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Artificial switchable catalysts
Victor Blanco,?° David A. Leigh*® and Vanesa Marcosi?®

Catalysis is key to the effective and efficient transformation of readily available building blocks into high
value functional molecules and materials. For many years research in this field has largely focussed on
the invention of new catalysts and the optimization of their performance to achieve high conversions
and/or selectivities. However, inspired by Nature, chemists are beginning to turn their attention to the
development of catalysts whose activity in different chemical processes can be switched by an external
stimulus. Potential applications include using the states of multiple switchable catalysts to control
sequences of transformations, producing different products from a pool of building blocks according to
the order and type of stimuli applied. Here we outline the state-of-art in artificial switchable catalysis,
classifying systems according to the trigger used to achieve control over the catalytic activity and

www.rsc.org/csr

1. Introduction

Different enzymatic syntheses within cells often occur in parallel.
To ensure that the transformations proceed with the necessary
spatial and temporal control, and without unwanted interference
from other reaction pathways, enzyme activity is often modulated
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stereochemical or other structural outcomes of the reaction.

through feedback loops and a variety of trigger-induced effects."?
In contrast, the reactions promoted by man-made catalysts
usually take place according to the initially chosen reaction
conditions.® Incorporating stimuli-responsive features into artifi-
cial catalysts can confer an additional ‘bio-like’ level of control
over chemical transformations, potentially enabling such systems
to perform tasks in synthesis that are difficult or impossible to
accomplish in other ways. For example, switchable catalysts can
be used to speed up or slow down the rate of a reaction according
to the presence of a specific analyte or to change the stereo-
chemical outcome of a reaction. In recent years their utility in
performing more advanced tasks, such as turning ‘on’ and ‘off’
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different catalysts to promote alternative reactions from a mixture
of different building blocks, have started to be explored.

In this review we discuss the state-of-the-art in the emerging
field of artificial switchable catalysis, including systems whose
activity and/or selectivity can be controlled in different chemical
reactions, grouping them by the type of external triggering stimulus
or other changes in the experimental conditions. We conclude by
considering the future outlook for this area.

2. Light-driven switching

Photoresponsive processes, such as photosynthesis* and vision,’
exemplify the effectiveness of light in initiating and regulating
complex molecular and biochemical processes. The use of light
to induce a change in catalyst state is particularly attractive as it is
non-invasive, offers excellent temporal and spatial control, and
can be precisely regulated with an appropriate light source.
Artificial photoswitchable catalysts® are generally based on photo-
active units incorporated within the molecular architecture or
through intermolecular interactions between a photochemical
additive and the catalyst active site. In this review we classify
these systems according to the principal type of effect used to
achieve control: cooperative, steric or electronic effects, or the
aggregation/dissociation of the catalyst.

2.1 Cooperative effects

Cooperative effects in switchable catalysis are often based on a
large geometrical change, typically occurring during an isomer-
ization process, that induces a change in the distance or
orientation of key sites in the catalyst. A seminal example of a
cooperative template for catalysis was reported by Wiirthner
and Rebek (Scheme 1),” who used the isomerization of the
azobenzene unit in E/Z-1 to change the relative positions of two
carbazole-based adenine receptors to control the rate of the
amide coupling reaction between aminoadenosine (2) and an
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Scheme 1 Controlling the rate of amidation using photoswitchable
template £/Z-1.7

adenosine-derived ester (3) (Scheme 1). In the extended E-1
form, the bound substrates (2, 3) are held too far apart to react.
Upon UV isomerization to the folded form of the receptor, Z-1,
bound 2 and 3 are held in close proximity and the amidation
reaction is accelerated. By determining the binding constants
of the substrates to the switchable catalyst and calculating
the concentrations of the intermolecular complex, the authors
showed that Z-1 is approximately 50 times more active than E-1.
However, the system suffers from product inhibition: product 4
binds strongly to two imide groups of Z-1 whereas each of the
reactants, 2 and 3, bind only to one imide group. Indeed,
neither thermal nor photochemical reverse isomerization of
the catalyst could be induced while 4 is bound to z-1.%

An example of a photoswitchable catalyst based on coopera-
tive interactions was reported by Cacciapaglia and co-workers
in 2003 (Scheme 2).° The bis-barium(n) complex of azobis-
(benzo-18-crown-6) ether 5 was used to control the rate of basic
ethanolysis of 4-carboxyacetanilide 6, exploiting the reversible

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Controlling the rate of anilide ethanolysis using photo-
switchable catalyst £/2-5.°

E to Z isomerization of the azobenzene spacer. Efficient ethanolysis
requires the participation of two metal binding sites, which is
only feasible for Z-5, formed upon UV irradiation of the less
active E-5 isomer (kzs/kz.s up to 5). The authors demonstrated
that the catalytic activity could be switched between ‘faster’ and
‘slower’ multiple times by alternating between exposure to UV or
visible light, illustrating the reversibility of the photoisomerization
reaction.

Linking two triaryl alcohol groups through an azobenzene
moiety resulted in cooperative bifunctional switchable catalyst
E/Z-8, which can turn ‘on’ or ‘off’ the Morita-Baylis-Hillman
reaction of 3-phenylpropanal (9) and 2-cyclopente-1-one (10)
upon exposure to light (Scheme 3).'° In the E-8 isomer the
hydroxyl groups are too far apart to engage in the intra-
molecular hydrogen bonding needed to increase the acidity of
the trityl alcohol, affording 11 in 37% yield, only a small
increase over the background reaction (27%). In contrast the
Z-8 isomer, generated by UV irradiation of E-8, afforded 11 in
78% yield. The catalytic activity of Z-8 is significantly higher
than other bis(trityl alcohol) derivatives similarly activated by
intramolecular hydrogen bonding, suggesting that there are
other cooperative enhancements in the catalysis mechanism
due to having the two trityl alcohols in close proximity in Z-8.

Recently, a 3,3'-dicarboxylic acid enzyme mimic (E/Z-12) that
acts as switchable catalyst with glycosidase activity has been
described (Scheme 4)."" Isomers Z-12 and E-12 have signifi-
cantly different pK, values. In E-12 both carboxylic acid groups
ionize at roughly the same pH. In contrast, the deprotonation
of Z-12 occurs in a stepwise fashion, with the carboxylic acid
and carboxylate forms coexisting at pH values between 4.7 and
6.5. Z-12 showed a rate enhancement of six orders of magnitude

This journal is © The Royal Society of Chemistry 2015
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Scheme 4 Controlling the rate of hydrolysis of nitrophenyl B-b-glucose
13 using photoswitchable catalyst £/7-12.1

for the hydrolysis of nitrophenyl glycoside 13 (giving 14)
compared to E-12. The catalytic activity of E/Z-12 could be
switched ‘on’ and ‘off’ multiple times over the course of the
reaction by alternating exposure to UV or visible light.
Cooperative interactions can also be used to change the
stereochemical outcome of switchable catalysed reactions.
Branda and co-workers successfully controlled the stereo-
chemical outcome of the cyclopropanation of styrene (16) using
a photoswitchable catalyst (Scheme 5)."* Ligand 15 consists of a

Chem. Soc. Rev., 2015, 44, 5341-5370 | 5343
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Scheme 5 Controlling the stereoselectivity of the cyclopropanation of
styrene using photoswitchable catalyst o/c-15.12

dithienylethene-based chiral bis(oxazoline) which, in its open
form (0-15), binds Cu(1) ions in a bidentate fashion. This results
in a rigid chiral environment for the metal ion that subsequently
catalyzes cyclopropanation of 16 with 17 to afford 18 as a trans—cis
mixture with significant enantioselectivity (30-50% ee). In con-
trast, the closed form of the ligand (c-15; formed upon radiation
at 313 nm), is only able to form monodentate complexes with
Cu(i). The chiral environment is less well expressed in this
complex and results in negligible enantioselectivity in the cyclo-
propanation reaction (5% ee). A limitation of this catalytic system
is the low photocyclization efficiency in the presence of Cu(),
with only 23% of the closed form (c-15) present at the stationary
state at 313 nm, meaning that switching the catalyst state only
results in a small disruption in the stereoselectivity of the
catalysed reaction.

The first example of a cooperative photoswitchable catalyst
able to control both catalytic activity and the stereoselectivity of
the reaction was reported by Wang and Feringa (Scheme 6)."* A
dimethylaminopyridine (DMAP) Brgnsted base and a hydrogen
bonding thiourea, which are known to cooperate in the cata-
lysis of Michael additions, were attached to the rotor and stator
of a light-driven unidirectional rotary motor (19). The resulting
catalyst was able to alter both the rate and the stereochemical
outcome of the Michael addition of aromatic thiol 21 to
2-cyclohexen-1-one (20). When the (P,P)-E-19 isomer is used as
catalyst, the reaction is very slow (7% yield) and afforded the
racemic Michael adduct (rac-22) (bottom, Scheme 6). Upon UV
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Scheme 6 Controlling the rate and the stereoselectivity of a Michael
addition using photoswitchable catalyst 19.2

irradiation, E-Z isomerization takes place forming the (M,M)-Z-
19 isomer, which shows a higher catalytic activity and moderate
enantioselectivity (50% yield, 50% ee) in favour of the (S)-22
enantiomer (middle, Scheme 6). By thermally-activated helix
inversion (P,P)-Z-19 is formed, which is also able to catalyse the
reaction giving a higher yield and a similar degree of stereo-
selectivity (83% yield, 54% ee) but in favour of the (R)-22
enantiomer (top, Scheme 6). Subsequent photochemical and
thermal isomerization can return the catalyst to its original
state, (P,P)-E-19, via a fourth diastereoisomer (M,M)-E-19. This
rotary motor organocatalyst allows for control over the rate and
the selectivity in a reversible and sequential manner using light
and temperature. The Feringa group later reported on a second
generation molecular rotor where the phenyl spacers between
the motor core and the catalytic units are absent.'* The resulting
switchable catalyst is able to switch from a E-state with low
catalytic activity and no stereocontrol in the Henry reaction of
nitromethane with o,o,0-trifluoroketones, to two Z-states, in
which the catalytic units are in close proximity, affording the

This journal is © The Royal Society of Chemistry 2015
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corresponding products with opposite stereoselectivity in excellent
yields and good enantioselectivity."*

The photoswitchable unit used in Feringa’s rotary catalysts
has also been exploited by Craig and colleagues in a switchable
catalyst able to modulate the stereochemical outcome of asym-
metric Heck arylations and Trost allylic alkylations." This catalyst
consists of a macrocycle containing a chiral bis(phosphine) ligand
linked to the photoswitchable unit. Modulation of the ligand
geometry upon exposure to UV-light afforded isomers of the
catalyst with different enantioselectivities for the Heck aryla-
tion and Trost allylic alkylation reactions.'® The Feringa group
have also recently demonstrated dynamic control of chirality
using phosphine ligands attached to their rotary molecular
motor system.'®

2.2 Steric effects

These catalyst systems feature a group that blocks access of the
substrate to the active site in one state of the catalyst, normally
through a large geometrical change during the isomerization
process. Different approaches have been used to achieve this,
such as host-guest binding, hydrogen bonding or simple steric
bulk to shield the catalytic site. An early example using host-
guest interactions to modulate catalytic activity was described
by Ueno and co-workers (top, Scheme 7)."” Complexation of
B-cyclodextrin (23) with 4-carboxyazobenzene (24) alters the rate
of the hydrolysis of nitrophenol ester 25 in basic media.
B-Cyclodextrin 23 acts as a host for the hydrophobic aryl
substituent of 25, facilitating attack of one of the peripheral
hydroxyl groups on the ester moiety. However, E-24 is a com-
petitive inhibitor of the binding of 25 within 23, decreasing
the rate of catalysis, whereas the Z isomer does not fit inside the
cyclodextrin cavity. The system does not turnover and the
catalyst and the azobenzene must exceed the substrate concen-
tration by one and two orders of magnitude, respectively to
compensate for unfavourable product inhibition.

The same group developed photoswitchable catalysts based
on B-cyclodextrins by covalently linking azobenzene moieties to
the lower rim of B-cyclodextrin (middle and bottom, Scheme 7).
The extended linker in E-28 makes the internal cavity shallow,
decreasing the binding of the ester substrate in the hydrophobic
cavity (middle, Scheme 7)."” Isomerization to Z-28 creates a
deeper cavity that offers stronger binding to the substrate
resulting in a five-fold increase in the rate of catalysed ester
hydrolysis. The group also investigated a switchable catalyst
with an azobenzene unit attached to the B-cyclodextrin at a
single point via a histidine residue (bottom, Scheme 7).*® In the
‘off’ state, E-29, the azobenzene unit occupies the cavity and the
system displayed no catalytic activity. In Z-29 the azobenzene
does not fit within the cavity and, therefore, the substrate can
bind to the cyclodextrin turning ‘on’ the catalytic activity for
the hydrolysis of various esters, including nitrophenyl acetate,
Boc-p-alanine-p-nitrophenyl ester and Boc-L-alanine-p-nitro-
phenyl ester.

The azobenzene units were later tethered to Au nanoparticles
(NPs) and used in conjunction with a Zn(u) coordinated

This journal is © The Royal Society of Chemistry 2015
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Scheme 7 Controlling the rate of ester hydrolysis using photoswitchable
B-cyclodextrin catalysts. '8

B-cyclodextrin dimer as a heterogeneous photoswitchable
catalyst to modulate the catalytic activity in ester hydrolysis.*®

Following these strategies, in 2009 Harada and co-workers
reported control over the polymerization of d&-valerolactone
by photoisomerization of a E-cinnamoyl-a-cyclodextrin to
Z-cinnamoyl-a-cyclodextrin, which turned ‘off’ the -catalytic
activity through the inhibition of the binding and inclusion
of the d-valerolactone monomer into the cyclodextrin cavity.>

Rebek et al. have described a light-responsive cavitand-
piperidinium complex that acts a switchable catalyst for the
Knoevenagel condensation of aromatic aldehydes with malonitrile

Chem. Soc. Rev., 2015, 44, 5341-5370 | 5345
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(33) (Scheme 8).*' Cavitand 30 is armed with an isopropyl-
substituted azobenzene unit that modulates the rate of the
reaction. In the E state the cavitand binds to the piperidinium
cation (31) and accelerates the rate of the reaction, producing
up to 3.5-fold increase in rate compared to the reaction carried
out with piperidinium acetate alone. Photoisomerization of the
catalyst generates Z-30 for which the azobenzene unit can bind
within the cavity, slightly inhibiting catalysis (E-30 accelerates
the reaction ~1.5x faster than Z-30). NOESY analysis indicates
that the ammonium group of the piperidinium cation in the
complex with E-30 protrudes from the open end of the cavitand.
As the substrates are not guests in the complex, a wide range of
aldehydes is tolerated by the mechanism of catalysis.

Inoue and colleagues have exploited the reversible photo-
isomerization of stilbene derivatives in a switchable catalyst for
the chemical fixation of carbon dioxide (Scheme 9).>* Control

5346 | Chem. Soc. Rev., 2015, 44, 5341-5370

View Article Online

Chem Soc Rev

N\

\_/N OMe

Z-36-35

FAST CATALYSIS O yield= 23%

| Y
[0}
(¢} (0] JLO
L\ + CO, 448nm | | 365 nm \_J
37 38

| }
SLOW CATALYSIS O

yield= 2%

\ [A)-oMe

E-36 35

OMe

(A)-ome

35

Scheme 9 Controlling the rate of chemical fixation of carbon dioxide
using reversible coordination of stilbene derivative 36 to aluminum
porphyrin 35.22

over catalysis of the condensation of carbon dioxide with
1,2-epoxypropane (37) was achieved by reversible coordination
of 3,5-di-t-butyl-2-stilbazole (36) to aluminium porphyrin 35.
Due to unfavourable steric interactions between the porphyrin
ring system and the bulky tert-butyl groups in the E-2-stilbazole
(E-36), the pyridine group is unable to effectively coordinate
to the Al(m) centre in 35, resulting in a low yield of 38 (2%
conversion over 18 h). Irradiation with UV light afforded the
Z-2-stilbazole (Z-36), which bound to the aluminium porphyrin
35 enhancing the rate of the reaction (23% conversion over
18 h). Switching between UV and visible light multiple times
allowed continuous modulation of the rate of the catalysed
condensation reaction.

Hecht and co-workers described a series of photoswitchable
base catalysts (39a-c) able to control the rate of aza-Henry
reactions (Scheme 10).>* Catalysts 39a-¢ comprise conforma-
tionally restricted tertiary piperidine bases as the catalytic unit
and 3,5-disubstituted azobenzenes as a switchable steric shield.
The E-39a-c catalysts have an inaccessible basic site and exhibit
low basicity in acid-base titration experiments. UV irradiation
affords the Z-39a-c isomers, in which the basic piperidine

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cs00096c

Open Access Article. Published on 12 May 2015. Downloaded on 9/28/2025 4:59:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

N\
N
7-39 .

FAST CATALYSIS O kz.39¢/ ke-agc = 35.5

o OH
=R . . Me
Me”™ "NO, 448 nm | | 365 nm NO,
0N O,N
40 41 42
SLOW CATALYSIS O
(0]
(0]
— Catalytic unit —7
== shielded Ry
0 N 39a R= Me, R'=Bu
N 39b R= Bu, R'= {Bu
39¢c R= Bu, R'=2,6-(Me,CeH3)
Catalytic unit R
—— deshielded
1
E-39

Scheme 10 Controlling the rate of the aza-Henry reaction using switchable
catalyst £/Z-39.%

nitrogen atom is exposed, enhancing the basicity by almost one
order of magnitude. Switchable catalyst 39c was able to effec-
tively control the rate of the aza-Henry reaction of nitroethane
(40) to p-nitroanisaldehyde (41) (kz39¢/kz-39c = 35.5). Immobili-
zation of the catalyst on silica gel particles enabled the system
to be used as a heterogeneous switchable catalyst.>*

Pericas and co-workers developed a switchable thiourea
organocatalyst to control Michael addition reactions through
hydrogen-bond shielding of the catalytic unit (Scheme 11).>°
Catalyst 43 consists of a hydrogen bond donor (the thiourea
unit) and a blocking moiety (a nitro group) located either side
of an azobenzene unit. The thermodynamically stable E-43
diastereomer effectively catalyses the Michael addition of acetyl-
acetone (44) to m-bromonitrostyrene (45) (full conversion after
19 h). UV irradiation forms Z-43, in which the nitro group binds
to the thiourea, leading to significantly slower catalysis (23%
conversion after 20 h).

2.3 Electronic effects

Using photoinduced changes in electronic properties to alter
the rate, chemo- and/or regioselectivity of catalysts has been
less explored compared to steric and cooperative effects. The
most popular concept is to use the breaking or forming of
conjugation between the active site and an electronically acti-
vating group. The first example of photo-modulating catalytic
activity via electronic changes was reported by Branda, using a
photoactive diarylethene unit that undergoes ring-closing and
ring opening reactions when exposed to UV and visible light,
respectively (Scheme 12).>® The researchers developed a mimic
of the bioactive form of vitamin B6, pyridoxal 5’-phosphate (PLP),
in which the catalytic activity is dependent upon electronic

This journal is © The Royal Society of Chemistry 2015
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connectivity between the functional groups. In the ring-open
form of the catalyst (0-47), the pyridinium and aldehyde units
are electronically isolated from each other, switching ‘off’ the
catalytic activity for the racemization of r-alanine (less than 3%
over 140 hours). However, UV irradiation to form the ring-
closed isomer (c-47) results in a fully conjugated structure,
turning ‘on’ catalysis and resulting in 30% deuterium exchange
after 140 h and near-complete exchange (95%) after an addi-
tional 90 h. The in situ switching of the catalyst between its
inactive and active forms was successfully demonstrated
through alternating exposure to UV and visible light.

Bielawski and Neilson described control of the rate of
transesterification and amidation reactions promoted by an
electronically-modulated N-heterocyclic carbene (NHC) organo-
catalyst (Scheme 13).”” Switchable catalyst 48 is based on a
NHC unit incorporated into a dithienylethene scaffold, where
the length of the conjugated n-system modulates the electronic
density at the carbenoid center of the imidazolium salt. In the
presence of visible light and base the open form of the NHC
catalyst, 0-48, catalyzes transesterification and amidation reac-
tions. Upon UV irradiation to the closed form, c-48, the rate of
both transesterification and amidation reactions is significantly
decreased (k,-4s/kc4s = 12.5 and 100, respectively). The difference in
catalytic activity was rationalized on the basis of NMR experiments
using an isotopic label at the C2 ‘carbene’ carbon that showed that
the ring-open form (0-48) exists as an imidazolium species while
the ring-closed species c-48 forms a less active alcohol adduct. The
rate of the amidation reaction was successfully switched several
times between the fast and slow states by alternating exposure to
UV and visible light over the course of the reaction.
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The same group expanded the scope of the NHC switchable
organocatalyst 48 to include the ring-opening polymerization
of cyclic esters, such as d-valerolactone and &-caprolactone,
achieving good control over the catalytic activity.*®
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The ability to photomodulate the electronic density of the
NHC was further extended to control the rate of the rhodium(i)-
catalyzed hydroboration of styrene (Scheme 14).>° Under
visible light, open Rh(1) complex 0-54 efficiently promoted the
reaction. Exposure to UV light to form the close form, c-54,
attenuated the rate of catalysis by almost one order of magni-
tude, an effect attributed to the decrease in donor strength of
the NHC ligand upon photocyclization. The rate of the hydro-
boration of styrene with pinacolborane was switched several
times over the course of a single reaction via alternating UV and
visible irradiation.

Willner and co-workers reported on a surface-confined
photoisomerizable monolayer coupled to negatively charged
Pt nanoparticles for photoswitchable electrocatalysis and
chemiluminescence (Scheme 15).*° The catalyst (58) is based
on a photoswitchable nitrospiropyran linked to an indium tin
oxide (ITO) electrode to form a monolayer that in closed form
(c-58) lacks affinity for the negatively charged Pt nanoparticles
and shows no catalytic activity towards H,O, reduction. Upon
UV irradiation the nitrospiropyran ring opens and picks up a
proton to form a positively charged species (0-58), which
attracts the Pt nanoparticles to the ITO electrode facilitating
electrocatalytic H,O, reduction. The reaction was monitored
both electrochemically and via luminol addition which under-
goes chemoluminescence upon UV irradiation in the presence
of H,0,. The catalytic activity was successively switched ‘on’
and ‘off’ through alternating exposure to different wavelengths
of light for up to ten cycles without detectable degradation of
the heterogeneous catalyst.

This journal is © The Royal Society of Chemistry 2015
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2.4 Aggregation/dissociation

The dynamic self-assembly of molecules into supramolecular
ensembles is the basis of many functional systems in biology
and has inspired the construction of synthetic systems with
dynamic and responsive properties. Grzybowski’s group reported
the photoswitchable catalyzed hydrosilylation of p-anisaldehyde
(60) and diphenylsilane (61), controlled by reversible aggregation/
dispersion of catalytic Au nanoparticles (59) (Scheme 16).*!
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Scheme 16 Heterogeneous photoswitchable catalyst E/Z-59 for the
hydrosilylation of p-anisaldehyde (60).5*
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Heterogeneous catalyst 59 consists of Au nanoparticles decorated
with a mixture of alkyl amines and azobenzene-terminated alkyl
thiol moieties. Under visible light, the Au nanoparticles (E-59)
remain dispersed and exposed to a large solvent surface area,
efficiently promoting the hydrosilylation reaction (kzps9 = 9 X
107* mM ™" min~"). Irradiation with UV light isomerizes the
E-azobenzene units of the thiol chains to the Z isomer, develop-
ing electric dipoles that cause aggregation of the Au nano-
particles (Z-59), decreasing their catalytic activity (kzs0 = 1 X
107> mM ™! min; kg.so/kz.50 = 90).

Shibasaki’s group have developed a photoswitchable nucleo-
philic catalyst 63, that controls catalytic activity through switching
between aggregated/dissociated states of a dipeptide derivative
(Scheme 17).** The switchable catalyst has an azobenzene unit
linked through the peptide to a nucleophilic 4-aminopyridyl
group. The aggregated/dissociated state varies according to the
E/Z geometry of the azobenzene. The E-63 isomer has limited
solubility due to extensive aggregation, almost switching ‘off’ the
catalysed-rearrangement of 2-acyloxybenzofuran (64) (14% con-
version after 100 min). In contrast Z-63 catalyzes the reaction
effectively (80% conversion after 100 min). The switchable catalyst
could also be used to promote the O-tert-butoxycarbonylation of
1-naphthol.

3. pH-driven switching

Chemically-driven processes driven by changes in pH are
common in both nature® and artificial molecular machines.
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However, in the context of controlling catalysis few examples
have been reported thus far. An early use of a change in pH to
control catalytic activity was reported by Schanz,*® who exploited
the change in the electron-donating ability of N-heterocyclic
carbene (NHC) ligands upon protonation to moderate the activity
of Ru(u)-based olefin metathesis catalysts (Scheme 18).

The first generation Grubbs-type 66 and Hoveyda-Grubbs-
type 67 catalysts bear a pH-responsive H,ITap ligand (H,Tap =
1,3-bis(2’,6’-dimethylaminophenyl)-4,5-dihydroimidazol-2-ylidene).
Control over the catalytic activity of these two pH-switchable
ligands was investigated in ring-opening metathesis polymeriza-
tion (ROMP) reactions. Under neutral conditions the NMe,
groups in the catalyst backbones are uncharged and the system
showed excellent catalytic activity in the ROMP of cyclooctene
(>80% conversion in 7 min with 66 and in 28 min with 67).
Upon protonation with HCIl, both catalysts become dicationic
and the ROMP of cationic exo-7-oxanorbornene becomes negli-
gible. The researchers also investigated the performance of these
pH-responsive catalysts in the ring closing metathesis (RCM) of
diallyl malonic acid. The non-protonated forms of 66 and 67
showed good conversion (45% and 59% after 60 min, respec-
tively). In acid media, the RCM proceeded at slower rates and did
not afford complete conversion.

In an extension of this work,** the group demonstrated that
gradual addition of p-toluenesulfonic acid (TsOH) reduced the
rate of the ROMP reaction with the exo-7-norbornene derivative.
DFT calculations of the atomic charge at the metal center of
catalyst 66 and its mono- and dicationic forms confirmed that
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the propagation rates should be significantly affected upon
protonation.

Plenio and co-workers subsequently described related
Grubbs-Hoveyda complexes related to 66 and 67 that showed
significant changes in the double-bond geometry (E/Z ratio =
0.78 to 1.04) and microstructure of the product in the ROMP of
norbornene upon protonation of the catalyst.*’

Recently, synthetic rotaxane catalysts*® in which the catalytic
activity or the outcome of the reaction can be controlled
by changes in pH have been reported.’” Rotaxane 72 consists
of a dibenzo-24-crown-8 macrocycle and a thread bearing a
dibenzylamine/ammonium unit, that acts as catalyst, and
triazolium rings as alternative binding sites for the macrocycle
(Scheme 19).>® The organocatalytic group can be concealed or
revealed, and its activity turned ‘on’ and ‘off’, by the well-defined
acid/base-promoted translocation of the macrocycle between the
binding sites on the thread. In neutral conditions, the triazolium
ring is the preferred binding site for the macrocycle in 72 and so
the dibenzylamine residue is available for catalysis (Scheme 19,
top). Upon protonation (72-H), the macrocycle preferentially
binds the ammonium unit, switching ‘off’ the catalytic activity
(Scheme 19, bottom). Switchable rotaxane catalyst 72 proved to
very effectively control the rate of Michael addition of an aliphatic
thiol (74) to trans-cinnamaldehyde (73), affording product 75 only
when the reaction was catalyzed with the non-protonated
rotaxane (72). The catalysis could be turned ‘on’ in situ through
deprotonation of 72-H with similar effectiveness (Scheme 19).

This journal is © The Royal Society of Chemistry 2015
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Fig.1 The scope of switchable rotaxane organocatalyst 72 through
different activation mechanisms.*®

Rotaxane 72 catalyzes the Michael addition reaction shown
in Scheme 19 through iminium ion activation. However,
secondary amines can also catalyse reactions through other
activation pathways. One goal of switchable catalysts is to be
able to use them to react selectively with particular building
blocks within a pool of potential reactants. By switching ‘on’
and ‘off’ various types of catalyst in different orders by applying
different stimulus it may then prove possible to carry out
different sequences of reactions, generating different products
from a common pool of building blocks. To accomplish this
it is necessary to establish the scope and limitations of the
switchable catalysts involved in the processes. Accordingly
rotaxane 72 was investigated for its ability to catalyze a variety
of reaction types through different activation modes (Fig. 1).*°

The non-protonated rotaxane 72 (‘on-state’) very effectively
catalyzed the B-functionalization of carbonyl compounds with
C or S-nucleophiles through iminium activation (often 95-98%
conversion), although the protonated form 72-H (‘off-state’)
also promotes the most facile of these transformations to a
lesser degree (up to 14% conversion) (Fig. 1(i)). Rotaxane 72
also promoted nucleophilic addition or substitution reactions
via enamine catalysis, although with less effectiveness (40-61%
conversions). However, switching is more effective with enamine
catalysis, with the ‘off-state’ of the catalyst showing no detectable
catalytic activity in these reactions (Fig. 1(ii)). The rotaxane
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catalyst is even able to promote tandem iminium-enamine
reaction sequences with high efficiency (Fig. 1(iii)) and the
Diels-Alder reaction of a dienal through a trienamine activation
pathway (Fig. 1(iv)).

This type of switchable catalysis was extended to an asym-
metric organocatalytic rotaxane (76) that features a simple acyclic
chiral secondary amine housed within a rotaxane framework
(Scheme 20).*° Switchable chiral rotaxane 76 was able to control
the catalyzed Michael addition of 1,3-diphenylpropan-1,3-dione
(78) to aliphatic o,B-unsaturated aldehydes (77a-c). The acyclic
chiral secondary amine promotes the reaction with stereo-
chemical control comparable to—or better than—commercial
cyclic amine organocatalysts, albeit at the expense of slower
rates of conversion. In situ switching between the catalyst states
by alternating addition of acid and base afforded excellent
control over both the rate and stereoselectivity of the reactions.

Recently, a switchable rotaxane system was developed, 80,
featuring two different organocatalytic sites: a squaramide moiety
and a dibenzylamine group (Scheme 21).** When the rotaxane is
protonated (80-H), the macrocycle preferentially interacts with
the ammonium unit revealing the squaramide unit, which can
promote the Michael addition of 1,3-diphenylpropan-1,3-dione
(78) to trans-B-nitrostyrene (81) through hydrogen bond catalysis
(75% conversion after 18 h). In basic media the macrocycle
preferentially resides over the squaramide, revealing the second-
ary amine which promotes the Michael addition of 1,3-diphenyl-
propan-1,3-dione (78) to crotonaldehyde (77a) via iminium ion
catalysis (40% after 40 h). In this way the catalyst state controls
which building blocks react together—and what product is
formed—from a mixture of reactants.
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