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A Small Molecule that Walks Non-Directionally Along a Track

Without External Intervention®*
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Urszula Lewandowska, and Kathleen M. Mullen

Kinesin, dynein, and some myosin motor proteins transport
cargoes within the cell by “walking” along polymeric fila-
ments, that is carrying out successive, repetitive, mostly
directional changes of their point of contact with the
molecular track without completely detaching from it.l!]
These extraordinary biomolecules are inspiring scientists to
mimic aspects of their dynamics to create artificial molecular
transport systems.>*! Recently, the first small molecules that
are able to walk down short molecular tracks were de-
scribed.” However, external intervention (the addition of
chemical reagents and/or irradiation with light) are required
to mediate each step taken by the walker units in the non-
DNA systems reported to date. Although migrations of
submolecular fragments occur in many different types of
chemical reaction,! few systems appear to offer the potential
for multiple successive and cumulative transport necessary for
developing small-molecule walkers.”! An interesting excep-
tion are the so-called equilibrium transfer alkylating cross-
linking (ETAC) reagents introduced in the 1970s by Lawton
and co-workers for the dynamic cross-linking of biomole-
cules.®” These reagents reversibly form covalent bonds
between pairs of accessible nucleophilic sites on proteins
through a series of inter- and intramolecular Michael and
retro-Michael reactions until the most thermodynamically
stable crosslink is located (Scheme 1a).*! We wondered
whether it would be possible to apply a similar concept,
focusing instead on chemistry where the cross-linked products
are less stable than those attached by a single covalent bond,
to make synthetic small molecules that migrate with a high
degree of processivity’® along a linear molecular track.
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Scheme 1. a) The migration of an ETAC! reagent between nucleophilic
sites of a protein by Michael/retro-Michael reactions towards the most
thermodynamically stable cross-linked product. b) Processive (intra-
molecular) migration of a-methylene-4-nitrostyrene along a polyamine
track. Michael addition of a track amine group to the olefin of the
“two-legged walker” results in a bridged intermediate (both “feet”
attached to the track, shown in square brackets) that can subsequently
undergo a retro-Michael reaction to either side, unmasking the double
bond and leaving the walker attached to the track through a single
covalent bond.
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Herein we describe the attachment of a-methylene-4-
nitrostyrene to oligoethylenimine tracks and the dynamics of
its subsequent migration from amine group to amine group
without fully detaching by a sequence of intramolecular
Michael and retro-Michael reactions. In this way the a-
methylene-4-nitrostyrene units move towards the most ther-
modynamically favored distribution of walkers on oligoamine
tracks (Scheme 1b).”)

A model walker-track conjugate, 1, was synthesized in
which a-methylene-4-nitrostyrene was attached to an outer
amine group of a triamine track and then allowed to exchange
between the secondary amine footholds (Scheme 2a; see the
Supporting Information for experimental procedures and
characterization data). The reaction was followed by
"H NMR spectroscopy through the different chemical shift
of vinyl protons (H,, and Hgy) of isomers 1 and 2 (Figure 1).

The kinetics of the amine-to-amine migration of the a-
methylene-4-nitrostyrene unit (“walking”) is highly solvent-
dependent. Starting from pristine 1 (5 mm), no formation of 2
was observed in CDCl; or CD,Cl, over 15h at room
temperature and the reaction only proceeded slowly in
CD;OD (< 10% conversion over 15h) or CD;CN (<25%
conversion over 15 h). However, the interconversion of 1 with
2 reached a close-to-1:1 steady-state ratio of 1:2 over 15 h in
[D;]DMF or 4.5h in [Dg]DMSO (298 K, 5 mm). Increasing
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Scheme 2. Transfer of a-methylene-4-nitrostyrene between secondary
amine groups through a) 1,4-N,N-migration and b) possible 1,7- or
1,10-N,N-migration. The experimental results show that under condi-
tions ([Dg]DMSO, 298 K, 5 mm) where t,,=1.5 h for (a), the double
(1,7-) and triple (1,10-) “over-stepping” shown in (b) is not detectable
over 48 h, suggesting that they would be rare events during walker
migration along a poly(ethylenimine) track.
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Figure 1. Partial '"H NMR spectra (400 MHz, [Dg]DMSO, 5 mm, 298 K)
of exchange between 1 and 2 at: a) t=5 min, 1:2 ratio 1:0.06;

b) t=2h, 1:2 ratio 1:0.6; c) t=15 h, 1:2 ratio 1:0.9. The lettering
corresponds to the proton labeling shown in Scheme 2.

the concentration of the starting material tenfold (to 50 mm 1)
gave no change in the rate constant of the reaction or the 1:2
isomer ratio. Partial 'H NMR spectra of the exchange
between 1 and 2 in [Dg]DMSO (298 K, 5 mm) are shown in
Figure 1. A half-life #,=15h was determined for the
stepping process (see the Supporting Information).l”!

To determine the processivity of the migration reaction
(in other words, the degree to which the reaction is intra-
molecular or intermolecular),® the exchange between 1 and 2
(Scheme 2a) was performed in the presence of a different
walker-free track and the intermolecular migration moni-
tored by mass spectrometry (see the Supporting Information
for details). After 3 days, less than 6% of the walkers had
detached from the original track or transferred to the
different track. Accordingly, under these conditions, each a-
methylene-4-nitrostyrene unit takes an average of 530 “steps”
between amine groups before completely detaching from its
track, which is several times the processivity of most wild-type
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kinesin motor proteins (typically mean step number 75—
175).11

To determine how likely the walker is to take a double
(1,7-) or triple (1,10-) step while migrating along the track, we
prepared diamine tracks with five (3) or eight (5) methylene
groups between the secondary amine sites (Scheme 2b).1?
The initial site of attachment of the o-methylene-4-nitro-
styrene was deuterium-labeled to distinguish the walker
position (that is, 3 or 4; 5 or 6) by '"H NMR spectroscopy.
Under conditions where single (1,4-) stepping occurs for 1/2
with a t;,=1.5 h, no reaction was observed for either 3 or 5§
over 48 h (see the Supporting Information). This suggests that
on a longer polyamine track the walker should migrate
predominantly through exchange between adjacent amine
footholds. The large number of steps that the a-methylene-4-
nitrostyrene walker takes on average before competing
reactions occur (that is, over-stepping, completely detaching,
or exchange with other tracks) is presumably a consequence
of the relatively low-energy seven-membered-ring transition
state for 1,4-N,N-migration.

Having established that an a-methylene-4-nitrostyrene
walker can exchange between the amino groups of a di- or
triamine track in a stepwise fashion with a high degree of
processivity, we sought to demonstrate that the walker could
migrate along a longer track through this mechanism and
perform an observable task. A five-foothold walker—track
conjugate 7, incorporating an anthracene group situated at
the far end of the pentaethylenimine track from the initial site
of attachment of the walker, was prepared as shown in
Scheme 3. Pentamine 8 was desymmetrized by reductive
amination with 3-phenylpropionaldehyde and subsequent
reaction with 9-anthraldehyde to give 9. The a-methylene-4-
nitrostyrene walker unit (10) was introduced exclusively to
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Scheme 3. Synthesis of five-foothold walker—track conjugate 7. i) 3-

phenylpropionaldehyde, EtOH, RT, 72 h; ii) NaBH,, RT, 24 h, 60% (two

steps); iii) 9-anthraldehyde, EtOH, RT, 72 h; iv) NaBH,, RT, 24 h, 55%
(two steps); v) MeOH, N,N-diisopropylethylamine (DIPEA), 50°C,

72 h, 30%; vi) CH,Cl,, CF;CO,H, 5 h, quantitative. See the Supporting
Information for details.
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the amine furthest from the anthracene group. Subsequent
deprotection gave compound 7 in which the walker was free
to migrate along the five-foothold track from its original
position.

Model compounds showed that the distance between the
a-methylene-4-nitrostyrene unit and the anthrylmethyl
moiety in the track influences its fluorescence.™™ Fluores-
cence lifetime measurements showed that static quenching by
the nitrostyrene group quenches the anthracene fluorescence
(see the Supporting Information). Dilution experiments
confirmed that the quenching observed was from an intra-
molecular mechanism.

Molecular walker—track conjugate 7 was submitted to
walking conditions (DMSO, 7.14x10°m, 298 K) and its
fluorescence emission spectrum recorded periodically.'!
The fluorescence intensity diminished by 54 % over 6.5 h,
after which time the fluorescence intensity became almost
invariant (Figure 2a).

The walker migration in 7 was also monitored by 'H NMR
spectroscopy, albeit under more concentrated conditions to
give a suitable signal-to-noise ratio ([D¢]DMSO, 20 mM,
298 K, Figure 2b). The reaction was monitored every 0.5 h
and, after 3 h, signals indicating that a proportion of the
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Figure 2. a) Fluorescence quenching (=366 nm, A, =413 nm) in 7
(DMSO +0.25% CF5CO,H, 1.78x107° M) as a result of migration of a-
methylene-4-nitrostyrene along the oligoamine track. b) Partial

"H NMR spectra (400 MHz, [D]DMSO, 20 mm, 298 K) of the reaction
mixture at: t=>5 min (top); t=1h (middle); t=6.5 h (bottom).

* Walkers attached to the inner three amine footholds, + walkers
attached to the anthrylmethylamine group. The lettering and coloring
corresponds to the proton labeling shown in Scheme 3.
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walker units had reached the fifth foothold of the track were
observed (Figure 2b). After 6.5 h, no further changes were
observed in the "H NMR spectrum until signals attributed to
degradation of the anthracene moiety started to appear.'
Accordingly, both '"H NMR and fluorescence measurements
(Figure 2) indicate that the walking of the a-methylene-4-
nitrostyrene unit proceeds back and forth along the pentae-
thylenimine track, producing a steady distribution of walkers
over the five-foothold track after 6.5 h.

In conclusion, we have described a system in which a small
synthetic molecular walker migrates along oligoamine tracks
without external intervention, moving towards an equilibrium
distribution of walkers over all possible positions on the track.
In terms of synthetic molecular machine properties, this
walker—track system is reminiscent of a rotaxane-based
molecular shuttle with degenerate stations:'®! The walker—
track system uses a transferable covalent linkage between the
a-methylene-4-nitrostyrene and the oligoethylenimine to
ensure processivity and determine the preferred positions of
the substrate on the track; in a rotaxane-based molecular
shuttle a mechanical linkage confers the former property and
attractive non-covalent interactions between a macrocycle
and specific sites on the thread can be used to achieve the
latter.

The small-molecule walking process is processive and
takes place predominantly in a stepwise fashion by a Michael-
retro-Michael addition mechanism between adjacent amines.
The position of the walker can be precisely determined on
short tracks by '"H NMR spectroscopy, and on longer tracks
the progress of walker migration can be inferred by perfor-
mance of a simple task: quenching of the fluorescence of an
anthracene group at one end of the track by the walker. Work
towards developing walkers that consume a fuel to move
directionally, and which carry cargoes along extended and
branched tracks, is currently ongoing in our laboratory.

Received: January 31, 2012
Published online: April 5, 2012

Keywords: anthracene - fluorescence quenching -
Michael addition - molecular devices - molecular walkers

[1] a) Molecular Motors (Ed.: M. Schliwa), Wiley-VCH, Weinheim,
2003; b) R. D. Vale, Cell 2003, 112, 467 —480.

[2] a) M. von Delius, E. M. Geertsema, D. A. Leigh, Nat. Chem.
2010, 2, 96-101; b) S. Otto, Nat. Chem. 2010, 2, 75-76; c) M.
von Delius, E. M. Geertsema, D. A. Leigh, D.-T. D. Tang, J. Am.
Chem. Soc. 2010, 132, 16134-16145; d) M.J. Barrell, A. G.
Campaiia, M. von Delius, E. M. Geertsema, D. A. Leigh, Angew.
Chem. 2011, 123,299 -304; Angew. Chem. Int. Ed. 2011, 50, 285 -
290.

a) P Yin, H. Yan, X. G. Daniell, A.J. Turberfield, J. H. Reif,
Angew. Chem. 2004, 116, 5014—-5019; Angew. Chem. Int. Ed.
2004, 43, 4906-4911; b) J. Bath, S.J. Green, A.J. Turberfield,
Angew. Chem. 2005, 117, 4432-4435; Angew. Chem. Int. Ed.
2005, 44, 4358 -4361; ¢) Y. Tian, Y. He, Y. Chen, P. Yin, C. Mao,
Angew. Chem. 2005, 117, 4429-4432; Angew. Chem. Int. Ed.
2005, 44, 4355-4358; d) P. Yin, H. M. T. Choi, C. R. Calvert,
N. A. Pierce, Nature 2008, 451, 318-322; ¢) S. J. Green, J. Bath,
A.J. Turberfield, Phys. Rev. Lett. 2008, 101, 238101; f) T.

[3

—_—

Angew. Chem. 2012, 124, 5576 —5579



Omabegho, R. Sha, N. C. Seeman, Science 2009, 324, 67-71,
¢) K. Lund, et al., Nature 2010, 465, 206-210; h) H. Gu, S. J.
Xiao, N. C. Seeman, Nature 2010, 465, 202-205; i) Y. He, D. R.
Liu, Nat. Nanotechnol. 2010, 5, 778 -782; j) S. F. J. Wickham, M.
Endo, Y. Katsuda, K. Hidaka, J. Bath, H. Sugiyama, A.lJ.
Turberfield, Nat. Nanotechnol. 2011, 6, 166-169; k) R. A.
Muscat, J. Bath, A. J. Turberfield, Nano Lett. 2011, 11, 982—-987.
For examples of molecular rearrangements, see: a) L. Kurti, B.
Czaké in Strategic Applications of Named Reactions in Organic
Synthesis, Elsevier, Oxford, 2005; successive Cope rearrange-
ments: b) J. P. Ryan, P. R. O’Connor, J. Am. Chem. Soc. 1952, 74,
5866-5869; base-induced interconversion of bullvalone iso-
mers: c¢) A. R. Lippert, J. Kaecobamrung, J. W. Bode, J. Am.
Chem. Soc. 2006, 128, 14738-14739; d) A. R. Lippert, V. L.
Keleshian, J. W. Bode, Org. Biomol. Chem. 2009, 7, 1529-1532;
e) A. R. Lippert, A. Nagawana, V. L. Keleshian, J. W. Bode, J.
Am. Chem. Soc. 2010, 132, 15790-15799; f) M. He, J. W. Bode,
Proc. Natl. Acad. Sci. USA 2011, 108, 14752 —-14756; processive
crown ether migration along oligoamine scaffolds: g) D.P.
Weimann, H. D. F. Winkler, J. A. Falenski, B. Koksch, C. A.
Schalley, Nat. Chem. 2009, 1,573 -577; h) H. D. F. Winkler, D. P.
Weimann, A. Springer, C. A. Schalley, Angew. Chem. 2009, 121,
7382-7386; Angew. Chem. Int. Ed. 2009, 48, 7246 —7250.

M. von Delius, D. A. Leigh, Chem. Soc. Rev. 2011, 40, 3656 —
3676.

a) S. Mitra, R. G. Lawton, J. Am. Chem. Soc. 1979, 101, 3097 —
3110; b) S. J. Brocchini, M. Eberle, R. G. Lawton, J. Am. Chem.
Soc. 1988, 110, 5211-5212; c¢) F. A. Liberatore, R. D. Comeau,
J. M. McKearin, D. A. Pearson, B. Q. Belonga, S. J. Brocchini, J.
Kath, T. Phillips, K. Oswell, R. G. Lawton, Bioconjugate Chem.
1990, 7, 36-50; d) R.B. del Rosario, S.J. Brocchini, R.G.
Lawton, R. L. Wahl, R. Smith, Bioconjugate Chem. 1990, 1,
51-59; e) R. B. del Rosario, L. A. Baron, R. G. Lawton R. L.
Wahl, Nucl. Med. Biol. 1992, 19, 417-421.

Recently, structurally related three-carbon bridges were used as
disulfide-specific intercalators in proteins: a) S. Balan, J. Choi,
A. Godwin, I. Teo, C. M. Laborde, S. Heidelberger, M. Zloh, S.
Shaunak, S. Brocchini, Bioconjugate Chem. 2007, 18, 61 -76 and
peptides: b) A. Pfisterer, K. Eisele, X. Chen, M. Wagner, K.
Miillen, T. Weil, Chem. Eur. J. 2011, 17, 9697 -9707. Pfisterer
etal. provide "H NMR evidence for the three-carbon-bridge
formed through the addition - elimination mechanism originally
proposed by Lawton et al.; see Ref. [6a].

Processivity is the tendency of the molecular fragment (that is,
the walker) to remain attached to the track during operation; in

[4

[}

[5

—_

[6

[t}

[7

—

[8

=

Angewandte

other words, to migrate along a molecular scaffold without
detaching or exchanging with other molecules in the bulk. See
Ref. [5].

[9] The positional isomers of the walkers on the track are effectively
the components of a dynamic combinatorial library: a) P. T.
Corbett, J. Leclaire, L. Vial, K. R. West, J.-L. Wietor, J. K. M.
Sanders, S. Otto, Chem. Rev. 2006, 106, 3652-3711; their
interconversion is a type of constitutional dynamic chemistry:
b) J.-M. Lehn, Chem. Soc. Rev. 2007, 36, 151 -160.

[10] As t,,=1.5h for the amine-exchange process, the average
number of steps taken in 3 days is about 48.

[11] a) R. D. Vale, T. Funatsu, D. W. Pierce, L. Romberg, Y. Harada,
T. Yanagida, Nature 1996, 380, 451-453; b) R. B. Case, D. W.
Pierce, N. Hom-Booher, C. L. Hart, R. D. Vale, Cell 1997, 90,
959-966.

[12] Although changing the spacer varies the conformation of the
molecule, the distance between the outer footholds is similar and
the tracks are flexible.

[13] For structurally related fluorophore —spacer—receptor systems,
see: B. Bag, P. K. Bharadwaj, J. Phys. Chem. B 2005, 109, 4377 -
4390.

[14] The fluorescence of anthrylmethylamines is quenched by intra-
molecular photoinduced electron transfer (PET) from the
nitrogen lone pair to the anthracene moiety: a)S. Alves, F.
Pina, M. T. Albelda, E. G. Espaia, Eur. J. Inorg. Chem. 2001,
405-412;b) C. Soriano, S. V. Luis, G. Greiner, I. Maier, J. Chem.
Soc. Perkin Trans. 2 2002, 1005-1011; c) A.J. Bradbury, S. F.
Lincoln, K. P. Wainwright, New J. Chem. 2008, 32, 1500-1508;
d) S. E. Plush, S. F. Lincoln, K. P. Wainwright, Inorg. Chim. Acta
2009, 362, 3097-3103; for this reason it was necessary to
protonate samples before recording emission spectra to avoid
folding of the molecule and prevent intramolecular PET from
occurring: e) G. Nishimura, Y. Shiraishi, T. Hirai, Chem.
Commun. 2005, 5313-5315; f) Y. Shiraishi, Y. Tokitoh, G.
Nishimura, T. Hirai, Org. Lett. 2005, 7, 2611-2614. Experimen-
tal procedure: Compound 7 was dissolved in DMSO (spectro-
photometric grade) at 7.14x10°m. Periodically, an aliquot
(1.00 mL) was quenched with CF;CO,H (10.0 uL), diluted to
1.78x10°m, and the fluorescence spectrum recorded (A=
366 nm).

[15] A small amount (<5%) of additional signals attributed to
decomposition of 7 began to be apparent in the 'H NMR
spectrum after 7.5 h.

[16] E.R. Kay, D. A. Leigh, F. Zerbetto, Angew. Chem. 2007, 119,
72-196; Angew. Chem. Int. Ed. 2007, 46, 72-191.

Angew. Chem. 2012, 124, 5576 —5579

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

5579



