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Dear Readers,

Exactly one year ago my Editorial for the August 2019 
issue of SYNFORM was centered on the Spring Ameri­
can Chemical Society National Meeting & Exposition 
held in Orlando, FL, USA, from March 31 through 
April 4, 2019, which I attended sponsored by Thieme 
Chemistry. This year not just the ACS Meetings but 
almost every conference on this planet has gone 
virtual, including the Thieme Chemistry Editorial Board 
Meeting 2020 – which is better than no meeting at 
all, but – oh my goodness – I am missing so much the 
real thing… I am not saying you can’t do useful stuff 
on videoconference – actually if it wasn’t for these 
invaluable online tools we would have all been doomed 
during the lockdown – but it’s only a pale mimic of an 
actual meeting, an ectoplasm of real life. I have never 
been a lover of crowds, but I cannot even explain how 
much I am craving a good old-style meeting with 
real people, in person, possibly without those life-
saving – but nevertheless cumbersome – face masks… 
Meanwhile, I am afraid my only consolation is to look 
at the mask-free pictures of this issue’s authors… and 
enjoy the great science tales they are telling, of course! 
Starting with the amazing molecular machines devel­
oped by S. Goldup (UK) and continuing with the infor­
mative Young Career Focus interview with S. G. Modha 
(India). The next article covers a new catalytic process 
for the efficient chlorination of (hetero)arenes pub­
lished by N. Jiao (P. R. China), while the closing article 
explores the three-component aminomethylation of 
α-diazo ketones developed by D. Xing and W. Hu  
(P. R. China). 

Stay safe and enjoy your reading!!
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Rotaxanes are interlocked molecules in which a molecular 
ring is threaded onto a dumbbell-shaped axle which bears 
end groups too large to fit through the cavity of the ring.1 
Professor Steve Goldup from the University of Southampton 
(UK) explained: “This arrangement prevents the ring and axle 
from separating without a covalent bond being broken and 
so, even though there is no covalent bond between the ring 
and the axle, rotaxanes are molecular rather than supramo-
lecular species. Rotaxanes are most famous as components of 
molecular machines,2 which function by exploiting the con-
trolled movement of the ring along the axle. However, there 
is a growing interest in how the chemical properties of ro­
taxanes, and other interlocked molecules, can be exploited to 
solve chemical problems, for example in catalysis,3 sensing,4 
materials science5 and medicinal chemistry.” 6 As part of a 
research project focused on investigating the unusual stereo-
chemical properties of interlocked molecules, Professor Steve 
Goldup and postgraduate student Andrew Heard developed a 
rotaxane-based gold complex that carries out an enantiose-
lective cyclopropanation reaction.

Rotaxanes have the unusual property that they can ex-
hibit molecular chirality even if the ring and axle are achiral 
(Scheme 1, a).7 Professor Goldup explained that this was first 
discussed over 50 years ago,8 but until very recently it was 
extremely hard to make large quantities of such “mechanic­
ally planar chiral” rotaxanes as there were no methods that 
did not require HPLC separation of the enantiomers. In pre­
vious work, the Goldup research group took the first steps to-
wards solving this problem by developing methods in which 
a covalent chiral auxiliary is included in the synthesis to al-
low the stereoisomers to be separated9 and even direct the 
stereoselective formation of the mechanical bond.10 Profes-
sor Goldup said: “We’ve been pushing hard to develop ways 
to make mechanically chiral rotaxanes for almost 10 years. In 
parallel, we have been investigating the use of rotaxanes as 
ligands in homogeneous catalysis. In this project, we brought 
these two ideas together to investigate whether a mechanic­
ally planar chiral rotaxane could provide a chiral environment 
for a gold-mediated reaction in order to generate the products 
enantioselectively.”

A110

Synthesis of a Mechanically Planar Chiral Rotaxane Ligand for  
Enantioselective Catalysis

Chem 2020, 6, 994–1006

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 (Rmp)-5 and (Smp)-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).11 “In this reaction, a CuI 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 CuI 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,Smp)-4 and (S,Rmp)-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 (Rmp)-5 and (Smp)-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).12 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.13 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 AuI 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,14 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 

in reasonable enantioselectivity and yield. “Our reaction con-
ditions are similar to those reported by Toste and co-workers, 
except we include a CuI additive which binds into the cavity 
of the bipyridine ring and prevents the bipyridine binding to 
the AuI ion and inhibiting the reaction,” explained Professor 
Goldup. He remarked: “We have of course checked and the 
CuI 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–π, CH–π and C–H hydro­
gen bonds and that the mechanical bond can indeed create 
a crowded, chiral environment around the substrate (Scheme 
2, c). “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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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 

stereochemistry,” explained Professor Goldup (Figure 1).7 “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,15,16 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 catenanes17 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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INTERVIEW

SYNFORM  What is the focus of your current research 
activity?

Dr. S. G. Modha  I am fascinated by photochemistry. Har-
nessing the energy from electromagnetic irradiation and 
using it for chemical transformations that are difficult, if not 
impossible, to achieve otherwise, is exciting and challenging 
at the same time. Lots of progress has been seen in the broad 
field of photochemistry over the last few decades, but still 
many unanswered questions remain, which motivates me to 
contribute in this field. At the same time, I am also interested 
in the development of new atom-economical routes towards 
interesting organic molecules. In particular, I like multicom-
ponent reactions (general concept shown in Scheme 1) and 
reactions at room temperature and thus some of my efforts 
are focused on developing new reactions towards this goal.

SYNFORM  When did you get interested in synthesis?

Dr. S. G. Modha  After completion of my postgraduate 
studies, I worked in a Contract Research Organization for 15 
months. Different projects with reactions of scale as small as 
10 mg and as big as 1.4 kg fascinated me. In particular, the idea 
of synthesizing a molecule which has never been synthesized 
before gave me goose bumps! Thus, I would say I became in-
terested in synthesis during my work in the industry in 2006–
2007.

SYNFORM  What do you think about the modern role and 
prospects of organic synthesis?

Dr. S. G. Modha  Chemistry is divided into more sub-fields 
than ever before and thus this question is more relevant than 
ever. As an organic chemist I believe that the time is gone 
when one could just synthesize new molecules and be happy 

Young Career Focus: Dr. Sachinkumar G. Modha  
(Uka Tarsadia University, India)

Background and Purpose. SYNFORM regularly meets young up-and-coming researchers who are  
performing exceptionally well in the arena of organic chemistry and related fields of research, in order to  
introduce them to the readership. This Young Career Focus presents Dr. Sachinkumar G. Modha  
(Uka Tarsadia University, India).

Biographical Sketch

Sachinkumar G. Modha obtained 
his M.Sc. (organopharmaceutical 
chemistry) from Saurashtra Univer-
sity, Rajkot, Gujarat (India). He then 
worked in an organization named 
Oxygen Healthcare Research Pvt. 
Ltd. (Contract Research Organiza
tion), Ahmedabad, Gujarat (India) 
for 15 months. After his short stay 
in the group of Prof. Anamik K. Shah 
at Saurashtra University he went to 
Belgium to pursue his doctoral stu-

dies at the University of Leuven (KU Leuven) under the super-
vision of Prof. Erik E. Van der Eycken. After completing his PhD 
in 2012, he went on to work at the University of Manchester 
(UK) under the supervision of Prof. Michael F. Greaney as a 
postdoctoral research associate. In 2016, Sachin obtained the 
prestigious Alexander von Humboldt postdoctoral fellowship 
to work with Prof. Thorsten Bach at the Technical University 
of Munich (Germany), where his stay was extended by one 
year. He took up a position at Uka Tarsadia University, Bardoli, 
Gujarat (India) in 2019 as assistant professor.

Dr. S. G. Modha
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with that. One must realize that new molecules without any 
applications are as good as nothing. On the other hand, if one 
needs organic molecules, he/she has to go to organic synthesis, 
and thus demand for organic chemistry is never diminishing. 
The ever-increasing need for new and better antibiotics to 
fight multi-drug resistance is one of the most pressing issues 
suggesting the modern role of organic synthesis to be of high 
importance. Under the current scenario of COVID-19, I think 
people and governments alike have understood the impor-
tance of science. Hopefully this unfortunate experience will 
make them realize that funding science should be of highest 
priority and if that happens then prospects of organic synthe-
sis and science in general are brighter.

SYNFORM  Could you tell us more about your group’s 
areas of research and your aims?

Dr. S. G. Modha  My group’s area of research is mainly 
development of new and improved atom-economical routes 
under mild reaction conditions. In particular, combination 
of multicomponent reactions with other atom-economical 
and sustainable reactions is the broad theme of my group’s 
research. My aim is to open my students towards vast possibi-
lities that organic chemistry brings and how they can contri-
bute to society by developing new and improved chemical re-
actions. As our knowledge of chemistry and science in general 
is expanding with each passing day, I aim towards designing 
alternate reaction pathways which are atom-economical and 
sustainable for some organic reactions that do not fit into 
these categories right now.

SYNFORM  What is your most important scientific achieve­
ment to date and why?

Dr. S. G. Modha  Diaryliodonium reagents have been 
known since 1894, but there were no reports till 2015 wherein 
both aryls of this reagent were utilized in an organic transfor-
mation. As a post-doctoral researcher at School of Chemistry, 
University of Manchester (UK), I took up this challenge and 
successfully developed the first pathway towards atom- 
economical use of diaryliodonium reagents. We reported se-
quential C- and N-arylation of indole via copper catalysis using 
just one equivalent of the iodonium reagent (J. Am. Chem. Soc. 
2015, 137, 1416–1419). The most interesting part of this 
research was that we could utilize an unsymmetrical diaryl
iodonium reagent and could do selective C- and N-arylation 
with high selectivity.
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Chlorinated (hetero)arenes are widely used in organic syn-
thesis and in pharmaceuticals. Professor Ning Jiao – an or-
ganic synthesis expert at Peking University (P. R. of China) –  
pointed out that Pfizer systematically screened more than 
220,000 aryl derivatives and found that aromatic chlorination 
may change the physicochemical properties of drugs, such 
as pKa, dipole moment, as well as metabolic rate, therefore 
improving pharmacokinetic and pharmacological properties 
(Drug Metab. Lett. 2011, 5, 232–242). “As the Nobel Laureate  
James Black stated, ‘the most fruitful basis for the discovery 
of a new drug is to start with an old drug’ (Lancet 2000, 355, 
1022), therefore, late-stage chlorination may provide a reli
able shortcut for the discovery of new drugs,” said Professor 
Jiao. Although some elegant chlorination reactions have been 
developed these protocols suffer from either the high cost of 
the chlorinating reagents or harsh conditions. “Therefore, the 
efficient and practical late-stage chlorination of bioactive mo-
lecules remains formidably challenging,” he added. 

Previously, Professor Jiao’s group had developed the HX/
DMSO (X = Br, I) system for late-stage aromatic bromination 
and iodination of bioactive molecules, in which DMSO acted  
as a mild oxidant (Org. Lett. 2015, 17, 2886–2889). “The mild 
reaction conditions and operational simplicity make this 
method very attractive. Since its publication, the HX/DMSO 
halogenation system has been widely applied in total syn-
thesis of natural products, halogenation of heteroarenes, and 
modification of bioactive molecules,” remarked Professor Jiao. 
He continued: “After bromination and iodination, we investi-
gated the oxidative chlorination of arenes with the HCl/DMSO 
system; unfortunately, the efficiency was very low because 
the electrode potential of Cl+/Cl– is higher than that of Br+/Br–.” 
The failure of this oxidative approach motivated the group to 
develop other strategies that could lead to a mild and efficient 
late-stage chlorination of arenes.

During the study of aromatic bromination with HBr/
DMSO, Professor Jiao’s group found that the reaction rate in-
creased if there was a slight excess of DMSO relative to HBr. 
“Since HBr is oxidized to bromonium ion in situ, we speculated 
that a suitable amount of DMSO may promote the halogena-
tion. We reasoned that if that was actually the case, DMSO 
may be used as a Lewis base to catalyze the challenging chlo-
rination,” explained Professor Jiao. With the goal of proving 
this hypothesis, the group tested the chlorination of arenes 
with commercially available NCS as the chlorine source. “At 
the beginning of this study, the chlorination was performed 

with DMSO as the solvent,” Professor Jiao said. “Unfortunate-
ly, only trace amounts of chlorination product were detected. 
Surprisingly, the chlorination of xanthotoxin, a natural pro-
duct extracted from Ammi majus plant, afforded the product 
in 90% yield with 20 mol% of DMSO as the catalyst. Then, we 
achieved the late-stage chlorination of drugs and natural pro-
ducts (Scheme 1, A).” Gratifyingly, the group found that many 
functional groups, including –OH and -NH2, could be perfect-
ly tolerated in this system. These experiments indicated that 
the reactivity of NCS was strongly improved by DMSO, which 
made the chlorination possible. Moreover, the newly disco-
vered DMSO catalysis was compared to some other reported 
Lewis acid and Lewis base promoted catalytic approaches. 
“For the chlorination of single amino acid N-Bz-Tyr-OMe and 
approved drug diclofenac, low efficiencies were obtained 
with other catalysts including Ph3P=S, FeCl3, ZrCl4, AuCl3 and 
Ru(bpy)3Cl2, respectively,” noted Professor Jiao. He continued: 
“Conversely, these experiments revealed that DMSO catalysis 
featured high efficiency and good functional-group tolerance. 
In addition, this DMSO/NCS chlorination system performed 
very well on a multi-gram scale. Naproxen, gemfibrozil, and 
indole substrates were chlorinated in high yields, which shows 
great potential for industrial applications (up to 54.5 g).”

Professor Jiao noted that chemical modification of peptides 
or proteins has emerged as an invaluable tool in biochemistry 
(Chem. Rev. 2015, 115, 2174–2195). “Tyrosine is essential in 
proteins and many peptide drugs such as alarelin and oxy
tocin,” he explained. “Importantly, a series of structurally di
verse peptides with tyrosine residue could also be chlorinated 
efficiently by this novel DMSO catalytic protocol (Scheme 1, 
B). It is noteworthy that most of the chlorination reactions 
did not perform well in the absence of DMSO.” This chemistry 
provides a practical synthetic protocol and shows great poten-
tial in biological applications, as well as in drug discovery and 
development, which also opens an avenue for further explora-
tion and utilization of DMSO in organic synthesis.

Professor Jiao concluded: “An efficient late-stage chlori-
nation of complex natural products, drugs, and peptides has 
been developed by our group. The very common and humble 
DMSO was disclosed as an efficient Lewis base catalyst. The 
strong polarization of DMSO makes the activation of chloro-
cation possible, thus enabling the chlorination process. Ac-
cordingly, our mechanistic studies revealed that the active 
DMSO·Cl+ was the key intermediate of this protocol.”
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Scheme 1  (A) Selected examples of DMSO-catalyzed late-stage chlorination. (B) Late-stage chlorination of peptides.
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β-Amino carbonyl moieties are versatile synthetic building 
blocks that can be employed toward a wide variety of natural 
products and biologically active compounds. As an important 
research branch of the Mannich reaction, the aminomethyl
ation reaction of ketones or aldehydes represents an efficient 
protocol for accessing β-amino carbonyl compounds. “Recent 
years have witnessed the application of a variety of amino-
methylation reagents to the enantioselective variant of the 
reaction; however, asymmetric induction of these transfor-
mations is dominated by the use of chiral catalysts to activate 
the nucleophiles, i.e. chiral amines or Lewis acids with chiral 
ligands,” said Professor Dong Xing from East China Normal 
University (P. R. of China), adding: “While this nucleophile-
based activating strategy was feasible and showed good enan-
tiocontrol, the nucleophiles were limited to inherently activ
ated substrates such as unmodified ketones or 1,3-dicarbonyl 
compounds, thus the scope and application of this type of 
transformation were also  significantly limited (Scheme 1, a).” 

The groups of Professor Xing and Professor Wenhao Hu 
(Sun Yat-sen University, P. R. of China) have a long-standing 
common research interest in carbene-involved enantioselecti-
ve multicomponent reactions (MCRs) via cooperative catalysis. 
“As part of our ongoing research, we designed the rhodium(II)/
chiral phosphoric acid (CPA) co-catalysed three-component 
reaction of α-diazo ketone, alcohol and 1,3,5-triaryl-1,3,5-
triazine, with the hope that an electrophile activation strategy 
would be established (Scheme 1, b),” said Professor Hu, conti-
nuing: “However, due to the instability and low concentration 
properties of the formaldimine species generated in situ from 
1,3,5-triazine, it remains uncertain whether such an electro-
phile activation mode is workable.”

At the very beginning of their exploration, tremendous 
efforts were made to modify the reaction conditions with dif-
ferent α-carbonyl diazo compounds as the carbene precursor. 
“It finally turned out that the structure of the diazo compound 
has a significant impact on the outcome of the reaction,” exp-
lained Professor Xing. He added: “We continually noticed that 
the structure of both the CPA and the rhodium(II) catalyst are 
both responsible for the stereoselective control of this trans-
formation.” 

With the established optimized reaction conditions, a 
wide range of alcohols, including simple aliphatic alcohols, 

allylic alcohol, propargyl alcohol, complex natural alcohols, 
and even water could all be applied to this three-component 
aminomethylation. “It is also impressive that this method can 
be used for the efficient linkage of two complicated drug can-
didates (Scheme 1, c),” said Professor Xing. 

Professor Hu concluded: “This work offers an efficient 
electrophile-based asymmetric activation for aminomethyla-
tion with unstable formaldimine species. Further efforts to 
apply this protocol to the trapping of other types of active in-
termediates are ongoing in our labs.”
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Enantioselective Three-Component Aminomethylation of α-Diazo 
Ketones with Alcohols and 1,3,5-Triazines

Nat. Commun. 2020, DOI: 10.1038/s41467-020-15345-2
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