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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. 
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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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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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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 






























































































































