCH3); 
13C NMR (100MHz, DMSO-d6): δ = 168.8, 165.9, 138.8, 134.3, 132.1, 123.1, 120.9, 112.9, 52.6, 24.0. 

 

Methyl 5-acetamido-2-vinylbenzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with 
methyl 5-acetamido-2-bromobenzoate (1.88 g, 6.9 mmol), potassium vinyltrifluoroborate (1.39 g, 10 mmol), 

cesium carbonate (10 g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (14 ml) and 

degassed water (1.5 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, 
the reaction mixture was diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer 

was separated, and the water phase was extracted with DCM (2•50 ml). The combined organic layers were 

dried over MgSO4, and the solvent was removed under vacuum. The crude product was purified by column 
chromatography on silica gel, with a DCM : methanol (100:0 → 98:8) mixture as an eluent. Fractions of the 
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product were combined, the solvent evaporated off, and the solid was crystalized by hexane layering over its 

DCM solution, yielding 0.84 g (55%) of product. 
1H NMR (400 Mhz, DMSO-d6): δ = 10.16 (s, 1H), 8.07 (d, J1 = 2.2 Hz, 1H), 7.75 (dd, J1 = 8.6 Hz, J2 = 2.2 
Hz, 1H), 7.66 (d, J1 = 8.6 Hz, 1H), 7.26 (dd, J1 = 17.5 Hz, J2 = 11.0 Hz, 1H, CHCH2), 5.69 (dd, J1 = 17.5 Hz, 

J2 = 1.3 Hz, 1H, CHCH2), 5.27 (dd, J1 = 11.0 Hz, J2 = 1.3 Hz, 1H, CHCH2), 3.83 (s, 3H, COOCH3), 2.05 (s, 

3H, COCH3); 
13C NMR (100MHz, DMSO-d6): δ = 168.6, 167.1, 138.8, 134.3, 132.5, 128.8, 127.2, 122.4, 119.6, 115.6, 

55.2, 24.0; 

HR MS (FAB): calcd. for C12H14NO3 [MH]: 220.0974, found: 220.0971. 
 

5-Acetamido-2-vinylbenzoic acid (2i): A round-bottom flask was charged with methyl 5-acetamido-2-

vinylbenzoate (620 mg, 2.8 mmol), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture 
(00 ml), sealed and stirred at rt overnight. The next day, the reaction mixture was diluted with water (20 ml), 

followed by evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water 

phase residue was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with ethyl 
acetate (4•40 ml). The combined organic layers were dried over MgSO4, and the solvent was removed under 

vacuum, yielding 440 mg (76%) of 2i. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.02 (s, 1H), 10.11 (s, 1H), 8.05 (d, J1 = 2.2 Hz, 1H), 7.74 (dd, J1 = 8.6 
Hz, J2 = 2.2 Hz, 1H), 7.63 (d, J1 = 8.6 Hz, 1H), 7.35 (dd, J1 = 17.6 Hz, J2 = 11.1 Hz, 1H, CHCH2), 5.67 (dd, J1 

= 17.6 Hz, J2 = 1.2 Hz, 1H, CHCH2), 5.24 (dd, J1 = 11.1 Hz, J2 = 1.2 Hz, 1H, CHCH2), 2.05 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 168.6, 168.4, 138.7, 134.7, 132.5, 130.0, 127.0, 122.0, 119.9, 115.0, 
24.0; 

HR MS (FAB): calcd. for C11H12NO3 [MH]: 206.0817, found: 206.0808. 

Elemental analysis (%) calcd. for C11H11NO3: C 64.38, H 5.40, N 6.83, found: C 64.17, H 5.27, N 6.45. 
 

Synthesis of 5-vinyl-1,3-benzodioxole-4-carboxylic acid (2j) 

Methyl ester of 5-bromo-1,3-benzodioxole-4-carboxylic acid: To a solution of 5-bromo-1,3-benzodioxole-4-

carboxylic acid (1.08 g, 4.4 mmol) in toluene (20 ml) and methanol (8 ml), a solution of 
trimethysilyldiazomethane in diethyl ether (5.8 ml, 2 M, 11.6 mmol) was added dropwise while stirring, and 

stirring was continued for 2 hours. Upon removal of the volatiles under vacuum, the product was obtained in 

quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.08 (d, J1 = 8.4 Hz, 1H), 6.76 (d, J1 = 8.4 Hz, 1H), 6.06 (s, 2H), 3.90 (s, 

3H); 
13C NMR (100MHz, CD2Cl2): δ = 164.5, 148.2, 148.1, 126.5, 116.7, 111.4, 111.2, 103.2, 52.9; 

HR MS (FAB): calcd. for C9H7O4Br [MH]: 257.9528, found: 257.9527. 

 
Methyl ester of 5-vinyl-1,3-benzodioxole-4-carboxylic acid: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) 

was charged with methyl ester of 5-bromo-1,3-benzodioxole-4-carboxylic acid (1.13 g, 4.4 mmol), potassium 

vinyltrifluoroborate (740 mg, 5.5 mmol), cesium carbonate (5.4 g), palladium (II) chloride (35 mg), 
triphenylphosphine (160 mg), THF (9 ml) and degassed water (1 ml),  sealed with a Teflon screw cap and 

stirred at 85°C for ca. 40h. After cooling down, the reaction mixture was diluted with DCM (50 ml) and water 

(30 ml), filtered over Celite, the organic layer was separated, and the water phase was extracted with DCM 
(2•50 ml). The combined organic layers were dried over MgSO4, and the solvent was removed under vacuum. 

The crude product was purified by column chromatography on silica gel, with a pentane : diethyl ether (95:5 

→ 8:2) mixture as an eluent. Fractions of the product were combined, and the solvent evaporated off, yielding 
500 mg (56%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.08 (d, J1 = 8.2 Hz, 1H), 7.05 (dd, J1 = 17.3 Hz, J2 = 10.9 Hz, 1H, CHCH2), 

6.89 (d, J1 = 8.2 Hz, 1H), 6.04 (s, 2H), 5.54 (dd, J1 = 17.3 Hz, J2 = 1.2 Hz, 1H, CHCH2), 5.21 (dd, J1 = 10.9 
Hz, J2 = 1.2 Hz, 1H, CHCH2), 3.87 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 165.8, 148.1, 135.1, 132.4, 120.4, 117.8, 115.1, 113.3, 111.1, 102.5, 52.4; 

HR MS (FAB): calcd. for C11H11O4 [MH]: 207.0657, found: 207.0654. 
 

5-Vinyl-1,3-benzodioxole-4-carboxylic acid (2j): A round-bottom flask was charged with methyl ester of 5-

vinyl-1,3-benzodioxole-4-carboxylic acid (430 mg, 2.1 mmol), lithium hydroxide (480 mg), a THF : methanol 
: water (4 : 1 : 1) mixture (10 ml), sealed and stirred at rt overnight. The next day, the reaction mixture was 

diluted with water (20 ml), followed by evaporation of THF and methanol under reduced pressure (100 mbar, 

40ºC). Then, the water phase residue was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and 
extracted with DCM (3•40 ml). The combined organic layers were dried over MgSO4, and the solvent was 

removed under vacuum, yielding 400 mg (99%) of 2j. 
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1H NMR (400 Mhz, DMSO-d6): δ = 13.31 (bs, 1H, COOH), 7.14 (d, J1 = 8.2 Hz, 1H), 7.02 (d, J1 = 8.2 Hz, 

1H), 6.96 (dd, J1 = 17.5 Hz, J2 = 11.1 Hz, 1H, CHCH2), 6.09 (s, 2H), 5.61 (dd, J1 = 17.5 Hz, J2 = 1.2 Hz, 1H, 
CHCH2), 5.20 (dd, J1 = 11.1 Hz, J2 = 1.2 Hz, 1H, CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 169.3, 150.5, 149.5, 137.3, 133.4, 122.7, 118.1, 117.7, 113.4, 105.1; 

HR MS (FAB): calcd. for C10H9O4 [MH]: 193.0501, found: 193.0504. 
Elemental analysis (%) calcd. for C10H8O4: C 62.50, H 4.20, found: C 63.16, H 3.96. 

 

Synthesis of 1-vinyl-2-naphthoic acid (2k) 

Methyl 1-bromo-2-naphthoate: To a solution of 1-bromo-2-naphthoic acid (1.02 g, 4.0 mmol) in toluene (20 
ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (4 ml, 2 M, 8 mmol) was 

added dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the volatiles under 

vacuum, the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.45 (d, J1 = 8.4 Hz, 1H), 7.89 (d, J1 = 8.0 Hz, 1H), 7.88 (d, J1 = 8.5 Hz, 

1H), 7.71 – 7.60 (m, 3H), 3.98 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 168.0, 135.6, 132.6, 132.0, 128.7, 128.64, 128.59, 128.55, 128.3, 126.1, 
122.5, 53.0; 

HR MS (FAB): calcd. for C12H10O2Br [MH]: 264.9864, found: 264.9862. 

 
Methyl 1-vinyl-2-naphthoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 1-

bromo-2-naphthoate (1.06 g, 4.0 mmol), potassium vinyltrifluoroborate (800 mg, 6 mmol), cesium carbonate 

(4.8 g), palladium (II) chloride (70 mg), triphenylphosphine (320 mg), THF (9 ml) and degassed water (1 ml),  
sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, the reaction mixture was 

diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the 

water phase was extracted with DCM (2•50 ml). The combined organic layers were dried over MgSO4, and 
the solvent was removed under vacuum. The crude product was purified by column chromatography on silica 

gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the product were combined, and the 

solvent evaporated off, yielding 665 mg (78%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.31 (d, J1 = 8.1 Hz, 1H), 7.88 (d, J1 = 7.8 Hz, 1H), 7.82 (s, 2H), 7.62 – 7.51 

(m, 2H), 7.39 (dd, J1 = 17.8 Hz, J2 = 11.5 Hz, 1H, CHCH2), 5.71 (dd, J1 = 11.5 Hz, J2 = 1.8 Hz, 1H, CHCH2), 

5.35 (dd, J1 = 17.8 Hz, J2 = 1.8 Hz, 1H, CHCH2), 3.89 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 169.0, 139.3, 135.4, 134.8, 131.9, 128.5, 127.9, 127.7, 127.5, 127.4, 127.1, 

126.9, 120.7, 52.4; 

HR MS (FAB): calcd. for C14H13O2 [MH]: 213.0916, found: 213.0912. 
 

1-Vinyl-2-naphthoic acid (2k): A round-bottom flask was charged with methyl 1-vinyl-2-naphthoate (647 mg, 

3.0 mmol), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture (10 ml), sealed and 
stirred at 50ºC overnight. The next day, the reaction mixture was diluted with water (20 ml), followed by 

evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue 

was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The 
combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, yielding 600 

mg (99%) of 2k. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.03 (bs, 1H, COOH), 8.23 (d, J1 = 7.3 Hz, 1H), 7.98 (d, J1 = 7.3 Hz, 
1H), 7.92 (d, J1 = 8.6 Hz, 1H), 7.77 (d, J1 = 8.4 Hz, 1H), 7.65 – 7.56 (m, 2H), 7.38 (dd, J1 = 17.8 Hz, J2 = 11.5 

Hz, 1H, CHCH2), 5.69 (dd, J1 = 11.5 Hz, J2 = 1.8 Hz, 1H, CHCH2), 5.35 (dd, J1 = 17.8 Hz, J2 = 1.8 Hz, 1H, 
CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 169.4, 137.0, 134.19, 134.17, 130.8, 128.4, 128.2, 127.4, 127.3, 126.8, 

126.4, 125.2, 120.6; 

HR MS (FAB): calcd. for C13H11O2 [MH]: 199.0759, found: 199.0760; 

Elemental analysis (%) calcd. for C13H10O2: C 78.77, H 5.09, found: C 78.32, H 4.82. 

 

Synthesis of 3-vinyl-4-picolinic acid (2l) 

Methyl 3-bromo-4-picolinate: To a solution of 3-bromo-4-picolinic acid (1.08 g, 5.3 mmol) in toluene (20 ml) 

and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (5 ml, 2 M, 10 mmol) was added 

dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the volatiles under vacuum, 
the product was purified by column chromatography on silica gel, with a pentane : diethyl ether (1:1) mixture 

as an eluent. Fractions of the product were combined, and the solvent evaporated off, yielding 1.08 g (94%) of 

product. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.84 (s, 1H), 8.60 (d, J1 = 4.9 Hz, 1H), 7.62 (d, J1 = 4.9 Hz, 1H), 3.94 (s, 

3H); 
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13C NMR (100MHz, CD2Cl2): δ = 165.3, 154.1, 149.0, 139.4, 124.6, 119.0, 53.3; 

HR MS (FAB): calcd. for C7H7O2Br [MH]: 215.9660, found: 215.9668. 

 
Methyl 3-vinyl-4-picolinate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 3-

bromo-4-picolinate (1.07 g, 5.0 mmol), potassium vinyltrifluoroborate (1 g, 7.5 mmol), cesium carbonate (6 

g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (9 ml) and degassed water (1 ml),  
sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, the reaction mixture was 

diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the 

water phase was extracted with DCM (3•50 ml). The combined organic layers were dried over MgSO4, and 
the solvent was removed under vacuum. The crude product was purified by column chromatography on silica 

gel, with a hexane : ethyl acetate (8:2 → 7:3) mixture as an eluent. Fractions of the product were combined, 

and the solvent evaporated off, yielding 660 mg (81%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.85 (s, 1H), 8.59 (d, J1 = 5.0 Hz, 1H), 7.65 (d, J1 = 5.0 Hz, 1H), 7.34 (dd, J1 

= 17.7 Hz, J2 = 11.2 Hz, 1H, CHCH2), 5.76 (dd, J1 = 17.7 Hz, J2 = 1.1 Hz, 1H, CHCH2), 5.45 (dd, J1 = 11.2 

Hz, J2 = 1.1 Hz, 1H, CHCH2), 3.91 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 166.7, 149.5, 149.4, 135.4, 133.4, 133.1, 123.1, 118.6, 52.9; 

HR MS (FAB): calcd. for C9H10NO3 [MH]: 164.0712, found: 164.0702. 

 
3-Vinyl-4-picolinic acid (2l): A round-bottom flask was charged with methyl 3-vinyl-4-picolinate (326 mg, 

2.0 mmol), sodium hydroxide (120 mg, 3 mmol), a THF : methanol : water (4 : 1 : 1) mixture (10 ml), sealed 

and stirred at rt for 3h. Afterwards, the reaction mixture was neutralized with 1M HCl, evaporated to dryness, 
followed by addition of anhydrous THF (90 ml). Then, the solid salt was filtered off, and the solvent was 

removed under vacuum, yielding 270 mg (91%) of 2l. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.72 (bs, 1H, COOH), 8.92 (s, 1H), 8.61 (d, J1 = 4.8 Hz, 1H), 7.65 (d, J1 
= 4.8 Hz, 1H), 7.27 (dd, J1 = 17.8 Hz, J2 = 11.2 Hz, 1H, CHCH2), 5.88 (d, J1 = 17.8 Hz, 1H, CHCH2), 5.46 (d, 

J1 = 11.2 Hz, 1H, CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 167.3, 150.0, 148.3, 136.5, 132.2, 131.7, 126.7, 118.6; 

HR MS (FAB): calcd. for C8H8NO2 [MH]: 150.0555, found: 150.0554; 

Elemental analysis (%) calcd. for C8H7O2N: C 64.42, H 4.73, N 9.39, found: C 63.60, H 4.73, N 9.09. 

 

Synthesis of 1-methyl-3-vinyl-1H-indole-2-carboxylic acid (2m) 

Methyl 3-bromo-1-methyl-1H-indole-2-carboxylate: To a solution of 3-bromo-1-methyl-1H-indole-2-

carboxylic acid (1.2 g, 4.7 mmol) in toluene (20 ml) and methanol (8 ml), a solution of 
trimethysilyldiazomethane in diethyl ether (5 ml, 2 M, 10 mmol) was added dropwise while stirring, and 

stirring was continued for 2 hours. Upon removal of the volatiles under vacuum, the product was purified by 

column chromatography on silica gel, with a hexane : ethyl acetate (9:1) mixture as an eluent. Fractions of the 
product were combined, and the solvent evaporated off, yielding 1.07 g (85%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.65 (dd, J1 = 8.2 Hz, J2 = 1.0 Hz, 1H), 7.43 – 7.40 (m, 2H), 7.23 (ddd, J1 = 

8.0 Hz, J2 = 4.5 Hz, J3 = 3.5 Hz, 1H), 4.02 (s, 3H), 3.96 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 162.0, 138.6, 126.9, 126.4, 126.1, 121.6, 121.5, 110.9, 98.4, 52.1, 33.0; 

HR MS (FAB): calcd. for C11H10NO2Br [MH]: 266.9885, found: 266.9896. 

 
Methyl 1-methyl-3-vinyl-1H-indole-2-carboxylate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was 

charged with methyl 3-bromo-1-methyl-1H-indole-2-carboxylate (1.03 g, 3.8 mmol), potassium 

vinyltrifluoroborate (770 mg, 5.8 mmol), cesium carbonate (6 g), palladium (II) chloride (105 mg), 
triphenylphosphine (480 mg), THF (9 ml) and degassed water (1 ml),  sealed with a Teflon screw cap and 

stirred at 85°C for ca. 40h. After cooling down, the reaction mixture was diluted with DCM (50 ml) and water 

(30 ml), filtered over Celite, the organic layer was separated, and the water phase was extracted with DCM 
(3•50 ml). The combined organic layers were dried over MgSO4, and the solvent was removed under vacuum. 

The crude product was purified by column chromatography on silica gel, with a pentane : diethyl ether (98:2 

→ 97:3) mixture as an eluent. Fractions of the pure product were combined, and the solvent evaporated off, 
yielding 400 mg (48%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.00 (dt, J1 = 8.0 Hz, J2 = 0.9 Hz, 1H), 7.43 – 7.33 (m, 3H), 7.20 (ddd, J1 = 

8.2 Hz, J2 = 6.4 Hz, J3 = 1.6 Hz, 1H), 5.83 (dd, J1 = 18.0 Hz, J2 = 1.7 Hz, 1H, CHCH2), 5.44 (dd, J1 = 11.6 Hz, 
J2 = 1.6 Hz, 1H, CHCH2), 3.99 (s, 3H), 3.95 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 163.2, 139.6, 130.6, 126.1, 125.6, 124.9, 122.5, 121.3, 121.2, 116.2, 110.8, 

52.9, 32.5; 

HR MS (FAB): calcd. for C13H14NO2 [MH]: 216.1025, found: 216.1021. 
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1-Methyl-3-vinyl-1H-indole-2-carboxylic acid (2m): A round-bottom flask was charged with methyl 1-

methyl-3-vinyl-1H-indole-2-carboxylate (230 mg, 1.1 mmol), lithium hydroxide (480 mg), a THF : methanol : 
water (4 : 1 : 1) mixture (10 ml), sealed and stirred at rt overnight. The next day, the reaction mixture was 

diluted with water (20 ml), followed by evaporation of THF and methanol under reduced pressure (100 mbar, 

40ºC). Then, the water phase residue was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and 
extracted with DCM (3•40 ml). The combined organic layers were dried over MgSO4, and the solvent was 

removed under vacuum, yielding 180 mg (84%) of 2m. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.41 (bs, 1H, COOH), 7.98 (d, J1 = 8.2 Hz, 1H), 7.59 (d, J1 = 8.3 Hz, 
1H), 7.41 (dd, J1 = 18.1 Hz, J2 = 11.7 Hz, 1H, CHCH2), 7.37 (dd, J1 = J2 = 7.7 Hz, 1H), 7.18 (dd, J1 = J2 = 7.7 

Hz, 1H), 5.82 (dd, J1 = 18.1 Hz, J2 = 1.1 Hz, 1H, CHCH2), 5.37 (dd, J1 = 11.7 Hz, J2 = 1.1 Hz, 1H, CHCH2), 

3.96 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 163.3, 138.5, 130.2, 126.8, 125.0, 123.9, 121.6, 121.1, 119.2, 115.2, 

111.1, 32.0; 

HR MS (FAB): calcd. for C12H12NO2 [MH]: 202.0868, found: 202.0872. 
Elemental analysis (%) calcd. for C12H11O2N: C 71.63, H 5.51, N 6.96, found: C 69.04, H 5.49, N 6.42. 

 

Synthesis of 3-vinylbenzothiophene-2-carboxylic acid (2n) 

Methyl 3-bromobenzothiophene-2-carboxylate: To a solution of 3-bromobenzothiophene-2-carboxylic acid 
(1.0 g, 3.9 mmol) in toluene (20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl 

ether (4 ml, 2 M, 8 mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon 

removal of the volatiles under vacuum, the product was obtained in quantitative yield without further 
purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.01 – 7.96 (m, 1H), 7.88 – 7.84 (m, 1H), 7.58 – 7.50 (m, 2H), 3.95 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 162.0, 139.7, 139.0, 128.6, 127.9, 126.1, 125.6, 123.1, 115.1, 52.9; 

HR MS (FAB): calcd. for C10H8O2BrS [MH]: 272.9408, found: 272.9417. 

 

Methyl 3-vinylbenzothiophene-2-carboxylate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged 
with methyl 3-bromobenzothiophene-2-carboxylate (1.04 g, 3.8 mmol), potassium vinyltrifluoroborate (800 

mg, 6 mmol), cesium carbonate (5 g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (9 

ml) and degassed water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling 
down, the reaction mixture was diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic 

layer was separated, and the water phase was extracted with DCM (3•50 ml). The combined organic layers 

were dried over MgSO4, and the solvent was removed under vacuum. The crude product was purified by 
column chromatography on silica gel, with a pentane : diethyl ether (98:2 → 97:3) mixture as an eluent. 

Fractions of the pure product were combined, and the solvent evaporated off, yielding 670 mg (80%) of 

product. 
1H NMR (400 Mhz, CD2Cl2): δ = 8.03 (d, J1 = 8.4 Hz, 1H), 7.78 (d, J1 = 7.8 Hz, 1H), 7.44 – 7.32 (m, 3H), 

5.73 (dd, J1 = 18.2 Hz, J2 = 1.5 Hz, 1H, CHCH2), 5.64 (dd, J1 = 11.7 Hz, J2 = 1.5 Hz, 1H, CHCH2), 3.82 (s, 

3H); 
13C NMR (100MHz, CD2Cl2): δ = 163.5, 141.3, 141.2, 138.2, 130.7, 127.9, 127.6, 125.5, 125.3, 123.1, 120.7, 

52.9, 52.6; 

HR MS (FAB): calcd. for C12H11O2S [MH]: 219.0485, found: 219.0480. 

 

3-Vinylbenzothiophene-2-carboxylic acid (2n): A round-bottom flask was charged with methyl 3-
vinylbenzothiophene-2-carboxylate (470 mg, 2.2 mmol), lithium hydroxide (480 mg), a THF : methanol : 

water (4 : 1 : 1) mixture (10 ml), sealed and stirred at rt overnight. The next day, the reaction mixture was 

diluted with water (20 ml), followed by evaporation of THF and methanol under reduced pressure (100 mbar, 

40ºC). Then, the water phase residue was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and 

extracted with DCM (3•40 ml). The combined organic layers were dried over MgSO4, and the solvent was 

removed under vacuum, yielding 380 mg (86%) of 2n. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.57 (bs, 1H, COOH), 8.13 (d, J1 = 7.9 Hz, 1H), 8.04 (d, J1 = 7.8 Hz, 

1H), 7.58 – 7.40 (m, 3H), 5.84 (dd, J1 = 18.2 Hz, J2 = 1.2 Hz, 1H, CHCH2), 5.71 (dd, J1 = 11.7 Hz, J2 = 1.2 

Hz, 1H, CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 163.8, 139.9, 139.2, 137.4, 130.0, 129.3, 127.3, 125.3, 124.8, 123.2, 

120.5; 

HR MS (FAB): calcd. for C12H11O2S [MH]: 205.0323, found: 205.0327; 
Elemental analysis (%) calcd. for C11H8O2S: C 64.69, H 3.95, S 15.70, found: C 64.52, H 4.07, S 15.75. 
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Synthesis of 2-vinyl-3-thiophenecarboxylic acid (2o) 

Methyl 2-bromo-3-thiophenecarboxylate: To a solution of 2-bromo-3-thiophenecarboxylic acid (1.1 g, 5.3 

mmol) in toluene (20 ml) and methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (5.3 

ml, 2 M, 10.6 mmol) was added dropwise while stirring, and stirring was continued for 2 hours. Upon removal 
of the volatiles under vacuum, the product was obtained in quantitative yield without further purification 

necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.35 (d, J1 = 5.7 Hz, 1H), 7.27 (d, J1 = 5.7 Hz, 1H), 3.85 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 162.6, 131.5, 129.6, 126.5, 119.9, 52.2; 

HR MS (FAB): calcd. for C6H6O2BrS [MH]: 222.9251, found: 222.9249. 

 
Methyl 2-vinyl-3-thiophenecarboxylate:  A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with 

methyl 2-bromo-3-thiophenecarboxylate (1.07 g, 4.8 mmol), potassium vinyltrifluoroborate (1.06 g, 7.9 

mmol), cesium carbonate (6.4 g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (9 ml) 
and degassed water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. The TLC analysis 

of the crude reaction mixture showed some unreacted starting material, thus additional portions of potassium 

vinyltrifluoroborate (0.5 g, 3.7 mmol), palladium (II) chloride (35 mg), triphenylphosphine (160 mg) were 

added and stirring at 85°C was continued ovenight. After cooling down, the reaction mixture was diluted with 

DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the water phase was 

extracted with DCM (3•50 ml). The combined organic layers were dried over MgSO4, and the solvent was 
removed under vacuum. The crude product was purified by column chromatography on silica gel, with a 

pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the pure product were combined, and the 

solvent evaporated off, yielding 590 mg (73%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.67 (dd, J1 = 17.6 Hz, J2 = 11.0 Hz, 1H, CHCH2), 7.38 (d, J1 = 5.3 Hz, 1H), 

7.11 (d, J1 = 5.3 Hz, 1H), 5.74 (d, J1 = 17.6 Hz, 1H, CHCH2), 5.34 (d, J1 = 11.0 Hz, 1H, CHCH2), 3.84 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 163.9, 150.0, 130.0, 129.7, 128.6, 123.2, 117.6, 51.9; 

HR MS (FAB): calcd. for C8H9O2S [MH]: 169.0323, found: 169.0324. 

 

2-Vinyl-3-thiophenecarboxylic acid (2o): A round-bottom flask was charged with methyl 2-vinyl-3-
thiophenecarboxylate (515 mg, 3.1 mmol), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) 

mixture (10 ml), sealed and stirred at rt overnight. The next day, the reaction mixture was diluted with water 

(20 ml), followed by evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the 

water phase residue was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with 

DCM (3•40 ml). The combined organic layers were dried over MgSO4, and the solvent was removed under 
vacuum, yielding 350 mg (74%) of 2o. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.92 (bs, 1H, COOH), 7.63 (dd, J1 = 17.6 Hz, J2 = 11.0 Hz, 1H, 

CHCH2),  7.44 (d, J1 = 5.3 Hz, 1H), 7.33 (d, J1 = 5.3 Hz, 1H), 5.70 (d, J1 = 17.6 Hz, 1H, CHCH2), 5.35 (d, J1 = 
11.0 Hz, 1H, CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 164.1, 148.2, 129.8, 129.3, 129.2, 124.1, 177.3; 

HR MS (FAB): calcd. for C7H7O2S [MH]: 155.0167, found: 155.0165; 
Elemental analysis (%) calcd. for C7H6O2S: C 54.53, H 3.92, S 20.80, found: C 54.70, H 3.81, S 20.77. 

 

Synthesis of 2-vinyl-3-furoic acid (2p) 

Methyl 2-bromo-3-furoate: To a solution of 2-bromo-3-furoic acid (1.0 g, 5.3 mmol) in toluene (20 ml) and 
methanol (8 ml), a solution of trimethysilyldiazomethane in diethyl ether (5.3 ml, 2 M, 10.6 mmol) was added 

dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the volatiles under vacuum, 

the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.47 (d, J1 = 2.2 Hz, 1H), 6.76 (d, J1 = 2.2 Hz, 1H), 3.83 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 162.5, 145.0, 129.1, 117.8, 113.0, 52.0; 

HR MS (FAB): calcd. for C6H6O3Br [MH]: 204.9500, found: 204.9514. 
 

Methyl 2-vinyl-3-furoate:  A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 2-

bromo-3-furoate (1.08 g, 5.3 mmol), potassium vinyltrifluoroborate (1.06 g, 7.9 mmol), cesium carbonate (6.4 
g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (9 ml) and degassed water (1 ml),  

sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. After cooling down, the reaction mixture was 

diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the 
water phase was extracted with DCM (3•50 ml). The combined organic layers were dried over MgSO4, and 

the solvent was removed under vacuum. The crude product was purified by column chromatography on silica 

gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the pure product were combined, 
and the solvent evaporated off, yielding 580 mg (72%) of product. 
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1H NMR (400 Mhz, CD2Cl2): δ = 7.33 (d, J1 = 1.9 Hz, 1H), 7.22 (dd, J1 = 17.7 Hz, J2 = 11.4 Hz, 1H, CHCH2), 

6.71 (d, J1 = 1.9 Hz, 1H), 5.95 (dd, J1 = 17.7 Hz, J2 = 1.4 Hz, 1H, CHCH2), 5.45 (d, J1 = 11.4 Hz, J2 = 1.4 Hz, 
1H, CHCH2), 3.82 (s, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 164.0, 157.0, 142.0, 124.5, 117.8, 114.6, 111.9, 51.8; 

HR MS (FAB): calcd. for C8H9O3 [MH]: 153.0552, found: 153.0556. 
 

2-Vinyl-3-furoic acid (2p): A round-bottom flask was charged with methyl 2-vinyl-3-furoate (440 mg, 2.9 

mmol), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture (10 ml), sealed and stirred at 
rt overnight. The next day, the reaction mixture was diluted with water (20 ml), followed by evaporation of 

THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue was washed with 

DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The combined organic 
layers were dried over MgSO4, and the solvent was removed under vacuum, yielding 340 mg (85%) of 2p. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.83 (bs, 1H, COOH), 7.70 (d, J1 = 1.8 Hz, 1H), 7.18 (dd, J1 = 17.8 Hz, 

J2 = 11.3 Hz, 1H, CHCH2),  6.73 (d, J1 = 1.8 Hz, 1H), 5.88 (dd, J1 = 17.8 Hz, J2 = 1.3 Hz, 1H, CHCH2), 5.48 
(dd, J1 = 11.3 Hz, J2 = 1.3 Hz, 1H, CHCH2); 
13C NMR (100MHz, DMSO-d6): δ = 164.1, 155.1, 142.8, 123.9, 117.4, 115.1, 111.9; 

HR MS (FAB): calcd. for C7H7O3 [MH]: 139.0395, found: 139.0401; 
Elemental analysis (%) calcd. for C7H6O3: C 60.87, H 4.38, found: C 60.86, H 4.25. 

 

Synthesis of methyl 2-vinylbenzoate (4) 

Methyl 2-vinylbenzoate (4): To a solution of 2-vinylbenzoic acid (750 mg, 5 mmol) in toluene (25 ml) and 
methanol (10 ml), a solution of trimethysilyldiazomethane in diethyl ether (3.3 ml, 2 M, 6.6 mmol) was added 

dropwise while stirring, and stirring was continued for 2 hours. Upon removal of the volatiles under vacuum, 

the product was obtained in quantitative yield without further purification necessary. 
1H NMR (400 Mhz, CDCl3): δ = 7.88 (dd, J1 = 7.8 Hz, J2 = 1.5 Hz, 1H), 7.58 (d, J1 = 7.8 Hz, 1H), 7.51 – 7.43 

(m, 2H), 7.32 (dd, J1 = J2 = 7.6 Hz, J3 = 1.1 Hz, 1H), 5.65 (dd, J1 = 17.5 Hz, J2 = 1.3 Hz, 1H, CHCH2), 5.36 

(dd, J1 = 11.0 Hz, J2 = 1.3 Hz, 1H, CHCH2), 3.90 (s, 3H); 
13C NMR (100MHz, CDCl3): δ = 168.0, 139.7, 136.0, 132.2, 130.4, 128.7, 127.5, 127.3, 116.6, 52.2; 

HR MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0754. 

 

Synthesis of 2-[(1Z)-prop-1-en-1-yl]benzoic acid (7) 

Methyl 2-[(1Z)-prop-1-en-1-yl]benzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with 

methyl 2-iodobenzoate (2.86 ml, 19.4 mmol), (1Z)-1-propenylboronic acid (2.5 g, 29 mmol), cesium 

carbonate (10 g), palladium (II) acetate (400 mg), triphenylphosphine (1.38 g), dimethoxyethane (25 ml) and 
degassed water (20 ml),  sealed with a Teflon screw cap and stirred at 100°C for 3.5h. After cooling down, the 

reaction mixture was diluted with water (30 ml) and extracted with DCM (3•70 ml). The combined organic 

layers were dried over MgSO4, and the solvent was removed under vacuum. The crude product was purified 
by column chromatography on silica gel, with a pentane : diethyl ether (98:2) mixture as an eluent. Fractions 

of the product were combined, and the solvent evaporated off, yielding 1.57 g (82%) of product. 
1H NMR (400 Mhz, CDCl3): δ = 7.91 (d, J1 = 7.9 Hz, 1H), 7.44 (dd, J1 = J2 = 7.5 Hz, 1H), 7.31 – 7.25 (m, 
2H), 6.86 (d, J1 = 12.0 Hz, 1H), 5.81 (dq, J1 = 11.6 Hz, J2 = 7.3 Hz, 1H, CHCH3), 3.85 (s, 3H) 1.70 (dd, J1 = 

7.1 Hz, J2 = 1.9 Hz, 1H, CHCH3),); 
13C NMR (100MHz, CDCl3): δ = 167.9, 138.9, 131.6, 131.0, 130.6, 129.7, 129.4, 126.7, 126.4, 52.1, 14.4; 

HR MS (FAB): calcd. for C11H13O2 [MH]: 177.0916, found: 177.0908. 

 
2-[(1Z)-Prop-1-en-1-yl]benzoic acid (7): A round-bottom flask was charged with methyl 2-[(1Z)-prop-1-en-1-

yl]benzoate (660 mg, 3.8 mmol), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture (10 

ml), sealed and stirred at 50ºC for 8h. Afterwards, the reaction mixture was diluted with water (20 ml), 
followed by evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water 

phase residue was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM 

(3•40 ml). The combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, 
yielding 610 mg (100%) of 7. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.85 (bs, 1H, COOH), 7.84 (d, J1 = 7.8 Hz, 1H), 7.54 (dd, J1 = J2 = 7.5 

Hz, 1H), 7.36 (dd, J1 = J2 = 7.5 Hz, 1H), 7.32 (d, J1 = 7.8 Hz, 1H), 7.84 (d, J1 = 11.7 Hz, 1H), 5.76 (dd, J1 = 
11.7 Hz, J2 = 7.0 Hz, 1H, CHCH2), 1.70 (dd, J1 = 7.0 Hz, J2 = 1.7 Hz, 1H, CHCH3); 
13C NMR (100MHz, DMSO-d6): δ = 168.4, 137.4, 131.2, 130.4, 130.3, 130.1, 129.5, 126.8, 125.7, 14.2; 

HR MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0757; 
Elemental analysis (%) calcd. for C11H10O2: C 74.06, H 6.21, found: C 73.49, H 5.39. 
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Synthesis of 5,6-dihydronaphthalene-1-carboxylic acid (9) 

A 50 ml Schlenk tube was charged with 8-hydroxy-5,6,7,8-tetrahydronaphthalene-1-carboxylic acid, (420 mg, 

2.2 mmol), rhenium(VII) oxide (10.5 mg, 29 mmol) and toluene (20 ml),  sealed and stirred at 100°C 

overnight. After cooling down, the product was extracted to the water layer with water solution of lithium 
hydroxide (30 ml). Then, the water phase was washed with DCM (20 ml), acidified with 1M HCl to pH ~ 3, 

and extracted with DCM (3•50 ml). The combined organic layers were dried over MgSO4, and the solvent was 

removed under vacuum, yielding 290 mg (77%) of 9. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.87 (bs, 1H, COOH), 7.62 (d, J1 = 7.8 Hz, 1H), 7.33 – 7.21 (m, 2H), 

7.19 (dd, J1 = J2 = 7.6 Hz, 1H), 6.20 (dt, J1 = 10.0 Hz, J1 = 4.4 Hz, 1H), 2.76 (t, J1 = 8.2 Hz, 2H), 2.25 – 2.19 

(m, 2H); 
13C NMR (100MHz, DMSO-d6): δ = 168.8, 136.5, 133.3, 131.0, 128.2, 127.4, 126.3, 125.1, 27.5, 21.9; 

HR MS (FAB): calcd. for C11H11O2 [MH]: 175.0759, found: 175.0753; 

Elemental analysis (%) calcd. for C11H10O2: C 75.84, H 5.79, found: C 75.61, H 5.62. 
 

Coordination and titration studies 

All manipulations were conducted under inert atmosphere (argon or nitrogen) using oven-dried or flame dried 

glassware and pre-dried CD2Cl2 as a solvent. Commercially available tetrabutylammonium (TBA) salt was 
used as the source of benzoate anions. The titration experiments were conducted with a constant concentration 

of host protocol. All NMR spectra were collected at 25ºC. 

An oven-dried vial equipped with a teflon stirring bar was charged with ligand 1 and with Rh(acac)(CO)2 (1:1 
ratio), followed by addition of an appropriate amount of CD2Cl2 to obtain a 0.001 M solution of both of them. 

The solution was stirred for 15 minutes at room temperature. The 1H and 31P NMR experiments of the solution 

confirmed a quantitative formation of the [Rh(1)(acac)] complex. 
In another oven-dried Schlenk flask a 0.012 M solution of tetrabutylammonium benzoate in the 0.001 M 

solution of the Rh(1) complex was prepared. Under inert atmosphere (glove-box), aliquots (0.6-0.4ml) of the 

Rh(1) complex solution were transferred to NMR tubes, followed by addition of aliquots (0.0018-0.2ml) of 
the tetrabutylammonium benzoate in the Rh(1) solution. 

For the evaluation of the association constant of the [Rh(1)(acac)] complex with benzoate anion, the chemical 
shift of ligand protons upon addition of different amount of the anion was observed. The highest changes were 

observed for both NH-indole and NH-amide protons, as expected, since they take part in hydrogen bond 

formation. Due to slow anion/receptor complex formation on the NMR timescale, there are two sets of NH 

signals observed between 0 and 1 equivalent of anion (some of other signals are significantly broaden, 

however, they sharpen above 1 equivalent of the anion), and their ratio depends on the amount of anion added. 

When slightly more than a stoichiometric amount of anion is added (1.05 equiv.) all signals of the complex are 
sharpened, and further anion addition does not change the spectrum. At this point the anion binding pocket is 

saturated. Similar observations were taken at 31P NMR spectra. Taking into account the total complex 

concentration (C[Rh(1)(acac)]= 0.001 M), the association constant can be easily estimated: Ka = [CA]/([C]•[A]), 
with: [CA] ≡ the concentration of the anion-[Rh(1)(acac)] complex, [C] ≡ the concentration of the free 

[Rh(1)(acac)], [A] ≡ the concentration of the free anion. Based on analysis of the spectrum at 1.05 equivalents 

of anion: [CA] >> 0.95•C[Rh(1)(acac)], [C] << 0.05• C[Rh(1)(acac)], so then [A] ~ 0.05•C[Rh(1)(acac)]. After 

rearrangement: K  >> 380•(C[Rh(1)(acac)])
1, so then Ka >> 105 [M1]. 

 

Catalysis studies 

General procedure for the hydroformylation experiments 

A stock solution for the hydroformylation experiments was prepared by charging a flame-dried Schlenk flask 
with Rh(acac)(CO)2, ligand, base (if appropriate), internal standard (1,3,5-trimethoxybenzene) and appropriate 

solvent. The solution was stirred for 5 minutes and then transferred into 1.5ml reaction vessels equipped with 

mini teflon stir bars (under inert conditions), followed by substrate addition. The vessels were placed in a 
stainless steel autoclave (250 mL) charged with an insert suitable for 15 reaction vessels for conducting 

parallel reactions. Before starting the catalytic reactions, the charged autoclave was purged three times with 20 

bar of syngas and then pressurized at 20 bar of syngas. The experiments at 1 bar of syngas were performed in 
an analogicall maner but in a standard Schlenk flask equipped with a gas ballon. The reaction mixtures were 

stirred at the appropriate temperature for the required reaction time, after which the pressure was released and 

the regioselectivity and the conversion were determined by NMR and/or GC. Additionally, in selected cases, 
the reaction mixtures were analyzed by electrospray ionization mass spectrometry (ESI MS). 

For 1H NMR analysis, small portions (75 μl) of each reaction mixture were taken, from which the solvent was 

evaporated. Then, the residues were diluted to 0.7ml with DMSO-d6 and 1H NMR spectra were recorded and 
compared with a 1H NMR spectrum of the initial reaction mixture (before hydroformylation). The 13C NMR 
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analysis was performed with analogic manner, but larger portions of (700 μl) of each reaction mixture were 

taken. No by-products (hydrogenation, double bond isomerisation) were observed (except where noted). 
For GC analysis of reaction mixtures with carboxylic acid substrates, small portions (100 μl) of each reaction 

mixture were taken, from which the solvent was evaporated (100 mbar, 40 ºC) and subsequently a pinch of 

KHCO3 and DMF (0.3 ml) were added, followed by stirring for 5 minutes. Then, CH3I (0.1 ml) was added and 
the stirring was continued for 1h. Then, samples were diluted with ethyl acetate (2ml) and water (1ml), the 

organic layers were separated and filtered via a HPLC syringe filter, and GC spectra were recorded. 

 
Table 1. Hydroformylation of 2-vinylbenzoic acid 2a with the Rh(1) – variation of reaction conditions.a 

Entry 
[2a] 

(M) 
base 

Rh 

(mol%) 

temp. 

(°C) 

time 

(h) 

Regioselectivity Side 

productsb 

Conversion 

(%) L (%) B (%) 

1 0.2 
DIPEA 

1.5 equiv. 
1% rt 24 >98 0 - 100% 

2 0.2 
DIPEA 

1.5 equiv. 
0.25% rt 24 >98 0 - 54% 

3 0.2 
DIPEA 

1.5 equiv. 
1% 40 24 >98 0 - 100% 

4 0.2 
TEA 

1.5 equiv. 
1% 40 24 >98 0 - 100% 

5 0.2 
DIPEA 

1.5 equiv. 
0.25% 40 24 >98 0 - 100% 

6 0.2 
DIPEA 

1.5 equiv. 
0.1% 40 24 >98 0 - 57% 

7 1 
DIPEA 

1.5 equiv. 
0.2% 40 24 >98 0 - 76% 

8 1 
DIPEA 

1.5 equiv. 
0.1% 40 24 >98 0 - 34% 

9 0.2 
DIPEA 

1.5 equiv. 
1% 60 24 >98 0 + 100% 

10 0.2 
DIPEA 

1.5 equiv. 
0.1% 60 24 >98 0 + 100% 

11 1 
DIPEA 

1.5 equiv. 
0.1% 60 24 >98 0 ++ 100% 

12 0.2 
DIPEA 

1.5 equiv. 
0.1% 80 24 >98 0 ++ 100% 

13 1 
DIPEA 

1.5 equiv. 
0.1% 80 24 >98 0 +++ 100% 

14 0.2 
TEA 

1.5 equiv. 
0.25% 80 1 >98 0 + 100% 

15 0.2 
TEA 

1 equiv. 
0.25% 80 1 >98 0 + 100% 

16 0.2 
TEA 

0.5 equiv. 
0.25% 80 1 >98 0 - 100% 

17 0.2 
TEA 

0.5 equiv. 
0.05% 80 1 >98 0 - 100% 

18 0.2 
TEA 

0.5 equiv. 

0.005

% 
80 1 >98 0 - 42% 

19 0.2 
TEA 

0.5 equiv. 
0.05% 100 1 >98 0 - 100% 

20 0.2 
TEA 

0.5 equiv. 

0.005

% 
100 1 >98 0 - 67% 

21 0.2 
TEA 

0.5 equiv. 

0.002

% 
100 1 >98 0 - 10% 

22 0.2 
TEA 

0.5 equiv. 
0.05% 120 1 >98 0 + 100% 

a Reagents and conditions: Rh(CO)2(acac) as a rhodium source, Rh : ligand 1,  1/1.1, CO/H2 = 1/1 (20bar), 

CH2Cl2 as a solvent, regioselectivity and conversion were determined by 1H NMR analysis of the crude 
reaction mixture; b The amount of side products, if present, was estimated by 1H NMR analysis of the crude 

reaction mixture: (-) no (+) <5%, (++) 5-15%, (+++) > 15% of side products – ESI MS analysis reveals that 

these are products of the aldol condensation of the hydroformylation aldehyde product. 
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Table 2. Hydroformylation of 2-vinylbenzoic acid 2a with the Rh(1) – variation of reaction conditions.a 

Entry solvent 
CO/H2 

pressure 

temp. 

(°C) 

Regioselectivity Conversion 

(%) L (%) B (%) 

1 CH2Cl2 1 bar rt >98 0 40% 

2 toluene 20 bar 40 >98 0 100% 

3 tetrahydrofurane 20 bar 40 >98 0 100% 
4 acetonitrile 20 bar 40 >98 0 84% 

a Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [2a] = 0.2 M, Rh : ligand 1 : substrate 2a : 

TEA,  1/1.1/100/150,  CO/H2 = 1/1, 24h, regioselectivity and conversion were determined by 1H NMR 
analysis of the crude reaction mixture. 

 

Table 3. Hydroformylation of vinyl 2-carboxyarenes 2 with the Rh(1) – substrate scope.a 

Entry Substrate Product Temp. Selectivity Conversion 

1 

  

rt 
40°C 

>98% 
>98% 

70% 
100% 

2 

  

rt >98% 100% 

3 

  

rt >98% 100% 

4 

  

rt 

40°C 
40°Cb 

50°Cb,d 

>98% 

>98% 
>98% 

>98% 

26% 

70% 
94% 

100% 

5 

  

rt >98% 100% 

6 

  

rt >98% 100% 

7 

  

rt 

40°C 
40°Cb 

>98% 

>98% 
>98% 

17% 

80% 
100% 

8 

  

rt >98% 100% 

9 

  

rt 

40°C 

>98% 

>98% 

64% 

100% 

10 

  

rt 

40°C 
50°Cb 

60°Cb,d 

>98% 

>98% 
>98% 

>98% 

2% 

10% 
80% 

95% 

11 

  

rt 
40°C 

>98% 
>98% 

86% 
100% 

12 

  

rt 

40°C 

>98% 

>98% 

85% 

100% 
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Table 3. Hydroformylation of vinyl 2-carboxyarenes 2 with the Rh(1) – substrate scope – continuation.a 

Entry Substrate Product Temp. Selectivity Conversion 

13 

  

rt 
40°C 

>98% 
>98% 

73% 
100% 

14 

  

rt >98% 100% 

15 

  

rt 
87%c 

(80%)c 
100% 

16 

  

40°Cb,d >98% 100% 

17 

  

40°Cb,d 

60°Cb,d 

>98% 

>98% 

38% 

100% 

a Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [2] = 0.2 M, Rh : ligand 1 : substrate 2 : 
DIPEA,  1/1.1/100/150, CO/H2 = 1/1 (20bar), 24h, CH2Cl2 as a solvent, regioselectivity and conversion was 

determined by 1H and 13C NMR analysis of the crude reaction mixture, no other isomers or side products were 

observed (except were noted), TEA can be used instead of DIPEA; acac = acetylacetonate, DIPEA = N,N-
diisopropylethylamine, TEA = triethylamine; b 72h reaction time; c regioselectivity and chemoselectivity 

towards aldehydes, respectively; d base : substrate 0.5/1.  

  
Isolation of 2-(3-oxopropane)-benzoic acid 3a (big scale) and its further derivatizations: 

2-(3-oxopropane)-benzoic acid (3a): A stainless steel autoclave equipped with an oven-dried glass insert (250 

mL) was charged with 2-vinyl benzoic acid (4.44 g, 30 mmol), dry triethylamine (4.17 ml, 30mmol), 

Rh(CO)2(acac) (19 mg, 0.075 mmol), ligand 1 (104 mg, 0.083 mmol) and dry DCM (96ml). The charged 
autoclave was carefully purged three times with 20 bar of syngas and then pressurized at 20 bar of syngas, 

followed by stirring at 40°C for 16h. Afterwards the pressure was carefully released, the reaction mixture was 

diluted with DCM to 200 ml and the product was extracted with aqueous NaHCO3 (sat.) (3·60ml). The 
combined aqueous layers were subsequently neutralized with 1M HCl and extracted with DCM (3·200ml). 

The organic layers were combined, dried over MgSO4 and the solvent evaporated off, yielding 5.20 g (97.4%) 
of 3a. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.92 (bs, 1H, COOH), 9.71 (t, J1 = 1.3 Hz, 1H, CHO), 7.81 (dd, J1 = 7.7 

Hz, J2 = 1.3 Hz, 1H), 7.47 (ddd, J1 = J2 = 7.6 Hz, J3 = 1.4 Hz,  1H), 7.36 – 7.28 (m, 2H) 3.16 (t, J1 = 7.5 Hz, 
2H, CH2CH2CHO), 2.74 (td, J1 = 7.5 Hz, J2 = 1.3 Hz, 2H, CH2CHO); 
13C NMR (100MHz, DMSO-d6): δ = 202.6, 168.6, 142.0, 131.9, 130.9, 130.4, 130.3, 126.3, 44.8, 26.4;  

HR MS (FAB): calcd. for C10H11O3 [MH]: 179.0708, found: 179.0707; 
Elemental analysis (%) calcd. for C10H10O3: C 67.41, H 5.66, found: C 67.41, H 5.65. 

 

Methyl 2-(3-oxopropane)-benzoate: In a Schlenk flask 2-(3-oxopropane)-benzoic acid 3a (1.07 g, 6 mmol) 
and KHCO3 (720 mg, 7.2 mmol)) was dissolved in DMF (10 ml) and stirred for 10 minutes. Then, methyl 

iodide (0.56ml, 9 mmol) was added, and stirring was continued overnight. The next day, water (60 ml) was 

added, the reaction mixture was extracted with ethyl acetate (3•70 ml). The combined organic layers were 
washed with NH4Cl(sat) (3•70 ml), dried over MgSO4, and the solvent was removed under vacuum, yielding 

1.15 g (100%) of product. 
1H NMR (400 Mhz, CDCl3): δ = 9.82 (t, J1 = 1.4 Hz, 1H, CHO), 7.93 (dd, J1 = 8.3 Hz, J2 = 1.7 Hz, 1H), 7.44 
(ddd, J1 = J2 = 7.5 Hz, J3 = 1.5 Hz,  1H), 7.31 – 7.26 (m, 2H) 3.89 (s, 3H, CH3), 3.27 (t, J1 = 7.5 Hz, 2H, 

CH2CH2CHO), 2.81 (td, J1 = 7.5 Hz, J2 = 1.4 Hz, 2H, CH2CHO); 
13C NMR (100MHz, CDCl3): δ = 201.8, 167.8, 142.8, 132.5, 131.4, 131.2, 129.4, 126.7, 52.2, 45.7, 27.4. 

 

Methyl 2-(N-buthyl-3-aminopropane)-benzoate (12): In a Schlenk flask methyl 2-(3-oxopropane)-benzoate 

(1.15 g, 6 mmol) and n-buthylamine (0.62 ml, 6.3 mmol)) was dissolved in ethanol (30 ml) and stirred for 45 
minutes at rt. Then, it was cool down to 0°C, followed by addition of NaBH4 (238 mg, 6.3 mmol). The cooling 

bath was removed and the reaction mixture was stirred for 45 minutes at rt. Afterwards, water (25 ml) and 

DCM (25 ml) were added, followed by addition of 1M HCl to reach pH ~7. Then, the reaction mixture was 
extracted with DCM (3•70 ml). The combined organic layers were washed with NH4Cl(sat) (3•70 ml), dried 

over MgSO4, and the solvent was removed under vacuum, yielding 1.5 g (100%) of 12. 
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1H NMR (400 Mhz, DMSO-d6): δ = 8.99 (bs, 1H), 7.81 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 7.54 (ddd, J1 = J2 = 

7.5 Hz, J3 = 1.4 Hz, 1H), 7.41 – 7.31 (m, 2H), 3.84 (s, 3H), 2.96 – 2.80 (m, 4H), 1.97 – 1.86 (m, 2H), 1.64 – 

1.54 (m, 2H), 0.88 (t, J1 = 7.4 Hz, 3H); (400 Mhz, CDCl3): δ = 9.48 (bs, 1H), 7.87 (dd, J1 = 7.8 Hz, J2 = 1.3 
Hz, 1H), 7.42 (ddd, J1 = J2 = 7.5 Hz, J3 = 1.4 Hz, 1H), 7.32 – 7.23 (m, 2H), 3.89 (s, 3H), 3.02 (t, J1 = 7.6 Hz, 

2H), 2.99 – 2.86 (m, 2H), 2.23 (tt, J1 = J1 = 7.6 Hz, 2H), 1.84 (dd, J1 = 7.9 Hz, J2 = 7.7 Hz, 1H), 0.89 (t, J1 = 

7.3 Hz, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 167.3, 142.0, 132.3, 130.9, 130.3, 129.3, 126.5, 52.1, 46.39, 46.36, 30.6, 

27.5, 27.3, 19.3, 13.5; (100 Mhz, CDCl3): δ = 168.3, 142.2, 132.6, 132.5, 131.2, 131.0, 129.5, 126.7, 52.4, 

47.7, 47.1, 30.9, 28.0, 27.6, 20.2, 13.6. 
 

2-Butyl-2,3,4,5-tetrahydro-1H-2-benzazepin-1-one, (11): The synthesis was performed according to the 

published procedures for an analogical reaction.22 To a solution of methyl 2-(N-buthyl-3-aminopropane)-
benzoate 12 (1.5 g, 6 mmol) in dry THF (20 ml), in a sealable Schlenk tube (‘Schlenk bomb’), a solution of 

trimethylaluminium (30 ml, 2M, 60 mml) in heptane was added dropwise at 0°C. Then the tube was sealed 

and stirred for 2 days at 70°C. Afterwards, thee reaction mixture was carefully (!!!) added into a cooled 
mixture of water and DCM. The organic layer was separated, the solid and the aqueous layer were extracted 

thoroughly with DCM. The combined organic layers were dried over MgSO4, and the solvent was removed 

under vacuum. The crude product was purified by column chromatography on silica gel, with a pentane : ethyl 
acetate (7:3) mixture as an eluent. Fractions of the product were combined, the solvent evaporated off, 

yielding 1.01 g (78%, 3 steps) of 11. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.58 (dd, J1 = 7.5 Hz, J1 = 1.5 Hz, 1H), 7.36 (ddd, J1 = J2 = 7.4 Hz, J2 = 1.5 
Hz, 1H), 7.30 (ddd, J1 = J2 = 7.5 Hz, J3 = 1.4 Hz, 1H), 7.15 (d, J1 = 7.4 Hz, 1H), 3.53 (t, J1 = 7.6 Hz, 2H), 3.16 

(t, J1 = 6.4 Hz, 2H), 2.77 (t, J1 = 7.2 Hz, 2H), 2.01 (tt, J1 = J2 = 6.8 Hz, 2H), 1.66 – 1.57 (m, 2H), 1.40 (tq, J1 = 

J2 = 7.5 Hz, 2H), 0.97 (t, J1 = 7.4 Hz, 3H); 
13C NMR (100MHz, CD2Cl2): δ = 170.8, 137.9, 137.3, 130.8, 128.7, 128.5, 127.1, 47.4, 46.5, 31.5, 30.6, 30.4, 

20.7, 14.1; 

HR MS (FAB): calcd. for C14H20ON [MH]: 218.1545, found: 215.1544; 
Elemental analysis (%) calcd. for C14H19ON: C 77.38, H 8.81, N 6.45, found: C 77.52, H 9.29, N 6.36. 

 
2-(3-Hydroxypropane)-benzoic acid (14): To a solution of 2-(3-oxopropane)-benzoic acid 3a (534 mg, 3 

mmol) in ethanol (5ml) NaBH4 (227 mg, 6 mmol) was added at 0°C, and stirring was continued overnight at 

rt. The next day, water (15 ml) was added and ethanol was evaporated under reduced pressure. Then, the 

aqueous phase was washed with DCM (20 ml), followed by addition of 1M HCl (to pH ~ 6) and an extraction 

with DCM (3•30 ml). The combined organic layers were dried over MgSO4, and the solvent was removed 

under vacuum, yielding 540 mg (100%) of 14. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.80 (s, 1H), 7.75 (dd, J1 = 7.7 Hz, J1 = 1.3 Hz, 1H), 7.44 (ddd, J1 = J2 = 

7.5 Hz, J3 = 1.4 Hz, 1H), 7.31 – 7.24 (m, 2H), 4.43 (bs, 1H), 3.40 (t, J1 = 6.2 Hz, 2H), 2.91 (t, J1 = 7.7 Hz, 

2H), 1.72 – 1.64 (m, 2H); 
13C NMR (100MHz, DMSO-d6): δ = 168.9, 143.1, 131.5, 130.7, 130.6, 130.1, 125.8, 60.5, 34.6, 30.1; 

HR MS (FAB): calcd. for C10H13O3 [MH]: 181.0865, found: 181.0862; 

Elemental analysis (%) calcd. for C10H12O3: C 74.06, H 6.21, found: C 73.92, H 6.21. 
 

4,5-Dihydro-2-benzoxepin-1(3H)-one (13): A Schlenk flask was charged with 2-(3-hydroxypropane)-benzoic 

acid 14 (1.15 g, 6 mmol), p-toluenesulfonic acid (4 mg) and toluene (40 ml), sealed and stirred for 3h at 
120°C. After cooling down, toluene was evaporated and the product was purified by flush column 

chromatography on silica gel, with a pentane : ethyl acetate (7:3) mixture as an eluent. Fractions of the 

product were combined, the solvent evaporated off, yielding 148 mg (91%) of 13. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.65 (dd, J1 = 7.6 Hz, J1 = 1.4 Hz, 1H), 7.48 (ddd, J1 = J2 = 7.6 Hz, J3 = 1.5 

Hz, 1H), 7.36 (ddd, J1 = J2 = 7.6 Hz, J3 = 1.2 Hz, 1H), 7.23 (dm, J1 = 7.6 Hz, 1H), 4.11 (t, J1 = 6.3 Hz, 2H), 

2.87 (t, J1 = 7.2 Hz, 2H), 2.13 – 2.06 (m, 2H); 
13C NMR (100MHz, CD2Cl2): δ = 172.4, 138.1, 132.9, 132.2, 130.3, 129.0, 127.6, 66.9, 29.8, 28.1; 

HR MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0762; 

Elemental analysis (%) calcd. for C10H10O2: C 74.06, H 6.21, found: C 73.92, H 6.02. 
 

Isolation of other products (small scale): 

General procedure: A stainless steel autoclave equipped with an oven-dried glass insert (15 mL) was charged 

with a solution of a substrate (0.2M), dry triethylamine (0.3M), Rh(CO)2(acac) (0.002M), ligand 1 (0.0022M) 
in dry DCM. The charged autoclave was carefully purged three times with 20 bar of syngas and then 

pressurized at 20 bar of syngas, followed by stirring at appropriate temperature for desired time. Afterwards 

the pressure was carefully released, the reaction mixture was diluted with DCM or ethyl acetate to ~ 50 ml and 
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the product was extracted with aqueous NaHCO3 (sat.) (3·15ml). The combined aqueous layers were 

subsequently washed with DCM  or ethyl acetate, then neutralized with 1M HCl and extracted with DCM or 
ethyl acetate (3·50ml). The organic layers were combined, dried over MgSO4 and the solvent evaporated off, 

yielding desired product 3. 

 

6-Methyl-2-(3-oxopropane)-benzoic acid 3b: 

The reaction was run at 40°C for 24h. 6-Methyl-2-vinylbenzoic acid 2b (49mg, 0.3mmol) was used as the 

starting material, yielding 55mg (95%) of product 3b. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.21 (bs, 1H, COOH), 9.69 (t, J1 = 0.9 Hz, 1H, CHO), 7.24 (dd, J1 = J2 
= 7.6 Hz, 1H), 7.12 – 7.08 (m, 2H), 2.82 (t, J1 = 7.5 Hz, 2H, CH2CH2CHO), 2.74 (t, J1 = 7.5 Hz, 2H, 

CH2CHO), 2.25 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 202.4, 170.7, 136.6, 135.3, 133.5, 128.8, 127.8, 126.4, 44.4, 25.5, 19.3; 

HR MS (FAB): calcd. for C11H13O3 [MH]: 193.0865, found: 193.0864. 

 

5-Methyl-2-(3-oxopropane)-benzoic acid 3c: 

The reaction was run at room temperature for 24h. 5-Methyl-2-vinylbenzoic acid 2c (130mg, 0.8mmol) was 
used as the starting material, yielding 148mg (96%) of product 3c. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.85 (bs, 1H, COOH), 9.69 (t, J1 = 1.2 Hz, 1H, CHO), 7.63 (s, 1H), 7.28 

(d, J1 = 7.8 Hz, 1H), 7.21 (d, J1 = 7.9 Hz, 1H), 3.12 (t, J1 = 7.6 Hz, 2H, CH2CH2CHO), 2.70 (td, J1 = 7.6 Hz, J2 
= 1.2 Hz, 2H, CH2CHO), 2.29 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 202.7, 168.6, 138.9, 135.5, 132.5, 130.81, 138.77, 130.0, 44.9, 26.0, 

20.3; 

HR MS (FAB): calcd. for C11H13O3 [MH]: 193.0865, found: 193.0873. 

 

4-Methyl-2-(3-oxopropane)-benzoic acid 3d: 

The reaction was run at room temperature for 24h. 4-Methyl-2-vinylbenzoic acid 2d (130mg, 0.8mmol) was 
used as the starting material, yielding 143mg (93%) of product 3d. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.74 (bs, 1H, COOH), 9.70 (t, J1 = 1.3 Hz, 1H, CHO), 7.74 (d, J1 = 7.9 

Hz, 1H), 7.15 (s, 1H), 7.11 (d, J1 = 7.9 Hz, 1H), 3.14 (t, J1 = 7.6 Hz, 2H, CH2CH2CHO), 2.72 (td, J1 = 7.6 Hz, 
J2 = 1.3 Hz, 2H, CH2CHO), 2.31 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 202.7, 168.4, 142.4, 142.0, 131.5, 130.8, 127.1, 126.9, 44.9, 26.5, 20.9; 

HR MS (FAB): calcd. for C11H13O3 [MH]: 193.0865, found: 193.0864. 
 

3-Methyl-2-(3-oxopropane)-benzoic acid 3e: 

The reaction was run at 50°C for 72h, using lower concentration of the base, [TEA] = 0.1M. 3-Methyl-2-

vinylbenzoic acid 2e (65mg, 0.4mmol) was used as the starting material, yielding 74mg (96%) of product 3e. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.85 (bs, 1H, COOH), 9.73 (s, 1H, CHO), 7.57 (d, J1 = 7.7 Hz, 1H), 

7.34 (d, J1 = 7.5 Hz, 1H), 7.19 (dd, J1 ≈ J2 = 7.7 Hz, 1H), 3.08 (t, J1 = 7.8 Hz, 2H, CH2CH2CHO), 2.68 (t, J1 = 

7.8 Hz, 2H, CH2CHO), 2.31 (s, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 202.4, 169.4, 139.4, 137.3, 133.4, 131.7, 127.7, 125.9, 43.5, 22.3, 19.2; 

HR MS (FAB): calcd. for C11H13O3 [MH]: 193.0865, found: 193.0864. 

 

5-Methoxy-2-(3-oxopropane)-benzoic acid 3f: 

The reaction was run at room temperature for 24h. 5-Methoxy-2-vinylbenzoic acid 2f (143mg, 0.8mmol) was 

used as the starting material, yielding 159mg (96%) of product 3f. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.99 (bs, 1H, COOH), 9.69 (t, J1 = 1.4 Hz, 1H, CHO), 7.31 (d, J1 = 2.8 

Hz, 1H), 7.25 (d, J1 = 8.5 Hz, 1H), 7.06 (dd, J1 = 8.5 Hz, J2 = 2.8 Hz, 1H), 3.76 (s, 3H), 3.09 (t, J1 = 7.6 Hz, 

2H, CH2CH2CHO), 2.69 (td, J1 = 7.6 Hz, J2 = 1.4 Hz, 2H, CH2CHO);  
13C NMR (100MHz, DMSO-d6): δ = 202.8, 168.4, 157.3, 133.8, 132.1, 131.2, 117.8, 115.1, 55.2, 45.1, 25.6; 

HR MS (FAB): calcd. for C11H13O4 [MH]: 209.0814, found: 209.0815. 

 

5-Chloro-2-(3-oxopropane)-benzoic acid 3g: 

The reaction was run at room temperature for 24h. 5-Chloro-2-vinylbenzoic acid 2g (146mg, 0.8mmol) was 

used as the starting material, yielding 158mg (93%) of product 3g. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.34 (bs, 1H, COOH), 9.69 (t, J1 < 1 Hz, 1H, CHO), 7.78 (d, J1 = 2.4 
Hz, 1H), 7.54 (dd, J1 = 8.3 Hz, J2 = 2.4 Hz, 1H), 7.38 (d, J1 = 8.4 Hz, 1H), 3.14 (t, J1 = 7.6 Hz, 2H, 

CH2CH2CHO), 2.74 (td, J1 = 7.6 Hz, J2 ~ 0.7 Hz, 2H, CH2CHO);  
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13C NMR (100MHz, DMSO-d6): δ = 202.4, 167.3, 140.9, 132.9, 132.3, 131.5, 130.7, 129.7, 44.5, 25.7; 

HR MS (FAB): calcd. for C10H10O3Cl [MH]: 213.0318, found: 213.0326. 

 

5-(3-oxopropane)-1,3-benzodioxole-4-carboxylic acid 3j: 

The reaction was run at 40°C for 24h. 5-Vinyl-1,3-benzodioxole-4-carboxylic acid 2j (115mg, 0.6mmol) was 

used as the starting material, yielding 110mg (83%) of product 3j. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.21 (bs, 1H, COOH), 9.67 (t, J1 < 1 Hz, 1H, CHO), 6.94 (d, J1 = 8.0 
Hz, 1H), 6.74 (d, J1 = 8.0 Hz, 1H), 6.05 (s, 2H), 2.95 (t, J1 = 7.5 Hz, 2H, CH2CH2CHO), 2.68 (td, J1 = 7.5 Hz, 

J2 < 1 Hz, 2H, CH2CHO);  
13C NMR (100MHz, DMSO-d6): δ = 202.7, 166.3, 146.7, 146.1, 133.0, 122.6, 115.0, 110.0, 101.5, 45.0, 25.5; 

HR MS (FAB): calcd. for C11H11O5 [MH]: 223.0606, found: 223.0599. 

 

1-(3-oxopropane)- 2-naphthoic acid 3k: 

The reaction was run at 60°C for 72h, using lower concentration of the base, [TEA] = 0.1M. 1-Vinyl-2-
naphthoic acid 2k (79mg, 0.4mmol) was used as the starting material, yielding 85mg (93%) of product 3k, 

which contained 5% unreacted starting material, 1-vinyl-2-naphthoic acid 2k. Crystallization of this mixture 

by concentration of the hexane – dichloromethane solution provided pure product 3k. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.12 (bs, 1H, COOH), 9.79 (t, J1 < 1 Hz, 1H, CHO), 8.24 – 8.20 (m, 

1H), 8.01 – 7.97 (M, 1H), 7.87 (d, J1 = 8.7 Hz, 1H), 7.79 (d, J1 = 8.7 Hz, 1H), 7.67 – 7.61(m, 2H), 3.60 (t, J1 = 

7.8 Hz, 2H, CH2CH2CHO), 2.83 (t, J1 = 7.8 Hz, 2H, CH2CHO);  
13C NMR (100MHz, DMSO-d6): δ = 202.3, 169.5, 138.6, 134.4, 131.3, 128.9, 128.7, 127.4, 127.1, 126.7, 

125.8, 124.8, 44.5, 21.6; 

HR MS (FAB): calcd. for C14H13O3 [MH]: 229.0865, found: 229.0865. 
 

1-Methyl-(3-oxopropane)-1H-indole-2-carboxylic acid 3m: 

The reaction was run at 40°C for 24h. 1-Methyl-3-vinyl-1H-indole-2-carboxylic acid 2m (60mg, 0.3mmol) 

was used as the starting material, yielding 57mg (82%) of product 3m. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.14 (bs, 1H, COOH), 9.72 (t, J1 = 1.6 Hz, 1H, CHO), 7.72 (d, J1 = 8.0 

Hz, 1H), 7.52 (d, J1 = 8.4 Hz, 1H), 7.33 (dd, J1 ≈ J2 = 7.6 Hz, 1H), 7.11 (dd, J1 = J2 = 7.5 Hz, 1H), 3.95 (s, 

3H), 3.30 (t, J1 = 7.5 Hz, 2H, CH2CH2CHO), 2.71 (td, J1 = 7.5 Hz, J2 = 1.6 Hz, 2H, CH2CHO);  
13C NMR (100MHz, DMSO-d6): δ = 203.0, 163.4, 138.1, 125.7, 125.4, 125.0, 122.1, 120.3, 119.8, 110.7, 

44.5, 31.9, 17.7; 

HR MS (FAB): calcd. for C13H14O3N [MH]: 232.0974, found: 232.0971. 

 

3-(3-oxopropane)-benzothiophene-2-carboxylic acid 3n: 

The reaction was run at 40°C for 24h. 3-Vinylbenzothiophene-2-carboxylic acid 2n (123mg, 0.6mmol) was 
used as the starting material, yielding 119mg (85%) of product 3n. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.47 (bs, 1H, COOH), 9.74 (t, J1 = 1.2 Hz, 1H, CHO), 8.02 (d, J1 = 8.0 

Hz, 1H), 8.01 (d, J1 = 8.0 Hz, 1H), 7.54 (dd, J1 ≈ J2 = 7.6 Hz, 1H), 7.49 (dd, J1 ≈ J2 = 7.5 Hz, 1H), 3.51 (t, J1 = 
7.7 Hz, 2H, CH2CH2CHO), 2.76 (td, J1 = 7.7 Hz, J2 = 1.0 Hz, 2H, CH2CHO);  
13C NMR (100MHz, DMSO-d6): δ = 202.3, 163.9, 142.8, 139.6, 139.0, 128.5, 127.4, 124.8, 123.8, 123.0, 

43.2, 19.4; 

HR MS (FAB): calcd. for C12H11O3S [MH]: 235.0429, found: 235.00436. 

 

2-(3-oxopropane)-3-thiophenecarboxylic acid 3o: 

The reaction was run at room temperature for 24h. 2-Vinyl-3-thiophenecarboxylic acid 2o (123mg, 0.8mmol) 
was used as the starting material, yielding 140mg (95%) of product 3o. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.73 (bs, 1H, COOH), 9.69 (t, J1 = 1.1 Hz, 1H, CHO), 7.34 (d, J1 = 5.4 

Hz, 1H), 7.30 (d, J1 = 5.4 Hz, 1H), 3.38 (t, J1 = 7.4 Hz, 2H, CH2CH2CHO), 2.83 (td, J1 = 7.4 Hz, J2 = 1.1 Hz, 
2H, CH2CHO);  
13C NMR (100MHz, DMSO-d6): δ = 202.0, 164.2, 151.9, 129.3, 128.9, 122.7, 44.3, 21.5; 

HR MS (FAB): calcd. for C8H9O3S [MH]: 185.0272, found: 185.0271. 
 

2-(2-Methyl-3-oxopropane)-benzoic acid 9: 

The reaction was run at 40°C for 72h, using lower concentration of the base, [TEA] = 0.1M. 2-[(1Z)-Prop-1-

en-1-yl]-benzoic acid 7 (130mg, 0.8mmol) was used as the starting material, yielding 151mg (98%) of product 
9, which contains ~2% of 2-[(1E)-prop-1-en-1-yl]-benzoic acid. 
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1H NMR (400 Mhz, DMSO-d6): δ = 12.91 (bs, 1H, COOH), 9.63 (d, J1 = 1.5 Hz, 1H, CHO), 7.84 (d, J1 = 8.2 

Hz, 1H), 7.48 (dd, J1 ≈ J2 = 7.6 Hz, 1H), 7.35 – 7.30 (m, 2H), 3.43 (dd, J1 = 13.1 Hz, J2 = 6.4 Hz, 1H, 
CH2CHCHO), 2.86 (dd, J1 = 13.1 Hz, J2 = 7.9 Hz, 1H, CH2CHCHO), 2.73 – 2.63 (m, 1H, CHCHO), 0.96 (d, 

J1 = 7.0 Hz, 3H, CHCH3);  
13C NMR (100MHz, DMSO-d6): δ = 204.8, 168.7, 140.5, 131.72, 131.66, 130.6, 126.5, 47.3, 34.1, 13.0. 
 

8-Formyl-5,6,7,8-tetrahydronaphthalene-1-carboxylic acid 10: 

The reaction was run at 60°C for 72h, using lower concentration of the base, [TEA] = 0.1M. 5,6-

Dihydronaphthalene-1-carboxylic acid 8 (87mg, 0.5mmol) was used as the starting material, yielding 98mg 
(96%) of product 10. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.84 (bs, 1H, COOH), 9.72 (ps, 1H, CHO), 7.61 (d, J1 = 7.6 Hz, 1H), 

7.27 (d, J1 = 7.6 Hz, 1H), 7.19 (dd, J1 = J2 = 7.6 Hz, 1H), 3.24 (dd, J1 = 17.9 Hz, J2 = 5.8 Hz, 1H, 
C(8)H2CHCHO), 3.07 (dd, J1 = 17.9 Hz, J2 = 9.1 Hz, 1H, C(8)H2CHCHO), 2.86 – 2.79 (m, 2H, C(5)H2), 2.78 

– 2.69 (m, 1H, CHCHO), 2.13 – 2.05 (m, 1H, C(6)H2CHCHO), 1.75 – 1.64 (m, 1H, C(6)H2CHCHO);  
13C NMR (100MHz, DMSO-d6): δ = 204.7, 169.0, 137.3, 135.4, 132.3, 131.2, 127.8, 125.4, 45.6, 28.1, 26.3, 
21.6; 

HR MS (FAB): calcd. for C12H13O3 [MH]: 205.0865, found: 205.0861. 

 

Control experiments 

Table 4. Hydroformylation of styrene derivatives with the Rh(1) and Rh(PPh3) catalysts – control 

experiments.a 

Entry Substrate Ligand 
Regioselectivity Conversion 

L (%) B (%) (%) 

1 2-methylstyrene 1 5 95 >99 

2 2-methylstyrene PPh3 7 93 87 

3 3-methylstyrene 1 7 93 93 
4 3-methylstyrene PPh3 4 96 89 

5 2-methoxystyrene 1 5 95 >99 

6 2-methoxystyrene PPh3 9 81 >99 
7 3-methoxystyrene 1 6 94 92 

8 3-methoxystyrene PPh3 2 98 94 

9 styrene 1 6 94 93 
10 styrene PPh3 5 95 92 

11 methyl 2-vinylbenzoate 1 5 95 99 

12 methyl 2-vinylbenzoate PPh3 5 95 84 
13 methyl 3-vinylbenzoate 1 5 95 97 

14 methyl 3-vinylbenzoate PPh3 2 98 99 

15b 2-(trifluoromethyl)styrene 1 10 90 41 
16 3-(trifluoromethyl)styrene 1 4 96 92 

17 3-(trifluoromethyl)styrene PPh3 1 99 100 

18 4-(trifluoromethyl)styrene 1 3 97 97 
19 4-(trifluoromethyl)styrene PPh3 1 99 99 

a Reagents and conditions: [substrate]=0.2M, Rh(CO)2(acac) (1mol%), ligand 1 (1.1mol%) or PPh3 (6%), 

CO/H2 = 1/1 (20bar), CH2Cl2, 24h, at room temp.; b 24h reaction. 
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Table 5. Hydroformylation of 2-vinylbenzoic acid 2a – control experiments.a 

Entry TEAb 
anion receptor 

R1b 

Regioselectivity 
Conversion (%) 

L (%) B (%) 

1 - - - - 0 
2 - + - - 0 

3 + - - - 0 

4 + + - - 0 
a Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [2a] = 0.2 M, Rh : ligand L2 : receptor R1 : 
substrate 2a : TEA,  1/6/(2 or 0)/100/(150 or 0), CO/H2 = 1/1 (20 bar), CH2Cl2, 24h, Conversion was 

determined by 1H NMR analysis of the crude reaction mixture; b ‘+‘ and ‘-‘ denote if the component was 

added to the reaction mixture. 
 

Gas uptake experiments  

The experiments were carried out in the AMTEC SPR16 equipment23 consisting of 16 parallel reactors 

equipped with internal temperature and pressure sensors, and a mass flow controller. The apparatus is suited 
for monitoring gas uptake profiles during the catalytic reactions. Prior to catalytic experiments, the autoclaves 

were heated to 110°C and flushed with argon (22 bar) five times. Next the reactors were cooled to room 

temperature and flushed again with argon (22 bar) five times. Then, the autoclaves were charged with 
solutions of the rhodium precursor [Rh(acac)(CO)2], ligand, substrate, base (if necessary) and internal standard 

(1,3,5-trimethoxybenzene) in CH2Cl2 (8ml). The reactors were pressurized with syngas (CO/H2, 1:1, 20bar) 

and heated up to appropriate temperature. The pressure was kept constant during the whole reaction, and the 
gas uptake was monitored and recorded for every reactor. After catalysis the pressure was reduced to 2.0 bar 

and samples were taken for further analysis (NMR and/or GC analysis, as described in the section above).  

Conversions were determined by NMR analysis of the final reaction mixtures (in respect to the internal 
standard). All the measured data of the gas consumption in time were smoothed, to minimize the noise 

inherent in the integral measurments (to capture important patterns in the data, while leaving out noise),24 

applying the Double Boltzmann model or the Boltzmann model with the Origin 8.0 software. The correctness 
of the model used was evaluated and confirmed by the analysis of the regular residuals of the fitting. The 

smoothed data were used for further analysis. 
 

Isotope labeling studies - deuterioformylation 

The deuterioformylation study was conducted analogously to the hydroformylation experiments, using a 1 : 1 

mixture of D2 and CO in place of H2 and CO. The conversion was determined by the standard 1H NMR 
analysis. The reaction time was adjusted to reach a medial conversion, so that there is still a high substrate 

concentration, yet the reaction time allows for a significant level of, if possible, deuterium incorporation to the 

substrate molecules via the reversible hydride migration – beta-hydride elimination mechanism.15 The crude 
reaction mixture was investigated by 2H NMR spectroscopic analysis (no other solvents were added). No 

deuterium incorporation into neither of substrates 2a and 7 was observed. 

 

Figure 2. 2H NMR spectrum of the substrate 2a deuterioformylation reaction mixture by the Rh(1) catalyst. 
Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [substrate 2a] = 0.2 M, Rh : ligand 1 : substrate 

2a : DIPEA, 1/1.1/100/150, CO/D2 = 1/1 (20bar), 4h, 22°C, CH2Cl2 as a solvent; acac = acetylacetonate, 

DIPEA = N,N-diisopropylethylamine. Conversion = 58%. 
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Figure 3. 2H NMR spectrum of the substrate 7 deuterioformylation reaction mixture by the Rh(1) catalyst. 

Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [substrate 7] = 0.2 M, Rh : ligand 1 : substrate 7 
: DIPEA, 1/1.1/100/150, CO/D2 = 1/1 (20bar), 24h, 50°C, CH2Cl2 as a solvent; acac = acetylacetonate, DIPEA 

= N,N-diisopropylethylamine. Conversion = 64%. 

 

DFT calculations 

The mechanism of the regioselectivity-determining hydrometalation step of 2-vinylbenzoate by Rh(1)  was 

studied with DFT. A series of calculations on possible structures of the catalyst-substrate complex was 

performed, and the most important structures are reported. Structure A (Figure 2a) in the manuscript 
represents the lowest energy conformer found among several possible structures of the catalyst-substrate 

complex. The alkene insertion from conformer A toward the -aldehyde product is represented by transition 

state B leading to alkyl complex C, which is energetically privileged over the route toward the alpha aldehyde 
product consisting of transition state D leading to alkyl complex E. Alternative conformer of the catalyst-

substrate complex (structure F), which favors the formation of the alpha-aldehyde product is much higher in 

energy (ΔG = 15.1 kJ•mol1), and goes also through much higher transition state G (ΔG# = 40.2 kJ•mo l1), 
leading to alkyl complex H. According to this model, the bifunctional substrate binding effectively hinders the 

formation of the typical alpha-aldehyde product usually formed in the hydroformylation of vinyl arenes. 

The geometry optimizations were carried out with the Turbomole program25 coupled to the PQS Baker 
optimizer26 at the ri-DFT level27 using the BP8628 functional and the resolution-of-identity (ri) method. We 

used the SV(P) basis set29 for the geometry optimizations of all stationary points. All minima (no imaginary 

frequencies) and transition states (one imaginary frequency) were characterized by numerically calculating the 
Hessian matrix. ZPE and gas-phase thermal corrections (entropy and enthalpy, 298 K, 1 bar) from these 

analyses were calculated. The thus obtained energies in kJ mol1 are reported in Table 6 as well as in Figure 1 

(the values are relative to structure A).  
 

Table 6. DFT calculated energies of structures A-H (relative to structure A). 

Structure 
∆E 

[kJ mol1] 

∆EZPE 

[kJ mol1] 

∆Gº298K 

[kJ mol1] 

∆Hº298K 

[kJ mol1] 

∆Sº298K 

[J mol1 K1] 

A 0 0 0 0 0 

B (TS) 20.2 15.5 15.8 14.6 4.0 

C 12.7 7.1 10.4 7.2 10.6 

D (TS) 78.4 72.8 71.6 72.6 

E 41.6 42.9 40.5 43.5 

F 13.8 13.4 15.1 13.4 5.9 

G (TS) 42.0 38.1 40.2 37.1 10.5 

H 33.1 34.6 34.9 34.7 0.8
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6.1 Introduction 

Concern for sustainable developments sets high demands for chemical industries to 

make use of resources and energy with the highest possible efficiency. This pressure 

results in the development of numerous new catalytic transformations that can 

successfully replace stoichiometric organic reactions to create more synthetically and 

economically efficient routes toward high-value chemicals.
1
 The applicability of a 

catalytic reaction depends heavily on the accessibility of active and stable catalysts with 

the desired selectivity for a substrate of interest, as well as on the synthetic value of the 

functional group that is introduced with the transformation. The key example of success 

for such transformations is the hydroformylation reaction which introduces a 

synthetically versatile aldehyde group into a C=C double bond with 100% atom 

economy.
2,3

 Therefore, a variety of cheap olefins can be easily converted to various 

valuable compounds, making hydroformylation one of the most important industrial 

transformations involving a homogeneous catalyst.
4
 However, despite intensive research 

with a main focus on ligand design to control the activity and selectivity of the catalyst, 

the regioselectivity of hydroformylation can be controlled only to a limited extent.
2,3

 

Consequently, the applicability of this technology is still limited to certain classes of 

substrates and hence formation of a certain class of products.  
 

Scheme 1. Regioselectivity issues in the hydroformylation of vinyl arenes. 

 
 

For instance, -aryl aldehydes, key intermediates in synthetic schemes of numerous 

important organic molecules, are obtained by rather sophisticated and tedious 

stoichiometric reactions, often burdened with waste production,
5
 instead of applying 

clean hydroformylation processes. In principle, hydroformylation of abundant aryl 

vinyls could provide this class of aldehydes, yet typically only a few percent of the -

aldehyde product is formed, alongside the main -aldehyde product (Scheme 1).
2,3

 The 

preference for the -aldehyde is due to the formation of a more stable rhodium -

arylalkyl intermediate, which is stabilized through a π-benzyl interaction involving the 

adjacent aromatic ring (Scheme 1).
6
 Thus there are no general catalytic systems that can 

effectively surmount this “natural” selectivity. There are remarkable exceptions of 

catalysts, reported by Peng and Bryant,
7
 Beller and coworkers,

8
 and Zhang and 

coworkers,
9
 that form the -aldehyde product with good practical level of selectivity 

(ca. 90%, with the best regioselectivity of 96% at 92% chemoselectivity), yet only for 

the non-substituted benchmark substrate styrenes (R=H, Ar=Ph in Scheme 1). For 1,2-
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disubstituted vinyl arenes (R≠H, in Scheme 1), directing the selectivity to the -

aldehyde is even more challenging,  since it involves an internal double bond with an 

inherently lower reactivity, and possible isomerization side reactions.
10

 Currently, there 

is no precedent in literature for the -selective hydroformylation of this class of 

substrates. Technology that can provide such unusual selectivity would be of high value 

given the potential broad application in bulk/fine chemicals synthesis. 

To generate a catalytic system that would effectively overcome the natural 

selectivity, we assumed that it is necessary to obtain a catalyst that would preorganize a 

substrate molecule in such a way that the orientation of the reactive double bond at a 

catalytic center would favor formation of the desired isomer, at the same time hindering 

the reaction pathway for the usual product. In principle, such substrate preorganization 

can be achieved by non-covalent interactions of its directing functional group (i) with a 

metal center
11,12,13,14

 or; as recently presented, (ii) with the ligand of the catalyst 

equipped with a complementary binding site.
15,16,17,18

 For hydroformylation modification 

of the active catalyst is required because the neutral Rh
I
 complex

2,3
 is not suited for 

traditional preorganization via metal-substrate coordination, especially under an 

atmosphere of CO that competes for substrate coordination. Therefore we devised a 

catalyst in which the substrate could be pre-organized using interactions with a ligand 

(Figure 1).
19

 Here, we demonstrate the high potential of the approach, presenting highly 

active and up to 100% chemo- and -regioselective supramolecular catalysts for 

hydroformylation of vinyl 2- and 3-carboxyarenes. To demonstrate the applicability of 

the catalytic system, we show that it can operate at temperatures between 22-80 °C, for 

a wide substrate scope and at low catalyst loadings reaching high efficiency (TON > 

18,000 and TOF > 6,000 mol mol
-1 

h
-1

). Furthermore, we show that the reactions can be 

performed at a larger scale; the products can be easily isolated and readily transformed 

into further valuable building blocks. DFT calculations of the decisive intermediates 

together with kinetic studies, in situ spectroscopic measurements and isotope labeling 

studies reveal the mode of operation of this catalytic system. Full details of these studies 

are presented in the following sections of this chapter.
20

 

 

 
Figure 1. Substrate preorganization by a catalyst with a bifunctional ligand, consisting of a donating function 

for catalytic center coordination and a specific recognition site for binding to a functional group of a substrate. 
 

6.2 Results and discussion 

On the basis of previous studies on the regioselective hydroformylation of olefins 

with anionic groups,
17

 we devised a series of catalysts for the -regioselective 

hydroformylation of vinyl arenes equipped with a carboxyl group, the products of which 

are common building blocks for valuable chemicals synthesis.
21

 The designed catalyst 



Chapter 6 

 124 

contains a bidentate ligand functionalized with i) phosphorus moieties for rhodium 

coordination to form active catalysts;
2,3

 and ii) the diamidodiindolylmethane pocket that 

can strongly bind to the carboxylate group to pre-organize the substrate molecule.
22

 The 

studied series of ligands L1-L7 (Scheme 2) represents the variation of functional, 

geometric, steric and electronic properties, the influence of which is evaluated in both 

the catalyst structure and the catalytic performance in the hydroformylation of a series 

of vinylbenzoic acids. 
 

Scheme 2. Synthesis of ligands L1-L7. 

 
Reagents and conditions: (a) H2, Pd/C, MeOH, room temperature (RT); (b) (Ar2P)Ph(CH2)nCOOH (n = 0 or 

1), diisopropylcarbodiimide (DIC), 4-dimethylaminopyridine (DMAP), 4-pyrrolidinopyridine, CH2Cl2, RT; (c) 

3- or 4-(BzO)PhCOCl, triethylamine (TEA), CH2Cl2, RT; (d) H2, Pd/C, MeOH : THF, 40 °C; (e) binol/taddol-
PCl, TEA, CH2Cl2, -78 °C → RT. 
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6.2.1 Ligand synthesis 

The ligands are synthesized starting from easily accessible 7,7’-dinitro-2,2’-

diindolomethane 1,
22d

 which is first hydrogenated in the presence of Pd/C, to obtain 

diamine 2. In one of synthetic routs (Scheme 2), compound 2 is next reacted with 

phosphino carboxy acids, following the standard condensation procedure involving a 

carbodiimide coupling reagent,
23

 to give bisphosphine ligands L1-L4 in good overall 

yields of 62-67%. 

The phosphite ligands are prepared following the alternative synthetic route (Scheme 

2). First, the diamine 2 is reacted with benzyloxybenzoylchlorides, in the presence of a 

base, to give bisamides 3a-b. The benzyl protecting groups of 3a-b are subsequently 

removed by hydrogenation in the presence of Pd/C. The reaction of the obtained diols 

4a-b with phosphorochloridites, in the presence of a base, affords phosphite ligands L5-

L7 in good overall yields of 75-88%. It is worth to note that the developed synthetic 

routes allow for simple variation of the steric and electronic properties of ligands, if 

desired, by using different phosphino carboxy acids or phosphorochloridites in the last 

synthetic step. 

 

6.2.2 Coordination and Anion Binding Studies 

It is important to note the difference in symmetry between ligands L1-L7. The bent 

sheet shape of diindolylmethane core unit with its Cs-symmetry – the mirror plane 

symmetry is imposed on phosphine ligands L1-L4. Consequently, both P-side moieties 

of ligands L1-L4 are equivalent, as evidenced by one set of signals on their NMR 

spectra. On the other hand, phosphite ligands L5-L7 are additionally equipped with two 

C2-symmetric diol moieties ((S)-binol or (S,S)-taddol)), which cancel the Cs-symmetry, 

hence generally overall C1-symmetry. As a consequence, both P-side moieties of each 

L5-L7 are diastereotopically distinct, hence they are distinguishable in NMR spectra 

(e.g. different NH signals for each amidodiindolyl moiety in 
1
H NMR spectra and 

inequivalency of the phosphorus atoms in 
31

P NMR spectra). The symmetry properties 

of these ligands have pronounced consequences on their complexes (vide infra). 

The strong anion binding properties of the studied ligands are apparent from the 

significant downfield shift of the NH signals of both phosphine L1 and phosphite L5 in 

the 
1
H NMR spectra in CD2Cl2 (Δδ = 2.4–3.6 ppm), triggered by the presence of 

benzoate anions. This observation is consistent with the formation of strong hydrogen 

bonds between the NH groups of the ligands and the carboxylate group of the anion.
22e

  

The coordination behavior of the ligands to the rhodium center via the P centers is 

evident from the phosphorous–rhodium coupling in the 
31

P NMR spectra. For instance, 

ligand L1 in the presence of a rhodium precursor [Rh(acac)(C2H4)2] gives rise to the 

formation of the square planar complex [Rh(acac)(L1)] – the precursor to the active 

hydroformylation catalyst (acac=acetyloacetonate). This is evidenced by a doublet 

centered at 56.0 with a phosphorous–rhodium coupling constant (
1
JRh-P) of 193 Hz in the 

31
P{

1
H} NMR spectrum.

17b
 In analogy, phosphite L5 forms the [Rh(acac)(L5)] 

complex, which is observed in the 
31

P{
1
H} NMR spectrum with two nearly overlapping 

doublets centered at 146.0 and 146.1 ppm, with 
1
JRh-P = 298 and 299 Hz, respectively, 

revealing the aforementioned inequivalency of the P donors (Figure 2). The lack of 

symmetry is also revealed in the 
1
H NMR spectrum, for instance, 4 distinguishable NH 

signals are observed (Figure 2). The NMR titration studies for [Rh(acac)(L5)] confirm 

that the benzoate anion is strongly bound within the pocket of L5 (Ka >> 10
5
 M

-1
, in 

CD2Cl2), which is also evidenced by significant downfield shift of the NH signals (Δδ = 
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2.3–3.1 ppm, Figure 2). Interestingly, anion binding to the pocket of L5 does not disturb 

the coordination of the P atoms to the metal center. In this complex the phosphorus atom 

inequivalency is further highlighted, as the 
31

P{
1
H} NMR spectrum displays two 

doublets of doublets centered at 142.6 and 145.1 ppm, with 
1
JRh-P = 300 and 301 Hz, 

respectively, and with 
2
JP1-P2 = 118 Hz. This is in agreement with a square planar 

complex geometry with cis ligand coordination to the rhodium-acac center.
24

 As shown 

in Figure 2, the 
31

P spectrum displays second-order couplings – ‘roofing effects’ (due to 

the small difference in NMR shifts in comparison with the coupling constants).
25

 

 

Figure 2. Fragments of 31P{1H} and 1H NMR spectra for [Rh(L5)(acac)] complex (0.001 M solution) in the 

absence (top) and the presence of PhCOO- anion (bottom; 1.05 equivalent, in the form of TBA-PhCOO salt; 

TBA+ = tetrabutylammonium cation) measured in CD2Cl2; # and * denote signals of different phosphorus 
atoms. 

 

In situ high-pressure NMR and IR analyses. The coordination behavior of ligands 

L1-L7 to rhodium under catalytically relevant conditions was studied using high-

pressure (HP) NMR and HP infrared (IR) spectroscopic techniques. Rhodium 

complexes were prepared in situ by using [Rh(acac)(CO)2] as the metal precursor in 

CD2Cl2 under 5 bar of syngas (H2/CO, 1:1) for the NMR experiments, and in CH2Cl2 

under 20 bar of syngas for the IR experiments. 

 

Figure 3. High pressure (HP) NMR spectra of [Rh(Ln)(CO)2H] complexes (0.01 – 0.014 M solution) for 
phosphine ligands L1-L4, formed in situ, under 5 bar of syngas (CO/H2, 1:1) measured in CD2Cl2; * denotes 

signals arising upon slow decomposition of [Rh(L3)(CO)2H].26 
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Each phosphine ligand L1-L4 forms nearly quantitatively
26

 the expected 

mononuclear hydridobiscarbonyl rhodium complex [Rh(Ln)(CO)2H] – the species that 

are generally accepted to be active in hydroformylation.
2,3

 The formation of the 

complexes is evidenced by the doublet of triplets observed for hydride signal centered 

around -9.4 to -9,8 ppm for each complex, consistent with the hydride coupling with 

rhodium and two magnetically equivalent phosphorus atoms (Figure 3 and Table 1). In 

the phosphorous–decoupled 
1
H{

31
P} NMR experiments, the hydride signal simplifies to 

a doublet, indicative of the coupling with the rhodium center. The 
31

P{
1
H} NMR spectra 

display only one doublet at ca. 35-40 ppm that is indicative of the phosphine coupling 

with rhodium, as well as, the equivalency of both phosphorous atoms (Figure 3). The 

variable temperature (VT) NMR experiments allow for observation of both, the 

equatorial–equatorial (ee) and equatorial-apical (ea) isomers of [Rh(L1)(CO)2H] at 

lower temperatures, that are in fast equilibrium on the NMR time scale at the room 

temperature (rt).
17,24,27 

Small values of the phosphorus-hydride coupling at rt (Table 1) 

indicate that all bidentate ligands are coordinated predominantly in the ee fashion (the 

expected averaged values of 
2
JP-H for the ee and ea are, respectively, around 2 and 100 

Hz).
27

 

 

 

Figure 4. High pressure infrared (IR) spectra of [Rh(Ln)(CO)2H] complexes (0.001-0.002 M solutions) for 

phosphine ligands L1-L4, formed in situ, under 20 bar of syngas (CO/H2, 1:1; alternatively CO/D2, 1:1 for the 
deuterated species –  spectrum in red) measured in CH2Cl2.  

 

Table 1. Selected HP NMR and HP IR data for [Rh(Ln)(CO)2H] of L1-L7.a 

Ln δP (ppm) δH (ppm) 
1JPRh (Hz) 1JPH (Hz) 2JRhH (Hz) ν(CO)b (cm-1) 

L1 36.8 -9.50 137.5 4.1 4.4 1945, 1986, 2044 

L2 40.9 -9.83 150.6 8.2 2.0 1972, 2006, 2058 

L3 35.2 -9.48 134.0 9.3 5.4 1937, 1984, 2037 

L4 37.3 -9.40 134.6 10.3 5.5 1943, 1986, 2043 

L5c 168.4 
(166.9, 

167.2) 

-10.62 
(-10.61) 

- 
(230.4, 

235.5) 

- 
(14.1, 

24.9) 

- 
(4.7) 

2021, 2050, 2077 

L6 136.3 -11.09 239.7 11.6 3.5 1972, 2028, 2063 

L7 171.0 -10.77 - - - 2010, 2053, 2072 
a For experimental details, see the footnotes for Figures 2-5 and the Supporting Information. b Only well-

resolved absorption bands are listed. c Values between parenthesis are measured in the mixture of CD3CN + 
CD2Cl2 (1:1) – Figure 5. 
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In agreement with the VT NMR study, the HP IR investigation of [Rh(L1)(CO)2H] 

using either H2/CO or D2/CO (both 1:1) reveals absorption bands in the carbonyl region 

that correspond to the ee and ea isomeric complexes (Figure 4).
17,28

 The vibrations 

involving Rh-H are not identified in the spectra, presumably because of an overlap with 

one of the carbonyl signals. The strong electron withdrawing properties of the 

trifluoromethyl groups significantly lower the basicity of phosphine centers of ligand L2 

that further favors the ee complex geometry over the ea isomer.
27d,e

 This is 

unambiguously shown by the HP IR spectrum in which the absorption bands of the ee 

isomer clearly dominate the spectrum (Figure 4). The VT NMR experiments show, 

however, that still both ee and ea isomers are present in the equilibrium, as evidenced 

by the spectra recorded at lower temperatures.
29

 The strong electronic effect of the CF3 

substituents is also apparent by the significant shift of the absorption bands to higher 

wavenumbers (Δν = 14-27 cm
-1

), due to the lower electron density on the metal, and 

hence, decrease in back-bonding from the rhodium to the carbonyl ligand. In contrast, 

the electron donating methylene groups of ligand L3 shift the bands to lower 

wavenumbers (Δν = -2-8 cm
-1

; Figure 4). Ligand L4 forms a hydridobiscarbonyl 

rhodium complex [Rh(L4)(CO)2H] that is electronically similar to the one formed with 

its structural isomer, ligand L1, as evidenced by HP NMR and HP IR studies (Table 1, 

Figure 4). Notably, the HP IR studies for all phosphine ligands L1-L4, performed under 

actual hydroformylation conditions, indicate a pre-catalyst activation process that even 

at room temperature takes less than 2 hours. Importantly, the complexes formed are 

rather stable under these conditions.
26

 

 

Figure 5. High pressure (HP) NMR spectra of [Rh(L5)(CO)2H] complex (0.02 M solution), formed in situ, 
under 5 bar of syngas (CO/H2, 1:1) measured in CD3CN + CD2Cl2 (1:1). 

 

The studies for phosphite ligands show that the rhodium complex formed with 

ligand L5 reveals a clear hydride signal at -10.62 in the 
1
H NMR spectrum in CD2Cl2. 

However, both the proton and phosphorus NMR spectra present broad signals, also 

during the VT experiments (25 °C – -95 °C), which do not allow for a straightforward 

analysis of the complex structure. To exclude the formation of complexes of different 

stochiometries (e.q. clusters), we performed a diffusion NMR experiment. The obtained 

diffusivity indicates formation of only one discrete complex with a hydrodynamic radius 

of about 9.4 Å, which is similar to that determined for [Rh(L6)(CO)2H] (7.7 Å; vide 

infra), and corresponds most closely to [Rh(L5)(CO)2H], as determined by the 

computational model.
29

 Furthermore, the HP IR reveals only vibrations for terminal CO 

ligands, and no signals in the bridging CO region (1800 – 1900 cm
-1

) can be detected. 

Fortunately, the complex shows the well-resolved signals in the NMR spectra of 

samples recorded in a 1:1 mixture of CD2Cl2 and CD3CN, that confirms the structure of 

[Rh(L5)(CO)2H]. The 
31

P{
1
H} NMR spectrum displays two close doublets centered at 

166.9 and 167.2 ppm, with 
1
JRh-P = 236 and 230 Hz, respectively, in accordance with the 
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aforementioned inequivalency of the P donors (Figure 5). In the proton-coupled 
31

P 

NMR spectrum, the signals reveal the couplings with the hydrido ligand, with 
2
JP-H = 

14.1 and 24.9 Hz, respectively. In the hydride region of the 
1
H NMR spectrum a second-

order multiplet
25

 – resembling a doublet of doublets of doublets – is observed, with the 

same values of P-H couplings as observed in the 
31

P NMR experiments. In the 

phosphorous–decoupled 
1
H{

31
P} NMR spectrum, the hydride signal simplifies to a 

doublet, indicating the coupling with rhodium. The values of P-H couplings indicate that 

the hydride [Rh(L5)(CO)2H] complex exists as a mixture of ee and ea conformations, 

with a predominance of the former. The HP IR presents the vibrations typical for both 

ee and ea conformations (yet some bands overlap, Figure 6).
24

 

 

Figure 6. High pressure infrared (IR) spectra of [Rh(Ln)(CO)2H] complexes (0.001-0.002 M solutions) for 

phosphite ligands L5-L7, formed in situ, under 20 bar of syngas (CO/H2, 1:1; alternatively CO/D2, 1:1 for the 
deuterated species –  spectrum in red) measured in CH2Cl2; the assignment of the signals was verified with 

DFT calculations. 

 

Ligand L6 forms the hydridobiscarbonyl rhodium complex [Rh(L6)(CO)2H], as 

evidenced by the hydride and phosphorous signals in the HP NMR spectra recorded in 

CD2Cl2 (Figure 7 and Table 1). Interestingly, despite the formal inequivalency, both 

phosphorus atoms are undifferentiated in this case, and have the same chemical shifts 

with the same 
1
JRh-P and 

2
JP-H coupling constants, thus resulting in simplified NMR 

spectra (Figure 7). Alike for other ligands, the value of P–H coupling indicates a 

dynamic equilibrium between ee and ea complexes, with a predomination of the ee 

complex.
24,27

 The VT NMR analysis shows that upon lowering the temperature from 25 

to -95°C, the signals in both 
1
H and 

31
P{

1
H} NMR spectra broaden but no sharp signals 

appears at -95°C. Hence, the fluxionality is not halted completely even at -95°C, which 

suggests low-energy-barriers for Berry pseudo-rotations between the conformations.
24b

 

In line with the NMR studies, the HP IR analysis shows signals corresponding to both 

the ee and ea complexes (Figure 6). The absorption bands at 1972 cm
-1

 and 2028 cm
-1

 

are typical for bisphosphite complexes of ea conformation, while the vibrations at 2063 

cm
-1

 and ≈ 2007 cm
-1

 (that partially overlaps with the intense band at 2028 cm
-1

) 

characterize the ee isomers.
24 
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Figure 7. High pressure (HP) NMR spectra of [Rh(L6)(CO)2H] complex (0.014 M solution), formed in situ, 

under 5 bar of syngas (CO/H2, 1:1) measured in CD2Cl2.  
 

Finally, the rhodium complex of ligand L7 shows a clear hydride signal at -10.77 on 

the 
1
H NMR spectrum in CD2Cl2. However, similarly to the complex of L5, the signals 

at the proton and phosphorus NMR spectra are broad, hampering the analysis. 

Unfortunately, in this case, the signals of the complex are not well-resolved even when 

measured in a mixture of CD2Cl2 and CD3CN. The HP IR reveals the presence of the 

absorption bands typical for ee conformations of the hydridobiscarbonyl rhodium 

complexes, however, formation of other complexes cannot be excluded (Figure 6). 

 

6.2.3 Regioselective Hydroformylation of Vinylbenzoic Acids 

We next evaluated the catalytic potential of ligands L1-L7 in the Rh-catalyzed 

hydroformylation of vinylbenzoic acids 5-7 (Scheme 3). In a typical experiment, the 

reaction is performed at 40 °C, under 20 bar of syngas (CO/H2, 1:1) in CH2Cl2, with a 

catalyst prepared in situ (without catalyst pre-activation). Importantly, all ligands form 

active catalysts already under these mild conditions (Table 2). In case of 2-vinylbenzoic 

acid (5), hydroformylation with all ligands but L3 provide the usually disfavored -

aldehyde 8, 2-(3-oxopropane)-benzoic acid, as the major product. Remarkably, catalysts 

with ligands L5-L6 provide exclusive formation of the -aldehyde 8, and these 

reactions are 100% chemo- and regioselective. Importantly, ligands L5-L6 form also -

selective catalysts for substrate 6, 3-vinylbenzoic acid, with a regioselectivity up to 85% 

for -aldehyde product 9, 3-(3-oxopropane)-benzoic acid, with L6 (Table 2). In turn, the 

last substrate from the series, that is, 4-vinylbenzoic acid (7) reacts to form the typical 

-aldehyde 10’ as the major product, revealing the mismatch between the substrate and 

the supramolecular catalysts of ligands L1-L7. 
 

Scheme 3. Hydroformylation of 5-7 with the Rh/L1-L7 catalysts. 
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Table 2. Evaluation of ligands L1-L7 for the hydroformylation of 5-7.a 

 substrate 5 substrate 6 substrate 7 

ligand % conv % 8 % conv % 9 % conv % 10 

L1 11 80 52 16 53 10 

L2 22 85 91 32 88 18 

L3 19 17 41 8 75 8 

L4 50 57 87 3 74 11 

L5 100 >98 100 73 100 15 

L6 100 >98 94 85 64 24 

L7 94 67 80 17 96 7 
a Reagents and conditions: [substrate]=0.2M, TEA (1 equiv), [Rh(CO)2(acac)] (1 mol%), ligands L1-L4 (1.5 

mol%), ligands L5-L7 (1.1 mol%), 20bar CO/H2 (1:1), 40 °C, 24 h. Conversion and regioselectivity 
determined by 1H NMR analysis of the reaction mixture. No side products were observed for substrates 5 and 

6. Products of 7, that is, aldehydes 10 and 10’ are reactive under the reaction conditions, and as observed by 

the ESI MS they react in the aldol condensation, lowering the chemoselectivity. 
 

We also evaluated the influence of the amount of triethylamine, which is used to 

deprotonate the substrates, on the reaction outcome. We found that the reactions are 

slightly faster when lower amounts of base are used, with a little effect on the 

regioselectivity (Table 4). Interestingly, the hydroformylation of 5 with ligands L5-L6 

can be performed with substochiometric amounts of base, retaining 100% chemo- and 

regioselective for aldehyde 8. Furthermore, the catalyst with L5 turned out to be the 

most active catalyst within the above tested series, leading to full conversion even at 

room temperature.
29

 

To confirm that the supramolecular interactions between the substrates and the 

ligands are crucial to obtain the unusual selectivity, we next carried out a series of 

control experiments. A series of styrene-derivatives, with electron-withdrawing and 

electron-donating groups, which cannot bind in the pocket of the ligand, are 

hydroformylated by Rh(L5) to form the typical -aldehyde products selectively, with 

only 3-10% of -aldehydes. Methyl 2-vinylbenzoate (11), that is the ester of 5, which is 

the closest analogue in terms of steric and electronic properties yet is unable to bind in 

the pocket of the ligand, forms only 5% of -aldehyde 12 and 95% of -aldehyde 12’, 

in sharp contrast with conversion of substrate  5 leading to 100% selectivity towards the 

-aldehyde under otherwise identical conditions (Scheme 4). Besides, acid 5 reacts 

considerably faster than its ester analogue 11 (TOF = 57  vs. 11.7 mol mol
-1 

h
-1

), under 

the same conditions. From the selectivity and activity of the reactions with 5 and 11, one 

can estimate the effect of substrate binding on relative reaction rates for formation of the 

- and -aldehyde products. Substrate preorganization accelerates the formation of the 

-aldehyde by a factor of 60, while the rate of -aldehyde formation is slowed down 

with more than a factor 100. These experiments clearly confirm that the high activity 

and the unusual regioselectivity displayed by Rh(L5) are the result of substrate binding 

in the pocket of L5. For comparison, hydroformylation of 5 with typical 

hydroformylation catalysts, i.e. Rh complexes based on monodentate PPh3, P(OPh)3 or 

with bidentate ligands xantphos and dppp ligands, (xantphos= 4,5-

bis(diphenylphosphino)-9,9-dimethylxanthene, dppp=1,3-

bis(diphenylphosphino)propane), under otherwise identical conditions, show no or only 

moderate activity (TOF < 9.5 mol mol
-1 

h
-1

) and typical regioselectivity for the -

aldehyde (up to 6% of the -aldehyde product, with the exception of the xantphos based 

catalyst giving 50% of the -aldehyde, yet with low activity of 0.2 mol mol
-1 

h
-1

).
29

 

Furthermore, the Rh-catalyst containing a binol phosphite ligand without the covalently 

attached anion binding pocket did not show any activity for hydroformylation of 5, in 

the presence or absence of the anion receptor.
29
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Scheme 4. Importance of the supramolecular interactions: hydroformylation of 5 and of its ester analogue 11 

with the Rh(L5) catalyst.a 

 
a Product yields were determined by NMR spectroscopy and GC analysis. 

 

6.2.4 Substrate Scope of the Catalytic System 

After demonstration of the supramolecular mode of operation for the system, we 

next evaluated its substrate scope. Considering the synthetic value of these -aldehyde 

building blocks
21

 together with the best results for 5, we first focused on a series of 

vinyl-2-carboxyarenes (Scheme 5). For all but one of the studied substrates we observed 

full selectivity for the -aldehyde products. Most reactions went to completion at room 

temperature or slightly above, and only the naphthyl derivative 5k required 60°C to 

form the product in high yield. In general, the catalytic system tolerates substitutions at 

every position of the aryl ring and a variety of functional groups, such as alkyl, alkoxy, 

chloride, nitro and amide groups. Substrates with other aryl rings including 

heteroaromatics, such as naphthyl, pyridine, indole and (benzo)thiophene rings are also 

easily converted. Only the furan derivative 5p is not converted with full selectivity, but 

the -aldehyde isomer 8p is still formed in 70% yield and with 87% regioselectivity. 

Subsequently, we examined if the system can also convert in a selective manner 

even more challenging substrates with an internal double bond, i.e. -substituted vinyl 

arene derivatives. For this class of substrates the reactivity is lower and the preference 

for the -position is further suppressed.
10

 In addition, the double bond can in principle 

isomerize, which could lead to a more complex mixture of products. The 

supramolecular catalyst Rh(L5), however, converts substrates 13 and 14 forming 

exclusively the -aldehyde products, which are isolated in almost quantitative yield 

(Scheme 6).
30

 To the best of our knowledge, these are the first examples of -

regioselective hydroformylation of -substituted vinyl arene derivatives. 

We also evaluated the allyl analogue of substrate 5, that is, 2-(2-allyl)-benzoic acid 

(15). Formally, this substrate is not burden with the reactivity issues of vinyl arenes. 

However, under hydroformylation conditions allyl-arenes can readily isomerize to the 

vinyl analogues, finally resulting in the formation of mixtures of -, - and -aldehyde 

products.
31

 Interestingly, hydroformylation of substrate 15, and of its substituted 

analogue 16, using the Rh(L5) catalyst leads to the selective formation of the -

aldehydes (Scheme 6). This extends the potential application of the Rh(L5) catalyst to 

another class of valuable building blocks, for example, for the fragrance industry.
32

 

Noteworthy, this reveals that the catalyst has a tendency to introduce the aldehyde 

moiety on the carbon atom of the double bond that is more distant from the carboxylic 

group. This observation is in agreement with the envisioned mechanistic model (vide 

infra).
17b
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Scheme 5. Substrate scope for the hydroformylation of vinyl 2-carboxyarenes 5 with the Rh(L5) catalyst.a 

 
a Product yield and selectivity determined by 1H and 13C NMR analysis of the reaction mixture. Value between 

parentheses indicates yield of isolated product for reactions conducted on a 0.3–0.8 mmol scale. Full 
conversion of the starting material in all cases (except where noted). Reagents and conditions: [5] = 0.2 M, 

base=DIPEA or TEA (0.5–1.5 equiv), [Rh(CO)2(acac)] (1 mol%), ligand L5 (1.1 mol%), 20 bar CO/H2 (1:1), 

22-60 °C, 24-72 h. b 95% conversion. c Regioselectivity toward aldehyde 8p and chemoselectivity towards 
aldehydes, respectively. 

 

Finally, considering the good selectivities obtained for substrate 6, we also evaluated 

its analogue with the internal double bond – substrate 17 (Scheme 6). The experiments 

reveal that the Rh(L5) catalyst forms close to an equimolar mixture of - and -

aldehyde products, while the catalyst with ligand L6 is poorly active for this substrate.
29

 
 

6.2.5 Potential for applications  

To further evaluate the potential of the Rh(L5) catalyst, we investigated in more 

detail the tolerance of the catalysts to changes in the reaction conditions and the larger 

scale applicability (Table 3). The catalyst can operate in various solvents, such as 

dichloromethane, toluene, tetrahydrofuran (THF) and acetonitrile. Interestingly, the 

activity is retained even under ambient pressure of syngas at room temperature, and 

hence the reaction can be performed using common laboratory equipment (a Schlenk 

type flask with a balloon). We found that the activity of Rh(L5) catalyst can be further 

increased by elevating the reaction temperature without losing any selectivity, and even 

at 80°C we obtained the product with full regioselectivity. Importantly, we also 

demonstrated that even at very low catalyst loadings (0.005 mol%) the reaction still runs 
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smoothly with the typical high activity and selectivity, TOF > 6,000 mol mol
-1

 h
-1

 and 

TON > 18,000, which is important in view of commercial applications. We also 

performed the reaction on a multigram scale (> 5g) from which the analytically pure 

product was obtained in nearly quantitative yield (97%) by a simple acid-base extraction 

from the reaction mixture. The -aldehyde products are convenient intermediates for 

further synthesis (Scheme 7). We demonstrated that product 8 is easily converted in 

three straightforward steps (78% overall yield), through the amino aryl ester 24, to the 

corresponding aryl ε-lactam 23, which provides the basis for an efficient route to 

bioactive compounds, such as a ghrelin receptor antagonist, a putative anti-obesity 

pharmaceutical,
21g

 or aspartyl protease inhibitors for an Alzheimer’s disease 

treatment.
21d

 Aldehyde 8 can also be converted in two steps to the hydroxyaryl acid 26, 

which represents the basic skeleton for somatostatin mimetics,
21f

 and to the aryl ε-

lactone 25. Thus the described catalytic system opens a convenient route to some 

important building blocks in the synthesis of several classes of valuable compounds.
21

 
 

Scheme 6. Hydroformylation of -substituted vinyl and allyl arenes 13-17 with the supramolecular catalyst 

Rh(L5).a 

 
 

a Product yield determined by NMR analysis of the reaction mixture; no side products were observed. Value 
within parentheses indicates yield of isolated product for reactions conducted on a 0.5–0.8 mmol scale. 
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Table 3. Evaluation of reaction conditions on the hydroformylation of 5 with Rh(L5).a 

temp 

(°C) 

time 

(h) 

pressure 

(bar) 

solvent base 

(equiv) 

Rh 

(mol%) 

% conv % 8 

22 24 1 CH2Cl2 1.5 1 40 >98 

22 24 20 CH2Cl2 1.5 1 100 >98 

35 24 1 CH2Cl2 1.5 1 100b >98 
40 24 20 toluene 1.5 1 100 >98 

40 24 20 THF 1.5 1 100 >98 

40 24 20 CH3CN 1.5 1 84 >98 
40 24 20 CH2Cl2 1.5 0.25 100 >98 

60 24 20 CH2Cl2 1.5 0.1 100 >98c 

80 1 20 CH2Cl2 1.5 0.25 100 >98c 
80 1 20 CH2Cl2 0.5 0.05 100 >98 

80 1 20 CH2Cl2 0.5 0.005 42 >98 

80 12 20 CH2Cl2 0.9 0.005 90 >98 
a Reagents and conditions: [substrate] = 0.2 M, Rh(CO)2(acac) as a rhodium source, Rh : ligand L5, 1/1.1; 

CO/H2 (1/1); base = TEA (DIPEA can be used alternatively). Conversion and regioselectivity determined by 
1H NMR analysis of the reaction mixture. No side products were observed (except where noted). b No full 
conversion in some runs, presumably due to the catalyst sensitivity and lower control of the reaction 

conditions at 1 bar (a balloon-based setup). c Small amount (<5%) of side products present (products of the 

aldol condensation of 8, as identified by ESI MS). For full screening of the reaction conditions, and for full 
experimental details see the experimental section. 

 

Scheme 7. Transformation of aldehyde 8 into other valuable building blocks.a 

 
a Reagents and conditions for Ar = 1,2-Ph, R = n-C4H9: (a) CH3I, KHCO3. (b) 1. RNH2, 2) NaBH4. (c) 

Al(CH3)3. (d) NaBH4. (e) p-TolSO3H. 

 

6.2.6 Reaction Mechanism 

To gain a deeper insight into the reaction mechanism we studied the 

hydroformylation reactions by Rh(L5) in more detail. Deuterioformylation experiments, 

that is experiments with D2/CO for substrates 5 and 13 show that there is no deuterium 

scrambling under standard reaction conditions (20 bar of D2/CO, 1:1, 22–50 °C).
29

 This 

indicates that the hydride migration step is irreversible under these conditions, and 

hence the hydride migration step determines the selectivity (Type I kinetics, Scheme 

8).
33

 Furthermore, the small 
1
H/

2
H kinetic isotope effect (KIE) of 1.55 measured for the 

reaction with substrate 5 indicates a rate-determining step early in the catalytic cycle 

(Scheme 8). If the hydrogenolysis of the acyl species was rate determining, a higher KIE 

would be expected (Type II kinetics, Scheme 8).
34

 Essentially, the KIE value is in 
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agreement with previous studies of van Leeuwen and coworkers,
34

 revealing that the 

rate of the reaction is determined before CO insertion.  
 

Scheme 8. General catalytic cycle of the rhodium-catalyzed hydroformylation. 

 

Molecular modeling (DFT, BP86, SV(P)) shows that the active form of the catalyst, 

[Rh(L5)(CO)(H)], can bind substrate 5 in a ditopic fashion (I in Figure 8) with the 

double bond coordinated to the metal center, while the carboxylate is held in the binding 

pocket. The carboxylate interaction severely restricts the movement of the alkene 

moiety at the metal center, and consequently the double bond can only easily rotate in 

the direction of the hydride migration transition state (ΔG°
‡
 = 15.8 kJ mol

-1
; II in Figure 

8) leading to the -phenylalkyl rhodium complex III (see Figure 8). The rotation 

towards the transition state which leads to the α-phenylalkyl rhodium complex is 

effectively hindered (ΔG°
‡ 

= 71.6 kJ mol
-1

),
29

 and the usual stable π-benzyl intermediate 

cannot be formed while the carboxylate of the substrate is bound in the pocket. 

Therefore, this product can only be formed if either the carboxylate leaves the binding 

site, or a different conformer of the catalyst–substrate complex is formed. The complex 

having inverted positions of the carbonyl and hydride such that the formation of the α-

aldehyde product is favored, is much higher in energy (ΔG°
 
= 15.1 kJ mol

-1
), and also 

goes through a much higher energy transition state (ΔG°
‡ 

= 40.2 kJ mol
-1

).
29

 

Consequently, according to these calculations the bifunctional substrate binding 

effectively prevents the formation of the typical α-aldehyde product usually formed in 

the hydroformylation of vinyl arenes. 

Reaction progress kinetic analysis
35

 for kinetic experiments monitored by gas-uptake 

and performed under standard conditions (CO/H2 1:1, 22 bar (constant pressure), 

30 °C), applying catalyst pre-activation in the absence of substrate, provided further 

insight in the reaction mechanism. First, experiments at different catalyst concentrations 

(0.0005 – 0.002 M of Rh) reveal a linear (first order) dependence of the reaction rate on 

the catalyst concentration,
29

 which is in agreement with the mononuclear structure of the 

active catalyst, [Rh(L5)(CO)2H]. 
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Figure 8. Calculated reaction pathway (DFT, BP86, SV(P)) of the regioselectivity-determining hydride-

migration step in the hydroformylation of 2-vinylbenzoic acid (5) by the Rh/L5 catalyst. 

 

Interestingly, experiments at different initial substrate concentrations (0.1 – 0.4 M of 

5) reveal a contribution of two competing equilibria preceding the rate-determining step 

of the catalytic cycle. For each individual experiment the rate of the reaction 

progressively slows down as a result of substrate consumption as the reaction proceeds, 

thus indicating a clear positive rate dependence on the substrate concentration (~0.75 – 

1.0 rate order in concentration of 5). However, the reactions also substantially slow 

down upon increasing the total (initial) substrate concentration (non-overlying blue, red, 

orange and green curves shown in Figure 9). A non-linear negative dependence of the 

initial rate on the substrate concentration is observed when comparing experiments with 

different total substrate concentrations (black dashed curve, Figure 9). This behavior can 

be counterintuitive, considering the abovementioned near first-order rate behavior in 

each of the individual experiments. In fact, further experiments show that adding the 

product or a different carboxylate-containing compound to the initial reaction mixture 

slows down the reaction substantially (vide infra and Figure 10). Therefore, in principle, 

the reaction rates reveal a negative dependence on the total carboxylate concentration, 

which includes both the substrate and the product. 
 

 
Figure 9. Graphical representation of the kinetic profiles: reaction rate versus substrate concentration plots 
from reaction at different initial substrate concentration for hydroformylation of 5 with the Rh/L5 catalyst, 

determined by gas uptake methods. Reagents and conditions: 22 bar CO/H2 (1:1), 30 °C, CH2Cl2, c(Rh) = 

0.001 M, [Rh(CO)2(acac)]/L5 = 1:1.1; TEA (0.9 equiv of 5). Incubation time for the pre-catalyst activation = 
ca. 20h. 
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The rate-inhibiting effect of higher total carboxylate concentration can be 

rationalized considering the reported inhibiting effect of carboxylic acids on 

hydroformylation,
37

 and the aforementioned relatively high electrophilicity of the 

rhodium center of phosphite-based complexes. In principle, the carboxylate group of the 

substrate can either bind to the DIM binding site of the ligand, or alternatively 

coordinate weakly to the rhodium center. Therefore, the double bond competes for the 

metal coordination site with the carboxylate groups of (other non-bound) substrate 

molecules that are present in solution.  

 

Figure 10. Graphical representation of the kinetic profiles: reaction rate versus substrate concentration plots 

from reaction at different initial substrate concentration and in the presence or absence of the product or 4-

heptylbenzoic acid, for hydroformylation of 5 with the Rh/L5 catalyst, determined by gas uptake methods. 
Reagents and conditions: 22 bar CO/H2 (1:1), 30 °C, CH2Cl2, c(Rh) = 0.001 M, [Rh(CO)2(acac)]/L5 = 1:1.1; 

TEA (0.9 equiv of 5 + additive). Incubation time for the pre-catalyst activation = ca. 20h. For full 

experimental details see the Supporting Information. 
 

In principle, the above results could also be explained by partial catalyst deactivation 

rather than the above-mentioned inhibiting effect of the total carboxylate concentration. 

Therefore we evaluated potential catalyst deactivation during the course of the reaction 

and catalyst inhibition by the product formed by analyzing a series of hydroformylation 

experiments: i) reaction using a 0.4 M substrate concentration, ii) reaction using a 

mixture of 0.2 M of the substrate and 0.2 M of the product, that is simulating the 

reaction with the initial substrate concentration of 0.4 M at 50% conversion; and iii) 

reaction using a 0.2 M substrate concentration (without product addition).
35

 As is clear 

from Figure 10, the plots of reaction rate versus substrate concentration for the first two 

experiments nearly overlay (red and yellow curves), in contrast to that for the 

experiment with the initial substrate concentration of 0.2 M (blue curve). These 

experiments indicate that the catalyst is rather stable in this reaction time window (50% 

conversions within ~0.5-1.5 h) and that the reaction rate is indeed affected also by the 

product. An additional experiment using a mixture of 0.2 M of the substrate and 0.2 M 

of 4-heptylbenzoic acid, which is electronically similar to the product yet devoid of the 

aldehyde function, shows analogous kinetic behavior to the experiment with the mixture 

of the substrate and the product (overlaying green and yellow curves, Figure 10). This 

unambiguously shows that the carboxylic group of the product is responsible for the 

observed catalyst inhibition. 

Furthermore, this series of experiments indicates indirectly an additional effect. One 

may expect that the hydroformylation product formed would also bind in the DIM 
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pocket of the ligand, and this is expected to play a role in affecting the reaction rates 

after significant substrate conversion. Such product-substrate competition effect was 

observed for a related catalytic reaction, that is the hydroformylation of aliphatic olefins 

using the catalyst with L1 (yet in case of which there is no metal center inhibition by 

neither product nor substrate).
17b

 In the current system, considering the same total 

concentration of species having a carboxylate moiety in both experiments, with the 

initial substrate concentration of 0.4 M and with the mixture of 0.2 M of the substrate 

and 0.2 M of the product, the same level of the metal center inhibition is expected. At 

this level of substrate concentration, the DIM pocket is expected to be almost fully 

occupied by the carboxylate group (as can be concluded from the high association 

constant for carboxylate binding, Ka >10
5
 M

-1
). Therefore, the lower initial reaction rate 

for the experiment with the mixture of the substrate and the product can be attributed to 

competition of the product with the substrate for binding to the DIM pocket. Such 

competitive product inhibition is expected for an envision mechanism in which the 

substrate is pre-bound to the binding site of the catalyst prior the conversion.
36

 

To study further the influence of the product on the catalyst stability we performed 

an additional experiment with the prolonged catalyst incubation (20 h) in the presence 

of the product, followed by substrate addition. In this case the observed reaction rate 

was about three times lower compared to experiments in which the pre-catalyst was first 

activated in the absence of any acid, prior to the addition of the mixture of the substrate 

and the product (Figure 11). This shows that in the first experiment two-thirds of the 

catalyst got deactivated by the product during the incubation period, and hence the 

catalyst life time under these conditions is t1/2 ≈ 13 h. Similarly, pre-catalyst activation 

in the presence of 4-heptylbenzoic acid results in the same level of catalyst deactivation 

during incubation (Figure 11), confirming that the carboxylic group of the product is 

responsible for this behavior. 

 

Figure 11. Graphical representation of the kinetic profiles: reaction rate versus substrate concentration plots 

from reaction with the pre-catalyst activation in the presence or absence of the product or 4-heptylbenzoic 
acid, for hydroformylation of 5 with the Rh/L5 catalyst, determined by gas uptake methods. Reagents and 

conditions: 22 bar CO/H2 (1:1), 30 °C, CH2Cl2, c(Rh) = 0.001 M, [Rh(CO)2(acac)]/L5 = 1:1.1; [5] = 0.2 M, 

[product 8/4-heptylbenzoic acid] = 0.2 M; TEA (0.9 equiv of 5 + additive). Incubation time for the pre-
catalyst activation = ca. 20h. 

 

Finally, to demonstrate the slow catalyst deactivation during the actual reaction, we 

performed a kinetic experiment under more challenging conditions, that is at elevated 

temperature and with a very low catalyst loading of 0.001 mol% Rh, implying a 
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substrate to catalyst ratio of 100,000 : 1. Kinetic analysis reveals that initially the 

reaction proceeds with a remarkable turnover frequency of 18,000 mol mol
-1 

h
-1

 (5 

turnovers per second!). However, after performing 44,000 turnovers, that is at 44% 

conversion, the catalyst is fully deactivated, and thus the reaction stops (Figure 12). This 

clearly reveals a slow and irreversible catalyst deactivation process occurring during the 

reaction. Importantly, prior to that, the catalyst is highly active and performs many 

turnovers, allowing for high catalyst efficiency, which is crucial in view of commercial 

applications. 

 

Figure 12. Turnover frequency versus substrate concentration for hydroformylation of 5 with the Rh/L5 
catalyst, at a very low catalyst loading, determined by gas uptake methods. Reagents and conditions: 20 bar 

CO/H2 (1:1), CH2Cl2, 80 °C, [5] = 0.2 M, TEA (0.9 equiv), [Rh(CO)2(acac)] (0.001 mol%), L5 (0.0011 

mol%). No incubation time. For full experimental details see the Supporting Information. 
 

To determine the complexes formed during the catalytic reaction, we performed a 

series of in situ HP NMR and IR experiments. The detailed in situ NMR analysis with 

the substrate present is complicated due to broad signals in both proton and phosphorus 

NMR spectra. However, the data suggests formation of a mixture of complexes, 

indicated by the broad signals at 158 and 168 ppm in the 
31

P{
1
H} spectrum and by the 

hydride signals at -10.72 ppm (at a substochiometric amount) in the 
1
H spectrum, 

measured in a CD3CN + CD2Cl2 mixture. The 
31

P{
1
H} NMR studies in CD3CN reveal, 

besides the broad signals at 158 and 168 ppm, also a complex with a set of well-

resolved signals, that is two doublets of doublets centered at 180.1 and 181.2 ppm, with 
1
JRh-P = 286 and 288 Hz, respectively, and with 

2
JP1-P2 = 25 Hz. The proton-coupled 

31
P 

NMR experiments show no coupling with the hydride signals. These characteristics 

suggest a square planar complex geometry and cis ligand coordination, in line with a 

[(L5)Rh(RCO2)(CO)]-type complex. The formation of similar complexes in the 

presence of carboxylic acids under hydroformylation conditions was reported before 

(e.g. [(PPh3)2Rh(RCO2)(CO)] complex).
16a,37

 These complexes were found to be in 

equilibrium with trigonal bipyramidal [Rh(L)m(CO)nH] hydride species, and thus 

represent the dormant state of the active hydroformylation catalyst. Furthermore, 

experiments with product 8 display the formation of the same mixture of complexes as 

observed with the substrate. Similar complexes are also observed in experiments using 

different acids, such as 4-heptylbenzoic acid, benzoic acid or even (acidic) 

acetylacetone. As indicated by the small shifts of the well-resolved signals at around 

180 ppm in the 
31

P{
1
H} NMR spectra, the complex structure is somewhat affected by 



Beyond Classical Reactivity Patterns 

 141 

the electronic properties of the acid used, which is in agreement with the presumable 

carboxylate coordination to the rhodium center.
37b

 In contrast, a similar experiment with 

phosphine ligand L1 shows no effect of product 8 on the rhodium complex formed, and 

the typical [Rh(L1)(CO)2H] hydride species is observed (in agreement with the previous 

study for aliphatic carboxylic acids).
17

 The relatively high electrophilicity of the 

rhodium center of phosphite-based complexes, compared with phosphine-based 

complexes, seems crucial for promoting the coordination of carboxylates to the rhodium 

center. 

In agreement with the NMR studies,  in situ HP IR spectroscopy reveals that, in the 

presence of substrate 5, the hydrido complex [Rh(L5)(CO)2H] partially turns into 

different species, as indicated by two additional strong and broad absorption bands at 

1902 and 2000 cm
-1

. However, no characteristic acyl band at ~1675 – 1690 cm
-1

 was 

detected, that would indicate the formation of the acyl complex [RC(O)Rh(L5)(CO)2], 

which represents the alternative resting state of the catalyst (Type II kinetics, Scheme 

8).
28a,38

 The new complexes formed are not transient, since even upon reaching full 

substrate conversion the spectrum does not revert to only the hydrido complex 

[Rh(L5)(CO)2H], as would be expected for the acyl complex.
38c

 The absorption band at 

2000 cm
-1

 does not change at all, but the one at 1902 cm
-1

 decreases slowly. 

Furthermore, the catalyst pre-equilibration in the presence of the product 8 (and the 

absence of any substrate) results in the formation of the same species, as indicated by 

bands at 1902 and 2000 cm
-1

. Upon prolonged incubation in the presence of 8 the 

catalyst becomes poorly active in hydroformylation, suggesting that the new species are 

catalytically inactive. Besides, the catalyst preequilibration in the presence of 4-

heptylbenzoic acid shows the formation of spectroscopically similar complexes (with 

the additional band at 2000 cm
-1

), and the catalyst formed is also poorly active.
29 

This 

shows that the carboxylate group is responsible for the formation of the observed 

additional species. Full characterization of the complexes formed is not possible due to 

their low stability under ambient pressure. Most importantly, the data show that the 

catalytically active complex is deactivated to some extent by formation of the above-

mentioned species with a coordinated carboxylate group.
37

  
 

Scheme 9. Putative mechanism of reversible and irreversible catalyst inactivation for Rh(L5). 

 
 

Taking all of the above results together, the experiments reveal the events taking 

place on the catalyst (Scheme 9). First, the substrate molecule (S) is bound via the 

carboxylate group to the binding site of the catalyst (Cat.) – eq. 1. Once the CO 

dissociates from the rhodium center, then either i) the double bond of the pre-bound 

substrate coordinates – eq. 2 – which is converted to the aldehyde followed by the 

product release – rxn. 1; or ii) the carboxylate group of another substrate molecule 

coordinates – eq. 3 – forming reversibly inactive complex. The catalyst released after 
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product formation binds another substrate molecule, or alternatively it binds the product 

formed (P) in the binding site of the catalyst – eq. 4. This represents the classic 

competitive reversible product inhibition.
17b,36

 The product formed can also coordinate 

to the rhodium center, once CO dissociates – eq. 5. Besides these equilibria describing 

the reversible catalyst inhibition, the catalyst is slowly and irreversibly deactivated over 

the course of the reaction – rxn. 2. As the catalyst is stable in the absence of any 

substrate (> 24h), the deactivation process likely involves also a carboxylate group of 

either the substrate or the product molecule. 

 

6.3 Conclusions 

In summary, we report here a series of bisphosphine L1-L4 and bisphosphite L5-L7 

ligands, which are equipped with an integral anion binding site (the DIM pocket), and 

their application in the regioselective hydroformylation of vinyl and allyl arenes bearing 

an anionic group. Coordination studies reveal the formation of the hydridobiscarbonyl 

rhodium complexes [Rh(Ln)(CO)2H]. The titration studies show that the rhodium 

complexes can bind anionic species in the DIM binding site of the ligand. This 

interaction can be used to pre-organize a substrate molecule with an anionic group to 

promote an atypical reaction pathway. We demonstrate that this allows for 

unprecedented reversal of selectivity to form otherwise disfavored products in the 

hydroformylation of vinyl 2- and 3-carboxyarenes, with chemo- and regioselectivities 

up to 100%. Additionally, the attachment of an anion receptor to the hydroformylation 

catalyst gives rise to very high activities and efficiencies, and the catalyst proved to be 

selective for a wide scope of substrates, including the most challenging substrates with 

an internal double bond. The substrate scope spans also to the allyl analogues. 

Noteworthy, this unprecedented selectivity opens new green routes to valuable 

intermediates for important synthetic targets.
21,32

 The mechanistic studies reveal that the 

selectivity of the reaction is determined during the hydride migration step, which we 

also studied computationally. According to our DFT studies, substrate pre-binding 

restricts the movement of the double bond coordinated to the rhodium center, hindering 

the typical pathway toward the -aldehyde product, yet promoting the rotation toward 

the transition state leading to the normally disfavored -aldehyde product. Kinetic 

studies and in situ spectroscopic investigations using the most active and selective 

Rh(L5) catalyst reveal that the active species are involved in complex equilibria with 

other dormant (reversibly inactivated) species. In principle, this involves the competitive 

inhibition of the DIM binding site by the product binding, as well as the inhibition of the 

metal center via reversible coordination of the carboxylate of both the substrate and the 

product. Overall, this results in the (expected) product and the (unusual) substrate 

inhibition effects as detected with reaction progress kinetic studies. In addition to these 

effects the catalyst is also slowly and irreversibly deactivated in a different reaction. 

Importantly, the catalyst is highly active and performs many turnovers before the final 

irreversible deactivation, which is crucial for commercial applications. This study 

further shows that a large number of factors can be involved in controlling the reactivity 

of a supramolecular homogenous transition metal catalyst. Considering the high 

activities and unprecedented selectivities presented in this report, and that many 

transition metal catalyzed processes involve a migration in the selectivity-determining 

step, related methodologies in the field of selective transformations in chemical 

catalysis, towards fully sustainable synthesis, are anticipated. Research along these lines 

is continued in our laboratories. 
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6.4 Experimental section 

Materials and Methods 

All reactions were carried out under an argon atmosphere using standard Schlenk techniques. THF, pentane, 

hexane and diethyl ether were distilled from sodium benzophenone ketyl; CH2Cl2, isopropanol and methanol 
were distilled from CaH2, toluene was distilled from sodium, and triethylamine was distilled from KOH 

pellets under nitrogen. NMR spectra were measured on a Bruker AMX 400 (400.1MHz, 100.6MHz and 162.0 

for 1H, 13C and 31P respectively). Infrared spectra were recorded on a Thermo Nicolet NEXUS 670 FT-IR. 
Elemental analyses were carried out on a Carlo Erba NCSO-analyzer. 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. ESI-MS measurements were recorded on a Shimadzu LCMS-2010A liquid chromatography 
mass spectrometer by direct injection of the sample to the ESI probe. CD2Cl2 , CD3CN and DIPEA were dried 

over molecular sieves (3Å) and degassed by at least 3 freeze-pump-thaw cycles. If not stated otherwise, 

syngas refers to a 1 : 1 mixture of H2 and CO, and the pressure refers to a sum pressure of both. 
 

Materials 

All reagents were purchased from commercial suppliers and used without further purification, with the 

exception of a ligand building block – 1,1-bis-(-3-methyl-7-nitro-1H-indol-2-yl)-propane,22 1,1-bis-(-7-
benzoylamino-3-methyl-1H-indol-2-yl)-propane (anion receptor R1),22 4-phenoxy-(R)-dinaphtho[2,1-d:1',2'-

f][1,3,2]dioxaphosphepin (ligand L8),39 which were synthesized according to the published procedures. The 

detailed synthesis procedures for ligands L1, L2 and L5,17 and substrates 5b-p, 13, 1420 were reported 
previously. 

 

Synthesis 

Synthesis of ligand L3 

4-(Diphenylphosphino)phenylacetic acid: 4-Iodophenylacetic acid (2.91 g, 11.1 mmol), diphenylphosphine 
(1.93 ml, 11.1 mmol), triethylamine (3.13 ml) and palladium (II) acetate (4 mg), were dissolved in acetonitrile 

(50 ml) under argon, brought to reflux and continued overnight. The next day, the volatiles were evaporated 

under reduced pressure, and to the residue water (30 ml) and potassium hydroxide (1.49 g) were added. Then, 
the water phase was washed with diethyl ether (3·50 ml), acidified with 2M HCl to pH ~ 3, and extracted with 

ethyl acetate (150 ml and 2·50 ml). The combined organic layers were washed with water (25 ml), and then 

dried over MgSO4, and the solvent was removed under vacuum. The solid residue was crystalized from hot 
ethyl acetate (20 ml), yielding 3.35 g (94%) of the product (which contains ~11% phosphine oxide). 
1H NMR (400 Mhz, DMSO-d6): δ = 12.40 (bs, 1H), 7.67-7.34 (m, 27), 7.32-7.16 (m, 7H), 3.59 (s, 2H);  
13C NMR (100MHz, DMSO-d6): δ = 172.3 (s), 136.8 (d, J1 = 11.8 Hz), 136.0 (s), 134.6 (d, J1 = 11.1 Hz), 
133.3 (d, J1 = 19.8 Hz), 133.1 (d, J1 = 19.0 Hz), 129.8 (d, J1 = 7.3 Hz), 128.9 (s), 128.7 (d, J1 = 6.8 Hz), 40.4 

(s); 
31P{1H} NMR (162MHz, DMSO-d6): δ = -7.27 (+ the phosphine oxide at 25.4). 
 

Bis-(4-(diphenylphosphino)phenylacetamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane)) – 

ligand L3: 1,1-Bis-(-3-methyl-7-nitro-1H-indol-2-yl)propane (588 mg, 1.5 mmol) was suspended in methanol 
(25 ml) and 10% palladium on charcoal was added (0.12 g). The reaction mixture was flushed with hydrogen, 

and then vigorously stirred under a hydrogen atmosphere (balloon). The progress of the reaction was 

monitored by TLC, and after completion (~hour), the catalyst was filtered off over Celite®. The solvent was 
evaporated, and the crude diamine was immediately used in the subsequent reaction without further 

purification. 

To the solution of crude diamine (1.5 mmol), 4-(diphenylphosphino)phenylacetic acid (1.2 g, 3.75 mmol), 4-
dimethylaminopyridine (120 mg, 1 mmol) and 4-pyrrolidinopyridine (120 mg, 0.8 mmol) in dichloromethane 

(30 ml), N,N’-diisopropylcarbodiimide (1.88 ml, 12.1 mmol) was slowly added while stirring, and the mixture 

was allowed to continue stirring overnight. The solvent was evaporated and the solid residue was purified by 
column chromatography on silica gel (100 g), with a hexane : chloroform (2:1 → 1:2) mixture as an eluent. 

Fractions of the product were combined, and the solvent evaporated off, and pure product was obtained by 

recrystalliazation. The solid was dissolved in a minimum amount of dichloromethane and precipitated by the 
addition of hexane, followed by slow concentration under vacuum (allowing to remove most of 

dichloromethane), and the powder was isolated by the filtration, yielding 0.95 g (66%) of L3·H2O. 
1H NMR (400MHz, CD2Cl2): δ = 9.29 (s, 2H, NH-indole), 7.73 (s, 2H, NH-amide), 7.40-7.20 (m, 30H), 6.93 

(dd, J1 = J2 = 7.6Hz, 2H), 6.79 (d, J1 = 7.4Hz, 2H), 4.43 (t, J1 = 8.0Hz, 1H, CHCH2CH3), 3.65 (s, 4H, 

CH2CON), 2.26 (s, 6H, ArCH3), 2.12 (m, 2H, CHCH2CH3), 0.95 (t, J = 7.2Hz, 3H, CHCH2CH3); 
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13C{1H} NMR (100MHz, CD2Cl2): δ = 169.7 (s), 137.5 (s(?)), 137.0 (s), 136.1 (s), 135.8 (s), 134.5 (d, J1 = 

19.3Hz), 134.1 (dd, J1 = 19.6Hz, J2 = 1.9Hz), 132.0 (s), 129.9 (d, J1 = 7.0Hz), 129.2 (s), 129.0 (d, J1 = 7.1Hz), 
128.0 (s), 122.1 (s), 119.2 (s), 116.2 (s), 113.8 (s), 108.3 (s), 44.1 (s), 36.9 (s), 28.0 (s), 12.5 (s), 8.8 (s); 
31P{1H} NMR (162MHz, CD2Cl2): δ = -6.05 (s). 

 

Synthesis of ligand L4 

3-(Diphenylphosphino)benzoic acid: 3-Iodobenzoic acid (4.56 g, 18.4 mmol), diphenylphosphine (3.33 ml, 19 

mmol), triethylamine (5.23 ml) and palladium (II) acetate (9 mg), were dissolved in acetonitrile (60 ml) under 

argon, brought to reflux and continued overnight. The next day, the volatiles were evaporated under reduced 
pressure, and to the residue water (30 ml) and potassium hydroxide (2.4 g) were added. Then, the water phase 

was washed with diethyl ether (3·80ml), acidified with 2M HCl to pH ~ 3, and extracted with diethyl ether 

(3·70 ml). The combined organic layers were washed with water (60 ml), and then dried over MgSO4, and the 
solvent was removed under vacuum. The solid residue was crystalized from a mixture of hot methanol (35 ml) 

and water (25 ml), yielding 4.8 g (88%) of the product, with the analytical data in agreement with the 

literature values. 
 

Bis-(3-(diphenylphosphino)benzamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane)) – ligand L4: 

1,1-Bis-(-3-methyl-7-nitro-1H-indol-2-yl)propane (1.96 g, 5 mmol) was suspended in methanol (8 ml) and 
10% palladium on charcoal was added (0.5 g). The reaction mixture was flushed with hydrogen, and then 

vigorously stirred under a hydrogen atmosphere (balloon). The progress of the reaction was monitored by 

TLC, and after completion (~hour), the catalyst was filtered off over Celite®. The solvent was evaporated, and 
the crude diamine was immediately used in the subsequent reaction without further purification. 

To the solution of crude diamine (5 mmol), 3-(diphenylphosphino)benzoic acid (3.7 g, 12 mmol), 4-

dimethylaminopyridine (300 mg, 2.5 mmol) and 4-pyrrolidinopyridine (300 mg, 2 mmol) in dichloromethane 
(100 ml), N,N’-diisopropylcarbodiimide (4.1 ml, 26 mmol) was slowly added while stirring, and the mixture 

was allowed to continue stirring overnight. The solvent was evaporated and the solid residue was purified by 

column chromatography on silica gel (200 g), with a hexane : chloroform (1:1 → 0:1) mixture as an eluent. 
Fractions of the product were combined, and the solvent evaporated off, and pure product was obtained by 

recrystalliazation. The solid was dissolved in a mixture of dichloromethane (20 ml) and methanol (10 ml), 

precipitated by the addition of hexane, followed by slow concentration under vacuum, and the powder was 
isolated by the filtration, yielding 3.11 g (67%) of L4·(H2O)0.7·(CH3OH)0.3. 
1H NMR (400MHz, CD2Cl2): δ = 9.52 (s, 2H, NH-indole), 8.29 (s, 2H, NH-amide), 7.82 (d, J1 = 8.0Hz, 2H), 

7.70 (d, J1 = 7.6Hz, 2H), 7.39-7.21 (m, 26H), 7.10 (dd, J1 = J2 = 7.7Hz, 2H), 6.94 (d, J1 = 7.4Hz, 2H), 4.45 (t, 
J1 = 8.0Hz, 1H, CHCH2CH3), 2.31 (s, 6H, ArCH3), 2.14 (m, 2H, CHCH2CH3), 0.96 (t, J = 7.3Hz, 3H, 

CHCH2CH3); 
13C{1H} NMR (100MHz, CD2Cl2): δ = 165.9 (s), 139.1 (d, J1 = 14.0Hz), 137.0 (s), 136.9 (d, J1 = 14.1Hz), 
136.3 (s), 135.1 (d, J1 = 7.7Hz), 134.2 (dd, J1 = 20.3Hz, J2 = 3.7Hz), 132.8 (d, J1 = 25.9Hz), 132.3 (s), 129.5 

(s), 129.2 (d, J1 = 5.1Hz), 129.1 (d, J1 = 7.1Hz), 127.2 (s), 122.2 (s), 119.2 (s), 116.3 (s), 114.1 (s), 108.2 (s), 
36.9 (s), 27.8 (s), 12.5 (s), 8.9 (s); 
31P{1H} NMR (162MHz, CD2Cl2): δ = -5.47 (s); 

Elemental analysis (%) calcd. for C59H50N4O2P2·H2O: C 76.44, H 5.65, N 6.64, P 6.68, found: C 76.27, H 
6.43, N 5.22, P 6.41. 

 

Synthesis of ligand L6 

Phosphorochloridate of (4S,5S)-4,5-bis(diphenylhydroxymethyl)-2,2-dimethyldioxolane, (S,S)-taddol-PCl: All 
glassware was oven-dried or flame-dried under vacuum. All solvents and reagents were dry and degassed. 

(4S,5S)-4,5-bis(diphenylhydroxymethyl)-2,2-dimethyldioxolane – (S,S)-taddol  was azeotropically dried prior 

to use, by co-evaporation with dry toluene. To a solution of TEA (0.56 ml, 4 mmol) in THF (10 mL) were 
added drop wise subsequently PCl3 (0.20 ml, 2.3 mmol) and a solution of (S,S)-taddol (0.933 g, 2 mmol) in 

THF (10 ml) at -78°C. The reaction mixture was stirred for 30 minutes, then allowed to warm up to room 

temperature, and further stirred for 30 minutes at rt. Then, all volatiles were removed under vacuum, followed 
by addition of toluene (10 ml) and its evaporation. Next, the solid residue, being a mixture of the desired (S,S)-

taddol-PCl and TEA·HCl salt, was dissolved/suspended in THF (20 ml) and used in the next step without 

further purification. 
31P{1H} NMR (162MHz, THF-h8): δ = 148.5 

 

Ligand L6 (bis-(4-((4S,5S)-2,2-dimethyl-α,α,α’,α’-tetraphenyldioxolane-4,5-dimethanyl phosphito)-
benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane): All glassware was oven-dried or flame-

dried under vacuum. All solvents and reagents were dry and degassed. Diol 4aError! Bookmark not defined. was 

azeotropically dried prior to use, by co-evaporation with dry toluene three times. To the solution of diol 4a 
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(572 mg, 1 mmol) and triethylamine (1.39 ml, 25 mmol) in THF (10 ml), the freshly-prepared solution of 

phosphorylchloride (2 mmol) in THF (20 ml) was added drop wise at -78°C. After 30 minutes the cooling bath 
was removed, and the mixture was allowed to continue stirring overnight. The reaction mixture was 

evaporated, to the solid residue THF (20 ml) were added, and the suspension was filtered through a plug of 

SiO2 gel, which was subsequently washed with THF (20 ml). The combined organic fractions were 
concentrated, hexane (20 ml) was added, followed by evaporation of all volatiles to dryness, yielding 1.57 g 

(91%) of L6·THF·C6H14. NOTE: Ligand L6 is sensitive, thus should be stored in inert conditions at low 

temperatures preferably. 
1H NMR (400 Mhz, CD2Cl2): δ = 9.48 (s, 2H), 8.08 (s, 1H), 8.06 (s, 1H), 7.59 – 7.13 (m, 50H), 7.04 (dd, J1 = 

J2 = 7.6 Hz, 2H), 6.98 – 6.09 (m, 2H), 6.42 (d, J1 = 8.6 Hz, 4H), 5.68 (d, J1 = 8.2 Hz, 2H), 5.06 (dd, J1 = 8.3 

Hz, J2 = 1.6 Hz, 2H), 4.47 (t, J1 = 7.8 Hz, 1H, CHCH2CH3), 2.30 (s, 6H, 2•ArCH3), 2.20 (m, 2H, CHCH2CH3), 
1.01 (t, J1 = 7.3 Hz, 3H, CHCH2CH3), 0.95 (s, 6H), 0.57 (s, 6H);  
13C NMR (100MHz, CD2Cl2): δ = 165.2 (s), 155.6 (d, J1 = 3.8 Hz), 155.5 (d, J1 = 3.8 Hz), 146.4 (d, J1 = 2.2 

Hz), 146.2 (pdd, J1 ≈ J2 = 2.5 Hz), 141.7 (s), 141.5 (d, J1 < 2 Hz), 141.4 (d, J1 = < 2 Hz), 136.2 (s), 132.3 (d, J1 
= 2.9 Hz), 129.5 (s), 129.4 (d, J1 = 6.9 Hz), 129.0 (s), 128.8 (s), 128.5 (d, J1 = 9.6 Hz), 128.2 (s), 128.0 (s), 

127.9 (s), 127.79 (s), 127.76 (s), 127.69 (s), 127.5 (s), 127.4 (s), 125.8 (s), 122.4 (s), 119.6 (d, J1 = 9.8 Hz), 

119.3 (s), 116.1 (d, J1 = 2.0 Hz), 113.9 (s), 113.6 (s), 108.2 (s), 87.4 (d, J1 = 11.9 Hz), 85.8 (d, J1 = 3.9 Hz), 

85.7 (d, J1 = 3.7 Hz), 82.8 (d, J1 = 9.3 Hz), 80.7 (d, J1 = 4.6 Hz), 37.2 (s), 30.5 (s), 27.5 (s), 27.1 (s), 26.2 (s), 

12.5 (s), 8.9 (s); 
31P{1H} NMR (162MHz, CD2Cl2): δ = 124.0. 
Elemental analysis (%) calcd. for C97H86N4O12P2·C4H8O: C 74.25, H 5.80, N 3.43, P 3.79, found: C 74.27, H 

6.21, N 3.07, P 4.16. 

 

Synthesis of ligand L7 

Bis-(3-( benzyloxy)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane) (3b): 1,1-Bis-(-3-

methyl-7-nitro-1H-indol-2-yl)propane1 (1.96 g, 5 mmol) was suspended in methanol (80 ml) and 10% 

palladium on charcoal was added (0.4 g). The reaction mixture was flushed with hydrogen, and then 
vigorously stirred under a hydrogen atmosphere (balloon). The progress of the reaction was monitored by 

TLC, and after completion (~hour), the catalyst was filtered off over Celite®. The solvent was evaporated, and 

the crude diamine was immediately used in the subsequent reaction without further purification. 
To the solution of crude diamine (5 mmol) and triethylamine (5.6 ml, 40 mmol) in dichloromethane (60 ml), 

the solution of 3-(benzyloxy)benzoyl chloride (3.1 g, 12.5 mmol) in dichloromethane (20 ml) was slowly 

added while stirring, and the mixture was allowed to continue stirring overnight. The reaction mixture was 
washed with the saturated water solution of NaHCO3 (2 • 50ml), water (50ml), then dried with MgSO4 and 

evaporated. The solid was dissolved/suspended in dichloromethane (100 ml) and hexane (100 ml), followed 

by the sonication (20 min), followed by concentration under vaccum (to ~80 ml), and the powder was isolated 
by the filtration of the solution, yielding 3.67 g (98%) of 3b. 
1H NMR (400 Mhz, DMSO-d6): δ = 10.31 (bs, 2H), 10.09 (bs, 2H), 7.60 (s, 2H), 7.53 (d, J1 = 7.5 Hz, 2H), 
7.47 – 7.31 (m, 14H), 7.26 (d, J1 = 7.9 Hz, 2H), 7.20 (dd, J1 = 8.2 Hz, J2 = 1.9 Hz, 2H), 6.97 (d, J1 = J2 = 7.8 

Hz, 2H), 5.15 (s, 4H, PhCH2), 4.50 (t, J = 8.0 Hz, 1H, CHCH2CH3), 2.23 (s, 6H, ArCH3), 2.22 (m, 2H, 

CHCH2CH3), 0.91 (t, J = 7.3 Hz, 3H, CHCH2CH3);  
13C NMR (100MHz, DMSO-d6): δ = 166.3, 158.3, 136.8, 136.5, 135.7, 130.4, 129.5, 128.5, 128.4, 127.9, 

127.7, 122.7, 120.3, 118.3, 117.9, 115.0, 114.8, 114.1, 106.4, 36.1, 26.4, 12.2, 8.6. 

Elemental analysis (%) calcd. for (C49H44N4O)2·H2O: C 77.24, H 5.95, N 7.35, found: C 77.21, H 6.53, N 
6.95. 

 

Bis-(3-(hydroxy)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-indol-2-yl)-propane) (4b): Diamide 3b 

(3.39g, 4.5 mmol) was dissolved in a methanol: THF (1:3) mixture (80 ml) and 10% palladium on charcoal 

was added (1 g). The reaction mixture was flushed with hydrogen, and then vigorously stirred under a 

hydrogen atmosphere (balloon) at 40°C. The progress of the reaction was monitored by TLC, and after 
completion (~12 hours), the catalyst was filtered off over Celite®. The solvent was evaporated, and the pure 

product was obtained by recrystallization. The solid was dissolved/suspended in dichloromethane (~10ml) and 

precipitated by the addition of hexane (~200ml), followed by the sonication (15min), and the powder was 
isolated by the filtration of the solution, yielding 2.93 g (99%) of 4b·DCM. 
1H NMR (400 Mhz, DMSO-d6): δ = 10.33 (bs, 2H), 9.98 (bs, 2H), 9.74 (bs, 2H), 7.42 (d, J1 = 7.6 Hz, 2H), 

7.38 (d, J1 = 7.6 Hz, 2H), 7.34 (s, 2H), 7.29-7.23 (m, 4H), 7.00-6.93 (m, 4H), 4.49 (t, J1 = 8.0 Hz, 1H, 
CHCH2CH3), 2.20 (m, 8H, ArCH3 + CHCH2CH3), 0.91 (t, J1 = 7.2 Hz, 3H, CHCH2CH3);  
13C NMR (100MHz, DMSO-d6): δ = 165.8, 157.4, 136.6, 135.6, 130.4, 129.4, 128.1, 122.8, 118.5, 118.4, 

118.3, 114.73, 114.66, 114.55, 106.4, 36.2, 26.4, 12.2, 8.6. 
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Elemental analysis (%) calcd. for C35H32N4O4·CH2Cl2·: C 65.75, H 5.21, N 8.52, found: C 66.20, H 5.43, N 

8.30. 
 

(S)-1,1’-Binaphthyl-2,2-diyl phosphorochloridate, (S)-binol-PCl: All glassware was oven-dried or flame-dried 

under vacuum. All solvents and reagents were dry and degassed. (S)-1,1’-Bi(2-naphthol) – (S)-binol  was 
azeotropically dried prior to use, by co-evaporation with dry toluene. To a solution of TEA (1.1 ml, 8 mmol) 

in THF (20 mL) were added drop wise subsequently PCl3 (0.40 ml, 4.6 mmol) and a solution of (S)-binol 

(1.14 g, 4 mmol) in THF (20 ml) at -78°C. The reaction mixture was stirred for 20 minutes, then allowed to 
warm up to room temperature, and further stirred for 45 minutes at rt. Then, all volatiles were removed under 

vacuum, followed by addition of toluene (10 ml) and its evaporation. Next, the solid residue, being a mixture 

of the desired (S)-binol-PCl and TEA*HCl salt, was dissolved/suspended in THF (30 ml) and used in the next 
step without further purification. 
31P{1H} NMR (162MHz, THF-h8): δ = 177.8 

 
Ligand L7 (bis-(3-((S)-1,1’-binaphthyl-2,2-diyl phosphito)benzoamide) of 1,1-bis-(-7-amino-3-methyl-1H-

indol-2-yl)-propane): All glassware was oven-dried or flame-dried under vacuum. All solvents and reagents 

were dry and degassed. Diol 4b (containing 4/3 mol of DCM per mol for 4b) was azeotropically dried prior to 

use, by co-evaporation with dry toluene three times. To the solution of diol 4b (2 mmol) and triethylamine 

(2.8 ml, 20 mmol) in THF (20 ml), the freshly-prepared solution of phosphorylchloride (4 mmol) in THF (20 

ml) was added drop wise at -78°C. After 30 minutes the cooling bath was removed, and the mixture was 
allowed to continue stirring overnight. The reaction mixture was evaporated, to the solid residue THF (40 ml), 

and the suspension was filtered through a plug of SiO2 gel, which was subsequently washed with THF (40 ml). 

The combined organic fractions were concentrated, hexane (30 ml) was added, followed by evaporation of all 
volatiles to dryness, yielding 2.48g (91%) of L7·THF·C6H14. NOTE: Ligand L7 is sensitive, thus should be 

stored in inert conditions at low temperatures preferably. 
1H NMR (400 Mhz, CD2Cl2): δ = 9.53 (pd, 2H), 8.27 (s, 1H), 8.22 (s, 1H), 8.04 – 7.80 (m, 8H), 7.58 – 7.15 
(m, 26H), 7.02 – 6.79 (m, 4H), 4.49 (t, J1 = 8.0 Hz, 1H, CHCH2CH3), 2.33 (pd, 6H, 2•ArCH3), 2.16 (m, 2H, 

CHCH2CH3), 0.99 (t, J1 = 7.2 Hz, 3H, CHCH2CH3);  
13C NMR (100MHz, CD2Cl2): δ = 165.2 (d, J1 = 6.4 Hz), 152.2 (d, J1 = 3.5 Hz), 152.1 (d, J1 = 3.3 Hz), 147.8 
(d, J1 = 4.6 Hz), 147.21 (d, J1 = 2.6 Hz), 147.17 (d, J1 = 2.6 Hz), 136.7 (s), 136.4 (d, J1 = 8.0 Hz), 133.2 (s), 

132.9 (s), 132.3 (s), 132.2 (s), 131.7 (d, J1 = 2.5 Hz), 131.1 (s), 130.5 (m), 128.8 (d, J1 = 8.1 Hz), 128.2 (d, J1 

= 3.0 Hz), 127.2 (s), 127.1 (d, J1 = 3.0 Hz), 126.9 (d, J1 = 6.5 Hz), 125.7 (d, J1 = 17.1 Hz), 124.6 (m), 124.0 (d, 
J1 = 8.1 Hz), 123.7 (d, J1 = 8.5 Hz), 123.4 (d, J1 = 11.1 Hz), 123.2 (m), 122.2 (s), 121.9 (m), 119.9 (d, J1 = 7.6 

Hz), 119.7 (d, J1 = 7.5 Hz), 119.3 (d, J1 = 4.0 Hz), 116.4 (d, J1 < 2.0 Hz), 114.1 (d, J1 = 16.0 Hz), 108.2 (d, J1 

= 4.4 Hz), 36.8 (s), 26.0 (s), 12.6 (s), 8.9 (pd); 
31P{1H} NMR (162MHz, CD2Cl2): δ = 144.2 (s, 1P), 144.1 (s, 1P). 

Elemental analysis (%) calcd. for C75H54N4O8P2·C4H8O: C 74.52, H 4.91, N 4.40, P 4.87, found: C 73.13, H 

5.34, N 4.14, P 4.82. 
 

Synthesis of 2-allylbenzoic acid (15) 

Methyl 2-allylbenzoate: The synthesis was performed according to the published procedures for analogical 
reactions with small modifications.40 A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with 

methyl 2-bromobenzoate (0.63 ml, 4.5 mmol), potassium allyltrifluoroborate (1.0 g, 6.8 mmol), cesium 

carbonate (6 g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (9 ml) and degassed 
water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 40h. Then, the reaction mixture was 

diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the 

water phase was extracted with DCM (2•50 ml). The combined organic layers were dried over MgSO4, and 

the solvent was removed under vacuum. The crude product was purified by column chromatography on silica 

gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the pure product were combined, 

and the solvent evaporated off, yielding 380 mg (48%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.90 (dd, J1 = 8.1 Hz, J2 = 1.4 Hz, 1H), 7.50 (ddd, J1 = J2 = 7.5 Hz, J3 = 1.4 

Hz, 1H), 7.36-7.31 (m, 2H), 6.10-6.00 (m, 1H, CHCH2Ar), 5.10-5.03 (m, 2H, CH=CH2), 3.91 (s, 3H, OCH3), 

3.79 (d, J1 = 6.7 Hz, 2H, ArCH2); 
13C NMR (100MHz, CD2Cl2): δ = 168.3, 141.9, 138.0, 132.3, 131.3, 130.8, 130.3, 126.6, 115.6, 52.2, 38.7; 

HR MS (FAB): calcd. for C11H13O2 [MH]: 177.0916, found: 177.0908. 

 
2-Allylbenzoic acid (15): A round-bottom flask was charged with methyl 2-allylbenzoate (360 mg, 2 mmol), 

lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture (10 ml), sealed and stirred at room 

temperature. The progress of the reaction was monitored by TLC, and after completion (overnight), the 
reaction mixture was diluted with water (20 ml), followed by evaporation of THF and methanol under reduced 
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pressure (100 mbar, 40ºC). Then, the water phase residue was washed with DCM (20 ml), acidified with 1M 

HCl to pH ~ 3, and extracted with DCM (3•40 ml). The combined organic layers were dried over MgSO4, and 
the solvent was removed under vacuum, yielding 296 mg (90%) of 15. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.85 (bs, 1H, COOH), 7.80 (d, J1 = 7.5 Hz, 1H), 7.48 (ddd, J1 = J2 = 7.6 

Hz, J3 = 1.4 Hz, 1H), 7.33-7.27 (m, 2H), 6.01-5.90 (m, 1H, CHCH2Ar), 5.03-4.95 (m, 2H, CH=CH2), 3.71 (d, 
J1 = 6.6 Hz, 2H, ArCH2); 
13C NMR (100MHz, DMSO-d6): δ = 169.2, 141.1, 138.2, 132.2, 131.2, 131.0, 130.7, 126.7, 116.0, 38.1; HR 

MS (FAB): calcd. for C10H11O2 [MH]: 163.0759, found: 163.0760. 
Elemental analysis (%) calcd. for C10H10O2: C 74.06, H 6.21, found: C 74.06, H 6.05. 

 

Synthesis of 2-(but-3-en-2-yl)benzoic acid (16) 

Methyl 2-(but-3-en-2-yl)benzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with methyl 
2-bromobenzoate (0.51 ml, 3.66 mmol), trans-crotylboronic acid pinacol ester (1 g, 5.5 mmol), cesium 

carbonate (5 g), palladium (II) chloride (105 mg), triphenylphosphine (480 mg), THF (9 ml) and degassed 

water (1 ml),  sealed with a Teflon screw cap and stirred at 85°C for ca. 36h. Then, the reaction mixture was 
diluted with DCM (50 ml) and water (30 ml), filtered over Celite, the organic layer was separated, and the 

water phase was extracted with DCM (2•50 ml). The combined organic layers were dried over MgSO4, and 

the solvent was removed under vacuum. The crude product was purified by column chromatography on silica 
gel, with a pentane : diethyl ether (95:5) mixture as an eluent. Fractions of the product were combined, and the 

solvent evaporated off, yielding 810 mg of the mixture of the title product and (E)-methyl 2-(but-2-en-1-

yl)benzoate (~89:11 ratio), containing some residual trans-crotylboronic acid pinacol ester, and the mixture 
was used in the next step without further purification. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.73 (dd, J1 = 7.8 Hz, J2 = 1.5 Hz, 1H), 7.45 (ddd, J1 ≈ J2 = 7.7 Hz, J3 = 1.5 

Hz, 1H), 7.34 (dd, J1 = 8.0 Hz, J2 = 1.0 Hz, 1H), 7.24 (ddd, J1 ≈ J2 = 7.6 Hz, J3 = 1.1 Hz, 1H), 6.08-5.98 (m, 
1H, CHCH2), 5.07 (ddd, J1 = 7.6 Hz, J2 ≈ J3 = 1.7 Hz, 1H, CHCH2), 5.03 (d, J1 = 1.6 Hz, 1H, CHCH2), 4.39-

4.30 (m, 1H, ArCH), 3.86 (s, 3H, OCH3), 1.34 (d, J1 = 7.0 Hz, 3H, CHCH3); 
13C NMR (100MHz, CD2Cl2): δ = 168.8, 146.9, 143.3, 132.1, 130.5, 130.3, 128.2, 126.2, 113.4, 52.3, 38.6, 
20.7; 

HR MS (FAB): calcd. for C12H15O2 [MH]: 191.1072, found: 191.1073. 

2-(But-3-en-2-yl)benzoic acid (16): A round-bottom flask was charged with methyl 2-(but-3-en-2-yl)benzoate 
(796 mg, impure from previos step), lithium hydroxide (480 mg), a THF : methanol : water (4 : 1 : 1) mixture 

(10 ml), sealed and stirred at 50°C. The progress of the reaction was monitored by TLC, and after completion 

(overnight), the reaction mixture was diluted with water (20 ml), followed by evaporation of THF and 
methanol under reduced pressure (100 mbar, 40ºC). Then, the water phase residue was washed with DCM (20 

ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM (3•40 ml). The combined organic layers were 

dried over MgSO4, and the solvent was removed under vacuum. The solid residue was crystalized from a hot 
water : ethanol (20 : 5) mixture, yielding 543 mg (86% after 2 steps) of 16 (containing ~9% of (E)-methyl 2-

(but-2-en-1-yl)benzoic acid). 
1H NMR (400 Mhz, DMSO-d6): δ = 12.93 (bs, 1H, COOH), 7.70 (dd, J1 = 7.7 Hz, J2 = 1.4 Hz, 1H), 7.49 
(ddd, J1 ≈ J2 = 7.6 Hz, J3 = 1.4 Hz, 1H), 7.34 (dd, J1 = 7.9 Hz, J2 < 1.0 Hz, 1H), 7.28 (ddd, J1 ≈ J2 = 7.5 Hz, J3 

= 1.1 Hz, 1H), 6.08-5.98 (m, 1H, CHCH2), 5.05 (s, 1H, CHCH2), 5.01 (ddd, J1 = 5.4 Hz, J2 ≈ J3 = 1.5 Hz, 1H, 
CHCH2), 4.43-4.35 (m, 1H, ArCH), 1.29 (d, J1 = 6.9 Hz, 3H, CHCH3); 
13C NMR (100MHz, DMSO-d6): δ = 169.3, 145.5, 142.9, 131.5, 130.9, 129.6, 127.6, 125.9, 113.3, 37.5, 20.6;  

HR MS (FAB): calcd. for C11H13O2 [MH]: 177.0916, found: 177.0917. 
Elemental analysis (%) calcd. for C11H13O2: C 74.49, H 6.86, found: C 75.01, H 6.80. 

 
Synthesis of 3-[(1Z)-prop-1-en-1-yl]benzoic acid (17) 

Methyl 3-[(1Z)-prop-1-en-1-yl]benzoate: A 50 ml sealable Schlenk tube (‘Schlenk bomb’) was charged with 

methyl 3-iodobenzoate (2.86 ml, 10.9 mmol), (1Z)-1-propenylboronic acid (2.5 g, 29 mmol), cesium 
carbonate (10 g), palladium (II) acetate (400 mg), triphenylphosphine (1.38 g), dimethoxyethane (25 ml) and 

degassed water (20 ml),  sealed with a Teflon screw cap and stirred at 100°C for 4h. After cooling down, the 

reaction mixture was diluted with water (30 ml) and extracted with DCM (3•60 ml). The combined organic 
layers were dried over MgSO4, and the solvent was removed under vacuum. The crude product was purified 

by column chromatography on silica gel, with a hexane : diethyl ether (98:2) mixture as an eluent. Fractions of 

the product were combined, and the solvent evaporated off, yielding 1.77 g (92%) of product. 
1H NMR (400 Mhz, CD2Cl2): δ = 7.97 (s, 1H), 7.88 (d, J1 = 7.7 Hz, 1H), 7.52 (d, J1 = 7.7 Hz, 1H), 7.43 (dd, J1 

= J2 = 7.7 Hz, 1H), 6.48 (d, J1 = 11.6 Hz, 1H, CHAr), 5.89 (dq, J1 = 11.6 Hz, J2 = 7.2 Hz, 1H, CHCH3), 3.90 

(s, 3H), 1.92 (dd, J1 = 7.2 Hz, J2 = 1.8 Hz, 1H, CHCH3); 
13C NMR (100MHz, CD2Cl2): δ = 167.3, 138.3, 133.5, 130.6, 130.1, 129.2, 128.6, 128.4, 127.8, 52.4, 14.8; 



Chapter 6 

 148 

HR MS (EI): calcd. for C11H12O2 [M]: 176.08373, found: 176.08341. 

 
3-[(1Z)-Prop-1-en-1-yl]benzoic acid (17): A round-bottom flask was charged with methyl 3-[(1Z)-prop-1-en-

1-yl]benzoate (1.75 g, 9.9 mmol), lithium hydroxide (960 mg), a THF : methanol : water (4 : 1 : 1) mixture 

(20 ml), sealed and stirred at 50ºC for 8h. Afterwards, the reaction mixture was diluted with water (40 ml), 
followed by evaporation of THF and methanol under reduced pressure (100 mbar, 40ºC). Then, the water 

phase residue was washed with DCM (40 ml), acidified with 1M HCl to pH ~ 3, and extracted with DCM 

(3•50 ml). The combined organic layers were dried over MgSO4, and the solvent was removed under vacuum, 
yielding 1.53 g (95%) of 17. 
1H NMR (400 Mhz, DMSO-d6): δ = 13.01 (bs, 1H, COOH), 7.87 (s, 1H), 7.81 (d, J1 = 7.7 Hz, 1H), 7.54 (d, J1 

= 7.7 Hz, 1H), 7.48 (dd, J1 = J2 = 7.7 Hz, 1H), 6.49 (d, J1 = 11.7 Hz, 1H, CHAr), 5.85 (dq, J1 = 11.7 Hz, J2 = 
7.2 Hz, 1H, CHCH3), 1.86 (dd, J1 = 7.3 Hz, J2 = 1.9 Hz, 1H, CHCH3); 
13C NMR (100MHz, DMSO-d6): δ = 167.3, 137.3, 132.9, 130.8, 129.3, 128.8, 128.6, 127.7, 127.5, 14.5; 

HR MS (EI): calcd. for C10H10O2 [M]: 162.06806, found: 162.06719; 
Elemental analysis (%) calcd. for C10H10O2: C 74.06, H 6.21, found: C 74.28, H 6.12. 

 

Coordination and titration studies 

General. All manipulations were conducted under inert atmosphere (argon or nitrogen) using oven-dried or 

flame dried glassware and pre-dried and degassed CD2Cl2 and CD3CN as solvents. Commercially available 
tetrabutylammonium (TBA) salt was used as the source of benzoate anions. All NMR spectra, except where 

noted, were collected at 25ºC. If not stated otherwise, the IR spectra were collected at room temperature. 

 

NMR complexation experiments 

The anion titration experiments were conducted with a constant concentration of host protocol. An oven-dried 

vial equipped with a teflon stirring bar was charged with a ligand and, if necessary, with a rhodium precursor 

(1:1 ratio), followed by addition of an amount of CD2Cl2 to obtain a desired solution concentration. In case of 
preparation of a ligand – metal complex, the solution was stirred for a couple of minutes at room temperature. 

A quantitative formation of the desired [Rh(ligand)(acac)] complex was confirmed by the 1H and 31P NMR 

experiments of the solution. In another oven-dried vial a concentrated solution of tetrabutylammonium 
benzoate was prepared, by dissolving tetrabutylammonium benzoate salt in the previously prepared solution of 

the ligand or the [Rh(ligand)(acac)] complex (to keep constant the concentration of the ligand or the complex). 

Under inert atmosphere (a glove-box), aliquots (0.6-0.4ml) of the ligand/Rh-liagnd solution were transferred 
to NMR tubes, followed by addition of aliquots (0.0018-0.2ml) of the tetrabutylammonium benzoate in the 

ligand/Rh-ligand solution. 

For the evaluation of the association constant for the [Rh(L5)(acac)] complex with benzoate anion, the 
chemical shift of ligand protons upon addition of different amount of the anion was observed. The highest 

changes were observed for both NH-indole and NH-amide protons, as expected, since they take part in 

hydrogen bond formation. Due to slow anion/receptor complex formation on the NMR timescale, there are 
two sets of NH signals observed between 0 and 1 equivalent of anion (some of other signals are significantly 

broaden, however, they sharpen above 1 equivalent of the anion), and their ratio depends on the amount of 
anion added. When slightly more than a stoichiometric amount of anion is added (1.05 equiv.) all signals of 

the complex are sharpened, and further anion addition does not change the spectrum. At this point the anion 

binding pocket is saturated. Similar observations were taken at 31P NMR spectra. Taking into account the total 
complex concentration (C[Rh(L5)(acac)]= 0.001 M), the association constant can be easily estimated: Ka = 

[CA]/([C]•[A]), with: [CA] ≡ the concentration of the anion-[Rh(L5)(acac)] complex, [C] ≡ the concentration 

of the free [Rh(L5)(acac)], [A] ≡ the concentration of the free anion. Based on analysis of the spectrum at 1.05 

equivalents of anion: [CA] >> 0.95•C[Rh(L5)(acac)], [C] << 0.05• C[Rh(L5)(acac)], so then [A] ~ 0.05•C[Rh(L5)(acac)]. 

After rearrangement: K  >> 380•(C[Rh(L5)(acac)])
1, so then Ka >> 105 [M1]. 

 

NMR complexation experiments under CO/H2 pressure  

A flame-dried Schlenk flask equipped with a teflon stirring bar was charged with a ligand and with 

Rh(acac)(CO)2 (1:1 ratio), followed by addition of an appropriate amount of CD2Cl2 to obtain a desired 

concentration of the solution of a Rh-ligand complex. The solution was stirred for a few minutes at room 
temperature. Next, the solution was transferred to a high pressure NMR tube, which was then purged at least 

three times with 10 bar of syngas and subsequently pressurized with 5 bar of syngas. The tube was shaken 

occasionally and the conversion of the precatalyst was followed in time.  In most cases, the pre-catalyst 
activation was conducted at room temperature, with the exception of the complex with L2. In this case, nearly 

no conversion was observed after 90 minutes, thus the activation was performed overnight at 50°C (full 
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conversion). In case of complex with L3, the precipitation occurred shortly after preserusing, thus the 

activation was performed overnight at 40°C. 
 

DOSY NMR experiments 

The 1H NMR spectra were measured using a Bruker AMX 400 MHz spectrometer: using implemented 

Bruker’s program with a diffusion delay of 180 ms and gradient length of 2 ms for each sample. The data were 
processed using the Bayesian DOSY Transform with the MestReNova 6.0.4 software package, with the 

processing parameters: the resolution factor of 1, one repetition, and 128 points in the diffusion dimension. 

 
Experiment for [Rh(L1)(CO)2H] complex (0.02 M solution), formed in situ with 1,3,5-trimethoxybenzene as 

an internal standard, under 5 bar of syngas (CO/H2, 1:1), measured in CD2Cl2.  

Diffusion constant (D) for the complex = 9.15·10-6 cm2s-1 = 9.15·10-10 m2s-1. 
Using the Stokes–Einstein equation, D = k·T· (6π·η·rH)-1 (k = the Boltzmann constant, T = the absolute 

temperature, η = the fluid viscosity, rH = the hydrodynamic radius),41 the hydrodynamic radius of the complex 

can be estimated to rH = 5.55·10-10 m. 
 

Experiment for [Rh(L5)(CO)2H] complex (0.02 M solution), formed in situ, with 1,3,5-trimethoxybenzene as 

an internal standard, under 5 bar of syngas (CO/H2, 1:1), measured in CD2Cl2.  
Diffusion constant (D) for the complex = 5.39·10-6 cm2s-1 = 5.39·10-10 m2s-1 

Using the Stokes–Einstein equation, D = k·T· (6π·η·rH)-1 (k = the Boltzmann constant, T = the absolute 

temperature, η = the fluid viscosity, rH = the hydrodynamic radius),41 the hydrodynamic radius of the complex 
can be estimated to rH = 9.42·10-10 m. 

 

Experiment for [Rh(L6)(CO)2H] complex (0.02 M solution), formed in situ, with 1,3,5-trimethoxybenzene as 
an internal standard, under 5 bar of syngas (CO/H2, 1:1), measured in CD2Cl2.  

Diffusion constant (D) for the complex = 6.58·10-6 cm2s-1 = 6.58·10-10 m2s-1 

Using the Stokes–Einstein equation, D = k·T· (6π·η·rH)-1 (k = the Boltzmann constant, T = the absolute 
temperature, η = the fluid viscosity, rH = the hydrodynamic radius),41 the hydrodynamic radius of the complex 

can be estimated to rH = 7.71·10-10 m. 

 

High-pressure infrared (HP IR) studies under CO/H2 pressure 

These experiments were performed in a stainless steel (SS 316) 50 mL autoclave equipped with IRTRAN 

windows (ZnS, transparent up to 700 cm1, 10 mm i.d., optical path length 0.4 mm), a mechanical stirrer, a 

temperature controller, and a pressure transducer. The autoclave is equipped with a separately pressurized 
reservoir which allows for the addition of liquid to the main chamber, while it is pressurized.42 If not stated 

otherwise, the HP IR experiments were performed at room temperature. All manipulations were conducted 

under inert atmosphere (argon or nitrogen). 
In a flame-dried Schlenk flask equipped with a teflon stirring bar a solution of a ligand in DCM of desired 

concentration was prepared (the intial concentration is corrected for the dilution by the subsequent addition of 
the rhodium precursor solution; vide infra). In another flame-dried Schlenk flask, a solution of Rh(CO)2(acac) 

in DCM was prepared. Under inert atmosphere (via a syringe) the solution of the ligand (13.5 ml) was 

transferred to the main autoclave chamber, which was subsequently purged with 20bar of CO/H2 and then 
pressurized at 20 bar of syngas. After full equilibration (~15 minutes), a background spectrum was collected, 

then the rhodium precursor solution (1.5 ml) was added (from the reservoir) and a series of kinetic 

measurements was started, following the development of the spectrum. For the rhodium deuteride studies, CO 
was used for the purging steps, followed by the pressurizng steps with D2 (10bar) and CO (additional 10bar). 

The IR experiments in the presence of an additive (the product or 4-heptylbenzoic acid) or with the substarte 

without the catalyst pre-formation were analogous to the above described coordination experiments, with the 
exception that the autoclave was initially charged with the solution of the ligand with the additive and TEA (of 

the desired ratio). 

The HP IR kinectic experiments with the catalyst pre-formation were analogous to the above described 
coordination experiments. After full catalyst activation, the solution of the substarte and TEA in DCM was 

added (via the autocalve reservoir), and a series of kinetic measurements was started, following the 

development of the spectrum. 
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Figure 13. Graphical representation of the kinetic profiles for the hydroformylation and deuterioformylation 
of substarte 5 with the Rh(L5) catalyst, monitored by the increase in the νC=O absorption of the aldehyde 

product by the HP IR spectroscopy – the initial phase (top) and full reaction time (middle and bottom). 

Reagents and conditions: CO/H2 or CO/D2 = 1:1 (20 bar), CH2Cl2, 22°C, [substrate 5] = 0.2 M, triethylamine 

(TEA, 1.5 equiv) was used as a base for anionic substrate generation, [Rh(CO)2(acac)] (1 mol%), ligand L5 

(1.1 mol%). Incubation time for the catalyst pre-activation = 4h. 

Therefore, following the protocol developed by van Leeuwen and coworkers,34 the kinetic 1H/2H isotope effect 
(KIE) for this reaction can be estimated to 0.8888/0.5739 = 1.55. 

 

Catalysis studies 

General procedure for the hydroformylation experiments 

A stock solution for the hydroformylation experiments was prepared by charging a flame-dried Schlenk flask 
with Rh(acac)(CO)2, ligand, base (if appropriate), internal standard (1,3,5-trimethoxybenzene) and appropriate 

solvent. The solution was stirred for 5 minutes and then transferred into 1.5ml reaction vessels equipped with 

mini teflon stir bars (under inert conditions), followed by substrate addition. The vessels were placed in a 
stainless steel autoclave (250 mL) charged with an insert suitable for 15 reaction vessels for conducting 

parallel reactions. Before starting the catalytic reactions, the charged autoclave was purged three times with 20 

bar of syngas and then pressurized at 20 bar of syngas. The experiments at 1 bar of syngas were performed in 

an analogicall maner but in a standard Schlenk flask equipped with a gas ballon. The reaction mixtures were 

stirred at the appropriate temperature for the required reaction time, after which the pressure was released and 

the regioselectivity and the conversion were determined by NMR and/or GC. Additionally, in selected cases, 
the reaction mixtures were analyzed by electrospray ionization mass spectrometry (ESI MS). 

For 1H NMR analysis, small portions (~75 μl) of each reaction mixture were taken, from which the solvent 
was evaporated. Then, the residues were diluted to 0.7ml with DMSO-d6 and 1H NMR spectra were recorded 

and compared with a 1H NMR spectrum of the initial reaction mixture (before the reaction). The 13C NMR 

analysis was performed with analogic manner, but larger portions of (700 μl) of each reaction mixture were 
taken. No by-products (hydrogenation, double bond isomerisation) were observed (except where noted). 

For GC analysis of reaction mixtures with carboxylic acid substrates, small portions (100 μl) of each reaction 

mixture were taken, from which the solvent was evaporated (100 mbar, 40ºC) and subsequently a pinch of 
KHCO3 and DMF (0.3 ml) were added, followed by stirring for 5 minutes. Then, CH3I (0.1 ml) was added and 
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the stirring was continued for 1h. Then, samples were diluted with ethyl acetate (2ml) and water (1ml), the 

organic layers were separated and filtered via a HPLC syringe filter, and the GC spectra were recorded. 
 

Details concerning the control catalytic experiments are provided in the experimental section of Chapter 5. 

 
 

Table 4. Evaluation of ligands L1-L7 for the hydroformylation of 5-7.a 

amount of TEA 1.5 equiv 1.0 equiv 0.5 equiv 

Entry ligand substrate % conv. % linear % conv. % linear % conv. % linear 

1 L1 5 27 78 11 80 27 72 
2 L2 5 58 87 22 85 64 85 

3 L3 5 15 17 19 17 54 16 
4 L4 5 33 55 50 57 81 56 

5 L5 5 100 > 98 100 > 98 100 > 98 

6 L6 5 76 > 98 100 > 98 100 > 98 
7 L7 5 50 45 94 67 100 54 

8 L1 6 93 19 52 16 63 14 

9 L2 6 100 38 91 32 100 25 
10 L3 6 40 9 41 8 56 6 

11 L4 6 83 5 87 3 85 3 

12 L5 6 100 75 100 73 100 67 
13 L6 6 93 89 94 85 100 73 

14 L7 6 96 18 80 17 100 18 

15 L1 7 86 9 53 10 46 8 
16 L2 7 100 14 88 18 95 21 

17 L3 7 67 11 75 8 89 9 

18 L4 7 66 15 74 11 87 10 
19 L5 7 100 9 100 15 100 20 

20 L6 7 45 39 61 24 96 28 

21 L7 7 76 13 96 7 100 12 
a Reagents and conditions: [substrate]=0.2M, TEA (0.5-1.5 equiv as specified), [Rh(CO)2(acac)] (1 mol%), 
ligands L1-L4 (1.5 mol%), ligands L5-L7 (1.1 mol%), CO/H2=1:1 (20 bar), 40°C, 24h. Conversion and 

regioselectivity determined by 1H NMR analysis of the reaction mixture – ‘% linear’ stands for yield of 

product 8, 9 or 10, for reactions woth 5, 6 and 7, respectively. No side products were observed for substrates 5 
and 6. Products of 7, that is, aldehydes 10 and 10’ are reactive under the reaction conditions and tend to 

condensate, lowering the chemoselectivity. 
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Table 5. Hydroformylation of substrate 16 with the Rh(L5) and Rh(L6) catalysts – variation of reaction 

conditions.a 

Entry ligand Temp. TEA Selectivity: % 22 Conversion /% 

1 L5 40°C 1.5 equiv. -b 2 

2 L6 40°C 1.5 equiv. -b 1 

3 L5 40°C 1.0 equiv. 44 4 
4 L6 40°C 1.0 equiv. -b 2 

5 L5 60°C 1.5 equiv. -c 36 

6 L6 60°C 1.5 equiv. -c 12 
7 L5 60°C 1.0 equiv. 47 67 

8 L6 60°C 1.0 equiv. 44 10 

9 L5 60°C 0.9 equiv. 48 78 

10 L5 60°C 0.5 equiv. 48 85 

11 L5 70°C 1.0 equiv. -c 100 

12 L5 70°C 0.5 equiv. 44 100 
a Reagents and conditions: Rh(CO)2(acac) as a rhodium source, [Rh] = 0.002 M, Rh : ligand: substrate,  

1/1.1/100, CO/H2 = 1/1 (20bar), 24h, CH2Cl2 as a solvent, regioselectivity and conversion was determined by 
1H NMR analysis of the crude reaction mixture, no side products were observed (hydrogentation, 
isomerization etc.), except were noted, and formation of the linear aldehyde product (19) could be detected (< 

3%) at elevated temperatures; b regioselectivity not determined due to too low conversion; c regioselectivity 

not determined due to formation of side products – the aldol condensation of the hydroformylation aldehyde 
products.  

 

The detailed analysis of reactions for substrates 5, 5b-p, 13-14, and details concerning isolation and full 
characterization of products are provided in the experimental section of Chapter 5. Deatails concerning 

substrates 6-7 and 15-17 are provided below: 

 
Isolation of 2-(4-oxobuty)-benzoic acid 20: 

A stainless steel autoclave equipped with an oven-dried glass insert (15 mL) was charged with a solution of 

substrate 15 (97 mg, 0.6 mmol), dry triethylamine (1.5 equiv.), Rh(CO)2(acac) (1 mol%), ligand L5 (1.1 
mol%) in dry DCM (3 ml). The charged autoclave was carefully purged three times with 20 bar of syngas and 

then pressurized at 20 bar of syngas, followed by stirring at 40°C for 24. Afterwards the pressure was 

carefully released, the reaction mixture was diluted ethyl acetate to ~ 50 ml and the product was extracted with 
aqueous NaHCO3 (sat.) (3·15ml). The combined aqueous layers were subsequently washed with ethyl acetate, 

then neutralized with 1M HCl and extracted with ethyl acetate (3·50ml). The organic layers were combined, 

dried over MgSO4 and the solvent evaporated off, yielding 111 mg (96%) of 20 (containing ~2% of the 
alternative product : 3-(2-methyl-3-oxopropyl)benzoic acid; it can be easily removed by a column 

chromatography with SiO2 and a hexane : diethyl ether : acetic acid mixture (200 : 100 :1) as an eluent). 
1H NMR (400 Mhz, DMSO-d6): δ = 12.83 (bs, 1H, COOH), 9.65 (t, J1 = 1.6 Hz, 1H, CHO), 7.79 (dd, J1 = 8.1, 
J2 = 1.5 Hz, 1H), 7.47 (ddd, J1 = J2 = 7.5, J3 = 1.5 Hz, 1H), 7.32 – 7.27 (m, 2H), 2.91 (t, J1 = 7.6 Hz, 2H, 

ArCH2), 2.43 (dt, J1 = 7.3 Hz, J2 = 1.6 Hz, 2H, CH2CHO), 1.80 (tt, J1 ≈ J2 = 7.5 Hz, 2H, CH2CH2CHO); 
13C NMR (100MHz, DMSO-d6): δ = 203.3, 168.8, 142.7, 131.7, 130.9, 130.5, 130.3, 126.2, 44.7, 32.8, 23.8; 

HR MS (EI): calcd. for C11H12O3 [M]: 192.07864, found: 192.07828. 

 

Isolation of 2-(5-oxopentan-2-yl)benzoic acid 21: 

A stainless steel autoclave equipped with an oven-dried glass insert (15 mL) was charged with a solution of 
substrate 16 (106 mg, 0.6 mmol; containing ~9% of the substrate isomer: (E)-methyl 2-(but-2-en-1-yl)benzoic 

acid), dry triethylamine (1.5 equiv.), Rh(CO)2(acac) (1 mol%), ligand L5 (1.1 mol%) in dry DCM (3 ml). The 

charged autoclave was carefully purged three times with 20 bar of syngas and then pressurized at 20 bar of 
syngas, followed by stirring at 40°C for 72h. Afterwards the pressure was carefully released, the reaction 

mixture was diluted ethyl acetate to ~ 50 ml and the product was extracted with aqueous NaHCO3 (sat.) 

(3·15ml). The combined aqueous layers were subsequently washed with ethyl acetate, then neutralized with 
1M HCl and extracted with ethyl acetate (3·50ml). The organic layers were combined, dried over MgSO4 and 

the solvent evaporated off, giving 113 mg of 21 with ~9% of (E)-methyl 2-(but-2-en-1-yl)benzoic acid, which 

was purified by a column chromatography with SiO2 (30 g) and a hexane : diethyl ether : acetic acid mixture 
(200 : 100 :1) as an eluent, yielding 100 mg of 21 (89% based on substrate 16), and recovering 6 mg of (E)-

methyl 2-(but-2-en-1-yl)benzoic acid. 
1H NMR (400 Mhz, DMSO-d6): δ = 12.95 (bs, 1H, COOH), 9.58 (t, J1 = 1.5 Hz, 1H, CHO), 7.64 (dd, J1 = 7.7, 
J2 = 1.3 Hz, 1H), 7.49 (ddd, J1 = J2 = 7.6, J3 = 1.3 Hz, 1H), 7.42 (dd, J1 = 8.0, J2 < 1.0 Hz, 1H), 7.23 (ddd, J1 = 
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J2 = 7.5, J3 = 1.3 Hz, 1H), 3.59-3.48 (m, 1H, ArCH), 2.39-2.16 (m, 2H, CH2CHO), 1.88-1.77 (m, 2H, 

CH2CH2CHO), 1.19 (d, J1 = 7.0 Hz, 3H); 
13C NMR (100MHz, DMSO-d6): δ = 203.1, 169.6, 146.3, 131.8, 131.4, 129.1, 126.5, 125.8, 41.4, 33.5, 29.7, 

22.0. 

 

Gas uptake experiments  

The experiments were carried out in the AMTEC SPR16 equipment43 consisting of 16 parallel reactors 
equipped with internal temperature and pressure sensors, and a mass flow controller. The apparatus is suited 

for monitoring gas uptake profiles during the catalytic reactions. Prior to catalytic experiments, the autoclaves 

were heated to 110°C and flushed with argon (22 bar) five times. The reactors were cooled to room 
temperature and flushed again with argon (22 bar) five times. Next, for experiments without the catalyst pre-

incubation, the autoclaves were charged with solutions of the rhodium precursor [Rh(acac)(CO)2], ligand, 

substrate, base (if necessary) and internal standard (1,3,5-trimethoxybenzene) in CH2Cl2 (8 ml). Then, the 
reactors were pressurized with syngas (CO/H2, 1:1, desired reaction pressure) and heated up to appropriate 

temperature. Alternatively, for experiments with the catalyst pre-incubation, first the autocalves were charged 

with solutions of the rhodium precursor [Rh(acac)(CO)2], ligand, additive (the product or 4-heptylbenzoic 

acid) and base (if necessary) in CH2Cl2 (4 ml). Then, the reactors were pressurized with syngas (CO/H2, 1:1, 

20 bar) and heated up to 30°C. After the incubation period (~ 20 h), the pressure was reduced to 2.0 bar, 

followed by subsequent addition of solutions of substrate, additive (the product or 4-heptylbenzoic acid) if 
desired, base and internal standard (1,3,5-trimethoxybenzene) in CH2Cl2 (4 ml), after which the pressure of 

syngas was increased immediately. For both protocols, the pressure of the reactive gas was kept constant 

during the reaction period, and the gas uptake was monitored and recorded for every reactor independently. 
After catalysis the pressure was reduced to 2.0 bar and samples were taken for further analysis (the NMR 

and/or GC analysis, as described in the previous section).  

Conversions were determined by NMR analysis of the final reaction mixtures (in respect to the internal 
standard). Initially, the measured data of the gas consumption in time (attributed quantitatively to the 

conversion in time) were smoothed, to minimize the noise inherent in the integral measurements (to capture 

important patterns in the data, while leaving out noise),35 with the Origin 8.0 software, applying the 
Boltzmann model or similar. To avoid artefacts, the correctness of the model used was evaluated and 

confirmed by the analysis of the regular residuals of the fitting. If a reaction went to completion, the most 

informative part of the data, that is, for the reaction period from 0 to ~98% conversion was used for analysis. 

The processed data were used to determine kinetic profiles reported in the main text (Figures 9-12). For final 

evaluation of the procedure, the initial data (without smoothing) was also analysied. The obtained results were 

compared with those obtained from the processed data, which revealed essentially the same kinetic profiles 
(see the following section), confirming the protocol. 

 

 

 

Figure 14. Dependence of the initial rate of the hydroformylation of 5 on the Rh(L5) catalyst concentration.  
Reagents and conditions: CO/H2 = 1:1 (22 bar), 30°C, CH2Cl2, c(5) = 0.2 M, c(TEA) = 0.3 M, 

[Rh(CO)2(acac)]/ligands L5 = 1:1.1. Incubation time for the pre-catalyst activation = ca. 20h. For more 

details, see the detailed analysis provided in the following sections. 
 

Detailed description of the isotope labeling studies – deuterioformylation and of the DFT calculations is 

provided in the experimental section of Chapter 5. 
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7.1 Introduction 

Ligand variation is a traditional approach to the optimization of activity and 

selectivity in transition metal catalysis. In combination with combinatorial and high-

throughput screening methods this has demonstrated to be a powerful approach to 

finding optimal catalysts for various challenging transformations.
1
 Interestingly, in 

Nature, reactions are controlled in a different manner. Aside from the general, more 

complex operational mechanisms of enzymes, the use of cofactors – small molecules 

that influence catalyzed processes – plays a dominant role in controlling chemical 

transformations carried out by enzymes.
2
 Nature has served as a major inspiration in the 

development of sophisticated chemical processes in the past decades,
3 

 for example, the 

mimicry of the enzyme-type regulation of catalyst activity as reported by Rebek,
4
 

Shinkai,
5
 Krämer,

6
 Mirkin,

7
 and others.

3a
 For instance, Yonn, Mirkin and coworkers

7d
 

showed that the activity of a polymerization catalyst can be turned on and off in situ by 

the presence/absence of chloride anions as cofactors.
 

In our lab, we wondered if the enantioselectivity displayed by an artificial transition 

metal catalyst could be regulated by chiral molecules - cofactors - that are non-

covalently bound to the catalyst complex (Figure 1). This would provide new means of 

generating chiral complexes for asymmetric catalysis in which the activity and 

selectivity optimization can be decoupled, offering new tools in this industrially 

important area of chemistry. To investigate such an approach we use an achiral 

bisphosphine ligand 1, which binds chiral carboxylate cofactors in the binding pocket 

near the metal. As the complex without cofactor is achiral, any observed enantio-

induction during the reaction originates exclusively from the chirality of the cofactor. 

Here, we demonstrate that this is a powerful method to obtain selective catalysts for 

asymmetric hydrogenation, as high selectivities (up to 99 % ee; enantiomeric excess) 

are achieved for several substrates. Interestingly, a ‘natural selection’ experiment 

showed that the cofactor that induces the highest selectivity dominates the catalysis 

when applied in a mixture of twelve different cofactors. 
 

 
Figure 1. Structure of ligand 1 (left) and the general concept of cofactor controlled enantioselective 

catalysis(right). 
 

7.2 Results and discussion  

For this study we used bisphosphine ligand 1 which contains a 

diamidodiindolylmethane anion receptor,
8
 which strongly binds carboxylate anions (Ka 

> 10
5 

M
1

 in CD2Cl2).
9
 For this binding site a large library of potential chiral guests is 

available, as the anions of various abundant natural chiral acids can be used.  
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Figure 2. X-ray structure of [Rh(1)(nbd)BF4] of one of two independent complexes found in the solid state 
(see SI). Hydrogen atoms (except for NHs) and CH2Cl2 solvent molecules have been omitted for clarity. 

 

The cationic rhodium-ligand complex, [Rh(1)(nbd)]
+
, the precursor to the active 

hydrogenation catalyst, was easily obtained by mixing a CD2Cl2 solution of ligand 1 and 

[Rh(ndb)2BF4]. The NMR data of the complex showed that the two P donors are 

coordinated to the Rh center in a mutual cis orientation. This coordination geometry was 

further supported by the X-ray crystal structure of [Rh(1)(nbd)BF4] (Figure 2). The 

crystal structure shows that in the solid state the BF4

 counter-anion is bound in the 

anion binding site. Studies carried out in solution demonstrate that the BF4

 bound in the 

pocket is quantitatively replaced by cofactors with carboxylate functional groups, which 

have a much higher affinity for the recognition site. 

NMR experiments show that upon binding of simple chiral anions such as α-hydroxy 

acids, α-amino acids and their derivatives in the pocket of free ligand 1, the P atoms as 

well as the indole and amide NHs become diastereotopic, confirming effective 

chirogenesis - chirality transfer through supramolecular interactions.
10

 Importantly for 

catalytic purposes, this chirogenetic effect is also manifested when such chiral cofactors 

are bound to the rhodium complex [Rh(1)(nbd)]
+
. In contrast, when achiral analogues of 

cofactors are bound in the pocket of free ligand 1 or the rhodium complex, the P and NH 

atoms stay identical. Molecular modeling and NOESY experiment show that the 

cofactor, bound via the anion recognition site is in close proximity to the metal complex 

coordinated at the phosphorous donor atoms. 

We next studied the performance of these supramolecular complexes in the 

asymmetric hydrogenation of methyl 2-acetamidoacrylate (2), using a wide variety of 

chiral acids as cofactors (Table 1 - selected examples, for all results see the 

experimental section). Under mild conditions (1% of catalyst, 10 bar of H2, 298 K, 16 

h), full conversion was obtained in most experiments (Table 1 and SI).
11

 The best results 

were found among the amino acid derivatives. Inspection of the results shows that the 

selectivity of the reaction is most sensitive to changes on the N-group of the cofactor, 

whereas variation of the side group (that is by using derivatives of different amino 

acids) has much smaller influence. The highest selectivity was obtained when tert-butyl 

thiourea 18 was applied as a cofactor, which gave the R product with excellent 

enantioselectivity, 98% ee! 

Control experiments using triphenylphosphine (19) as the ligand in the presence of 

the most effective cofactors (carbamate 6 and thiourea 18), gave the racemic product, 

indicating that the cofactor needs the binding site to affect the metal complex (Table 2). 

In a separate control experiment we used a mixture of anion receptor 20, 

triphenylphospine (19) and the cofactors (6 and 18), and also in these reactions the 

racemic product was formed. Hydrogenation of 2 in the presence of cofactor 6 or 18, 
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and in the absence of any phosphorous ligand, gave the product again with no selectivity 

(ee = 0%). These control experiments demonstrate that the binding site must be an 

integrated part of the ligand, near the metal center. 
 
Table 1. Asymmetric hydrogenation of 2 using [Rh(1)(nbd)]+ in combination with various cofactors .a 

 

entry        cofactor % conversion % ee (configuration) 

1  3 R=iBu, R’=CH3 100  4 (S) 

2  4 R=H, R’=CH3 100 < 3 (S) 
3  5 R=H, R’=OH 100 11 (S) 

4  6 R=fluoren 100 50 (S) 

5  7 R=t-Bu 100 47 (S) 
6  8 R=Bz 100 34 (S) 

7  9  100 0 (-) 

8 10 R=CH3 100 27 (R) 
9 11 R=t-Bu 100 29 (S) 

10 12 R=H 100 0 (-) 

11 13 R=Ph 100 0 (-) 

12 14 R=n-Bu 100 0 (-) 

13 15 R=t-Bu 100 23 (R) 
14 16 R=Ph 3 61 (R) 

15 17 R=n-Bu 47 0 (-) 

16 18 R=tBu 3 98 (R) 
17b 18 R=tBu 18 99 (R) 

18c 18 R=tBu 100 (93)d 98 (R) 
a Reactions were performed in DCM, Rh/1/cofactor/DIPEA/2 =1:1.1:12:9:100; C(Rh)=0.001M, 10 bar H2, at 

RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate acidic 
cofactor. Conversion and ee were determined by chiral GC analysis of the reaction mixture; b 

Rh/cofactor/DIPEA = 1:6:2; c Rh/cofactor/DIPEA = 1:3:2; d Isolated yield. 

 

Next, we wondered how the catalyst system would respond if a mixture of twelve 

different cofactors was presented to the catalyst, all competing for the same binding site.  

If the best cofactor (best defined in terms of catalyst selectivity) dominated the reaction, 

this would form the basis for an iterative deconvolution screening strategy,
12

 allowing 

identification of the optimal catalyst from a wide library in only a few experiments.  

Interestingly, this competition experiment resulted in the formation of the product with 

81% ee, much higher than the linear combination of the singe experiments. In a control 

experiment with a mixture of 12 cofactors that only give low to moderate ee, the ee of 

the product formed was only 33%.  According to the deconvolution strategy we divided 

the library of 24 cofactors into subgroups of 12, and by following the best set of 

cofactors and further dividing these into subgroups, we gradually saw the ee increase 

from 81, through 85 and 88, to 98% ee (Figure 3). Importantly, in only 9 experiments, 

instead of 24, we identified the best cofactor from the library. 
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Table 2. Asymmetric hydrogenation of 2 and 22 – control experimentsa 

 
entry substrate ligand cofactor % conv. % ee (config) 

1 2 19 6 64 0 (-) 

2 2 19 18 < 1 0b (-) 

3 2 19/20 6 11 0 (-) 
4 2 19/20 18 < 1 0b (-) 

5 2 - 6 100 0 (-) 

6 2 - 18 4 0 (-) 
7 2 1 23 100 37 (S) 

8 22 1 6 100 0 (-) 

9 22 1 18 5 < 5 (R) 
a Reactions were performed in DCM, Rh/ cofactor/DIPEA/substarte =1:1.1:12:9:100; ligand/Rh for 1 and for 
19/20, 1.1 and 6/6, respectively; C(Rh)=0.001M, 10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal 

precursor; DIPEA was used as a base to deprotonate acidic cofactor. Conversion and ee were determined by 

chiral GC analysis of the reaction mixture. b Higher conversion and no selectivity was observed when 
18/DIPEA/Rh = 3:2:1 ratio was used. 

 

 
Figure 3. A step-wise deconvolution of one of two mixtures of 12 different cofactors and [Rh(1)(nbd)BF4] for 
the hydrogenation of 2; the second mixture of 12 cofactors gave moderate ee (33% (S)); for details see 

Supporting Information. 

 

The best cofactor selection can be rationalized by two scenarios, (i) the best cofactor 

interacts the strongest with the Rh-ligand-substrate complex, thus this catalytic system is 

the most abundant in the solution, consequently outperforming other cofactors; or (ii) 

the best cofactor based catalyst is the most active, thus outperforms other catalytic 

complexes. To distinguish between these scenarios, we performed another experiment in 
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which we applied a mixture of all 12 cofactor- Rh(1) complexes, so the cofactors did not 

compete but could all bind, such that all 12 catalytic complexes are present in solution 

in the same amount. In this experiment we obtained very low chiral induction (3% (S)), 

which is very close to the linear combination of the results of 12 separate experiments 

(4% ee (R)). This rules out the second scenario, suggesting that in the competition 

experiment the strongest binder dominates the reaction, and also gives the most 

selective catalyst. 

To further investigate how cofactor 18 affects catalysis we performed some DFT 

calculations (BP86/ SV(P)) on the catalyst-substrate-cofactor 18 complex. The four 

possible coordination modes of the substrate to the rhodium center are all close in 

energy (only 2.4 kcal/mol energy difference range). The minimum-energy structure 

leads to the isomer R of the product, which is found experimentally to be the major one. 

Interestingly, in this structure (as well as in one of the other structures) we found a 

hydrogen bond between the amide NH of the substrate and the thiocarbonyl group of the 

cofactor. To check if these hydrogen bonds are important in achieving high selectivity,
13

 

we performed some control experiments, in which we used components that cannot 

form these specific cofactor-substrate hydrogen bonds, assuming that in those cases the 

ee would be significantly lower (Table 2).
13

 When we used (S)-N-methyl-N-FMOC-

valine (21), which cannot donate an alternative hydrogen bond to the substrate, we 

observed only a slight drop of enantioselectivity, from 50% to 37% ee (using (S)-(N)-

FMOC-valine (6) as a reference). However, when methyl N-methyl-2-acetamidoacrylate 

(22) was used as a substrate which cannot be a hydrogen bond donor to a cofactor, the 

selectivity dropped to nearly 0% ee with both (S)-FMOC-valine (6) and (S)-N’-tert-

butyl-urea-N-valine (18). These data strongly suggest that the formation of a hydrogen 

bond between the NH of the substrate and the (thio)carbonyl functionality of the 

cofactors plays a crucial role for the selectivity of the reaction.  
 

 
Figure 4. Molecular modeling of structure of Rh(1)(2)(18); ligand dark blue, cofactor light blue.  

 

Finally, to investigate the scope of this cofactor-based approach, we evaluated 

several different substrates using the rhodium complex of ligand 1 with cofactors 3-18 

(Figure 5 and SI). For most of the enamides studied (23-25) we found good to high 

enantioselectivities, while simple alkenes (27-28) were hydrogenated with moderate 

ee’s. These results are in agreement with the observation that the hydrogen bond formed 

between the NH of the substrate and the carbonyl group of the cofactor plays an 

important role in the enantioselectivity determining step of the hydrogenation reaction. 
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Figure 5. Summary of asymmetric hydrogenation of other substrates (23-28) using [Rh(1)(nbd)]+ in 

combination with various cofactors (3-18); the best cofactors are noted between parentheses; for details see 
the experimental section. 

 

7.3 Conclusions 

In conclusion, we demonstrate in this paper that asymmetric hydrogenation can be 

efficiently achieved by using an achiral ligand in combination with a chiral cofactor.
14

 

The current system contains achiral bisphosphine ligand 1, coordinated to a rhodium 

center, which is embedded within an anion binding pocket. The pocket strongly binds 

cofactors - anions of chiral carboxylic acids - allowing for quick, synthesis-free 

modulation of the enantioselectivity of the catalyst. This strategy afforded good to 

excellent enantioselectivities (ee up to 99%) for the hydrogenation of several alkenes, 

demonstrating its potential. Interestingly, even when using a mixture of 12 cofactors the 

selectivity was high, which suggests that catalysis is dominated by the best cofactor 

allowing a deconvolution strategy for rapid identification of the best cofactor. Thus, 

catalyst optimization by non-covalent binding of simple cofactors expands the scope of 

new supramolecular approaches to the search of catalysts for challenging catalytic 

transformations. Current efforts address details of the mechanism the system follows, in 

order to gain better understanding, and for the rational extension of the system to other 

challenging catalytic conversions. 

 

7.4 Experimental section 

General 

All reactions were carried out under an argon atmosphere 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. NMR spectra were measured 

on a Bruker AMX 400 (400.1MHz, 100.6MHz and 162.0 for 1H, 13 C and 31 P respectively). 19F NMR spectra 

were recorded on a Varian Mercury 300 (19F: 282.4 MHz). 
Elemental analyses were carried out on a Carlo Erba NCSO-analyzer. 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. ESI-MS measurements were recorded on a Shimadzu LCMS-2010A liquid chromatography 
mass spectrometer by direct injection of the sample to the ESI probe. CD2Cl2 and DIPEA were dried over 

molecular sieves (4Å) and degassed by 3 freeze-pump-thaw cycles.  

Conversions and enantiomeric excesses were determined by Gas Chromatography on an Interscience Focus 
GC Ultra (FID detector) with a Supelco ß-dex 225 column (30 m x 0.25 mm) and with a Chiralsil DEX-CB 
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column (25m x 0.32mm) or by chiral HPLC (column Chiralcel OD-H, flow rate: 1 mL/min, eluent: 

hexane/isopropanol (93/7), detection at 254 nm, 40°C).  
 

Materials 

All reagents were purchased from commercial suppliers and used without further purification, with the 

exception of the ligand (1),9 the anion receptor 20,
8 enamides 23-26,15 and methyl N-methyl-2-

acetamidoacrylate (22),16 which were synthesized according to the published procedures. 

 
Catalysis experiments 

General procedure for Rhodium-catalysed hydrogenation reactions 

The hydrogenation experiments were carried out in a stainless steel autoclave (150 ml or 250 ml) charged with 

an insert suitable for, respectively, 8 or 15 reaction vessels (including Teflon mini stirring bars) for conducting 
parallel reactions. Except where noted, in a typical experiment, the reaction vessels were charged with 1.0 

μmol of [Rh(nbd)2]BF4, 1.1 μmol of ligand (1), 12.0 μmol of cofactor, 9.0 μmol of N,N-diisopropylethylamine 

(DIPEA) and 0.1 mmol of substrate in 1.0 ml of CH2Cl2. Before starting the catalytic reactions, the charged 

autoclave was purged three times with 10 bar of dihydrogen and then pressurized at 10 bar H2. The reaction 

mixtures were stirred at 25 °C for 16 hours. After catalysis the pressure was released and the conversion and 

enantiomeric purity were determined by chiral GC or chiral HPLC. All experiments were run at least twice 
with similar results, and the reported results are the average of these experiments.  

 

Methyl 2-acetamidoacrylate (2) 

The GC separation process was performed, using a Supelco ß-dex 225 column, at 140°C (The same method, 
with approximately the same retention times observed, was used for the analysis of the hydrogenation of 

enamide 22). The retention times for the substrate, the (S)-product and the (R)-product were, respectively 5.6 

min, 6.1 min and 6.6 min. 
 

Table 3. Results of asymmetric hydrogenation of methyl 2-acetamidoacrylate.a 

Entry Cofactor 
% 

Conv. 
% ee 

(config) 
Entry Cofactor 

% 
Conv. 

% ee 
(config) 

1 
* 

100 0 (-) 21 
N
H

OH

O

O

O

OH

 

100 33 (S) 

2 
* 

100 0 (-) 22 
N
H

OH

O

O

O

O

O

 

100 35 (S) 

3 OH

O  
100 0 (-) 23 

N
H

OH

O

O

O

O O

 

100 48 (S) 

4 
OH

O  
100 3 (R) 24 N

H

OH

O

O

O

 

100 40 (S) 

5 
OH

O  

100 4 (R) 25 
N
H

OH

O

O

O

 

100 50 (S) 

6 
 

100 4 (S) 26 N
H

OH

O

O

O

 

100 34 (S) 
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Table 3. Results of asymmetric hydrogenation of methyl 2-acetamidoacrylate – continuation.a 

Entry Cofactor 
% 

Conv. 

% ee 

(config) 
Entry Cofactor 

% 

Conv. 

% ee 

(config) 

7 

OH

OH

O  

100 11 (S) 27 N
H

OH

O

O

 

100 0 (-) 

8 N
H

OH

O

O

O

 

100 49 (S) 28 

 

100 27 (R) 

9 
N
H

OH

O

O

O

 

100 47 (S) 29 N
H

OH

O

O

Cl

 

100 3 (S) 

10 
N
H

OH

O

O

O

 

100 43 (S) 30 N
H

OH

O

O

 

100 29 (S) 

11 

N
H

OH

O

O

O

H
N

 

100 46 (S) 31 N
H

OH

O

OHN

 

100 0 (-) 

12 N
H

OH

O

O

O

 

100 47 (S) 32 

N
H

OH

O

O

H
N

 

100 23 (R) 

13 N
H

OH

O

O

O

 

100 18 (S) 33 
N
H

OH

O

O

 

100 23 (R) 

14 

N
H

OH

O

O

O

H
NH2N

NH

 

100 0 (-) 34 N
H

OH

O

N
H

O

 

100 0 (-) 

15 
N
H

OH

O

O

O

NH2

O

 

100 7 (S) 35 N
H

OH

O

N
H

O

 

100 23 (R) 

16 
N
H

OH

O

O

O

OHO

 

72 14 (S) 36 N
H

OH

O

N
H

O

 

100 0 (-) 

17 
N
H

OH

O

O

O

NHN

 

100 0 (-) 37 N
H

OH

O

N
H

S

 

47 0 (-) 

18 
N
H

OH

O

O

O

NH2

 

100 0 (-) 38 N
H

OH

O

N
H

S

 

3 98 (R) 

19 N

O

OH

O
O

 

100 12 (S) 39 N
H

OH

O

N
H

S

 

3 61 (R) 

20 

OH

N
H

OH

O

O

O

 

100 25 (S) 40 
N
H

OH

O

N
H

S

 

6 40 (R) 

a Reactions were performed in DCM, Rh/ligand 1/cofactor/DIPEA/substrate =1:1.1:12:9:100; C(Rh)=0.001M, 
10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate 

acidic cofactor. Conversion and ee were determined by chiral GC analysis of the reaction mixture; * The ratio 

Rh/cofactor/base = 1/4/6. 



Chapter 7 

 166 

Benzyl 2-acetamidoacrylate (23) 

The HPLC separation process was used for the analysis of benzyl 2-acetamidoacrylate hydrogenation. The 

retention times for the substrate, the (+)-product and the (-)-product were, respectively 9.8 min, 15.2 min and 
15.6 min (flow rate: 1 mL/min, eluent: hexane/isopropanol (93/7), detection at 254 nm, 40°C). 

 

Table 4. Results of asymmetric hydrogenation of benzyl 2-acetamidoacrylate.a 

Entry Cofactor % Conv. % ee (config) 

1 
OH

O  
100 4 (+) 

2 
OH

O  
100 3 (+) 

3 

OH

OH

O  

100 9 (-) 

4 
N
H

OH

O

O

O

 

100 46 (-) 

5 
N
H

OH

O

O

O

 

100 39 (-) 

6 N
H

OH

O

O

O

 

100 35 (-) 

7 

 

100 0 

8 

 

100 3 (+) 

9 N
H

OH

O

O

 

100 54 (+) 

10 N
H

OH

O

O

 

99 0 

11 N
H

OH

O

N
H

O

 

100 0 

12 N
H

OH

O

N
H

O

 

100 10 (+) 

13 N
H

OH

O

N
H

O

 

100 18 (+) 

14 N
H

OH

O

N
H

S

 

3 0 

15 N
H

OH

O

N
H

S

 

13 0 

16 N
H

OH

O

N
H

S

 

40 93 (+) 

a Reactions were performed in DCM, Rh/ligand 1/cofactor/DIPEA/substrate =1:1.1:3:2:100; C(Rh)=0.001M, 
10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate 

acidic cofactor. Conversion and ee were determined by chiral HPLC analysis of the reaction mixture. 
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Enamide 24 

The GC separation process was performed, using a Chiralsil DEX-CB column, at 90°C, 5°C/min to 190°C. 

The retention times for the (+)-product, the (-)-product and the substrate were, respectively 14.4 min, 14.7 min 
and 16.0 min. 

 

Table 5. Results of asymmetric hydrogenation of enamide 24.a 

Entry Cofactor % Conv. % ee (config) 

1 
OH

O  

100 3 (-) 

2 
OH

O  

98 4 (-) 

3 

OH

OH

O  

100 5 (-) 

4 
N
H

OH

O

O

O

 

100 58 (-) 

5 
N
H

OH

O

O

O

 

100 67 (-) 

6 N
H

OH

O

O

O

 

100 47 (-) 

7 

 

100 0 

8 

 

100 24 (+) 

9 N
H

OH

O

O

 

100 61 (-) 

10 N
H

OH

O

O

 

100 0 

11 N
H

OH

O

N
H

O

 

100 0 

12 N
H

OH

O

N
H

O

 

100 4 (-) 

13 N
H

OH

O

N
H

O

 

100 41 (-) 

14 N
H

OH

O

N
H

S

 

3 0 

15 N
H

OH

O

N
H

S

 

6 5 (-) 

16 N
H

OH

O

N
H

S

 

88 81 (-) 

a Reactions were performed in DCM, Rh/ligand 1/cofactor/DIPEA/substrate =1:1.1:3:2:100; C(Rh)=0.001M, 

10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate 

acidic cofactor. Conversion and ee were determinedby chiral GC analysis of the reaction mixture. 
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Enamide 25 

The GC separation process was performed, using a Chiralsil DEX-CB column, at 160°C for 22min, 5°C/min 

to 190°C. The retention times for the (+)-product, the (-)-product and the substrate were, respectively 17.0 
min, 18.9 min and 26.8 min. 

 

Table 6. Results of asymmetric hydrogenation of enamide 25.a 

Entry Cofactor % Conv. % ee (config) 

1 
OH

O  

100 11 (-) 

2 
OH

O  
97 9 (-) 

3 

OH

OH

O  

100 14 (-) 

4 
N
H

OH

O

O

O

 

100 75 (-) 

5 
N
H

OH

O

O

O

 

100 61 (-) 

6 N
H

OH

O

O

O

 

100 64 (-) 

7 

 

100 0 

8 

 

100 44 (-) 

9 N
H

OH

O

O

 

100 79 (-) 

10 N
H

OH

O

O

 

93 0 

11 N
H

OH

O

N
H

O

 

60 0 

12 N
H

OH

O

N
H

O

 

43 6 (-) 

13 N
H

OH

O

N
H

O

 

78 28 (-) 

14 N
H

OH

O

N
H

S

 

0 - 

15 N
H

OH

O

N
H

S

 

< 2 - 

16 N
H

OH

O

N
H

S

 

0 - 

a Reactions were performed in DCM, Rh/ligand 1/cofactor/DIPEA/substrate =1:1.1:3:2:100; C(Rh)=0.001M, 

10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate 

acidic cofactor. Conversion and ee were determined by chiral GC analysis of the reaction mixture. 
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Enamide 26 

The GC separation process was performed, using a Chiralsil DEX-CB column, at 160°C for 22min, 10°C/min 

to 220°C. The retention times for the (+)-product, the (-)-product and the substrate were, respectively 20.5 
min, 21.3 min and 27.5 min. 

 

Table 7. Results of asymmetric hydrogenation of enamide 26.a 

Entry Cofactor % Conv. % ee (config) 

1 
OH

O  
13 8 (+) 

2 
OH

O  

12 7 (+) 

3 

OH

OH

O  

87 8 (+) 

4 
N
H

OH

O

O

O

 

33 29 (+) 

5 
N
H

OH

O

O

O

 

32 23 (+) 

6 N
H

OH

O

O

O

 

33 31 (+) 

7 

 

73 2 (-) 

8 

 

15 18 (+) 

9 N
H

OH

O

O

 

44 34 (+) 

10 N
H

OH

O

O

 

7 0 

11 N
H

OH

O

N
H

O

 

0 - 

12 N
H

OH

O

N
H

O

 

5 0 

13 N
H

OH

O

N
H

O

 

12 11 (+) 

14 N
H

OH

O

N
H

S

 

0 - 

15 N
H

OH

O

N
H

S

 

0 - 

16 N
H

OH

O

N
H

S

 

0 - 

a Reactions were performed in DCM, Rh/ligand 1/cofactor/DIPEA/substrate =1:1.1:3:2:100; C(Rh)=0.001M, 
10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate 

acidic cofactor. Conversion and ee were determined by chiral GC analysis of the reaction mixture. 



Chapter 7 

 170 

Dimethyl itaconate (27) 

The GC separation process was performed, using a Supelco ß-dex 225  column, at 92°C for 17min, 50°C/min 

to 220°C. The retention times for the (+)-product, the (-)-product and the substrate were, respectively 15.4 
min, 16.0 min and 18.3 min. 

 

Table 8. Results of asymmetric hydrogenation of dimethyl itaconate (27).a 

Entry Cofactor % Conv. % ee (config) 

1 
OH

O  

100 2 (-) 

2 
OH

O  
100 3 (-) 

3 

OH

OH

O  

100 2 (-) 

4 
N
H

OH

O

O

O

 

95 13 (+) 

5 
N
H

OH

O

O

O

 

98 8 (+) 

6 N
H

OH

O

O

O

 

90 7 (+) 

7 

 

100 0 

8 

 

100 2 (-) 

9 N
H

OH

O

O

 

90 7 (+) 

10 N
H

OH

O

O

 

100 0 

11 N
H

OH

O

N
H

O

 

100 0 

12 N
H

OH

O

N
H

O

 

100 0 

13 N
H

OH

O

N
H

O

 

100 6 (+) 

14 N
H

OH

O

N
H

S

 

42 4 (+) 

15 N
H

OH

O

N
H

S

 

78 0 

16 N
H

OH

O

N
H

S

 

100 40 (-) 

a Reactions were performed in DCM, Rh/ligand 1/cofactor/DIPEA/substrate =1:1.1:3:2:100; C(Rh)=0.001M, 
10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate 

acidic cofactor. Conversion and ee were determined by chiral GC analysis of the reaction mixture. 
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Olefine 28 

The GC separation process was performed, using a Chiralsil DEX-CB column, at 85°C for 25min, 2°C/min to 

95°C. The retention times for the (+)-product, the (-)-product and the substrate were, respectively 23.1 min, 
23.9 min and 26.1 min. 

 

Table 9. Results of asymmetric hydrogenation of olefine 28.a 

Entry Cofactor % Conv. % ee (config) 

1 
OH

O  
100 3 (+) 

2 
OH

O  

100 0 

3 

OH

OH

O  

95 0 

4 
N
H

OH

O

O

O

 

71 0 

5 
N
H

OH

O

O

O

 

98 0 

6 N
H

OH

O

O

O

 

72 < 3 (+) 

7 

 

100 0 

8 

 

100 7 (-) 

9 N
H

OH

O

O

 

71 0 

10 N
H

OH

O

O

 

100 0 

11 N
H

OH

O

N
H

O

 

100 0 

12 N
H

OH

O

N
H

O

 

100 0 

13 N
H

OH

O

N
H

O

 

100 7 (+) 

14 N
H

OH

O

N
H

S

 

7 11 (-) 

15 N
H

OH

O

N
H

S

 

20 0 

16 N
H

OH

O

N
H

S

 

100 50 (-) 

a Reactions were performed in DCM, Rh/ligand 1/cofactor/DIPEA/substrate =1:1.1:3:2:100; C(Rh)=0.001M, 

10 bar H2, at RT for 16 h, using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to deprotonate 

acidic cofactor. Conversion and ee were determined 
by chiral GC analysis of the reaction mixture. 
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Table 10. Experiments with isolation of products.a 

Substrate Cofactor Conditionsc Ee (%) Conversion (%) Isolated yield % 

 
N
H

OH

O

N
H

S

 

A 97 100 93 

 
N
H

OH

O

N
H

S

 

B 91 100 92 

 
N
H

OH

O

N
H

S

 

A 82 100 84 

 

N
H

OH

O

O

 

A 79 100 95 

 

N
H

OH

O

O

 

B 43 100 89 

 
N
H

OH

O

N
H

S

 

A 39 100 58c 

 
N
H

OH

O

N
H

S

 

A 50 100 69c 

a Reactions were performed in 3 ml DCM on a 0.6 mmol of substrate scale, Rh/ligand 1/cofactor/DIPEA 
=1:1.1:3:2:100; 10 bar H2, at RT using [Rh(nbd)2BF4] as metal precursor; DIPEA was used as a base to 

deprotonate acidic cofactor; b Conditions A: C(Rh)=0.002M for 21 h (substrate/Rh ratio = 100), conditions B: 

C(Rh)=0.004M for 24 h (substrate/Rh ratio = 50). Conversion was determined by GC analysis of the reaction 
mixture. Reported ee was determined by chiral GC analysis of the isolated product. Product was isolated by 

short column chromatography (10g of SiO2) using DCM → 2% of MeOH in DCM as an eluent. c No by-

products were observed, thus presumably some product was lost during the evaporation of the solvents due to 
volatility of the  product. 

 

The best cofactor selection experiments: 

The deconvolution strategy was tested over 24 cofactors. In the first step, the cofactors were divided in two 
equal groups: the first group contained cofactors 3, 4, 5, 6, 7, 8, 10, 11, 13, 15, 16 and 18; the second one 

contained cofactors N-BOC-Ala-OH, N-BOC-Pro-OH, N-BOC-Trp-OH, N-BOC-Phe-OH, N-BOC-Leu-OH, 

N-BOC-Ile-OH, N-BOC-Asp-OH, N-BOC-Tyr-OH, N-Boc-Arg-OH, N-BOC-Lys-OH, N-BOC-Ser-OH, N-
BOC-tert-Leu-OH. The catalytic reduction experiments of 2 were carried out under the general conditions 

(DCM, 16h, rt, 10bar of H2, C(Rh)=0.002M, S/ DIPEA/1/ Rh = 100:12:1.1:1) with a ratio Rh/cofactors = 1/12 
(1 equivalent of each cofactor in this case). The first group gave 81% (R) ee, while the second one lead to 33% 

(S) ee. Thus, the first group was selected and divided in next two groups of 6 cofactors each (as showed at 

Figure 4). In order to keep the ratio Rh/cofactors = 1/12, 2 equivalents of each cofactor were used. One group 
lead to 85% (R) ee, while the other to ee 16% (R). Once again the best group was selected and divided in two 

groups and tested in catalysis (using 4 equivalents of each cofactor), leading to 88% (R) ee and < 2% (R) ee, 

respectively. The best group of cofactors was selected and these cofactors were tested in catalysis. After 
tuning the ratio of Rh/cofactor, cofactor 18 leads to 98% (R) ee. 

 

NMR studies 

A oven-dried flask equipped with a teflon stirring bar was charged with ligand 1 and with Rh(nbd)2BF4 (1.1:1 
ratio), followed by addition of an appropriate amount of CD2Cl2 to obtain a 0.0107 M solution of the Rh(1) 

complex. The solution was stirred for 15 minutes at room temperature. Under inert atmosphere (glove-box), 

aliquots (0.7ml) of the Rh(1) complex solution were transferred to vessels, followed by addition of portions of 
cofactors and DIPEA to obtain solutions containing the Rh(1) complex with cofactor and DIPEA with 1:2:2 

ratio. Next, the solutions were transferred to the NMR tubes and both 1H and 31P NMR spectra were measured. 

The NMR experiments with free ligand 1 were analogous to the experiments conducted with the Rh(1) 
complex, with the following exceptions: the ligand 1 solution was prepared without the rhodium precursor and 

the concentration of ligand 1 was 0.011 M. 

Two representative sets of spectra, with chiral and achiral cofactors, are provided below; for full analysis, see 
the supporting information: http://pubs.acs.org/doi/suppl/10.1021/ja208589c/suppl_file/ja208589c_si_001.pdf. 
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Chiral cofactors: 

 
Figure 5. 31P NMR spectra of the complex [Rh(1)(nbd)BF4] in the presence of cofactors and DIPEA in 

CD2Cl2 (162MHz). 
 

Achiral cofactors: 

 
Figure 6. 31P NMR spectra of the complex [Rh(1)(nbd)BF4] in the presence of achiral cofactors and DIPEA in 

CD2Cl2 (162MHz). 

 



Chapter 7 

 174 

 

 

Figure 7. 2D 1H – 1H NOESY spectrum of the complex [Rh(1)(nbd)BF4] in the presence of pivaloic acid - 

(CH3)3CCOOH - and DIPEA in CD2Cl2 - selected region showing crosspeaks between methyl groups of the 
cofactor and aromatic CH signals of the P-C6H4CON moiety of the ligand. 

 
Figure 8. 2D 1H – 1H COSY spectrum of the complex [Rh(1)(nbd)BF4] in the presence of pivaloic acid - 

(CH3)3CCOOH - and DIPEA in CD2Cl2. 
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X-ray crystal structure of [Rh(1)(nbd)BF4] 

[C66H58N4O2P2Rh]BF4 · 1.75CH2Cl2, Fw = 1339.44, red block, 0.60 x 0.19 x 0.19 mm3, triclinic, P (no. 2), a = 

13.2305(9), b = 19.0703(16), c = 26.5694(17) Å,  = 78.993(3),  = 83.285(3),  = 82.354(3)º, V = 6493.0(8) 

Å3, Z = 4, Dx = 1.370 g/cm3,  = 0.52 mm-1. 71169 Reflections were measured on a Bruker Kappa ApexII 

diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) up to a resolution of (sin /)max 

= 0.55 Å-1 at a temperature of 150(2) K. Intensity data were integrated with the Eval14 software.17 Absorption 
correction and scaling was performed based on multiple measured reflections with SADABS18 (0.51-0.75 

correction range). 17994 Reflections were unique (Rint = 0.036), of which 15554 were observed [I>2(I)]. The 

structure was solved with Direct Methods using the program SIR-9719 and refined with SHELXL-9720 against 
F2 of all reflections. One ethyl group was refined with a disorder model using isotropic displacement 

parameters. All other non-hydrogen atoms were refined with anisotropic displacement parameters. The five 

independent dichloromethane molecules were refined with partial occupancies of 70%, respectively. 
Hydrogen atoms were introduced in calculated positions and refined with a riding model. 1581 Parameters 

were refined with 151 restraints (concerning the disordered ethyl group and the partially occupied 

dichloromethane molecules). R1/wR2 [I > 2(I)]: 0.0874 / 0.2175. R1/wR2 [all ref.]: 0.0995 / 0.2271. S = 
1.136. Residual electron density between -1.57 and 2.07 e/Å3. Geometry calculations and checking for higher 

symmetry was performed with the PLATON  program.21 

 

DFT calculations 

The complex of catalyst-substrate-cofactor [Rh(1)(2)(18)] was studied with DFT. The geometry optimizations 

were carried out with the Turbomole program22 coupled to the PQS Baker optimizer23 at the ri-DFT level24 

using the BP8625 functional and the resolution-of-identity (ri) method. We used the SV(P) basis set26 for the 
geometry optimizations of all stationary points. All minima (no imaginary frequencies) were characterized by 

numerically calculating the Hessian matrix. Four possible coordination modes of the substrate to the catalyst-

substrate-cofactor complex [Rh(1)(2)(18)] were optimized: structure I - proR isomer (Figure 4): relative 
energy E = 0 kcal/mol; structure II - proR isomer: relative energy E = +1.47 kcal/mol; structure III - proS 

isomer: relative energy E = +1.76 kcal/mol; and structure IV - proS isomer: relative energy E = +2.41 

kcal/mol. 
 

Synthesis of cofactors 

(S)-N-acetyl-Valine(10) 

The synthesis was realized according to the published procedure of N-acetyl-Dl-alanine synthesis:27 (S)-

Valine (2 g, 17.07 mmol) and acetic acid anhydride (5.55 ml) were dissolved in methanol (10 ml), and the 
reaction mixture was heated at 70°C for 6h. After cooling down, all the volatiles were removed under vacuum. 

Ethyl acetate (20 ml) was added to the crude solid, followed by sonication on the ultrasonic bath for 1h. Next, 

the product was filtered off, dissolved in DCM (10ml) and precipitated by the slow addition of hexane, 
providing the powder which was isolated by filtration, yielding 1.84g (68%) of 10. 
1H NMR (400MHz, DMSO-d6): δ = 12.53 (bs, 1H, COOH), 7.99 (d, 1H, NHCHCOOH, J = 8 Hz), 4.11 (dd, 

1H, NHCHCOOH, J = 8 Hz, J = 6 Hz), 2.03 (m, 1H, CHCH(CH3)2,), 1.87 (s, 3H, COCH3), 0.87 (dd, 6H, 
CH(CH3)2, J = 1 Hz, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 173.64, 169.93, 57.61, 30.19, 22.79, 19.60, 18.50;  

Elemental analysis (%) calcd. for C7H13NO2.H2O: C 52.16, H 9.37, N 8.69, found: C 52.88, H 8.18, N 8.79; 
HR MS (FAB): calcd. for C7H14NO3 [M+H]+: 160.0974, found: 160.0982. 

 

 (S)-N-formyl-Valine(12) 

The synthesis was realized according to the published procedures of N-formyl-Dl-alanine synthesis:27 (S)-

Valine (0.3 g, 2.5 mmol), formic acid (0.52 g, 11.3 mmol) and acid acetic anhydride (1g, 9.8 mmol) were 

dissolved in acetic acid (10 ml), and the reaction was stirred for 4h at room temperature. Afterwards, all the 
volatiles were removed under vacuum and the crude product was recrystallized from ethyl acetate, yielding 

0.27 g (75%) of 12. 
1H NMR (400MHz, DMSO-d6): δ = 12.56 (bs, 1H, COOH), 8.41 (s, 1H, C(O)H), 7.98 (d, 1H, NHCHCOOH J 
= 8 Hz), 4.11 (dd, 1H, NHCHCOOH, J = 8 Hz, J = 6 Hz), 2.02 (m, 1H, CHCH(CH3)2,), 0.87 (dd, 6H, 

CH(CH3)2, J = 1 Hz, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 173.64, 169.93, 57.61, 30.19, 19.60, 18.50; 
Elemental analysis (%) calcd. for C6H11NO2.1/2H2O: C 52.16, H 8.75, N 10.13, found: C 52.16, H 8.21, N 

9.71;  

HR MS (FAB): calcd. for C6H12NO3 [M+H]+: 146.0817, found: 146.0818. 
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(S)-N-trimethylacetyl-Valine (11) 

The synthesis was realized according to the published procedures of N-acetamide of (S)-alanine synthesis:27 

Valine (0.5 g, 4.3 mmol) and trimethylacetic acid anhydride (2.4 ml, 11.5 mmol) were dissolved in methanol 
(10 ml), and the reaction mixture was heated to reflux overnight. Next, after cooling down, all the volatiles 

were removed under vacuum, the crude product was crystalized from hot hexane, and isolated by the filtration 

of cold solution (0°C), yielding 0.25 g (29%) of 11. 
1H NMR (400MHz, DMSO-d6): δ = 12.50 (bs, 1H, COOH), 7.23 (d, 1H, NHCHCOOH, J = 8 Hz), 4.09 (dd, 

1H, NHCHCOOH, J = 8 Hz, J = 7 Hz), 2.08 (m, 1H, CHCH(CH3)2,), 1.12 (s, 9H, COC(CH3)3), 0.87 (d, 6H, 

CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 177.89, 173.76, 57.88, 38.56, 30.09, 27.73, 19.74, 19.01;  

Elemental analysis (%) calcd. for C10H19NO3 : C 59.67, H 9.51, N 6.96, found: C 59.77, H 9.45, N 6.96; 

HR MS (FAB): calcd. for C10H20NO3 [M+H]+: 202.1443, found: 202.1444. 
 

General procedure for preparation of ureas of (S)-valine methyl ester 

(S)-Valine (1.0 g, 7,62 mmol) was dissolved in dry DCM (100 ml) and the isocyanate was added. The mixture 

was stirred and the progress of the reaction was monitored by TLC. After one day, all the volatils were 

removed under vacuum, the crude product was dissolved in DCM (80 ml), washed with 1M HCl (3 · 80 ml), 

dried over MgSO4
, and the solvent was removed under vacuum. 

 

(S)-(phenylcarbamoyl)-N-valine methyl ester (S1) 

Phenyl isocyanate (1.66 ml, 15.25 mmol) was used as the starting material, yielding 2.312 g of product S1 

containing 0.63 equivalent of unreacted phenyl isocyanate, and it was used in the next step without any 

purification. 
1H NMR (400MHz, DMSO-d6): δ = 8.59 (s, 1H, PhNHCO), 7.37 (dd, 2H, o-H, J = 9 Hz, J = 1 Hz), 7.23 (dd, 

2H, m-H, J = 8 Hz, J = 9 Hz), 6.91 (d, 1H, p-H, J = 8 Hz), 6.53 (d, 1H, NHCHCOOH, J = 8 Hz), 4.17 (dd, 1H, 

NHCHCOOH, J = 8 Hz, J = 5 Hz), 3.66 (s, 3H, COOCH3), 2.06 (m, 1H, CHCH(CH3)2,), 0.91 / 0.87 (2d, 6H, 
CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 177.31, 155.38, 140.54, 129.24, 122.25, 118.63, 57.87, 52.20, 30.80, 

19.48, 18.22;  
HR MS (FAB): calcd. for C13H19N2O3 [M+H]+: 251.1396, found: 251.1397. 

 

(S)-(tert-butylcarbamoyl)-N-valine methyl ester (S2) 

tert-Butyl isocyanate (5.5 ml, 38.12 mmol) was used as the starting material, yielding  
1.276 g (73%) of pure product S2. 
1H NMR (400MHz, DMSO-d6): δ = 6.00 (d, 1H, NHCHCOOH J = 9 Hz), 5.90 (s, 1H, tBuNHCO), 4.04 (dd, 

1H, NHCHCOOH, J = 9 Hz, J = 5 Hz), 3.62 (s, 3H, COOCH3), 1.95 (m, 1H, CHCH(CH3)2,), 1.21 (s, 9H, 
C(CH3)3), 0.85 / 0.81 (2d, 6H, CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 173.77, 157.43, 57.64, 51.92, 49.48, 30.98, 29.67, 19.49, 18.24;  
HR MS (FAB): calcd. for C11H23N2O3 [M+H]+: 231.1709, found: 231.1712. 

 

(S)-(n-butylcarbamoyl)-N-valine methyl ester (S3) 

n-Butyl isocyanate (0.86 ml, 7.62 mmol) was used as the starting material, yielding 0.985 g (56%) of pure 
product S3. 
1H NMR (400MHz, DMSO-d6): δ = 6.13 (d, 1H, NHCHCOOH, J = 9 Hz), 5.99 (s, 1H, BuNHCO), 4.06 (dd, 

1H, NHCHCOOH, J = 7 Hz, J = 8 Hz), 3.62 (s, 3H, COOCH3), 2.98 (t, 2H, CH2CH2CH2CH3, J = 7 Hz), 1.96 

(m, 1H, CHCH(CH3)2,), 1.33 (m, 2H, CH2CH2CH2CH3), 1.25 (m, 3H, CH2CH2CH2CH3), 0.87 (t, 3H, 

CH2CH2CH2CH3, J = 7 Hz), 0.85 / 0.83 (2d, 6H, CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 173.76, 158.16, 58.10, 51.96, 39.23, 32.53, 30.87, 19.95, 19.50, 18.33, 
14.14;  

HR MS (FAB): calcd. for C11H23N2O3 [M+H]+: 231.1709, found: 231.1712. 

 

General procedure for preparation of ureas of (S)-valine 

To a solution of urea (S)-valine methyl ester (1 eq.) in THF/Water (3:1, 50 ml) was added LiOH (1.23 eq.) and 

the mixture was stirred at 25°C overnight. The resulting solution was partially concentrated under vacuum, 

followed by addition of water (50 ml). Next, the solution was washed with DCM (3 x 50ml), acidified with 
1M HCl, and the product was extracted with DCM (3 x 50ml). The combined organic layers were washed 

with brine (50ml), dried over MgSO4, and the solvent was removed under vacuum. 
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(S)-(phenylcarbamoyl)-N-valine (13) 

(2S)-2-[(Phenylcarbamoyl)amino]-3-methylbutanoic methyl ester (2.3 g, 8.02 mmol), containing 0.63 

equivalent of phenyl isocyanate, was used as the starting material, yielding 0.86 g (45%) of pure product 13. 
1H NMR (400MHz, DMSO-d6): δ = 12.69 (bs, 1H, COOH), 8.61 (s, 1H, PhNHCO), 7.37 (d, 2H, o-H, J = 8 

Hz), 7.22 (dd, 2H, m-H, J = 8 Hz, J = 7 Hz), 6.90 (d, 1H, p-H, J = 7 Hz), 6.39 (d, 1H, NHCHCOOH, J = 9 

Hz), 4.11 (dd, 1H, NHCHCOOH, J = 9 Hz, J = 5 Hz), 2.08 (m, 1H, CHCH(CH3)2,), 0.92 / 0.86 (2d, 6H, 
CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 174.23, 155.46, 140.67, 129.19, 121.64, 117.87, 57.62, 30.70, 19.66, 

18.36;  
Elemental analysis (%) calcd. for C12H16N2O3 : C 61.00, H 6.83, N 11.86, found: C 60.29, H 6.96, N 11.58; 

HR MS (FAB): calcd. for C12H17N2O3 [M+H]+: 237.1239, found: 237.1234. 

 

(S)-(tert-butylcarbamoyl)-N-valine (15) 

(2S)-2-[(tert-Butylcarbamoyl)amino]-3-methylbutanoic methyl ester (1.3 g, 4.9 mmol) was used as the starting 

material, yielding 0.22 g (21 %) of product 15. 
1H NMR (400MHz, DMSO-d6): δ = 12.42 (bs, 1H, COOH), 5.91 (s, 1H, tBuNHCO), 5.87 (d, 1H, 

NHCHCOOH, J = 9 Hz), 3.99 (dd, 1H, NHCHCOOH, J = 9 Hz, J = 5 Hz), 1.96 (m, 1H, CHCH(CH3)2), 1.20 

(s, 9H, C(CH3)3), 0.85 / 0.81 (2d, 6H, CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 174.74, 157.58, 57.41, 49.43, 30.87, 29.71, 19.65, 18.07; 
Elemental analysis (%) calcd. for C10H20N2O3 : C 55.53, H 9.32, N 12.95, found: C 54.71, H 8.76, N 12.42; 

HR MS (FAB): calcd. for C10H21N2O3 [M+H]+: 217.1552, found: 217.1552. 

  

(S)-(n-butylcarbamoyl)-N-valine (14) 

(2S)-2-[(n-Butylcarbamoyl)amino]-3-methylbutanoic methyl ester (1.0 g, 3.7 mmol) was used as the starting 

material, yielding 0.25 g (31 %) of product 14. 
1H NMR (400MHz, DMSO-d6): δ = 12.46 (bs, 1H, COOH), 6.00 (t, 1H, BuNHCO, J = 6 Hz), 5.98 (d, 1H, 
NHCHCOOH, J = 9 Hz), 4.01 (dd, 1H, NHCHCOOH, J = 5 Hz, J = 9 Hz), 2.97 (dt, 2H, CH2CH2CH2CH3, J = 

6 Hz, J = 6 Hz), 1.99 (m, 1H, CHCH(CH3)2,), 1.33 (m, 2H, CH2CH2CH2CH3), 1.27 (m, 3H, CH2CH2CH2CH3), 

0.86 (t, 3H, CH2CH2CH2CH3, J = 5 Hz), 0.85 / 0.81 (2d, 6H, CH(CH3)2, J = 6 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 173.76, 158.16, 58.10, 51.96, 39.23, 32.53, 30.87, 19.95, 19.50, 18.33, 

14.14; 

Elemental analysis (%) calcd. for C10H20N2O3 : C 55.53, H 9.32, N 12.95, found: C 55.64, H 10.01, N 12.47; 
HR MS (FAB): calcd. for C10H21N2O3 [M+H]+: 217.1552, found: 217.1552. 

 

General procedure for preparation of thioureas of amino acids 

The general procedure was followed excepted for (2S)-2-[(adamantylthiocarbamoyl)amino] -valine. An amino 
acid (1.7 mmol) was dissolved in 0.25 M NaHCO3(aq) solution (80 ml), a isothiocyanate (1.7 mmol) was added, 

and the reaction was heated at 80°C for 3 hours. After cooling down, the reaction was acidified with 1 M HCl 
to reach pH = 1, and the product was extracted with ethyl acetate (3 x 100ml). The combined organic layers 

were dried over MgSO4, and the solvent was removed under vacuum. The crude product was dissolved in 

small amount of hot DCM, precipitated with hexane, and filtered off when cold, providing pure N-thiourea 
amino acid. 

 

(S)-(n-Butylthiocarbamoyl)-N-valine (17) 

n-Butyl isothiocyanate (0.22 ml, 1.7 mmol) and (S)-valine (0.2 g, 1.7 mmol) were used as the starting 

materials, yielding 0.1944 g (49%) of product 17. 
1H NMR (400MHz, DMSO-d6): δ = 10.34 (bs, 1H, COOH), 4.15 (d, 1H, NHCH(iPr)COOH, J = 3 Hz), 3.67 

(m, 2H, NHCH2(C3H7)), 2.08 (m, 1H, CH(CH3)2), 1.52 (m, 2H, CH2CH2CH2CH3), 1.27 (m, 2H, 
CH2CH2CH2CH3), 0.96 / 0.79 (2d, 6H, CH(CH3)2, J = 7 Hz), 0.88 (t, 3H (CH2)3CH3, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 183.27, 174.50, 64.01, 30.42, 29.65, 19.70, 18.49, 16.29, 13.88;  

Elemental analysis (%) calcd. for C10H21N2O2S : C 51.69, H 8.67, N 12.05, S 13.80, found: C 51.68, H 8.71, 
N 12.25, S 13.21; 

HR MS (FAB): calcd. for C10H19N2OS [M-H2O+H]+: 215.1218, found: 215.1213. 

 

(S)-(tert-Butylthiocarbamoyl)-N-valine (18) 

t-Butyl isothiocyanate (0.21 ml, 1.7 mmol) and (S)-valine (0.2 g, 1.7 mmol) were used as the starting 

materials, yielding 0.1988 g (50%) of product 18. 
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1H NMR (400MHz, DMSO-d6): δ = 12.54 (bs, 1H, COOH), 7.49 (s, 1H, NHC(CH3)3), 7.38 (d, 1H, 

NHCHCOOH, J = 8 Hz), 4.82 (dd, 1H, NHCHCOOH, J = 8 Hz, J = 4 Hz), 2.07 (m, 1H, CHCH(CH3)2,), 1.42 
(s, 9H, C(CH3)3), 0.89 (d, 6H, CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 183.10, 174.73, 61.58, 53.55, 31.87, 30.18, 20.17, 19.43;  

Elemental analysis (%) calcd. for C10H21N2O2S : C 51.69, H 8.67, N 12.05, S 13.80, found: C 51.13, H 9.12, 
N 12.01, S 13.67; 

HR MS (FAB): calcd. for C10H21N2O2S [M+H]+: 233.1324, found: 233.1319. 

 

(S)-(Phenylthiocarbamoyl)-N-valine (16) 

Phenyl isothiocyanate (0.19 ml, 1.7 mmol) and (S)-valine (0.2 g, 1.7 mmol) were used as the starting 

materials, yielding 0.1283 g (30%) of product 16. 
1H NMR (400MHz, DMSO-d6): δ = 10.59 (bs, 1H, COOH), 7.48 (dd, 2H, m-H, J = 7 Hz, J = 7 Hz), 7.43 (d, 
1H, p-H, J = 7 Hz), 7.23 (d, 2H, o-H, J = 7 Hz), 4.33 (d, 1H, NHCHCOOH, J = 3 Hz), 2.19 (m, 1H, 

CHCH(CH3)2,), 1.04/0.91 (2d, 6H, CH(CH3)2, J = 7 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 184.16, 175.05, 134.67, 130.13, 130.6, 129.95, 65.73, 31.83, 19.57, 
17,49;  

Elemental analysis (%) calcd. for C12H16N2O2S . 0.35 C6H14 : C 59.95, H 7.46, N 9.91, S 11.35, found: C 

60.10, H 7.53, N 10.57, S 11.21; 
HR MS (FAB): calcd. for C12H15N2OS [M-H2O+H]+: 235.0905, found: 235.0900. 

 

(S)-(Phenylthiocarbamoyl)-N-phenylalanine (S4) 

Phenyl isothiocyanate (0.14 ml, 1.2 mmol) and (S)-phenylalanine (0.2 g, 1.2 mmol) were used as the starting 
material, yielding 0.1521 g (42%) of product S4. 
1H NMR (400MHz, DMSO-d6): δ = 10.62 (bs, 1H, COOH), 7.38 (m, 3H), 7.31 (m, 3H), 7.26 (dd, 2H, J = 8 

Hz, J = 3 Hz), 6.77 (dd, 2H, J = 8 Hz, J = 3 Hz), 4.77 (t, 1H, NHCHCOOH, J = 5 Hz), 3.12 (d, 2H, 
NHCH(CH2)COOH, J = 5 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 182.50, 173.71, 134.73, 133.46, 130.08, 128.94, 128.82, 128.70, 128.43, 

127.37, 60.45, 36.41;  
Elemental analysis (%) calcd. for C16H16N2O2S : C 63.97, H 5.37, N 9.32, S 10.67, found: C 64.41, H 5.49, N 

9.81, S 10.45; 

HR MS (FAB): calcd. for C16H17N2O2S [M +H]+: 301.1011, found: 301.1011. 

 

(S)-(Adamantylthiocarbamoyl)-N-valine (S5) 

(S)-Valine (0.5 g, 4.3 mmol) was dissolved in a mixture of 0.25 M NaHCO3(aq) solution (50 ml) and methanol 

(50 ml), adamantyl isothiocyanate (0.83 g, 4.3 mmol) was added, and the reaction was heated at 80°C for 3 
hours. After cooling down, the methanol was removed under vacuum and the reaction was acidified with 1 M 

HCl to reach pH = 1. The product was extracted with ethyl acetate (3 x 100ml). The combined organic layers 
were dried over MgSO4, and the solvent was removed under vacuum. The crude product was dissolved in a 

small amount of hot DCM, precipitated with hexane, and filtered off, providing 0.4510 g (34%) of pure 

product S5. 
1H NMR (400MHz, DMSO-d6): δ = 12.56 (bs, 1H, COOH), 7.40 (d, 1H, NHCHCOOH, J = 8 Hz), 7.36 (s, 

1H, NHC(CH3)3), 4.77 (dd, 1H, NHCHCOOH, J = 3 Hz, J = 8Hz), 2.15 (bs, 6H, NHC(CH2)3), 2.08 (m, 1H, 

CHCH(CH3)2), 2.02 (bs, 3H, NHC(CH2CH)3), 1.61 (bs, 6H, NHC(CH2CHCH2)3), 0.86 (dd, 6H, CH(CH3)2, J = 
8 Hz, J = 1 Hz);  
13C NMR (100MHz, DMSO-d6): δ = 181.31, 173.68, 60.38, 53.04, 41.43, 36.30, 30.84, 29.29, 19.11, 18.42; 

Elemental analysis (%) calcd. for C16H26N2O2S : C 61.90, H 8.44, N 9.02, S 10.32, found: C 61.39, H 8.80, N 

9.00; 

HR MS (FAB): calcd. for C16H27N2O2S [M +H]+: 301.1793, found: 311.1791. 
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Summary 
Transition metal catalysis is a powerful enabling technology for the sustainable 

preparation of chemical compounds, given the desired selectivity can be reached. The 

selectivity (together with the activity and stability) of a transition metal catalyst is 

highly dependent on the ligands coordinated to the catalytic metal center. Despite 

insights in various reaction mechanisms and good understanding of the role of the 

ligands in these reactions, design of a new selective catalyst for a reaction of interest is 

still highly challenging. Therefore, catalyst development usually involves the classic 

knowledge-supported trial-and-error screening of putative catalysts. This approach 

provided many successes, but is not optimal as selectivity issues for many reactions 

cannot be solved in this way. Therefore, complementary approaches that allow for a 

more rational catalyst design for those challenging reactions would be of high value. 

Supramolecular chemistry uses reversible relatively weak interactions to create 

higher-order chemical architectures by a self-assembly of a number of molecular 

building blocks. As we discuss in Chapter 1, supramolecular chemistry provides new 

various tools for catalyst development. Among the described different strategies, 

supramolecular substrate preorganization via reversible substrate-ligand interactions is 

of high potential for controlling the selectivity for challenging reaction. In principle, 

rational design of catalyst system that includes reversible interactions to control the 

position of a substrate near the metal center is possible. In this thesis we demonstrate the 

power of this concept and we reveal its mechanistic aspects, using the industrially 

relevant hydroformylation of alkenes as a key reaction. 

 
Figure 1. General concept of anionic substrate preorganization by a Rh catalyst that bears a ligand furnished 

with an anion-binding pocket (left), schematic structure of DIMPhos ligands (middle), and a X-ray structure of 
the supramolecular complex of acetate anion binding to a Rh-DIMPhos complex (right). 

 

In Chapter 2, we introduce a new class of bifunctional ligands, coined DIMPhos, 

which consist of two phosphorus atoms for coordination to a catalytic metal center and a 

specific recognition site – DIM pocket – for binding to a carboxylate functional group of 

a substrate (Figure 1). Coordination studies show that these ligands bind to a rhodium 

center in a bidentate fashion. Experiments under hydroformylation conditions confirm 

the formation of the mononuclear hydridobiscarbonyl rhodium complexes that are 

generally assumed to be active in hydroformylation. The metal complexes formed still 

strongly bind the anionic species in the binding site of the ligand, without affecting the 

metal coordination sphere. These bifunctional properties of DIMPhos are further 

demonstrated by the crystal structure of the rhodium complex with acetate anion bound 

in the binding site of the ligand (Figure 1). The catalytic studies demonstrate that 
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substrate preorganization by binding in the DIM pocket of the ligand results in 

unprecedented selectivities in hydroformylation of terminal alkenes functionalized with 

an anionic group (Scheme 1). Remarkably, the selectivity controlling anionic group can 

be even ten bonds away from the reactive double bond, demonstrating the potential of 

this supramolecular approach. This illustrates the first example of wide-ranging remote 

control of catalyst selectivity by secondary substrate-ligand interactions.  

 

 
 

Scheme 1. Highly selective hydroformylation of terminal and internal alkenes catalyzed by Rh-DIMPhos 
catalysts. 

 

In Chapter 3, we show that extending the class of DIMPhos ligands also allows for 

the precise control of the selectivity in the hydroformylation of challenging internal 

alkenes functionalized with a carboxyl group (Scheme 1). Detailed experimental and 

computational studies reveal the precise operational mode of the catalyst. DFT studies 

on the decisive intermediates reveal that the anion binding in the DIM pocket restricts 

the rotational freedom of the reactive double bound. As a consequence, the pathway to 

the undesired product is strongly hindered, whereas that for the desired product is 

lowered in energy. Detailed kinetic studies, together with the in situ spectroscopic 

measurements and isotope-labeling studies, support this mode of operation and reveal 

that these supramolecular systems follow enzymatic-type Michaelis–Menten kinetics, 

with competitive product inhibition. This indicates that the substrate molecule is first 

bound to the DIM pocket of the catalyst, which is followed by the catalytic reaction at 

the metal center. 

In Chapter 4, we apply a new cascade isomerization-hydroformylation reaction to 

convert linear alkenes to branched aldehydes. We show that a palladium isomerization 

catalyst can be combined with a DIMPhos-based rhodium catalyst in a two step one pot 

process, converting terminal olefins to α-methyl-branched aldehydes with 

unprecedented selectivities (Scheme 2). In view of the increasing interest to use bio-

based feed stock to produce chemicals, this transformation is important as it allows to 

convert fatty acid-based materials to valuable intermediates for fine chemical synthesis. 
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Scheme 2. Selective isomerization-hydroformylation sequence for terminal olefins toward valuable α-methyl-

branched aldehydes catalyzed by a Pd-PPh3 – Rh-DIMPhos catalyst combination. 

 

To demonstrate the full potential of the catalytic system, we show in Chapter 5 that 

the precise supramolecular substrate preorganization for vinyl arene derivatives allows 

for the unprecedented full reversal of selectivity from the typical α-aldehyde to the 

otherwise unfavored β-aldehyde product (Scheme 3a). The preorganization of the 

substrate also results in very high activities (TOF > 6000 mol mol
-1 

h
-1

) and the catalyst 

proves to be selective for a wide scope of substrates, including the most challenging 

substrates with an internal double bond (Scheme 3b). The substrate scope spans also to 

the allyl analogues. It is worth noting that these classes of compounds represent 

important intermediates for the fine-chemical industry. Therefore, this catalytic system 

that operates under mild reaction conditions opens up new pathways to current 

industrially relevant synthetic schemes of bioactive compounds. Towards this goal, we 

demonstrate several easy post-modification steps of the acid-aldehyde intermediate 

(Scheme 4). 

 

 
Scheme 3. (a) Full reversal of regioselectivity in hydroformylation of vinyl arene derivatives controlled by 

supramolecular substrate preorganization, and (b) unprecedented selectivities in the hydroformylation of 

challenging -substituted vinyl arenes catalyzed by the Rh-DIMPhos catalysts. 
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Scheme 4. Potential application for the developed -regioselective hydroformylation of vinyl arene 
derivatives: easy transformation of the aldehyde products into other valuable building blocks for synthesis of 

bio-relevant compounds. 

 

In Chapter 6, we extend the approach to related classes of substrates and we provide 

mechanistic insight by combining kinetic studies with DFT calculations and 

spectroscopic studies. Kinetic studies and in situ IR spectroscopy on the most active and 

selective DIMPhos phosphite-based catalyst reveal that the active species are involved 

in complex equilibria with other dormant (reversibly inactivated) species. In principle, 

the kinetics involve competitive inhibition by the product, explained by competitive 

binding in the DIM pocket. In addition, substrate inhibition is observed, which is 

explained by reversible coordination of the carboxylate to the active metal center 

leading to a dormant state, which involve both the substrate and the product. Overall, 

this results in the (expected) product and the (unusual) substrate inhibition effects as is 

clear from the reaction progress analysis of the kinetic data. Next to these effects, the 

catalyst is also slowly and irreversibly deactivated in a different reaction. Importantly, 

despite these inhibition effects, the catalyst is highly active (TOF > 6000 mol mol
-1

h
-1

) 

and performs many turnovers before final irreversible deactivation has occurred (TON 

up to 44 000), which is crucial for commercial applications.  

Aside from supramolecular substrate preorganization, the recognition site of 

DIMPhos ligands has also been used to control catalyst properties by binding cofactors 

in the pocket, the principles of which are discussed in Chapter 7 (Figure 2). We show 

that an achiral catalyst with a chiral cofactor noncovalently bound in the DIM pocket 

gives high enantioselectivities (e.e.’s up to 99%) in the hydrogenation reaction of 

alkenes. Remarkably, in a catalysis experiment with a mixture of 12 cofactors in which 

they compete for the binding site, still high (85%) ee was obtained, indicating that the 

cofactor that binds the strongest also induces the highest ee, thus dominates the reaction. 

This feature provides a basis for smart screening strategies based on deconvolution, 

which allow to identify the best catalyst with a limited number of experiments. 

Interestingly, from DFT calculations and control experiments it is clear that additional 
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hydrogen bonding between the cofactor and the substrate that is bound to the metal is 

possible, which is proposed to be important for both the selection in the competition 

experiment as well as efficient transfer of chiral information from the cofactor to the 

metal complex. 

 

  
 
Figure 2. General concept of cofactor-controlled catalysis using a catalyst that bears a ligand furnished with 

an anion-binding pocket (left); and a chemical model of  Rh-DIMPhos complex binding a chirality inducing 

cofactor (right). 
 

Considering that many transition metal catalyzed processes involve elementary steps 

similar to those in the reactions studied in this thesis, the supramolecular methodologies 

outlined here should be more generally applicable. It is therefore anticipated that this 

work will have an impact on the future development of selective transformations in 

chemical catalysis. This should help to bring the field closer to the goal of fully 

sustainable synthesis. Furthermore, the first example of cofactor-steered catalysis, 

presented in this thesis, opens new attractive opportunities to control the selectivity of a 

transition metal catalyst. It is expected that this concept, together with smart screening 

methodologies, will lead to more efficient catalyst development for practical 

applications. 
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Samenvatting
Katalyse is een cruciale technologie om chemische verbindingen op een duurzame 

wijze te synthetiseren. Overgangsmetaalcomplexen zijn bij uitstek goede katalysatoren 

die in staat zijn om diverse bindingen te breken en te maken. Een hoge selectiviteit, 

activiteit en stabiliteit zijn belangrijke gewenste parameters voor een katalysator om tot 

zinvolle toepassingen te kunnen komen. Deze parameters zijn sterk afhankelijk van de 

liganden die aan het metaal centrum coördineren. In de afgelopen dertig jaar is veel 

kennis vergaard over hoe ligandeffecten een rol spelen in het sturen van selectiviteit en 

is een groot aantal reactiemechanismen opgehelderd door een combinatie van 

spectroscopische studies en computerberekeningen. Desondanks is het nog steeds een 

uitdaging om nieuwe katalysatoren te ontwerpen waarvan de selectiviteit voorspeld kan 

worden. Om deze reden speelt het screenen van katalysatoren nog steeds een belangrijke 

rol in het onderzoek naar nieuwe katalysatoren. Dit soort onderzoek heeft veel nieuwe 

katalytische systemen voortgebracht, waarvan sommige toegepast worden in de 

industrie. Echter, er zijn nog steeds veel uitdagingen op het gebied van selectieve 

katalyse waar het screenen van bibliotheken van katalysatoren niet heeft geleid tot 

oplossingen. Het ontwikkelen van strategieën waarmee de selectiviteit op nieuwe 

manieren kan worden gecontroleerd zijn dus uitermate interessant, zeker als het leidt tot 

katalysatorontwikkeling op rationele wijze. In dit proefschrift worden supramoleculaire 

interacties gebruikt tussen substraat en katalysator als een nieuwe strategie om tot 

selectieve katalysatoren te komen. 

Supramoleculaire chemie is het onderzoeksveld dat zich richt op het gebruik van 

relatief zwakke interacties tussen moleculen om zodoende complexe structuren te 

creëren door middel van zelfassemblage. Hoofdstuk 1 bespreekt literatuurvoorbeelden 

waarin supramoleculaire chemie een rol speelt in de ontwikkeling van katalysatoren. 

Naast verschillende andere beschreven strategieën is het precies oriënteren van het 

substraat aan het metaalcomplex door middel van reversibele substraat-ligand 

interacties, om zodoende de selectiviteit te controleren, een interessante techniek met 

veel potentie. In principe is het mogelijk om systemen te ontwerpen waarbij een 

substraat op voorspelbare wijze, door middel van computerberekeningen, in de buurt 

van een metaalcentrum gebracht wordt. In dit proefschrift demonstreren we de kracht 

van dit concept door een nieuw supramoleculair katalytisch systeem te introduceren en 

toe te passen op de industrieel relevante hydroformylering van alkenen. 

  
Figuur 1: Het nieuw ontwikkelde DIMPhos ligand dat bidentaat coördinatiecomplexen geeft, terwijl 

gesubstitueerde carboxylaat groepen kunnen binden in de DIM pocket. Bij gefunctionaliseerde alkeen 
substraten geeft substraatoriëntatie aanleiding tot hoge regioselectiviteit in hydroformylering. 
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In Hoofdstuk 2 introduceren we DIMPhos, een nieuw type bifunctioneel ligand dat 

is opgebouwd uit twee fosfor donorgroepen, voor coördinatie aan een metaalcentrum, 

evenals een specifieke bindingsplaats (DIM pocket) voor het binden van anionen zoals 

de carboxylaat groep (Figuur 1). Coördinatiestudies hebben uitgewezen dat dit soort 

liganden op een bidentaat manier aan een rhodium metaal bindt. Experimenten die 

gedaan zijn onder hydroformylering condities (20 bar H2/CO gas), bevestigen de 

vorming van een mononucleair hydridobiscarbonyl rhodiumcomplex, het actieve 

complex voor de hydroformylering reactie. Dit metaalcomplex bindt anionische 

gastmoleculen in de bindingsplaats van het ligand met dezelfde affiniteit als het vrije 

ligand, zonder de ligandcoördinatie aan het metaal te veranderen. Deze twee 

onafhankelijke eigenschappen van het DIMPhos ligand worden verder ondersteund in 

de kristalstructuur van het rhodiumcomplex waarin een acetaatanion is gebonden in de 

bindingsplaats van het ligand (Figuur 1). De resultaten van katalysestudies laten zien dat 

alkeensubstraten, die kunnen coördineren aan het rhodium terwijl de acetaatgroep 

gebonden zit in the pocket, met ongekende hoge selectiviteit omgezet worden in lineaire 

aldehydes; een effect van oriëntatie van het substraat tijdens de hydroformylering van 

het alkeen (Schema 1). Opvallend is dat de anionische groep die verantwoordelijk is 

voor het deze oriëntatie zelfs op tien koolstofatomen afstand van de dubbele binding kan 

zijn om toch het gewenste effect te krijgen. Dit resultaat toont de enorme potentie die 

deze supramoleculaire aanpak heeft duidelijk aan.  

 
Schema 1: Substraten die met hoge selectiviteit zijn omgezet door op DIMPhos gebaseerde complexen. 

 

In Hoofdstuk 3 rapporteren we de synthese van varianten op DIMPhos liganden, die 

in katalyse aanleiding geven tot nog hogere selectiviteitcontrole. Zelfs in de 

hydroformylering van uitdagende interne alkenen, voorzien van carboxylaatgroepen 

voor substraatoriëntatie, worden zeer hoge regioselectiviteiten gehaald (Schema 1). 

Gedetailleerde experimenten en berekeningen geven inzicht in de werking van de 

supramoleculaire katalysator. DFT berekeningen van de selectiviteitbepalende stap laten 

zien dat de rotatie van de reactieve dubbele binding wordt gehinderd door binding van 

het substraat in de DIM pocket. Dit resulteert erin dat het pad naar het ongewenste 

product niet toegankelijk is, terwijl voor sommige substraten de barrière naar het 

gewenste product wordt verlaagd. Gedetailleerde kinetische studies, samen met in situ 

spectroscopische experimenten en experimenten met isotoop gelabeld waterstof 

ondersteunen dit mechanisme. Tevens laten we zien dat deze katalytische reacties met 

de supramoleculaire systemen volgens Michaelis-Menten kinetiek verlopen, inclusief 

competitieve product inhibitie, net zoals wordt waargenomen voor veel enzymen. Dit 
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duidt erop dat het substraat molecuul eerst gebonden wordt aan de DIM pocket van de 

katalysator, gevolgd door een katalytische reactie bij het metaal centrum. 

In Hoofdstuk 4 introduceren we een nieuwe cascadereactie van een isomerisatie en 

een hydroformyleringsreactie. We laten voor het eerst zien dat het mogelijk is om 

eindstandige alkenen om te zetten tot α-methyl-vertakte aldehydes met ongekende 

selectiviteit (Schema 2), door een isomerisatiekatalysator te combineren met de 

DIMPhos gebaseerde katalytische systemen. Met het oog op de toenemende interesse in 

het gebruik van biogebaseerde herwinbare grondstoffen is dit interessant, omdat deze 

transformatie het omzetten van vetzuurachtige materialen naar kostbare tussenproducten 

voor de fijnchemie mogelijk maakt.  

 

 
Schema 2: Een cascade van selectieve isomerisatie en hydroformylering geeft selectief het 2-aldehyde. 

 

Om de volledige potentie van het katalytische systeem te illustreren, laten we in 

Hoofdstuk 5 zien dat precieze supramoleculaire substraatoriëntatie van vinylarenen het 

mogelijk maakt om de selectiviteit te veranderen van de typische α-aldehyde naar de β-

aldehyde, dat normaal gesproken slechts in kleine hoeveelheden wordt gevormd 

(Schema 3a). De binding van het substraat in de pocket resulteert tevens in hele snelle 

omzettingen (TOF >6000 mol mol
-1

u
-1

). De verscheidenheid van selectief omgezette 

substraten is groot, met een grote tolerantie voor diverse functionele groepen, waarbij 

zelfs de meest uitdagende substraten, namelijk die met een interne dubbele binding, 

waar tot op heden geen katalysatoren voor geschikt waren, met hoge selectiviteit 

worden omgezet (Schema 3b). Ook aromatische allyl-analogen worden omgezet met 

hoge selectiviteit voor de vorming van het 3-aldehyde. De gevormde 

aldehydeverbindingen zijn belangrijke tussenproducten voor de fijnchemische industrie, 

zeker omdat via diverse eenvoudige chemische stappen de functionele groepen om te 

zetten zijn in alcoholen, amines, cyclische esters en amides (Schema 4). De katalysator 

is ook actief onder milde reactiecondities (kamertemperatuur, 1 bar H2/CO), zodat de 

weg vrij is gemaakt om met deze katalysator nieuwe syntheseroutes te ontwikkelen voor 

industrieel relevante verbindingen.  
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Schema 3: Selectieve hydroformylering van styreenderivaten geeft het 2-aldehyde (a), zelfs voor cyclische 

substraten (b). 
 

 
Schema 4: Potentiële toepassingen in synthese voor de producten die gemaakt kunnen worden door selectieve 

hydroformylering van styreenderivaten. 

 

In Hoofdstuk 6 breiden we de aanpak uit naar gerelateerde substraatklassen en 

presenteren we gedetailleerde mechanistische studies en kinetische metingen die 

opmerkelijke kenmerken van deze reacties onthullen. Kinetische studies en in situ 

spectroscopisch onderzoek laten voor de meest actieve en selectieve DIMPhos fosfiet 

gebaseerde katalysator zien dat de actieve deeltjes onderdeel zijn van een complex 

evenwicht met andere niet-actieve complexen. De kinetiek volgt een model waarbij 

competitieve inhibitie van zowel het substraat als het product is waargenomen. Dit is te 

verklaren doordat zowel het product als het substraat kan binden in de DIM pocket 

(productinhibitie) en omdat er bovendien sprake is van reversibele coördinatie van het 
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carboxylaat (substraat en product) aan het metaal centrum. Belangrijk voor commerciële 

perspectieven is dat ondanks deze effecten de katalysator heel actief is en in staat is om 

veel substraat moleculen om te zetten in product (TON ≈ 44 000). 

Naast supramoleculaire substraatoriëntatie kan de bindingsplaats ook voor andere 

concepten gebruikt worden. In dit kader is er onderzocht of de eigenschappen van het 

metaalcomplex gestuurd zouden kunnen worden door het binden van een cofactor in de 

bindingsplaats. Het principe hiervan wordt uitgelegd in Hoofdstuk 7. In dit hoofdstuk 

laten we zien dat een niet chirale katalysator chiraal gemaakt kan worden door een 

chirale cofactor te binden. Deze cofactor is niet covalent gebonden via de actetaatgroep 

in de DIM pocket. Een bibliotheek aan chirale cofactoren is gemaakt en de 

supramoleculaire complexen zijn gebruikt in de hydrogenering van alkenen als substraat 

en afhankelijk van de gebruikte cofactor was de enantiomere zuiverheid van het 

gevormde product middelmatig tot zeer hoog (e.e.’s oplopend tot 99%, Figuur 2). Een 

competitie-experiment met een mengsel van 12 cofactoren, die alleen de competitie 

aangaan wat betreft bindingsinteractie met de DIM pocket, toont aan dat de beste 

cofactor domineert in reactie met de katalysator. De enantiomere zuiverheid van het 

gevormde product in dit mengsel was veel hoger (85%) dan te verwachten is op basis 

van een statistisch mengsel. Voor dit systeem geeft dat de mogelijkheid om door middel 

van deconvolutie met een relatief klein aantal experimenten de meest optimale 

combinatie van katalysator en cofactor te vinden. DFT berekeningen en additionele 

experimenten suggereren dat waterstofbrug-interacties plaats kunnen vinden tussen het 

substraat dat is gebonden aan het metaal en de cofactor die is gebonden in de 

bindingspocket. Dit zou een verklaring kunnen zijn voor de waarnemingen in het 

competitie-experiment en suggereert dat substraatoriëntatie ook een rol speelt door 

middel van aanvullende waterstofbruggen tussen de cofactor en het substraat. 

 
Figuur 2: De combinatie van een niet chiraal complex met chirale cofactoren geeft chirale complexen die 

gebruikt kunnen worden voor asymmetrische katalyse. 

 

Veel overgangsmetaal-gekatalyseerde processen bevatten vergelijkbare elementaire 

stappen als die van de reacties die zijn bestudeerd in dit proefschrift, en in veel 

processen wordt de selectiviteit bepaald in een migratiestap. Met dit in gedachten, lijkt 

het waarschijnlijk dat de supramoleculaire aanpak beschreven in dit proefschrift ook 

toepasbaar is voor andere katalytische reacties, hetgeen de impact van dit werk enorm 

zou vergroten. Hiermee komen we dichterbij het rationeel ontwerpen van selectieve 

reacties, met het ultieme doel duurzame productieprocessen te ontwikkelen. Daarnaast is 

in dit proefschrift het eerste succesvolle voorbeeld van een cofactor gestuurde 

katalysator beschreven, wat een mooi startpunt is voor alternatieve manieren om 

selectieve overgangsmetaal-katalysatoren te ontwikkelen. Het is te verwachten dat dit 

concept, samen met slimme zoekstrategieën, zal leiden tot meer efficiëntere 

katalyseontwikkeling voor praktische doeleinden. 
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