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The Royal Swedish Academy of Sciences has decided to award
Jean-Pierre Sauvage, Sir James Fraser Stoddart and Bernard (Ben) L. Feringa
the Nobel Prize in Chemistry 2016 “for the design and synthesis of molecular machines” .

Although development towards highly complex and useful molecular machines is still in
its infancy, the laureates have successfully demonstrated that the rational design and
synthesis of molecular machines are indeed possible.



"MonekynapHaa mawunHa" (8 noHumaHun Ho6enesckMM KOMUTETOM, U

Nlaypeatamu, KOHEYHO)

A molecular-level machine can be defined as “an assembly of a distinct number
of molecular components that are designed to perform machinelike movements
(output) as a result of an appropriate external stimulation (input)”.

"... MQWUHA — 3Mo mo, Ymo coeepuiaem MawuHo-
nodobHouie 0sux@ceHuA ... "' —

3ameyamernvHoe onpeodeneHue!

Ase npuHuunuaabHble, N0 MHEHUIO Hob6enesckoro KOMMUTETaQ, pa3p360TKVI

Two major technology advances have proven particularly useful in addressing the
complex challenge of constructing machines at the molecular scale. The first of
these involves topological entanglement and so-called mechanical bonds, while
the second is based on isomerisable (unsaturated) bonds, and both advances have
resulted in large ranges of complex structures with machine-like functions.



. Mechanical bonds

A substantial part of the progress made towards molecular
machinery has its roots in the emergence of interlocked molecular
assemblies based on mechanical bonds. In such assemblies, the
individual parts are not directly connected and held together by

covalent bonds, but inseparably entangled through, for example,
loops and stoppers.



KaT€éHaHbl U POTAaKCaAHbI

Catenane —

two interlocked rings
NatbiHb : Catena — Hepa3aenaemas
nocnenoBaTe/IbHOCTb, Lienb

MepBble ny6ankauun:
Wasserman, E. The Preparation of Interlocking Rings:

A Catenane. J. Am. Chem. Soc. 1960, 82 (16), 4433

Rotaxane - rotaxane

a ring threaded over an axle R \V R —
with stoppers at each end. S -

JlameoiHb: Rota + axle — koneco + ocb

MNepBble ny6AnKauuu:
T. Harrison and S. Harrison "Synthesis of a stable complex

of a macrocycle and a threaded chain". J. Am. Chem. Soc.
1967, 89 (22): 5723-5724.




¥-N. CoBaxk npugyman Kak apPpeKTMBHO CUHTE3MPOBATb KaTeHaHbl U POTAKCaHDI

In 1983 the field took a giant leap forward when Jean-
Pierre Sauvage and his co-workers introduced template
synthesis as a straightforward route to catenanes and
rotaxanes. Using metal coordination, the threading of
the chains could easily be accomplished, with much
higher overall yields as a consequence.

This discovery marked a true breakthrough that
dramatically invigorated the field of topological
chemistry and subsequently led to molecular
machinery. As a consequence, the scientific community
gained access to substantial amounts of these complex
entities, and the methodology has resulted in a vast
range of structures of differing topology.

—’
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Il. Translational isomerism:

“machine-like movements” of catenanes and rotaxanes
designed by J-P. Sauvage and D. Stoddart



Unidirectional rotation in a catenane

Cesario, M.; Dietrich-Buchecker, C.; Guilhem, J.; Pascard, C.; Sauvage, J.-P. Molecular Structure of a Catenand and Its
Copper(I) Catenate: Complete Rearrangement of the Interlocked Macrocyclic Ligands by Complexation. J. Chem. Soc.

Chem. Commun. 1985, 244—247.

Based on the catenanes
developed, Sauvage and co-
workers were subsequently
able to demonstrate the
potential of the structures for
translational isomerism.

Dramatic, reversible changes
in the catenanes’ molecular
shape were thus observed
upon decomplexation and
recomplexation of the metal
coordination entities with
Cu(l).
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molecular shuttle

Anelli, P. L.; Spencer, N.; Stoddart, J. F. A Molecular Shuttle.
J. Am. Chem. Soc. 1991, 113 (13), 5131—5133.

The field took another big leap forward in
1991, when a clear demonstration of
translational isomerism was reported by
the group of Sir James Fraser Stoddart ...

Stoddart and co-workers had been working

in the 1980s <...> in the development of a TRl Jooiras
<rotaxane ring>, which could be “clipped” @ . /_\ Gt
around an axle containing two 1 The ring threads < b et i
hydroquinol units separated by a linker. PRI W%
The resulting rotaxane ring could be shown
to act as a molecular shuttle, able to move e
between the two hydroquinol stations on 2 The ring is closed, so i ® ®

stays on the axle M M
the axle. ® ©
Together with Sauvage’s demonstration of e
reversible catenane shape-shifting, this % Jhe Tirg Jumpe Matean M?VW‘VM,I(
work marked the start of applying e Sneaian it @ 9
topological entanglement in the i

development of molecular machinery.



contraxiton/extention (“muscle-like”) molecular machine (J-P Sauvage, since the late of
1990s...)

For review, see Jean-Pierre Sauvage 2 2 (CuY 4
Chem. Commun., 2005, 1507-1510 S
B Q ®)

Since the late 1990s, the application part

of the field has increasingly been

addressed by the groups, and also pursued =
by many other researchers. Chemical 4’3 Par,

control c?f molecula.r . ::.rC; @JC' - O &_J—Q—) \_{9 -O-;.\Q.}Q
contraction/extension, resembling the (é : \,) A;

action of muscles in living systems, was

for example demonstrated in a
topologically challenging daisy-chain ® =Cu* 22+ (extended)

structure by the Sauvage group in 2000 . O~ («/\
DIV i Y
)y? %\) v \—~(_ .?{)— \\
;\-/

By integrating two mutually entangled
® =Zn* 34+ (contracted)

\

rotaxane functionalities, they were able to
achieve high control of translational
contraction and extension of ca. 2 nm
under chemical stimulus.


http://pubs.rsc.org/en/results?searchtext=Author:Jean-Pierre Sauvage

Stoddart's molecular elevator

Badji¢, J. D.; Balzani, V.; Credi, A.; Silvi, S.; Stoddart, J. F. A Molecular Elevator. Science 2004, 303 (5665), 1845—-1849.

Similarly, the Stoddart group developed
a complex rotaxane device called a
“molecular elevator” in 2004, where
high control of the motion of a moving
plane between two “floors” separated
by a distance of 0.7 nm could be
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Logic gates and electronic devices based on
two-state (Boolean) translational isomerism

Collier, C. P.; Wong, E. W.; Belohradsky, M.; Raymo, F. M.; Stoddart, J. F.; Kuekes, P. J.; Williams, R. S.; Heath, J. R.
Electronically Configurable Molecular-Based Logic Gates. Science 1999, 285 (5426), 391-394

Together with colleagues, the Stoddart group
has in addition pursued the development of
molecular-scale electronic devices based on G
rotaxanes and catenanes, with the intention of
fabricating molecular logic gates and i :
memories. X 7

AGT
The rotaxanes were mounted between _
electrodes in a microelectronic device and
could be shown to respond to writing
potentials, resulting in closed and opened
states that could be read at a non-perturbing

1 AG

potential. 1)

160 kbit memories, composed of a few O‘q
hundred rotaxanes/bit and a density of ca. 100 \):g:,
Gbhit/cm2, could be fabricated using this s

methodology.



l1l. Isomerisable unsaturated bonds:

Feringa's molecular rotor

The first example of controlled unidirectional rotation <...> was reported by Bernard L. Feringa.
Koumura, N.; Zijlstra, R. W. J.; Delden, R. A. van; Harada, N.; Feringa, B. L. Light-Driven Monodirectional

Molecular Rotor. Nature 1999, 401 (6749), 152-155.

In parallel with the advances based on
mechanically interlocked structures,
isomerisable unsaturated bonds have
also been at the core of progress on
molecular machines.

This pathway has witnessed a number
of important contributions, in which
different entities have been designed,
synthesised and applied to rotation.
The major challenge of achieving
controlled unidirectional rotation,
however, marks the most fundamental
breakthrough in this development.

UV light

LA X

1 WV light makes one rotor blads
spin 180 degrees. Thes creates
tensan in the molecute

methyl group

& The tomperature |5 rased
which makes the methyl
Qroups Snap over the rotar

blades. Backward rotation UV bght J rotation s provented
IS prevented .
e —

V

A/
|

3 UV light leads to another
180-cegree rotation

Using so-called overcrowded alkenes, and engineering asymmetries
in the molecules, it was possible to obtain unidirectional rotation
through cycles of light irradiation and thermal relaxation.



Feringa's molecular motor

Delden, R. A. van; Wiel, M. K. J. ter; Pollard, M. M.; Vicario, J.; Koumura, N.; Feringa, B. L. Unidirectional Molecular Motor
on a Gold Surface. Nature 2005, 437 (7063), 1337-1340.

Eelkema, R.; Pollard, M. M.; Vicario, J.; Katsonis, N.; Ramon, B. S.; Bastiaansen, C. W. M.; Broer, D. J.; Feringa, B. L.
Molecular Machines: Nanomotor Rotates Microscale Objects. Nature 2006, 440 (7081), 163-163.

Vachon, J.; Carroll, G. T.; Pollard, M. M.; Mes, E. M.; Brouwer, A. M.; Feringa, B. L. An Ultrafast Surface-Bound Photo-
Active Molecular Motor. Photochem. Photobiol. Sci 2014, 13, 241-246.

Following the original breakthrough,
several major advances were made. For
example, the motor construct was
mounted on a gold surface, anchoring the
stator part of the device, leading to a
surface-mounted, light-driven propeller-
type function.

In 2005, another motor system was
developed, in this case driven by selective
protection/deprotection of phenolic
groups < ...>, thus allowing for chemical
fuelling of the rotational molecular
motion. It could also be shown that motor

components can be made to controllably
rotate in either direction upon addition of In 2014, for example, an optimised motor structure was

a base. demonstrated to rotate with a frequency of over 12 MHz.

gold particle




Feringa proposed nanocar

Kudernac, T.; Ruangsupapichat, N.; Parschau, M.; Maci. Electrically Driven Directional Motion of a Four-
Wheeled Molecule on a Metal Surface. Nature 2011, 479 (7372), 208-211.
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Richard Feynman.
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S. Erbas-Cakmak, D. A. Leigh, C.T. McTernan,
and A. L. Nussbaumer . Artificial Molecular
Machines. Chem. Rev. 2015, 115, 10081-10206
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Bce 3TO ecTb cBMAETENbCTBA TOro, UTo "6Monornyeckan
MawmnHa" cnocobHa co34aTb TEXHONOIMNIO TOYHOTO

MaHUNYIMPOBaHMUA eAUHUYHBIMMU aTOMAaMM U UCNO/NIb30BaTb
ee gNA UeneHanpaBieHHOMN CO60PKU PYHKLMOHANbHbBIX

CTPYKTYp.




AHanornyHasa TeXxHoaormA ectb U B NpuUpoae, U BO3HUKAA
OHa "camonpoun3BoabHO", 6e3 BCAKOro y4actua 4yenoBekKa.

Uenb y Mpupopgbl 6bina Ta e — TOUHaAA
c60pKa CNIOXKHDbIX MONEKYNAPHbIX
CTPYKTYpP C MOMOLLbIO MONIEKYNAPHbIX
MaLIUH, HO MaLLUKMHbI OHA caenana
NPUHUUNUANBHO ApYyrMe, OCHOBaHHbIe
He Ha TPAHCNALMOHHOM UNKn
NOBOPOTHOM U3OMepU3Me, a Ha
KOHPOPMALMOHHOWN AUHAMUKE
noanMmepos.
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MpupoaHbie (buonornyeckme) monekynspHboie
MaLWUHbI — 3TO AUHAMMUUYECKUE CUCTEMDI,
U co34aBan Takue cUCTeMbl ceayerT, B NepByo
oyepeab, CMOTPETb Ha UX PU3NYECKUe CBOICTBA.

Kakue?



MawuHbI U MONEKY/NAPHbIE MadlUUNHDbI.

Boixox

MawwuHa (TennoBas) ecTb YCTPOMCTBO,
npeobpasylouiee TeNN0BYIO SHEPrUio B
MeXaHUUYeCKoe ABUXKEHME, ...

Bxox napa

MO/IEKY/IAPHAA MalUMHA — 3TO TaKoe Ke
YCTPOMCTBO, TO/IbKO HAHOMETPOBOIo
macwTtaba.



du3umKa:

MoneKynsapHaa MallMHa - CUCTEMA HaHOPAa3MepPHOro macwTtaba, npeobpasylow,an Bo3myLieHue
60nbLIOro yncna bbiCTpbIX cTeneHen cBo60AbI B HanpaB/ieHHOe ABUXXEHUe BAO0/Ib O4HOM-ABYX
mepJieHHbIX (KBa3umexaHUUYeckux) cteneHeii ceobogbl.

Pawl Tﬂ BblaeNeHHoe

g f" — — HanpaeaeHue
6bicTpble cTeneHu cBoboabl . -
.! o
| = \ TennoBble
Puuapn Deiooran S Ik dnyKTyauumn
. == \\

I A,
m - -A.\
~=| " meaneHHan (mexaHuyecKas)

N cTeneHb cBob6oabl

Ecnun He 3a6biBaTbh NPoO TO, Ha HaHOMacLwTabax Bce "TpAceTca u npbiraet”, U Npo
TO, YUTO MEeXaHMUKa — 3TO KOraa MacluTab ¢payKTyaumii KOHCTPYKLUM CYLLEeCTBEHHO
MeHbLUe MacliTaba ABUMKEHUA KOHCTPYKLMMU, TO "OpOyHOBCKaa malumMHA"
detHMaHa ABNAETCA 3ameyvaTe/IbHOM MOAENbI0 MOIEKYNAPHOM MaluuHbl. Ee
(mawwnHy deitHmaHa) uutupylot Bce, 1 HobeneBcknii KOMUTET TOXKe.




dusnyecKkaa moaenb

MOJIEKYNAPHAA CTPYKTYPaA KaK 3/1acTUYHAA (AMHaMmHUUecKan) ceTb

YpaBHEeHUS 1715 ABUKEHUS Y3J10B IO AEMCTBUEM YIPYTUX

(970 (B CHUJIBHO z[eMn(bI/IpOBaHHOM IPUOJIMKCHHH):
-R,
—L R -R. |-|RO _R®
Z.,|R (R -RI=IRP =R

R, - monoxenue i-oro y3na cetu, R -ero pasHosecHoe

ITOJIOKCHUC, aij -OJICMCHT MaTpHUIbl CMC)KHOCTHU (CBHBCﬁ) CCTH.

Jlns maneix otkinonenuii I =R, —R”|, (|R, —RY|/max{ R - R(jo)\} 0 1):

dr, L
—r=-2 A
dt :
CHCKTp COOCTBEHHBIX 3HAUECHUI MaTpHUIbl JIMHCAPpU3AIIUH A ecTb

CIICKTP HOpMAJIbHBIX PCIIaKCAIIMOHHBIX MO CTPYKTYPEIL.



MmeToAunKa nuccnepgosaHua

Ma/ible BO3MYLL,EHUA — BblUUCAAEM
HOpPMa/ibHble peflaKCalMOHHbIe MOADbI,
T.e. CO6CTBEHHbIe 3HaYeHUA U
cobcTBEHHble BEKTOpPbl MaTpULbl
NNHEeapu13aL M1 NOJHOMU CUCTEMDI
ANHAMUYECKUX YPAaBHEHUN 3N1aCTUYHOMN
cetu

60nbluiMe BO3MYLLEHUA — U3yYaem
AVHAMUUYECKUE TPAEKTOPUN U aTTPAKTOPbI
B (MHOoromepHom) ¢pa3zoBom NpocTpaHCcTBE
cucTembl.

AvnHamuKa ceTu cyuwiectBeHHO 3aBMCUT OT ee TONOJI0FrMYeCcKnX CBOWMCTB.



9nacTUYHbIe ceTu 6enKos

Vigickd Teeashi, and Alexander & Mikhailov
PNAE 00T 104;58607-2702; onemally pablished onlines May 16, 2007;

1. Umeetca 6onbluas cnekTpanbHas Wenb, OTAENAOLWaNA ABe
cambie MeA/IeHHble peflakCaLuUMOHHbIe MOAbl OT OCTa/IbHbIX.

3/1aCTU4YHaA ceTb MMO3UHA
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2. meetca HU3KOpasMepHOe MHOroo6pasue ¢
60nbwKMM 6acceMHOM NPUTAXKEHUA: -
TPaeKTopuu BHauazne 6bICTPO NPpUTArMBalOTCA K
ABYXMeEpPHOMY NOANPOCTPAHCTBY ABYX CaMbliX
MeANeHHbIX cTeneHel cBoboabl u 3atem,
0OCTaBaACb B HEM, MepAJ/IeEHHO CTArMBatoTCA K
TOYKe paBHOBECHUA .




Benku — 310 AeicTBUTENIbHO MONIEKYNIAPHbIE
MaLUUHDI.

Benku npeobpasyloT Bo3myLueHUe BbICTPbIX CTeneHeun
cs0604bl, MUHULUMMPOBAHHOE XMMUYECKOM peaKLuueu B
aKTUBHOM LeHTpe 6enKa, uau NnornoweHmem nsiyyeHus,
B ABUXXeHUue "mexaHuyeckux" cybveamHuy, Bao0Nb
0A4HON-ABYX MeA/IeHHbIX CTerneHei CUCTEMDbI.

9TO He COBCEeM TO, YTO caenanuv HobeneBcKkue Nnaypearbl.



An3aitH MONEeKYNAPHbIX MaLlLUUH




BCE€ TOJ/IbKO B Ha4ane ...

... 3 KAKOU NyTb BbliOpaTb — pewante camm.

YcnexoB Bam!



