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1 Introduction 

Catalysis is a fundamental concept in chemistry and has drawn the attention of 

scientists since the late 18th century. Since the introduction of the principle of 

catalysis by Elizabeth Fulhame1 in 1794 and the definition by Berzelius2,3 in the 

19th century, chemists have developed numerous catalytic systems. Catalysts 

lower the activation energy of a chemical transformation and as a consequence 

catalyzed reactions occur faster, or under milder conditions, than uncatalyzed 

reactions. Nowadays, most industrial-scale processes are unimaginable without 

catalysts, ranging from polymer synthesis to the production of 

pharmaceuticals. With the development of modern synthetic chemistry, and the 

synthesis of complex molecular structures, the field of asymmetric catalysis has 

emerged. Numerous chiral catalysts, capable of inducing stereospecificity into 

the reactions they catalyze, have been developed over the last 50 years.  

In the design of novel asymmetric catalysts, inspiration often comes from 

Nature, where enzymes catalyze reactions with high conversions and reaction 

rates as well as extremely high selectivities. Key to their catalytic capabilities, 

enzymes show high flexibility in their active site4, which enables regulation of 

their activity by effector molecules. Effector molecules can increase or decrease 

the enzyme activity by specific binding. The regulation of enzymes by binding 

of effector molecules is crucial for the control of metabolic activity. 

Making artificial responsive catalysts that can mimic the allosteric regulation of 

enzymes presents a major challenge. In recent years there has been an increased 

interest in making stimuli-responsive dynamic catalysts5,6,9-11 that can switch 

their catalytic activity or selectivity. Upon exposure to external stimuli, 

catalysts undergo conformational changes which can result in a change of their 

catalytic function (Figure 1). 

In this overview dynamic responsive catalysts that undergo reversible changes 

upon light stimuli, addition of ions or neutral molecules or changes in 

oxidation state will be described. 

 

Figure 1 Dynamic conformational changes of a) an allosteric enzyme and b) an artificial catalyst 

upon exposure to external stimuli. 
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1.2 Photoswitchable dynamic catalysts 

Light presents one of the most attractive external stimuli7,8,9 as it is non-invasive 

and offers the possibility of generating no waste. It also allows precise 

spatiotemporal control of the functions of catalysts containing a photochromic 

unit. In order to design an effective photoswitchable catalyst, it is important to 

choose a photochromic unit that shows efficient reversible switching and is 

fatigue resistant upon irradiation at specific wavelengths. Apart from having 

efficient, nearly quantitative switching, i.e. high selectivity in the 

photoresponsive event, it is crucial that irradiation causes a significant change 

in the geometrical or electronic properties of the catalyst. Such changes should 

then result in different catalytic activities or selectivities. 

1.2.1 Photoswitchable catalysts based on an azobenzene core 

Azobenzenes10 are among some of the most studied photochromic switches and 

have gained a lot of attention in both fundamental studies and in applications 

towards responsive materials. Upon irradiation of azobenzenes isomerization 

around the N=N bond takes place (Figure 2), which causes a large change in 

geometry and dipole moment.  

 

Figure 2 Photoisomerisation of azobenzene. 

Pioneering studies on photoswitchable catalysis were performed by Ueno and 

co-workers11 in the early 1980s using an azobenzene photochromic moiety. 

Inspired by the principle of competitive inhibition of enzymes, they designed 

an artificial system to mimic this form of inhibition. The system utilized 4-

carboxyazobenzene 1 as a photochromic inhibitor for the hydrolysis of a 

phenolic ester by β-cyclodextrines (Figure 3). In their 1980 paper, Ueno and co-

workers showed that E-1 fits into the cavity of β-cyclodextrin (β-CD) and as a 

consequence inhibits the hydrolysis of 4-nitrophenyl acetate. Z-1 does not fit 

into the cavity of the β-CD, which then remains able to catalyze the hydrolysis 

of the phenolic ester; the hydrolysis reaction is thus accelerated upon 

irradiation of the reaction mixture. While this represented the first proof of 

concept for photoswitchable catalysis showing reversible control of reaction 

rate due to competitive binding of a photoswitchable azobenzene, efficiency 

was low since the catalyst and inhibitor concentrations exceeded the substrate 
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concentration. A subsequent paper described a more efficient system in which 

the photochromic moiety was covalently linked to the catalyst. Ueno and co-

workers covalently attached 4,4’-bis-(carboxy)azobenzene to the smaller 

opening of β-CD (Figure 3b).12 In this manner the binding of the substrate into 

the β-CD cavity can be photoregulated by changing the depth of the 

hydrophobic pocket via photoinduced geometric changes of the azobenzene 

moiety. This allows catalyst 2 to exist in two distinct states comprising a more 

or less active configuration. The more compact Z isomer makes the cavity 

deeper with enhanced binding affinity, whereas the elongated E isomer closes 

the cyclodextrin more tightly and therefore causes the cavity to be shallower 

and sterically less accessible. An irradiated sample that contained 38% of the Z 

isomer showed a 5.5 fold acceleration of hydrolysis compared to the sample 

that consisted exclusively of the E isomer. In this case, like in the first reported 

case of photoswitchable catalysis by the same group, there was a need for a 

large excess of catalyst with respect to the substrate due to product inhibition. 

Using β-CD with a covalently attached azobenzene in a truly catalytic manner, 

that is, with sub-stoichiometric catalyst loadings, was achieved by Ueno’s 

group13 in 2001 using a histidine linker for the covalent attachment (Figure 3c). 

In the inactive state of catalyst 3, the E isomer of the azobenzene moiety fills the 

CD cavity and prevents the binding of the substrate. Upon irradiation, the 

active state is obtained (PSS consists of 80% of the Z isomer). The Z isomer does 

not fit into the cavity and therefore the substrate can bind inside the cavity and 

hydrolysis occurs. As in enzymes, where histidine participates in catalytic 

triads for hydrolysis, the histidine moiety is also thought to aid catalysis when 

the catalyst is in its active state. It was shown that only the Z isomer catalyzes 

the reaction, where catalysis was successful even with low catalyst loadings of 

2.5 mol%; the E isomer displayed no catalytic activity. 
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Figure 3 Regulation of the catalytic activity of a β-CD by light was achieved either by using an 

azobenzene moiety acting as a competitive inhibitor (a) or by incorporating the azobenzene 

photoswitchable moiety onto the β-CD macrocycle and directly controlling catalyst activity by 

steric shielding of the substrate (b and c). 

The first example of an azobenzene template for photoswitchable catalysis was 

reported by Würthner and Rebek14, who used an azobenzene scaffold derived 

from Kemp’s triacid attached to a carbazole moiety (Figure 4) to arrange two 

binding sites for the reacting molecules. The triacid motif is known to 

efficiently bind adenine moieties and thus, through the incorporation of an 

azobenzene photoswitchable moiety, the photocontrol of amide bond 

formation between substrates carrying adenine residues was achieved. The E-

isomer of receptor 4 does not allow for favorable orientation of the substrates 

and has an insignificant effect on the reaction rate, while the tricomponent 

complex of both substrates with Z-4, in which reacting groups are arranged in 

greater proximity, shows an increase in the reaction rate. Upon irradiation of E-

4 at 366 nm, a PSS mixture containing 50% of the Z isomer was obtained and 

this caused a tenfold increase of the reaction rate. The rather low E/Z ratio in 

the PSS was attributed to the carbazole chromophore absorption in the 

wavelength region of the azobenzene absorption. This example shows that it is 

crucial to take into account photophysical properties of all the components of 

the catalyst during the design of a novel photoswitchable catalyst. Another 

drawback of Rebek’s system is the structural similarity between substrates 5, 6 

and product 7, leading to inhibition of the catalyst by the product, where for 

efficient substrate conversion equimolar amounts of the template were 

required. 
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Figure 4 Photocontrol over amide bond formation by a photoswitchable catalyst. 

More than a decade later Rebek and co-workers15 reported another interesting 

method for controlling catalytic activity upon photoirradiation. They designed 

a photoswitchable receptor system in which a covalently-attached azobenzene 

moiety controls the binding of an organocatalyst (piperidine acetate) into the 

receptor 8 cavity (Figure 5). In this system it is not the catalyst itself that is 

photoswitchable, but the catalytic activity of piperidine acetate could be 

increased by its binding into the photoswitchable receptor. Using light to 

induce structural changes in the receptor, control over the reaction rate of a 

Knoevenagel condensation was demonstrated. The receptor 8 with an E-

azobenzene moiety binds piperidinium acetate with an association constant of 

4300 M-1. Upon irradiation at 365 nm a high PSS of more than 95% Z-8 is 

achieved. The photoisomerisation causes a structural change that allows the 

isopropyl group to point inside the cavity, ejecting the piperidinum acetate. In a 

catalytic system consisting of piperidinium acetate (5 mol%) and the E-receptor 

(5-13 mol%) the reaction between malononitrile 10 and aromatic aldehydes is 

significantly accelerated compared to the uncatalyzed reaction. The presence of 

E-8 causes a 3.5 fold increase in the initial reaction rate compared to the 

reaction with piperidinum acetate alone for a reaction between 9 and 10. This 

example demonstrates how supramolecular regulation can be applied in 

controlling a catalytic reaction in a responsive way. 
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Figure 5 Photocontrol of the Knoevenagel condensation by a receptor/piperidinium complex. 

An interesting example of photoswitchable supramolecular catalysis was 

reported by Cacciapaglia and Mandolini in 2003 (Figure 6).16 They showed that 

the activity of a bis-barium complex of azobis-(benzo-18-crown-6) ether 12 

could be regulated by light. Bis-barium crown complexes are known to catalyze 

ethanolysis of acetanilides, where one barium metal serves as a binding point 

for the carboxylate group of the substrate and the other barium metal makes 

the ethanoate species more nucleophilic and delivers it to the carbonyl moiety 

of the substrate. In the Z-form obtained upon irradiation (high PSS with > 95% 

of the Z isomer), the two metal centers are brought into proximity enabling a 

two-point binding mode of the anilide 13, enhancing the reaction rate of 

ethanolysis. Due to the flexibility of the ether moieties, activity is also observed 

in the extended E-state, although lower than for the Z-state. Like in the earlier 

Ueno11,12 and Rebek14 examples, due to structural similarity between the 

product 14 and substrate 13 there is strong product inhibition, and as a 

consequence equimolar amounts of catalyst had to be used in order to obtain 

efficient conversion.  
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Figure 6 Photocontrol over anilide ethanolysis with a photoresponsive catalyst. 

Using a related approach Imahori and co-workers17 have designed an 

azobenzene-tethered bis(trityl alcohol) 15 (Figure 7) which can function as a 

cooperative acid catalyst. Biaryltethered bis(trityl) alchohols have been 

previously reported as hydrogen bond catalysts for the Diels-Alder reaction18. It 

was anticipated that intramolecular hydrogen bonding between the two 

hydroxyl groups of the catalyst in the Z isomer would enhance the acidity of 

one of the trityl alcohols. The catalyst activity was tested in a phosphine-

catalyzed Morita-Baylis-Hillman reaction. Without catalyst the product was 

obtained in 26% yield. Using 20 mol% of the E-isomer gave 37% yield, while 

with the more active Z-isomer the yield increased to 81%. Since each trityl 

group can contribute to catalyst activity (cooperative effect) the Z-form of the 

catalyst shows a significant acceleration compared to the E form. The PSS 

mixture containing 95% of the Z-form results in an 82 times faster reaction 

compared to the E form. Such a dramatic effect was not observed when 

naphthyl or 3,5-dimethyl-4-fluorophenyl groups were used instead of the 

phenyl group in the bis(trityl alcohol) catalyst. The PSS was lower for the Z 

form of these catalysts. Interestingly in the case of the catalyst containing 3,5-

dimethyl-4-fluorophenyl groups, both Z and E form showed similar activity 

(only 1.3 times acceleration was observed using a PSS mixture (E:Z=15:85) 

compared to the inactive E form). The cooperativity effect in this more acidic 

derivative of the catalyst was not evident. 
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Figure 7 Photoswitchable bis(trityl alcohol) catalyst. 

Cooperative activation by a photoresponsive catalyst was used recently in the 

design of a glycosidase mimic (Figure 8).19 Azobenzene 3,3’-dicarboxylic acid 19 

was designed as a catalyst for hydrolysis of glycosidic bonds. It was 

demonstrated that for E-19 deprotonation of both carboxylic groups happens at 

the same pH, whereas for Z-19, obtained by photoirradiation (PSS composed of 

70% Z isomer), it happens stepwise and two distinct pKa values (4.7 and 6.5) 

were determined. Using the pH range in which the Z isomer of the catalyst is 

monodeprotonated, a rate enhancement of six orders of magnitude was 

observed for the hydrolysis of 4-nitrophenyl-β-D-glucopyranoside 20 

compared to the E isomer.  

 

Figure 8 Controlling hydrolysis of 4-nitroxyphenyl-β-D-glucopyranoside with a photoresponsive 

catalyst. 

An alternative approach was utilized recently by Pericàs and co-workers20, 

where they have relied on antagonism, catalyst inactivation by attractive 

intramolecular interactions, as a new concept for the design of a 

photoswitchable catalyst. Their azobenzene-derived catalyst 22 contains a 
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thiourea moiety (hydrogen bond donor) on one side of the molecule and a 

hydrogen bond acceptor moiety (nitro, ester or amide) on the other. The 

catalyst was tested in the Michael addition of acetylacetone 24 to m-

bromonitrostyrene 23. Out of the five synthesized derivatives of the catalyst, 

the one with a nitro group as the hydrogen bond acceptor (Figure 9) displayed 

the largest difference in activity between the E and Z forms. In order to 

demonstrate that the rate difference was not simply a result of steric effects, the 

authors replaced the nitro group with a methyl group and found that the 

reactivity between the E and Z forms was not significantly different, suggesting 

that competitive intramolecular hydrogen bonding inhibits catalytic activity. In 

the Michael addition of acetylacetone 24 to m-bromonitrostyrene 23, product 

yields differed by 75% when the reaction was conducted with E-22 and the PSS 

mixture over 18 hours. This effect is particularly impressive considering that 

the PSS mixture consists of only 56% of inactive Z-22. Other catalyst analogues 

displayed unsatisfactory PSS ratios upon irradiation with 365 nm and the low 

PSS ratio exhibited by the system prevents this responsive catalyst from being 

an efficient ON-OFF system. 

 

Figure 9 Photoswitchable thiourea catalyst which is inactivated in the Z form by intramolecular 

hydrogen bonding. 

Another interesting example of photocontrol over catalyst activity was reported 

by Kawashima and co-workers21, in which they were able to control the Lewis 

acidity of a catecholborane moiety through reversible switching of an 

azobenzene 26 (Figure 10). Upon photoswitching, the coordination number of 

boron changed from four in the E isomer to three in the Z isomer causing a 

change in Lewis acidity. This was demonstrated by the complexation ability of 

both of the azobenzene isomers of catecholborane with pyridine, where a 300 

fold difference in ligand binding was observed. Despite these large differences 
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in ligand binding this system was not employed in catalysis. 

 

Figure 10 Change of coordination number of boron and its Lewis acidity upon irradiation with 

light. 

The first example of successfully employing a photoswitchable base as a 

catalyst was reported by Hecht and co-workers.22 The photoswitchable base 27 

was derived from an N-alkylated piperidine whose basic tertiary amine is 

shielded reversibly by a bulky azobenzene moiety. In the E form of the catalyst 

the nitrogen is sterically hindered.23 Upon photoisomerization with 366 nm 

light, the active Z-isomer is obtained in which the lone pair on nitrogen 

becomes sterically accessible, increasing the basicity of the catalyst by an order 

of magnitude (ΔpKa = 0.8). Catalyst 27 (Figure 11) was successfully employed in 

the Henry reaction between nitroethane (28) and 4-nitrobenzaldehyde (29), in 

which Z-27 caused a 30 fold increase of the reaction rate compared to E-27. 

 

Figure 11 Photoswitchable piperidine-derived catalyst. 

The Hecht group24 has also described the successful immobilization of this 

piperidine catalyst on silica gel by the attachment of monochlorosilane 

anchoring groups. The catalyst could be switched with fully reversibility, but 

the use of the immobilized catalyst in catalytic reactions has not yet been 

reported. In 2012 using the same concept as in their first photoswitchable base 

catalyst, Hecht and co-workers 25 reported the design of a photoswitchable 
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guanidine catalyst which was intended for the use in ring opening 

polymerization (ROP) of lactide. Unfortunately the catalyst’s basicity was not 

sufficient for the reaction and only a modest PSS ratio was obtained upon 

photoirradiation.  

Using light to control the aggregation state of a catalyst also presents a possible 

method for regulating catalytic activity. This approach was utilized for the first 

time by Grzybowski and co-workers26 who attached azobenzene moieties onto 

gold nanoparticles. These functionalized gold nanoparticles, comprising a 

mixed self-assembled monolayer of dodecylamine and azobenzene alkane 

thiols, were utilized in the hydrosilylation reaction of 4-methoxybenzaldehyde 

with diphenylsilane in toluene. Upon irradiation of the reaction mixture at 365 

nm, causing isomerization of the azobenzene moieties to their Z form, the 

reaction slowed down dramatically due to aggregation of the catalyst (90 times 

slower). During aggregation the solvent exposed area of the catalyst decreases 

dramatically which causes deactivation of the catalyst. Aggregates of the 

nanoparticles can be broken up after irradiation of the reaction mixture with 

visible light restoring the initial reaction rates. This process could be repeated 

up to three times restoring the initial dispersed catalyst. More cycles did not 

cause full aggregation of the nanoparticles due to high affinity of the substrates 

(benzaldehyde and diphenylsilane) for the gold surface.  

More recently Shibasaki27 and co-workers reported another example of 

photocontrol over the aggregation state of a catalyst. They designed a diamide 

31 containing an azobenzene moiety and a nucleophilic pyridyl group which 

varied its aggregation state depending on the geometry of the azobenzene 

(Figure 12). With the azobenzene in the Z form intermolecular alignment of the 

hydrogen bond donors and acceptors is disrupted, making this catalyst more 

soluble in certain solvent systems compared to its E form. The PSS achieved 

upon irradiation of the catalyst with 365 nm in an n-hexane/propionitrile 

solvent mixture (4:1) was high, with 96% of the Z-form. In this solvent mixture 

the PSS mixture is soluble whereas the pure E isomer aggregates. The effect of 

aggregation was tested in two different catalytic reactions that could be 

accelerated by a nucleophilic pyridyl moiety. In the acylation reaction of 1-

naphthol 32 and Boc2O 33 employing 15 mol% of 31 a large difference in 

activity between the aggregated and dispersed forms were observed. Using a 

PSS mixture upon irradiation at 365 nm, the product 34 could be obtained in 69 

% yield whereas using the aggregated form of 31, consisting of only the E form, 

34 was obtained in 11% yield. The difference in activity was even larger in the 

rearrangement of 2-acyloxybenzofuran 35 to 3-acyl-2-benzofuranone 36. In this 

case the product 36 was obtained in 80% yield using the Z form of the catalyst, 

and in 14% yield using the aggregated form. This type of catalytic system is 
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limited to specific solvents and the authors showed that in solvents where both 

forms are soluble, almost no difference in catalytic activity is observed.  

.  

Figure 12 Photocontrol over catalytic activity via aggregation/dissociation state of the catalyst. 

1.2.2 Photoswitchable catalysts based on dithienylethene core 

Dithienylethene (DTE) based switches undergo reversible cyclization reactions 

when exposed to UV and visible light and the two isomers have distinct 

geometric and electronic properties (Figure 13).28 

 

Figure 13 Photoisomerisation of DTE switches. 

Switches based on the DTE core demonstrate high fatigue resistance in the ring-

closing and ring-opening reactions; an aspect which has recently been studied 

in depth by Hecht and co-workers.29 They demonstrated that careful design of 

the substitution pattern can help in improving fatigue resistance. Unlike 

azobenzenes, which can interconvert upon exposure to heat as well as light, 

DTE switches almost exclusively switch between the two forms under 

irradiation with light. Upon ring closure and opening of DTE switches there is 

a large change in the distribution of electron density. This property enables the 

modulation of the electronic properties of the active site of a catalyst by light, 

provided that the active site of the catalyst is conjugated to the DTE unit. 

Although it has been demonstrated that the switching of electronic properties 
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can cause changes in various chemical properties there have been only limited 

reports of the use of these systems in catalysis. The groups of Lehn30, Irie31 and 

Branda32 have all demonstrated the modulaton of acidity upon changes in the 

electronic structure. Branda and co-workers32 have utilized changes in the 

electronic structure of the DTE core upon cyclisation to affect the Lewis acidity 

of a boron center incorporated in the central ring of the switch. Unlike the 

Kawashima example23 (Figure 10) where the Lewis acidity is changed due to 

different coordination of boron in different azobenzene isomers, here the 

acidity difference is caused exclusively by differences in electronic structure 

between the open and closed form of 37 (Figure 14). In the open form, o-37, the 

OFF form, the Lewis acidity of boron is low, since the p-orbital of boron is 

partially occupied with delocalized π electrons, as illustrated by the negligible 

binding of pyridine to the boron center. In the closed form, c-37, the ON form, 

binding is strong, with a binding constant of > 7000 M-1. Despite these large 

differences in Lewis acidity of the boron in the open and closed forms, this 

system is yet to be employed in catalytic reactions.  

 

Figure 14 Regulating Lewis acidity of a boron atom with light. 

Upon reversible ring opening and closing of DTE based switches, changes in 

stereoelectronic properties are observed that have been shown to cause changes 

of basicity33, ligand coordination34, hydrogen bonding35 and reactivity in 

cycloaddition36 reactions.  

The first example of using a DTE based switch in catalysis was reported by 

Branda and co-workers37: a chiral bis(oxazoline) ligand with a DTE bridge unit 

was designed, which allowed the selectivity of a cyclopropanation reaction to 

be controlled with light.  The approach exploited the differences in sterics 

between the open and closed forms, where in the open form, the two oxazoline 

moieties of the ligand 38 can bind Cu(I) and moderate enantioselectivities of 41 

(30-50% ee) were found in the cyclopropanation of 39 with 40 (Figure 15). In the 

closed form (c-38) the two oxazolines are far apart, in an anti orientation, and 

can’t provide a bis-binding mode for the Cu(I) atom. Using the ring closed form 

a significant drop in enantioselectivity of cyclopropanation was observed to 5% 
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ee, although when a PSS mixture consisting of 23 % of the closed form (c-38) 

was used in the cyclopropanation reaction no significant drop in 

enantioselectivity was observed. This represents the first reported example of 

modulation of stereoselectivity of a copper catalyzed reaction by light. 

Unfortunately this system is not effective in switching the selectivity in situ due 

to the low PSS.  

 

Figure 15 Photoswitching of a DTE-based oxazoline ligand which shows different 

stereoselectivities in the cyclopropanation of styrene. 

In 2008 Branda and co-workers38 reported the synthesis of non-symmetric DTE 

switch 42 which had a pyridine moiety on one side and a monobenzylated 

pyridine on the other side (Figure 16). It was employed in catalytic reactions 

between dimethyl acetylenedicarboxylate (DMAD) 44 and 3-nitrobenzaldehyde 

45 showing a 15 % difference in conversion to 46 between the open and closed 

form. In order to achieve 20 % conversion 1 mol equivalent of the catalyst had 

to be employed, which presents a major disadvantage of the system so far. 
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Figure 16 DTE pyridine based catalyst for reaction between DMAD and 3-nitrobenzylaldehyde 

More recently Branda and co-workers39 used the difference in the electronic 

properties between the two isomers of DTE switches to design an ON-OFF 

catalytic system for the racemization of alanine (Figure 17). Their design was 

inspired by the fact that the activity of pyridoxal 5-phosphate (PLP) in the 

racemization of alanine relies on the conjugation between the aldehyde and 

pyridinium functionalities. Upon condensation of an amino acid with PLP, the 

pyridinium group in the aldimine enhances the acidity of the amino acid α-

hydrogen, facilitating deprotonation and subsequent racemization. In their PLP 

analogue 46, the DTE switch contains a pyridinium and an aldehyde unit at the 

respective thiophenes. In the open form (o-46) there is no conjugation between 

the units and they are electronically insulated from each other and the system 

lacks catalytic activity. Upon UV irradiation a ring-closed form (c-46) is 

obtained, which results in a fully conjugated structure between the pyridinium 

and aldehyde groups, forming a PLP mimic. Upon condensation of an amino 

acid with the closed form of PLP mimic c-46, aldimine is obtained which, upon 

removal of the amino acid α-hydrogen, results in a quinonoid intermediate. 

The catalytic ability of this PLP mimic was tested in the racemization of 

optically pure L-alanine using hydrogen-deuterium exchange experiments. 

While the open form (o-46) led to minimal racemization, with less than 3% 

exchange at 40 °C over 140 hours, after UV irradiation, the closed form (c-46) 

(PSS consisted of 97% of the ring closed form) resulted in significant 

acceleration of the reaction rate: at 40 °C during 140 hours 30 % exchange was 

observed and nearly complete exchange (95 %) could be reached after 230 

hours. It was thus demonstrated that the activity of the catalyst could be 

switched from the negligibly active form (OFF) to the more active form (ON) 

through alternate exposure to UV and visible light. 
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Figure 17 Photoswitchable PLP mimic for the racemization of L-alanine 

The use of electronic changes in DTE switches in photoresponsive catalysis was 

recently further explored by the group of Bielawski (Figure 18).40 A 4,5-

dithienylimidazolium salt (catalyst precursor) 47 was prepared, which 

underwent an electrocyclic ring-closing process under neutral and basic 

conditions upon exposure to UV radiation (313 nm). After exposure to visible 

light (> 500 nm) it could switch back to the open form nearly quantitatively. In 

the closed form the electron density at the carbenoid center in the imidazolium 

salt decreased significantly. In the presence of base, this imidazolium salt 

precatalyst obtained with visible light was shown to successfully catalyze a 

transesterification reaction between allyl alcohol 48 and vinyl acetate 49. 

Similarly the amidation of ethyl acetate 51 with 2-aminoethanol 52 was 

accelerated. After exposure of the catalyst to UV light the reaction rate dropped 

significantly, both for the transesterification (kvis/UV = 12.5) and the amidation 

(kvis/UV = 100) reaction. The switching between reaction rates in the amidation 

reaction was demonstrated upon alternating exposure to UV and visible light. 

Although the fatigue resistance of the catalyst 47 over many cycles has not been 

demonstrated, it was indicated that some (13%) decomposition of the catalyst 

to an unknown byproduct takes place after one cycle, limiting full reactivation 

of the catalyst by light.  
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Figure 18 Photoswitchable NHC catalyst and ligands: a) transesterification and transamidation b) 

polymerization c) rhodium catalyzed hydroboration of alkenes and alkynes. 

The precatalyst 47 was also employed in controlling the ring opening 

polymerization (ROP) of cyclic esters41 by light. For δ-valerolactone, the 

polymerization rate was much slower under UV light compared to visible light 

(kvis/kUV = 59) and by alternating exposure to UV and visible light ROP could be 

reversibly activated and deactivated, describing the first reported example of a 

successful photoswitchable organocatalyst for ROP. 

Using the same DTE core, a switchable NHC-Rh(I) complex 55 was prepared42 

and employed as an efficient catalyst for the hydroboration of alkenes and 

alkynes with pinacolborane (Figure 18 c). Upon exposure of the complex to UV 

light the catalytic activity was diminished by an order of magnitude, although 

the PSS mixture after UV irradiation consisted of only 62% of the closed form 

(c-55). The effect on the rate constants is expected to be larger if quantitative 

ring closure could be achieved. Upon exposure to visible light the open form 

(o-55) is almost completely restored (PSS consists of 97% of the open form). It 

was demonstrated that the hydroboration of styrene 56 with 57 could be 

switched ON and OFF multiple times with alternating UV and visible light. The 
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crucial difference in reaction rates comes from the difference in ligand electron 

structure. In the closed form obtained after UV irradiation the NHC-ligand has 

decreased electron-donating ability, which results in the inhibition of the rate-

determining reductive elimination step.  

An example of a photoswitchable organocatalyst 59 based on a DTE-linked 

imidazole has been recently employed in the acylation of 2-decanol 60 with 

acetic anhydride 61 (Figure 19).43 The open form o-59 proved to be an efficient 

catalyst, yielding 72% of 62 after 24 hours. Upon UV irradiation the closed form 

c-59 is obtained, where the PSS consists of 89% of the closed form, and was 

demonstrated to be a less effective catalyst for the acylation reaction. The rate 

constants for the open and closed forms differ by one order of magnitude (8.8 x 

10-4 M-2 s-1 vs 6.9 x 10-5 M-2 s-1) which is attributed to a distinct difference in 

nucleophilicity of the imidazole groups. In the absence of the catalyst a 

background reaction is observed, yielding 11% of the product after 24 hours, 

which presents a drawback for building an efficient catalytic ON-OFF system. 

The closed form was not completely inactive as it caused an increase in the 

reaction rate by two orders of magnitude compared to the non-catalyzed 

reaction. Another drawback is that upon alternative irradiation with UV and 

visible light some decomposition of the catalyst is observed, meaning that the 

full activity of the ring open form cannot be restored. 

 

Figure 19 Dithienylethene-linked imidazole as a photoswitchable catalyst for the acylation of 

decan-2-ol. 

1.2.3 Photoswitchable catalysts based on a spiropyran core 

Spiropyran photoswitches have found numerous applications in responsive 

materials44, due to the large differences in properties between their isomers 

(Figure 20). The isomers can be switched with various stimuli: light, solvent, 

pH and redox changes. Upon UV irradiation of the ring closed form the ring 

open form is obtained through the cleavage of the C-O bond between the 

pyran-oxygen and spiro-carbon. In the ring closed form (spiropyran form) the 
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two halves are orthogonal while in the ring opened zwitterionic form 

(merocyanine) they are planar forming an extended conjugated system. 

Spiropyran compounds haven’t been extensively studied in the area of 

photoswitchable catalysis, although in a pioneering study they have been used 

to modify enzyme activity.45 Biological applications have been explored, 

amongst others, by using spiropyrans to achieve control over antigen-antibody 

interactions with light and for building photoresponsive enzyme layered 

electrodes.46 

 

Figure 20 Photoswitching of spiropyran upon photoirradiation. 

In 2007 Willner and co-workers47 reported a remarkable example of 

photoswitchable electrocatalyzed reduction of H2O2 and the generation of 

chemiluminescence at surfaces covered with a nitrospiropyran derivative in the 

presence of Pt nanoparticles (Figure 21). The nitrospiropyran derivative was 

attached to an indium tin oxide (ITO) electrode forming a monolayer. This 

monolayer does not attract the negatively charged Pt nanoparticles and is thus 

catalytically inactive towards the reduction of H2O2. Upon irradiation with UV 

light (380 > λ > 320 nm) photoisomerisation of the spiropyran s-63 in the 

monolayer occurs followed by protonation of the zwitterionic form resulting in 

a protonated merocyanine m-63 monolayer. The positively charged monolayer 

attracts the Pt nanoparticles to the surface of the ITO electrode leading to 

successful catalysis in the reduction of H2O2. Irradiation of the monolayer with 

visible light (λ > 475 nm) converted the merocyanine derivative back to the 

starting spiropyran moiety and led to detachment of the Pt nanoparticles and 

the re-formation of a catalytically inactive electrode. The electrocatalytic 

function of the ITO electrode was successfully switched upon alternate 

exposure to UV and visible light for ten cycles without significant degradation. 

The reaction could be followed electrochemically and by chemiluminescence 

generation.  
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Figure 21 An electrode functionalized with a spiropyran monolayer allows for the binding of Pt 

nanoparticles only in the open state of the spiropyran. Pt nanoparticles bound to the electrode 

catalyze the reduction of H2O2 to H2O. 

Raymo and Credi reported an interesting photoswitchable catalytic system 

which could reversibly control the generation of singlet oxygen (Figure 22).48 

The system is composed of a merocyanine type photoacid m-64 and an osmium 

polypyridine complex 65 acting as a singlet-oxygen sensitizer. Upon irradiation 

with near visible light the merocyanine is converted to the spiropyran with 

release of protons into solution resulting in the protonation of the osmium 

polypyridine complex. In its protonated form the complex is not able to 

generate singlet oxygen. The activity of the complex could be restored upon 

leaving the solution in the dark at room temperature for five days. 

 

Figure 22 Coupled operation of spiropyran photoacid system and osmium complex in generation 

of singlet oxygen. 

1.2.4 Photoswitchable catalysts based on a stilbene core 

Stilbenes are a widely studied class of photochromic switches49,50 which upon 
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irradiation with UV light undergo isomerization of the C=C bond. They can 

exist in two stable geometrical isomers E and Z. Their application has been 

limited because of the common photodegradation which can occur in the 

presence of oxidants: Z-stilbene can undergo an electrocyclization reaction and 

in the presence of an oxidant the cyclized form can undergo irreversible 

dehydrogenation yielding a phenanthrene. This presents a major drawback for 

achieving successful photoswitchable catalysis or any other application, unless 

specifically designed stilbenes are used that avoid photocyclization (vide infra). 

Despite the difficulties, a number of successful examples of employing the 

stilbene core in photoswitchable catalysts have been reported. In 1999 Inoue 

and co-workers designed a system, in which a stilbene derivative 66 was used 

for photoswitchable chemical fixation of CO2 (Figure 23).51 Their design was 

based on the observation that the bulky stilbene derived ligand 66 depicted in 

Figure 23 can only coordinate efficiently to the aluminium porphyrin 67 in its Z 

configuration. Upon coordination with a nitrogen-containing base, the 

aluminium porphyprins are able to catalyze the transformation of CO2 and 1,2-

epoxypropane into propylene carbonate. Switching from the E to the Z stilbene 

derivative using UV light caused a tenfold acceleration of the reaction. A 

drawback of this catalytic system is that the reaction is slow, where in 18 hours 

the conversion with Z stilbene is 23%, while the reaction with E stilbene 66 is 

not completely suppressed (2% conversion obtained over the same time 

period). 

 

Figure 23 A bulky stilbazole ligand can only coordinate to an aluminum porphyrin in the Z state 

due to the steric hindrance which occurs upon binding of the E isomer. Once coordinated by 

stilbazole, the Al porphyrin complex catalyzes the reaction of CO2 with 1,2-epoxypropane to 

propylene carbonate. 

Cacciapaglia et al.52 designed a bisbarium stilbenobis(18-crown-6) complex and 

showed how it works in a cooperative catalytic manner in the ethanolysis of 
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esters. It was demonstrated that the Z-complex was more efficient in 

ethanolysis of esters than its E-analogue. It is worth noting that in situ 

acceleration of the reaction upon photoirradiation of the E-catalyst could be 

observed. Unfortunately the catalyst could not be reverted to the original, less 

active E-state, by thermal or photochemical isomerization. 

More recently Craig and co-workers have carried out systematic studies of a 

catalyst based on ligand 68 that consisted of a stilbene (1,1’-biindane) coupled 

to a chiral bis(phosphine) ligand (Figure 24).53 It was demonstrated that 

changes in the stilbene geometry influence the stereochemical outcome of 

palladium-catalyzed carbon-carbon bond forming reactions. Upon irradiation 

of the Z-ligand at 365 nm a PSS mixture containing a 68:32 mixture of Z and E 

isomers was obtained. In order to compare their selectivity in catalysis, 

different isomers of the bisphosphine ligand were purified by column 

chromatography and used separately in asymmetric Heck reactions and Trost 

asymmetric allylic alkylations. While in all cases the Z-isomer demonstrated 

higher selectivity than the E isomer, reaction with either isomer resulted in the 

same major enantiomer of the product (despite differing degrees of 

enantioselectivity). 

 

Figure 24 Different stereoselectivites of the product in asymmetric Heck reactions and Trost 

asymmetric allylic alkylations using Z and E isomer of the biphosphine ligand. 

In 2011 the Feringa group reported the first photoswitchable catalyst 78a based 
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on a molecular motor core that could be used to efficiently control 

stereoselectivity and activity of a thiol-enone Michael addition (Figure 25).54 

This catalytic system is based on an overcrowded alkene as a photochromic 

unit and it can exist in four states unlike many other switches that can exist in 

only two isomeric forms. The motor bears a 4-dimethylaminopyridine (DMAP) 

and thiourea group which cooperatively catalyze the conjugate addition of 

thiols to enones. The relative orientation of these two catalytic units can be 

dictated by the unidirectional rotary cycle of the molecular motor. In the E 

form, the two catalytic units are far apart, resulting in low catalytic activity. In 

the Z state, cooperativity between the two groups results in an increase of 

reaction rate. The helicity of the chiral molecular motor determines at which 

face of cyclohexenone 79 (Si or Re) attack of thiol 80 takes place and therefore 

which enantiomer of the product 81 is formed. With this design a single chiral 

catalyst could form the racemate (from E-78a) as well as preferentially each 

enantiomer (from Z-78a) of the addition product. The switching between 

distinct catalysts is controlled by photochemical and thermal isomerization 

steps while the sequence in which (R,S)-81, (R)-81 or (S)-81 product is obtained 

is governed by the chirality of motor unit. In 2014 our group reported another 

molecular motor based organocatalyst 78b which differed from the original one 

by removal of the phenyl spacer between the motor core and the catalytic 

units.55 It proved to be a potent catalyst in the asymmetric Henry reaction 

achieving ee’s of up to 71%.  

Recently a switchable chiral biphosphine ligand 78c based on a molecular 

motor core was reported by our group.56 Phosphine ligands were connected via 

amide bond linkers to the molecular motor core and used in a palladium-

catalyzed desymmetrisation reaction of meso-cyclopent-2-en-1,4-diol  

bis(carbamate) 85. This responsive catalyst resulted in 88% ee of one enantiomer 

of the product 86 with the (P,P)-Z state of the ligand and 87% ee of the opposite 

enantiomer of 86  with the (M,M)-Z state of the ligand. Therefore using the 

photoswitchable chiral biphosphine ligand it is possible to obtain both 

enantiomers of a product of a Pd-catalyzed reaction using a single chiral ligand.  

In summary, area of photoswitchable dynamic catalysts is a rapidly developing 

field offering tremendous opportunities for non-invasive (light) control of 

catalytic transformations. An overview of current photoresponsive catalysts 

including responsive structural moiety, efficiency of switching process, a 

principle underlying the responsive catalysis and the various transformations 

used is presented in Table 1. 
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Figure 25 Molecular motor based catalysts which have 3 distinct active states – trans, which is 

least active and yields products with low levels of enantioenrichment and two distinct cis states, 

which are pseudoenantiomers and are more active and result in opposite enantiomers of the 

product a) Bifunctional motor based organocatalyst employed in a Michael reaction b) 

Bifunctional motor based organocatalyst employed in the Henry reaction c) Phosphine motor 

based ligand employed in a Pd-catalyzed desymmetrization reaction.  
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Table 1 Overview of photoresponsive catalysts and comparison of principles underlying 

catalysis 

Reference Responsive core PSSa ratio Principle underlying responsive 

catalysis 

Catalyzed reaction  

[11] azobenzene Eoff/Zon≈ 

40/60 

Competitive inhibition Hydrolysis of 4-nitrophenylacetate 

[12] azobenzene Eoff/Zon= 

62/38 

Steric shielding of the active catalyst 

site 

Hydrolysis of 4-nitrophenylacetate 

[13] azobenzene Eoff/Zon= 

20/80 

Combination of steric shielding and 

inhibition 

Hydrolysis of 4-nitrophenylacetate 

[14] azobenzene Eoff/Zon= 

50/50 

Catalyst template, ON state binds 

substrates increasing their local 

concentration 

Amide bond formation between 

amino-adenosine and p-nitro phenyl 

ester adenosine  

[15] azobenzene Eon/Zoff= 

5/95 

Supramolecular regulation by 

responsive receptor which can bind the 

catalyst modulating its performance 

Knoevenagel condensation 

[16] azobenzene Eoff/Zon = 

5/95 

Cooperative catalytic activation Ethanolysis of acetanilides 

[17] azobenzene Eoff/Zon = 

5/95 

Cooperative catalytic activation Morita-Baylis-Hillman reaction 

[19] azobenzene Eoff/Zon = 

30/70 

Cooperative catalytic activation Hydrolysis of glucopyranoside 

[20] azobenzene Eon/Zoff = 

44/56 

Anatgonism, relying on catalyst 

inactivation by light 

Michael addition 

[22] azobenzene Eoff/Zon = 

39/61 

Steric shielding Henry reaction 

[26] azobenzene No data Aggregation state of the catalyst Hydrosilylation reaction 

[27] azobenzene Eoff/Zon = 

4/96 

Aggregation state of the catalyst Acylation reaction and 

rearrrangament of 2-

acyloxybenzofuran 

[37] DTEb Oon/Coff
* = 

77/23 

Cooperative catalytic activation Cyclopropanation reaction 

[39] DTE Ooff/Con
* = 

3/97 

Difference in the electronical 

properties of DTE isomers 

Racemization of L-alanine 

[40,41,42] DTE Oon/Coff
* > 

1/99 UV 

det 

Difference in the electronical 

properties of DTE isomers 

Transamidation, transesterification, 

ROP, Rh-cat. hydroboration 

[43] DTE Oon/Coff
* = 

11/89 

Difference in the electronical 

properties of DTE isomers 

Acylation of decan-2-ol 

[47] spiropyran No data Difference in charge between two 

isomers 

Reduction of H2O2 

[48] spiropyran No data Photogeneration of acid Singlet oxygen generation 

[51] stilbene Eoff/Zon= 

77/23 

Steric shielding Reaction of CO2 with 1,2-

epoxypropane 

[53] Overcrowded 

alkene 

E/Z= 

32/68 

Geometry change of the ligand Trost allylic alkylation and Heck 

reaction 

[54,55,56] Overcrowded 

alkene 

E/Z= 8/92, 

7/93 

Cooperative catalytic activation Michael thiol addition, Henry 

reaction, desymmetrization of meso-

cyclopent-2-en-1,4-diol 

bis(carbamate) 

aPSS=Photostationary state b DTE=dithienylethylene 
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1.3 Ion and neutral molecule-switchable dynamic catalysts 

Ions and small molecules are ubiquitous effectors of enzymes. Although many 

examples of artificial allosteric catalysts inspired by enzymes have been 

reported, the reversibility of many of those systems has not been studied in 

detail.57 Herein an overview of reversible systems will be given. 

A remarkable example of cation-triggered switchable asymmetric catalysis was 

reported by Fan and co-workers58. The authors designed a phosphoramidite 

ligand 87 modified with an aza-crown-ether and employed it in rhodium 

catalyzed asymmetric hydrogenation of dehydroamino acid esters (Figure 26). 

Due to the presence of the aza-crown-ether moiety, the catalytic system is 

sensitive to alkali cations, especially sodium. In the absence of sodium the 

catalytic system was completely inactive giving conversions with all tested 

substrates below 1%. This is attributed to rhodium – aza-crown-ether 

macrocycle interactions which block the approach of the substrates to the metal 

catalytic center. Upon addition of sodium ions, which have much stronger 

interactions with the crown ether, the sandwich complex between the aza-

crown ether and rhodium is broken and the catalytic center is no longer 

hindered for substrate binding. The ON state is thus obtained, with which full 

conversions in asymmetric hydrogenations can be obtained with excellent ee’s 

(up to 98%). Switching back to the OFF state was achieved upon addition of 

two equivalents of cryptand[2,2,2], which exhibits stronger binding with 

sodium than the aza-crown-ether moiety. It was demonstrated that during two 

switching cycles employing only 1 mol% loading of the catalyst, conversions 

were unchanged and the ee was only slightly diminished by 1-2%. It was also 

shown that the cryptand sodium complex doesn’t affect the catalysis and 

several cycles can be performed without reducing the catalytic activity of the 

switchable rhodium catalyst. 
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Figure 26 Sodium triggered switchable rhodium catalyst employed in asymmetric hydrogenation 

of dehydroamino acid methyl ester. 

One of the first attempts towards ion responsive reversible catalysts was 

reported by the Mirkin group (Figure 27).59 A macrocyclic catalyst 90 was 

designed which consisted of two salen-type chromium catalytic centers and 

two rhodium centers incorporated into the macrocycle. The rhodium centers 

were crucial for achieving reversibility since they were bound by weak 

thioether bonds which could be broken upon treatment with CO and chloride 

ions, while the rhodium phosphine bonds stayed intact. In this way two 

different forms of the macrocycle 90 could be achieved – a tightly closed form c-

90 in which the rhodium atoms are bound between two bisdentate ligands, 

thioether and phosphine, and a “looser” macrocyclic form in which the 

thioether bond is broken and as a consequence the rhodium atom is no longer 

in a tight sandwich complex but CO and chloride anion substitute the thioether 

ligands resulting in a more flexible structure o-90 (Figure 27). Using this 

catalyst (0.16 mol% catalyst loading) in the ring opening reaction of 

cyclohexene oxide by TMSN3 the reaction rate increased two fold when PPNCl 

(bis(triphenylphosphoranylidene) ammonium chloride) and CO were added as 

effectors. This implies that the more open form of the macrocycle is more active 

than the closed one. Unfortunately, the catalytic activity was not tested during 

several cycles and in situ switching was not demonstrated. In addition, 

enantioselectivities were not compared for the two different macrocyclic forms; 

only between monomeric salen catalyst and the tightly closed one where the ee 

was more than five times higher (68 % ee with c-90 compared to 12 % ee 

obtained with the monomeric form containing one chromium center).  
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Figure 27 Responsive macrocyclic catalyst developed by Mirkin and co-workers. The geometry of the 

catalyst changes upon treatment with chemical triggers (CO and chloride or acetate) influencing its 

activity and selectivity. This responsive macrocyclic catalyst was employed in a) ring opening reaction 

of cyclohexene oxide and b) acylation reaction between acetic anhydride and pyridyl carbinol. 

Using the tetrametallic macrocyclic complex (90) described above, with zinc 

instead of Cr, resulted in an efficient catalytic system for acyl transfer reactions 

(Figure 27b).60,61 With the closed form of the macrocycle, only slow background 

reaction between acetic anhydride and pyridyl carbinol (94) was observed. In 

its more active open form a rate enhancement of approximately 25 times was 

achieved. It is proposed that in its open form catalysis in a bimetallic fashion is 

possible, whereas in the closed form the system is too sterically hindered for 

intramolecular activation of substrates. Acetic anhydride is activated by Zn(II)-

salen while being in close proximity to a pyridyl carbinol molecule bound to 

the second Zn center. This system proved to be so sensitive, that it could be 

used for the detection of the chloride ions present in solution under a CO 

atmosphere. Chloride ions triggered the opening of the macrocycle complex 

and the minimum concentration required to observe product formation could 

be quantified. This was achieved using a pH-sensitive fluorophore, since acetic 

acid is a product of the reaction. Chloride concentrations as low as 800 nM 
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could be detected with this coupled system. Acetate ions can also be used as 

effectors and their detection can be achieved using the same system as used for 

chloride ions.62 Using a Zn(II) porphyrin core instead of the salen unit, a rate 

enhancement in the acylation transfer reaction was observed using the less 

tight form of the macrocycle, but the enhancement was not as pronounced as 

with the salen moiety.63 

A related “tweezer” (Figure 28) version of the catalyst containing only one 

rhodium center has also been developed.64 The hemiliabilty of the Rh-thioether 

bond was used as part of the regulation of the reversible switching mechanism. 

Upon treatment with PPNCl and CO, an open form of the catalytic complex (o-

96) is obtained. After subsequent removal of the solvent in vacuo or purging the 

solution with N2 the system is switched back to the closed tweezer complex (c-

96). The difference in shape upon opening and closing is much more 

pronounced than in the previous macrocyclic complex. The reversible 

switching of catalyst activity and selectivity was demonstrated in the same 

reaction as for the previous system, that is, the asymmetric ring opening of 

cyclohexene oxide by TMSN3. An impressively low catalyst loading of 0.2 mol% 

was used. The differences in selectivity between the open and closed forms of 

the catalyst were enhanced at lower catalyst concentrations (where 

intramolecular reactions play a greater role). Using a 7.2 mM concentration of 

the catalyst, an ee of 80% was obtained with the closed form whereas the open 

form provided the product in 74% ee. Using a lower catalyst concentration of 

0.14 mM, 49% ee and 21% ee were obtained with the closed and open forms, 

respectively. In situ OFF switching was efficiently demonstrated using CO at a 

pressure of 1 atm as a trigger. By alternating introduction and removal of CO in 

situ switching of activity and selectivity were successfully demonstrated.  
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Figure 28 Responsive tweezer complex demonstrating different activity and selectivity in its two 

forms for the asymmetric ring opening of the epoxide. 

In 2007 Mirkin and co-workers reported the first example of artificial reversible 

allosteric control of phosphate ester hydrolysis.65 As in the previous examples a 

labile thioether bond was used in the design of a switchable tetrametallic 

system, which consisted of a macrocyclic structure in which the distance 

between two active zinc centers was controlled by cleavage of the thioether 

bond on the rhodium centers (Figure 29). While in its closed form the catalyst 

(97-c) was completely inactive, upon treatment with CO and chloride ions 

complete hydrolysis of 2-hydroxypropyl-p-nitrophenyl phosphate (98) was 

achieved in 40 minutes. This was the first demonstration of a completely 

inactive OFF state for an ion-responsive catalyst. 
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Figure 29 Zn-salen responsive catalyst which is completely inactive in its tightly closed form. 

Upon opening after treatment with CO and TBACl it becomes highly active towards hydrolysis 

of HPNP (model substrate for RNA studies). 

A remarkable example of achieving control over ring-opening polymerization 

of ε-caprolactone was reported in 2010 by Mirkin and co-workers employing a 

specially designed triple-layer catalyst 101 (Figure 30).66  The catalyst consisted 

of a central core composed of an Al(III) salen complex and outer layers 

composed of alosterically regulated rhodium ligands, which act as a steric 

barrier. Upon treatment with chloride the Rh-N bonds break and the active 

central part of the catalyst is no longer hindered for approach of the substrate, 

and the catalyst is in its ON state. Upon removal of the chloride, the active Al 

catalytic component again becomes sterically shielded and catalysis ceases. The 

polymerization could be turned on and off in situ, by opening and closing of 

the central part of the catalyst via addition and removal of the chloride ions. 

With the active form of the catalyst, conversion of the monomer was complete 

in 40 minutes, while the closed form was completely inactive (although it is 

noted that some activity was observed after 100 hours due to the 

decomposition of the catalyst). The catalyst could be reactivated in situ without 

significant loss of reactivity and reactivation of the catalyst led to an increase in 

the molecular weight of the polymer.  
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Figure 30 Triple layer responsive catalyst which demonstrates control over ring opening 

polymerization of ε-caprolactone. In its closed form it is completely inactive towards 

polymerization, whereas in its open form, obtained after treatment with a chloride source, it 

turns into the active open form. 

An interesting responsive system for controlled ring opening polymerization 

(ROP), which is based on a CO2 switchable organocatalytic system, was 

reported by Coulembier and Dubois.67 The small molecular trigger was carbon 

dioxide which could deactivate an organocatalytic triazabicyclodecene (TBD) – 

1,8-diazabicycloundec-7-ene (DBU) – benzyl alcohol (BnOH) (10:1:1) system for 

ring opening polymerization of ε-caprolactone and trimethylene carbonate. 

This deactivation is due to the three component reaction of DBU, the primary 

alcohol and CO2 which leads to formation of the corresponding ionic iminium 

carbonate. In the absence of a primary alcohol to act as an initiator TBD is 

unable to catalyze the ROP. Under a CO2 atmosphere, the catalytic system is in 

its OFF state, whereas upon purging with nitrogen, removing the CO2, the 

catalytic system can be reactivated. The cycle was repeated four times with only 

a slight loss of catalytic activity. This example shows that through control of the 

atmosphere of the reaction it is possible to control the activity of the catalyst. 

Recently Mirkin and coworkers reported a chloride responsive catalyst 102 

regulated by self-aggregation via competing intra- and intermolecular 

hydrogen bonding. The authors functionalised a bisarylurea with a labile 

phosphinoalkyl thioether moiety and incorporated it into the Pt(II) tweezer 

complex, as depicted in Figure 31.68 In the absence of chloride ions, the bisurea 

moieties are able to catalyze a Diels-Alder reaction between cyclopentadiene 

(103) and methyl vinyl ketone (104) through hydrogen-bonding and other non-

covalent interactions. However, upon treatment with chloride ions the system 
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becomes catalytically inactive. This is attributed to the aggregation of the urea 

moieties. It is proposed that self-association of the urea moieties is prevented in 

the fully closed form due to the orientation of the carbonyl moieties (hydrogen 

bond acceptors) towards the Pt center. In this way the carbonyl moiety is 

isolated from the hydrogen bond donating (NH) moieties and catalysis occurs. 

Successful in situ switching was demonstrated by addition and removal of 

chloride ions. This represents a novel method for controlling the activity of a 

catalyst by modulating its self-aggregation.  

 

Figure 31 Tweezer responsive catalyst containing bisurea moieties and a labile thioether linkage. 

The catalyst can be alternated between its inactive and active state by addition and removal of 

chloride ions, which influences self-aggregation properties of the catalyst and its catalytic 

properties. 

A further elegant example of alosterically controlled self-aggregation of a 

catalyst was demonstrated a few months later by Mirkin and coworkers.69 The 

authors designed a Pt(II) complex  containing the catalytically active hydrogen 

bond donating squaramide moiety and two hydrogen-bond accepting ester 

moieties (Figure 32). The hydrogen bond donating and accepting moieties were 

connected to hemi-labile ligands, which allow the resulting Pt-complex to be 

responsive towards chloride ions. The catalyst 106 could exist in the rigid, fully 

closed state (c-106) and the flexible semi-open state (o-106). Strong self-

association was demonstrated in the semi-open state by FT-IR and 1H DOSY 

NMR spectroscopy, indicating that intermolecular hydrogen bonding leads to 

tetrameric structures, preventing the substrate from binding to the catalyst. In 



Chapter 1 

35

its rigid form obtained upon removal of chloride ions, hydrogen bonding 

interactions are prevented by geometric constraints and the catalyst exists as 

the monomer in solution as shown by 1H DOSY NMR. The squaramide moiety 

is able to catalyze the Friedel-Crafts reaction between indole (107) and 

nitrostyrene (108) when the catalyst is in its fully closed state, whereas in the 

semi-open state no catalytic activity is observed. By employing 20 mol% of the 

catalyst 106, the authors could achieve in situ deactivation and reactivation of 

the catalyst upon treatment with N(Bu)4Cl and AgBArF, demonstrating the 

control of catalytic activity by regulation of the aggregation state of the catalyst.  

 

Figure 32 Squaramide catalyst whose catalytic activity can be switched by reversible control of its 

self-aggregation. In its monomeric form it is able to catalyse a Friedel-Crafts reaction. 

In 2012 Schmittel and co-workers70 designed a switchable Zn complex 110 

capable of controlling the organocatalytic activity of piperidine (Figure 33). 

Piperidine, when free in solution, is able to catalyze the Knoevenagel reaction, 

but it becomes catalytically inactive through binding to the Lewis acidic Zn-

porphyrin center. In the ON state of their Zn complex, an “inhibitory” arm of 4-

(2-pyridyl)pyrimidine is coordinated to the Zn porphyrin complex. In this way 

it prevents binding of any potential guest to the zinc and piperidine can’t 

coordinate to the Lewis acidic zinc center. Upon addition of Cu+ along with a 

phenanthroline derivative, the complex switches to its OFF state, where the Zn 

center is free for guest coordination. The binding of piperidine to the Zn center 

causes its deactivation and it is no longer active as the organocatalyst for the 
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Knoevenagel reaction. The system is completely reversible and in the OFF state, 

piperidine is completely catalytically inactive. The authors have successfully 

demonstrated three catalytic cycles of consecutively activating the system upon 

addition of Cu+ and deactivating it upon removal of Cu+ by addition of a 

strongly binding phenanthroline analogue.  

 

Figure 33 Zn based switchable complex which can control the Knoevenagel reaction by binding 

of the piperidine. When Zn is bound to the inhibitory arm it cannot bind the piperidine and the 

reaction proceeds. When the inhibitory arm is removed from Zn, piperidine binds and the 

catalytic reaction is deactivated. 

Very recently the same group reported an example of the regulation of two 

different reactions.71 The new system (Figure 34) can exist in three states, each 

of which consists of two metal centers, copper and zinc, either of which can be 

blocked by coordination of the inhibitory arm. Employing the three possible 

states of the novel complex 114, regulation of two different catalytic reactions – 

a Knoevenagel type addition and a Huisgen type click cycloadditions – was 

achieved. Starting from the initial state (State 1, Figure 34) of the regulating 

switch, it was demonstrated that neither of the reactions were catalyzed (OFF 

state). Upon addition of one equivalent of 2-ferrocenylphenanthroline, the 

azapyridine arm moves from the phenanthroline part of the switch and 

attaches to the Zn-porphyrin. Using this state (State 2) of the switch, the 

Knoevenagel reaction proceeds, while the click reaction is not observed. 

Subsequent addition of one equivalent of Cu+ to the reaction mixture causes 

moving of the azapyridine arm back to the phenanthroline resulting in release 

of Cu(2-ferrocenylphenanthroline)+ into solution, which can effectively catalyze 

the click reaction. It must be noted here that the [Cu(CH3CN)4]+ complex added 

as a trigger is also able to catalyze the click reaction, but low yields were 
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obtained in control experiments. Since the azapyridine arm moves from the Zn 

center, the newly formed complex (State 3) scavenges the free piperidine from 

solution, and no further Knoevenagel product formation is observed. The 

addition of one more equivalent of 2-ferrocenylphenantroline (FcPhn) results 

into the formation of the State 1, OFF state of the complex. In this case both 

reactions are switched off. This is the first artificial system capable of regulating 

two reactions in one pot. Even though more cycles were not demonstrated due 

to the complexity of the system, each step was proven to be reversible. 

Interestingly, this system is not a dynamic responsive catalyst itself, but it 

regulates the catalytic reaction in a dynamic fashion by interaction with the 

actual catalysts: piperidine and Cu(2-ferrocenylphenantroline)+. It can be 

regarded as a switchable, selective scavenger of the active forms of the catalyst. 

 

Figure 34 Switching of the zinc complex through 3 states. State 2 and state 3 are able to control 

two orthogonal catalytic reactions. 

Saito and co-workers72 have reported amino organoboron compounds (118) 
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capable of reversibly switching between monomeric (open) and dimeric 

(closed) forms upon addition of acid and base (Figure 35). While, they did not 

employ switching of this system directly in catalysis, they have, however, 

explored the equilibrium between the two species upon addition of various 

phenoxides, and shown that in the presence of more basic phenoxide, the open 

structure is more dominant at equilibrium. Since it was demonstrated that the 

open form is a more efficient catalyst in the methanolysis of N-acyl 

oxazolidinone (119), than the closed form, the described system is conceptually 

close to a switchable catalyst, with the trigger being the change in basicity due 

to the phenoxide present in the mixture.  

 

Figure 35 Switchable aminoorganoboron compound that can be employed in methanolysis of N-

acyl oxazilidinone. 

Leigh employed acid and base as chemical triggers in switchable rotaxane 

organocatalysts (Figure 36). Their first catalytical rotaxane system73 121 

consisted of a dibenzo[24]crown-8 macrocycle and an axle consisting of two 

triazolium groups and a central dibenzlyamine moiety. In the initial state of the 

system the macrocycle is situated on the triazolium ring; upon the treatment 

with an acid the dibenzlyamine moiety is protonated and the macrocycle 

moves to the central part of the axle due to the formation of strong hydrogen 

bonds with the dibenzylammonium moiety. After treatment with aqueous 

sodium hydroxide, the dibenzylammonium moiety is deprotonated and the 

macrocyclic ring moves back to the triazolium ring. An acid-base controlled 

positioning of the ring on the axle is thus achieved. Secondary 

amine/ammonium groups are known to participate in iminium catalysis over a 

variety of pH values. In the described system the catalytic amine moiety could 

be sterically blocked, and thus unable to engage in iminium catalysis, by 

positioning the macrocycle over it. Initially this system was utilized as a 
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catalyst for the Michael addition of an aliphatic thiol to trans-cinnamaldehyde, 

a reaction known to be catalyzed by secondary amines. In its protonated form 

the macrocyclic ring blocks the secondary amine and no conversion was 

observed over five days; upon treatment of the system with sodium hydroxide, 

complete conversion is achieved within one hour. The authors have also 

demonstrated the scope of catalyst74 121 in a range of reactions catalyzed by 

iminium (β-sulfenylation of α,β- unsaturated carbonyl compounds, Michael 

addition of methylene compounds to α,β- unsaturated aldehydes) and enamine 

(α-chlorination of aldehydes and Michael addition of aldehydes to vinyl 

bissulfone) reactivity platforms, as well as in tandem iminium-enamine and 

trienamine catalysis (Diels-Alder reaction between 2,4-dienal 135) and 

cyanoester 136. In the iminium catalysis high conversions with the ON state are 

observed, but the OFF state displayed some background activity for more 

activated substrates. In the enamine-based reactions lower conversions were 

achieved with the ON state, but the OFF state displayed no background 

activity.  

Recently a switchable chiral rotaxane based catalyst75 138 was designed by the 

same group, which incorporated an acyclic chiral secondary amine into the axle 

of the catalyst (Figure 36b). The catalyst was used in the Michael addition of 

1,3-diphenyl-1,3-propanedione (140) to crotonaldehyde (139). With 20 mol% of 

the inactive (protonated) form of the catalyst no conversion to product 141 was 

observed. After treatment with base the chiral secondary amine is revealed and 

the ON state can be accessed to provide the desired Michael addition adduct in 

70 % yield with up to 88% ee.  
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Figure 36 Rotaxane based organocatalysts which can be switched between ON and OFF states 

upon treatment with base and acid. a) achiral rotaxane organocatalyst able to control ON and 

OFF imine and enamine catalysis b) chiral rotaxane organocatalyst switching between OFF state 

(completely inactive) to ON state upon treatment with base achieving ee of the product up to 

88%. 

Leigh and coworkers have recently designed a rotaxane catalyst 142, which 

unlike previously described rotaxane catalysts, contains two catalytic sites 

(Figure 37).76 The axle of the rotaxane contained both catalytic centers: a 

dibenzylamine part capable of iminium catalysis as in previous catalysts73 and a 

novel catalytic center consisting of a squaramide unit which can activate 

electrophiles via hydrogen bonding. The macrocycle contains a pyridyl-2-6-

dicarboxyamide unit, which can efficiently bind to the squaramide moiety, and 

the crown ether region which can bind to the dibenzylammonium group. At 

low pH, the amine is protonated, resulting in stronger interactions with the 

crown ether, leaving the squaramide unit accessible and catalytically active. At 

higher pH, the interaction of the macrocycle with the unprotonated 
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dibenzylamine is weak and the macrocycle moves to the squaramide unit, with 

which it forms strong hydrogen bonds. This results in the deactivation of the 

squaramide, but allows the dibenzylamine to act as an organocatalyst. When 

the catalyst was present in a mixture of 1,3-diphenylpropane-1,3-dione 143 

(Michael donor), crotonaldehyde 144 (Michael acceptor prone to iminium 

catalysis) and trans-β-nitrostyrene 145 (electrophilic Michael acceptor prone to 

the activation by hydrogen bonding) selective, pH dependent catalysis was 

observed. In the protonated form of the catalyst, when the macrocycle was 

blocking the dibenzylammonium group, 75% conversion to the addition 

product 146 with trans-β-nitrostyrene was observed. When the reaction mixture 

was treated with NaOH 40% conversion to the addition product 147 with 

crotonaldehyde was achieved. With both forms of the catalyst some undesired 

background reactions were also detectable. Although the system is capable of 

controlling the two orthogonal reactions, selectivity was lower compared to the 

Schmittel system71 in which the background reactivity was negligible. 

 

Figure 37 The Michael addition of 1,3-diphenylpropane-1,3-dione to either crotonaldehyde or 

trans-β-nitrostyrene depending on which state of the rotaxane organocatalyst is used. 

Dynamic catalysts triggered by neutral molecules and ions have shown during 

the last decade their utility for control of various catalytic transformations. 

Their overview, including trigger species, a principle underlying the responsive 

catalysis and the various transformations used is presented in Table 2. 
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Table 2 Overview of ion and/or molecule triggered catalysts and comparison of principles 

underlying catalysis. 

Reference Trigger Principle underlying responsive catalysis Catalyzed reaction 

[58] Na+ Steric shielding Hydrogenation of dehydroamino acid 

methyl esters 

[59-63] CO, Cl- Cooperative activation of the catalyst Ring opening of cyclohexene oxide, 

acylation reaction 

[64,65] CO, Cl- Steric shielding HPNPa hydrolysis, ROPb of ε-caprolactone 

[66] CO2 Trigger blocks catalytic activity by reaction 

with substrates 

ROP of ε-caprolactone and trimethylene 

carbonate 

[67, 68] Cl- Aggregation of the catalyst Diels-Alder reaction, Friedel-Crafts 

reaction 

[69] 

[70] 

Cu+ 

Cu+, FcPhnc 

Responsive complex which can block 

catalyst active site. Selective  responsive 

scavenger of active forms of catalyst 

Knoevenagel and Huisgen type 

cycloaddition 

[72-75] HCl, NaOH Steric shielding Michael addition, β-sulfenylation, α-

chlorination, Diels-Alder reaction 

a HPNP=2-hydroxypropyl-p-nitrophenyl phosphate bROP=ring opening polymerization  cFcPhn=  2-

ferrocenylphenantroline 

1.3 Redox-switchable catalysts 

Nature uses redox-active moieties, such as cofactors NADH and FADH, in 

order to control numerous processes. In order to mimic nature which is capable 

of catalyzing challenging multi-electron processes, chemists have recently 

turned their attention to developing artificial systems relying on redox-active 

moieties.77 For achieving redox-switchable catalysis, the catalyst has to be able 

to change reversibly between oxidized and reduced forms. The presence of a 

redox switchable moiety can affect the electronic and steric environment of the 

ligand bound to a metal center. 

Pioneering work in the field of redox-switchable catalysis was reported by 

Wrighton’s group in 1995.78 A rhodium complex containing a cobaltocene-

based ligand (reduced form) red-148 was designed and shown to undergo 

reversible oxidation and reduction (Figure 38). The oxidized and reduced forms 

show different reactivity and selectivity, where the reduced form (red-148) was 

a more efficient catalyst for the hydrogenation of cyclohexene and pent-1-ene, 

while the oxidized form (ox-148) was more efficient in the hydrosilylation 

reaction of acetone and pent-1-ene. In situ switching between both forms of the 

catalyst was demonstrated during the hydrogenation of cyclohexene: using the 

reduced form of the catalyst generated in situ, the reaction proceeds with 19 
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times higher rate than with the oxidized form of the catalyst. This is thought to 

be due to the higher basicity of the phosphine ligands in the reduced form, 

which in turns leads to increased electron density at the rhodium center, which 

can promote the oxidative addition of hydrogen. For hydrosilylation, the 

oxidized form of the ligand accelerates the reaction 2.7 times compared to the 

reduced form, although it remains unclear why the oxidized form of the 

catalyst is more effective in this case. A drawback of this catalytic system is that 

upon in situ reduction and oxidation of the catalyst, the catalytic activity cannot 

be completely recovered due to some decomposition of the catalyst during the 

switching process. 

 

Figure 38 Rhodium cobaltocene complex demonstrating different activity and selectivity 

depending on which of its oxidation states is used for catalysis. In its reduced form it displays 

high activity and selectivity for hydrogenation reactions whereas in its oxidized form it displays 

high activity and selectivity for hydrosilylation reaction. 

The most commonly used redox active moiety in redox-switchable catalysis is 

ferrocene, which displays reversible redox switching and has a redox potential 

that can be varied over a large range via different substituents at the 

cyclopentadienyl rings.79 In 1997 Mirkin et al. reported a rhodium catalyst 

containing two ferrocenyl groups.80 Although in situ redox switching of the 

catalyst was not described, a significant difference between the oxidized and 

reduced forms of the catalyst was observed in the isomerization of an allyl-

ethyl ether. The observed rate of isomerization was faster (2 - 3 times) using the 

doubly oxidized form of the catalyst compared to the reduced and 

monooxidized forms.  

A redox switchable catalyst 149 which undergoes drastic solubility changes 

depending on the oxidation state of the ferrocenyl moieties was reported by the 

Plenio group.81 They incorporated two ferrocenyl moieties into a ruthenium 

based Grubbs-type catalyst and demonstrated its catalytic properties in the 

ring-closing metathesis (RCM) of N-tosyldiallyl-amide (Figure 39). The catalyst 



Dynamic responsive systems for catalytic function 

44

is oxidized in situ by addition of two equivalents of the oxidant 

[FcCOCH3][CF3SO3]. In its fully oxidized form the catalyst (ox-149) doesn’t 

display any significant activity due to its insolubility in the nonpolar solvent 

toluene. This property offers the possibility of stopping the reaction in situ 

upon treatment of the reaction mixture with an oxidant. Furthermore, the 

catalyst in its fully oxidized, insoluble, form can be removed simply by 

filtration from the reaction mixture. The catalyst can also be reactivated in situ 

upon addition of the reducing agent FcMe8. Later reports by Plenio and Wang 

and co-workers have further investigated the development of catalysts which 

display redox switchable solubility properties. 82,83 

 

Figure 39 Controlling the activity of a redox switchable catalyst by the differences in the 

solubility between the oxidized and reduced forms in the reaction solvent. 

Recently Hey-Hawkins and co-workers84,85 prepared ruthenium (II) complexes 

with monomeric and dendrimeric ferrocenylphosphane ligands. For the 

reduced forms of the catalysts, it was demonstrated that the dendrimeric 

catalyst, which contained twelve ferrocene moieties, was more effective than 

the monomeric catalyst in the catalytic isomerisation of 1-octene-3-ol (a six-fold 

acceleration in reaction rate was observed for the dendrimeric catalyst). In both 

cases, the reduced form showed greater activity than the oxidized form, in line 

with a decrease in basicity of the phosphanes. The authors also performed an in 

situ oxidation-reduction cycle, and showed that the in situ reduced catalyst 

exhibited 96% of its original activity. 

Gibson and co-workers reported the first use of a redox switchable catalyst in 

influencing polymerization reactions.86 Their catalyst 150 consisted of two 

ferrocenyl moieties attached to a titanium salen bis(isopropoxide) core (Figure 

40). Using the reduced form of the catalyst the lactide ring opening 

polymerization proceeds 30 times faster than using the oxidized dicationic form 

of the catalyst. The reversibility of the switching process was demonstrated in 

situ during the polymerization process upon addition of two equivalents of 

silver triflate (AgOTf) as an oxidant and subsequently two equivalents of 
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[Cp*2Fe]OTf as a reducing agent.  

 

Figure 40 Redox switchable catalyst for ROP of rac-lactide which shows high activity in its 

reduced form. 

In 2011, the group of Diaconescu reported three novel redox-switchable 

catalysts containing ferrocenyl moieties (Figure 41). The catalysts were 

employed in the ring opening polymerization (ROP) of lactide and ε-

caprolactone. The authors showed that yttrium (151-Y) and indium alkoxide 

phosfen catalyst (151-In) complexes containing a ferrocenyl unit could be 

reversibly switched in situ upon treatment with oxidizing or reducing agents.87 

For the yttrium complex, the authors observed the same trend in reactivity as 

Gibson86 and co-workers had reported previously for a titanium complex 

(Figure 40): upon oxidation of the ferrocenyl moiety the catalyst became 

inactive. The polymerization stopped completely with the oxidized form but 

was restored upon addition of the reducing agent and in situ switching could 

be demonstrated through three cycles. Although the corresponding indium 

complex was not active for the ROP of lactide and ε-caprolactone in either of its 

forms, in the ROP of trimethylene carbonate, the oxidized indium complex was 

more active than its reduced form (49% conversion vs. 2% conversion in 24 

hours at room temperature). Interestingly, the yttrium complex displayed the 

opposite reactivity in the same reaction where the reduced form was more 

active. The exact reason for the difference in activity between the two 

complexes remains unclear. Diaconescu and co-workers have also studied 

related cerium complexes and investigated their efficiency in the ROP of L-

lactide.88 In this case the oxidation and reduction processes affect the catalytic 

metal center (cerium) instead of the ferrocenyl moiety. The reduced form of the 

complex showed much higher activity compared to its oxidized analogue. The 

complex containing the phosfen ligand was more active than the corresponding 

salen complex. The polymerization of 100 equivalents of L-lactide was achieved 

with 96 % conversion within 30 minutes with the reduced form of the phosfen 

ligand, whereas the salen complex provided only 85 % conversion in two hours 
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under identical conditions. However, while the oxidized form of the cerium 

phosfen complex required approximately four hours to achieve 64 % 

conversion in the ROP of lactide, the oxidized form of the cerium salen complex 

ox-152 was completely inactive and thus, despite showing overall lower 

activity, could function as a ON-OFF switch – a desirable property in 

controlling polymerization growth.  

 

Figure 41 Redox switchable phospfen ferrocenyl yttrium, indium and cerium catalysts and 

cerium salen catalyst for ROP of lactide, ε-caprolactone and trimethylene carbonate.90,91 

Other examples of redox switchable catalysts, in which the oxidation state of 

the central catalytic metal changes during an oxidation-reduction cycle, were 

reported by the groups of Okuda, Byers and Lang. Okuda and co-workers89 

reported a redox switchable cerium complex with a dithiabis(phenolate) ligand. 

They demonstrated that using the reduced form of the complex, ROP of meso-

lactide proceeds 60 times faster compared to the polymerization with the 

oxidized form. Three cycles of in situ switching were also demonstrated. These 

results are in agreement with those previously reported by Diaconescu88 

showing that cerium complexes in their reduced form are more active as 

polymerization catalysts.  

In 2013, the Byers group90 reported a ROP catalyst based on bis(imino)pyridine 

iron diaryloxide complex 153 (Figure 42). It was demonstrated that the iron(III) 

complex obtained upon oxidation is completely inactive in the polymerization 

of rac-lactide. The catalyst could be reduced back in situ using [CoCp2] to obtain 

a similar reaction rate as with the original reduced form. 
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Figure 42 Byer’s switchable iron catalyst. 

One year later Lang91 and coworkers reported a redox switchable iron catalyst 

154 containing a bis(pyrazolyl)pyridine pincer ligand (Figure 43). Their system 

required the use of an additional alcohol initiator to be able to catalyze ROP of 

ε-caprolactone. Interestingly, unlike the Byers catalyst, where the oxidized form 

was completely inactive, here the oxidized form was active, whereas the 

reduced form was completely inactive under the same conditions.  

 

Figure 43 Iron switchable precatalyst for ROP of ε-caprolactone. 

Arguably the most impressive example of achieving control over ROP using a 

redox switchable catalyst was reported in 2014 by Diaconescu and coworkers.92 

They prepared zirconium and titanium alkoxide complexes containing a 

ferrocenyl moiety that demonstrate switchable selectivity towards the ROP of 

L-lactide and ε-caprolactone in their reduced and oxidized forms (Figure 44). 

Following the pioneering work of Wrighton,78 this is the second reported case 

in which switchable substrate selectivity is observed. The complexes, 

specifically their ferrocenyl moieties, could be oxidized upon treatment with 

one equivalent of acetyl ferrocenium tetrakis 3,5-bis(trifluoromethylphenyl) 

borate and reduced back upon addition of one equivalent of CoCp2. A 

zirconium salfan complex in its reduced form catalyzed the polymerization of 

L-lactide at 100 °C with high efficiency. Using this system 90% conversion was 

achieved within two hours, whereas for the oxidized form less than 5% 

conversion was obtained. Similar behaviour was observed for zirconium and 
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titanium thiolfan complexes. The opposite behavior was observed in the 

activity towards ε-caprolactone, where the oxidized forms of the complexes 

were more active. In situ switching for polymerization of L-lactide was 

demonstrated for the most active zirconium salfan complex. Unfortunately, an 

attempt to achieve controlled copolymerization of L-lactide and ε-caprolactone 

with the most active zirconium complex was unsuccessful, since upon in situ 

oxidation no polymerization of ε-caprolactone occurred. It was suggested that 

the strong coordination of the L-lactide to the oxidized form of the zirconium 

complex prevents binding of the ε-caprolactone, thus preventing 

copolymerization. In this regard, a breakthrough could be achieved using 

titanium thiolfan complexes. First the L-lactide was polymerized with the 

reduced form of the catalyst complex until 58% conversion was reached, while 

no polymerization of ε-caprolactone was observed. Subsequently the oxidizing 

reagent was added and during two hours 18% conversion of ε-caprolactone 

was achieved, while almost no conversion of the L-lactide was observed. The 

block copolymer was isolated and described as poly[block(LA-minorCL)-

block(CL-minorLA)]. Attempts to achieve higher conversions of ε-caprolactone 

resulted in a decrease in selectivity and incorporation of higher amount of L-

lactide. Neverthless, this represents the first reported example where in situ 

switching of the catalyst allowed in situ control over a copolymerization 

process.  

 

Figure 44 Diaconescu’s redox switchable catalyst systems with difference in activity and 

selectivity towards the ROP of L-lactide and ε-caprolactone enabling controlled 

copolymerization. 

Apart from ROP, redox switchable catalysts have also been employed in atom 

transfer radical polymerization (ATRP) as demonstrated by Matyaszewski et 
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al.93 through the external application of an electrochemical potential. A 

copper(I) catalyst could be reversibly activated by the reduction of an air-stable 

cupric species (Cu(II)Br2/Me6TREN). Using an electrochemical method the 

lower oxidation state complex i.e. active Cu(I) catalyst (ON state),  can be 

reverted to the original higher oxidation state (OFF state) by shifting the 

applied potential to higher (more positive) values. The electrochemical 

reversibility of their catalyst system was used in the polymerization of methyl 

acrylate showing that the polymerization rate could be controlled in situ by 

applying different potentials. Four cycles of complete ON – OFF switching 

were demonstrated. It was also shown that there is a linear increase in polymer 

molecular weight with monomer conversion, as expected for a living 

polymerization. This system represents a potent example of precise control of 

molecular weight of polymer and polymerization rates using electrochemical 

methods. 

Another impressive example of electrochemical control over reaction kinetics 

was reported recently by Hatton and co-workers.94 They used a heterogeneous 

catalytic system composed of porous carbon fibre coated with a redox 

switchable polyvinylferrocene (PVF). In its ferrocenium form, the catalyst 

behaves as a Lewis acid and enhances the reaction rate, while the ferrocene 

form is catalytically inactive. By alternating the electrochemical potential 

during the Michael addition of ethyl-2-oxycyclopentane carboxylate to methyl 

vinyl ketone, the authors could regulate the activity of the catalyst. The reaction 

could be completely switched off by applying a potential of 0 V and switched 

on to proceed with the highest measured rate by applying a potential of 0.8 V 

(achieving a completely oxidized state). By applying potentials in between 

these two values (0-0.8 V) they could obtain intermediate reaction rates. 

Interestingly, in the regulation of Michael reactions which did not involve 

either ketoesters or methyl vinyl ketone no significant difference in reaction 

rates were observed by applying different potentials. The authors have also 

managed to incorporate their system into a flow reactor and demonstrate high 

spatiotemporal control over reactant concentrations by changing the applied 

potentials. A similar system could be employed in controlling various reactions 

which are catalyzed by Lewis acids, especially those that are known to be 

catalyzed by iron (III) species.95 Using an electrochemical potential to switch 

between two different states of catalyst is highly beneficial since there is no 

need for additional work-ups or accumulation of chemical triggers.  

Although redox switchable catalysts are dominated by using the properties of 

the ferrocenium moiety, Bielawski and co-workers have recently designed N-

heterocyclic carbene 156 containing redox active naphthoquinone moieties as 

the crucial part of a redox switchable catalyst.96 By using a Ni complex with the 
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redox active NHC ligand they have managed to achieve control over the 

Kumada cross-coupling between p-bromotoluene and PhMgCl (Figure 45). It 

was demonstrated that the reaction rate can be controlled in situ: by addition of 

two equivalents of the reducing agent CoCp2 a decrease in reaction rate by one 

order of magnitude (from 4.7 x 10-5 s-1 to 2.7 x 10-6 s-1) was observed after two 

hours. Subsequently, upon addition of [Fc][BF4] as the oxidant, an increase of 

the reaction rate was observed, although complete restoration of the initial 

reaction rate was not possible (1.2 x 10-5 s-1 was achieved) indicating that some 

decomposition of the catalyst occurs. An additional problem is caused by the 

fact that [Fc][BF4] is also able to partially oxidize one of the reactants i.e. 

PhMgCl.  

 

Figure 45 Control over the reaction rate of Kumada reaction using a redox switchable NHC Ni 

complex. Upon reduction the NHC moiety is more electron-donating therefore making the metal 

center more electron rich. 

Bielawski and coworkers have also succeeded in combining NHC with 

ferrocenyl groups forming N-ferrocenyl-substituted NHCs.97 A ruthenium 

complex 157 was utilized in the ring closing methathesis of diethyl diallyl 

malonate, where the authors demonstrated that upon addition of 

acetylferroceniumtetrafluoroborate as the oxidant there is a 32 fold decrease in 

reaction rate (Figure 46). Upon addition of the reductant (decamethylferrocene) 

the reaction rate increased again, but only to 13% of its original value. The 

decrease in the catalytic activity of the reduced form depends on the duration 

of period of oxidation. If the oxidation part of the switching cycle is shorter, a 

higher amount of the catalyst activity can be restored upon in situ reduction. 

Taking into account that the oxidation potentials between iron and ruthenium 

centers differ by only 380 mV the authors have related the diminishing activity 

to a partial oxidation of ruthenium, which leads to catalyst decomposition. For 

designing efficient redox switchable catalysts the difference in oxidation 

potential between the redox switchable ligand and the metal center should be 
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as large as possible to avoid interference with each other. In order to increase 

the difference in potential a pentamethylferrocene moiety was incorporated 

into the ligand. This substituted analogue is well described and known to have 

300 mV lower potential than the original ferrocene analogue. In the new 

ruthenium complex the measured difference between Fe and Ru oxidation 

potentials was increased to 660 mV. When this complex was used in the ring 

closing metathesis, the reaction rate decreased five times upon oxidation (from 

4.5 x 10-5 to 0.86 x 10-5 s-1). After subsequent reduction with decamethylferrocene 

the in situ generated reduced catalyst displayed 94% of its original catalytic 

activity.  

 

Figure 46 Controlling RCM of diethyl diallyl malonate by changing oxidation state of iron in 

complex 157. 

In the same year Bielawski and co-workers reported a ruthenium complex 160 

containing diaminocarbene-[3]ferrocenophane as a redox switchable ligand 

(Figure 47).98 It was demonstrated that the complex is able to catalyze ring 

opening metathesis polymerization (ROMP) of 1,5-cyclooctadiene (COD), in 

which full conversion could be achieved at 80 °C in toluene employing 0.1 

mol% of catalyst 160 in one hour. Switching experiments were done at 60 °C in 

a solvent mixture of deuterated toluene/DCM=79/1 employing 0.04 mol% of the 

catalyst. Upon oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

(DDQ), the reaction rate is reduced 38 times, while after in situ reduction with 

decamethylferrocene the reaction rate increases, although, as before, the 

original reaction rate could not be reached.  
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Figure 47 Redox switchable ROMP of cis,cis-1,5-cyclooctadiene. 

The same authors have also tried to approach RCM and ROPM using a 

commercially available ruthenium NHC complex ((SIMes)(PCy3)Cl2Ru(=CHPh) 

and (SIMes)Cl2Ru(=CH-o-O-i-PrC6H4) (SIMes = 1,3-dimesitylimidazolin-2-

ylidene), in which the ruthenium center would change oxidation state upon 

addition of an oxidant or reductant.99 Upon oxidation with DDQ a significant 

decrease in reaction rate of both the RCM and the ROPM was observed. 

Following reduction, the authors encountered the same problem as in previous 

examples: after each cycle the reaction rate was lower than with the original 

reduced form.  

None of the so far described redox switchable systems allows for the control of 

the stereochemical outcome of the reaction. The first reported redox-switchable 

chiral catalyst 163 was reported by Canary and co-workers (Figure 48).100 They 

equipped a copper quinoline complex derived from L-methionine with catalytic 

bisurea moieties. Depending on the oxidation state of the copper ion, the 

catalyst could be obtained in either helical form and the catalyst was used for 

the enantioselective addition of diethyl malonate to trans-β-nitrostyrene. 

Depending on the oxidation state of the employed catalyst, a different 

enantiomer of the product could be obtained in moderate yields. For example, 

when the Cu(I)-quinoline complex was used, the desired addition product was 

obtained in 55% yield and 72% ee. Alternatively, use of the corresponding 

Cu(II) complex gave the opposite enantiomer of the product 166 in 40% yield 

and 70% ee. The authors also demonstrated that upon using a reducing agent 

such as ascorbate the Cu(II) center could be reduced to Cu(I) in situ, forcing the 

catalyst to adopt the opposite helicity. Using this Cu(I) complex, the opposite 

product enantiomer to that obtained with the Cu(II) complex was obtained. The 

yield was slightly lower but the ee of the product was identical to that obtained 

when using a preformed Cu(I) complex. 
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Figure 48 Redox switchable catalyst based on copper-quinoline complex capable of controlling 

the stereochemical outcome of the addition of diethyl malonate to trans-β-nitrostyrene. 

Another redox-switchable system capable of tuning the stereochemical 

outcome of a reaction was recently reported by Wu and co-workers (Figure 

49).101 They demonstrated how the oxidation state of a ferrocenyl moiety can 

influence the activity of a covalently bound primary amine organocatalyst. The 

system takes advantage of the fact that in its oxidized state, Fe(III) is a potent 

Lewis acid which can be beneficial in coordination of an electrophilic substrate. 

This novel amine organocatalyst 167 was utilized for catalyzing the aldol 

reaction. In the absence of an oxidant, the product in the reaction between p-

nitrobenzaldehyde and cyclohexanone was obtained in low yield (38%) and 

with low stereoselectivity (anti/syn = 42/58, ee 24%). When an oxidant was used 

excellent ee’s were obtained (over 90%) but the diastereoselectivity was found 

to depend on the oxidant itself. The best results were obtained with Lewis 

acidic oxidant [FeCp2]BF4. In situ switching between the oxidized and reduced 

form of the catalyst was also shown and the stereoselectivity could be tuned 

during the reaction depending on the oxidation state of the ferrocenyl moiety. 

Although this system provides neither complete ON-OFF switching nor 

complete switching of the stereochemical outcome of the reaction, it represents 

a remarkable example of responsive chiral catalysis. 
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Figure 49 Primary amine organocatalyst bound to the ferrocenyl moiety capable of tuning the 

stereochemical outcome of the aldol reaction depending on the oxidation state of the catalyst. 

Redox switchable catalysts gained quite a lot of attention lately, due to the 

possibility of controlling reactions in time and space by applying different 

potential, enabling copolymerization etc. Their overview, including redox 

active moiety, a principle underlying the responsive catalysis and the various 

catalyzed transformations, is presented in Table 3. 

Table 3 Overview of redox responsive catalysts and comparison of principles underlying catalysis. 

Reference Redox active 

species 

Principle underlying responsive catalysis Catalyzed reaction 

[78] cobaltocene Difference in the electronic properties of 

oxidized and reduced form of redox active 

moiety, influencing basicity of attached 

ligand 

Hydrogenation of cyclohexene and 

hydrosilylation of acetone 

[81] ferrocenyl Difference in the solubility of the catalyst Ring closing metathesis of N-

tosyldiallyl-amide 

[83,84] ferrocenyl  Difference in the electronic properties of 

oxidized and reduced form of redox active 

moiety and difference in solubility 

Isomerisation of 1-octene-3-ol 

[86] 

[87] 

ferrocenyl  

ferrocenyl and 

cerium 

Difference in electronic properties  ROPa of L-lactide and trimethylene 

carbonate 

[88, 89] cerium  Difference in size and electronic properties 

of the catalyst 

ROP of L-lactide and meso-lactide 

[90, 91] iron Difference in steric and electronic 

properties 

ROP of rac-lactide and ε-caprolactone 

[92] ferrocenyl Difference in electronic properties Copolymerization of lactide and 

caprolactone 

[93] Cu+ Difference in electronic properties ATRPb of methyl acrylate 
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[94] PVFc Difference in electronic properties, in 

ferrocenium form catalyst can act as Lewis 

acid 

Michael addition of ethyl-2-

oxycyclopentane carboxylate to methyl 

vinyl ketone 

[96] naphthoquinone Difference in electronic properties Kumada coupling reaction 

[97-98] ferrocenyl Difference in electronic properties ROMPd of 1,5-cyclooctadiene, RCMe of 

diethyl diallyl malonate 

[99] Ru Difference in electronic properties ROMP of 1,5-cyclooctadiene, RCM of 

diethyl diallyl malonate 

[100] Cu Cooperative catalytic activation, two 

different helical structures of the catalyst 

can be obtained depending on the oxidation 

state of Cu 

Enantioselective addition of diethyl 

malonate to trans-β-nitrostyrene 

[101] ferrocenyl Difference in electronic properties Aldol reaction 

aROP = ring opening polymerization bATRP = atom transfer radical polymerization cPVF= polyvinylferrocene dROMP= ring 

opening metathesis polymerization eRCM= ring-closing metathesis 

1.5 Conclusion remarks 

Over the last 30 years there has been a remarkable advancement in the design 

and synthesis of artificial dynamic responsive catalytic systems. Apart from the 

systems described here, other responsive catalysts have also been reported such 

as solvent102 dependent or magnetoresponsive103 systems which are beyond the 

scope of this review. Even though progress in this field has been remarkable, 

major barriers remain that need to be overcome. For example, a 

photoswitchable catalyst capable of catalyzing two orthogonal reactions is yet 

to be reported. Unlike redox-switchable and ion-switchable systems in which 

chemical waste is generated, photoswitchable systems offer major advantages 

as they use a clean and noninvasive external trigger which allows 

spatiotemporal precision. While Diaconescu and co-workers94 have lately 

reported a remarkable example of the control of the composition of a polymer, 

their system suffers from low conversions of co-polymerisation and the use of 

chemical triggers. Further study of the photophysical properties of 

photochromic moieties will enable the design of more powerful systems, 

resistant to photodegradation and capable of performing tandem reactions, for 

example, by using two different wavelengths to control two orthogonal 

reactions. Redox switchable catalysts also present a powerful tool for the 

future, where the application of different electrochemical potentials may enable 

better control over the performance of a catalyst. As demonstrated quite 

recently by Hatton and co-workers94 this kind of systems can be used for batch 

processing and controlling reaction rates in situ, offering potential 

opportunities in future industrial applications.  

There are only scarce examples in which dual stereocontrol (obtaining both 



Dynamic responsive systems for catalytic function 

56

enantiomers of the product on demand using the same catalyst) of chemical 

reactions can be achieved, although such systems are highly desirable in view 

of potential applications in the pharmaceutical industry. Multitasking 

responsive catalysts offer great prospects for the future of smart and adaptive 

chemical processes, in systems chemistry and complex chemistry reaction 

networks. 

1.6 Thesis outline 

The aim of this thesis is to explore the properties of overcrowded alkenes in the 

control of chiral space. The design, preparation and catalytic studies of novel 

responsive overcrowded alkene based organocatalysts are described. Thanks to 

the unique properties of overcrowded alkenes, it is possible to obtain both 

enantiomers of the product in a responsive manner, using light and heat as 

external triggers. Since there are only scarce examples of achieving dual 

stereocontrol described in the literature, it is important to explore and extend 

the topic further. Furthermore, the design, preparation and binding studies of 

novel anion receptors are also described. 

In Chapter 2 of this thesis, the design and synthesis of a novel DMAP-thiourea 

motor-based organocatalyst are described. The physical properties of the 

catalyst and its catalytic scope are discussed.  

Chapter 3 deals with the problem of the elimination of aniline from thioureas, 

which was encountered serendipitously while studying the unidirectional 

rotary cycle of the motor catalyst described in Chapter 2. Since this 

phenomenon was not previously described in literature, the goal of this chapter 

is to obtain better insight into this process. 

Chapter 4 describes bisthiourea motor-based organocatalysts and discusses 

their scope in the Henry reaction. 

In Chapter 5 the synthesis and the binding studies of anions to a racemic 

bisurea motor-receptor are described. The motor properties are used to achieve 

multi-state regulation of anion binding. Furthermore the synthesis of a non-

racemic receptor is described and its dynamics in the binding of chiral 

phosphoric acids is studied. 

Chapter 6 describes the attempts to synthesize a second generation motor-

derived chiral phosphoric acid. Phosphoric acids are very potent 

organocatalysts used in various reactions. Due to their broad application it is of 

high interest to design a responsive phosphoric acid, with which dual 

stereocontrol can be achieved. 
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2.1 Introduction 

The challenge of achieving dual stereocontrol in asymmetric transformations 

using single enantiomers of catalysts is an important goal in stereoselective 

synthesis as it enables the use of a single catalyst to obtain either of the 

enantiomers of a product on demand.1 Several examples have been reported, 

frequently by serendipitous discovery, in which the asymmetric induction 

offered by an enantiopure species inverts by applying various additives, nature 

of the solvents2 or coordinating metals.3 Each of these systems is, however, 

restricted to a specific transformation by design. In contrast, a more general and 

rational approach to achieve dual stereocontrol is to use metastable catalytic 

species that can exist in two (pseudo)enantiomeric forms that can be 

interconverted by an external stimulus. This goal has been realized using 

polymers4 whose helicity depends on solvent polarity, and more recently using 

an organometallic complex,5 wherein the two redox states of the metal ion 

influence the relative disposition of external catalytic units.  

A distinct strategy towards dynamic dual stereocontrol is to change the active 

conformation6 of a catalyst by less invasive external triggers such as light and 

heat. Unique amongst photoswitchable molecules, unidirectional molecular 

rotary motors7 are intrinsically multistage molecular switches. Recently, our 

group has shown that by using a first generation molecular motor equipped 

with two distinct moieties that can cooperatively catalyze a reaction (1)8 (Figure 

1), it is possible to obtain both enantiomers of the Michael adduct of 2-

methoxythiophenol and 2-cyclohexen-1-one, by applying as catalyst the two 

pseudoenantiomeric cis states of the motor during its rotary cycle. This 

organocatalyst bears a 2-aminopyridine base and a weakly acidic thiourea 

functionality,9 that engage in bidentate coordination to the substrate. We 

examined this catalyst performance in reactions involving nitroalkanes and 

nitroalkenes,9,10 however catalyst 1 showed poor catalytic performance in these 

reactions both in terms of activity and stereoselectivity. Therefore, we decided 

to develop a novel molecular motor-based catalyst 2, in which the phenyl 

spacers between the motor core and the catalytic functions are absent (Figure 

1b). We anticipated that bringing the catalytically active groups (thiourea and 

DMAP) in greater proximity would result in a more effective cooperative action 

between these two functionalities. The novel design, due to its more 

constrained catalytic pocket, is shown here to be a much more versatile and 

efficient catalyst than the original catalyst (1). Furthermore, its synthesis 

requires fewer steps and is accomplished with a higher overall yield. 
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Figure 1 Responsive asymmetric organocatalyst: molecular motor based catalyst for dual 

stereoselective synthesis, the original and novel design of the catalyst. 

2.2 Results and discussion 

2.2.1 Synthesis of the novel motor-organocatalyst 

The new catalyst 2 (Scheme 1), was prepared using a Buchwald-Hartwig 

amination of enantiopure dibromo-motor 311 to yield the diimine 4. 

Chromatographic separation of the cis and trans isomers of derivative 4 was 

readily achieved and the trans derivative was hydrolysed to yield the diamine 

5. DMAP catalytic group was introduced at one of the aniline moieties via a 

Buchwald-Hartwig amination.9a Finally, the introduction of the thiourea moiety 

was achieved in moderate yield by treating the mono-DMAP-motor 6 with 3,5-

bis(trifluoromethyl)phenyl isothiocyanate resulting in catalyst 2 in its stable 

(P,P)-trans form. 



Dual stereocontrol over the Henry reaction using light and heat triggered organocatalyst 

64

 
Scheme 1 Preparation of catalyst 2 in its (P,P)-trans state. 

2.2.2 Photochemical and thermal isomerization studies 

UV-Vis absorption, CD and NMR spectroscopy confirmed that compound 2 

underwent a full unidirectional rotary cycle (Scheme 2), and hence operates 

fully as a molecular rotary motor. Upon irradiation of (R,R)-(P,P)-trans-2 (stable 

trans) with 312 nm a photo-induced isomerization takes place, which leads to 

the formation of (R,R)-(M,M)-cis-2 (unstable-cis). In this newly obtained form 

the methyl substituent at the stereogenic center is forced to adopt an 

energetically unfavorable pseudo-equatorial orientation. The steric strain is 

released after an irreversible thermal helix inversion step yielding (R,R)-(P,P)-

cis-2 (stable cis). Upon subsequent irradiation with 312 nm (R,R)-(M,M)-trans-2 

(unstable-trans) is obtained, which undergoes  thermal helix inversion yielding 

(R,R)-(P,P)-trans-2 (stable-trans). During each step of the cycle an inversion of 

helicity can be observed by CD (Figure 2), which is the behavior expected for a 

molecular motor, and is consistent with the behavior of 1. 

 
Scheme 2 Rotation cycle of motor based organocatalyst 2. 
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Figure 2 CD spectra of compound 2 (1.5 x 10-5 M) before and after each isomerization process of 

the four-step unidirectional rotary cycle. (A) CD spectra before and during irradiaton of (R,R)-

(P,P)-trans-2 at 312 nm in dichloroethane (B) CD spectra before and during thermal helix 

inversion ((R,R)-(M,M)-cis-2  (R,R)-(P,P)-cis-2 on heating in dichloroethane at 60 °C (C) CD 

spectral changes before and after irradiation of (R,R)-(P,P)-cis-2 at -70 °C in DCM yielding (R,R)-

(M,M)-trans-2 (D) CD spectra before and after warming (R,R)-(M,M)-trans-2 in DCM from -70 °C 

to -10 °C yielding (R,R)-(P,P)-trans-2. 

In order to confirm that the reversal of helicity of 2 is not caused by using 

different solvent for the CD measurement, both CD spectra were recorded at 

room temperature in DCM and DCE (Figure 3). It was shown that using a 

different solvent doesn’t influence the helicity of the catalyst 2.  

             
a)                                                          b) 

Figure 3 CD spectra of compound 2 (4 x 10-5 M)  in (a) DCM and (b) DCE. 

The photoisomerization (P,P)-trans-2 (stable trans) → (M,M)-cis-2 (unstable cis) 

was followed by UV-Vis spectroscopy. The changes of UV-Vis absorption 

spectra upon photoirradiation at 312 nm were monitored (Figure 4). The 

expected red shift of the absorption of the species 2 is shown along with the 

occurrence of the photoinduced isomerization, as well as two isosbestic points 

at λ1= 275 nm, λ2= 350 nm indicating a unimolecular process. 
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Figure 4 Irradiation of stable trans-motor catalyst 2 (1.5 × 10-5 M) at 312 nm followed by UV-Vis 

spectroscopy.  

The thermal helix inversion of the unstable form of cis-2 to the stable form of 

cis-2 was followed by UV-Vis spectroscopy at 5 different temperatures (65, 60, 

55, 50, 40 °C) in DCE (Figure 5) and over 4 temperatures (60, 55, 50, 40 °C) in 

toluene (Figure 6), delivering the kinetic data shown in the Figures below. Since 

the catalytic reactions have been performed in toluene, it was decided to 

measure the half-life of the thermal helix inversion12 also in this solvent. 

Remarkably, a significant difference has been observed between the half-lives 

in the above mentioned solvents (19.2 in DCE vs 149.5 h in toluene). 

Nevertheless, this study indicated that at least in toluene the half- life featured 

by the (M,M)-cis-2 form is suitable for catalytic applications. 

 
Figure 5 Thermal isomerization from (2R,2’R)-(M,M)-cis-2 → (2R,2’R)-(M,M)-cis-2 in DCE, 

followed by absorption changes in the UV spectrum at 365 nm, at five different temperatures (65, 

60, 55, 50, 40 °C). The rate constants k of the first order decay at different temperatures were 

obtained using the equation A=A0e-kT (A and A0 are the absorbance at different time t). By 

analysis of this data using the Eyring equation following data have been calculated: k20°C (s-1) = 1.0 

x 10-5, t1/2= 19.2 h, ΔH‡ = 63.9 kJ mol-1, ΔG‡ (20 °C) = 99.8 kJ mol-1, ΔS‡ = -122.6 J K-1 mol-1. 
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Figure 6 Thermal isomerization from (2R,2’R)-(M,M)-cis-2 to (2R,2’R)-(M,M)-cis-2 in toluene was 

followed by absorption changes at 365 nm at five different temperatures (60, 55, 50, 40, °C). The 

rate constants k of the first order decay at different temperatures were obtained using the 

equation A=A0e-kT (A and A0 are the absorbance at different time t). By analysis of this data using 

the Eyring equation following data have been calculated k20 °C (s-1) = 1.3 x 10-6, t1/2= 149.5 h at 20 °C, 

ΔH‡ = 110.5 kJmol-1, ΔS‡ = 16.7 J K-1 mol-1, ΔG‡ (20 °C) = 105.6 kJ mol-1. 

By irradiating a solution of (P,P)-trans-2 in CD2Cl2 and by following the 

photoisomerization by 1H NMR spectroscopy (Figure 7), it was possible to 

determine accurately the PSS ratio for this isomerization, which was found to 

be 92:8 in favour of the (M,M)-cis form. Such a high PSS is highly suitable for 

the utilisation of (M,M)-cis-2 as catalyst by its in situ generation from the (P,P)-

trans-2 precursor through irradiation at 312 nm. 

 
Figure 7 1H-NMR changes upon irradiation of (R,R)-(P,P)-trans-2 at 312 nm in DCM and after 

thermal helix inversion ((R,R)-(M,M)-cis-2 → (R,R)-(P,P)-cis-2). 

(P,P)-cis-2 

(M,M)-cis-2 

(P,P)-trans-2 
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Importantly compound 2 showed a ca. 92:8 photostationary state (PSS) in 

favour of the cis form for the photochemical transition (R,R)-(P,P)-trans-2  

(R,R)-(M,M)-cis-2 and a half-life of 156 h at room temperature for the thermal 

helix inversion11 from (R,R)-(M,M)-cis-2  (R,R)-(P,P)-cis-2 in toluene. High 

thermal stability and a high photostationary state ratio are essential features of 

a compound to be used effectively as a dual stereoselective catalyst. 

2.2.3 Catalytic studies 

With the new catalyst 2 at hand, the activity and selectivity of each of its 

interconvertible states in a typical Henry reaction,13,14 i.e. the addition of 

nitromethane to 2,2,2-trifluoroacetophenone was examined.15  

Table 1 Optimising conditions for the Henry reaction using (M,M)-cis : (P,P)-trans 

mixture at PSS (92:8). 

 
 

Catalyst 

loading (% 

mol) 

Solvent (M) t/ºC t/h Conversiona  e.r.b 

10 Toluene (1.0) -25 8 full 86:14 

5 Toluene (1.0) -25 8 full 86:14 

2 Toluene (1.0) -25 16 85% 85:15 

5 Toluene (1.0) -50 8 85% 86:14 

5 THF (1.0) -25 8 full 83:17 

5 DCM (1.0) -25 8 80% 82:18 

5 TBME (1.0) -25 8 full 86:14 

5 Toluene(0.001) -25 24 90% 86:14 
 

aConversions were determined from the 1H-NMR spectrum of the crude reaction mixture. 
bDetermined by CSP HPLC analysis. 

As evident from Table 1 using different solvents and lowering the temperature 

of the catalytic reaction did not result in improvements in the enantiomeric 

ratios.  
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Table 2 Results of the Henry reaction of nitromethane with α,α,α-trifluoroketones 

catalysed by the different states of catalysts 1 and 2. 

  

Entrya R Catalyst 7 Yieldb (%) e.r.c 

1 C6H5 (M,M)-cis-2 7a                93 86:14d 

2 C6H5 (P,P)-cis-2 7a                92 29:71 

3 C6H5 (M,M)-cis-1 7a              <10 50:50 

4 C6H5 (P,P)-trans-2 7a                20 50:50 

5 4-FC6H4 (M,M)-cis-2 7b               90 80:20 

6 4-BrC6H4 (M,M)-cis-2 7c                90 73:27 

7 4-BrC6H4 (P,P)-cis-2 7c                90 43:57 

8 Bn (M,M)-cis-2 7d               80 78:22 

9 Bn (P,P)-cis-2 7d               80 30:70 

10 Et (M,M)-cis-2 7e               72 77:23 

11 Et (P,P)-cis-2 7e               70 41:59 

a All values are averages of multiple runs. b Yield of isolated product after flash chromatography. c Determined by CSP 

HPLC analysis. d Absolute configuration determined as R for the major enantiomer14  

After screening of solvents and reaction conditions (Table 1), it was apparent, 

Table 2 (entries 1 and 2), that the two cis forms of 2 could direct the 

stereochemical outcome of this reaction (e.r. 86:14 and 29:71, respectively), 

when performed at -25 °C in toluene. The improved performance compared to 

the parent catalyst (M,M)-cis-1 (Table 2, entry 3), which afforded only traces of 

product 7a in racemic form are obvious. This can be attributed, as previously 

hypothesised, to a more efficient cooperative action of the two catalytic groups, 

which are in greater proximity in (M,M)-cis-2 compared to (M,M)-cis-1. Indeed, 

the use of the (P,P)-trans form of catalyst 2, wherein the two groups are farther 

apart, led to very poor conversion and stereoselectivity (Table 2, entry 4). 

Although beyond the present study, the considerably different activity 

displayed by the cis and trans forms of catalyst 2 hold great promise for its 

utilisation as a controlled catalytic system, able to exist in three reversibly 

interconvertible catalytically active and inactive states. 16 The influence of the 

structure of the substrate on the reaction was investigated through a series of 

α,α,α-trifluoromethylketones with the catalyst (M,M)-cis-2, generated by 

irradiation of (P,P)-trans-2 at 312 nm in situ prior to the reaction. The 

corresponding α-trifluoromethyl-β-nitro alcohols 7b-e (Table 2, entries 5,6,8,10) 

were obtained in yields and enantiomeric ratios comparable to the 

trifluoroacetophenone product 7a, even when derived from aliphatic 

trifluoroketones. It is worth to note that due to the long half-life it was possible 
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to recover the catalyst (M,M)-cis-2 after the reaction and use it up to 3 times 

without significant loss of enantioselectivity (using the catalyst for the third 

time afforded product 7a in e.r. of 85:15). 

As expected, depending on which pseudoenantiomeric cis form of the 

molecular motor was used, different enantiomers of the products were 

obtained. However, the enantiomeric ratios of some of the products obtained 

with (P,P)-cis-2 are slightly lower than those obtained with its 

pseudoenantiomer (M,M)-cis-2 (Table 2, entries 1,2 and 8,9), and even very low 

in other cases (Table 2, entries 7 and 11). The difference between the 

performance of the two pseudoenantiomeric states of the catalyst, which was 

less obvious in the case of the previously developed catalyst 1,8 is attributed to 

the fact that the catalytic moieties are now attached directly to the motor core. 

Thus, with the new design these groups are more rigidly oriented in space, and 

since they are in immediate proximity subtle differences in the chiral core, 

which are evidenced by, e.g., the remarkably different shielding displayed by 

one of the xylyl methyl groups in the 1H NMR spectrum of the two forms 

(Figure 7), affect the sterics of the chiral pocket and consequently the 

stereochemical outcome of the reactions. 

2.2.4 Structure of the catalyst and proposal of the binding mode of 
substrates to the catalyst 

Fortunately, we were able to obtain a crystal of the catalyst 2 by slow 

evaporation from THF. Building upon the configuration and conformation of 

the chiral core determined by X-ray analysis of (R,R)-(P,P)-cis-2 (Figure 8, left),17 

and knowing the absolute configuration of the products 714 obtained with the 

same catalyst, a tentative reaction model can be proposed (Figure 8, right), in 

which the two catalytic units are able to bind the substrate and reagent at the 

transition state through a double H-bond interaction.  

 

 

Figure 8 Crystal structure of (R,R)-(P,P)-cis-2 (solvent molecules have been omitted for clarity) 

and proposed substrate binding into the chiral pocket. 

While the cooperative action is evident from the poor activity displayed by the 

trans form of the catalyst, the difference between the conformation of the 
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thiourea moiety in the free catalyst and in the complexed form is fully in line 

with previous proposals.18 

 

2.3 Conclusion 

A novel molecular motor based organocatalyst 2 was synthesized. It can be 

successfully switched from a trans state, with low catalytic activity, to two cis 

states in which catalytic groups are brought in close proximity, and which 

furnish the products of a model Henry reaction with opposite 

enantioinduction. To the best of our knowledge, this is the first reported 

asymmetric C-C bond formation using a chiral photoswitchable catalyst. 

2.4 Experimental section 

General information: 

Solvents and commercial starting materials were used as received (from 

Fluorochem or Sigma Aldrich). Dibromo-motor 311, catalyst 18 and 2-bromo-4-

pyridyl(dimethyl)amine19 were prepared as described in the literature. 

Technical grade solvents were used for extraction and chromatography. Merck 

silica gel 60 (230-400 mesh ASTM) was used in flash chromatography. UV-Vis 

measurements were performed on a Jasco V-630 spectrophotometer. CD 

measurements were performed on a Jasco J-815 CD spectrophotometer. UV 

irradiation experiments were carried out using a Spectroline model ENB-

280C/FE lamp. NMR spectra were obtained using a Varian Mercury Plus (400 

MHz) and a Varian VXR-300S (300 MHz). Chemical shift values are reported in 

ppm with the solvent resonance as the internal standard (CHCl3:  7.26 for 1H,  

77.0 for 13C, DCM:  5.32 for 1H,  53.8 for 13C). Enantiomeric ratios were 

determined by HPLC analysis using a Shimadzu LC 10ADVP HPLC equipped 

with a Shimadzu SPDM10AVP diode array detector and chiral columns as 

indicated. Sample injections were made using an HP 6890 Series Auto sample 

Injector. Exact mass spectra were recorded on a LTQ Orbitrap XL (ESI+) or on a 

DART Xevo G2 QTof. Optical rotations were measured in CHCl3 on a Perkin 

Elmer 241 MC polarimeter with a 10 cm cell (concentration c given in g/mL). 

All reactions requiring inert atmosphere were carried out under argon 

atmosphere using oven dried glassware and standard Schlenk techniques. 

Dichloromethane and toluene were used from the solvent purification system 

using a MBraun SPS-800 column. THF was distilled over sodium under 

nitrogen atmosphere prior to use. Melting points were determined using a 

Büchi Melting Point B-545 apparatus. 
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Compound 4 ((2R,2'R) –(P,P) –E–N6,N6'-bis(diphenylmethylene)-2,2',4,4',7,7'-

hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-6,6'-diamine): 

In an oven dried Schlenk flask equipped with a 

stirring bar compound 3 (1.00 g, 2.11 mmol) (ca 1:1 

cis:trans ratio), Pd(OAc)2 (24 mg, 0.11 mmol), DPPF 

ligand (88 mg, 0.16 mmol) and anhydrous NaOtBu 

(405 mg, 4.22 mmol) were dissolved in dry toluene 

(12 mL). Subsequently benzophenone imine (0.88 

mL, 5.27 mmol) was added dropwise to the solution which was then heated to 

90 °C. After stirring for 16 h the reaction mixture was cooled down to rt and 

washed with water. The water layer was than extracted with (3 x 20 mL) DCM. 

The combined organic layers were dried over MgSO4, filtered and the solvent 

was evaporated. After purification via flash chromatography with 

pentane/Et2O=95/5 (Rf=0.15), product was obtained as a yellow solid (593 mg, 

0.84 mmol, Y=80% based on trans-3). 

mp= 187-189 °C. 

[α]D20 = + 134.5 (c = 0.14 in CHCl3) 

1H NMR (400 MHz, CD2Cl2) δ 7.88-7.92 (m, 4H), 7.45-7.57 (m, 6H), 7.31-7.39 (m, 

6H), 7.25-7.30 (m, 4H), 6.38 (s, 2H), 2.51-2.58 (m, 2H), 2.41-2.50 (m, 2H), 2.26(s, 

6H), 2.12-2.20 (m, 8H), 1.08 (d, J=6.4 Hz, 6H). 

13C NMR (101 MHz, CD2Cl2) δ 167.5, 149.7, 142.3, 141.9, 140.2, 137.4, 137.0, 131.6, 

130.8, 129.6, 129.4, 128.8, 128.5, 128.1, 121.6, 119.7, 42.1, 38.8, 19.3, 18.8, 18.4. 

HRMS (APCI+, m/z): calculated for C50H47N2 [M+H]+: 675.3734, found: 675.3474. 

Compound 5 (2R,2'R,E) –(P,P) –2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-

[1,1'-bisindenylidene]-6,6'-diamine: 

Compound 4 (550 mg, 0.82 mmol) was dissolved in 2 mL of 

THF and 2 M HCl (aq) (0.90 mL, 1.80 mmol) was added via 

a syringe to the solution. Upon addition a colour change 

from yellow to red-orange could be observed, followed by 

formation of a white precipitate. After 1 h the reaction was 

completed (followed by TLC pentane:Et2O =1:1, Rf(3)=0.3). The reaction mixture 

was diluted with 20 mL of 0.5 M HCl (aq) and washed 3 times with 10 mL of 

diethyl ether. Subsequently the water layer was basified (pH>10) by addition of 

solid Na2CO3 and the product was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were dried over MgSO4 and the solvent was 

evaporated under reduced pressure to yield product 5 as a white solid (256 mg, 

0.74 mmol, Y=90%). 
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mp= 112- 114 °C. 

[α]D20 = - 221.3 (c = 0.15 in CHCl3). 

1H NMR (300 MHz, CDCl3) δ 6.50 (s, 2H), 3.58 (bs, 4H), 2.88-3.00 (m, 2H), 2.59-

2.72 (m, 2H), 2.34 (s, 6H), 2.15-2.23 (m, 8H), 1.18 (d, J=6.4 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 143.1, 142.1, 141.5, 132.5, 131.6, 116.4, 114.8, 42.0, 

38.3, 19.2, 18.2, 16.9. 

HRMS (APCI+, m/z): calculated for C24H31N2 [M+H]+: 347.2482, found: 347.2481. 

Compound 6 N2-((2R,2'R,E)-(P,P)-6'-amino-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-

tetrahydro-[1,1'-biindenylidene]-6-yl)-N4,N4-dimethylpyridine-2,4-diamine: 

2-Bromo-4-pyridyl(dimethyl)amine (182 mg, 0.91 

mmol), compound 5 (314 mg, 0.91 mmol), Pd2dba3 (83 

mg, 0.09 mmol), 1,3-bis(diphenylphosphino)propane (74 

mg, 0.17 mmol), and NaOtBu (168 mg, 1.8 mmol) were 

dissolved in 30 mL of dry toluene which was previously 

purged with argon. The mixture was heated at 105 °C under N2 for 2h. Then the 

mixture was cooled down to rt and filtered through celite. Subsequently the 

solvent was evaporated under vacuum. The residue was purified by silica gel 

column chromatography using ethyl acetate/triethylamine (100/3) as the eluent 

affording 157 mg (0.34 mmol, Y=37%) of 6 as a light yellow solid. 

mp= 136-138 °C. 

[α]D20 = - 164.7 (c = 0.14 in CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 7.90 (d, J=6.0 Hz, 1H), 7.04 (s, 1H), 6.46 (s, 1H), 

6.31 (bs, 1H), 6.10 (dd, J=6.0, 2.4 Hz, 1H), 5.75 (d, J=2.4 Hz, 1H), 3.56 (bs, 2H), 

2.95 (s, 6H), 2.92-2.82 (m, 2H), 2.70-2.55 (m, 2H), 2,35 (s, 3H), 2.29 (s, 3H), 2.15 (s, 

3H), 2.13 (s, 3H), 2.11-2.21 (m, 2H), 1.12 (d, J=6.4 Hz, 3H), 1.10 (d, J =6.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 158.3, 156.2, 148.5, 143.3, 142.8, 142.2, 141.2, 138.7, 

137.4, 132.4, 131.9, 131.8, 126.7, 123.6, 116.6, 115.0, 99.8, 88.2, 42.2, 42.0, 39.2, 38.8, 

38.3, 19.3, 19.2, 18.3, 17.0. 

HRMS (APCI+, m/z): calculated for C31H39N4 [M+H]+: 467.3169, found: 467.3183. 

Compound 2 1-(3,5-bis(trifluoromethyl)phenyl)-3- ((2R,2'R,E)-(P,P)-6'-((4-

(dimethylamino)pyridin-2-yl)amino)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-

tetrahydro-[1,1'-biindenylidene]-6-yl)thiourea: 

3,5-Bis(trifluoromethyl)phenyl isothiocyanate (68 

mg, 0.25 mmol) was added dropwise to a solution of 

compound 6 (100 mg, 0.21 mmol) in 10 mL of dry 

THF which was cooled down to 0 °C . The reaction 
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mixture was allowed to warm up to room temperature (20 °C) and stirred for 

14 h. The solvent was then evaporated and the crude product purified by silica 

gel chromatography using first pentane/EtOAc/Et3N=50/50/3 as eluent and then 

increasing the polarity of the eluent to EtOAc/Et3N=100/3. Compound 2 (62 mg, 

0.10 mmol, Y=40%) was isolated as a white solid. 

mp= 132-134 °C. 

[α]D20 = - 59.0 (c = 0.14 in CHCl3). 

1H NMR (400 MHz, CD2Cl2) δ 8.13 (s, 2H), 7.77 (d, J=6.1 Hz, 1H), 7.69 (s, 1H), 

7.07 – 7.04 (m, 2H), 6.09 (dd, J=6.0, 2.4 Hz, 1H ), 5.75 (d, J=2.4 Hz, 1H), 2.95-2.87 

(m, 7H), 2.74 – 2.82 (m, 1H), 2.61 - 2.72 (m, 2H), 2.41 (s, 3H), 2.33 – 2.21 (m, 2H), 

2.31 (s, 3H), 2.22 (s, 3H), 2.16 (s, 3H), 1.09 (d, J = 6.4 Hz, 6H). 

13C NMR (101 MHz, CD2Cl2) δ 180.4, 158.2, 156.4, 147.8, 143.5, 143.3, 143.2, 142.1, 

140.5, 138.6, 137.7, 133.3, 132.2, 131.9, 131.6, 131.3, 130.9, 128.9, 126.8, 126.6, 

124.5, 124.2, 124.0, 121.8, 118.5, 99.9, 88.2, 42.3, 42.2, 38.9, 38.7, 38.5, 18.8, 18.7, 

18.1, 17.94, 17.91, 17.88. 

HRMS (APCI+, m/z): calculated for C40H42F6N5S [M+H]+: 738.3060, found: 

738.3067 

General procedure for the catalytic reactions: 

Into a vial equipped with a magnetic stirring bar catalyst 2 (0.01 mmol, 7.4 mg, 

(P,P)-trans, or (M,M)-cis : (P,P)-trans mixture at PSS (92:8), or (P,P)-cis) was 

added and dissolved in toluene (0.10 mL). Nitromethane (10 equivalents, 120 

μL) was added and the reaction mixture was cooled down to -25 °C. 

Subsequently, a solution of a trifluoroketone acceptor (0.2 mmol in 0.10 mL of 

toluene) was added. The mixture was stirred at the same temperature, and the 

reaction progress was monitored by TLC. After completion, the mixture was 

purified directly by column chromatography (diethyl ether:pentane=8:2). The 

analytical data of the obtained Henry adducts 7a-e are in agreement with 

published values.15 The major enantiomers of the obtained products 7 were 

determined by comparing the HPLC elution order with the literature values (as 

the same CSP (chiral stationary phase) and similar eluent mixtures were 

employed). (M,M)-cis-2 : (P,P)-trans-2  PSS mixture as catalyst was found to 

favour the formation of the R enantiomers of products 7, whereas (P,P)-cis-2 as 

catalyst gave predominantly the S enantiomers. 
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1,1,1-Trifluoro-3-nitro-2-phenylpropan-2-ol (7a) 

Following the general procedure the title compound was obtained 

as a white wax in 92% yield and 86:14 er favoring the R 

enantiomer using (M,M)-cis-2 : (P,P)-trans-2 PSS mixture (92:8) as 

catalyst, and in 93% yield and 79:21 e.r. favouring the S 

enantiomer using (P,P)-cis-2 as catalyst. HPLC analysis: OD-H column (210 

nm), 40 °C, 0.5 mL/min method: heptane/IPA=80/20, t1=14.2 min, t2= 17.7 min.  

1H NMR (400 MHz, CDCl3) δ 7.56-7.63 (m, 2H), 7.42-7.48 (m, 3H), 5.10 (d, J=13.8 

Hz, 1H) , 5.01 (d, J=13.8 Hz, 1H), 4.63 (s, 1H). 

1,1,1-Trifluoro-2-(4-fluorophenyl)-3-nitropropan-2-ol (7b) 

Following the general procedure the title compound was 

obtained as a pale yellow oil in 90% yield and 80:20 e.r. 

favoring the R enantiomer using (M,M)-cis-2 : (P,P)-trans-2 

mixture at PSS (92:8) as catalyst. HPLC analysis: OJ-H, 40 °C , 

0.5 mL/min, heptane/IPA=90/10, t1=27.6 min, t2= 29.8 min. 1H NMR (400 MHz, 

CD2Cl2) 7.61 (dd, J = 8.5 Hz, 5.3, 2H), 7.17 (d, J = 8.6 Hz, 2H), 5.12 (d, J = 13.7 Hz, 

1H), 5.04 (d, J = 13.7 Hz, 1H), 4.62 (s, 1H). 

2-(4-Bromophenyl)-1,1,1-trifluoro-3-nitropropan-2-ol (7c) 

Following the general procedure the title compound was 

obtained as a pale yellow oil in 90% yield and 73:27 e.r. 

favoring the R enantiomer using (M,M)-cis-2 : (P,P)-trans-2 

mixture at PSS (92:8) as catalyst, and in 90% yield and 57:43 

e.r. favouring the S enantiomer using (P,P)-cis-2 as catalyst. HPLC analysis: OJ-

H, 40 °C , 0.5 mL/min, heptane/IPA=90/10, t1=24.4 min, t2= 30.7 min; 1H NMR 

(400 MHz, CDCl3) δ 7.59 (d, J=8.7 Hz, 2H), 7.47 (d, J=8.5 Hz, 2H), 5.05 (d, J=13.4 

Hz, 1H), 4.99 (d, J=13.4 Hz, 1H), 4.65 (s, 1H). 

2-Benzyl-1,1,1-trifluoro-3-nitropropan-2-ol (7d) 

Following the general procedure the title compound was 

obtained as a pale yellow oil in 80% yield and 78:22 e.r. favoring 

the R enantiomer using (M,M)-cis-2 : (P,P)-trans-2 mixture at 

PSS (92:8) as catalyst, and in 80% yield and 70:30 e.r. favouring 

the S enantiomer using (P,P)-cis-2 as catalyst. HPLC analysis: OJ-H (210 nm), 40 

°C , 0.5 mL/min, heptane/IPA=90/10, t1=18.4 min, t2= 19.7 min. 1H NMR (400 

MHz, CDCl3) δ 7.33-7.40 (m, 3H), 7.27-7.32 (m, 2H) , 4.64 (d, J=13.2 Hz, 1 H), 

4.32 (s, 1H), 4.24 (d, J=13.2 Hz, 1H), 3.31(d, J=14.4 Hz, 1 H), 2.93 (d, J=14.4 Hz, 

1H). 

 

 



Dual stereocontrol over the Henry reaction using light and heat triggered organocatalyst 

76

1,1,1-Trifluoro-2-(nitromethyl)butan-2-ol (7e) 

Following the general procedure the title compound was obtained 

as a pale yellow oil in 72% yield and 77:23 e.r., favoring the R 

enantiomer using (M,M)-cis-2 : (P,P)-trans-2 mixture at PSS (92:8) as 

catalyst, and in 72% yield and 59:41 e.r. favouring the S enantiomer 

using (P,P)-cis-5 as catalyst. HPLC analysis OD-H, 40 °C , 0.5 mL/min, 

heptane/IPA=99/1, t1=50.2 min, t2= 57.9 min. 1H NMR (400 MHz, CDCl3) δ 4.67 

(d, J=13.6 Hz, 1H), 4.57 (d, J=13.6 Hz, 1H), 4.02 (s, 1H), 1.77-1.97 (m, 2H), 1.06 (t, 

3H). 

X-ray crystallography 

Crystals of compound 2 (CCDC 966782) could reproducibly be obtained by 

slow evaporation of a THF solution, but X-ray analysis of these crystals was 

thwarted by facile loss of co-crystallized THF from the lattice. Attempts to 

obtain crystalline material from different solvents failed, and thus we resorted 

to analysis of the crystals from THF. ‘Crystals’ of several batches were tested 

only to give low quality diffraction images, likely related to loss of THF from 

the lattice and its collapse. Ultimately, a small platelet was found that gave a 

sharp (but weak) diffraction pattern and this was used for the crystal structure 

determination using Cu Kα (1.54178 Å) radiation. The crystal was mounted on 

top of a cryoloop and transferred into the cold nitrogen stream (100 K) of a 

Bruker-AXS D8 Venture diffractometer. Data collection and reduction was 

done using the Bruker software suite APEX2.7 The final unit cell was obtained 

from the xyz centroids of 9916 reflections after integration. A multiscan 

absorption correction was applied, based on the intensities of symmetry-related 

reflections measured at different angular settings (SADABS)20. The structure 

was solved by direct methods using SHELXS21. From subsequent refinement of 

the structure (SHELXL)22 it was clear that one of the CF3 groups was highly 

disordered; the density could be described by two disorder components (major 

fraction 56%) with restrain instructions for the C-F bond lengths applied 

(DFIX). All non-hydrogen atoms were refined with anisotropic displacement 

parameters, and hydrogen atoms were included riding on their carrier atoms. 

Due to the weak scattering power of the crystal, a few atoms refined to non-

positive definite anisotropic displacement parameters. Ultimately, the data was 

cut off at 1 Å resolution and SIMU/DELU instructions were applied in the 

refinement. The absolute structure was identified based on anomalous 

dispersion, with Flack’s parameter9 refining to 0.01(3). Crystal data and details 

on data collection and refinement are presented in Table 3. 
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Table 3 Cystalographic data for 2 

chem formula C44H49F6N5OS 

Mr 809.94 

cryst syst monoclinic 

color, habit colorless, platelet 

size (mm) 0.11 x 0.08 x 0.02 

space group P2(1) 

a (Å) 15.683(3) 

b (Å) 16.311(3) 

c (Å) 17.436(3) 

, deg 110.279(4) 

V (Å3) 4183.8(14) 

Z 4 

calc, g.cm-3 1.286 

μ(Cu K ), cm-1 
1.254 

F(000) 1704 

temp (K) 100(2) 

 range (deg) 4.69–50.42 

data collected (h,k,l) -15:15, -16:16, -17:17 

no. of rflns collected 43545 

no. of indpndt reflns 8717 

observed reflns 6605 (Fo  2 (Fo)) 

R(F) (%) 5.90 

wR(F2) (%) 13.16 

GooF 1.022 

Weighting a,b 0.0797, 2.5483 

params refined 1071 

restraints 1126 

min, max resid dens -0.451, 0.474 
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3.1 Introduction 

Products bearing thioureas are widely used (e.g. applied in catalysis1, 

medicine2, bioconjugation3) and the thiourea motif is considered to be very 

robust. The formation of thioureas can be regarded as a click reaction4 and that 

is one of the main reasons for their broad application; especially in preparation 

of bioconjugates and in material science (e.g. as a linker in nanoparticle and 

polymer functionalization5). Thiourea synthesis is typically accomplished by 

mixing an appropriate isothiocyanate with an amine at ambient temperatures, 

although in the literature there are some procedures that are performed at 

elevated temperatures6 (even at reflux7) in the presence of a base (e. g. Et3N). It 

should be noted that the yields reported in those preparations were typically 

lower than those obtained at lower temperatures. 

It is known that by heating the mixture of thioureas with acids8,9 above 130 °C 

or by heating neat thioureas10 above 200 °C, isothiocyanates can be obtained. It 

was also reported that isothiocyanates can be obtained from thioureas with 

very good yields using Viehe’s salt (N-(Dichloromethylene)-N-

methylmethanaminium chloride)11 in the presence of a base.  

Because of its Lewis acidity, the thiourea moiety has been employed in the 

design of catalysts. Thiourea based organocatalysts are used in different 

carbon-carbon and carbon-heteroatom bond formation reactions.12 As in 

Takemoto’s pioneer example of a bifunctional thiourea catalyst,13 many of these 

organocatalysts contain a basic tertiary alkyl amine group, which together with 

the thiourea enables simultaneous activation of both electrophilic and 

nucleophilic substrates. Examples of using more nucleophilic bases, e.g. DMAP 

instead of trialkyl amines in combination with thiourea are scarce.14 

Representative examples of bifunctional thiourea catalysts are depicted in 

Figure 1. 

 
Figure 1 Examples of bifunctional thiourea catalysts containing tertiary alkyl amine group 

reported by the a)Takemoto13, b) Jacobsen15 and c) Soós and Connon16 groups. 

Even though there are now numerous examples of reactions employing these 

catalysts, decomposition of the catalyst was not reported; even for reactions in 

which 10 mol % of the catalyst was used, with reaction times as long as 3 days.17 
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That creates the notion that the thiourea moiety is robust enough not to suffer 

from any unwanted decomposition.  

 

Our group has used DMAP as a base unit to build motor - based thiourea 

organocatalysts. Due to the fact that molecular motors are multistage switches 

and can exist in two pseudoenantiomerical cis-forms, dual stereocontrol could 

be achieved in the Michael and the Henry reaction.14b,c For both catalysts 1 and 2 

some degradation was observed during the thermal helix inversion step.  

We have therefore decided to study this degradation process in more detail and 

characterize the formed byproduct for catalyst 2. We have anticipated that the 

degradation product is formed due to the elimination of thiourea assisted by 

the basic nitrogen of the DMAP moiety. In such case, the released molecule 

could either be the isothiocyanate or the corresponding aniline. Another 

question is the generality of such release phenomena. Is it a reaction which 

always occurs in the presence of organic bases or does it happen exclusively for 

this particular catalyst bearing a helical structure? If yes, does it happen for 

both cis forms of the catalyst, or specifically during the thermal helix inversion 

step in the rotary cycle? A closer look at this surprising reactivity will be 

provided in this chapter. 

 

3.2 Results and discussion 

3.2.1 Observation of the elimination product during THI (Thermal Helix 
Inversion) step on motor-catalyst 

The first motor based catalyst 1 made in our group which contained a phenyl 

spacer in between motor core and the catalytic DMAP and thiourea moieties, 

was reported to undergo thermal degradation (30%) during the THI process. 

(Scheme 1). 

 
Scheme 1 Degradation during the thermal helix inversion of catalyst 1. 
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Unfortunately the degradation products were not characterized. With the new 

catalyst 2 in hand, in which the phenyl spacer was removed, thermal 

degradation was also observed during the THI. After heating the cis-unstable 

form of the catalyst 2 in THF for 16 h, apart from the expected cis-stable form of 

the catalyst also another product was formed.  

The degradation product could be separated by silica column chromatography 

and was fully characterized (Figure 2) by 1H-NMR, 13C-NMR and HRMS. The 

product 3 was isolated in 15% yield and was found to have an isothiocyanate 

moiety instead of thiourea at the motor core, suggesting that the leaving group 

was the 3,5-bis(trifluoromethyl)aniline, which was isolated and characterized as 

well.  

 
Figure 2 Formation of three new products during thermal helix inversion from cis-unstable motor 

2. 

In order to verify that the isothiocyanate product is not simply formed from the 

cis-stable catalyst, pure cis-stable catalyst was isolated and was heated 

overnight. After 16 h ca. 5% of the degradation product could be observed 

which is significantly less compared to the 15% release observed during the 

THI. This experiment indicated that the elimination is either a side reaction of 

the thermal helix inversion step or is much more efficient for the cis-unstable 

form, with the latter being the most probable explanation. A possible 

mechanism for the elimination with intramolecular DMAP assistance is 

presented in Scheme 2. 

 
Scheme 2 Plausible elimination pathway for cis-unstable-2 
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With this unique system in hands we considered to make use of the elimination 

process happening during the rotary cycle to make a new catalyst during each 

cycle by adding excess of new aniline to the isothiocyanate byproduct. After 

irradiation of trans-stable catalyst, cis-unstable is formed which undergoes 

thermal helix inversion to cis-stable thiourea catalyst. We envisioned that 

performing the thermal helix inversion under conditions in which elimination 

takes place (THF, 60 °C) we would obtain the isothiocyanate form of the 

catalyst. The cis-stable isothiocyanate form of the catalyst could react with a 

newly added aniline and form a new thiourea catalyst. This newly formed 

thiourea catalyst could undergo the same cycle forming a new isothiocyanate 

form which could after thermal helix inversion react with another aniline 

derivative forming a new thiourea catalyst (Scheme 3). Unfortunately, the 

isothiocyanate 3 was unreactive in its cis-stable configuration, and no product 

was observed during 24 h after addition of 4-methoxyaniline at room 

temperature. This low reactivity is most probably due to the steric reasons, and 

is likely to be a driving force for the decomposition. 

 

Scheme 3 Possible use of elimination of isothiocianyate compound during THI step in order to 

make a novel thiourea catalyst during each rotary cycle. 
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In a control experiment it was found that the water content in the reaction 

mixture did not influence the decomposition. The experiment was repeated 

with various THF sources containing 5, 50 and 100 ppm of water, always 

showing the same result. 

3.2.2 Elimination from model compounds 

Simple model thiourea compounds 4-7 (Figure 3) were synthesized from the 

corresponding isothiocyanate and aniline substrates. These compounds were 

made in order to check if the base catalyzed elimination is a general reaction, 

which occurs to any thiourea compound upon prolonged exposure to organic 

bases and heating. 

 
Figure 3 Model thiourea compounds. 

The elimination from model compounds was followed over time in the 

presence of one equivalent of DMAP, at room temperature and at 60 °C in THF. 

At room temperature during 24 hours only traces of elimination products could 

be observed (ca. 1% according to NMR measurements). Figure 4 shows the 1H-

NMR spectra of thiourea 4 immediately upon addition of 1 equivalent of 

DMAP and after 24 h at room temperature, showing only traces of elimination 

products. 

 
Figure 4 1H-NMR spectra of thiourea 4 in presence of DMAP and after 24 h at room temperature. 

When the elimination process was followed at 60 °C in THF, in the presence of 

1 equivalent of DMAP as a base (Figure 5), significant elimination was evident 

within a few hours (in 3 h 30% conversion to the elimination products was 
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obtained). It was observed that after 72 h conversion to the elimination 

products has reached 44% based on 1H-NMR measurements. 

 
Figure 5 1H-NMR spectra of symmetric thiourea 4 in presence of 1 eq od DMAP at 60 °C 

followed over time. 

The same process was followed for the non-symmetric thioureas 5, 6 and 7. 

With thiourea 5 which contains the electron withdrawing CF3 group on one of 

the phenyl moieties, no preference for abstraction of a proton from the two 

nitrogens was observed. After 3 h, the ratio between the formed aniline and p-

(trifluoromethyl)aniline was approx. 1:1 (Figure 6). Nevertheless, when the 

reaction was continued, the disappearing of the aniline peaks could be 

observed, along with the formation of 1,3-diphenylthiourea (4). After 72 h no 

aniline peaks could be observed, showing that the more reactive aniline reacted 

with the formed isothiocyanate, causing accumulation of the less reactive p-

trifluoromethylaniline (Scheme 4).  
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Figure 6 Elimination from thiourea 5 over time at 60 °C. 

 
Scheme 4 Elimination pathway from thiourea 5 mediated by DMAP. 

With thiourea 6 bearing an electron donating group the observed effect was 

similar. Since in this case the p-methoxyaniline is more electron rich, its 

accumulation can not be observed as upon formation it reacts with the 

available isothiocyanates. With eliminated p-methoxyphenyl isothiocyanate it is 

forming a symmetric thiourea containing two methoxy groups (it can be seen in 
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Figure 7 in the 1H-NMR spectrum after 3 h). After longer heating period, the 

formation of symmetric thiourea 4 could also be observed (Scheme 5). 

 
Figure 7 1H-NMR spectra of elimination process from thiourea 6 over time at 60 °C in THF-d8 

 
Scheme 5 Elimination process from thiourea 6. 

Interestingly for thiourea 7 which had an o-methyl substituent on one phenyl 

ring and p-trifluoromethyl substituent on the other ring only the elimination 

products and no new thiourea products were observed. In the beginning both 

anilines are observed as elimination products but over time mostly p-

trifluoromethylamine is observed and the o-toluidine signals diminish. Only 

one aniline was present in the end as the product of elimination (90% 

conversion to the elimination products in 72 h), indicating a strong preference 

for elimination of the more electron deficient aniline. The lack of formation of 

the new thiourea indicates that sterics plays a crucial role in determining the 

thermodynamic equilibrium– the reversed reaction (formation of the thiourea) 

is strongly hindered by steric crowding. 
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Figure 8 1H NMR spectra of elimination from thiourea 7 over time at 60 °C in THF-d8. 

Since DMAP is a particulary nucleophillic base, we decided to check, whether 

the character of the organic base also has an influence on the elimination. For 

this purpose, elimination studies with thiourea 4 were conducted with 

triethylamine and pyridine, at 60 °C. In the presence of triethylamine, the 

elimination was not significant during the first 3 h resulting in only 4% 

elimination products, but after 72 h observed conversion to the elimination 

products was 38%. When pyridine was used as a base, the effect was the same 

as with DMAP during the first 3 h (30% conversion to the eliminated products), 

and after 72 h conversion to the elimination product was 38%. Based on this 

observation it can be concluded that the elimination of aniline from thiourea 

compound always happens in a presence of a base at elevated temperatures. To 

which extent elimination is observed depends on the duration of heating and 

the base used.  

3.3 Conclusion 

Catalyst 2 undergoes elimination of 3,5-bis(trifluoromethyl)aniline during the 

thermal helix inversion process. It was proven that this type of elimination is a 

general reaction for thioureas. It was also shown using model thiourea 

compounds that the process of elimination in the presence of a base in THF is 

slow at room temperature, but becomes significant at increased temperatures. 

Preferentially, the electron poor amine is eliminated from thiourea, leaving the 

more electron rich isothiocyanate. The elimination is an equilibrium process. 

The reversed reaction is limited by steric hindrance, as observed with thiourea 

7. The rate of elimination is dependent of the nature of the base (it is slower 

with triethyl amine than with DMAP). All the observations with model 

compounds have provided more insight into the factors determining the 

elimination process from catalyst 2. Just like with model compounds, 

elimination from catalyst 2 was observed at elevated temperatures. Since 

catalyst 2 contains the highly electron deficient 3,5-bistrifluoromethyl moiety, it 
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dictates that during the elimination process 3,5-bistrifluoroaniline is released 

and the isothiocyanate moiety remains at the motor core. The reversed reaction 

is disabled most probably due to steric reasons, as observed with the thiourea 

model compound 7.  

These results indicate that during the synthesis of thiourea compounds, if 

possible, bases should be omitted, to avoid the formation of elimination 

byproducts. Additionally these findings suggest that it would be possible to 

make dynamic combinatorial libraries composed of thioureas in the presence of 

a base. As far as we know this is the first study of the elimination of anilines 

from various aromatic thioureas in the presence of a base. 

 

3.4 Experimental section 

General information: 

Solvents and commercial starting materials were used as received (from 

Fluorochem or Sigma Aldrich). Catalyst 2 was prepared as described in chapter 

2. Technical grade solvents were used for chromatography. Merck silica gel 60 

(230-400 mesh ASTM) was used in flash chromatography. NMR spectra were 

obtained using a Varian Mercury Plus (400 MHz) and a Varian VXR-300S (300 

MHz). Chemical shift values are reported in ppm with the solvent resonance as 

the internal standard (CHCl3:  7.26 for 1H,  77.0 for 13C, THF:  1,73 and 3.58 

for 1H,  25.4 and 67.6 for 13C ) Exact mass spectra were recorded on a LTQ 

Orbitrap XL (ESI+) or on a DART Xevo G2 QTof. All reactions requiring inert 

atmosphere were carried out under argon atmosphere using oven dried 

glassware and standard Schlenk techniques. Dichloromethane was used from 

the solvent purification system using a MBraun SPS-800 column. THF was 

distilled over sodium under nitrogen atmosphere prior to use. Melting points 

were determined using a Büchi Melting Point B-545 apparatus. 

Compound 3 N2(Z)-6'-isothiocyanato-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-

[1,1'-biindenylidene]-6-yl)-N4,N4-dimethylpyridine-2,4-diamine: 15 mg of the stable 

trans-2-catalyst was irradiated at 312 nm in DCM (3 

mg/mL) till the PSS was reached (containing 93 % of cis-

unstable form of the catalyst, as determined by 1H-NMR). 

The resulting solution in THF was heated for 16 h at 60 °C 

achieving thermal helix inversion accompanied by the 

elimination product 3 which was purified via column 

chromatography (DCM:MeOH = 95:5), Rf=0.1 

mp= 133 °C 



Unclicking of thioureas: Base catalyzed elimination of anilines and isothiocyanates from thioureas 

90

1H NMR (400 MHz, CDCl3) δ 7.85(d, J = 6.1 Hz, 1H), 7.14(s, 1H), 6.90(s, 1H), 

6.08(dd, J = 6.2 Hz, J=2.3 Hz, 1H), 6.00 (bs, 1H), 5.73 (d, J = 2.3 Hz, 1H), 3.40-3.30 

(m, 2H), 3.15-3.07 (m, 2H), 2.94 (s, 6H), 2.47-2.38 (m, 2H), 2.25 (s, 3H), 2.22 (s, 

3H), 1.60 (s, 3H), 1.38 (s, 3H), 1.14-1.07 (m, 6H) 

13C NMR (101 MHz, CDCl3) δ 158.2, 156.2, 147.9, 143.8, 142.7, 142.2, 141.6, 141.0, 

139.5, 137.2, 133.5, 131.9, 131.4, 129.3, 128.2, 128.0, 125.9, 124.8, 100.0, 88.5, 41.9, 

41.7, 39.3, 38.6, 38.5, 20.4, 20.3, 18.5, 18.2, 16.8, 16.1 

HRMS (APCI+, m/z): calculated for C32H37N4S [M+H]+: 509.2721, found: 509.2724 

 

Elimination of model compounds followed by 1H-NMR: 

In an NMR tube, 0.1 mL of the solution of 0.02 mmol DMAP in THF- d8 was 

added to a solution of 0.02 mmol of the model thiourea compound dissolved in 

0.5 mL THF-d8. The NMR tube was sealed and placed in an oil bath at 60 °C and 

the 1H-NMR spectrum was recorded every hour during first 8 hours, and then 

every 12 hours. 

Synthesis of model compounds: In a dry flask equipped with a stirring bar 

under nitrogen atmosphere, 1 mmol of aniline or p- trifluoromethylaniline or o-

toluidine was dissolved in 12 mL of dry DCM. 1 mmol of the appropriate 

isothiocyanate was added dropwise to the corresponding aniline solution at 

room temperature. The reaction mixture was left to stir overnight and then was 

evaporated to dryness. The thiourea products were purified by column 

chromatography on a short column, using pentane/EtOAc as eluent. 

Compound 4 (1,3-diphenylthiourea): 

yield= 92% 

 mp= 152-153 °C. (lit. 152 °C)18 

1H NMR (400 MHz, THF-d8) δ 9.05 (s, 2H), 7.46 (d, J = 7.9 Hz, 4H), 7.29 (t, J = 7.7 

Hz, 4H), 7.09 (t, J = 7.3 Hz, 2H). 
13C NMR (101 MHz, THF-d8) δ 181.2, 140.5, 129.5, 125.6, 124.7. 

HRMS (APCI+, m/z): calculated for C13H13N2S [M+H]+: 229.0794, found: 

229.0792. 

Compound 5 (1-phenyl-3-(4-(trifluoromethyl)phenyl)thiourea): 

yield = 80% 

mp = 147-148 °C 
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1H NMR (400 MHz, THF-d8) δ 9.33 (s, 1H), 9.19 (s, 1H), 7.73 (d, J = 8.4 Hz, 2H), 

7.58 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.32 (t, 2H), 7.13 (t, 1H). 

13C NMR (101 MHz, THF-d8) δ 181.3 , 144.56 , 144.55 , 140.3 , 129.8 , 126.4 (q, J = 

3.9 Hz), 126.3 (q, J = 270.2 Hz), 125.9 , 124.6 , 123.8 . 

HRMS (APCI+, m/z): calculated for C14H12F3N2S [M+H]+: 297.0668, found: 

297.0666. 

 

Compound 6 (1-(4-methoxyphenyl)-3-phenylthiourea): 

yield= 90% 

mp = 141 – 142 °C. (lit.reported from 125 °C 19a to 

160°C 19b) 

 

1H NMR (400 MHz, THF-d8) δ 8.87 (s, 1H), 8.76 (s, 1H), 7.44 (d, J = 8.0 Hz, 2H), 

7.34 – 7.21 (m, 4H), 7.07 (t, J = 7.4 Hz, 1H), 6.86 (d, J = 8.7 Hz, 2H), 3.74 (s, 3H). 
13C NMR (101 MHz, THF-d8) δ 181.71, 158.76, 140.79, 133.16, 129.51, 127.32, 

125.59, 124.86, 114.87, 55.79. 

HRMS (APCI+, m/z): calculated for C14H15N2S [M+H]+: 259.0899, found: 

259.0898. 

 

Compound 7 (1-(4-methoxyphenyl)-3-(o-tolyl)thiourea): 

yield= 75% 

mp= 136 – 137 °C 

1H NMR (400 MHz, THF-d8) δ 9.06 (s, 1H), 8.98 (s, 

1H), 7.75 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 

7.33 – 7.11 (m, 4H), 2.33 (s, 3H). 
13C NMR (101 MHz, THF-d8) δ 181.0, 143.43, 143.42 ,137.2 , 135.2 , 130.7 , 127.4 , 

127.0 , 126.5 , 125.3 (q, J = 3.9 Hz), 124.5 (q, J = 270.4 Hz), 123.3 , 17.3 . 

 

HRMS (APCI+, m/z): calculated for C15H14F3N2S [M+H]+: 311.0824, found: 

311.0825. 
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4.1 Introduction 

Bisthiourea catalysts have been shown to accelerate various asymmetric 

chemical transformations, such as Mannich1, Henry2, Aza-Henry3, Morrita-

Baylis Hillman4 and Diels-Alder reaction5. 

Even though such catalytic diversity has been reported for the bisthiourea 

catalysts a responsive version with which control of activity or selectivity might 

be achieved has not been reported so far. As already shown by our group 

molecular motors provide a unique platform to achieve this goal, since they are 

three-stage organocatalysts6 and provide a possibility of achieving dual 

stereocontrol. In order to make a responsive bisthiourea catalyst we have 

decided to attach the thiourea moieties directly to the first generation molecular 

motor core (Figure 1). Since we have already studied the catalytic activity of the 

bifunctional molecular motor catalyst containing DMAP and thiourea moieties 

in the Henry reaction6b, we decided to test the new bisthiourea analogues in the 

same reaction. 

 
Figure 1 Novel bisthiourea responsive catalysts 1 and 2 (only the cis stable forms of the catalysts 

are depicted). 

We decided to make both an aliphatic and aromatic analogue of the catalyst 

since in the recent study by J. Cheng7 and coworkers it has been shown that the 

catalyst containing aliphatic thiourea is more active than its aromatic analogue 

and provides better enantioselectivities in Michael additions reactions. We 

aimed to check if our bisthiourea catalysts would behave similarly in the Henry 

reaction.  

4.2 Results and discussion 

4.2.1 Synthesis of the catalysts 

Catalysts 1 and 2 were prepared in an identical manner, by reaction of chiral 

diamine precursor6b and the corresponding isothiocyanate in tetrahydrofurane 

(THF). (Scheme 1). 
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Scheme 1 Synthesis of aromatic and aliphatic bisthiourea motor catalysts. 

4.2.2 Photochemical and thermal isomerization studies 

The photochemical and thermal isomerization behavior of catalysts 1 and 2 was 

examined using UV-Vis and 1H NMR spectroscopy. Full unidirectional rotary 

cycle (Scheme 2) was demonstrated using CD spectroscopy for catalyst 1. 

 
Scheme 2 Unidirectional rotary cycle of catalysts 1 and 2. 
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The photoisomerization process from (P,P)-trans-1 (trans-stable) to (M,M)-cis-1 

with 312 nm light was followed by UV-Vis spectroscopy (Figure 2). An 

isosbestic point was observed at λ=330 nm along with a bathochromic shift of 

the absorption maximum characteristic for the unstable cis form of first 

generation motors.8 

 
Figure 2 Photoisomerization from (P,P)-trans-1 to (M,M)-cis 1 at 312 nm in THF followed by UV-

Vis spectroscopy. 

The thermal helix inversion of the cis-unstable 1 to cis-stable 1 was followed by 

UV-Vis spectroscopy by absorption changes at 365 nm over 5 temperatures (35, 

40, 50, 55 and 60 °C) in THF (Figure 3). Using the Eyring equation, the Gibbs 

free energy was calculated to be 100 kJ/mol corresponding to a half-life of 30 h 

at 20 °C, and at -17 °C the calculated Gibbs energy was 95 kJ/mol corresponding 

to a half-life of 543 h (22 d). High half-life at low temperature indicated that the 

cis unstable form of the catalyst 1 is stable enough for catalytic reactions at low 

temperatures, as well as for fast organocatalytic reactions occurring at room 

temperature. 

  
Figure 3 Thermal isomerization from (M,M)-cis-1 to (P,P)-cis-1 in THF, followed by absorption changes 

in the UV spectrum at 365 nm, at five different temperatures (60, 55, 50, 40 and 35 °C). The rate constants 

k of the first order decay at different temperatures were obtained using the equation A=A0e-kT (A and A0 

are the absorbance at different time t). By analysis of this data using the Eyring equation the following data 

have been calculated: k20 ̊C (s-1) = 9.02 x 10-6, t1/2= 30 h, ΔH‡ = 64.5 kJ mol-1, ΔG‡ (20 °C) = 100.2 kJ mol-1, 

ΔS‡ = -122.0 J K-1 mol-1. 
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The photoisomerization from (P,P)-cis-1 (cis-stable) to (M,M)-trans-1 (trans-

unstable) was followed by UV-Vis spectroscopy. The changes of UV-Vis 

absorption spectra upon photoirradiation at 312 nm were monitored (Figure 4), 

showing the expected red shift of the absorption of the species along with the 

occurrence of the photoinduced isomerization, as well as an isosbestic point at 

λ=330 nm. 

 
Figure 4 Photoisomerization from cis-stable catalyst 1 to trans-unstable catalyst 1 at 312 nm, -20 °C in 

THF, was followed by UV-Vis spectroscopy. 

The thermal helix inversion of the trans-unstable 1 to trans-stable 1 was 

followed by UV-Vis spectroscopy by absorption changes at 355 nm over 5 

temperatures (-20, -15, -10, -5 and 0 °C) in THF (Figure 5). Using the Eyring 

equation, the Gibbs free energy was calculated to be 82 kJ/mol corresponding to 

a half-life of 1 min at 20 °C, and at -17 °C calculated half-life was 2 h, which is 

not sufficient for the use in catalysis. 

  
Figure 5 Thermal isomerization from (M,M)-trans-1 to (P,P)-trans-1 in THF, followed by absorption 

changes in the UV spectrum at 355 nm, at five different temperatures (-20, -15, -10, -5 and 0 °C). The rate 

constants k of the first order decay at different temperatures were obtained using the equation A=A0e-kT (A 

and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following 

data have been calculated: k20 ̊C (s-1) = 1.6 x 10-2, t1/2= 1 min, ΔH‡ = 73.7 kJ mol-1, ΔG‡ (20 °C) = 82.0 kJ 

mol-1, ΔS‡ = -28.3 J K-1 mol-1. 
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CD spectroscopy was used to characterize the unidirectionaly rotary cycle of 

catalyst 1, where a change in helicity can be observed upon every step. (Figure 

6). 

a)                                                                    b) 

     

    c)                                                                     d) 

 

Figure 6 CD spectra of compound 1 before and after each isomerisation process of the four-step 

unidirectional rotary cycle a) CD spectral changes of catalyst 1 (6 x 10-6 M) upon irradiation of 

(P,P)-trans catalyst 1 at 312 nm in THF at 20 °C. b) CD spectral changes during thermal helix 

inversion of (M,M)-cis-1 upon heating in THF at 20 °C. c) CD spectral changes of catalyst 1 (7.7 x 

10-5 M) upon irradiation of (P,P)-cis-1 at 312 nm in THF at -78 °C, d) CD spectral changes during 

thermal helix inversion of (M,M)-trans-1 upon heating in THF at -78 °C. 

 

Cis-unstable catalyst 2 was obtained by irradiating the cis-stable 2 isomer at 4 

°C to the trans-stable 2, and further irradiation provided PSS mixture rich in cis-

unstable 2. The thermal helix inversion of the cis-unstable 2 (1.5 x 10-5 M) to cis-

stable 2 was followed by UV-Vis spectroscopy by absorption changes at 365 nm 

over 5 temperatures (40, 45, 50, 55 and 60 °C) in THF (Figure 7). Using the 
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Eyring equation, the Gibbs free energy was calculated to be 102.4 kJ/mol 

corresponding to a half-life of 80.2 h at 20 °C, and at -17 °C calculated half-life 

was 755 d. Due to its high half-life even at room temperature, catalyst 2 in its cis 

unstable form could be potentially used for catalytic reaction at room 

temperature. 

 
 

Figure 7 Thermal isomerization from cis-unstable 2 to cis-stable 2 in THF, followed by absorption 

changes in the UV spectrum at 365 nm, at five different temperatures (60, 55, 50, 45 and 40 °C). The rate 

constants k of the first order decay at different temperatures were obtained using the equation A=A0e-kT (A 

and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following 

data have been calculated: k20 ̊C (s-1) = 3.5 x 10-4, t1/2= 1 min, ΔH‡ = 89.2 kJ mol-1, ΔG‡ (20 °C) = 102.4 kJ 

mol-1, ΔS‡ = -45.0 J K-1 mol-1. 

Photoisomerization process was followed for both catalysts with 1H-NMR 

spectroscopy. By irradiation of a solution of trans-stable catalyst 1 in THF-d8 

and following the photoisomerization by 1H NMR spectroscopy it was possible 

to accurately determine the PSS for this isomerization. The PSS ratio was 92:8 in 

favor of the cis unstable form. Due to high PSS ratio the cis unstable catalyst 1 

formed in situ from the trans precursor through irradiation at 312 nm is suitable 

to be used in catalytic reactions. After reaching PSS the sample was heated in 

an oil bath at 60 °C. By heating the cis unstable form is switched to the cis stable 

form via thermal helix inversion. (Figure 8). 

Exposure of the stable-cis 2 isomer to 312 nm light gave direct access to the PSS 

mixture of stable trans-2/unstable cis-2 (Figure 9). The PSS ratio was 85:15 in 

favor of the cis unstable form.  
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Hb 

 

Figure 8 1H NMR spectrum of stable trans-1 in THF-d8 and spectral changes after irradiation with 

312 nm for 2 h giving predominately unstable cis-1. Subsequent heating at 60 °C for 24 h induces 

thermal isomerization to stable cis-1 (insert: zoomed 1H NMR spectra in the aliphatic region 

around representative peak of Hb). 
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Figure 9 1H NMR spectrum of stable cis-2 in DCM-d2 and spectral changes after irradiation with 

312 nm giving the PSS mixture of stable trans-2/unstable cis-2. (insert: zoomed 1H NMR spectra in 

the aliphatic region around representative peak of Ha). 

4.2.3 Catalytic studies 

With the new catalysts 1 and 2 at hand, the activity and selectivity of each of its 

interconvertible states was tested in the Henry reaction.9,10 In order to check if 

the amount of base would affect the outcome, we have first screened a Henry 

reaction between nitrobenzaldehyde and nitromethane with catalyst 1, using 

various amounts of DABCO as a base (Table 1). It was observed that the 

amount of added base doesn’t have any significant influence on the 

stereoselectivity, but decreasing the amount of base has drastical influence on 

the activity of the catalytic system (it drops significantly). Subsequently 

catalysts 1 and 2, in their cis stable states, were tested with different bases in the 

Henry reaction. Surprisingly, catalyst 2 did not affect the stereochemical 

outcome of the reaction in any of the tested conditions (Table 2). The screening 

of catalyst 1 was performed exclusively in THF, as the catalyst was poorly 

soluble in other solvents (Table 3). From the initial screening with various bases 

it was observed that for the reaction of benzaldehyde with nitromethane, using 

cis-stable catalyst 1, Et3N was the best base in terms of achieving the highest e.r. 

Ha 

Ha 

Hb 

Hb 
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of the product. There was no significant difference in the performance of the 

other tested bases (Table 3). 

Table 1 Screening the amount of added base for the Henry reaction using cis stable catalyst 1. 

 

Entry Base Base mol% time / days Isolated yield%a e.r.b 

1 DABCO 5 2 74 74 : 26 

2 DABCO 10 2 85 74 : 26 

3 DABCO 20 2 98 73 : 27 
aYield of isolated product after flash chromatography. b Determined by CSP HPLC analysis. 

Table 2 Screening the conditions using cis-stable catalyst 2 in the Henry reaction of nitromethane 

with p-nitrobenzaldehyde. 

 

Entry Base Solvent Catalyst mol % catalyst temperature / °C 
time / 

h 
e.r.a 

1 Et3N DCM 2 5 -17 16 50 : 50 

2 Hünigs base THF 2 5 -17 16 50 : 50 

3 Et3N THF 2 5 -17 16 50 : 50 

4 Hünigs base toluene 2 5 -17 16 50 : 50 

5 DABCO toluene 2 5 -17 16 50 : 50 
aDetermined by CSP HPLC analysis. 

Table 3 Screening various bases for the Henry reaction of nitromethane with p-

nitrobenzaldehyde using cis stable catalyst 1. 

 

Entry Base Solvent time / d isolated yield/%a e.r.b  

1 Et3N THF 1 88 83 : 17  

2 DABCO THF 1 70 73 : 27  

3 Hünigs base THF 1 90 74 : 26  

4 DMAP THF 1 91 72 : 28  
                   aYield of isolated product after flash chromatography. b Determined by CSP HPLC analysis. 
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Other aromatic substrates for the Henry reaction were tested as well using 

various bases (Table 4). With all aromatic substrates tested the catalyst 2 did not 

show stereoselectivity in the reaction (entries 4, 11, 15) whereas with catalyst 1 

very good yields and selectivities of the products were observed. There was 

only a slight influence of the nature of the base on the enantioselectivity of the 

reaction (e.g. differences in entries 1-3 vary by only 2%). 

Table 4 Screening various aromatic substrates for the Henry reaction using stable cis 1 and 2 as 

catalysts. 

 

Entry Substrate Base Catalyst Time/days 
isolated 

yield/%a 
e.r.b 

1 R1=NO2, R2= H DABCO cis-stable 1 1 78 74 : 26 

2 R1=NO2, R2= H Hünigs base cis-stable 1 1 90 74 : 26 

3 R1=NO2, R2= H DMAP cis-stable 1 2 91 72 : 28 

4 R1=NO2, R2= H DABCO cis-stable 2 2 74 50 : 50 

5 R1=H, R2= H DABCO cis-stable 1 4 77 69 : 31 

6 R1=H, R2= H Et
3
N cis-stable 1 4 70 62 : 38 

7 R1=H, R2= H Hünigs base cis-stable 1 4 25 65 : 35 

8 R1=H, R2= CF3 Et
3
N cis-stable 1 2 90 23 : 77 

9 R1=H, R2= CF3 DABCO cis-stable 1 2 47 21 : 79 

10 R1=H, R2= CF3 Hünigs base cis-stable 1 2 >95 20 : 80 

11 R1=H, R2= CF3 Et
3
N cis-stable 2 2 86 48 : 52 

12 R1=H, R2= COOEt Et
3
N cis-stable 1 2 45 22 : 78 

13 R1=H, R2= COOEt DABCO cis-stable 1 2 47 31 : 69 

14 R1=H, R2= COOEt Hünigs base cis-stable 1 2 72 28 : 72 

15 R1=H, R2= COOEt Et
3
N cis-stable 2 2 70 47 : 53 

aYield of isolated product after flash chromatography. b Determined by CSP HPLC analysis. 

In order to check if our newly synthesized bisthiourea 1 indeed function as 

responsive catalyst, screening of the Henry reaction was done with various 

isomers of the catalyst (Table 5). 
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Table 5 Results of the Henry reaction with various aromatic substrates using different isomers of 

catalyst 1. 

  

Entry Substrate Catalyst Isolated 

yield%a 

e.r.b 

1 R1=NO2, R2= H cis-stable 1 90 74 : 26 

2 R1=NO2, R2= H cis-unstable 1 92 18 : 82 

3 R1=H, R2= H cis-stable 1 22 64 : 36 

4 R1=H, R2= H cis-unstable 1 28 30 : 70 

5 R1=H, R2= COOEt cis-stable 1 72 28 : 72 

6 R1=H, R2= COOEt cis-unstable 1 >95 88 : 12 

7 R1=H, R2= CF3 trans-stable-1 30 50 : 50 

8 R1=H, R2= CF3 cis-stable 1 >95 20 : 80 

9 R1=H, R2= CF3 cis-unstable 1 82 81 : 19 
aYield of isolated product after flash chromatography. b Determined by CSP HPLC analysis. 

It was evident from screening of various substrates with both cis forms of 

catalyst 1, that the dual stereocontrol of Henry reaction was achieved (Table 5, 

entries 1-9). In all cases the opposite enantiomers of the nitro-alcohol product 

were obtained using the cis-stable and cis-unstable form of the catalyst. Using 

the trans state of the catalyst, in which the thiourea groups are far apart, 

resulted in lower activity of catalyst and in no stereoselectivity (Table 5, entry 

7). This indicates that the cooperativity between the thiourea groups is crucial 

for the induction of stereoselectivity. 

Just like with the previously reported bifunctional DMAP-thiourea catalyst,6b 

the enantioselectivities obtained with the cis-unstable form were slightly higher 

than those obtained with the cis-stable form, resulting from the differences in 

structure of two pseudoenantiomeric cis forms of the catalyst. The results 

obtained using the cis states of the bisthiourea catalyst with addition of an 

external base (Table 5, entry 8 and 9) were comparable to the results obtained 

with bifunctional motor catalyst6b (almost identical e.r.) indicating that the base 

does not need to be the part of the catalyst to achieve efficient responsive 

catalysis. 

We have also decided to test an aliphatic substrate in order to check if the 

structure of the substrate would have significant influence on catalysts´ activity 

and selectivity (Table 6). 
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Table 6 Results of the Henry reaction of nitromethane with hexanal with catalysts 1 and 2. 

 

Entry catalyst e.r.a conversion/ %b 

1 cis-stable 1 62 : 38  84 

2 cis-unstable 1 33 : 67  85 

4 cis-stable 2 56 : 44  >95 

5 cis-unstable 2 44 : 56  >95 
a Determined by CSP HPLC analysis. bConversions were determined from the 1H-NMR spectrum of the crude 

reaction mixture. 

Using the aliphatic substrate for Henry reaction, an effect on the stereochemical 

outcome and dual stereocontrol could be observed with both bisthiourea 

catalysts 1 and 2 (Table 6). As expected, with the aromatic bisthiourea catalyst 1 

the enantioselectivites of the obtained product were slightly lower for aliphatic 

substrate, compared to those obtained with aromatic substrates, presumably 

due to decreased interactions of the aromatic moieties of the catalyst. 

4.3 Conclusion 

A novel molecular motor based bisthiourea organocatalysts 1 and 2 were made 

with which dual stereocontrol of Henry reaction can be achieved. Aromatic 

bisthiourea catalyst 1 proved to be the better catalyst than catalyst 2 in terms of 

stereoselectivity. To the best of our knowledge, this is the first reported case of 

a responsive bisthiourea catalyst. 

4.4 Experimental section 

General information: 

Solvents and commercial starting materials were used as received (from Sigma 

Aldrich or Acros Organics). Technical grade solvents were used for extraction 

and chromatography. Merck silica gel 60 (230-400 mesh ASTM) was used in the 

flash chromatography. UV-Vis measurements were performed on a Jasco V-630 

spectrophotometer. CD measurements were performed on a Jasco J-815 CD 

spectrophotometer. UV irradiation experiments were carried out using a 

Spectroline model ENG-280C/FE lamp. NMR spectra were obtained using a 

Varian Mercury Plus-400 (400 MHz) and a Varian Inova-500 (500 MHz) 

spectrometers at 298 K. Chemical shift values (δ) are reported in parts per 

million (ppm) with the solvent resonance as the internal standard (CD2Cl2: δ 

5.32 for 1H, δ 53.8 for 13C, THF-d8: δ for 1H 1.72 and 3.58, δ 67.2 and 35.2 for 13C). 

The following abbreviations are used to indicate signal multiplicity: s (singlet), 

d (doublet), t (triplet), q (quartet), m (multiplet), br (broad) or dd (doublet of 
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doublets). Enantiomeric ratios were determined by HPLC analysis using a 

Shimadzu LC 10ADVP HPLC equipped with a Shimadzu SPDM10AVP diode 

array detector and chiral columns as indicated. Sample injections were made 

using an HP 6890 Series Auto sample Injector. Exact mass spectra were 

recorded on a LTQ Orbitrap XL (ESI+) or on DART Xevo G2 Qtof. Optical 

rotations were measured in CHCl3 on a Perkin Elmer 241 MC polarimeter with 

a 10 cm cell (concentration c given in g/mL) at 20 °C. All reactions requiring 

inert atmosphere were carried out under nitrogen atmosphere using oven dried 

glassware and standard Schlenk techniques. Dichloromethane and toluene 

were used from the solvent purification system using a Mbraun SPS-800 

column. THF was distilled over sodium under nitrogen atmosphere prior to 

use. Melting points were determined using a Büchi Melting Point B-545. 

1,1'-((2R,2'R,Z)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

biindenylidene]-6,6'-diyl)bis(3-(3,5-bis(trifluoromethyl)phenyl)thiourea) or 

(cis-stable 1) 

Cis bis-amine motor (250 mg) was dissolved in dry THF 

(34 mL) and cooled down to 0 °C in an ice bath. 3,5-

Bis(trifluoromethyl)phenyl isothiocyanate (430 mg) was 

added to the reaction mixture. It was allowed to warm 

up to room temperature and left to stir overnight. The 

solvent was evaporated and the crude product was 

purified by silica gel chromatography by using first 

(pentane/CH2Cl2 = 5/95) as eluent and then increasing the 

polarity of the eluent to pure CH2Cl2. Compound cis 

stable 1 (584 mg, 96%) was obtained as a white solid. 

Mp: 200 °C (dec.) 

[α]D20 = +216 (c=0.1 in THF). 

1H NMR (400 MHz, THF-d8) δ 9.20-8.90 (m, 4H), 8.06 (d, J = 6.2 Hz, 4H), 7.66 (s, 

2H), 7.07 (s, 2H), 3.49-3.40 (m, 2H), 3.12 (dd, J = 15.2, 6.2 Hz, 2H), 2.58- 2.50 (m, 

2H), 2.23 (s, 6H), 1.51 (s, 6H), 1.09 (d, J = 6.4 Hz, 6H). 

 
13C NMR (400 MHz, THF-d8) δ 181.7, 143.8, 142.8, 135.6, 132.5, 131.8, 129.6, 

129.5, 128.3, 126.7, 125.2, 120.2, 118.2, 42.3, 39.1, 20.4, 18.13, 18.12,  

 

HRMS (APCI+, m/z): calculated for C42H37F12N4S2 [M+H]+ : 889.2200, found 

889.2202. 
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1,1'-((2R,2'R,E)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

biindenylidene]-6,6'-diyl)bis(3-(3,5-bis(trifluoromethyl)phenyl)thiourea) or 

(trans-stable 1)  

Under a N2 atmosphere, trans-bisamine motor 

(20 mg) was dissolved in dry THF (2 mL) and 

cooled down to 0 °C in an ice bath. 3,5-

bis(trifluoromethyl)phenyl isothiocyanate (34 

mg) was added to the reaction mixture. It was allowed to warm up to room 

temperature and left to stir over night. The solvent was evaporated and the 

crude product was purified by silica gel chromatography by using first (SiO2, 

pentane/CH2Cl2 = 5/95) as eluent and then increasing the polarity of the eluent 

to pure CH2Cl2. Compound trans-stable 1 (39 mg, 79 %) was obtained as a white 

solid. 

Mp: 152 °C. 

[α]D20 = +28 (c=0.1 in THF). 

1H NMR (500 MHz, CD2Cl2) δ 8.20 (s, 2H), 8.10 (s, 4H), 7.74 (s, 2H), 7.72 (s, 2 H), 

7.07 (s, 2H), 2.95-2.81 (m, 2H), 2.69 (dd, J = 14.9, 5.7 Hz, 2H), 2.43 (s, 6H), 2.32 (d, 

J = 14.9 Hz, 2H), 2.24 (s, 6H), 1.11 (d, J = 6.5 Hz, 6H). 

 
13C NMR (400 MHz, CD2Cl2) δ 180.2, 143.7, 143.2, 142.0, 140.2, 133.8, 132.9, 132.1, 

131.8, 131.4, 131.1, 129.0, 127.1, 124.5, 124.28, 124.26, 121.7, 119.0, 46.6, 42.5, 38.7, 

18.8, 18.6, 17.9 

HRMS (APCI+, m/z): calculated for C42H37F12N4S2 [M+H]+ : 889.2200, found 

889.2205. 

 

1,1'-((2R,2'R,Z)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

biindenylidene]-6,6'-diyl)bis(3-(2,2,2-trifluoroethyl)thiourea) or (cis stable 2)  

Under a N2 atmosphere, cis-bisamine motor (40 mg) was 

dissolved in dry THF (5 mL) and cooled down to 0 °C in an ice 

bath. 1,1,1-trifluo-2-isothiocyanatoethane (36 mg) was added to 

the reaction mixture. It was allowed to warm up to room 

temperature and left to stir over night. The solvent was 

evaporated and the crude product was purified by GRACE automatic column 

chromatography using pentane/dimethyl ether as eluent and increasing the 

polarity of the eluent to pure dimethyl ether. Compound 2 (78 mg, 94 %) was 

obtained as a pale yellow solid. 

Mp: decomposition starts at 176 °C. 
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[α]D20 = +20 (c=0.1 in THF). 

1H NMR (400 MHz, CD3Cl) δ 9.18 (s, 2H), 6.89 (s, 2H), 5.83 (s, 2H), 4.70 – 4.51 

(m, 2H), 4.51 – 4.25 (m, 2H), 3.40 (m, 2H), 3.12 (dd, J = 15.2, 6.2 Hz, 2H), 2.48 (d, J 

= 15.3 Hz, 2H), 2.25 (s, 6H), 1.36 (s, 6H), 1.10 (d, J = 6.7 Hz, 6H). 
13C NMR (400 MHz, CD2Cl2) δ 181.9, 144.8, 142.9, 141.3, 132.3, 130.3, 126.9, 125.5, 

122.8, 46.0, 41.6, 38.7, 20.2, 18.3, 16.3. 

 

HRMS (APCI+, m/z): calculated for C30H35F6N4S2 [M+H]+ : 629.2100:, found 

629.2102. 

General procedure for the catalytic reactions: 

Into a vial with a magnetic stirring bar the catalyst was added (0.005 mmol, cis-

stable 1, cis-stable 2, trans-stable 1, cis-unstable 1*). The substrate was added (0.1 

mmol) (via automatic micro syringe if a liquid). Dry THF (0.1 mL) was added 

next and the reaction mixtures were cooled down in an ice bath. The base was 

added fast (0.02 mmol) via automatic microsyringe and the vials were 

transferred to -17 °C and stirred for 30 minutes. Nitromethane (1 mmol, 54.16 

μL), precooled to -17 °C was added via micro syringe. The reaction mixture was 

left to stir for 16 h at -17 °C. After completion the reaction mixture was 

quenched with saturated solution of NH4Cl, extracted with ethyl acetate, 

washed with water and brine and dried over MgSO4. The crude product was 

evaporated and purified by column chromatography (benzaldehyde and 4-

nitrobenzaldehyde hexane/EtOAc = 5:2, 2,2,2-trifluoro-1-phenylethan-1-one via 

automatic GRACE column chromatography with solvent gradient from 5% to 

10% then 100% of ether in pentane, ethyl 2-oxo-2-phenylacetate product 

hexane:EtOAc = 9:1). The analytical data of the obtained products are in 

agreement with published results.11 

* The cis unstable 1 catalyst (PSS mixture, cis unstable : trans stable = 98:2) 

preparation procedure: Trans stable catalyst 1 is dissolved in CD2Cl2 and 

irradiated with 312 nm UV lamp for 2 hours at 4 °C. The solution is transferred 

to the reaction vial and the DCM is evaporated first in a stream of nitrogen gas, 

then in vacuuo.  

2-Nitro-1-(4-nitrophenyl)ethan-1-ol  

Following the general procedure the title compound was 

obtained as a white wax in 90% yield and e.r. = 74:26 using 

(P,P)-cis-1 as catalyst, and in 92% yield and e.r. = 18:82 

favoring the opposite enantiomer using (M,M)-cis-1 : (P,P)-

trans-1 PSS mixture (92:8) as catalyst.. HPLC analysis: OD-

H column (220 nm), 40 °C, 0.5 mL/min method: heptane/IPA = 85/15, t1= 29 min, 

t2= 35 min. 
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1H NMR (400 MHz, CDCl3) δ 7.56-7.63 (m, 2H), 7.42-7.48 (m, 2H), 5.18-5.23 (m, 

1H), 4.93-5.03 (m, 2H), 4.63 (s, 1H). 

2-Nitro-1-phenylethan-1-ol  

Following the general procedure the title compound was 

obtained as a white wax in 22% yield and e.r. = 64:36 using 

(P,P)-cis-1 as catalyst, and in 28% yield and e.r. = 30:70 

favoring the opposite enantiomer using (M,M)-cis-1 : (P,P)-

trans-1 PSS mixture (92:8) as catalyst. HPLC analysis: OD-H column (220 nm), 

40 °C, 0.5 mL/min method: heptane/IPA = 85/15, t1= 18 min, t2= 22 min. 
1H NMR (400 MHz, CDCl3) 7.42-7.35 (m, 5H), 5.45- 5.42 (m, 1H), 4.54-4.49 (m, 

1H), 4.43-4.40 (m, 1 H), 2.96 (s, 1H)  

1,1,1-Trifluoro-3-nitro-2-phenylpropan-2-ol  

Following the general procedure the title compound was 

obtained as a white wax in >95% yield and e.r = 20:80 

using (P,P)-cis-1 as catalyst, and in 82% yield and e.r. = 

81:19 favoring the opposite enantiomer using (M,M)-cis-1 

: (P,P)-trans-1 PSS mixture (92:8) as catalyst. HPLC analysis: OD-H column (220 

nm), 40 °C, 0.5 mL/min method: heptane/IPA = 80/20, t1= 17.7 min, t2= 22.7 min. 
1H NMR (400 MHz, CDCl3) δ 7.56-7.63 (m, 2H), 7.42-7.48 (m, 3H), 5.10 (d, J=13.8 

Hz, 1H) , 5.01(d, J=13.8 Hz, 1H), 4.63 (s, 1H). 

Ethyl 2-hydroxy-3-nitro-2-phenylpropanoate  

Following the general procedure the title compound was 

obtained as a white wax in 72% yield and e.r. = 28:72 

using (P,P)-cis-1 as catalyst, and in >95% yield and e.r. = 

88:12 favoring the opposite enantiomer using (M,M)-cis-1 : 

(P,P)-trans-1 PSS mixture (92:8) as catalyst. HPLC 

analysis: OD-H column (220 nm), 40 °C, 0.5 mL/min method: heptane/IPA = 

80/20, t1= 12.9 min, t2= 15.6 min. 

1H NMR (400 MHz, CDCl3) δ 7.62-7.60 (m, 2H), 7.43-7.40 (m, 3H), 5.26 (d, J = 

14.0 Hz, 1H), 4.68 (d, J = 14.0 Hz, 1H), 4.44-4.31 (m, 2H), 4.22 (s, 1H), 1,34 (t, 3H) 

1-Nitroheptan-2-ol  

Following the general procedure the title compound 

was obtained as a colorless oil in >95% conversion 

(determined by NMR) and e.r. = 56:44 using (P,P)-cis-2 

as catalyst, and in >95% conversion and e.r. = 44:56 favoring the opposite 

enantiomer using (M,M)-cis-2 : (P,P)-trans-2 PSS mixture (85:15) as catalyst. 

When using (P,P)-cis-1 as catalyst the product was obtained in 84% conversion 
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and e.r. = 62:38, whereas using (M,M)-cis-1 : (P,P)-trans-1 PSS mixture (92:8) as 

catalyst product was obtained in 84% conversion and e.r. = 37:63 favoring the 

opposite enantiomer. HPLC analysis: AD-H column (210 nm), 40 °C, 0.5 

mL/min method: heptane/IPA = 89/11, t1= 13.1 min, t2= 15.5 min.  
1H NMR (400 MHz, CDCl3) δ 4.55-4.25 (m, 3H), 2.68 (bs, 1H), 1.60-1.15 (m, 8H), 

0.9-0.7 (m, 3H) 
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5.1 Introduction 

The design and synthesis of new anion receptors has become a very important 

area of supramolecular chemistry, mainly due to the variety of roles that anions 

play in biological (e.g. enzymatic catalysis, transport of anions through 

biological membranes) and environmental processes (e.g. nuclear waste 

remediation).1 As in other fields main inspiration for the design and potential 

application of anion receptors comes from biological systems.  

Our inspiration for the research described in this chapter came from transport 

systems in the cell, more specifically proteins, which can be switched between 

two distinct affinity modes via a phosphorylation mechanism and in that way 

control the rate of anion transport.2 Significant progress towards the design of 

the artificial anion receptors that imitate natural protein carrier molecules has 

been reported over the last decade.3 Urea groups are most commonly used 

hydrogen bond donating units amongst the anion receptors and they have 

shown excellent selectivity for oxo-anions (especially acetate and dihydrogen 

phosphate).4 Although numerous receptors are reported in the literature, there 

has been very little effort devoted to studying affinity switching of ions and 

neutral molecules.5 The use of distinct light as an external trigger for the 

effective switching of anion binding affinity has been demonstrated only for 

halide ions.5c-e,h  

Molecular motors are unique amongst molecular switches, and they feature 

three distinct states that have been used in catalysis,6 as already discussed in 

previous chapters. Therefore molecular motors provide an excellent responsive 

structure for potential use in the switching of anion binding affinity. Our goal 

was to test if the trans state and two cis states of bis(thio)urea motor would 

demonstrate different affinity towards anions (Scheme 1). 
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Scheme 1 Isomerization behavior and possible anion coordination modes of a motor based urea 

and thiourea receptor. 

We were also intrigued by the possibility of developing a chirality-switchable 

receptor that could selectively bind a given enantiomer in one state, while in 

the other state it would preferentially bind the opposite enantiomer (Scheme 2).  

 
Scheme 2 Schematic representation of a chirality-switchable receptor. 

Such a receptor could be used to dynamically control the ratio between 

enantiomers. Since the two cis states of the overcrowded alkene possess 

different helicities we were also intrigued by the possibility of 

enantiopreference of anion binding to our bisurea receptor or selective 

transport of an enantiomer of choice. In addition such systems could be 

potentially beneficial for catalysis as it has been shown that chiral anions can 

can control and/or catalyze various reactions.7  
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5.2 Results and discussion 

5.2.1 Synthesis 

Trans and cis stable isomers of receptors 1 and 2 were prepared in an identical 

manner, by reaction of corresponding diamine precursor and phenyl 

iso(thio)cyanate in dichloromethane (Scheme 3). 

 
Scheme 3 Synthesis of novel (thio)urea receptors 1 and 2. 

Chiral version of the cis stable bisurea receptor 1 was prepared following the 

same above described procedure, starting from the chiral diamine precursor.8,6b 

5.2.2 Photochemical and thermal isomerization studies 

The photochemical and thermal isomerization behavior of 1 was examined 

using 1H NMR and UV-Vis spectroscopy. Upon irradiation of a solution of 

stable trans-1 in DMSO with 312 nm light photo-induced isomerization takes 

place, which leads to the formation of unstable cis-1. Following the 

photoisomerization by 1H NMR spectroscopy (Figure 1) characteristic spectral 

changes for the unstable cis isomer were observed and it was possible to 

accurately determine the PSS ratio for this isomerization, which was found to 

be 80:20 in favor of the unstable cis form. Subsequent heating at 60 °C of the 

irradiated sample resulted in thermal helix inversion from unstable to stable 

cis-isomer.  

Exposure of the stable-cis isomer to 312 nm light in DMSO-d6/0.5 % H2O gave 

direct access to the PSS mixture of stable trans-1/unstable cis-1. Upon irradiating 

the mixture with 365 nm, pure stable trans-1 could be obtained (Figure 2).  
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Figure 1 1H NMR spectrum of stable trans-1 A) in DMSO-d6/0.5 % H2O and B) spectral changes 

after irradiation with 312 nm for 2 h giving predominately unstable cis-1. Subsequent heating at 

60 °C for 24 h induces thermal isomerization to stable cis-1 (C), whereas the stable trans-isomer is 

regenerated upon irradiation of the same sample with 365 nm light for 1.5 h (D). 

 
Figure 2 1H NMR spectrum of stable cis-1 A) in DMSO-d6/0.5 % H2O and B) spectral changes after 

irradiation with 312 nm for 2 h giving the PSS mixture of stable trans 1/unstable cis 1. Subsequent 

heating at 60 °C for 24 h induces thermal isomerization to stable cis-1 (C), whereas the stable 

trans-isomer is formed upon irradiation of the same sample (B) with 365 nm light for 1.5 h (D). 

Following the photosiomerization process from stable trans-1 to unstable cis-1 

with 312 nm light by UV-Vis spectroscopy characteristic bathochromic shift of 

the absorption maximum was observed (λmax = 324 nm  λmax = 332, 355 nm, 

Figure 3). After the PSS was reached, heating of the sample resulted in a 

hypsochromic shift to 330 nm.  
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Figure 3 UV-Vis spectrum (1 x 10-5 M in DMSO/0.5%H2O) of stable trans-1, before (black line) and 

after irradiation with 312 nm (blue line) and subsequent heating at 60 °C for 24 h (red line). 

The rate constants of thermal isomerization step were determined at 5 different 

temperatures by following the decrease in absorption at 365 nm (Figure 4). 

Using the Eyring equation, the Gibbs free energy of calculated as 105 kJ/mol 

corresponding to a half-life of 147 h at 20 °C. This high half-life at room 

temperature is beneficial for studying the anion affinity of the unstable cis form. 

 
Figure 4 Eyring plot analysis of the thermal isomerization step from unstable to stable cis-1 

monitored by the decrease in absorption at 365 nm in DMSO/0.5 % H2O. The rate constants (k) of 

the first order decay at five temperatures (45, 50, 55, 60 and 65 °C) were obtained by fitting to the 

equation A=A0e-kt, ΔH‡ = 98.2 kJmol-1, ΔS‡ = -22.3 J K-1 mol-1, ΔG‡ (20 °C) = 105kJ mol-1, t1/2 (20 °C) = 

147 h. 

5.2.2 Anion binding studies with racemic receptors 

It was anticipated that the strongest anion complexation would be achievied in 

the cis-configuration due to the possibility of forming four hydrogen bonds. 

Therefore initial binding studies were performed with stable cis-1 and cis-2 

using 1H NMR titrations in DMSO-d6/0.5%H2O.  

We have anticipated that the thiourea receptor 2 would form stronger 

complexes with anions due to the pKa of thiourea hydrogen bond donating 

group which is lower than that of the corresponding urea. Stepwise addition of 

acetate caused huge downfield shifts of the urea protons. In the initial 
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titrations, receptor 2 demonstrated slightly higher binding towards acetates 

than receptor 1 (Ka(2) = 1488 M-1 vs Ka(1) = 1300 M-1). Deprotonation during 

titration of thiourea receptor 2 with TBAAc could not be excluded as it can be 

seen in Figure 5 b) that there is significant broadening of the NH peaks during 

titrations. Upon titration of receptors 1 and 2 with hydrogensulfate ion no 

significant shift of the urea protons was observed indicating there was no 

binding (Figure 6). 

a)

 

b)

 

Figure 5 1H NMR spectral changes in the aromatic and aliphatic region of a) stable cis-1 and b) 

stable cis-2 upon the stepwise addition of [Bu4N]+[CH3COO]- (from top to bottom: 0.00, 0.2, 0.38, 

0.57, 0.74, 0.83, 0.91, 0.99, 1.07, 1.15, 1.23, 1.38, 1.53, 1.67, 1.94, 2.31, 2.86, 3.33, 3.75, 4.12 

equivalents). 

a)

 

b)

 

Figure 6 1H NMR spectral changes in the aromatic region of a) stable cis-1 and b) stable cis-2 upon 

the stepwise addition of [Bu4N]+[HSO4]- (from top to bottom: 0.00, 5.0, 6.9, 8.7, 12.0, 16.7, 20.8, 26.9 

equivalents). 

Deprotonation of thioureas in the presence of anions was previously described 

in the literature.9 The strongest deprotonation effect was observed upon 

titration of stable cis form of receptor 2 with dihydrogen phosphate where 
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already upon addition of 0.2 eq of anion disappearance of NH peaks was 

observed (Figure 7), whereas with receptor 1 this was not observed, and 

binding constant could be determined (Ka = 7500 M-1). The Ka values for acetate 

and dihydrogen phosphate are in similar range as those previously reported for 

other successful bisurea receptors.4,5  

Figure 7 1H NMR spectral changes in the aromatic region of a) stable cis-2 upon addition of 

[Bu4N]+[H2PO4]- (from top to bottom: 0.00, 0.2, 0.38 equivalents) and b) stable cis-1 upon addition 

of [Bu4N]+[H2PO4]- (from top to bottom: 0.00, 0.2, 0.38, 0.57, 0.74, 0.83, 0.91, 0.99, 1.07, 1.15, 1.23, 

1.38, 1.53, 1.67, 1.94, 2.31, 2.86, 3.33, 3.75, 4.12 equivalents). 

Due to the deprotonation issues during titration with receptor 2, the 

determined binding constants are not completely reliable. The binding 

constants of acetate to the stable trans and cis forms of receptor 2 were 

determined and compared. The preliminary results (Ka (stable trans 2) = 123 M-1 

and Ka (stable cis-2) = 1488 M-1) demonstrated a significant difference in affinity 

towards acetate anion between these two forms.  

Most remarkable differences in the anion binding affinity were demonstrated 

with bisurea receptor 1, exploiting three different states of the receptor. 

Calculated binding constants for dihydrogen phosphate complexation, Ka(trans) 

= 130 M-1, Ka(stable cis) = 7500 M-1 and Ka(unstable cis) = 2300 M-1, revealed a 

remarkable difference in anion complexation between these three states of the 

receptor. 

5.2.3. Anion binding studies with chiral receptor 1 

Since the stable cis form of receptor 1 has shown strong binding towards acetate 

and dihydrogen phosphate, we have decided to make TBA salts of D and L 

phenylalanine and R and S BINOL derived phosphoric acids, respectively. We 

envisioned that switching of enantioselectivity of cis-1 for these specific chiral 

anions would be possible. 

a)

 

b)
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Salts of D- and L- phenylalanine were prepared according to a literature 

procedure10 by mixing equimolar amounts of TBAOH solution with 

phenylalanine in water. TBA salts of chiral BINOL phosphoric acids were 

prepared by mixing equimolar amounts of methanol solution of TBAOH x 30 

H2O with BINOL phosphoric acid (Scheme 4). 

 
Scheme 4 Synthesis of TBA salts of (S) and (R) derived BINOL phosphoric acids and D-and L-

phenylalanine. 

Initial titrations of (P,P)-cis-1 with TBA salts of D and L phenylalanine showed 

weak binding and no enantioselectivity (Figure 8), as binding constants were of 

the same order (Ka(D) = 59 M-1, Ka (L) =58 M-1). The phenylalanine structure is 

significantly different from simple acetate, bearing an additional hydrogen 

donating group (NH2) connected directly to the chiral center. That structural 

feature might be the origin of weaker binding. As well the lack of steric bulk in 

the structure of phenylalanine might be the cause for nonselective binding. 

a)

 

b)

 

  
Figure 8 1H NMR spectral changes in the aromatic region of (P,P)-cis-1 upon titration with a) TBA 

salt of D-phenylalanine b) TBA salt of L-phenylalanine. 

7,300

8,300

9,300

0 5

δ
/p
p
m

n(D-anion)/n(receptor)

NH1

NH2

ArH 7,400

8,400

9,400

0 5

δ
/p
p
m

n(L-anion)/n(receptor)

NH1

NH2

ArH



Dynamic anion receptors based on overcrowded alkenes 

120

1H NMR titration of (P,P)-cis-1 with enantiomers of binol-derived phosphate 

salts [Bu4N]+[3]- led to downfield shifts of the signals attributed to urea, which 

is indicative of anion binding (Figure 9). The differences between complexation 

of S and R enantiomer were quite significant as well. Fitting of the titration data 

to a 1:1 binding model with the use of HypNMR software revealed a strong 

preference of the R enantiomer over the S enantiomer (KR/KS=4.2). Comparable 

selectivity was found for the oxo anion (that is, for lactate KR/KS=4.4 and for 2-

phenylbutyrate KS/KR=4.6) binding to nonresponsive (S)-binaphthalene-based 

bisurea receptors.11 

a)  

 

b)

 
c) 

 

Figure 9 1H NMR spectral changes in the aromatic region of stable (P,P)-cis-1 (5 × 10‒3 M 

in DMSO-d6/0.5%H2O) upon the stepwise addition of a) [Bu4N]+[(S)-3]‒ and b) [Bu4N]+[(R)-3]‒. c) 

Urea NH shifts for (P,P)-cis-1, upon the stepwise addition of [Bu4N]+[(S)-3]‒ (red) and [Bu4N]+[(R)-

3]‒(blue). The data were fitted simultaneously to Hb and Hc considering a 1:1 binding model 

using HypNMR software,12Ka for (S)-3=100 M-1, Ka for (R)-3=415 M-1. 

2 
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On the other hand, titrations to (P,P)-trans-1 revealed poor binding (Ka < 20 M-

1) and no enantioselectivity (Figure 10). 

 

a)  

 

b) 

 
c) 

 

Figure 10 1H NMR spectral changes in the aromatic region of stable (P,P)-trans-1 (5 × 10‒3 M 

in DMSO-d6/0.5%H2O) upon the stepwise addition of a) [Bu4N]+[(S)-3]‒ and b) [Bu4N]+[(R)-3]‒. c) 

Urea NH shifts for (P,P)-trans-1, upon the stepwise addition of [Bu4N]+[(S)-3]‒ (red) and 

[Bu4N]+[(R)-3]‒(blue). The data were fitted first manually to a 1:1 binding model by simultaneous 

analysis of Hb and Hc, after which the 2:1 complex was included assuming K11=K11->21 . Ka for (S)-

3=17 M-1, Ka for (R)-3=14 M-1. 

To determine a stability constant for complexation of 3 by (M,M)-cis-1, 

competitive titrations to the photostationary state (at λ=312 nm) mixture (PSS312; 

cis:trans=80:20) were carried out under the same conditions (Figure 11). In this 

case, the titration data were evaluated considering the simultaneous formation 

of both (M,M)-cis-1 and (P,P)-trans-1 phosphate complexes using the known 

constants for the latter. It was found that now the S enantiomer of 3 binds the 
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strongest (KS/KR=3.2). However, in addition to the stereoselective inversion (R 

enantiomer of 3 was bound strongest to (P,P)-cis-1 (KR/KS=4.2)), a decrease in 

binding strength was noted when going from (P,P)-cis-1 to (M,M)-cis-1. This 

was previously also observed for the binding of dihydrogen phosphate to 

unstable cis-1. Nevertheless, these studies clearly demonstrate that the 

enantioselective binding of chiral phosphate exhibited by bisurea receptor 1 is 

inverted upon photochemical and thermal isomerization (Figure 12). 

a)  

 

b)  

 

c) 

 

Figure 11 1H NMR spectral changes in the aromatic region of the PSS312 mixture (M,M)-cis-1: 

(P,P)-trans-1= 80 : 20 (5 × 10‒3 M )in DMSO-d6/0.5%H2O) upon the stepwise addition of a) 

[Bu4N]+[(S)-3]‒ and b) [Bu4N]+[(R)-3]‒. c) Urea NH shifts for the PSS312 mixture (M,M)-cis-1: (P,P)-

trans-1= 80 : 20, upon the stepwise addition of [Bu4N]+[(S)-3]‒ (red for cis, orange for trans) and 

[Bu4N]+[(R)-3]‒(blue for cis, purple for trans). The data were analyzed by simultaneous fitting of 

all four NH shifts considering 1:1 complexation by (M,M)-cis-1 and fixing the known K11=K11->21 

for binding to (P,P)-trans-1, Ka for (S)-3=55 M-1, Ka for (R)-3=17 M-1. 
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Figure 12 Isomerization and coordination behavior of bisurea receptor 1.The (P,P)-trans:(M,M)-cis 

ratio at the photostationary state (PSS312) is 20:80 and the thermal half-life (t1/2) of (M,M)-cis-1 is 

147 h at 20 °C. The enantioselectivity for chiral binol phosphate is inverted upon light and heat-

induced switching between the cis isomers. 

 

Increase of the steric bulk through the introduction of ortho-phenyl 

sunstituents to the binol scaffold (compound 4) was expected to improve the 

selectivity. Titrations of [Bu4N]+[(S)-4]- and [Bu4N]+[(R)-4] to (P,P)-cis-1 revealed 

indeed an increased R:S ratio (KR/KS=5.5). However, this ortho substitution goes 

at the cost of the binding strength and as a result, a stability constant for 

complexation by (M,M)-cis-1 could not be calculated. 

Comparison between selectivities for all chiral ions is summarized in Table 1, 

which demonstrates that by increase of steric bulk of the anion the selectivity 

can drastically increase. 

 
Table 1 Binding constants of chiral binol phosphates[a] to bisurea 1 (KR,KS ; M-1) and differences in 

free energies of complexation (ΔΔG298 ; kJmol-1).[b] 
 (S)-3 (R)-3 ΔΔG298 (3) (S)-4 (R)-4 ΔΔG298 (4) (L)-5 (D)-5 ΔΔG298 

(5) 

(P,P)-cis-1 100 415 3.53 17 94 4.25 58 59 0.042 

(M,M)-cis-1 55 17 2.91 - -  - -  

a] Phosphates were added stepwise as the tetrabutylammonium salt [1]=5 mm in DMSO-d6/0.5%H2O, 

[phosphate]=0.1 m in a solution of 1. [b] Calculated using ΔΔG298=|RTln(
Ks

KR
)| 

 

Models showing the differences in binding modes of S-3 and R-3 to (P,P)-cis-1 

are illustrated in Figure 13. 
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Figure 13 Binding modes of A,C) (S)-3 to (P,P)-cis-1 and B,D) (S)-3 to (P,P)-cis-1 showing top 

(A,B) and side (C,D) views which were obtained by B3LYP/6–31G+ +(d,p) calculations performed 

by Dr. S. J. Wezenberg. 

It can be clearly seen that there is a very different orientation of the chiral 

phosphate anion in the two complexes illustrated complexes above. In the 

complex of (P,P)-cis-1 with (S)-3 the naphthyl rings are closely parallel with the 

plane in which the phenylurea substituents are located, whereas those in 

complex of (P,P)-cis-1 with (R)-3 are virtually orthogonal. This results are 

consistent with fewer downfield shifted 1H NMR resonance signals attributed 

to the urea moiety of complex of (P,P)-cis-1 with (S)-3 as compared to those for 

complex of (P,P)-cis-1 with (R)-3, in which the urea NH protons experience less 

shielding. This contributes to the higher stability of the (P,P)-cis-1 complex with 

(R)-3. 

5.3 Conclusion 

Bisurea receptor 1, derived from the first generation molecular motor, has 

shown very high selectivity for binding of dihydrogen phosphate. The receptor 

could be switched photochemically and thermally between three isomers with 

distinct anion binding affinities (Ka(trans)=130 M-1, Ka(stable cis)=7500 M-1 and 

Ka(unstable cis)=2300 M-1). To our knowledge this presents the most effective 

photoswitchable receptor for oxo-anions.  

The (P,P)-cis and (M,M)-cis isomers of bisurea receptor 1, which can be 

interconverted using light and heat, exhibit opposite enantiopreferences for the 

binding of binol phosphate. To our knowledge, this is the first example of a 

receptor in which the enantioselectivity toward a chiral substrate can be 

inverted in a dynamic fashion.  
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5.4 Experimental section 

General information: 

Dichloromethane was purified by using an MBraun solvent purification 

systems. Anhydrous methanol, DMSO and DMSO-d6 were purchased from 

Acros Organics and anhydrous pyridine was purchased from Sigma-Aldrich. 

Solvents were degassed by purging with N2 for 30 min. Tetrabutylammonium 

hydroxide 30-hydrate and (S)- and (R)-1,1′-binaphthyl-2,2′-diyl 

hydrogenphosphate were purchased from Sigma-Aldrich. All other chemicals 

were commercial products and were used as received. Flash chromatography 

(FC) was performed using silica gel (SiO2) purchased from Merck (type 9385, 

230-400 mesh) and thin-layer chromatography (TLC) was carried out on 

aluminum sheets coated with silica 60 F254 obtained from Merck; compounds 

were visualized with a UV lamp (254 nm). Melting points (m.p.) were 

determined using a Büchi-B545 capillary melting point apparatus. 1H, 13C NMR 

spectra were recorded on Varian Mercury Plus-400 and Agilent 400-MR 

spectrometers at 298 K unless indicated otherwise. Chemical shifts (δ) are 

denoted in parts per million (ppm) relative to CD2Cl2 (for 1H detection, δ = 5.32 

ppm; for 13C detection, δ = 53.84 ppm) or DMSO-d6 (for 1H detection, δ = 2.50 

ppm; for 13C detection, δ = 39.52 ppm). For 1H NMR spectroscopy, the splitting 

pattern of peaks is designated as follows: s (singlet), d (doublet), t (triplet), m 

(multiplet), br (broad), or dd (doublet of doublets). High-resolution mass 

spectrometry (ESI-MS) was performed on a LTQ Orbitrap XL spectrometer 

with ESI ionization. UV-Vis absorption spectra were recorded on a Hewlet-

Packard HP 8543 diode and optical rotations were measured on a Schmidt and 

Haensch polartronic MH8 polarimeter. Irradiation experiments (λmax = 312, 

365 nm) were performed using a Spectroline model ENB-280C/FE lamp (8W). 

 

cis-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-

6,6'-diyl)bis(3-phenylurea) (cis-(±)-1):  

Under a N2 atmosphere, cis-(±)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

bisindenylidene]-6,6'-diamine (103 mg, 0.30 mmol) was dissolved in CH2Cl2 (5 

mL) and treated with phenyl isocyanate (65 μL, 0.59 mmol). The solution was 

stirred for 16 h and the precipitate was filtered off and washed with CH2Cl2 to 

yield cis-(±)-1 (138 mg, 79%) as a white solid. 

 M.p. 295 °C (decomposition)  

 
1H NMR (400 MHz, DMSO-d6): δ 8.97 (s, 2H; NH), 7.71 (s, 2H; NH), 7.59 (s, 2H; 

ArH), 7.44 (d, J = 7.9 Hz, 4H; ArH), 7.22 (t, J = 7.6 Hz, 4H; ArH), 6.92 (t, J = 7.2 

Hz, 2H; ArH), 3.05 (dd, J = 14.8, 5.9 Hz, 2H; CH), 2.42 (d, J = 14.9 Hz, 2H; CH), 
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2.23 (s, 6H; ArCH3), 1.38 (s, 6H; ArCH3), 1.06 (d, J = 6.5 Hz, 6H; CH3), one CH 

signal was hidden under the H2O residual peak ; 13C NMR (100 MHz, DMSO-

d6): δ 152.7, 140.7, 140.5, 140.0, 138.1, 135.5, 130.1, 128.8, 122.6, 121.5,121.1, 117.8, 

41.0, 37.9, 20.4, 18.5, 15.9;  

 

HRMS (ESI) m/z: 607.3011 ([M + Na]+, calcd for C38H40N4O2Na+: 607.3044), 

585.3192 ([M + H]+, calcd for C38H41N4O2+: 585.3224). 

 

(P,P)-cis-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

biindenylidene]-6,6' diyl)bis(3-phenylurea) [(P,P)-cis-1]: 

The compound was prepared in the identical manner as the racemic form 

described above, just starting from the corresponding chiral diamine. 

 [α]= ‒32° (c = 0.2 in DMSO). 

 

trans-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

biindenylidene]-6,6'-diyl)bis(3-phenylurea) (trans-(±)-1): 

Under a N2 atmosphere, trans-(±)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-

[1,1'-bisindenylidene]-6,6'-diamine (84 mg, 0.24 mmol) was dissolved in CH2Cl2 

(4 mL) and treated with phenyl isocyanate (53 μL, 0.48 mmol). The solution 

was stirred for 16 h and the precipitate was filtered off and washed with 

CH2Cl2 to yield trans-(±)-1 (121 mg, 85%) as a white solid.  

M.p. 204 – 207 °C;  
1H NMR (400 MHz, DMSO-d6): δ 8.92 (s, 2H; NH), 7.95 (s, 2H; NH), 7.48 (d, J = 

7.9 Hz, 4H; ArH), 7.41 (s, 2H; ArH), 7.28 (t, J = 7.7 Hz, 4H; ArH), 6.96 (t, J = 7.3 

Hz, 2H; ArH), 2.81 (m, 2H; CH), 2.57 (overlapped with the DMSO residual 

peak, 2H; CH), 2.30 (s, 6H; ArCH3), 2.23 (d,J = 14.3 Hz, 2H; CH), 2.15 (s, 6H; 

ArCH3), 1.08 (d, J = 6.2 Hz, 6H; CH3);  

 
13C NMR (125 MHz, DMSO-d6): δ 152.9, 141.3, 141.0, 140.1, 136.6, 135.9, 130.9, 

128.8, 122.8, 122.3, 121.6, 118.0, 41.5, 38.2, 19.1, 18.2, 18.1 

 

 HRMS (ESI) m/z: 607.3009 ([M + Na]+, calcd for C38H40N4O2Na+: 607.3044), 

585.3191 ([M + H]+, calcd for C38H41N4O2+: 585.3224). 

 

cis-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]-

6,6'-diyl)bis(3-phenylthiourea) (cis-(±)-2):  

Under a N2 atmosphere, cis-(±)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

bisindenylidene]-6,6'-diamine (40 mg, 0.12 mmol) was dissolved in CH2Cl2 (5 

mL) and treated with phenyl isocyanate (29 μL, 0.25 mmol). The solution was 

stirred for 16 h and and the crude mixture was evaporated in vacuo and 
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purified via column chromatography using DCM/MeOH=99.5/0.5 as an eluent 

.cis-(±)-1 (64 mg, 86%) was isolated as a white solid. 

 M.p. 295 °C (dec)  

 
1H NMR (400 MHz, DMSO-d6) δ 9.48 (s, 2H), 8.88 (s, 2H), 7.40 (d, J = 7.9 Hz, 

2H), 7.25 (t, J = 7.7 Hz, 4H), 7.05 (t, J = 7.5 Hz, 4H), 6.93 (s, 2H), 3.05 (dd, J = 14.8, 

5.9 Hz, 2H), 2.41 (d, J = 15.1 Hz, 2H), 2.19 (s, 6H), 1.44 (s, 6H), 1.04 (d, J = 6.4 Hz, 

6H), one signal was hidden under the water residual. 
13C NMR (101 MHz, CD2Cl2) δ 180.5, 142.7, 142.7, 141.9, 137.9, 134.2, 132.9, 

129.17, 129.1, 127.2, 126.5, 125.2, 42.3, 38.8, 18.8, 18.0, 17.8. 

 

HRMS (ESI) m/z: 617.2730 ([M + H]+, calcd for C38H40N4S2H+: 617.2728),  

 

trans-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-

biindenylidene]-6,6'-diyl)bis(3-phenylurea) (trans-(±)-1): 

Under a N2 atmosphere, trans-(±)-S3 (40 mg, 0.12 mmol) was dissolved in 

CH2Cl2 (4 mL) and treated with phenyl isocyanate (29 μL, 0.25 mmol). The 

solution was stirred for 16 h and the crude mixture was evaporated in vacuo 

and purified via column chromatography using DCM/MeOH=99.5/0.5 as an 

eluent. trans-(±)-1 (59 mg, 80%) was obtained as a white solid.  

M.p. 182 – 186 °C;  
1H NMR (400 MHz, DMSO-d6) δ 9.62 (s, 2H), 9.36 (s, 2H), 7.48 (d, J = 7.0 Hz, 

2H), 7.32 (dd, J = 10.7, 5.1 Hz, 4H), 7.11 (t, J = 7.4 Hz, 4H), 6.87 (s, 1H), 2.81 (dt, J 

= 12.4, 6.2 Hz, 2H), 2.53 (dd, J = 14.5, 5.5 Hz, 2H), 2.48 (dt, J = 3.7, 1.8 Hz, 2H), 2.3 

(s, 6H), 2.19 (s, 6H), 1.01 (d, J = 6.4 Hz, 6H). 

 
13C NMR (125 MHz, DMSO-d6): δ 180.5, 141.3, 141.0, 140.1, 136.6, 135.9, 130.9, 

128.8, 122.8, 122.3, 121.6, 118.0, 41.5, 38.2, 19.1, 18.2, 15.1 

HRMS (ESI) m/z: 617.2729 ([M + H]+, calcd for C38H40N4S2H+: 617.2728),  

Tetrabutylammonium (S)-1,1′-binaphthyl-2,2′-diyl hydrogenphosphate 

{[Bu4N]+[(S)-3]‒}: Tetrabutylammonium hydroxide 30-hydrate (345 mg, 0.43 

mmol) in MeOH (12 mL) was added dropwise to enantiopure (S)-1,1′-

binaphthyl-2,2′-diyl hydrogenphosphate [(S)-3] (150 mg, 0.43 mmol) in MeOH 

(5 mL). The solution was stirred for 2 h at rt and concentrated,which was 

followed by repetitive solution/evaporation cycles using MeOH (2x) and 

CH2Cl2 (3x). The concentrate was dried in vacuo to afford [Bu4N]+[(S)-2]‒ (246 

mg, 97%) as a white solid: m.p. 185 °C; [α]D20 = +369° (c = 0.2 in CHCl3); 

 1H NMR (400 MHz, CD2Cl2): δ 7.95- 7.88 (m, 4H), 7.47 (dd, J = 8.7, 0.9 Hz, 2H), 

7.41-7.31 (m, 4H), 7.26-7.19 (m, 2H), 2.88-2.73 (m, 8H), 1.33-1.10 (m, 16H), 0.84 (t, 

J = 7.2 Hz, 12H);  
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13C NMR (100 MHz, CD2Cl2): δ 150.9 (d, J = 9.4 Hz), 132.9, 131.0, 129.9, 128.5, 

127.1, 126.1, 124.6, 123.1 (d, J = 2.4 Hz), 122.7 (d, J = 2.2 Hz), 58.1, 23.8, 19.8, 13.7; 
31P NMR (162 MHz, CD2Cl2): δ 6.0 (s);  

HRMS (ESI) m/z: 347.0474 ([M]‒, calcd for C20H12O4P‒: 347.0468); 

 The enantiomer [Bu4N]+[(R)3]‒ was obtained following a similar procedure: 

[α]D20 = ‒356° (c = 0.2 in CHCl3). 

 

{[Bu4N]+[(S)-4]‒}: Tetrabutylammonium hydroxide 30-hydrate (186 mg, 0.23 

mmol) in MeOH (2.5 mL) was added dropwise to (S)-3,3'-bis(phenyl)-1,1'-

binaphthyl-2,2'-diylhydrogenphosphate13 [(S)-4] (116 mg, 0.23 mmol) in MeOH 

(5 mL). The solution was stirred for 2 h at rt and concentrated, which was 

followed by repetitive solution/evaporation cycles using MeOH (2x) and 

CH2Cl2 (3x). The product was dried in vacuo to afford [Bu4N]+[(S)-4]‒ (167 mg, 

97%) as a white solid: m.p. 252 °C; [α]D20 = +316 (c = 0.2 in CHCl3); 

 1H NMR (400 MHz, CD2Cl2): δ 8.12 (d, J = 7.4 Hz, 4H), 7.97 (s, 2H), 7.93 (d, J 

=8.2 Hz, 2H), 7.47 (t, J = 7.5 Hz, 4H), 7.41-7.34 (m, 4H), 7.22-7.16 (m, 4H), 2.76-

2.63 (m, 8H), 1.22-0.98 (m, 16H), 0.76 (t, J = 7.2 Hz, 12H); 

 13C NMR (100 MHz, CD2Cl2): δ 148.5 (d,J = 9.6 Hz), 139.0, 135.4 (d, J = 2.6 Hz), 

132.8, 131.0, 130.9, 130.7, 128.6, 128.2, 127.4, 127.1, 126.0, 124.9, 123.7 (d, J = 2.3 

Hz), 58.3, 23.9, 19.8, 13.7; 31P NMR (162 MHz, CD2Cl2):  4.3 (s); HRMS (ESI) m/z: 

499.1097 ([M]‒, calcd for C32H20O4P‒: 499.1094); 

 The enantiomer [Bu4N]+[(R)-3]‒ was obtained following a similar procedure: 

 [α]D20 = ‒326° (c =0.2 in CHCl3). 

 

Tetrabutylammonium L-phenylalanate [TBA][L-Phe] 5: 

An aqueous solution of tetrabutylammonium hydroxide (40% w/w, 13 mmol) 

was added to an aqueous suspension of the desired amino acid (13 mmol). The 

resultant reaction mixture was heated at 60 °C for 2 h. The water was removed 

in vacuo at 80 °C. The resultant residue was dissolved in CH3CN (50 mL) and 

filtered to remove the unreacted amino acid. The filtrate was dried over MgSO4, 

filtered and the solvent was removed in vacuo to afford the desired product. 

Yield 95%.   

 1H NMR (D2O): δ 7.35 (m, 5H), 3.53 (dd, J1 =5.62 Hz, J2 = 7.25 Hz, 1H), 3.21 (m, 

8H), 3.00 (dd, J = 13.5 Hz, J2 = 5.61 Hz, ¸1H), 2.90 (dd, J = 13.5 Hz, J2==7.29 Hz, 

1H), 1.67 (m, 8H), 1.38 (m, 8H), 0.97 (t, 12H, J = 7 Hz) ppm.  

 13C NMR (D2O): δ 182.7, 139.1, 130.2, 129.3, 127.3, 58.74, 58.12, 41.48, 23.78, 

19.82, 13.54 ppm.  

 [TBA][D-Phe] was prepared following a similar procedure and all 

spectroscopic data were the same. 
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1H NMR titrations with racemic receptors 1 and 2: 

A 5 mM solution of either stable receptor solution was prepared in DMSO-d6/ 

0.5%H2O (v/v). This solution was then used to dissolve the selected tetrabutyl 

ammonium anion (50 mM). The solution containing the anion was added 

stepwise to the receptor solution (0.5 mL) in and NMR tube and after each 

addition a 1H NMR spectrum was recorded. For the competitive titration to the 

stable trans-1/unstable cis-1 mixture, a 5 mM solution of the trans isomer was 

irradiated with 312 nm light for 2 h in an NMR tube, which was maintained at 

20 °C in a water bath. The resulting solution containing an equimolar cis/trans 

mixture of 1 was used to prepare the 50 mM anion solution. 

 
1H NMR titrations with chiral anions:  

To generate the PSS312 mixture, a 5 x 10‒3 M solution of (P,P)-cis-1 in DMSO-d6/ 

0.5%H2O (v/v) was irradiated with 312 nm light for 2 h at 20 °C in a 1 mm 

quartz cuvette. The (P,P)-trans isomer was obtained by successive irradiation of 

this solution with 365 nm at 20 °C for 1.5 h. These solutions were then used to 

dissolve the selected tetrabutylammonium phosphate salt (0.1 M), which was 

added stepwise to the solution (0.5 mL) of 1 in an NMR tube. After each 

addition a 1H NMR (400 MHz) spectrum was recorded. 
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6.1 Introduction 

Chiral phosphoric acids are versatile organocatalysts that have been used to 

accelerate various asymmetric transformations under mild reaction conditions.1 

It is assumed, that the idea of using phosphoric acids with chiral tunable 

backbone comes from Sir John Cornforth.2 He was looking for a catalyst that 

would allow the stereospecific hydration of alkenes and was especially 

interested in phosphinic acids (Figure 1). These molecules would allow to 

create a chiral cavity for potential substrates by varying the substituents at the 

aromatic core. 

 
Figure 1 Phosphinic acid catalysts developed by Cornforth. 

After 30 years of silence in the field of chiral phosphoric acid catalysis, the 

paper by Akiyama3 and co-workers appeared in 2004. The authors reported the 

use of a BINOL-derived phosphoric acid as a chiral Brønsted acid catalyst for a 

Mannich reaction between hydroxyphenylimine and silyl ketene acetals, giving 

high yields and stereoselectivities. Since then, chiral phosphoric acids have 

been employed in over 100 different reaction types (e.g. acetalization,4 aldol 

reaction,5 C-H activation,6 Friedel-Crafts reaction,7 Passerini reaction,8 etc.). All 

chiral phosphoric acids employed in asymmetric catalysis share the important 

characteristics of Cornforth’s phosphinic acid; they contain a Brønsted acidic 

and basic site, and tunable groups surrounding the chiral pocket (Figure 2).  

 
Figure 2 General characteristics of chiral phosphoric acids. 

Most commonly used chiral phosphoric acids are based on the BINOL core. 

Others are based on a simple biphenyl core, derived from vaulted biaryl diols 
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(Figure 3). Interestingly, even though both groups share the same common 

characteristics of the active site, they can show different activity depending on 

the chiral core. For example phosphoric acids derived from vaulted biaryl diols 

have found use in a wide range of reactions where BINOL derived phosphoric 

acids didn’t show satisfying reactivity and selectivity. 9 

 
Figure 3 Examples of various chiral phosphoric acid backbones. 

Due to the versatility of chiral phosphoric acid catalysts we have decided to 

design a photoswitchable chiral phosphoric acid based on a second generation 

molecular motor core (Figure 4). Since upon photoswitching the chiral 

environment of the motor unit changes, e.g. from P to M helicity, we have 

envisioned that one could obtain both enantiomers of the product depending 

on the form of the phosphoric acid used for catalysis. Due to the specific chiral 

environment of the molecular motor and its responsive behaviour, this class of 

phosphoric acids might provide unique reactivity. In order to have a unique 

chiral environment that could be switched by light we have decided to 

synthesize PA 1 and PA 2 as depicted in Figure 4. An effort towards their 

synthesis is described in this chapter. Since their extremely challenging 

synthesis was not entirely accomplished, we have decided to focus our studies 

on the isomerization of the newly synthesized overcrowded alkenes. We were 

curious how various substitution patterns can affect the thermal relaxation half-

lives of these new photoswitches. 

                R=H   
Figure 4 Proposal for a photoswitchable phosphoric acid 
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6.2 Results and discussion 

6.2.1 Synthetic effort towards a photoswitchable phosphoric acid 

Since both of the target molecules, PA 1 and PA 2, are composed of two 

identical halves, our initial approach towards their synthesis was to utilize 

radical coupling as the last synthetic step. This strategy is common in the 

synthesis of the BINOL core10 from naphthols. The first route via overcrowded 

alkene 11 is depicted in Scheme 1. Synthesis of ketone 4 was slightly modified 

from the process previously reported by Akhrem et al.11,12 Enol ester 1 was 

obtained by mixing equimolar amounts of cyclohexane-1,3-dione and pyridine 

with a 10 % excess of the acyl chloride of phenylacetic acid. Upon C-O 

isomerisation of enol ester 1 in the presence of aluminium chloride, dione 2 

was obtained, which was converted into chloro-derivative 3, in the 

presence of oxalyl chloride. Upon Friedel-Crafts type cyclization of 3, in 

the presence of aluminium chloride, ketone 4 was obtained. In this initial 

approach we have envisioned that it would be the best for the further 

steps to use a MOM protecting group (PG), due to the possibility of easy 

removal under slightly acidic conditions. Therefore, the hydroxyl group 

of compound 4 was converted in the presence of sodium hydride with 

MOMCl to compound 5. Next, the methyl group was incorporated, using 

LDA as a base and MeI as a methylating agent, resulting in ketone 6. In order 

to make new overcrowded alkene building blocks, ketone 6 was 

converted into hydrazone 7 and fluorenone was converted into the 

corresponding thioketone 8. Hydrazone 7 was subsequently oxidized in 

situ using equimolar amounts of bis(trifluoroacetoxy)iodobenzene, and reacted 

with thioketone 8, resulting in episulfide 9. The latter was desulfurized using 

HMPT at 60 °C resulting in a new overcrowded alkene 10. The MOM 

protecting group was easily removed from 10 using a 4 M solution of HCl in 

dioxane resulting in the overcrowded alkene 11. Unfortunately, attempts to 

produce alkene TM1 via oxidative radical coupling failed, even though the 

conditions for radical coupling were optimized using the model compound 4. 

The latter is much less sterically hindered than the overcrowded alkene 11, 

which could have significant effect on the radical coupling reaction attempts 

after which mostly the starting material was recovered. 
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Scheme 1 Synthetic route towards TM1. 

In the meantime in our group a novel method for homo-coupling of aryl 

halides reagents in the presence of tBuLi was developed.13 To use this protocol, 

a halogen atom needed to be introduced next to the MOM group. Initial 

attempts of bromination of compound 5 failed, as it also resulted in a 

deprotection of MOM group. Therefore, bromine was introduced in earlier 

stage using NBS for bromination of compound 4 (Scheme 2). MOM protection 

could be successfully achieved, but the subsequent methylation step failed. 

Instead of the desired methylated compound only deprotection of MOM group 

was observed, when LDA or NaHMDS were used as a base.  

 

Scheme 2 Route towards TM2. 
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Since apparently the MOM PG vicinally to bromine gave problems in the 

synthesis, it seemed that using a different more robust PG, such as methoxy, 

could solve the problem (Scheme 3). The hydroxy group of compound 4 was 

methylated using dimethylsulfate as a methylating agent, followed by 

methylation to create a stereogenic centre as present in 15. This was achieved 

by using LDA as a base and MeI as an electrophile. The corresponding 

hydrazone was made from compound 15, which was then oxidized and 

subsequently reacted with thioketone 8. The crude product was desulfurized 

using PPh3 to give the overcrowded alkene 17. Due to the very low solubility of 

compound 17, separation of its enantiomers by either SFC or HPLC was not 

possible. The attempted homocoupling using tBuLi resulted in a quantitative 

debromination of compound 17. This could be caused by the low solubility of 

the compound in toluene, resulting in insufficient local concentration of 

substrate necessary for the effective homocoupling.  

 
Scheme 3 Synthetic attempts towards TM3. 

In order to synthetize an overcrowded alkene which would be a building block 

for PA2 a novel thioketone had to be prepared. First, isopropyl groups were 

introduced to the 2,7-dibromo-9H-fluorene by isopropyl lithium coupling with 

the aim to increase the solubility of the final product. Compound 18 was than 

oxidized in the presence of TRITON B to form the corresponding ketone 19 

which was subsequently transformed into thioketone 20 by treatment with the 

Lawesson’s reagent. After the Barton Kellogg reaction between thioketone 20 

and the diazo compound formed in situ from hydrazone 16, followed by 

desulfurization with PPh3, the desired overcrowded alkene 21 was obtained. 

Compared to the overcrowded alkene 17, it showed drastically higher solubility 

(200 mg in 0.7 mL of DCM), and its enantiomers could be separated by SFC 
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(although 40 % of material was lost during the separation). With enantiopure 21 

the homocoupling with tBuLi was performed. At room temperature only the 

dehalogenated product was isolated as previously observed with 17. The 

reaction was therefore performed at a lower temperature. Unfortunately the 

desired product was isolated in very poor yield (2%), due to the multiple 

columns which were necessary to purify it from the unwanted dehalogenated 

product. Importantly, the homocoupled product was obtained as a single 

diastereomer (only one set of peaks was observed in 1H-NMR, but from them it 

could not be determined which diastereomer was obtained). High 

diastereoselectivity of tBuLi homocoupling was previously demonstrated in the 

total synthesis of Mastigopherene A.13 Since the coupling was very low yielding 

and couldn’t be improved by changing solvent or lowering the temperature the 

synthesis was not continued. For catalytic tests relatively big amounts of 

materials are necessary and therefore the proposed route was not viable.  

 
Scheme 4 Synthetic route towards PA2. 

In order to test the properties of the newly synthesized overcrowded alkenes 

we have decided to make two more analogues and to test how the substitution 

next to the methoxy group affects the thermal relaxation process. In one 

derivative (23), the bromine was replaced with a phenyl group and in the other 

(24) the bromine was replaced by a hydrogen (Scheme 5). 
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Scheme 5 Synthesis of overcrowded alkenes 23 and 24. 

6.2.2 Photochemical and thermal isomerization studies 

Photoswitching of all synthesized overcrowded alkenes (Figure 5) has been 

tested by NMR spectroscopy. 

 
Figure 5 Photoswitching of newly synthesized overcrowded alkenes. 

 In DCM all novel overcrowded alkenes (10, 17, 21, 23, 24) demonstrated high 

PSS>92:8. Photoswitching of overcrowded alkenes 21, 23 and 24 was tested as 

well in toluene by irradiation at 312 nm, where overcrowded alkene 21 

demonstrated the lowest PSS of 89:11, whereas 24 showed the highest PSS of 

97:3. During the photoswitching process, characteristic shifts of aliphatic and 

aromatic protons could be observed (Figure 6). Upon heating the PSS mixtures 

at 60 °C overnight (15 h), complete conversion to the starting stable form of 

overcrowded alkene was observed in all cases. Switching back from the 

unstable to the stable form with light (λ=400 nm) was only tested with 

overcrowded alkenes 17 and 21 and unfortunately they could not be completely 

switched back (a PSS mixture of 50:50 was achieved). 
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a)                                  b)                                       c) 

Figure 6 1H-NMR spectra of overcrowded alkenes a)21, b)23 and c)24 before and after irradiation 

at 312 nm. 

The photoisomerization of overcrowded alkenes 21- 24 was also followed 

by UV-Vis spectroscopy. The changes of UV-Vis absorption spectra upon 

photoirradiation at 312 nm were monitored (Figure 7). In all the cases the 

expected red shift of the absorption due to formation of the unstable form was 

observed along with the occurrence of the photoinduced isomerization, as well 

as the presence of two isosbestic points. For compounds 22-24 upon irradiation 

with 312 nm at room temperature in toluene the band at λmax= 410 nm 

disappears and at the same time a new band appears at λmax= 455 nm. For 

overcrowded alkene 21 the band at λmax= 347 nm disappears upon irradiation 

and at the same time new band appears at λmax= 386 nm. 
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Figure 7 Irradiation of overcrowded alkenes a) 21, b) 22, c) 23 and d) 24 at 312 nm in toluene, at 

room temperature, followed by UV-Vis spectroscopy. 
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Since enantiomers of overcrowded alkene 21 were separated by SFC the same 

process was followed by CD spectroscopy using second eluted enantiomer (S). 

Changes in helicity can be observed upon irradiation with 312 nm (Figure 8a) 

as well as upon heating of PSS mixture (Figure 8b). 

 
Figure 8 CD spectra of the second enantiomer of 21 in toluene upon a) irradiation at 312 nm 

(spectrum on the left) and b) heating at 60 °C. 

The thermal helix inversion of the unstable form of overcrowded alkenes 21, 23 

and 24 to the stable form, was followed by UV-Vis spectroscopy at 5 different 

temperatures in toluene, delivering the kinetic data shown in the Figures 

below. The changes in half- time between the overcrowded alkenes were 

noticeable, ranging from 51 h for 24, 618 h for 31 to 808 h for 23. The 

overcrowded alkene 24 containing a hydrogen next to the methoxy group 

showed a thermal relaxation an order of magnitude faster (k20 °C (s-1) = 3.8 x 10-6) 

compared to the overcrowded alkenes 21 (k20 °C (s-1) = 3.1 x 10-7) and 23 (k20 °C (s-1) 

= 2.4 x 10-7), which had Br and phenyl substituents next to the methoxy group 

respectively. These results indicate that the steric hindrance plays a crucial role 

for the thermal helix inversion as reflected in the thermal relaxation half-life. 

The larger the substituent next to the methoxy, the slower the thermal 

relaxation process. 

 

 
Figure 9 Thermal relaxation of motor 21 in toluene, c = 1.5 x 10-5 moldm-3, followed by absorption 

changes in the UV-Vis spectrum at 405 nm, at five different temperatures (85, 80, 75, 65, 60 °C). The rate 

constants k of the first order decay at different temperatures were obtained using the equation A=A0e-kT (A 

and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following 

data have been calculated: k20 °C (s-1) = 3.1 x 10-7, t1/2= 618 h, ΔH‡ = 98.3 kJ mol-1, ΔG‡ (20 °C) = 108.2 kJ 

mol-1, ΔS‡ = -34.7 J K-1 mol-1 
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Figure 10 Thermal relaxation of motor 23 in toluene, c = 1.5 x 10-5 moldm-3, followed by absorption 

changes in the UV-Vis spectrum at 455 nm, at five different temperatures (85, 80, 75, 65, 60 °C). The rate 

constants k of the first order decay at different temperatures were obtained using the equation A=A0e-kT (A 

and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following 

data have been calculated: k20 °C (s-1) = 2.4 x 10-7, t1/2= 808 h, ΔH‡ = 100.5 kJ mol-1, ΔG‡ (20 °C) = 108.9 kJ 

mol-1, ΔS‡ = -28.6 J K-1 mol-1. 

 

 

Figure 11 Thermal relaxation of motor 24 in toluene, c = 1.5 x 10-5 moldm-3, followed by absorption 

changes in the UV-Vis spectrum at 455 nm, at five different temperatures (70, 65, 60, 55, 50 °C). The rate 

constants k of the first order decay at different temperatures were obtained using the equation A=A0e-kT (A 

and A0 are the absorbance at different time t). By analysis of this data using the Eyring equation following 

data have been calculated: k20 ̊C (s-1) = 3.8 x 10-6, t1/2= 51 h, ΔH‡ = 94.7 kJ mol-1, ΔG‡ (20 °C) = 102.2 kJ 

mol-1, ΔS‡ = -22.1 J K-1 mol-1. 

6.2.3 Structure of the overcrowded alkenes 21 and 24 

Fortunately, single crystals of enantiopure overcrowded alkenes 21 and 24 

could be obtained by slow evaporation from chloroform (24) or vapor diffusion 

of pentane into DCM solution (21). Based on the X-ray analysis it was 

confirmed that the configuration at the stereogenic center (C-CH3) of the 

enantiomer, which elutes second during the SFC separation, is S and the isomer 

has P helicity. The structure of two overcrowded alkenes was overlaid (Figure 

12), showing that there is only a slight difference between them, e.g.the torsion 
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angle between two phenyl rings. In the case of overcrowded alkene 21 the 

aromatic rings of the upper half are not planar, while in 24 they are. This 

indicates that the difference in thermal relaxation half-lives resulted mostly 

from differences in sterics of substitution next to methoxy group of the upper 

part of the switch. The increased steric hindrance in this position results in a 

higher energy barrier for rotation.  

 
Figure 12 Overlaid crystal structure of stable S-P-21 (yellow) and S-P-24 (purple) (solvent 

molecules have been omitted for clarity). 

6.3 Conclusion 

A series of novel overcrowded alkenes have been synthesised in attempts 

towards the synthesis of a chiral photoswitchable phosphoric acid. Significant 

progress has been made towards the final molecule using lithium 

homocoupling, however, the final target responsive phosphoric acid has not 

been reached yet. The isomerization processes of novel overcrowded alkenes 

21, 23 and 24 were studied in depth and it has been found that the difference in 

the size of the substituent in the fjord region at the naphthyl ring significantly 

affects the half-life of thermal relaxation. The larger the substituent next to the 

methoxy group, the higher the half-life of the thermal helix inversion. 

6.4 Experimental section 

General information: 

Solvents and commercial starting materials were used as received (from 

Fluorochem or Sigma Aldrich). Merck silica gel 60 (230-400 mesh ASTM) was 

used in flash chromatography. NMR spectra were obtained using a Varian 

Mercury Plus (400 MHz) and a Varian VXR-300S (300 MHz). Chemical shift 

values are reported in ppm with the solvent resonance as the internal standard 

(CHCl3:  7.26 for 1H,  77.0 for 13C). Exact mass spectra were recorded on a LTQ 

Orbitrap XL (ESI+) or on a DART Xevo G2 QTof. All reactions requiring inert 

atmosphere were carried out under argon atmosphere using oven dried 

glassware and standard Schlenk techniques. Dichloromethane was used from 
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the solvent purification system using a MBraun SPS-800 column. THF was 

distilled over sodium under nitrogen atmosphere prior to use. Melting points 

were determined using a Büchi Melting Point B-545. 

Compound 1 (3-oxocyclohex-1-en-1-yl 2-phenylacetate): 

2-Phenyl acetyl chloride (4.35 mL, 33 mmol) was added to a 

stirred solution of cyclohexan-1,3-dione (3.36 g, 30 mmol) and 

pyridine (2.37 mL, 30 mmol) in 150 mL of dry DCM. The 

mixture was stirred for 2 h at room temperature. Subsequently the mixture was 

washed with water (40 mL), 6 M aqeous solution of HCl (30 mL), saturated 

aqueous solution of NaHCO3 (30 mL), water (2 x 20 mL) and brine (10 mL). The 

organic phase was dried over MgSO4 and evaporated to dryness in vacuo 

affording product 1 as oil (6.98 g) in 92% yield. 

1H NMR (400 MHz, CDCl3) δ 7.35-7.25 (m, 5 H), 5.87 (s, 1H), 3.74 (s, 2H), 2.46 (t, 

J = 6.1, 2H), 2.35 (t, J = 6.2 Hz, 2H), 1.96 (p, 2H). 

13C NMR (101 MHz, CDCl3) δ 199.3, 169.8, 168.0, 132.6, 129.2, 128.7, 127.5, 117.5, 

41.3, 36.6, 28.1, 21.1. 

HRMS (APCI+, m/z): calculated for C14H14O3Na [M+Na]+: 253.0835, found: 

253.0833. 

 

Compound 2 (3-hydroxy-2-(2-phenylacetyl)cyclohex-2-enone): 

Compound 1 (6.9 g, 30 mmol) was added to a stirred 

suspension of aluminium chloride (8.0 g, 60 mmol) in dry 

DCM (100 mL) at 0 °C. The reaction mixture was allowed to 

warm up to room temperature and stirred for 1 h. Then the 

reaction mixture was quenched by pouring on a mixture of ice (40 g) and conc. 

HCl (40 g). The organic phase was separated and the aqueous phase extracted 

with DCM (2 x 70 mL). The combined organic phases were washed with water, 

dried with MgSO4 and the solvent was evaporated in vacuo. The crude residue 

was dissolved in minimum quantity of ether and treated with 100 mL 1 M 

NaOH (aq). The aqueous layer was acidified with conc. HCl and extracted with 

ether (3 x 80 mL). The ethereal solution was dried with MgSO4, concentrated in 

vacuo and the crude product recrystallized from a mixture of acetone and 

hexane. The product is a white solid (5.2 g) and is obtained in 75% yield. 

mp= 77-79 °C 

1H NMR (400 MHz, CDCl3) δ 17.52 (s, 1H), 7.35-7.24 (m, 5 H), 4.39 (s, 2H), 2.67 

(t, J = 6.4Hz, 2H), 2.51 (t, J = 6.4 Hz, 2H), 1.98 (p, 2H). 
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13C NMR (101 MHz, CDCl3) δ 203.4, 198.8, 195.7, 134.6, 129.9, 128.4, 127.2, 112.9, 

46.5, 38.6, 33.0, 18.9. 

HRMS (APCI+, m/z): calculated for C14H13O2 [M+H-H2O]+: 213.0910, found: 

213.0907. 

 

Compound 3 (3-chloro-2-(2-phenylacetyl)cyclohex-2-enone): 

 Oxalyl chloride (2.5 mL) was added to the compound 2 (1.15 g, 

5 mmol) and the mixture was stirred at room temperature for 5 

h. Then the excess of oxalyl chloride in reaction mixture was 

evaporated in vacuo. The crude residue was dissolved in ether 

(150 mL). The solution was washed twice with aqueous solution of sodium 

hydrogen carbonate (50 mL) and with water (30 mL) and dried with 

magnesium sulfate. The solvent was evaporated and the crude residue 

recrystallized from hexane. The product was obtained as a yellow solid (1.16 g) 

with 93% yield. 

m.p. 80 – 82 °C (lit. 81 – 84 °C)12 

1H NMR (400 MHz, CDCl3) δ 7.35 – 7.17 (m, 5H), 3.92 (s, 2H), 2.66 (t, J = 6.1 Hz, 

2H), 2.43 – 2.32 (t, J = 6.1 Hz, 2H), 2.03 – 1.93 (p, 2H) 

13C NMR (101 MHz, CDCl3) δ 199.7, 194.1, 153.9, 139.6, 132.8, 129.9, 128.3, 127.1, 

50.1, 36.3, 34.1, 21.4. 

HRMS (APCI+, m/z): calculated for C14H13O2 [M+H-HCl]+: 213.0910, found: 

213.0905. 

 

Compound 4 (10-hydroxy-3,4-dihydrophenanthren-1(2H)-one): 

A solution of compound 3 (2.490 g, 10 mmol) in dry 

dichloromethane (50 mL) was added via canula to a stirred 

suspension of anhydrous aluminium chloride (1.33 g, 10 mmol) in 

dry dichloromethane (200 mL). Stirring was continued for 5 h at room 

temperature. The reaction mixture was then poured into the mixture of ice (40 

g) and concentrated hydrochloric acid (30 g) and stirred for 20 min. 

Subsequently 20 mL of water was added and the organic layer was separated. 

The aqueous layer was extracted with dichloromethane (3 x 70 mL). The 

combined organic layers were washed with water (3 x 30 mL) and dried with 

magnesium sulphate. The solvent was evaporated in vacuo and the residue was 

recrystallized from hexane providing product 4 (1.698 g) in 80% yield. 

m.p. 100 - 102°C (lit. 103 – 106°C) 
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1H NMR (400 MHz, CDCl3) δ 11.02 (s, 1H), 7.98 (d, J = 8.6 Hz, 1H), 7.65 (d, J = 8.2 

Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.13 (s, 1H), 3.40 (t, J = 6.1 

Hz, 2H), 2.79 (t, J = 6.1 Hz, 2H), 2.37 – 2.18 (p, 2H) 

13C NMR (101 MHz, CDCl3) δ 205.8, 157.1, 145.6, 138.2, 129.5, 127.2, 125.5, 125.0, 

123.9, 118.2, 110.3, 38.8, 26.0, 22.4. 

HRMS (APCI+, m/z): calculated for C14H13O2 [M+H]+: 213.0910, found: 213.0907. 

 

Compound 5 (10-(methoxymethoxy)-3,4-dihydrophenanthren-1 (2H)-one): 

Solution of compound 4 (5.00 g, 23.5 mmol) in 50 mL of 

anhydrous THF was added dropwise to the cooled stirring 

suspension of NaH (0.62 g, 25.9 mmol) in anhydrous THF (20 

mL). After addition the reaction mixture was allowed to 

warm up to rt and stirred for 10 min followed by cooling down to 0 °C. 

MOMCl (1.5 eq, 2.68 mL) was added dropwise to the reaction mixture which 

was stirred at 0 °C for one hour and subsequently allowed to warm up to the 

room temperature overnight. The reaction was quenched with NH4Cl (40 mL of 

sat. aq. solution). The aqueous phase was extracted with EtOAc (3 x 80 mL). 

The combined organic layers were washed with water (20 mL) and brine (20 

mL), and dried over MgSO4. The solvent was evaporated in vacuo and the crude 

product purified with column chromatography with pentane/EtOAc = 8 : 2 as 

an eluent (Rf = 0.2). The product was obtained in 75% yield as a pale yellow oil 

(4.52 g). 

 
1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 8.5 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 

7.53 (t, J = 7.5 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.38 (s, 1H), 5.34 (s, 2H), 3.57 (s, 

3H), 3.36 (t, J = 6.2 Hz, 2H), 2.73 (t, J = 6.2 Hz, 2H), 2.28 – 2.21 (p, 2H).  

 
13C NMR (101 MHz, CDCl3) δ 197.8, 153.5, 145.3, 136.1, 128.7, 127.7, 127.3, 124.9, 

124.7, 124.2, 111.1, 95.3, 56.4, 40.4, 26.4, 22.5. 

 

HRMS (APCI+, m/z): calculated for C16H17O3 [M+H]+: 257.1099, found: 257.1100. 

 

Compound 6 (10-(methoxymethoxy)-2-methyl-3,4-dihydrophenanthren-1(2H)-

one): 

 A solution of a ketone 5 (840 mg, 3.28 mmol) in THF (5 

mL) was added dropwise to the solution of LDA (1.15 eq, 

3. 77 mmol) in THF (15 mL) at -78°C and stirred for one 

hour. Subsequently CH3I (1.5 eq, 0.3 mL) was added into 

the reaction mixture, which was then allowed to warm up to the room 

temperature overnight. The reaction mixture was quenched with aqueous 
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solution of NH4Cl (25 mL) and the aqueous layer was extracted with EtOAc (3 x 

20 mL). The organic layers were combined and washed with water (20 mL), 

brine (15 mL) and dried over magnesium sulfate. The solvent was evaporated 

in vacuo and the crude product was purified with column chromatography with 

pentane/EtOAc as an eluent (Rf (pentane/EtOAc=9/1) = 0.6). Product was 

obtained in 70% yield as a yellow oil (621 mg). 

 
1H NMR (400 MHz, CD2Cl2) δ 7.83 (d, J = 8.5 Hz, 1H), 7.55 (d, J = 8.1 Hz, 1H), 

7.36 (t, J = 7.5 Hz, 1H), 7.26 (t, J = 7.6 Hz, 1H), 7.17 (s, 1H), 5.12 (s, 2H), 3.40 (s, 

3H), 3.36 – 3.25 (m, 1H), 3.14 – 3.01 (m, 1H), 2.62 – 2.48 (m, 1H), 2.15 (m, 1H), 

1.74 (m, 1H), 1.06 (d, J = 6.6 Hz, 3H). 

 
13C NMR (101 MHz, CD2Cl2) δ 200.1, 153.3, 144.2, 135.8, 128.4, 127.4, 127.3, 124.8, 

124.5, 124.5, 110.9, 95.5, 56.2, 43.1, 30.8, 25.7, 15.1. 

 

HRMS (APCI+, m/z): calculated for C17H19O3 [M+H]+: 271.1256, found: 271.1253. 

 

Compund 7 ((10-(methoxymethoxy)-2-methyl-3,4-dihydrophenanthren-1(2H)-

ylidene)hydrazine): 

Hydrazine monohydrate (N2H4 50-60%, 3.5 mL) was added 

to the solution of compound 6 (366 mg, 1.36 mmol) in 

absolute EtOH (3.5 mL) under nitrogen. The reaction 

mixture was warmed up to 110 °C and stirred for 5 h. Subsequently the reaction 

mixture was cooled down to rt and the crude product was extracted with DCM 

(3 x 15 mL) and washed with water (2 x 15 mL). The organic layers were 

combined and dried over magnesium sulfate. The solvent was evaporated in 

vacuo and the crude product was purified by column chromatography with 

pentane/EtOAc as an eluent (Rf (pentane/EtOAc=7/3) = 0.3). The product was 

obtained in 50% yield as a yellow gummy solid (193 mg). 

 
1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.3 Hz, 1H), 7.76 (d, J = 7.6 Hz, 1H), 

7.50 – 7.38 (m, 3H), 5.67 (bs, 2H), 5.35 (d, J = 6.5 Hz, 1H), 5.31 (d, J = 6.6 Hz, 1H), 

3.53 (s, 3H), 3.28 (m, 1H), 2.91 (m, 2H), 2.36 (m, 1H), 1.60 (m, 1H), 1.16 (d, J = 6.8 

Hz, 3H). 

 
13C NMR (101 MHz, CDCl3) δ 151.0, 150.8, 139.5, 134.5, 127.8, 127.7, 126.7, 124.7, 

123.9, 121.9, 109.0, 95.4, 56.6, 37.3, 31.3, 23.9, 19.0.  

 

HRMS (APCI+, m/z): calculated for C17H20N2NaO2 [M+Na]+: 307.1422, found: 

307.1425. 
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Compound 8 (9H-fluorene-9-thione): 

  

Lawesson’s reagent (4.40 g, 10.877 mmol) was added to a solution 

of fluoren-9-one (1.34 g, 7.39 mmol) in toluene (23 mL) and the 

resulting mixture was heated to 80°C for 2 h. The mixture was 

filtered over celite and concentrated in vacuo, after which the 

residue was purified by flash column chromatography (silica gel, 

pentane/dichloromethane 10:1, Rf = 0.8), thereby affording thioketone 8 as a 

green solid (1.13 g, 53%). 

 
1H NMR (400 MHz, CDCl3) δ 7.73 (dd, J = 7.5, 0.6 Hz, 2H), 7.49 – 7.37 (m, 4H), 

7.20 (td, J = 7.4, 1.2 Hz, 2H). 

 
13C NMR (101 MHz, CDCl3) δ 227.9, 143.8, 140.8, 134.1, 128.9, 123.9, 119.7. 

 

Compound 9:   

 (Bis(trifluoroacetoxy)iodo)benzene (365 mg, 0.849 mmol) 

was added to a solution of compound 7 (242 mg, 0.849 

mmol) in DMF (4 mL) at – 30 °C. After stirring the 

reaction mixture for 45 sec, a solution of thioketone 8 (233 

mg, 1.189 mmol) in DMF (2 mL) was added dropwise and 

subsequently reaction mixture was allowed to slowly 

warm up to room temperature overnight. The reaction was quenched with 

aqueous solution of NH4Cl (40 mL) and extracted with EtOAc (3 x 15 mL). The 

organic layers were combined, washed with water (10 mL) and brine (10 mL) 

and dried over MgSO4. The solvent was evaporated in vacuo and the crude 

product was purified by column chromatography with pentane/EtOAc as an 

eluent (Rf (pentane/EtOAc=98/2)= 0.2). The product was obtained as a yellow 

solid (66%, 255 mg). 

 
1H NMR (400 MHz, CDCl3) δ 7.81 – 7.54 (m, 5H), 7.38 (tt, J = 14.9, 7.4 Hz, 4H), 

7.28 – 7.12 (m, 1H), 7.04 (t, J = 7.4 Hz, 1H), 6.63 (t, J = 7.4 Hz, 1H), 6.47 (d, J = 7.7 

Hz, 1H), 5.51 (d, J = 6.6 Hz, 1H), 5.46 (d, J = 6.6 Hz, 1H), 3.68 (s, 3H), 3.07 – 2.96 

(m, 1H), 2.90 (m, 1H), 1.86 (m, 1H), 1.29 (m, 2H), 1.03 (d, J = 6.8 Hz, 3H). 

 
13C NMR (101 MHz, CDCl3) δ 154.5, 145.0, 144.1, 141.5, 140.0, 139.9, 133.8, 127.9, 

127.4, 127.3, 126.6, 126.4, 126.2, 126.1, 125.8, 125.2, 123.7, 123.5, 123.1, 120.2, 

119.2, 107.1, 94.2, 56.6, 56.3, 55.6, 37.6, 29.5, 22.8, 22.6. 

 

Compound 10 (1-(9H-fluoren-9-ylidene)-10-(methoxymethoxy)-2-methyl-

1,2,3,4-tetrahydrophenanthrene): 
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 HMPT (0.2 mL, 1.13 mmol) was added via syringe to the 

solution of compound 9 (255 mg, 0.565 mmol) in toluene (22 

mL). The reaction mixture was heated to 60 °C and left to 

stir overnight. The solvent was evaporated and the crude 

product purified by column chromatography 

(pentane/EtOAc=98/2) and recrystallized from ethanol. The product was 

obtained as a yellow solid. (201 mg, 85%) 

 
1H NMR (400 MHz, CDCl3) δ 8.10 – 8.01 (m, 2H), 7.87 – 7.77 (m, 2H), 7.67 (d, J = 

7.5 Hz, 1H), 7.55 – 7.49 (m, 1H), 7.44 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.41 – 7.35 

(m, 3H), 7.19 – 7.13 (m, 1H), 6.89 – 6.82 (m, 2H), 5.06 (d, J = 6.7 Hz,1H), 4.97 (d, 

J=6.7 Hz, 1H), 4.34 – 4.19 (m, 1H), 3.43 (dt, J = 9.7, 4.5 Hz, 1H), 3.04 (s, 3H), 2.56 – 

2.42 (m, 2H), 1.29 (d, J = 6.9 Hz, 3H), 1.27 – 1.22 (m, 1H). 

 
13C NMR (101 MHz, CDCl3) δ 153.4, 141.8, 140.7, 139.7, 139.4, 138.9, 138.4, 134.8, 

133.4, 127.7, 127.4, 127.1, 126.82, 126.80, 126.7, 126.5, 125.1, 124.1, 123.8, 123.3, 

119.6, 118.8, 107.1, 94.5, 56.0, 33.9, 30.4, 23.6, 20.4. 

 

HRMS (APCI+, m/z): calculated for C30H27O2 [M+H]+: 419.2006, found: 419.2004. 

 

Compound 11 (8-(9H-fluoren-9-ylidene)-7-methyl-5,6,7,8-

tetrahydrophenanthren-9-ol): 

4 M HCl in dioxane (1 mL) was added to solution of 10 

(108 mg, 0.26 mmol) in THF (1 mL) and the reaction 

mixture was stirred overnight at room temperature. Water 

(10 mL) was added followed by addition of aqueous 

solution of NaHCO3 till the pH of the reaction mixture reached neutral. The 

crude product was then extracted with DCM (3 x 10 mL), washed with water 

(10 mL) and brine (10 mL) and the organic layers were dried over MgSO4. The 

solvent was evaporated and crude product purified by column 

chromatography with DCM / pentane (1 : 3) as eluent (Rf=0.2). The product was 

obtained as yellow oily solid (97 mg , 79%). 

 
1H NMR (400 MHz, CDCl3) δ 8.10 – 8.01 (m, 2H), 7.85 – 7.78 (m, 2H), 7.72 (d, J = 

7.6 Hz, 1H), 7.56 – 7.49 (m, 1H), 7.47 – 7.37 (m, 3H), 7.32 – 7.24 (m, 2H), 7.05 (d, J 

= 8.0 Hz, 1H), 7.01 – 6.93 (m, 1H), 5.89 (bs, 1H), 4.37 – 4.23 (m, 1H), 3.47 (dt, J = 

15.2, 4.8 Hz, 1H), 2.69 – 2.55 (m, 1H), 2.54 – 2.41 (m, 1H), 1.38 (m, 1H), 1.30 (d, J 

= 7.0 Hz, 3H). 
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13C NMR (101 MHz, CDCl3) δ 150.8, 142.6, 140.8, 139.6, 138.9, 137.4, 136.9, 135.4, 

132.7, 128.3, 128.0, 127.4, 127.2, 126.9, 126.3, 125.3, 124.8, 124.0, 123.7, 123.2, 

119.9, 119.3, 108.2, 34.2, 29.9, 23.4, 20.3. 

 

Compound 12 (9-bromo-10-hydroxy-3,4-dihydrophenanthren-1(2H)-one): 

Compound 4 (1.05 g, 4.94 mmol) was dissolved in THF (100 

mL) and the solution was cooled down in an ice bath. NBS 

(1.01 g, 5.70 mmol) was added in portions during 30 min to the 

reaction mixture. After 30 min, the reaction mixture was 

allowed to slowly warm up to room temperature. Progress of 

the reaction was followed by TLC with toluene as eluent (Rf (product)=0.85). 

After the reaction was completed, the mixture was diluted with 200 mL DCM 

and water (100 mL). The crude product was extracted with DCM (3 x 80 mL) 

and organic layers were dried over MgSO4. Solvent was evaporated and crude 

product purified by column chromatography with toluene as eluent (Rf=0.85). 

Product 12 was obtained as a white solid (1.20 g , 85%). 

mp=152°C 

 
1H NMR (400 MHz, CDCl3) δ 12.74 (s, 1H), 7.99 (dt, J = 10.7, 3.2 Hz, 1H), 7.82 

(dd, J = 9.4, 5.2 Hz, 1H), 7.53 – 7.49 (m, 1H), 7.32 – 7.26 (m, 1H), 3.19 (t, J = 6.2 

Hz, 2H), 2.71 – 2.67 (t, J = 6.2 Hz, 2H), 2.18 – 2.11 (p, 2H). 

 
13C NMR (101 MHz, CDCl3) δ 205.4, 153.5, 145.1, 135.7, 130.7, 126.12, 126.11, 

125.3, 124.5, 117.9, 105.1, 38.3, 25.9, 22.0. 

 

HRMS (APCI+, m/z): calculated for C14H12BrO2 [M+H]+: 292.9995, found: 

292.9991. 

 

Compound 13 (9-bromo-10-(methoxymethoxy)-3,4-dihydrophenanthren-1(2H)-

one): 

 A solution of compound 12 (149 mg, 0.512 mmol) in 

anhydrous THF (2 mL) was added dropwise to the cooled 

stirring suspension of NaH (14 mg, 0.589 mmol) in 

anhydrous THF (2 mL). The reaction mixture was allowed to 

warm up to rt and stirring was continued for an additional 

10 min. Next it was cooled down to 0°C and MOMCl (1.5 eq, 0.058 mL) was 

added. The reaction mixture was stirred at 0 °C for one hour and then allowed 

to warm up to the room temperature overnight. The reaction was quenched 

with NH4Cl (10 mL of a sat. aq. solution). The aqueous phase was extracted 

with EtOAc (3 x 15 mL) and the combined organic layers were washed with 

water (10 mL) and brine (10 mL) and dried over MgSO4. The solvent wass 
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evaporated in vacuo and the crude product was purified by column 

chromatography with toluene/EtOAc=95/5 as an eluent (Rf = 0.3). Product 13 

(137 mg, 80% ) was obtained as a pale yellow gummy solid. 

 
1H NMR (400 MHz, CDCl3) δ 8.30 (d, J = 7.9 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 

7.65 (ddd, J = 8.3, 6.9, 1.1 Hz, 1H), 7.52 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H), 5.15 (s, 2H), 

3.70 (s, 3H), 3.31 (t, J = 6.2 Hz, 2H), 2.71 (t, J = 6.2 Hz, 2H), 2.24 (p, 2H). 

 
13C NMR (101 MHz, CDCl3) δ 196.8, 150.4, 144.7, 134.5, 129.9, 129.6, 128.0, 126.7, 

126.5, 125.0, 116.8, 101.0, 58.3, 39.9, 26.5, 22.1. 

 

Compound 14 (9-bromo-10-methoxy-3,4-dihydrophenanthren-1(2H)-one): 

 K2CO3 (1.068 g, 7.72 mmol) was added to the solution of 

compound 12 (1.125 g, 3.86 mmol) in acetone (50 mL). 

Subsequently dimethyl sulfate (0.732 mL, 7.72 mmol) was 

added to the reaction mixture which was then heated at reflux 

for 5 h. Water (50 mL) was added to the reaction mixture and 

most of the acetone was evaporated in vacuo. The crude product was extracted 

with DCM (3 x 40 mL), washed with water and brine, and dried over MgSO4. 

After evaporation of solvent, crude product was purified by column 

chromatography with toluene as eluent (Rf = 0.2). Product 14 was isolated as a 

white solid (1.106 g, 94%). 

mp=107°C 

1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.5 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 

7.40 (t, J = 7.6 Hz, 1H), 7.28 (dd, J = 11.3, 4.0 Hz, 1H), 3.80 (s, 3H), 3.00 (t, J = 6.2 

Hz, 2H), 2.52 (t, J = 4.8 Hz, 2H), 2.02 (p, 2H). 

 
13C NMR (101 MHz, CDCl3) δ 196.4, 153.2, 144.6, 134.1, 129.6, 129.3, 127.2, 126.5, 

126.2, 124.8, 116.7, 61.6, 39.9, 26.3, 22.1. 

 

HRMS (APCI+, m/z): calculated for C15H14BrO2 [M+H]+: 305.0172, found: 

292.0170. 

 

Compound 15 (9-bromo-10-methoxy-2-methyl-3,4-dihydrophenanthren-1(2H)-

one): 

A solution of compound 14 (1.090 g, 3.57 mmol) in THF (15 

mL) was added dropwise to the LDA (1.15 eq, 4.1 mmol) 

solution in THF (15 mL) at -78 °C. The reaction mixture was 

stirred at -78 °C for one hour. Subsequently CH3I (1.5 eq, 0.311 
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mL) was added into the reaction mixture which was then allowed to warm up 

to the room temperature overnight. The reaction mixture was quenched with 

aqueous solution of NH4Cl (25 mL) and the aqueous layer was extracted with 

EtOAc (3 x 20 mL). Organic layers were combined and washed with water (20 

mL) and brine (15 mL) and dried over magnesium sulfate. The solvent was 

evaporated in vacuo and the crude product was purified with column 

chromatography with pentane/EtOAc as an eluent (Rf (pentane/EtOAc=95/5)= 

0.7). Product 15 was obtained as a white solid (855 mg, 74%). 

1H NMR (400 MHz, CDCl3) δ 8.12 – 8.07 (m, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.52 – 

7.46 (m, 1H), 7.49 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.37 (ddd, J = 8.2, 7.0, 1.1 Hz, 

1H), 3.89 (s, 3H), 3.26 (m, 1H), 3.08 – 2.97 (m, 1H), 2.60 – 2.50 (m, 1H), 2.20 (m, 

1H), 1.77 (m, 1H), 1.17 (d, J = 6.6 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 199.5, 153.2, 143.4, 134.1, 129.44, 129.41, 127.4, 

127.0, 126.3, 124.7, 116.8, 61.9, 42.8, 30.3, 25.8, 15.3. 

 

HRMS (APCI+, m/z): calculated for C16H16BrO2 [M+H]+: 319.0323, found: 

319.0328. 

 

Compound 16 ((9-bromo-10-methoxy-2-methyl-3,4-dihydrophenanthren-1(2H)-

ylidene) hydrazine): 

In a two neck flask equipped with reflux condenser, under 

nitrogen, compound 15 (400 mg, 1.253 mmol) was 

suspended in EtOH (4 mL). Subsequently hydrazine 

monohydrate (4 mL) was added to the stirred ethanol 

solution and the reaction mixture was heated to 100 °C for 4 

h. Addition of water (5 mL) to the reaction mixture, which was previously 

cooled down to rt, resulted in precipitation of the product which was purified 

by washing with cold ethanol ( 3 x 3 mL). After drying in vacuo product 16 was 

obtained as a white solid (367 mg) in 88% yield. 

mp=206°C 

1H NMR (400 MHz, CDCl3) δ 8.27 (dd, J = 8.4, 0.7 Hz, 1H), 8.00 (d, J = 8.4 Hz, 

1H), 7.56 (ddd, J = 8.3, 6.8, 1.1 Hz, 1H), 7.48 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.00 

(bs, 2H), 3.84 (s, 3H), 3.36 (m, 1H), 3.27 – 3.16 (m, 1H), 2.72 (m, 1H), 2.31 (m, 

1H), 1.64 – 1.54 (m, 1H), 1.25 (d, J = 6.9 Hz, 3H). 
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13C NMR (101 MHz, CDCl3) δ 153.1, 149.0, 138.3, 132.3, 129.2, 127.6, 127.4, 127.3, 

125.7, 123.7, 115.7, 61.2, 30.6, 28.2, 23.4, 15.8. 

HRMS (APCI+, m/z): calculated for C16H18BrN2O [M+H]+: 333.0597, found: 

333.0596. 

Compound 17 (9-bromo-1-(9H-fluoren-9-ylidene)-10-methoxy-2-methyl-1,2,3,4- 

tetrahydrophenanthrene): 

Hydrazine 16 (800 mg, 2.40 mmol) was suspended in THF 

(50 mL) and the mixture was stirred for 5 min. 

Subsequently MnO2 (966 mg, 9.6 mmol) was added. 

Conversion to the diazo product was followed by TLC 

(pentane/EtOAc=80/20, Rf (product)=0.95). After 2 h the reaction was completed 

and the reaction mixture was filtered over celite. The filtrate was collected 

under nitrogen and subsequently cooled down to -25 °C. Thioketone 8 (942. 

mg, 4. 8 mmol) was dissolved in THF (2 mL) and added to the reaction mixture 

under nitrogen. Subsequently the reaction mixture was allowed to warm up to 

room temperature and was stirred overnight. THF was evaporated in vacuo and 

crude product was dissolved in p-xylene (30 mL) together with PPh3 (1.888 g, 

7.2 mmol). The stirred reaction mixture was heated at reflux overnight, under a 

nitrogen atmosphere. The solvent was evaporated and the crude product 

purified by column chromatography on silica with pentane/DCM=9/1 as eluent. 

The product was obtained as a white solid (224 mg) in 20% yield. 

mp=260°C 

1H NMR (400 MHz, CDCl3) δ 8.41 (d, J = 7.9 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H), 

8.03 – 7.99 (m, 1H), 7.79 (dd, J = 6.4, 2.3 Hz, 1H), 7.70 – 7.64 (m, 2H), 7.57 (ddd, J 

= 8.2, 6.9, 1.2 Hz, 1H), 7.43 – 7.34 (m, 2H), 7.20 (td, J = 7.5, 0.8 Hz, 1H), 6.93 – 6.87 

(m, 1H), 6.74 (d, J = 8.0 Hz, 1H), 4.39 – 4.24 (m, 1H), 3.66 (s, 3H), 3.48 – 3.39 (m, 

1H), 2.63 (m, 1H), 2.46 (m, 1H), 1.52 – 1.43 (m, 1H), 1.41 (d, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 153.9, 141.1, 140.4, 139.1, 138.8, 138.3, 134.8, 133.0, 

130.4, 129.4, 127.8, 127.7, 127.53, 127.45, 127.0, 126.8, 125.8, 124.9, 124.2, 123.2, 

119.7, 119.0, 114.5, 61.4, 34.1, 30.6, 23.5, 20.7. 

HRMS (APCI+, m/z): calculated for C29H24BrO [M+H]+: 467.1005, found: 

467.1005. 
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Compound 18 (2,7-diisopropyl-9H-fluorene): 

In a 300 mL oven dried Schlenk flask, 2,7-dibromo-9H-

fluorene (4.00 g, 12.3 mmol) and Pd[P(tBu)3]2 were dissolved 

in anhydrous toluene (70 mL) under nitrogen atmosphere. 

Subsequently, isopropyl lithium solution (88 mL, 0.36 M, 31.6 mmol) in 

pentane/toluene was added dropwise via syringe pump with flow rate of 42 

mL/h to the reaction mixture at room temperature. The reaction was quenched 

with aqueous solution of NH4Cl (20 mL).The reaction mixture was then 

extracted with ether (3 x 100 mL) and dried with MgSO4. The solvent was 

evaporated and the crude product purified by column chromatography on 

silica with pentane as eluent. The product was obtained as a white solid (2.35 g) 

in 76% yield. 

mp=115°C 

1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 7.8 Hz, 2H), 7.64 (s, 2H), 7.48 (d, J = 7.8 

Hz, 2H), 4.05 (s, 2H), 3.24 (hept, J = 6.9 Hz, 2H), 1.60 (d, J = 6.9 Hz, 12H). 

13C NMR (101 MHz, CDCl3) δ 147.4, 143.7, 140.0, 125.3, 123.2, 119.7, 37.2, 34.6, 

24.6. 

Compound 19 (2,7-diisopropyl-9H-fluoren-9-one): 

 In a two neck flask, equipped with condenser, TRITON B 

(0.4 mL) was added to the solution of compound 18 (2.350 

g, 9.393 mmol) in pyridine (50 mL). The solution was 

purged with air overnight. Pyridine was evaporated in 

vacuo. The crude product was dissolved in 200 mL of DCM and washed with 

water (3 x 100 mL) and dried over MgSO4. Subsequently the crude product was 

purified by column chromatography on silica with pentane:DCM=8:2 as eluent. 

The product was obtained as a yellow oil (1.986 g) in 80% yield. 

1H NMR (400 MHz, CDCl3) δ 7.44 (s, 1H), 7.29 – 7.15 (m, 2H), 2.89 – 2.76 (m, 

1H), 1.20 (d, J = 7.1 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 194.4, 149.7, 142.3, 134.6, 132.7, 122.1, 119.9, 34.03, 

34.0, 23.7. 
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Compound 20 (2,7-diisopropyl-9H-fluorene-9-thione): 

Lawesson’s reagent (2.36 g, 5.834 mmol) was added to a 

solution of compound 19 (770 mg, 2.9125 mmol) in toluene 

(23 mL). The resulting mixture was heated to 80 °C for 2 h. 

The reaction mixture was filtered over celite and 

concentrated in vacuo, after which the residue was purified by flash column 

chromatography (silica gel, pentane/dichloromethane 10:1, Rf = 0.8), thereby 

affording thioketone 20 as a red oil (563.553 mg, 69%). 

1H NMR (400 MHz, CD2Cl2) δ 7.64 (s, 2H), 7.33 (dt, J = 15.6, 4.4 Hz, 4H), 2.96 

(hept, J = 6.9 Hz, 2H), 1.31 (d, J = 6.9 Hz, 12H). 

13C NMR (101 MHz, CD2Cl2) δ 228.89, 149.77, 141.80, 141.47, 132.46, 121.94, 

119.45, 34.14, 23.57. 

Compound 21 (9-bromo-1-(2,7-diisopropyl-9H-fluoren-9-ylidene)-10-methoxy-

2-methyl-1,2,3,4-tetrahydrophenanthrene): 

A solution of (bis(trifluoroacetoxy)iodo)benzene (542 

mg, 1.26 mmol) in DMF (8 mL) was added to a 

solution of hydrazine 16 (420.0 mg, 1.260 mmol) in 

DMF (40 mL) at – 30 °C. After stirring the reaction 

mixture for 3 min, a solution of thioketone 20 (530 mg, 

1.89 mmol) in DMF (2 mL) was added dropwise and 

the reaction mixture was allowed to slowly warm up to room temperature 

overnight. Water (180 mL) was added to the reaction mixture and the crude 

product was extracted with EtOAc (3 x 60 mL). The organic layers were 

combined, washed with water (1 x 70 mL mL) and brine (40 mL) and dried over 

MgSO4. The solvent was evaporated in vacuo and the crude product was 

dissolved in p-xylene (25 mL) together with PPh3 (991.45 mg, 3.78 mmol) and 

the stirred mixture was heated at reflux overnight, under a nitrogen 

atmosphere. The solvent was evaporated and the crude product purified by 

column chromatography on silica with pentane/DCM=9/1. In order to get rid of 

tiny impurities (grease and tiny amounts of ketone) the product was 

recrystallised from heptane. The product was obtained as a pale yellow solid 

(441 mg) in 64% yield. 

mp= 264°C 
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1H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.4 Hz, 1H), 

7.97 (s, 1H), 7.76 – 7.69 (m, 2H), 7.61 (dd, J = 7.6, 5.1 Hz, 2H), 7.34 (d, J = 7.8 Hz, 

1H), 7.13 (d, J = 7.7 Hz, 1H), 6.68 (s, 1H), 4.46 – 4.34 (m, 1H), 3.76 (s, 3H), 3.49 

(dt, J = 15.2, 4.7 Hz, 1H), 3.17 (m, 1H), 2.75 – 2.64 (m, 2H), 2.62 – 2.51 (m, 1H), 

1.55 (d, J = 6.9 Hz, 3H), 1.52 – 1.46 (m, 1 H), 1.50 (d, J = 6.9 Hz, 6H), 1.09 (d, J = 

6.9 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 154.3, 147.1, 147.0, 139.5, 139.40, 139.35, 139.2, 

138.8, 137.4, 135.2, 133.0, 130.7, 129.4, 127.8, 127.7, 126.3, 125.9, 125.8, 124.2, 

123.2, 121.3, 119.3, 118.5, 114.5, 61.6, 34.7, 34.2, 34.0, 31.0, 24.7, 24.3, 24.2, 23.8, 

23.4, 20.8. 

Enantiomers of compound 21 have been separated via SFC, on a ChiralPack IA 

column, 25% IPA, detection set to 343 nm, flow 4 mL/min, 40 °C, 150 bar, 

retention times 4.15 min and 7.23 min  

[α]D
20 = -185.0 (c = 0.2 in CHCl3) for the first eluted enantiomer 

[α]D
20 = + 184.0 (c = 0.2 in CHCl3) for the second eluted enantiomer 

HRMS (APCI+, m/z): calculated for C35H4BrO [M+H]+: 551.1940, found: 551.1939. 

Compound 22 (1,1'-bis(2,7-diisopropyl-9H-fluoren-9-ylidene)-10,10'-dimethoxy-

2,2'-dimethyl-1,1',2,2',3,3',4,4'-octahydro-9,9'-biphenanthrene): 

  In a dry Schlenk flask, Pd-PEPPSI-iPent (5 

mol%, 14 mg) and the enantiopure substrate 

(200 mg, 0.36 mmol) were dissolved in dry 

toluene (0.7 ml) and the solution was cooled 

to 0 °C with an ice bath. tBuLi (255 μL,1.7 M 

in hexanes, 0.43 mmol, 1.2 eq)  was slowly 

added (2 drops with 5 min intervals, total 

addition time = 50 min) by the aid of a syringe 

pump. After the addition was completed the reaction mixture was stirred for 

one additional hour after which the reaction was quenched with methanol. 

Celite was added, and the solvent evaporated under reduced pressure. The 

crude product was purified from the debrominated product by multiple 

column chromatography on silica with pentane/DCM as eluent (Rf 

(pentane/DCM=9/1) = 0.19). The homocoupled product was obtained in a single 

diastereomeric form as a yellow solid (6 mg, 2%). 
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1H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 8.5 Hz, 2H), 7.83 (s, 2H), 7.60 (d, J = 7.7 

Hz, 2H), 7.47 – 7.37 (m, 4H), 7.29 – 7.24 (m, 2H), 7.19 (dd, J = 16.3, 8.1 Hz, 4H), 

6.89 (s, 2H), 6.82 (d, J = 7.8 Hz, 2H), 4.41 (dt, J = 13.4, 6.7 Hz, 2H), 3.55 (dt, J = 

14.9, 4.7 Hz, 2H), 3.32 (s, 6H), 3.12 – 2.98 (m, 2H), 2.75 – 2.60 (m, 2H), 2.53 (dt, J = 

12.6, 5.4 Hz, 2H), 2.08 (dt, J = 13.7, 6.8 Hz, 2H), 1.51 – 1.43 (m, 8H), 1.38 (d, J = 6.9 

Hz, 12H), 0.62 (d, J = 6.9 Hz, 6H), 0.22 (d, J = 6.8 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 155.1, 148.0, 146.4, 140.2, 139.33, 139.28, 138.9, 

138.8, 136.8, 135.5, 134.7, 130.0, 128.2, 126.4, 125.9, 125.4, 124.5, 124.0, 123.91, 

123.88, 123.5, 123.0, 118.8, 118.1, 60.8, 34.5, 34.3, 33.7, 30.6, 24.6, 24.5, 24.2, 23.6, 

21.9, 21.3. 

HRMS (APCI+, m/z): calculated for C70H71O [M+H]+: 943.5448, found: 943.5442. 

Compound 23 (1-(2,7-diisopropyl-9H-fluoren-9-ylidene)-10-methoxy-2-methyl-

9-phenyl-1,2,3,4-tetrahydrophenanthrene) (prepared according to literature 

procedure for Suzuki coupling of sterically demanding substrates)14  

In a dry Schlenk flask, Pd2dba3 (4 mol%, 2 mg), 

SPhos (8 mol%, 4 mg), phenylboronic acid (10 mg, 

0.0816 mmol), K2CO3 (22 mg, 0.162 mmol) and the 

motor 21 (30 mg, 0.054 mmol) were dissolved in dry 

toluene (0.2 ml) and the solution was heated to 100 

°C and left to stir overnight. The reaction mixture 

was passed over celite and the solvent was 

evaporated. The crude product was purified by column chromatography on 

silica with pentane/DCM=9/1. Product 23 was obtained as a pale yellow solid 

(25 mg, 85%). 

mp= 292°C 

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.4 Hz, 1H), 7.84 (s, 1H), 7.69 (d, J = 8.4 

Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.57 – 7.33 (m, 8H), 7.21 (d, J = 7.8 Hz, 1H), 7.07 

(d, J = 7.8 Hz, 1H), 6.78 (s, 1H), 4.31 (m, 1H), 3.49 (m, 1H), 3.21 (s, 3H), 3.04 (m, 

1H), 2.71 (m, 1H), 2.55 (m, 2H), 1.64 – 1.49 (m, 1H), 1.45 (d, J = 6.9 Hz, 3H), 1.37 

(d, J = 6.9 Hz, 6H), 1.04 (d, J = 6.9 Hz, 3H), 1.01(d, J = 6.9 Hz, 3H) 

13C NMR (101 MHz, CDCl3) δ 154.0, 146.9, 146.7, 140.6, 139.8, 139.0, 138.9, 138.8, 

137.3, 136.7, 134.8, 133.7, 131.4, 130.8, 129.8, 128.9, 128.4, 128.2, 127.8, 127.0, 

126.5, 126.2, 125.4, 125.1, 124.7, 123.8, 123.0, 122.0, 119.0, 118.5, 61.3, 34.6, 34.5, 

34.2, 30.8, 24.5, 24.2, 23.8, 23.6, 20.6. 
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HRMS (APCI+, m/z): calculated for C41H41O [M+H]+: 549.3152, found: 943.3148. 

Compound 24 (1-(2,7-diisopropyl-9H-fluoren-9-ylidene)-10-methoxy-2-methyl-

1,2,3,4-tetrahydrophenanthrene): 

 n-BuLi (27 μL ,1.6 M in hexanes, 0.0432 mmol) was 

added dropwise to the solution of motor 21 (20 mg, 

0.036 mmol) in dry THF (1 ml) at -78 °C. After the 

solution was stirred for 30 min at -78 °C, the reaction 

was quenched with methanol (1 mL) and allowed to 

warm up to room temperature. The solvent was 

evaporated and the crude product passed over short pad of silica gel. Product 

24 was obtained as a pale yellow solid (16 mg) in 94% yield. 

mp= 206°C 

1H NMR (400 MHz, cdcl3) δ 8.06 (d, J = 8.4 Hz, 1H), 7.87 (s, 1H), 7.82 (d, J = 8.1 

Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.55 – 7.47 (m, 2H), 7.41 (t, J = 7.6 Hz, 1H), 7.22 

(d, J = 7.7 Hz, 1H), 7.08 (s, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.69 (s, 1H), 4.25 (h, J = 

6.7 Hz, 1H), 3.61 (s, 3H), 3.42 (m, 1H), 3.05 (hept, J = 6.7 Hz, 1H), 2.63 – 2.43 (m, 

3H), 1.37 (d, J = 6.9 Hz, 6H), 1.31 (d, J = 6.9 Hz, 3H), 1.28 – 1.20 (m, 1H), 0.99 (d, J 

= 6.9 Hz, 3H), 0.86 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, cdcl3) δ 156.1, 147.0, 146.7, 140.6, 139.7, 139.6, 138.82, 138.78, 

137.0, 134.9, 133.8, 127.3, 127.3, 126.5, 126.4, 125.3, 125.2, 123.8, 123.5, 123.4, 

120.9, 119.0, 118.1, 103.5, 55.1, 34.7, 34.1, 33.9, 30.7, 24.5, 24.21, 24.17, 23.8, 23.5, 

20.2. 

HRMS (APCI+, m/z): calculated for C35H37O [M+H]+: 473.2839, found: 478.2831. 
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X-ray crystallography 

A single crystal of overcrowded alkene 21 was mounted on top of a cryoloop 

and transferred into the cold nitrogen stream (100 K) of a Bruker-AXS D8 

Venture diffractometer. Data collection and reduction was done using the 

Bruker software suite APEX2.15 The final unit cell was obtained from the xyz 

centroids of 9956 reflections after integration. A multiscan absorption 

correction was applied, based on the intensities of symmetry-related reflections 

measured at different angular settings (SADABS17). The structures were solved 

by direct methods using SHELXS, and refinement of the structure was 

performed using SHLELXL.16 The hydrogen atoms were generated by 

geometrical considerations, constrained to idealised geometries and allowed to 

ride on their carrier atoms with an isotropic displacement parameter related to 

the equivalent displacement parameter of their carrier atoms. Refinement of the 

Flack x parameter converged at 0.0040(18) for the enantiomer with S 

stereochemistry at C(10). Crystal data and details on data collection and 

refinement are presented in Table 1. 
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Table 1 Crystalographic data for 21 

 

 21 

chem formula C35 H35 Br O 

Mr 551.54 

cryst syst orthorhombic 

color, habit colorless, needle 

size (mm) 0.25 x 0.07 x 0.05 

space group P2(1)2(1)2(1) 

a (Å) 8.9017(5) 

b (Å) 13.6741(9) 

c (Å) 23.4733(15) 

V (Å3) 2857.2(3) 

Z 4 

calc, g.cm-3 1.282   

μ(Mo K ), cm-1 
1.464 

F(000) 1152 

temp (K) 100(2) 

 range (deg) 2.865 –  28.321 

data collected (h,k,l) -10:11, -18:18, -31:31 

no. of rflns collected 95649 

no. of indpndt reflns 7080 

observed reflns 6667 (Fo  2 (Fo)) 

R(F) (%) 2.07 

wR(F2) (%) 5.10 

GooF 1.039 

Weighting a,b 0.0231 ,  0.6191 

params refined 340 

Flack x 0.0040(18) 

restraints 0 

min, max resid dens -0.360, 0.235 
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Figure 13 Crystal structure of 21. 

A single crystal of compound 24 was mounted on top of a cryoloop and 

transferred into the cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture 

diffractometer. A high-brilliance Cu IμS microfocus source was used (Cu Kα 

radiation wavelength = 1.54178 Å). The collection strategy was chosen such that 

a reasonable data multiplicity (average 4.9 for data up to 0.83 Å resolution) was 

achieved in order to be able to determine the absolute configuration in the 

absence of atoms that show significant anomalous scattering. Data collection 

and reduction was done using the Bruker software suite APEX2.15 The final unit 

cell was obtained from the xyz centroids of 9956 reflections after integration. A 

multiscan absorption correction was applied, based on the intensities of 

symmetry-related reflections measured at different angular settings (SADABS). 

The structures were solved by direct methods using SHELXT,17 and refinement 

of the structure was performed using SHLELXL.16 The hydrogen atoms were 

generated by geometrical considerations, constrained to idealised geometries 

and allowed to ride on their carrier atoms with an isotropic displacement 

parameter related to the equivalent displacement parameter of their carrier 

atoms. Refinement of the Flack x parameter converged at -0.07(19) for the 

enantiomer with S stereochemistry at C(2); the BijvoetPair analysis18 

implemented in PLATON (based on Bayesian statistics) is consistent with this 

being the correct enantiomer (P2(true) = 1.000; P3(true) = 0.988; Hooft y = -0.1(2) 

based on 1971 Friedel pairs). Crystal data and details on data collection and 

refinement are presented in Table 2. 
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Table 2 Crystalographic data for 24 

 

 24 

chem formula C35 H36 O 

Mr 472.64 

cryst syst orthorhombic 

color, habit colorless, needle 

size (mm) 0.25 x 0.07 x 0.05 

space group P2(1)2(1)2(1) 

a (Å) 9.7894(4) 

b (Å) 15.3650(5) 

c (Å) 17.1338(7) 

V (Å3) 2577.17(17) 

Z 4 

calc, g.cm-3 1.218 

μ(Cu K ), cm-1 
0.539 

F(000) 1016 

temp (K) 100(2) 

 range (deg) 3.864 – 68.543 

data collected (h,k,l) -11:8, -18:18, -18:20 

no. of rflns collected 19808 

no. of indpndt reflns 4648 

observed reflns 4250 (Fo  2 (Fo)) 

R(F) (%) 3.60 

wR(F2) (%) 8.04 

GooF 1.063 

Weighting a,b 0.0389 ,  0.2075 

params refined 331 

Flack x -0.07(19) 

restraints 0 

min, max resid dens -0.243 , 0.150 
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Figure 14 Crystal structure of 24. 
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Responsive molecular systems are systems, which upon external stimuli; 

produce observable changes of physical or chemical properties. Those changes 

are typically the result of configurational or conformational changes. They have 

recently gained a lot of interest in the scientific community in attempts to 

mimick dynamic functions in biological systems. One of the fascinating 

potential applications of responsive systems lies in catalysis. Inspired by 

Nature, novel responsive catalytic systems are built, which show analogy with 

allosteric regulation of enzymes. The design of responsive catalytic systems 

allows control of catalytic activity and selectivity. A major part of the research 

presented in this thesis deals with the design, synthesis and properties of novel 

responsive systems capable of dynamic control over catalytic functions. Apart 

from that, exploring the dynamic control of chiral space was pushed even 

further, by investigating the possibility of dynamic chiral anion binding. 

In the first chapter, the advances in the field of responsive catalysis over the last 

four decades are discussed. A comparison of dynamic responsive systems 

based on the principles underlying their catalysis mechanism is presented. The 

catalyst systems are sorted by the trigger used to achieve control of the catalytic 

activity and their applications in various catalytic reactions are illustrated. 

In chapter 2, the design of a novel motor-based organocatalyst is presented, 

with which dual stereocontrol of the Henry reaction was achieved (Figure 1). 

The research in this chapter was based on the breakthrough previously 

reported by group, where the three distinct states of a molecular motor (stable 

trans, unstable cis and stable cis) were employed in catalysis and showed 

significantly different activities and selectivities in the Michael addition of 2-

methoxythiophenol to 2-cyclohexen-1-one. The structure of the originally 

published catalyst was modified, by bringing catalytically active moieties, 

thiourea and DMAP, into greater proximity and the new catalyst was shown to 

be more active and selective than the original catalyst, in the Henry reaction. 

Using external triggers, light and heat respectively, distinct enantiomers of the 

Henry reaction product could be obtained with very good yields and 

enantioselectivities. 
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Figure 1 Responsive asymmetric organocatalyst: molecular motor based catalyst for dual 

stereoselective synthesis and original and new catalyst design. 

Chapter 3 deals with the process of ‘unclicking’ thioureas which was 

encountered as a side process happening during the thermal step of the 

unidirectional rotary cycle of the novel DMAP thiourea catalyst described in 

chapter 2. Apart from the characterization of the aniline and isothiocyanate 

products eliminated during the rotary cycle it was shown with model thiourea 

compounds that such elimination of anilines and isothiocyanate compounds is 

a general phenomenon, which takes place under elevated temperatures and in 

the presence of a base. 

In Chapter 4 two novel bisthiourea motor-based catalysts are described and 

tested in the Henry reaction. It has been shown that the base component of the 

catalytic system, such as DMAP, does not need to be covalently bound to the 

catalyst in order to achieve high activity of the catalyst and enantioselectivity in 

this C-C bond transformation. The results obtained with the DMAP thiourea 

catalyst described in chapter 2 were comparable with those achieved using 

aromatic bisthiourea catalyst. In contrast to the precedences in literature, where 

it is claimed that aliphatic thioureas as part of catalyst are more active and 

selective, it was shown that in our case the aromatic bisthiourea demonstrates 

more potent and selective catalysis than its aliphatic analogue. 

Chapter 5 describes a bisurea receptor, derived from the first generation 

molecular motor, which has shown to be very selective for binding dihydrogen 

phosphate. The receptor could be switched photochemically and thermally 

between three isomers with distinct anion binding affinities. Using the chiral 

version of the bisurea receptor it has been shown that the stable cis and 

unstable cis form of receptor exhibit enantioselectivity for the binding of chiral 

binol phosphate (Figure 2). 
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Figure 2 Isomerization and coordination behavior of the chiral bisurea receptor. 

In Chapter 6 synthetic efforts towards a new photoswitchable phosphoric acid 

are described. Unfortunately even though we came very close to the final target 

molecule, the overall synthesis was extremely low yielding, which did not 

allow for the synthesis of larger amounts of material, necessary to perform 

catalytic studies. Neverthless a series of novel overcrowded alkenes has been 

synthesized in attempts towards the synthesis of a chiral photoswitchable 

phosphoric acid. Significant progress has been made towards the final molecule 

using a novel lithium based homocoupling (which was recently described in 

our group). Novel overcrowded alkenes were studied in depth. It has been 

found that the size-difference of the substituent on the naphthyl ring of the 

upper half of overcrowded alkene significantly affects the half-life of thermal 

relaxation. 

Overall, the research presented in this thesis contributes to the better 

understanding of how space restricted by chiral boundaries, can create a chiral 

environment at the molecular scale, and how this environment can be 

controlled in a dynamic fashion. Dynamic switching of such “chiral space” can 

e.g., be used to control the basic parameters of a catalytic function: activity and 

selectivity. Also, it could be used to switch the affinity towards anions, and 

even control the enantioselectivity in binding chiral anions. The insight and 

knowledge gained whilst studying those fascinating molecular systems may 

bring new opportunities for future research in the field of responsive systems, 

enantioselective catalysis and anion receptors, as well as pave the way for 

potential practical applications. 
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Responsieve moleculaire systemen zijn systemen waarin waarneembare 

veranderingen in de fysische of chemische eigenschappen optreden als gevolg 

van externe prikkels. Zulke veranderingen komen typisch voort uit 

veranderingen in de configuratie of conformatie van de moleculen. De laatste 

tijd is er veel aandacht en belangstelling vanuit de wetenschap voor 

responsieve systemen die de dynamische functies in biologische systemen 

nabootsen. Eén van de meest interessante toepassingen voor zulke responsieve 

systemen ligt in de katalyse. Deze nieuwe responsieve katalytische systemen 

zijn geïnspireerd door de natuur en vertonen een gedrag dat analoog is aan de 

allosterische regulering van enzymen. Het ontwerp van reagerende 

katalytische systemen heeft veel invloed en kan voor meer controle over de 

katalytische activiteit en selectiviteit zorgen. Een groot deel van het onderzoek 

in dit proefschrift gaat dan ook over het ontwerpen en maken van nieuwe 

responsieve systemen die dynamische controle over katalytische functies 

mogelijk maken. Daarnaast is er ook meer onderzoek gedaan naar de 

dynamische controle over de ruimte die de katalysator behelst en is er gekeken 

of dynamische chirale bindingen met anionen mogelijk zijn. 

 

In het eerste hoofdstuk word de voortgang in de laatste vier decennia op het 

gebied van responsieve responsieve katalyse besproken. Hier wordt ook 

gekeken naar dynamische responsieve systemen met het katalytische 

mechanisme als uitgangspunt. De besproken katalysatorsystemen zijn hier 

gesorteerd op basis van de stimulans die ze nodig hebben om hun katalytische 

activiteit aan te sturen en op basis van de verschillende weergegeven 

katalytische reacties. 

 

In hoofdstuk 2 is een nieuwe organische katalysator ontworpen op basis van 

een moleculaire motor. Met deze katalysator werd dubbele stereocontrole van 

de Henry reactie verkregen (Figuur 1). Het onderzoek hieraan werd gedaan op 

basis van eerder gepubliceerde resultaten waar de drie verschillende isomeren 

van een moleculaire motor (stabiele trans, onstabiel cis en stabiele cis) werden 

toegepast in de katalyse. Deze bleken namelijk zeer verschillende activiteiten en 

selectiviteiten te hebben in de Michael additie van 2-methoxythiofenol tot 2-

cyclohexeen-1-on. De katalytisch actieve delen van de oorspronkelijk 

gepubliceerde katalysator zijn hier aangepast: thioureum en DMAP zijn dichter 

bijeengebracht. Deze gemodificeerde katalysator bleek voor de Henry reactie 

actiever en selectiever te zijn dan de oorspronkelijke katalysator. Met behulp 

van externe stimuli zoals licht en warmte kon een specifiek enantiomeer van 

het Henry reactieproduct verkregen worden met zeer goede opbrengsten en 

enantioselectiviteit. 
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Figuur 1 Responsieve, asymmetrische, organische katalysator: op de moleculaire motor 

gebaseerde katalysator voor duale stereoselectieve synthese en het oorspronkelijke en nieuwe 

katalysator ontwerp. 

Hoofdstuk 3 gaat over het 'los-klik' proces van thiourea dat als bijproces van de 

thermische stap in de niet-gericht roterende cyclus van de nieuwe DMAP 

thioureum katalysator uit hoofdstuk 2 plaatsvindt. Naast de karakterisatie van 

de aniline en isothiocyanaat producten die bij de roterende cyclus vrijkwamen 

is voor thiorea modelverbindingen aangetoond dat een dergelijke eliminatie 

van aniline en isothiocyanaatverbindingen een algemeen verschijnsel is dat 

plaatsvindt bij verhoogde temperaturen en in de aanwezigheid van een base. 

In hoofdstuk 4 worden twee nieuwe, op de moleculaire motor gebaseerde 

bisthiourea katalysatoren beschreven en getest in de Henry reactie. 

Aangetoond is dat de basiscomponent van het katalytische systeem, zoals 

DMAP, niet covalent aan de katalysator gebonden hoeft te zijn om een hoge 

activiteit en enantioselectiviteit van de katalysator te behalen. De resultaten die 

met de DMAP thioureum katalysator uit hoofdstuk 2 waren verkregen zijn 

waren goed vergelijkbaar met degene die bereikt zijn met de aromatische 

bisthiourea katalysator. In tegenstelling met de literatuur, waar beweerd wordt 

dat alifatische thioureums als onderdeel van de katalysator actiever en 

selectieve zijn bewijzen wij hier dat in ons geval juist met de aromatische 

bisthiourea meer veelbelovendere en selectievere katalyse mogelijk is dan met 

de alifatische analogen. 

In hoofdstuk 5 wordt een bisurea receptor beschreven die van de eerste 

generatie moleculaire motoren is afgeleid. Deze receptor blijkt een zeer hoge 

selectiviteit voor het binden van di-waterstoffosfaat te hebben. De receptor kan 

fotochemisch en thermisch geschakeld worden tussen drie isomeren die 
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verschillende bindingsaffiniteiten met anionen hebben. Met de chirale versie 

van de bisurea receptor is aangetoond dat de stabiele cis en de instabiele cis 

vormen van de receptor een tegenovergestelde enantiomere voorkeur voor de 

binding van fosfaat binol vertonen (Figuur 2). 

 
Figure 1 Isomerizatie en coordinatie gedrag van de chirale bisurea receptor. 

In hoofdstuk 6 worden de synthetische mogelijkheden voor het verkrijgen van 

een nieuw fotoschakelbaar fosforzuur beschreven. Met behulp van de lithium 

homokoppelingsreactie (die onlangs in onze groep is beschreven) werd er toch 

aanzienlijke vooruitgang geboekt bij synthetiseren van dit laatste molecuul. 

Hoewel we heel dichtbij het uiteindelijke molecuul kwamen had de algehele 

synthese een zeer lage opbrengst. Dit maakte het helaas onmogelijk om de 

grote hoeveelheden materiaal die nodig zijn voor katalytische studies te 

synthetiseren. Desalniettemin werd er een serie nieuwe sterisch gehinderde 

alkenen gesynthetiseerd tijdens pogingen om het chirale, fotoschakelbare 

fosforzuur te synthetiseren. Deze nieuwe sterisch gehinderde alkenen zijn ook 

grondig bestudeerd en het bleek zo te zijn dat verschillen in grootte van de 

substituent op de naftylring van de bovenste helft van het sterisch gehinderde 

alkeen de halfwaardetijd van thermische relaxatie significant beïnvloeden. 

In het algemeen draagt het onderzoek dat in dit proefschrift beschreven is bij 

aan een beter begrip over de manier waarop de ruimte die beperkt wordt door 

chirale grenzen een chirale omgeving op moleculaire schaal kan creëren en hoe 

deze omgeving op een dynamische manier gecontroleerd kan worden. Het 

dynamische schakelen van een dergelijke "chirale ruimte" kan bijvoorbeeld 

gebruikt worden om controle te krijgen over de fundamentele parameters van 

een katalytische functie: activiteit en selectiviteit. Ook kan het gebruikt worden 

om de affiniteit naar anionen te wisselen en zelfs de enantio-selectiviteit bij het 

binden van chirale anionen te reguleren. Het inzicht en de kennis die zijn 

opgedaan tijdens de studie naar deze fascinerende moleculaire systemen 
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kunnen nieuwe kansen creëren voor toekomstig onderzoek op het gebied van 

responsieve systemen, enantioselectieve katalyse en anion-receptoren, evenals 

de weg vrijmaken voor potentiële praktische toepassingen. 
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