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ive hydroformylation catalysis†

Shao-Tao Bai, a Vivek Sinha,a Alexander M. Kluwer,b Pim R. Linnebank,a Zohar Abiri,b

Paweł Dydio, ‡a Martin Lutz,c Bas de Bruin a and Joost N. H. Reek *ab

Herein, we report a supramolecular rhodium complex that can form dimeric or monomeric Rh-species

catalytically active in hydroformylation, depending on the binding of effectors within the integrated DIM-

receptor. X-ray crystal structures, in situ (high-pressure (HP)) spectroscopy studies, and molecular

modelling studies show that in the absence of effectors, the preferred Rh-species formed is the dimer,

of which two ligands coordinate to two rhodium metals. Importantly, upon binding guest molecules,

-effectors-, to the DIM-receptor under hydroformylation conditions, the monomeric Rh-active species is

formed, as evidenced by a combination of in situ HP NMR and IR spectroscopy studies and molecular

modelling. As the monomeric complex has different catalytic properties from the dimeric complex, we

effectively generate a catalytic system of which the properties respond to the presence of effectors,

reminiscent of how the properties of proteins are regulated in nature. Indeed, catalytic and kinetic

experiments show that both the selectivity and activity of this supramolecular catalytic system can be

influenced in the hydroformylation of 1-octene using acetate as an effector that shift the equilibrium

from the dimeric to monomeric species.
Introduction

Transition metal catalysis is a key technology for the develop-
ment of efficient and sustainable synthetic protocols, and as
such it has been an active research eld for decades.1 In order to
achieve new selectivity and reactivity, most research has been
devoted to catalyst development. As the catalyst properties
depend strongly on the ligands that coordinate to the metal,
catalyst optimization mostly relies on ligand variation. Ligand
modications that are oen applied and sometimes well
understood in terms of effect on the selectivity and activity
displayed by the catalyst, include steric2 and electronic2a,3 vari-
ations and the ligand bite angle.4 Interestingly, nature uses
a much larger toolbox to construct catalytic systems that are
generally far more active and selective thanman-made catalysts.
Enzymes are nature's catalysts and they convert the substrates
in the active site next to a binding site. This binding site allows
substrate preorganization, and as such control of catalyst
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properties via the second coordination sphere.5 Importantly,
with the ourish of supramolecular approaches to build func-
tional architectures including receptors,6 cages7 and articial
molecular machines,8 the exploration of enzyme inspired
catalysis by precise control of substrate orientation has become
an active eld of research.9

Another big difference between synthetic and biological
systems is that enzymes in their natural environment need to
operate in a complex mixture of molecules, substrates and other
enzymes and their reactivity and selectivity therefore needs to
be regulated. Such a regulation can be achieved by cofactor
regulation, i.e. a factor that is required for the activity of the
enzyme, covalent functionalization of the enzyme, such as
phosphorylation, or by allosteric binding of effectors.5 The
effector controlled approach is based on noncovalent binding,
which is important for controlling reactivity in more complex
systems by feedback loops as it can increase as well as decrease
reactivity. For this reason, it is interesting to design and study
catalysts that can be controlled by effectors, i.e. supramolecular
binding of molecules that otherwise do not interfere with the
reaction. Mirkin, Kämer and co-workers reported an orthogonal
metal–ligand coordination approach to create systems based on
hemilabile coordination complexes.10 Chloride anions coordi-
nate to the rhodium site thereby regulating the distance
between two salphen complexes that operate as a binuclear
Lewis acid catalyst in the “open state”. Considering the interest
in effector controlled transition metal catalysis,11 we studied
a supramolecular system that allows to control the activity and
selectivity in hydroformylation by external factors. A new ligand
coined OrthoDIMphos (L2), a regio-isomer of ParaDIMphos (L1)
Chem. Sci., 2019, 10, 7389–7398 | 7389
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Fig. 1 The general concept of supramolecular tuning of the selectivity
and activity via the regulation of the monomer–dimer catalyst equi-
librium using effectors base on hydrogen bonding approach (NHs of
the DIM-receptor shown in blue color).

Fig. 2 X-ray crystal structure of the square planar dimeric complex
[Rh(L2)(CO)(BF4)2]2. Two BF4

� counterions, hydrogen atoms (except
for NH) and disordered solvent molecules are omitted for clarity. For
details see the ESI.†
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that also has a integrated binding site for carboxylate contain-
ing guests,12 forms dinuclear structures in which each ligand
coordinates to two rhodium centers, even under hydro-
formylation conditions. By binding of a carboxylate guest
molecule, the dimer breaks up to give mononuclear species
only. As the monomer and dimer display different properties in
alkene hydroformylation, we effectively generated an effector
responsive catalyst system (Fig. 1).

Results and discussion
Synthesis of ligand OrthoDIMphos (L2)

The ligand OrthoDIMphos (L2) was prepared following the
same straightforward procedure as previously reported for the
synthesis of ParaDIMphos (L1).12 Hydrogenation of 7,70-dinitro-
2,20-diindolomethane led to the di-amine intermediate and
subsequent condensation with 2-(diphenylphosphino)benzoic
acid provided the new ligand in 91% overall yield (Schemes 1
and S3–S5†). The new ligand was fully characterized by 1H, 31P,
and 13C NMR spectroscopy and HR-MS.

Characterization of the square planar dimeric complexes
[Rh(L2)(CO)(BF4)]2 and [Rh(effector3L2)(CO)]2 as catalyst
precursor

The rhodium complex based on OrthoDIMphos (L2) was
formed by mixing the ligand with [Rh(nbd)2BF4]. Bubbling CO
through a CH2Cl2 solution of OrthoDIMphos (L2) and
[Rh(nbd)2BF4] (1 : 1 ratio) followed by slow diffusion of anti-
solvent (cyclohexane) resulted in the formation of yellow crys-
tals that were suitable for X-ray diffraction. The X-ray crystal
Scheme 1 Synthesis of OrthoDIMphos (L2): (a) 1 bar H2, Pd/C, THF/
MeOH, RT; (b) 2-(diphenylphosphino)benzoic acid, 4-pyrrolidinopyr-
idine, 4-dimethylaminopyridine, N,N0-diisopropylcarbodiimide, DCM,
RT.

7390 | Chem. Sci., 2019, 10, 7389–7398
structure shows the formation of centrosymmetric dimeric
complexes ([Rh(L2)(CO)(BF4)]2 Fig. 2 and S1†) in which two
OrthoDIMphos (L2) ligands coordinate to two rhodium atoms.
The rhodium complexes have a square planar geometry, with
one ligand coordinating in a P–O chelating fashion and one
with P, with the CO ligand in the fourth coordination site. The
two DIM-receptors of the ligands in the dimeric complex are
pointing in opposite directions and all NH hydrogen bond
donors are free to bind guest molecules. Crystals were grown in
the presence of acetate as guest, and the solid state structure
indeed shows a similar dimeric structure but now with acetate
guest binding to the DIM pocket (for details see ESI, Fig. S16†).

The complexes were also characterized in solution by NMR
spectroscopy. 1H DOSY13 spectroscopy of the complexes in the
absence of an effector in CD2Cl2 reveals a diffusion constant of
log D of �9.27 m2 s�1, corresponding to a hydrodynamic radius
of 10.2 Å, in line with the formation of the dimeric Rh-complex
[Rh(L2)(CO)(BF4)]2 (Fig. S2†). Additional 31P{1H} (a doublet at
32.94 ppm, JRh–P ¼ 167.8 Hz) and 1H NMR spectroscopy show
the formation of one single dimeric species (the indole-NH and
amide-NH signals at 9.05 ppm and 8.89 ppm with 1 : 1 ratio) ,
and the presence of a single set of signals indicates a fast
exchange of the two ligands coordinating to Rh on the NMR
time scale (Fig. S3–S12†).

NMR titration studies in CD2Cl2 using the dimeric Rh-
complexes [Rh(L2)(CO)(BF4)]2 as the host and tetrabuty-
lammonium benzoate as the guest show that the association
This journal is © The Royal Society of Chemistry 2019
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constant for benzoate to the DIM-receptor is higher than 105

M�1, similar to that of the previously reported monomeric
ParaDIMphos(L1)–Rh complex12 (Fig. S13 and S14†). 1H DOSY
spectroscopy shows that the complex with guests bound has
a similar diffusion constant of log D of �9.30 m2 s�1 as the free
analogue, indicating that the dimer structure of the precursor
[Rh(L2)(CO)(BF4)]2 stays intact when benzoate guests bind to
the DIM-receptors (Fig. S15†).14
Characterization of the active species under hydroformylation
conditions

In order to characterize the rhodium complex under hydro-
formylation conditions, we performed in situ HP IR and NMR
experiments. For this purpose, a 1 : 1 mixture of OrthoDIM-
phos (L2) and [Rh(acac)(CO)2] was mixed in CD2Cl2, and pres-
surized with 7 bar CO/H2 (1 : 1). Upon incubation of the sample
Fig. 3 In situ characterization of the major dimer rhodium complex.
(a) 31P{1H} NMR; (b) HP 1H, 1H{31P} and 1H{sel31P} NMR of the Rh-
hydride region; (c) DFT model of the neutral dimeric species D with
ee–ee conformation (hydrogen bonds shown by purple dots).

This journal is © The Royal Society of Chemistry 2019
at ambient temperature for about 10 min, complete formation
of the active species was observed by 1H HP NMR spectroscopy.
Various NMR experiments were performed to identify the
rhodium complex formed under these conditions (Fig. 3, 4 and
S17–S28†). The diffusion constant of the Rh-species under
syngas conditions is comparable to that of the dimeric Rh-
complex [Rh(L2)(CO)(BF4)]2 (log D of �9.27 vs. �9.20 m2 s�1,
Fig. S17†), indicating that also under actual hydroformylation
conditions a dimeric species is formed. Further NMR experi-
mental data are also in line with a dimeric structure in which
two ligands coordinate to two rhodium metals. The 31P{1H}
NMR spectra shows two doublets of doublets at 84.8 ppm
(JRh–P,P–P ¼ 167.8, 90.9 Hz) and 38.0 ppm (JRh–P,P–P ¼ 124.4, 93.5
Hz), indicating that the two phosphorus atoms coordinated to
the Rh center are inequivalent on the NMR time scale (Fig. 3a,
S18 and S19†). Moreover, phosphorus decoupled (1H{31P}) and
selective phosphorus decoupled (1H{sel31P}) NMR spectros-
copy reveals that the Rh-hydride couples to both phosphorus
atoms at 84.8 ppm and 38.0 ppm with coupling constant of
29 Hz and 20 Hz, respectively (Fig. 3b, S20 and S21†). The
Fig. 4 In situ characterization of themajor dimer Rh-active species. (a)
1H NMR of NH region of the DIM-receptor of the free ligand L2 (the
upper spectra), the square planar dimeric complex [Rh(L2)(CO)(BF4)]2
(the middle spectra) and the trigonal bipyramidal dimeric active
species [Rh(L2)2(CO)2H]2 (the bottom spectra); (b) in situ HP IR spectra
of the dimeric active species under 20 bar of syngas. The ee coordi-
nation fashion is revealed by the shifts of the IR bands of the Rh–CO
when changing the apical H to D.

Chem. Sci., 2019, 10, 7389–7398 | 7391
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Fig. 5 In situ characterization of the monomeric Rh-active species via
effector binding to the DIM-receptor. (a) In situ HP IR spectra of the
monomeric Rh-species with different effectors (200 equivalents of
effectors with respect to the DIM-receptor); (b) calculated IR spectra
(BP86-D3/def2-SV(P)) of the active monomeric [Rh(OAc3L2)(CO)2H]
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phosphorus–phosphorus and phosphorus-hydride coupling
constants are in line with a typical coordination geometry
around rhodium, which is a mixture of coordination complexes
with the ligands in equatorial–equatorial (ee) and equatorial–
axial (ea) coordination fashion that exchanges rapidly on the
NMR timescale (vide infra). The coupling constant of the
hydride with Rh is 4.6 Hz, which is typical for these type of Rh–
phosphine complexes.12,15 HP 1H NMR spectroscopy shows that
also the DIM-receptor is no longer symmetrical (1 : 2 : 1 ratio
instead of 2 : 2 ratio of the NH proton of the DIM-receptor for
the square planar complex [Rh(L2)(CO)(BF4)]2 and the mono-
meric complex [Rh(L1)(CO)2H], Fig. 4a and S22–S24†). The
distinct downeld shis of the amide-NH and indole-NH
signals of the DIM-receptors (Dd 0.58–2.27 ppm and 1 : 2 : 1
ratio) indicate that these protons are involved in hydrogen
bonding. As this is not observed for the monomeric complex
based on L1 this suggests that under hydroformylation condi-
tions this hydrogen bonding in the DIM-receptor is important
for the formation of the dimeric structure. DFT calculations of
the dimeric structure also show that in the energetically most
favourable conformation the amide-carbonyl group of one
ligand hydrogen bonds with the DIM-receptor of the adjacent
ligand within the dimer complex (Fig. 3c, structures A–D at
Fig. S25†).16

At room temperature a single set of phosphorus signals
was obtained, indicating fast exchange between the
complexes in various coordinations modes (ee–ea, ee–ee and
ea–ea) on the NMR time scale. At low temperature these
exchange processes slow down, and at �92 �C, three sets of
signals are observed representing these different dimeric
complexes (vide supra, Fig. S26†). To further investigate the
coordination geometry around rhodium in the dimeric
species, HP IR experiments were carried out using H2/CO or
D2/CO (both 1 : 1). For a monomeric complex present as
a mixture of the ee and ea coordination mode, four peaks in
the carbonyl region can be expected, and for monomeric
species [Rh(L1)(CO)2H]12 three peaks are observed as a result
of overlap. For the dimer [Rh(L2)2(CO)2H]2 that is present as
a mixture of various coordination modes (ee–ea, ee–ee and
ea–ea) ve peaks in the carbonyl region can be observed,
again as a result of partial overlap (Fig. 4). The intensity and
peak region difference (Dn 22 and 15 cm�1)17 indicate the
presence of both ee and ea coordination species, as also
predicted by DFT calculations (Fig. 4b, Table S1, Fig. S25 and
29,† vide supra).

Besides the major dimeric Rh-species, Rh-hydride signals of
a minor Rh-species was observed by 1H NMR (less than 10%,
Fig. S20, S27 and S28†).18 1H DOSY spectroscopy shows that the
signal is of a species that has a diffusion constant comparable to
the monomeric ParaDIMphos–Rh complex (log D of �9.10 vs.
�9.13 m2 s�1, Fig. S17 and S28†), conrming that this species
involves a monomeric Rh complex. VT NMR spectroscopy also
shows that the monomer/dimer ratio changes in favour of the
dimer at lower temperatures, indicating an enthalpy driven
process in line with hydrogen bonds partaking in the dimer-
ization process.
7392 | Chem. Sci., 2019, 10, 7389–7398
Controlling dimer–monomer equilibrium by effector binding
under hydroformylation conditions

As the dimeric structure of the hydride species is stabilized by
hydrogen bonding of the carbonyl-O groups of the ligand with
the DIM-receptors, the binding of competing carboxylate con-
taining effectors would affect the relative stability of the dimer
compared to the monomeric Rh-species. We therefore investi-
gated the effect of the binding of effectors on the monomer/
dimer equilibrium (Fig. 5 and S30–S35†). For this purpose,
a mixture of OrthoDIMphos (L2), [Rh(acac)(CO)2], acetic acid
and triethylamine (1 : 1 : 400 : 400 ratio, [Rh] ¼ 1 mM) was
dissolved in CH2Cl2 and pressurized with 20 bar CO/H2 (1 : 1).
In situ HP IR spectra of this mixture shows the formation of
a new rhodium species that displays one broad peak in the Rh-
carbonyl region (1902 cm�1), instead of ve peaks observed for
the dimeric rhodium complex. Interestingly, the IR band at
1902 cm�1 is quite unusual as the Rh-carbonyl IR bands for
these type of complexes are generally found in the region of
1950–2100 cm�1.1f,12,19 This suggests strong back donation from
the Rh center to the carbonyl ligands, or it may shi as a result
species with acetate as effector binding to the DIM-receptor.

This journal is © The Royal Society of Chemistry 2019
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of hydrogen bonding with HNEt3
+ that is also present in solu-

tion. We therefore performed DFT (BP86-D3/def2-SV(P)) calcu-
lations to understand the experimental spectra (Fig. 5b and
S30–S35†).20 The calculated IR spectra of the monomeric
Rh-species E [Rh(OAc3L2)(CO)2H] with acetate binding to the
DIM-receptor shows two Rh-carbonyl and one Rh–H bands
merged at 2035 cm�1. This absorption is shied with respect to
the experimentally observed band at 1902 cm�1. Instead, the
calculated IR spectra of the monomeric Rh-species E0

[Rh(OAc3L2)(CO)2H]$(HNEt3
+)2, with two HNEt3

+ present that
form hydrogen bonds with the Rh–CO, shows two Rh-carbonyl
bands merged in a broad peak at 1900 cm�1, close to the peak
found in the experiment. The Rh–H band calculated to be at
2030 cm�1 was not observed experimentally, as is rather
common for these type of rhodium(I)hydrido species.1e,19

Similar IR shis were observed for complexes based on our
previously reported bisphosphite DIMPhos ligands.12d Experi-
ments with other effectors, such as 3-butenoate, benzoate and
2-vinyl benzoate, show the similar spectra (Fig. 5a). This shows
that the equilibrium between the dimeric and monomeric
species can be controlled by the binding of different carboxylate
containing effectors in the DIM-receptor.

Further evidence for the ability to control the monomer/
dimer equilibrium by effector binding came from NMR spec-
troscopy studies (Fig. 6a and S36–S43†). The 31P{1H} NMR
Fig. 6 In situ characterization of the monomeric Rh-active species via
effector binding to the DIM-receptor. (a) 31P{1H} NMR spectra of the
dimeric and monomeric Rh-active species; (b) in situ regulation of the
equilibrium between the dimeric and monomeric Rh-active species
with varying amounts of effectors.

This journal is © The Royal Society of Chemistry 2019
spectrum of the complex in the presence of acetate shows two
broad peaks at 36.7 and 34.4 ppm separated by 2.3 ppm, which
is very different from the two doublets of doublets at 84.8 and
38.0 ppm assigned to the dimeric complexes (Fig. 6a and S38†),
as also predicted by DFT (BP86/DZP) calculated NMR spectra21

(Fig. S39–S43†).
In order to show that the equilibrium between the dimeric

and monomeric species can be regulated by the binding of an
effector, we next performed a titration study monitored by in
situ HP IR spectroscopy. For this experiment, the dimeric
rhodium complex was prepared under hydroformylation
conditions (20 bar H2/CO), and subsequently various amounts
of acetates as effectors (acetic acid : triethylamine, 1 : 1 ratio,
30–360 equivalents to the DIM-receptor) were injected into the
HP IR autoclave under syngas pressure. As expected, the HP IR
spectra show the gradual transformation with increasing
amounts of acetate of the spectrum with ve bands typical for
the dimeric complex, to the large broad band associated to the
monomeric complex (Fig. 6b). This experiment conrms that
the equilibrium between the dimer and the monomer can be
regulated by the binding of the effector under catalytic
conditions.

To further support that this dimer–monomer equilibrium
can be controlled by effector binding, the dimeric and mono-
meric rhodium complexes were modelled at BP86-D3/def2-SV(P)
level, and the energies were computed using single point
calculation at B3LYP-D3/TZVP/COSMO(DCM) level (Fig. 7, S44
and Table S4†). Since the entropy is difficult to calculate accu-
rately for large supramolecular systems, the enthalpy energy
was used to compare the stability of various structures. These
DFT calculations show that the dimeric rhodium complexes in
ee–ee, ee–ea and ea–ea coordination fashion are 1.2–
5.2 kcal mol�1 more stable than the monomeric complex in
which the phosphorus ligands are coordinated in the ee mode
(Fig. S44†). In the calculated structure of the dimeric complex
the two phosphorus atoms of each ligand coordinate to two
different Rh atoms, as observed in the X-ray structures of the
related complexes. The two phosphorus atoms are different as
only one has the carbonyl-O function partially hydrogen bonded
in the DIM-receptor of the adjacent ligand (the N–O distances of
2.937–3.035 Å), in line with experimental observations in the
NMR spectra. According to these calculations, these dimeric
complexes are more stable than themonomeric analogue due to
the formation of these hydrogen bonds. When acetate as
effector binds to the DIM-receptor, the monomeric rhodium
complex, in either ee or ea coordination mode, is more stable
than the dimeric complex by ca. 25 kcal mol�1.22 Thus,
combined experimental and theoretical evidence shows that
under hydroformylation conditions the complexes are in the
dimeric form, unless a sufficient amount of acetate containing
effector is present to bind to the DIM-receptor.
Control over selectivity and reactivity in hydroformylation
catalysis using the dimer–monomer equilibrium

We next studied if the dimeric and monomeric complexes also
display different selectivity and reactivity in the hydroformylation
Chem. Sci., 2019, 10, 7389–7398 | 7393
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Fig. 7 DFT optimized structures of the key dimer and monomer rhodium complexes controlled by acetate binding as effector (BP86-D3/def2-
SV(P)//B3LYP-D3/def2-TZVP/COSMO(DCM)). The ee isomer of the monomeric trigonal bipyramidal Rh-species (A), the ee–ee isomer of the
dimeric trigonal bipyramidal Rh-species (D), the ee isomer of the monomeric trigonal bipyramidal Rh-species [Rh(OAc3L2)(CO)2H] with acetate
bound in the DIM-receptor (E). H298: enthalpy at 298 K (relative to the monomeric active Rh-species (A) in kcal mol�1). Hydrogen bonds are
shown in purple dots. The charge of the effector is �1. Details see the ESI.†
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of 1-octene (Scheme 2, Fig. 8, 9 and S45–S48, Tables S2 and S3†).
All the experiments were performed in an AMTEC SPR16 under
identical conditions of pressure and temperature while
Scheme 2 Hydroformylation of 1-octene via effector controlled
catalysis.

7394 | Chem. Sci., 2019, 10, 7389–7398
recording the gas-uptake curves. The selectivity and conversion
were determined by gas chromatography and NMR analysis
using an internal standard. We used acetate as effector to shi
the equilibrium from dimer to monomer, in order to limit the
steric effects of the binding of the effector on the catalysis.23 In
the absence of acetate effector, the dimeric rhodium complex
converted 1-octene with a linear/branched product ratio of 4.2
(81% linear aldehyde and 19% branched aldehyde). In the
presence of the acetate effector (100–400 equivalents), the
monomer rhodium complex is the dominant species present and
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) The selectivity and (b) conversion vs. the amounts of
effectors applied in the hydroformylation of 1-octene for various
catalytic systems. Reaction conditions: [substrate] ¼ 0.6 M, [Rh] ¼
1 mM, acetate effector (acetic acid : TEA 1 : 1 ratio, 0–0.4 M), solvent
dichloromethane, 20 bar of syngas, reaction temperature 25 �C,
reaction time of 48 h. The error is less than 5%.

Fig. 9 (a) Aldehyde product concentration vs. time using the Ortho-
DIMphos–Rh catalyst system; and (b) reaction rate at 2% conversion
vs. the amount of effectors. Reaction conditions: [substrate] ¼ 0.6 M,
[Rh] ¼ 1 mM, acetate effector (acetic acid : TEA 1 : 1 ratio, 0–0.4 M),
solvent dichloromethane, 20 bar of syngas, reaction temperature
25 �C, reaction time of 48 h. The error is less than 5%.
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this complex converts 1-octene with a linear/branched product
ratio of 1.8, which is two fold increase of the branched isomer
product (19% vs. 37%). Next to the selectivity, the reactivity dis-
played by the monomeric complex is also very different. The
recorded gas-uptake curves have been analyzed and for the
OrthoDIMphos based catalyst system, the reaction rate is about
ten times faster in absence than in presence of the acetate
effector, in line with the conversion (Fig. 8, 9b, c and S45–S48†).
Importantly, these results reveal that the dimeric and mono-
meric active species display different activity and selectivity in
the hydroformylation of 1-octene. Thus, the catalyst properties
can be regulated by the effector binding to the DIM-receptor.

As control experiments we studied the effect of the acetate
binding to the ParaDIMphos–rhodium12 catalyst, which is only
present in the monomeric form (Fig. 8, Tables S2 and S3†). As
expected, the presence of acetate has limited inuence on the
selectivity and activity (l/b ca. 10, conversion 4–8%). A similar
control experiment using rhodium Xantphos24 as catalyst also
shows that the presence of 0–400 equivalents of acetate does not
inuence the selectivity and activity (l/b ca. 60, conversion 3%,
Fig. 8). In line with that, analysis of the kinetic data of the
Xantphos and ParaDIMphos based rhodium complexes show
This journal is © The Royal Society of Chemistry 2019
that the activity does not change in the presence of acetate, i.e.
acetic acid and triethylamine of 1 : 1 ratio. Importantly, these
control experiments also reveal that the triethylammonium
carboxylate salts generated do not inuence the activity and
selectivity via the interaction with the catalytic center. Instead,
the modication of the catalyst conformation via effector
binding to the second coordination sphere plays dominated
role in the regulation of the activity and selectivity. Thus, these
experiments demonstrate that the OrthoDIMphos–Rh catalyst
represents an unique responsive catalyst system as the activity
and selectivity can be tuned by the addition of acetate as
effector.

Conclusions

In this paper, we report a new ligand, OrthoDIMphos (L2), that
forms dimeric complexes [Rh(L2)]2 when coordinated to
rhodium, as evidenced by the two X-ray crystal structures and
spectroscopic studies in solution. The dimeric structure under
hydroformylation conditions is favoured by hydrogen bonding
interactions between the carbonyl-O groups of the ligand and
the DIM-receptors. As binding of guests competes with this
Chem. Sci., 2019, 10, 7389–7398 | 7395
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hydrogen bonding, the presence of carboxylate containing
effectors in solution results in the formation of monomeric
complexes, and as such these guests are effectors that control
the dimer–monomer equilibrium of these complexes. As the
monomeric and dimeric complexes have different properties in
the hydroformylation of 1-octene, this catalytic system repre-
sents an effector responsive hydroformylation catalyst. Both the
regioselectivity and reactivity are different when the reaction is
carried out with catalyst in monomeric or dimeric state (l/b 4.2
to 1.8, rate 0.008 to 0.0004 mol (l�1 h�1)). As such, we demon-
strate in this paper the rst example of the control of the
selectivity and reactivity in the hydroformylation reaction using
effectors to change the active species from dimer to monomer
conformation. This type of regulatory mechanism is rather
common in nature, but very rare for synthetic systems. These
systems can be useful for catalysis in more complex mixtures of
catalysts and substrates, and experiments along these lines are
currently carried out in our laboratories.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We acknowledge Jan Meine Ernsting and Dr Andreas W. Ehlers
for helping with High-Pressure NMR studies and many fruitful
discussions. S.-T. Bai thanks the China Scholarship Council for
a PhD fellowship (CSC student number 201506010269) and
University of Amsterdam for nancial support. VS and BdB
thank the NWO-Shell Computational sciences for energy
research initiative (project 13CSER003) and the RPA Sustainable
Chemistry of the University of Amsterdam.

Notes and references

1 (a) B. Breit and L. Diab, Hydroformylation and Related
Carbonylation Reactions of Alkenes, Alkynes, and Allenes,
Elsevier Ltd., 2014, vol. 4; (b) P. W. N. M. van Leeuwen,
R. Lazzaroni, R. Settambolo, A. Caiazzo, P. C. J. Kamer,
J. N. H. Reek, C. P. Casey, G. T. Whiteker, C. Claver,
S. Castillón, E. Fernández, J. Herwig, R. Fischer and
P. Arnoldy, Rhodium catalyzed hydroformylation, Springer
Netherlands, 1st edn, 2002; (c) M. L. Clarke and
J. J. R. Frew, in Organometallic Chemistry, The Royal Society
of Chemistry, 2009, vol. 35, pp. 19–46; (d) A. A. Oswald,
D. E. Hendriksen, R. V Kastrup and E. J. Mozeleski, in
Homogeneous Transition Metal Catalyzed Reactions,
American Chemical Society, 1992, vol. 230, pp. 395–418; (e)
J. Klosin and C. R. Landis, Acc. Chem. Res., 2007, 40, 1251–
1259; (f) R. Franke, D. Selent and A. Börner, Chem. Rev.,
2012, 112, 5675–5732; (g) F. Agbossou, J. Carpentier and
A. Mortreux, Chem. Rev., 1995, 95, 2485–2506; (h)
P. C. J. Kamer, P. W. N. M. Van Leeuwen and J. N. H. Reek,
Acc. Chem. Res., 2001, 34, 895–904; (i) P. W. N. M. van
Leeuwen, Homogeneous Catalysis, Springer Netherlands,
Dordrecht, 1st edn, 2004, vol. 30; (j) B. Breit, in Metal
7396 | Chem. Sci., 2019, 10, 7389–7398
Catalyzed Reductive C–C Bond Formation, ed. M. J. Krische,
Springer Berlin Heidelberg, Berlin, Heidelberg, Heidelberg,
2007, pp. 139–172.

2 (a) Phosphorus(III) Ligands in Homogeneous Catalysis: Design
and Synthesis, ed. P. C. J. Kamer and P. W. N. M. van
Leeuwen, John Wiley & Sons, Ltd, Chichester, UK, 2012; (b)
C. A. Tolman, Chem. Rev., 1977, 77, 313–348; (c)
C. A. Fleckenstein and H. Plenio, Chem. Soc. Rev., 2010, 39,
694–711; (d) T. L. Brown and K. J. Lee, Coord. Chem. Rev.,
1993, 128, 89–116; (e) M. L. Clarke and M. Heydt,
Organometallics, 2005, 24, 6475–6478; (f) A. Gómez-Suárez,
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14948–14951; (k) T. Šmejkal and B. Breit, Angew. Chem., Int.
Ed., 2008, 47, 3946–3949; (l) L. J. Jongkind, X. Caumes,
A. P. T. Hartendorp and J. N. H. Reek, Acc. Chem. Res.,
2018, 51, 2115–2128.

10 (a) C. G. Oliveri, P. A. Ulmann, M. J. Wiester and C. A. Mirkin,
Acc. Chem. Res., 2008, 41, 1618–1629; (b) N. C. Gianneschi,
This journal is © The Royal Society of Chemistry 2019
M. S. Masar and C. A. Mirkin, Acc. Chem. Res., 2005, 38,
825–837; (c) H. J. Yoon, J. Kuwabara, J.-H. Kim and
C. A. Mirkin, Science, 2010, 330, 66–69; (d) I. O. Fritsky,
R. Ott, H. Pritzkow and R. Krämer, Chem.–Eur. J., 2001, 7,
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