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Synthesis of a Mechanically Planar Chiral Rotaxane Ligand for
Enantioselective Catalysis

Chem 2020, 6, 994-1006

Rotaxanes are interlocked molecules in which a molecular Rotaxanes have the unusual property that they can ex-
ring is threaded onto a dumbbell-shaped axle which bears  hibit molecular chirality even if the ring and axle are achiral
end groups too large to fit through the cavity of the ring.! (Scheme 1, a).” Professor Goldup explained that this was first
Professor Steve Goldup from the University of Southampton  discussed over 50 years ago,® but until very recently it was
(UK) explained: “This arrangement prevents the ring and axle  extremely hard to make large quantities of such “mechanic-
from separating without a covalent bond being broken and  ally planar chiral” rotaxanes as there were no methods that
so, even though there is no covalent bond between the ring  did not require HPLC separation of the enantiomers. In pre-
and the axle, rotaxanes are molecular rather than supramo-  vious work, the Goldup research group took the first steps to-
lecular species. Rotaxanes are most famous as components of ~ wards solving this problem by developing methods in which
molecular machines,? which function by exploiting the con-  a covalent chiral auxiliary is included in the synthesis to al-
trolled movement of the ring along the axle. However, there  low the stereoisomers to be separated® and even direct the
is a growing interest in how the chemical properties of ro-  stereoselective formation of the mechanical bond." Profes-
taxanes, and other interlocked molecules, can be exploited to  sor Goldup said: “We’ve been pushing hard to develop ways
solve chemical problems, for example in catalysis,® sensing,  to make mechanically chiral rotaxanes for almost 10 years. In
materials science® and medicinal chemistry.”® As part of a  parallel, we have been investigating the use of rotaxanes as
research project focused on investigating the unusual stereo-  ligands in homogeneous catalysis. In this project, we brought
chemical properties of interlocked molecules, Professor Steve  these two ideas together to investigate whether a mechanic-
Goldup and postgraduate student Andrew Heard developed a  ally planar chiral rotaxane could provide a chiral environment
rotaxane-based gold complex that carries out an enantiose-  for a gold-mediated reaction in order to generate the products

lective cyclopropanation reaction. enantioselectively.”
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Scheme 1 a) Schematic showing the construction of enantiomeric mechanically planar chiral rotaxanes from achiral components.
b) Synthesis of mechanically planar chiral rotaxane gold complexes (R_,)-5 and (S,,,)-5
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To make rotaxane-based gold complexes 5, Andrew Heard
used an active template copper-mediated alkyne-azide cyclo-
addition reaction (Scheme 1, b).!" “In this reaction, a Cu'ion
bound in the cavity of a bipyridine macrocycle (3) mediates
the reaction of the alkyne (2) and azide ([S]-1) half-axles.
Because the Cu' ion is held in the cavity of the ring, the new
bonds, and thus the new axle, are formed through the ring.
The key feature of the synthesis is that azide half-axle (S)-1
is chiral and enantiopure and so the product rotaxane can be
formed as two diastereomers (S,S,,,)-4 and (S,R ,)-4 (mp refers
to the mechanically planar chiral stereogenic unit) that differ
only in the orientation of the ring on the axle,” said Andrew
Heard, adding: “This was the hardest part of the project. Even
though previous work in our group suggested one of the ste-
reoisomers would be formed preferentially, I observed very
little diastereoselectivity. Worse, the covalent stereocentre
could be epimerised very easily. Ultimately, I was able to se-
parate the diastereomers using silica gel chromatography, but
I had to pre-saturate the column eluent with water to avoid
epimerising the products and work quickly. It was an exciting
day when I saw the HPLC analysis of my products that con-
firmed they were separated with excellent stereochemical
purity and that my procedure was reproducible!” With the
rotaxane diastereomers separated, the synthesis was com-
pleted by alkylation of the covalent stereocentre to give the
separated rotaxane enantiomers, reduction of the phosphine
oxide to give the gold-binding phosphine ligand, and coordi-
nation of AuCl to give pre-catalysts (R,,,)-5 and (S,,,)-5 in 98% ee.

“With pre-catalysts 5 in hand, Andrew then investigated
whether they could be used in an Au-mediated cyclopropana-
tion reaction first developed by Toste and co-workers (Scheme
2, a)."? I'm often asked why we focused on this particular re-
action. As with many things in research, it is partly by design
and partly by chance,” said Professor Goldup. He continued:
“It is often hard to impose stereocontrol in gold-catalysed re-
actions because the ligand and bound substrate are disposed
at 180° to one another around the gold ion.”®> A number of
years ago I was interested in the effect of the mechanical bond
on the diastereoselectivity of Au-mediated reactions; the
mechanical bond creates a very crowded three-dimensional
space in which the Au' ion can be embedded and this might
help solve the problem. Marzia Galli, a new PhD student in
my group at the time, suggested this cyclopropanation reac-
tion for her study because the products are formed as a mix-
ture of cis- and trans-isomers. Because this reaction was so
successful in our previous study,'* we decided to investigate
whether chiral rotaxane complex 5 could carry out the cyclo-
propanation reaction enantioselectively.” Excitingly, the first
experiments with (R)-5 led to the formation of cyclopropane 8
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in reasonable enantioselectivity and yield. “Our reaction con-
ditions are similar to those reported by Toste and co-workers,
except we include a Cu' additive which binds into the cavity
of the bipyridine ring and prevents the bipyridine binding to
the Au' ion and inhibiting the reaction,” explained Professor
Goldup. He remarked: “We have of course checked and the
Cu' salt itself is not a catalyst for the reaction!” Importantly,
when the opposite hand of the complex, (S)-5, was used, the
opposite enantiomer of 8 was formed as the major product.
“That was a relief, as it reassured me that the enantioselec-
tivity was due to the configuration of the mechanical bond
rather than an adventitious chiral impurity left over from the
synthesis,” said Andrew. Having demonstrated that (R)-5 can
act as an enantioselective catalyst for the reaction to produce
8, the study was then expanded to other substrates (Scheme
2, b). Andrew Heard said: “The substrate scope didn’t tell us
much more than that the catalyst is relatively general for pro-
pargylic benzoates, which is obviously nice. The high point of
this part of the study was that by putting bulky substituents
on the benzene ring of the substrate, we could enhance the
enantioselectivity of the reaction to generate cyclopropane 10
in 76% ee. The low point was finding out that pivaloyl esters
are not tolerated by the catalyst; these substrates gave higher
enantioselectivities with Toste’s catalysts and we were hoping
we would see the same but cyclopropane 12 was produced as
a near-racemate. Nevertheless, comparing like-for-like, rotax-
ane-based complex (R)-5 gives comparable enantioselectivity
to chiral covalent catalysts reported for the same reaction.”
Goldup and Heard completed their study by carrying out
computational modelling to try and provide some insight into
how the structure of 5 led to the observed enantioselectivity.
Professor Goldup said: “I am always very careful about how I
describe this part of the study when I give lectures. Rotaxane
5 is relatively large and flexible, and this means that model-
ling its catalytic behaviour with a high degree of rigour is very
hard and would be a significant project in its own right. The
modelling we have done is very preliminary, as we make clear
in the paper. It was only designed to probe the kind of inter-
actions that may be occurring between the ligand framework
and the substrate to impart stereocontrol on the reaction and
provide a visual representation of how the mechanical bond
can create a chiral environment for the reaction to take place
within.” The modelling found that the substrate and ligand
framework can interact by weak Cu-m, CH-mt and C-H hydro-
gen bonds and that the mechanical bond can indeed create
a crowded, chiral environment around the substrate (Scheme
2, ¢). “Given the relative simplicity of our approach, the mo-
delling and experimental data agree remarkably well but this
has to be interpreted carefully,” said Professor Goldup. “That
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a) Enantioselective reaction of propargylic ester 6

Scheme 2
with styrene (7) mediated by (R,)-5 to give cyclopropane 8
in 58% ee. b) Examples of substrates examined. c) Modelled
(stick representation, left; spacefilling representation, right)
transition state for the reaction leading to observed major
enantiomer of 8 with selected intercomponent interactions
highlighted.

said, our initial results suggest that modelling these kinds of
complex systems is definitely possible.”

Professor Goldup and his group are excited about the fu-
ture of rotaxanes and other interlocked molecules as catalysts.
Andrew Heard said: “Although the synthesis was challenging
in this case, our methods are improving all the time. In fact,
testing them in new, challenging scenarios has driven a lot of
our recent progress in this area. Now we have demonstrated
that chiral mechanical bonds are useful, we are even more
motivated to make functionalised systems readily available.”
The Goldup group are now expanding their studies to investi-
gate the effect of rotaxane structure on enantioselectivity in
the gold-mediated cyclopropanation reaction, as well as in-
vestigating other catalytic systems. They are also looking at
other applications of mechanically planar chiral rotaxanes
in sensing and materials chemistry. “Mechanically planar
chiral rotaxanes aren’t the only type of interlocked molecule
in which the mechanical bond provides the only source of
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stereochemistry,” explained Professor Goldup (Figure 1).” “Ca-
tenanes can display topological and axial chirality, and there
are intriguing forms of dynamic stereochemistry that arise
as a result of the motion of the two components. Although
there are some interesting preliminary data,>'¢ along with
mechanical planar chirality, the applications of these chiral
molecules have yet to be investigated properly because they
have been too hard to make. We have already developed ways
to make topologically chiral catenanes'” and are working on
some of the other classes now. In conclusion, our aim is to find
what mechanically chiral molecules are useful for and, in par-
ticular, what problems they can solve that are hard or impos-
sible to solve in other ways at present.”
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Figure 1 Other examples of mechanically chiral molecules in-
clude the enantiomers of: a) topologically chiral catenanes, b)
axially chiral catenanes, and c) co-conformationally mechanic-
ally planar chiral rotaxanes.
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