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Supramolecular chemistry exploits multiple weak intermolecular interactions to assemble nano-sized
molecular architectures, providing new possibilities for (transition metal) catalyst development. In this
Perspective we focus on the application of such weak (directional) interactions between a substrate
molecule and a (bifunctional) catalyst for structural preorganization prior to the catalytic reaction. As we
discuss, such effects together with the confinement properties of the nano-space of the ‘active sites’
play a crucial role for the exceptional selectivities and activities of natural enzymes. We will elaborate on
the application of such supramolecular strategy to the more traditional transition-metal catalysis, and we
will compare it with the traditional substrate preorganization methods. Subsequently, literature examples
of such bifunctional catalyst systems will be described in which the function of weak interactions was
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supramolecular effects was recognized post factum. The discussed examples demonstrate the power of

DOI: 10.1039/c35c53505¢ the strategy for the control of selectivity in various types of metal catalyzed reactions, and the

www.rsc.org/chemicalscience observation of the serendipitous findings can help to generate new leads for more efficient catalyst design.
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1. Introduction

Rapidly rising consumption of goods due to the ever increasing
human population and the rise of living standards put enor-
mous demands on the natural resources of the planet, which, if
explored at the current rate, are expected to run out in the near
future. This state of affairs calls for devoting more attention
towards renewable resources and for using our current reserves
of natural resources more efficiently. This requires the devel-
opment of new technologies that are more environmentally
friendly, and if possible also more economically efficient and as
such attractive for industrial application. Catalysis is a key tool
to control chemical transformations, especially in industry, and
is therefore of crucial importance for sustainable development.*
The central role of (transition metal) catalysts is to accelerate
reactions that are otherwise very slow or even impossible,
primarily by creating new reactivity pathways via a combination
of simple elementary steps at the metal center.” Therefore, it
can give access to new transformations and open up otherwise
inaccessible, yet effective, shortcuts relevant to current
synthetic schemes. In addition, on the long term new catalytic
routes will be crucial for the conversion of renewable building
blocks, replacing fossil-fuel-based materials.

Homogeneous transition-metal catalysis offers powerful and
straightforward methods for carrying out selective and effective
chemical transformations,®> and as such this research field
attracts considerable academic attention that has resulted in
tremendous progress in the last few decades. For transition-
metal catalysts the activity, selectivity (and the stability) is highly
dependent on the ligands coordinated to the catalytic metal
center.* Notable insights in various reaction mechanisms
including the role of the ligands, has been obtained. Computa-
tional methods become increasingly sophisticated, and yet the
ab initio design of a selective catalyst for most reactions with
substrates of interest is still beyond our abilities. Therefore, the
search for catalysts typically still involves the knowledge-sup-
ported trial-and-error screening of candidate systems. Often, the
screening of catalysts based on privileged ligands® - those that
have been proven to provide good selectivities (and activities) for
a broad range of reactions and substrates - is a good starting
point. If required, further structure optimization of the catalyst
follows to finally obtain the catalyst with desired properties. This
approach has provided many successes, but is not a general
strategy that always results in success. There are reactions for
which selectivity issues are difficult to solve with this approach;
reactions, for example, in which the pathway to the desired
product is higher in energy than the alternative pathways, or
reactions with many competing pathways. Therefore, comple-
mentary approaches that allow for a more rational catalyst
design for these challenging reactions would be of high value.

Supramolecular chemistry describes chemical systems
formed by a self-assembly of a number of molecular building
blocks or components via reversible, relatively weak interac-
tions.® Enormous progress in this field has been achieved over
the past few decades resulting in good understanding and
insight into these weak, yet effective interactions that allow for
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formation of large self-assembled molecular architectures.”
Therefore, supramolecular chemistry can provide powerful new
tools for catalyst development and has attracted considerable
attention in the last few years, giving rise to a group of strategies
collectively called ‘supramolecular catalysis’.®* Much attention
has been devoted to supramolecular capsules® the interior of
which mimics the finite microenvironments of natural
enzymes.” Such synthetic cavities can be used as ‘molecular
flasks’ inside of which the reactions experience a series of
‘confinement effects’ that are otherwise not present in the
bulk." This approach has resulted in a number of elegant
examples of capsule-driven reactions that display enhanced
selectivity and/or activity.'>'*> For example, the Diels-Alder reac-
tions within the octahedral coordination capsules, developed by
Fujita and co-workers,"**** lead to products that are not formed
otherwise in these reactions in the bulk, demonstrating the
capsule-directed selectivity effect."*** Raymond and co-workers
showed that the rate of the acid-catalyzed hydrolysis reaction of
orthoesters is increased dramatically by the special microenvi-
ronment of the cage, and occurs even in a basic reaction
medium,'® demonstrating the potential of the strategy for the
rate enhancement. Supramolecular interactions are also widely
used to construct “supramolecular bidentate ligands” from
easily accessible monodentate components that are pro-
grammed to self-assemble in solution.” The strategy gives easy
access to wide libraries of ligands, particularly suitable for
catalyst development based on high throughput screening and
combinatorial methods. These methodologies are already well-
matured, complement traditional approaches, and in principle
are ready to tackle practical problems for homogeneous catal-
ysis.'® Besides such approaches for which the supramolecular
tools are used just to construct the catalysts from simpler
subcomponents by self-assembly, recent breakthroughs
demonstrate that application of supramolecular interactions
between a catalyst and a substrate can be extremely powerful.
Considering that the selectivity of catalytic reactions is deter-
mined by energy differences in the competing transition states
that are as small as 3 kcal mol™, one can envision that the
relatively weak supramolecular interactions can be used to
change the selectivity of any catalytic transformation. In such
approach the aim is no longer to affect the catalyzed reaction by
just modifying secondary coordination sphere of the catalyst,
but supramolecular chemistry tools are applied to control
directly the chemical transformation taking place at the metal
center via precise positioning of the substrate molecule. In this
Perspective we will highlight some of the recent examples to
demonstrate the power of this strategy.

2. Confinement effects and active
substrate preorganization in natural
enzymes

Nature has served as a major source of inspiration in the area of
supramolecular chemistry. Correspondingly, enzymes — natural

catalysts — have served as models for the design of supramolec-
ular catalysts. In enzymes, an ‘active site’ at which the catalytic

This journal is © The Royal Society of Chemistry 2014
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reaction takes place is typically buried within a specific proteo-
mic microenvironment. Therefore, a substrate that is brought
into a confined space of this ‘cavity’ experiences a series of
‘confinement effects’ that are otherwise not present in the
bulk.” For instance, the encapsulated substrate molecule can
accept only specific conformations imposed by the size and
shape of the cavity that also limit its motion, and restricting the
number of possible reactions. This usually also results in
reduced activation entropy of a reaction. The proximity and
orientation of the reactive groups is usually restricted, which in
turn determines the reaction selectivity. In some cases, the
substrate or the reaction intermediate is forced to adopt a high-
energy conformation required for increased reactivity," which
can effectively lower the free-energy reaction barrier, acceler-
ating the reaction. Besides, the transition state of the effective
reaction pathway can be stabilized more efficiently than the
substrate in its ground state by the surrounding -cavity,
decreasing the overall energy barrier of the reaction. Mimicry of
such effects was intensively explored with synthetic supramo-
lecular capsules. This brought a number of elegant capsular
catalysts that display unusual capsule-driven selectivity and/or
enhanced activity in the catalyzed reactions.'>'” In natural
enzymes, however, aside from the confinement effects intrinsic
to the nano-space of the active sites, other factors often play an
important role in controlling the selectivity and the activity of
the catalyzed reaction. Frequently the positioning of the
substrate is determined not only by the size and shape of the
enzymatic cavity, but also by directional interactions between
functional groups of the substrate and of the active site, such as
hydrogen bonding, ionic interactions or even reversible covalent
bonding.’* This ensures precise substrate orientation and
dramatically limits its motion, both of which are essential for
obtaining high selectivity. Importantly, this operational mode is
less susceptible to changes in substrate size (as long as a
substrate molecule bears the essential functional groups), and
allows for selective transformations of a broad substrate scope.
In contrast, substrate orientation based exclusively on shape and
size should in principle be more substrate dependent, as is seen,
for instance, for the Diels-Alder reactions within the cage-type
catalysts."** Furthermore, such interactions with the functional
groups of the substrate can substantially modulate their reac-
tivity allowing for even better control over the selectivity and the
activity of the reaction. Importantly, these directional interac-
tions are well-understood and hence can be precisely manipu-
lated, allowing for the rational design of the ‘active sites’ of such
synthetic mimics of enzymes.

3. Traditional vs. bio-inspired
supramolecular substrate
preorganization

In traditional catalysis, substrate preorganization is realized via
coordination of a ‘directing group’ to a metal center (Scheme 1).2°
The directing group can be either a functional group present in

the substrate or it is temporarily introduced before the catalytic
reaction. Although effective, this methodology is limited to

This journal is © The Royal Society of Chemistry 2014
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traditional substrate
preorganization:

supramolecular substrate
preorganization:

bifunctional
ligand

DG = directing (functional) group
RG = reactive (functional) group
RS = recognition site

Do = donor atom
M = catalytic metal center

substrate

substrate

I

Scheme 1 Schematic representation of traditional and supramolec-
ular substrate preorganization.

substrates with directing groups spatially close to the reactive
functionality, imposing limitations. Moreover, the reaction
occurring at the metal center must be compatible with the
directing group, and also requires one vacant coordination site at
the metal center, which cannot be realized for all reactions.

Supramolecular chemistry provides ideal tools for substrate
preorganization. In transition-metal catalysis, substrate pre-
organization can be realized by the supramolecular interactions
between the ‘directing group’ of the substrate and a suitable
bifunctional ligand from the catalyst (Scheme 1). In principle, a
catalyst that is furnished with a specific recognition site will
bind the substrate molecule and preorganize its reactive moiety
with respect to the metal center. The location of the directing
group and the reactive functionality are theoretically indepen-
dent. This makes it possible for the strategy to be applied to
substrates with directing groups in various positions of the
molecule, allowing for remote control, and exceeding the
possibilities of the traditional substrate preorganization
approach. Thanks to a well-established understanding of weak
interactions between molecules, the rational design of selective
catalysts that operate predictively can be envisioned. The
methodology is especially attractive for reactions for which
the selectivity issues are notoriously difficult to solve with the
traditional trial-and-error approach, e.g. reactions for which
the pathway to the desired isomer is higher in energy than the
alternative one or for which many reaction pathways compete
simultaneously.

3.1 Non-covalent substrate preorganization

3.1.1 Predesigned bifunctional catalyst systems. Rich
chemistry of molecular receptors operating with non-covalent
interactions provides a full toolbox of potential recognition sites,
that can be used directly for the development of catalyst, real-
izing supramolecular substrate preorganization strategy. In this
vein, a catalyst that mimics the hydroxylating cytochrome P-450
enzyme was developed.?* The Mn""-porphyrin 1 was function-
alized with a cyclodextrin (CD) moiety on each of its meso-phenyl
rings, and it was shown that the CDs bind to the hydrophobic
groups of steroid derivative 2 (Scheme 2). The substrate binding
precisely positions the steroid moiety on the manganese
porphyrin such that its C6 o position is exposed to the catalytic
center, resulting in highly regioselective hydroxylation of this CH
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CH,CH,SO"

Scheme 2 Mn-catalyst 1 with attached cyclodextrins, and selective
hydroxylation of steroid 2 catalyzed by 1.

function (regioselectivity >90%). Importantly, the porphyrin
performs 187 turnovers and is not blocked by product inhibi-
tion. A substrate with different anchoring groups, which thus
binds in a different geometry, reacts selectively at a different
position (C9a). In further studies, it was shown that metal-
ligand interactions can be also used for precise substrate
preorganization.>

In another study, another Mn-catalyzed, selective C-H oxida-
tion at sp®-carbon atoms was targeted. In this case nonporphyrin
system 3 was devised, which consists of a di-y-oxo dimanganese
core - a very active catalyst for oxidation chemistry — based on
ligand 4 equipped with Kemp's triacid, a recognition site for
carboxylic acids (Fig. 1).2* Molecular modeling predicts that the
catalyst binds a molecule of ibuprofen (5) in such a way that the
benzylic proton of the more remote position is precisely oriented
towards the catalytic manganese center (Fig. 1). As predicted by
the model, the catalyst oxidizes ibuprofen at this position with
very high regioselectivity (98.5%, Scheme 3). In contrast, the
reaction with a catalyst devoid of the COOH recognition site leads
to a mixture of products. Impressively, catalyst 3 can also oxidize
(4-methylcyclohexyl)acetic acid 6 selectively (>99%) at the C(4)-H
position, as predicted by the modeling. Interestingly, only the
trans isomer of 6 reacts readily, since the cis isomer does not
expose an oxidisable C-H group to the catalytic center when its
COOH is bound to the recognition site. In a control experiment
with the catalyst devoid of the COOH recognition site both
isomers react similarly, and the reaction leads to a mixture of
several oxidation products. This system shows that, along with
providing an unprecedented level of reaction selectivity, bifunc-
tional catalysts can allow for efficient substrate selection,
including challenging diastereoselection.

2138 | Chem. Sci., 2014, 5, 2135-2145
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Fig. 1 Molecular model of catalyst 3 docked with a molecule of
hydrogen-bonded substrate 5 — Ibuprofen. Reprinted with permission
from ref. 23. Copyright 2006, American Association for the Advance-
ment of Science.

In a subsequent study, the same catalyst and an analogue - a
manganese porphyrin catalyst furnished with the same Kemp's
triacid recognition site — were used as catalysts for selective
epoxidation of alkenes containing a carboxylic group.** For two
out of three substrates studied, molecular recognition directs
oxidation to the olefin moiety and prevents the unselective
oxidation of C-H bonds observed in control experiments.
However, poor diastereoselectivity is observed for the epoxide
products, which on the basis of molecular modeling is attrib-
uted to the ill-defined preference between alternative orienta-
tions of the reactive double bond in the catalyst-substrate
complex.

In a related study, a Ru(u)-porphyrin 7 equipped with a
chiral tricyclic y-lactam that can form a complementary two-
point hydrogen bonding with the CONH amide functional
group was synthesized (Fig. 2).>* Molecular modeling showed

e} COOH

98.5%
regioselective product

—CO
5 2
1.5%
alternative product
\%\/COOH \’%\/COOH
trans-6 >99%
+ I regloselectlve product
COOH COOH

cis-6

Scheme 3 Oxidation products of substrates 5-6 with 3 as catalyst.

T%V

not observed
(product of cis-6 oxidation)
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Fig. 2 Ru()—porphyrin pre-catalyst 7 docked with substrate 8 -
schematic representation and the probable transition state found by
DFT.

that this two-point interaction orients 3-vinylquinolone (8) at
the catalyst (Fig. 2) such that one prochiral site of the reactive
double bond is exposed to the catalytic center preferentially due
to steric requirements. As predicted by the model, substrate
preorganization leads to high enantioselectivities (ee's up to
98%) in epoxidation for a series of 3-vinylquinolones. The
epoxidation of substrate 9 with two reactive sites, 3,9-divinyl-
quinolone, takes places with high regioselectivity on the vinyl
group in position 3 (91% vs. 9% of the alternative product,
Scheme 4). This selectivity is in line with the proposed mecha-
nistic model, which predicts that only the vinyl group in posi-
tion 3 can react at the catalytic center when the substrate is
bound to the recognition site. The reaction with the same
substrate, but with a catalyst devoid of the recognition site,
leads to the two alternative products in a 62/38 ratio, revealing
the crucial role of substrate orientation for the selectivity. The
importance of the double hydrogen bonding was further
confirmed by control reactions with either the N-methylated
substrate or catalyst, which leads in both experiments to drastic
deterioration of the selectivity. Studies on the substrate scope
show that other substrates, such vinylpyridones, primary alke-
noic amides and carbamates also experience the effect of the
preorganization. However, a clear trend can be noted whereby
the enantioselectivity gradually drops with increasing flexibility
of the substrate. The distance between the catalytic metal and
the chiral groups is over 7.0 A, showing that the remote selec-
tivity control via supramolecular interactions is viable.

In a subsequent study, the same recognition site was used to
preorganize sulfide quinolone-type derivatives on a Mn(m)-
salen catalyst, resulting in an enantioselective sulfoxidation
reaction (ee's up to 71%).>* Again, control experiments
confirmed the crucial role of the two-point hydrogen bonding in
the prochiral face differentiation.

o)
S S
+
N" o N7 o
| H o H
9 91 : 9

(88% e.e.)

Scheme 4 Epoxidation products of substrate 9 with 7 as catalyst.
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Recently it was also reported that a Rh(un) complex bearing
the same two y-lactam binding sites catalyzes the regio- and
enantioselective (ee's up to 74%) C-H amination reactions of
3-benzylquinolones.”” It was confirmed that both the regio- and
enantioselectivity of the reaction is controlled by substrate
positioning imposed by the hydrogen bonding.

The chiral tricyclic y-lactam binding site was also used to
preorganize prochiral substrates at photosensitizers (in metal-
free reactions). This enabled unprecedented induction of
enantioselectivity in the photoinduced conjugate additions of
a-amino alkyl radicals to enones,* as well as in intra- and
intermolecular [2 + 2] photocycloaddition reactions.?**°

In another study, regioselectivity issues in hydroformylation
reactions were addressed with phosphine ligand 10 bearing a
guanidine-based recognition unit that is able to bind unsaturated
carboxylic acids via two-point hydrogen bonding (Scheme 5).**
The substrate binding results in increased activity and high
regioselectivity for hydroformylation of 3-alkenoic acids 11-13.
Remarkably, the system displays unprecedented high regiose-
lectivity for hydroformylation of an internal alkene 12, intro-
ducing the aldehyde group with high selectivity at the carbon
atom of the double bond more distant from the carboxylic
moiety. In addition, the catalyst can discriminate between two
similar reactive double bonds of substrate 13 by substrate pre-
organization (Scheme 5). The crucial role of binding to the
recognition unit of the ligand was demonstrated by a series of
control experiments with substrates or catalyst derivatives with

l\
P O.

Ar,P” N /\tﬁ
i Nasg 2 NH

[ k}? ,H/
o

R CHO
NS (0] o] O
R + R
OH OH CHO OH
: 41 : 1
12:R=CH, 1
_LCHO
"
NS (0]
CHO OH OH
13 32 : 1 : 3.8
(0]
\/\)J\ k/\/u\
OH OH
14 36 1
CHO co
-CO,
R
\/Y Rd\fo — \/\CHO
OH

Scheme 5 Binding of substrate 11 to ligand 10 in the hydride migration
step of hydroformylation (above), and hydroformylation products of
substrates 11-15 with Rh—-10 catalyst (below).
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modified ligands that cannot form the supramolecular interac-
tion. The system is highly susceptible to the relative position of
the directing carboxylic group and the double bound, as the
hydroformylation of an analogue of 11 that is one carbon longer
(4-pentenoic acid 14) leads to a typical mixture of isomeric
products. 2-Alkenoic acid 15 undergoes 2-regioselective decar-
boxylative hydroformylation, resulting in formation of the linear
aldehyde, thus formally substituting the carboxylic group with an
aldehyde (Scheme 5).** Furthermore, a related guanidinium-
based system was used for aldehyde hydrogenation and for
tandem hydroformylation-hydrogenation of terminal olefins,
again with a crucial role for the hydrogen bonding functional
groups.*

Highly regioselective hydroformylation of unsaturated acids
was also achieved with a series of bidentate phosphorus ligands
- DIMPhos ligands - that are equipped with an integral binding
site for anions such as carboxylates (the DIM pocket).** It was
shown that under hydroformylation conditions the ligands bind
to a rhodium center in a bidentate fashion forming the typical
rhodium-hydride complexes that are active in hydroformylation.
Importantly, the metal complexes can strongly bind the anionic
species in the DIM binding site of the ligand, without affecting
the metal coordination sphere. The catalytic studies demon-
strate that substrate preorganization results in unprecedented
selectivities in hydroformylation of a broad range of terminal
and internal alkenes functionalized with an anionic carboxylate
or phosphate group (Scheme 6). Remarkably, the selectivity
controlling anionic group can be even 10 bonds away from the
reactive double bond, demonstrating the power of the supra-
molecular substrate orientation approach. Control experiments,

= -PR, -OP(OR),
W - W OH
n n
(e] CHO O
16-22:n=1-8 major product (>97%)  minor product( 3%)
N"Np N ¥ )\/\
II OH II OH |I OH
(0]
23 major product (>98%)  minor product (<2%)
CHO
OH
R A —e W
o] CHO 0]
24-29:n=1-3 major product (>96%)  minor product (<4%)
R = CHg - C4Hg

Scheme 6 Binding of substrates to Rh-DIMPhos catalyst in the
hydride migration step of hydroformylation (above), and hydro-
formylation products of substrates 1629 with Rh—DIMPhos catalyst
(below).
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in which formation of the hydrogen bonding is hindered,
confirm the crucial role of the substrate binding to the DIM
pocket for the selectivity. DFT studies reveal that the substrate
binding in the DIM pocket restricts the rotational freedom of the
reactive double bound (Fig. 3). As a consequence, the pathway to
one product is strongly hindered, whereas that for the desired
product is lowered in energy. Detailed kinetic studies, together
with the in situ spectroscopy and the isotope-labelling studies
support this mechanistic model and reveal that the supramo-
lecular system follows enzymatic-type Michaelis-Menten
kinetics, with competitive product inhibition. The system was
further combined with an isomerization catalyst in the one-pot
tandem isomerization-hydroformylation of terminal olefins
leading to valuable a-methyl-branched aldehyde products with
unprecedented selectivity.*

In a subsequent study, the DIMPhos catalyst system was
used to control the regioselectivity in the hydroformylation of
vinyl aryl derivatives.*®* Common hydroformylation catalysts
generally produce the a-aldehyde products, due to the elec-
tronic properties of this class of substrate, and catalysts that
overrule this natural selectivity to form preferably the linear
aldehyde are scarce.”” Remarkably, supramolecular substrate
preorganization in the DIM pocket of the catalyst fully reverts
the regioselectivity, and the B-aldehyde isomer is formed
exclusively for substrate 30 (Scheme 7a). In sharp contrast, if the
hydrogen bonding interaction is disrupted, for example in case
of O-methylated substrate 31, the a-aldehyde is formed as the
notably major product (95%), along with only a minor quantity
of the B-isomer (Scheme 7b). Of note, substrate 30 reacts several
times faster than ester analogue 31, demonstrating the effect of
substrate preorganization on the rate of the reaction. The
DIMPhos catalyst proved to be selective for a wide scope of vinyl
arene substrates, including the most challenging substrates
with an internal double bond. Importantly, this unprecedented
selectivity opens new synthetic routes to valuable common
intermediates for important synthetic targets, showing the
added value of the supramolecular chemistry to the practical
synthesis of fine-chemicals.

% 27.8 kl-mol !

Fig. 3 Substrate orientation during the regioselectivity-determining
hydride migration step in the hydroformylation of substrate 17 with
Rh—DIMPhos catalyst (DFT studies). Reprinted with permission from
ref. 34b. Copyright 2013, American Chemical Society.
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Scheme 7 Influence of substrate preorganization: (a) hydro-
formylation of substrate 30 that binds to the DIMPhos ligand, and (b)

hydroformylation of substrate 31 that cannot bind to the DIMPhos
ligand (both with Rh—DIMPhos as catalyst).

Inspired by the cooperativity displayed by metalloenzymes
such as carboxypeptidase, capable of peptide bond hydrolysis,
highly active and selective bifunctional catalysts 32 for anti-
Markovnikov hydration of terminal alkynes were developed
(Scheme 8).*® The full reaction mechanism has not yet been
revealed, however, studies so far have shown the crucial role of
pendant basic functional groups that take part in proton
transfer and hydrogen bonding in the reaction intermediate.*

3.1.2 Serendipitous findings of bifunctional catalysts. The
previous examples demonstrate the general potential of cata-
lysts that are carefully designed to control the selectivity of
reactions via crafted catalyst-substrate interactions. However, in
many other cases the importance of non-covalent interactions
on the catalyst selectivity was realized post factum. These
serendipitous findings suggest that non-covalent interactions
play a crucial role in the selectivity control much more often
than it was previously assumed. This observation can help to
generate new leads for catalyst design. For example, during the
search for enantioselective catalysts for the hydrogenation of
3-hydroxy-2-methylpropionate to the Roche ester — an important
synthon for the synthesis of bioactive chemicals - it was found
that the self-assembled bidentate ligand consisting of LEUPhos
phosphoramidite and urea-phosphine furnishes a highly
selective catalyst (99% ee).* Experimental and theoretical
studies revealed that an additional single hydrogen bond
between the substrate’s OH function and the ester group of
LEUPhos ligand is crucial for high selectivity (Fig. 4). Subse-
quently, related observations were made for other systems for
the Rh-catalyzed enantioselective hydrogenation of prochiral
alkenes.** Similarly, an additional hydrogen bond between the
substrate and the catalyst's component — cofactor — appears to

®
e <}
o |p X
> H 32 | e RU
R/ ., PhoP" 1 ppn,
N
+ H,O R / \N !/[ N/ \

32 X =TfO or PFg

Scheme 8 Anti-Markovnikov hydration of terminal alkynes with
bifunctional catalyst 32.
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Fig. 4 Substrate orientation through additional hydrogen bonding
between the hydroxyl group of the substrate and the ester unit of the
LEUPhos — determined by the DFT and control experiments.

mediate the enantio-induction in the hydrogenation reaction
catalyzed by the catalyst-cofactor supramolecular assembly
(Fig. 5 and 6).” In principle, as shown by control experiments
and DFT studies, a network of five hydrogen bonds - one
between the substrate and the cofactor, and four between the
cofactor and the ligand - is required to achieve high enantio-
selectivity in this reaction. An effect of hydrogen bonding on
reaction selectivity was also observed in the Co-catalyzed
cyclopropanation reaction.** Recently, it was found that weak
arene C-H---O hydrogen bonding between the substrate and the
ligand plays an essential role in determining the enantiose-
lectivity in the Pd-catalyzed arylation and vinylation of lactones
(Scheme 9).* Based on this observation, a series of new ligands
with better hydrogen bonding moieties was designed, which
allowed to further improve the selectivity of that reaction.
Furthermore, the hydrogen bonding between the substrate and
the ligands was proposed to activate allylic alcohols for the
Pd-catalyzed direct allylation of indoles,* and water molecules
for the Ru-catalyzed hydration of nitriles.*

In the search for a selective (and active) catalyst for chal-
lenging allylic alkylation of indoles with unsymmetrical 1,3-
disubstituted allyl acetates, P,S-bidentate ligands with an
additional sulfinyl group were explored.*” It was found that the
additional S=0 moiety forms a hydrogen bond with the indole-
NH, and presumably helps to orient the nucleophile during the
reaction (Scheme 10), resulting in a high level of regio- and

chiral
cofactor

PhoP==—._Rhj

Fig.5 Structure of the rhodium catalyst of the ligand with the cofactor
bound in the binding site (left), and crystal structure of the precatalyst
(right). Reprinted with permission from ref. 42. Copyright 2011,
American Chemical Society.
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Fig. 6 Substrate orientation through additional hydrogen bonding
between the amide NH group of the substrate and the thiocarbonyl
unit of the cofactor — determined by the DFT and control experiments.
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Scheme 9 C-H---O hydrogen bonding mediated selectivity in palla-
dium-catalyzed arylation of lactones.
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Scheme 10 (a) Structure of the bifunctional ligands, and (b) tentative
model of hydrogen-bond induced indole activation toward allylation.

enantioselectivity (ee's 84-95%). This interaction seems to be
crucial not only for the selectivity but also for the activity, as the
reaction with N-substituted indole, which cannot form this
interaction, does not take place. This successful example of a
cooperative catalyst should encourage application of bifunc-
tional ligands in catalyst discovery.

3.2 Covalent yet reversible substrate preorganization

The examples presented so far have primarily shown supra-
molecular substrate preorganization accomplished mainly
through hydrogen bonding. However, in principle, any revers-
ible bonding that does not interfere with either the metal center
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or the catalytic reaction can be used for that purpose. Reversible
covalent bonding is an attractive tool to control selectivity of a
reaction by modifying substrates with covalently attached
ligand-type directing groups (e.g. diphenylphosphinobenzoate
group).>*® Reversible bonding allows for the use of only catalytic
amounts of these kinds of directing groups, improving the
applicable value of the approach (from an atom-efficient and a
commercial point of view).

To illustrate the potential of reversible covalent bonding,
catalytic scaffolding ligands have been introduced and exten-
sively studied in the Rh-catalyzed hydroformylation of unsatu-
rated alcohols and sulfonamides (Scheme 11a and b).** In
principle, under optimized conditions the scaffolding ligands
extensively exchange with hydroxyl functionalities of substrates.
Under catalytic conditions, the formed ligand-substrate
composite reacts preferentially over the free substrate, since the
ligand donor moiety coordinates to the metal bringing the

a) reacts quickly
on the metal center
fast

R exchange /
o/ + HO@ —_— o@ +ROH

scaffolding substrate
ligand

Exemplary scaffolding ligands:

'

h
Ph
o R .
PhyP” R >‘0'P'
>—-O Pr N
N
\ .

“ipr

D

U,

b)
Effect of scaffolding ligands in hydroformylation: OH

H,/CO o O wOH
HO. = - = +
[Rh]
with scaffolding ligand: 99 : 1
no scaffolding ligand: 27 : 73

c)
Scaffolding ligands facilitating C-H activation:

Y Y Y
R-X
R, R R
M

Y = OH, NH,
d)
Scaffolding ligands facilitating hydrogenation:
H, o]

0
R/\)J\OH [Rh] R/\)J\OH

e)
Effect of scaffolding ligands in hydrogenation:
[e]

w' /WJ\OH

o : \ o
/\/\)L sca_ffoldlng
X oH ligand /\/\)J\OH
Ha/ [Rh]

n\o*/\/\)(LOH /

scaffolding
ligand

major products

Scheme 11 (a) Equilibrium with scaffolding ligands, (b) the effect of
scaffolding ligands on reaction selectivity in hydroformylation of
homoallylic alcohols, (c) scaffolding ligands facilitating C—H activation
of phenols and anilines, (d) hydrogenation of 2-alkenoic acids, and (e)
the effect of scaffolding ligands on reaction selectivity in hydrogena-
tion of 2,4-hexadienoic acid.
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reactive double bond near the catalytic center. After the trans-
formation, the product formed is exchanged for a new
substrate, which subsequently reacts. This efficient substrate
preorganization allows for highly regio-, diastereo- and enan-
tioselective reactions of various terminal and internal alkenes
bearing either hydroxy or sulfonamide groups.*®* The strategy
also facilitates hydroformylation of challenging tertiary carbon
atoms that are difficult to convert otherwise, highlighting the
power of the approach. Of note, the concept was previously
developed to facilitate ortho-selective C-H activation and func-
tionalization of phenol and aniline derivatives** and hydroge-
nation of acrylic acid derivatives (Scheme 11c and d).*® The later
study shows that scaffolding ligands allow for unprecedented
(vet moderate) initial selectivity for a reaction at the C(2)=C(3)
double bond in hydrogenation of 2,4-hexadienoic acid, while a
control reaction without the scaffolding ligand shows the initial
preference for the reaction at the C(4)=C(5) double bond
(Scheme 11e).

4. Conclusions and outlook

In recent years the field of supramolecular catalysis has
grown significantly, providing new tools for selective trans-
formations. Whereas initial focus was mainly on the mimicry
of enzymes, generally also exploring reactions that are
important in nature such as hydrolysis, currently the atten-
tion has shifted to the exploration of supramolecular tools in
transition-metal catalysis. The concept of substrate organi-
zation, which is indeed also important for the operational
mode of enzymes, has been broadly explored for transition-
metal catalysis, and is the main topic of this Perspective.
Supramolecular substrate preorganization was demonstrated
to be key in a number of highly selective catalytic trans-
formations. Importantly, for several examples, such supra-
molecular bifunctional catalysts provide unprecedented
reaction selectivities, with reaction rates that are sufficiently
high for practical applications. Hence, supramolecular
substrate preorganization with bifunctionalized catalysts
clearly outlines a strategy that may quickly lead to applica-
tions in industrial synthesis. As in principle, substrate
orientation at the catalyst is predictable, the design of
selective catalysts for specific substrates of interest is at
hand. However, further mechanistic studies are required to
fully understand the principles that rule the reactions carried
out with such supramolecular catalysts. This will further help
researchers to take full advantage of the concept and will
facilitate the step to practical applications. Such studies will
substantially strengthen the potential of the approach, and
we foresee a bright future for supramolecular transition-
metal catalysis in which substrate orientation directs the
selectivity in these transformations.
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