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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 
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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

 



Chapter 6 

 132 

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 



Chapter 6 

 134 

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 
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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; 
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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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