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ABSTRACT: In this study, we report on properties of a series of ~ ictron b
rhodium complexes of bisphosphine and bisphosphite L1-L7

) ‘% w
ligands, which are equipped with an integral anion binding site M\OG“ non_é‘ \x\- e - o

(the DIM pocket), and their application in the regioselective ™) interations center 3 s
hydroformylation of vinyl and allyl arenes bearing an anionic oo % ‘ N ﬂ 4 @
group. In principle, the binding site of the ligand is used to s“"i‘iﬁlffﬁf“‘m “
preorganize a substrate molecule through noncovalent inter- oo U e
. . . . . . * Unprecedented + Supramolecular substrate * Unusual kinetics involving complex
actions with its anionic group to promote otherwise unfavorable selectivity preorganization equilibria with dormant species
reaction pathways. We demonstrate that this strategy allows for
unprecedented reversal of selectivity to form otherwise disfavored f-aldehyde products in the hydroformylation of vinyl 2- and 3-
carboxyarenes, with chemo- and regioselectivity up to 100%. The catalyst has a wide substrate scope, including the most
challenging substrates with internal double bonds. Coordination studies of the catalysts under catalytically relevant conditions
reveal the formation of the hydridobiscarbonyl rhodium complexes [Rh(Ln)(CO),H]. The titration studies confirm that the
rhodium complexes can bind anionic species in the DIM binding site of the ligand. Furthermore, kinetic studies and in situ
spectroscopic investigations for the most active catalyst give insight into the operational mode of the system, and reveal that the
catalytically active species are involved in complex equilibria with unusual dormant (reversibly inactivated) species. In principle,
this involves the competitive inhibition of the recognition center by product binding, as well as the inhibition of the metal center
via reversible coordination of either a substrate or a product molecule. Despite the inhibition effects, the substrate
preorganization gives rise to very high activities and efficiencies (TON > 18 000 and TOF > 6000 mol mol™" h™"), which are
adequate for commercial applications.
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B INTRODUCTION intermediates in synthesis of numerous important fine
chemicals could be, in principle, obtained using hydro-
formylation of abundant aryl vinyls. However, the reaction
typically affords only up to several percent of the f-aldehyde
chemicals, alongside the main a-aldehyde products (Scheme
1).>* Therefore, the f-aryl aldehydes are usually obtained in
alternative routes, involving rather sophisticated and tedious
stoichiometric reactions, often burdened with production of
stoichiometric amounts of the waste byproducts.”

In case of hydroformylation of vinyl arenes, the regiose-
lectivity toward the a-aldehyde products originates from the
formation of a rhodium a-arylalkyl intermediate that is
stabilized through a 7-benzyl interaction involving the aromatic
ring system (Scheme 1).° So far, there is no example of a
catalyst that could overcome this “natural” a-selectivity for a
broad scope of substrates. However, Peng and Blryant,7 Beller,®
and Zhang® reported remarkable examples of catalysts that
form the p-aldehyde product with a satisfactory level of
selectivity, but only for styrene—the nonsubstituted benchmark
substrate (R = H, Ar = Ph in Scheme 1; the overall selectivities
are ca. 90%, with the best regioselectivity of 96% and the

Concern for sustainable developments sets high demands for
chemical industry to make use of resources and energy with the
highest possible efficiency. This pressure results in intensive
research on the discovery and development of new catalytic
transformations that can successfully replace stoichiometric
organic reactions to create more synthetically and economically
efficient routes toward high-value chemicals.' The general
utility of a catalytic reaction depends greatly on the accessibility
of active and stable catalysts that display the desired selectivity
for substrates of interest, and obviously on the synthetic value
of an introduced group with that transformation. The flagship
example for such transformations is the hydroformylation
reaction, which converts an olefinic C=C double bond into a
synthetically versatile aldehyde group with 100% atom
economy.”® Consequently, a variety of abundant olefins are
efficiently converted to various valuable compounds, placing
hydroformylation among the most important industrial
processes utilizing homogeneous catalysis.” However, despite
intensive research in the field of hydroformylation, the
regioselectivity of the reaction can be controlled only to
some extent, strongly depending on substrates.”® Therefore,
the technology is limited to specific classes of aldehyde Received: March 26, 2014
compounds. For instance, f-aryl aldehydes that are key Published: May 19, 2014
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Scheme 1. Regioselectivity Issues in the Hydroformylation of
Vinyl Arenes
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chemoselectivity of 92%). In case of 1,2-disubstituted vinyl
arenes (R # H, in Scheme 1), an inherently lower reactivity of
an internal double bond and its possible isomerization side
reactions cause that steering the selectivity to the f-position is
even more troublesome.'® Currently, there is no example of the
P-selective hydroformylation for such substrates. Considering
the potential utility for bulk/fine chemical synthesis, catalytic
systems offering such unusual selectivity are highly desired.
To generate a catalytic system that would effectively
overcome the natural selectivity, we hypothesized that it is
necessary to devise a catalyst that would preorganize a substrate
molecule in a way that the orientation of the reactive double
bond at a catalytic center favors 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 noncovalent interactions of a directing
functional group (i) with a metal center;''™"* or as recently
shown, (ii) with a ligand of the catalyst equipped with a
complementary binding site (Figure 1)."~' For hydro-
formylation, the latter is required because the active
catalyst—the neutral Rh! complex”*—is not suited for

substrate
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Figure 1. (a) Schematic representation of 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 and (b) the molecular
model (by DFT) of the hydrogen bonding-mediated preorganization
of vinyl arene substrate () at the supramolecular hydroformylation
catalyst of the study (Rh(LS5)).
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traditional preorganization via metal—substrate coordination,
due to the excess CO present competing for substrate
coordination. As a part of our ongoing efforts to exploit the
potential of supramolecular chemistry for controlling the
selectivity in transition metal catalysis,'>*® we devised catalysts
in which the substrate molecules—vinyl derivatives could be
preorganized using noncovalent, hydrogen bonding, interac-
tions with a directing site of the ligand (Figure 1).* Here, we
report the high competence of the strategy, providing highly
active and up to 100% chemo- and p-regioselective supra-
molecular catalysts for the 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
and 80 °C, for a wide substrate scope and at low catalyst
loadings reaching high efficiency (TON > 18 000 and TOF >
6000 mol mol™ h™!). Furthermore, we show that the reactions
can be performed at large scale; the products can be easily
isolated and readily transformed into further valuable building
blocks. Kinetic studies and in situ spectroscopic investigation
give an insight into the operational mode of the most active
catalyst and reveal that the catalytically active species are
involved in complex equilibria involving unusual dormant
(reversibly inactivated) species. Full details of these studies are
presented in the following sections.

B RESULTS AND DISCUSSION

On account of our previous studies on the development of the
regioselective catalysts for hydroformylation of aliphatic olefins
with anionic groups,'® we conceived of a series of catalysts with
potential for the p-regioselective hydroformylation of vinyl
arenes bearing a carboxyl group. Interestingly, the intended
products of such transformation represent valuable intermedi-
ates in the synthesis of a series of natural products and
therapeutic agents.”> The designed catalysts comprise a
bidentate ligand functionalized with (i) two phosphorus
moieties for coordination to the catalytically active rhodium
center”” and (i) the diamidodiindolylmethane moiety that
strongly binds to the carboxylate group* and as such serves as
a substrate prebinding site. The considered bifunctional
catalysts are devised to preorganize molecules of the addressed
class of substrates through noncovalent binding, controlling the
reaction selectivity (Figure 1b)."> The 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.

Ligand Synthesis. The ligands are synthesized startin
from easily accessible 7,7’-dinitro-2,2'-diindolomethane 1,2
which is first hydrogenated in the presence of Pd/C, to obtain
diamine 2. In one of the synthetic routes (Scheme 2),
compound 2 is next reacted with phosphino carboxylic acids,
following the standard condensation procedure involving a
carbodiimide coupling reagent,” to give bisphosphine ligands
L1-L4 in good overall yields of 62—67%.

The phosphite ligands LS—L7 are prepared following the
alternative synthetic route (Scheme 2). First, the diamine 2 is
reacted with benzyloxybenzoyl chlorides, in the presence of a
base, to give bisamides 3a,b. The benzyl protecting groups of
3ab 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 LS—L7 in good overall yields of 75—88%. It
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Scheme 2. Synthesis of Ligands L1-L7“
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“Reagents and conditions: (a) H,, Pd/C, MeOH, room temperature
(RT); (b) (Ar,P)Ph(CH,),COOH (n = 0 or 1), diisopropylcarbo-
diimide (DIC), 4-dimethylaminopyridine (DMAP), 4-pyrrolidinopyr-
idine, CH,Cl,, RT; (c) 3- or 4-(BzO)PhCOC], triethylamine (TEA),
CH,Cl,, RT; (d) H,, Pd/C, MeOH : THF (1:3), 40 °C; (e) binol/
taddol-PCl, TEA, CH,Cl,, =78 °C — RT. For full experimental
details, see the Supporting Information (SI).
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is noteworthy that the developed synthetic routes allow for
simple variation of the steric, geometric, and electronic
properties of ligands, if desired, by using different phosphino
carboxylic acids or phosphorochloridites at the last synthetic
step of the procedures.

Regioselective Hydroformylation of Vinylbenzoic
Acids. We first evaluated the catalytic competence 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/H,, 1:1) in
CH,Cl,, with a catalyst prepared in situ (without catalyst
preactivation). Importantly, for all ligands explored, the active
catalysts are already formed under these mild conditions (Table
1). Pleasingly, in the case of 2-vinylbenzoic acid (5),
hydroformylation using rhodium catalysts with all ligands but
L3 provide f-aldehyde 8, 2-(3-oxopropane)-benzoic acid, as the
major product, which is typically disfavored using regular
hydroformylation catalysts. Remarkably, catalysts with ligands
L5—L6 provide exclusive formation of the S-aldehyde 8, and
these reactions are 100% chemo- and regioselective. Interest-
ingly, ligands LS and L6 also afford S-selective catalysts for
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Scheme 3. Hydroformylation of 5—7 with the Rh/L1-L7

catalysts
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Table 1. Evaluation of Ligands L1-L7 for the
Hydroformylation of 5—7¢

substrate S 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
14 50 57 87 3 74 11
LS 100 >98 100 73 100 15
L6 100 >98 94 85 64 24
L7 94 67 80 17 96 7

“Reagents and conditions: [substrate] = 02 M, TEA (1 equiv),
[Rh(CO),(acac)] (1 mol %), ligands L1-L4 (1.5 mol %), ligands
L5—-L7 (1.1 mol %), 20 bar CO/H, (1:1), 40 °C, 24 h. Conversion
and regioselectivity determined by "H NMR analysis of the reaction
mixture. No side products were observed for substrates S 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. For full exper-
imental details, see the SI.

substrate 6, 3-vinylbenzoic acid, with a regioselectivity up to
85% for f-aldehyde product 9, 3-(3-oxopropane)-benzoic acid
(Table 1). In turn, the last substrate from the series, that is, 4-
vinylbenzoic acid (7) reacts to form the typical a-aldehyde 10’
as the major product, revealing the apparent mismatch between
the substrate and the supramolecular catalysts of ligands L1—
L7.

We also evaluated the influence of the amount of base
present in solution (triethylamine), which is used to
deprotonate the substrates. We found that the reactions are
slightly faster when lower amounts of base are used, with little
effect on the regioselectivity (SI Table S1). Interestingly, the
hydroformylation of § with ligands LS—L6 can be performed
with substochiometric amounts of base, retaining 100% chemo-
and regioselectivity for aldehyde 8. Furthermore, the catalyst
with LS turned out to be the most active within the tested
series of catalysts, leading to full substrate conversion even at
room temperature.

Subsequently, to confirm that the supramolecular substrate—
ligand interactions are responsible for the unusual selectivity,
we performed a series of control experiments. A range of
styrene-derivatives, with electron-withdrawing and electron-
donating groups, which cannot bind to the pocket of the ligand,
are hydroformylated by Rh(LS) to form the typical a-aldehyde
products selectively, with only 3—10% of f$-aldehydes alongside
(SI Table S6). Methyl 2-vinylbenzoate (11), the ester derivative
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of § that is its closest analogue in terms of steric and electronic
properties but is unable to bind to the ligand, forms only 5% of
P-aldehyde 12 and 95% of a-aldehyde 12'. This sharp contrast
in reaction selectivity for related substrates $ and 11
demonstrates clearly the influence of preorganization effect
for 5 (Scheme 4). In addition, substrate § reacts considerably

Scheme 4. Importance of the Supramolecular Interactions:
Hydroformylation of 5 and of its Ester Analogue 11 with the
Rh(LS) Catalyst?
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“Product yields were determined by NMR spectroscopy and GC
analysis.

faster than its ester analogue 11 (TOF = 57.0 vs 11.7 mol
mol™" h7'), under otherwise similar conditions. Using the
relative selectivities and overall activities for the hydro-
formylation of § and 11, one can estimate the influence of
substrate preorganization on relative rates of reaction pathways
toward the a- and f-aldehyde products. Such comparison
shows that the supramolecular substrate—ligand interactions
result in the acceleration of the f-aldehyde formation by a
factor of 60, and the deceleration of a-aldehyde formation by
more than a factor of 100. These control experiments
demonstrate clearly that the high activity and the unrivaled
regioselectivity of Rh(LS) to form 8 stem from the substrate
binding to ligand LS. For comparison, hydroformylation of §
catalyzed by typical catalysts, i.e., rhodium complexes
comprising monodentate (PPh;, P(OPh);) or bidentate
(xantphos and dppp; xantphos = 4,5-bis(diphenylphosphino)-
9,9-dimethylxanthene, dppp = 1,3-bis(diphenylphosphino)-
propane) ligands, under otherwise similar conditions, do not
proceed or progress with only modest activity (TOF < 9.5 mol
mol ™' h™"), forming the a-aldehyde as the main product (with
up to 6% of the f-aldehyde product alongside, with the
exception of the rhodium-xantphos catalyst that forms 50% of
the B-aldehyde, but with low activity of 0.2 mol mol™" h™').*?
Furthermore, the Rh-catalyst containing binol-based phosphite
ligands—that is the complex resembling the Rh(LS) catalyst,
but one that is not equipped with the attached anion binding
pocket—shows no activity for hydroformylation of $, neither in
the presence nor in the absence of separately added anion
receptor.33

Substrate Scope of the Catalytic System. We next
evaluated the substrate scope of the supramolecular catalyst
Rh(LS). Considering the high selectivity with 5, we first
focused the evaluation on a series of vinyl-2-carboxyarenes
(Scheme S). In all but one of the studied examples, the
reactions form the f-aldehyde products with full regioselectiv-
ity. Most reactions were accomplished already at room
temperature or slightly above, and only the reaction for
naphthyl derivative Sk required 60 °C to form the product 8k
in high yield. In general, substrates with substitutions at any
position of the aryl ring are easily converted, with a broad range
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Scheme 5. Substrate Scope for the Hydroformylation of
Vinyl 2-Carboxyarenes $ with the Rh(LS) Catalyst®
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(96%) 8g: >98% (93%) 8h: >98% 8i: >98%

8n: >98% (85%) 80: >98% (95%)

“Product yield and selectivity determined by 'H and C 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: [S] = 0.2 M, base=DIPEA or TEA
(0.5—1.5 equiv), [Rh(CO),(acac)] (1 mol %), ligand LS (1.1 mol %),
20 bar CO/H, (1:1), 22—60 °C to 22—40 °C, 24—72 h. "95%
conversion at 60 °C. ‘Regioselectivity toward aldehyde 8p and
chemoselectivity toward aldehydes, respectively. For full experimental
details, see the SI

of functional groups, such as alkyl, alkoxy, chloride, nitro, and
amide groups being compatible with the catalyst. Furthermore,
vinyl analogues with other aromatic and heteroaromatic rings,
such as naphthyl, pyridine, indole, and (benzo)thiophene
derivatives react with 100% selectivity to form the f-aldehydes.
Only the reaction with furan derivative Sp does not proceed
with full selectivity, but the f-aldehyde 8p is still formed as the
major product, with 70% yield and 87% regioselectivity.

Subsequently, we evaluated even more challenging substrates
with internal double bonds, ie., f-substituted vinyl arene
derivatives. In general, such substrates are significantly less
reactive, and present even lower reactivity to form the f-
aldehyde products.'® Besides, the double bond can isomerize,
furnishing a complex mixture of isomeric products. Remarkably,
catalyst Rh(LS) converts substrates 13 and 14 easily, and forms
the f-aldehyde products exclusively which are isolated in nearly
quantitative yield (Scheme 6).>° To the best of our knowledge,
these constitute the first examples of f-regioselective hydro-
formylation of f-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
burdened with the reactivity issues of vinyl arenes. However,
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Scheme 6. Hydroformylation of f-Substituted Vinyl and
Allyl Arenes 13—17 with the Supramolecular Catalyst
Rh(LS)“
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“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.

under hydroformylation conditions, allyl-arenes can readily
isomerize to the vinyl analogues, finally resulting in the
formation of mixtures of @-, - and y-aldehyde products.””
Pleasingly, hydroformylation of substrate 15, and of its
substituted analogue 16, using the Rh(LS) catalyst leads to
the selective formation of the y-aldehydes (Scheme 6).* This
extends the potential application of the Rh(LS) catalyst to the
synthesis of another class of building blocks, for example, for
the fragrance industry.”” It is noteworthy that 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
previously envisioned mechanistic model."*"

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(LS) catalyst affords close to an equimolar mixture of @- and
P-aldehyde products, while the catalyst with ligand L6 is poorly
active for this substrate.*®

Potential for Applications. To further evaluate the
application potential of the Rh(LS) catalyst, we investigated
in more detail the tolerance of the catalysts to changes in the
reaction conditions and its scalability (Table 2). The catalyst
operates in various solvents, including dichloromethane,
toluene, tetrahydrofuran (THF), and acetonitrile. Remarkably,
the reaction also proceeds under ambient pressure of syngas
already at room temperature, so that it can be carried out using
common laboratory equipment (a Schlenk flask equipped with
a balloon). Furthermore, the activity of Rh(L5) is increased by
elevating the reaction temperature up to 80 °C without any loss
of selectivity. This affords the high catalyst activity and
efficiency (TOF > 6000 mol mol™ h™' and TON > 18 000),
retaining the full reaction selectivity. This allows for applying
very low catalyst loadings (0.005 mol %), which are suitable for
commercial applications. Importantly, the reactions are readily
scalable to multigram level (>S g). The analytically pure
product of such reaction is easily isolated in nearly quantitative
yield (97%) by a straightforward acid—base extraction
procedure. The f-aldehyde products are convenient synthetic
building blocks, featured in synthe51s of many natural products
and therapeutic agents (Scheme 7).*> We show that product 8
is easily converted in three straightforward steps (78% overall
yield), through the amino aryl ester 24, to the aryl &-lactam 23.
Aldehyde 8 is also easily reduced to the hydroxyaryl acid 26,
and subsequently reacted to form the corresponding aryl e-
lactone 25. These are common structural motifs of some
bioactive compounds,” and as such, the described catalytic
system affords new convenient synthetic routes toward those
fine chemicals.

Coordination and Anion Binding Studies. Before
exploring the mechanism by kinetic analysis, we first studied
the binding properties of anions in the DIM-pocket as well as

Table 2. Evaluation of Reaction Conditions on the Hydroformylation of 5 with Rh(L5)“

temp (°C) time (h) pressure (bar) solvent
22 24 1 CH,CL,
2 24 20 CH,Cl,
35 24 1 CH,Cl,
40 24 20 toluene
40 24 20 THF
40 24 20 CH,CN
40 24 20 CH,Cl,
60 24 20 CH,Cl,
80 1 20 CH,Cl,
80 1 20 CH,CL,
80 1 20 CH,Cl,
80 12 20 CH,Cl,

“Reagents and conditions: [substrate] =

base (equiv) Rh (mol %) % conv % 8
1.5 1 40 >98
1.5 1 100 >98
LS 1 100® >98
1.5 1 100 >98
1.5 1 100 >98
1.5 1 84 >98
1.5 0.25 100 >98
1.5 0.1 100 >98¢
1.5 0.25 100 >98°¢
0.5 0.05 100 >98
0.5 0.005 42 >98
0.9 0.005 920 >98

0.2 M, Rh(CO),(acac) as a rhodium source, Rh: ligand LS, 1/1.1; CO/H, (1/1); base = TEA (DIPEA can

be used alternatively). Convers1on and regioselectivity determined by 'H NMR analysis of the reaction mixture. No side products were observed
(except where noted). *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). “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 SI.
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Scheme 7. Transformation of Aldehyde 8 into other
Valuable Building Blocks®
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“Reagents and conditions for Ar = 1,2-Ph, R = n-C,H,: (a) CH,],
KHCO3; (b) 1. RNH,, 2. NaBH,; (c) Al(CH;);, (d) NaBH,; and (e)
p-TolSO;H. For full experimental details, see the SIL

the coordination behavior of the various ligands to rhodium
under catalytic conditions. The anion binding properties of the
studied ligands are apparent from the significant downfleld shift
of the NH signals of both phosphine L1 and phosphite LS in
the 'H NMR spectra in CD,Cl, (A = 2.4—3.6 ppm), triggered
by the presence of benzoate anions. This observation is
consistent with the formation of hydrogen bonds between the
NH groups of the ligands and the carboxylate group of the
anion.

The bis-coordination of the ligands to the rhodium center
through the P centers is evident from the phosphorus—
rhodium couplings in the *'P NMR spectra. For instance, L1
and LS in the presence of the [Rh(acac)(C,H,),] and
[Rh(acac)(CO),] precursors give rise to the formation of the
square planar complexes—[Rh(acac)(L1)] and [Rh(acac)-
(LS)], respectively—the precursors of the competent hydro-
formylation catalysts (acac acetyloacetonate). The C-
symmetry of phosphine ligands L1—L4 is evidenced with a
single doublet signal for the rhodium complexes in the *'P{'H}
NMR spectra.®® In contrast, the phosphorus spectrum for
[Rh(acac)(LS)] demonstrates the inequivalency of the P
donors (Figure 2), due to the overall lack of symmetry—the
C,-symmetry of ligands LS—L7 (consequences of the C,-
symmetry of the diindolylmethane core and C,-symmetry of

31P{'H} NMR H NMR

NH signals of the catalyst

il

NH signals of the anion-catalyst
supramolecular complex

T

P signals of the catalyst

P signals of the anion-catalyst

supramolecular complex
P ok ok ox

- a_,M,....,._JULJ:—J UUULM -

150 149 148 147 146 145 144 143 142 141 140
1 (ppm)

12.5 115 10.5

1 (5pm)

95 90 85 80 7t

Figure 2. Fragments of *P{'H} and 'H NMR spectra for
[Rh(L5)(acac)] complex (0.001 M solution) in the absence (top)
and the presence of PhCOO™ anion (bottom; 1.05 equiv, in the form
of TBA-PhCOO salt; TBA" = tetrabutylammonium cation) measured
in CD,Cl,; # and * denote signals of different phosphorus atoms.
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the diol moieties ((S)-binol or (S,S)-taddol)). The lack of
symmetry for phosphite LS is also revealed in the 'H NMR
spectrum, for instance, with 4 distinguishable NH signals
observed (Figure 2). The NMR titration studies for
[Rh(acac)(LS)] revealed formation of 1:1 anion-to-catalyst
complexes with the benzoate, and no higher stoichiometry
complexes were observed. The anion is bound strongly within
the pocket of LS (evidenced by downfield shift of the NH
signals, Ad = 2.3—3.1 ppm, Figure 2; estimated K, > 10° M,
in CD,CI, based on titration studies), and does not compete
effectively for the coordination site of the metal center with
bidentate LS and acac ligands.

In Situ High-Pressure NMR and IR Analyses. The
coordination properties of ligands L1—L7 to the rhodium
center under catalytically relevant conditions were studied using
high-pressure (HP) NMR and HP infrared (IR) spectroscopic
techniques. Rhodium complexes were prepared in situ by using
[Rh(acac)(CO),] as the metal precursor in CD,Cl, under S bar
of syngas (H,/CO, 1:1) for the NMR experiments, and in
CH,Cl, under 20 bar of syngas for the IR experiments.

Each phosphine ligand L1—L4 forms nearly quantitatively*°
the mononuclear hydridobiscarbonyl rhodium complexes
[Rh(Ln)(CO),H] that are generally accepted as the catalyti-
cally competent species in hydroformylation.>® The formation
of the complexes is evidenced by the extensive of 'H, 'H{*'P}
and *'P{'"H} NMR spectra (Figure 3 and Table 3). The variable

HP 31P{'H} NMR HP 'H NMR HP 'H{>/P} NMR
[Rh(L1)(CO)H] I j l
[Rh(L2)(CO)H]

il e |

[Rh(L3)(CO)H]
[Rh(L4)(CO)H] l I

4 40 39 38 37 % 35
11 (ppm)

93 94 95 96 97 98 99 93 94 95 96 97 98 99
f1 (ppm) f1 (ppm)

Figure 3. High pressure (HP) NMR spectra of [Rh(Ln)(CO),H]
complexes (0.01—0.014 M solution) for phosphine ligands L1—L4,
formed in situ, under S bar of syngas (CO/H,, 1:1) measured in
CD,Cl,; * denotes signals arising upon slow decomposition of
[Rh(L3)(CO),H].»

temperature (VT) NMR experiments allow for observation of
both, the equatorial—equatorial (ee) and equatorial—apical (ea)
isomers of [Rh(L1)(CO),H] at lower temperatures, that are in
fast equilibrium on the NMR time scale at room temperature
(rt)."**"** Small values of the phosphorus-hydride coupling at
rt (Table 3) indicate that all bidentate ligands are coordinated
predominantly in the ee fashion (the expected averaged values
of YJp_y for the ee and ea are around 2 and 100 Hz,
respectively).>!

In agreement with the VI NMR study, the HP IR
investigation of [Rh(L1)(CO),H] using either H,/CO or
D,/CO (both 1:1) reveals absorption bands in the carbonyl
region that correspond to the ee and ea isomeric complexes
(Figure 4)."®°*3* The strong electron withdrawing properties
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Table 3. Selected HP NMR and HP IR Data for [Rh(Ln)(CO),H] of L1-L7°

Ln p (Ppm) Oph-n (PPm) l]PRh (HZ) 1]PH (HZ) ZJRhH (HZ) V(Co)b (Cm_l)
L1 36.8 —-9.50 137.5 4.1 44 1945, 1986, 2044
L2 40.9 -9.83 150.6 8.2 2.0 1972, 2006, 2058
L3 352 —9.48 134.0 9.3 54 1937, 1984, 2037
L4 37.3 —9.40 134.6 10.3 5.5 1943, 1986, 2043
L5 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

“For experimental details, see the footnotes for Figures 2—S and the SL bOnly well-resolved absorption bands are listed. “Values between
parentheses are measured in the mixture of CD;CN + CD,Cl, (1:1) — Figure S.

[Rh(L1)(CO),H]
(solid)

[Rh(L1)(CO),D]
(dashed)

[Rh{(L2)(CO),H]

[Rh(L3)(CO),H]
[Rh(L4)(CO),H]
2100 2050 2000 1950 1900
wavenumber /cm™

Figure 4. High pressure infrared (IR) spectra of [Rh(Ln)(CO),H]
complexes (0.001—0.002 M solutions) for phosphine ligands L1-L4,
formed in situ, under 20 bar of syngas (CO/H,, 1:1; alternatively CO/
D,, 1:1 for the deuterated species—spectrum in red) measured in
CH,CL,.

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.>" 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. The electronic effect of
the CF; substituents is also apparent by the shift of the
absorption bands to higher wavenumbers (Av = 14—27 cm™"),
due to the lowered 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 (Av = —2—8
cm™'; Figure 4). Ligand L4 forms a hydridobiscarbonyl
rhodium complex [Rh(L4)(CO),H] that is electronically
similar to the one formed with its structural isomer, ligand
L1, as evidenced by HP NMR and HP IR studies (Table 3,
Figures 3 and 4). Notably, the HP IR studies for all phosphine
ligands L1-L4, performed under actual hydroformylation
conditions, indicate a quantitative precatalyst activation process
that even at room temperature takes less than 2 h. Furthermore,
the complexes formed are stable under the catalytic
conditions.”

The studies for phosphite ligands show that the rhodium
complex formed with ligand LS displays a clear hydride signal at
—10.62 in the "H NMR spectrum in CD,Cl,. However, both
the proton and phosphorus NMR spectra present broad signals,
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also during the VT experiments (25 to —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 (DOSY)
experiment. The obtained diffusivity indicates formation of only
one discrete complex with a hydrodynamic radius of about 9.4
A, which is similar to that determined for [Rh(L6)(CO),H]
(7.7 A; vide infra), and corresponds most closely to
[Rh(LS)(CO),H], as determined by the computational
model.>> Furthermore, the HP IR reveals only vibrations for
terminal CO ligands, and no signals in the bridging CO region
(1800—1900 cm™) can be detected. Fortunately, the complex
shows the well-resolved signals in the NMR spectra of samples
recorded in a 1:1 mixture of CD,Cl, and CD;CN, that confirms
the structure of [Rh(L5)(CO),H] (Figure S). The values of P—

HP 'H NMR

V.

HP 3!P{!H} NMR

HP 31p NMR HP 1H(3!P} NMR I l
17 169 168 lel (wln? 165 164 163 -1045 -10.55 f (wm-)lw -10.75

Figure 5. High pressure (HP) NMR spectra of [Rh(L5)(CO),H]
complex (0.02 M solution), formed in situ, under S bar of syngas
(CO/H,, 1:1) measured in CD,CN + CD,Cl, (1:1).

H couplings indicate that the hydride [Rh(LS)(CO),H]
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).°

Ligand L6 forms the hydridobiscarbonyl rhodium complex
[Rh(L6)(CO),H], as evidenced by the HP NMR spectra
recorded in CD,Cl, (Figure 7 and Table 3). Alike for other
ligands, the value of P—H coupling indicates a dynamic
equilibrium between ee and ea complexes, with a predom-
ination of the ee complex.***" The VT NMR analysis shows
that the fluxionality is not halted completely even at —95 °C,
which suggests low-energy-barriers for Berry pseudorotations
between the conformations.>® In line with the NMR studies,
the HP IR analysis shows signals corresponding to both the ee
and ea complexes (Figure 6).*°

Finally, the rhodium complex of ligand L7 shows a clear
hydride signal at —10.77 on the "H NMR spectrum in CD,Cl,.
However, similarly to the complex of LS, the signals at the
NMR spectra are broad, even when measured in a mixture of
CD,Cl, and CD;CN, hampering the analysis. The HP IR
reveals the presence of the absorption bands typical for ee

dx.doi.org/10.1021/ja503033q | J. Am. Chem. Soc. 2014, 136, 8418—8429
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[Rh(L5)(CO),H]
(solid)
[Rh(L5)(CO),D]

(dashed)

[Rh(L6)(CO),H]

[Rh(L7)(CO),H]
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1990 1940

Figure 6. High pressure infrared (IR) spectra of [Rh(Ln)(CO),H]
complexes (0.001—0.002 M solutions) for phosphite ligands L5—L7,
formed in situ, under 20 bar of syngas (CO/H,, 1:1; alternatively CO/
D,, 1:1 for the deuterated species—spectrum in red) measured in
CH,Cl,; the assignment of the signals was verified with DFT
calculations.
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Figure 7. High pressure (HP) NMR spectra of [Rh(L6)(CO),H]
complex (0.014 M solution), formed in situ, under S bar of syngas
(CO/H,, 1:1) measured in CD,Cl,.

conformations of the hydridobiscarbonyl rhodium complexes,
however, formation of other complexes cannot be excluded
(Figure 6).

Mechanistic Investigation. To gain a deeper insight into
this supramolecular catalytic system, we studied the hydro-
formylation reactions by Rh(LS) in more detail with kinetic
experiments and further in situ spectroscopy.

Kinetic Studies. Reaction progress kinetic analysis®® for the
hydroformylation of § with Rh(LS5) (monitored by gas-uptake
under standard conditions: CO/H, 1:1, 22 bar (constant), 30
°C; with catalyst preactivation), provided further insight in the
reaction mechanism. First, experiments at different catalyst
concentrations (0.0005—0.002 M of Rh) reveal first-order
kinetics in Rh(L$),** in line with the mononuclear structure of
the active catalyst. Interestingly, experiments at different initial
substrate concentrations (0.1—0.4 M of §) 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
an overall positive rate dependence in 5 (~0.75—1.0 rate order
in S, Figure 8). However, the reactions also substantially slow
down upon increasing the total (initial) substrate concentration
(nonlinear negative dependence of the initial rate in S, black
dashed curve in Figure 8). In fact, further experiments show
that adding the product or a different carboxylate-containing
compound to the initial reaction mixture slows down the
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Figure 8. Graphical representation of the kinetic profiles: reaction rate
versus substrate concentration plots from reactions at different initial
substrate concentration for hydroformylation of 5 with the Rh/LS
catalyst, determined by gas uptake methods. Reagents and conditions:
22 bar CO/H, (1:1), 30 °C, CH,Cl,, c(Rh) = 0.001 M,
[Rh(CO),(acac)]/Ls = 1:1.1; TEA (1.5 equiv of §). Incubation
time for the precatalyst activation = ca. 20 h. For full experimental
details, see the SI

reaction as well (vide infra, Figure 9). Therefore, in principle,
the reaction rates reveal a negative rate dependence on the total
carboxylate concentration, which includes both the substrate
and the product.

03
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reactionrate/ MIh*
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Figure 9. Graphical representation of the kinetic profiles: reaction rate
versus substrate concentration plots from reactions at different initial
substrate concentration and in the presence or absence of the product
or 4-heptylbenzoic acid, for hydroformylation of § with the Rh/LS
catalyst, determined by gas uptake methods. Reagents and conditions:
22 bar CO/H, (1:1), 30 °C, CH,Cl,, c(Rh) 0.001 M,
[Rh(CO),(acac)]/Ls = 1:1.1; TEA (LS equiv of § + additive).
Incubation time for the precatalyst activation = ca. 20 h. For full
experimental details, see the SL

It has been previously reported that carboxylic acid additives
can have an inhibiting effect on the hydroformylation of 1-
hexene,*® but we have not encountered this for our phosphine-
based complexes.'* Considering the relatively high electro-
philicity of the rhodium center of phosphite-based complexes
(as compared to phosphine based systems), the carboxylate
group of a substrate can coordinate to the rhodium center, next
to the proposed binding in the recognition site of LS.
Therefore, the double bond of prebound substrate competes
for the metal coordination site with the carboxylate groups of
other molecules that are present in solution, which thus can
effectively slow down the reaction.

dx.doi.org/10.1021/ja503033q | J. Am. Chem. Soc. 2014, 136, 8418—8429
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To assess the possibility of progressive catalyst deactivation
in the course of the reaction, which would affect the observed
reaction rate dependences, and to evaluate the influence of the
product on the reaction rate, we performed the following series
of kinetic experiments: (A) reaction with a 0.4 M substrate
concentration, (B) reaction with a mixture of 0.2 M of the
substrate and 0.2 M of the product (8), that is simulating
experiment A at 50% substrate conversion; and (C) reaction
with a 0.2 M substrate concentration (without product
addition).>* Experiments A and B indicate that the catalyst is
quite stable in this reaction time window (50% conversions
within ~0.5—1.5 h), as the plots of reaction rate in substrate
concentration overlay reasonably well (red and yellow curves,
Figure 9).%” Experiments B and C clearly show that the reaction
rate is indeed inhibited by the product (yellow versus blue
curves, Figure 9). Moreover, 4-heptylbenzoic acid that is
electronically similar to the product yet devoid of the aldehyde
function imposes the same influence on the reaction rate
(experiment D, Figure 9). This unambiguously shows that the
carboxylic group is responsible for the catalyst inhibition.

As the product is able to bind to the recognition center of LS,
it may affect the reaction rates after partial substrate conversion
through competition with the substrate for the binding to
Rh(LS). Such product—substrate comlpetition effect was
detected before for a related reaction.'® For the current
system, considering the same total concentration of species
having a carboxylate moiety in experiments A and B, the metal
center is inhibited by the carboxylate coordination to the same
extent. At this level of concentrations and with high K, (>10°
M™"), the recognition center of LS is almost fully occupied by
the substrate (or any carboxylate-containing compound).
Therefore, the lower initial reaction rate for experiment B
than for A results directly from competition of the product with
the substrate for binding to the recognition center of Rh(LS).
Such competitive product inhibition is in line with the devised
enzyme-type mechanism in which the substrate prebinds to the
recognition center of Rh(LS) prior the alkene coordination and
conversion at the metal center.*®

In Situ Spectroscopic Studies. To gain a deeper insight into
the complexes of Rh(LS5) formed during the catalytic reaction,
we performed a series of in situ HP NMR and IR experiments.
The *'P{'H} NMR spectrum recorded for the hydro-
formylation of ester 11 shows only signals corresponding to
[Rh(L5)(CO),H] (Figure 10), revealing that the rhodium
hydride species is the resting state of Rh(LS). The study with
substrate S is hampered due to broad signals in both proton

+ substrate 11

+ substte S AMJMWW

178

HP 3'P{’H} NMR

[Rh(LS)(CO)H]

Wi ¥

174 170 162 158 14 150 146 1492

166
f1 (ppm)

Figure 10. High pressure *'P{'H} NMR spectra of Rh(L5) complexes
(0.01 M solution) in the absence (above) and in the presence of 10
equiv of substrate 11 (middle) or substrate 5 (below) and 15 equiv of
TEA, formed in situ, under S bar of syngas (CO/H,, 1:1) measured in
CD;CN + CD,Cl, (1:1).
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and phosphorus NMR spectra. However, the data shows the
formation of a mixture of complexes, indicated by the signals at
158 and 168 ppm in the *'P{'H} NMR spectrum (Figure 10),
and by the hydride signal at —10.72 ppm (at substochiometric
amount) in the 'H NMR spectrum, when measured in a
CD;CN + CD,Cl, mixture. The *P{'H} NMR studies in
CD;CN reveal in addition a complex with a set of well-resolved
signals—two doublets of doublets centered at 180.1 and 181.2
ppm, with 'Jy,_p = 286 and 288 Hz, respectively, and with
Jp1_py = 25 Hz (Figure 11). The proton-coupled *'P NMR

HP 3'P{'H} NMR * # * #

+ substrate 5

+ product 8

W0 1860 1850 180 130 120 180 M0 IMO B0 170 10 70 1740

Figure 11. Fragments of high pressure *'P{'H} NMR spectra of
Rh(LS) complexes (0.01 M solution) in the presence of 10 equiv of
substrate 5 (above) or product 8 (below) and 1S5 equiv of TEA,
formed in situ, under S bar of syngas (CO/H,, 1:1) measured in
CD;CN; # and * denote signals of different phosphorus atoms.

spectrum shows no coupling with the hydride signals for this
complex. The characteristics can be assigned to a square planar
complex with cis ligand coordination, such as [(RCO,)Rh-
(L5)(CO)], in line with the coordination of carboxylate species
to the metal center anticipated from the results of the kinetic
experiments. In fact, the formation of related complexes (e.g,,
[(RCO,)Rh(PPh,),(CO)]) in the presence of carboxylic acids
was reported before.'”* Such complexes were found to be in
equilibrium with the rhodium hydride species,®® and thus
represent the dormant state of the catalyst. The experiment for
Rh(LS) with product 8 shows the same mixture of complexes
on the *'P{'H} NMR spectrum (Figure 11). Thus, the double
bond of § is not involved directly in the formation of the new
complexes. Moreover, similar spectra are recorded also with
different acids, such as 4-heptylbenzoic acid and benzoic acid.**
The small shifts of the signals show that the complex is
somewhat affected by the electronic properties of the acid,
being in agreement with the carboxylate coordination.>**’

The in situ HP IR spectroscopy also shows that [Rh(LS)-
(CO),H] partially turns into different species in the presence of
substrate S, as indicated by two additional strong and broad
bands at 1901 and 1999 cm™". No characteristic acyl band at
~1675—1690 cm™ was detected that could indicate the
formation of the acyl complex [RC(O)Rh(LS)(CO),]
representing the alternative resting state of the catalyst (Type
IT kinetics).>>*® Upon reaching full substrate conversion, the
spectrum does not revert to [Rh(L5)(CO),H], as expected for
the acyl complex.*® Furthermore, the IR spectrum of Rh(LS) in
the presence of product 8 (without any substrate) indicates
formation of the same species (bands at 1901 and 1999
cm_l).34 Besides, according to IR, the catalyst forms similar
complexes in the presence of 4-heptylbenzoic acid (with the
additional bands at 2000 and 1900 cm™). The findings clearly
show that the carboxylate group is involved in the formation of
the new species that represent the additional dormant state of
the catalyst.*®
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Taking all of the above results together, the findings reveal
the events taking place on the catalyst (Figure 12). First, the

inactive
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Effective pathway: ed H
! +S co rxn. 1 :
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- = a2 .=
eq.4”+P eq.5H+P
: i v : Q @
wctivs inactive J
recognition metal {} v O
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catalyst co COO Cc=C CHO

Figure 12. Simplified mechanism for hydroformylation of substrates
bearing a carboxylate moiety with catalyst Rh(L5), including putative
equilibria and reversible catalyst inhibition.

substrate molecule (S) binds via the carboxylate group to the
recognition site of the catalyst (Cat.)—eq 1. Once the CO
dissociates from the rhodium center, either (i) the double bond
of the prebound substrate coordinates—eq 2—and is
converted to the aldehyde followed by the product release—
mxn. 1; or (ii) the carboxylate group of another (free) substrate
molecule coordinates—eq 3—forming inactive complex
reversibly. After product formation and release, the catalyst
binds another substrate molecule, or alternatively it binds the
product (P) in the recognition center—eq 4. The latter
represents the classic competitive reversible product inhib-
ition.'®*3* Besides, the product formed can also coordinate to
the rhodium center, once CO dissociates—eq S.

Bl CONCLUSIONS

We demonstrate in this work that bifunctional catalysts that are
equipped with a catalytic center and an integral anion binding
site (the DIM pocket) afford 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%. The catalyst proved
to be selective for a wide scope of substrates, including the most
challenging substrates with an internal double bond. In addition
to the unusual regioselectivity, the supramolecular substrate
preorganization gives rise to very high activities and efliciencies.
The kinetic studies and in situ spectroscopy reveal that the
active species of Rh(LS) is involved in complex equilibria
including dormant species. In principle, this involves the
competitive inhibition of the recognition center by product
binding, as well as the inhibition of the metal center via
reversible coordination of either a substrate or a product.
Overall, this results in the efficient formation of the desired
product, despite the unusual substrate inhibition effects.
Considering the unprecedented reactivity and that many
transition metal catalyzed processes involve elementary steps
similar to those of the reaction of this work, the explored
supramolecular methodology should assist in the development
of other selective transformations in chemical catalysis. This
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should contribute to the development of new, sustainable
methods for the synthesis of important fine chemicals. Research
along these lines is continued in our laboratories.
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