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ABSTRACT: We report on the design, synthesis, and operation of a bimetallic
“walker”

molecular biped on a three-foothold track. The

L)

features a

palladium(II) complex “foot” that can be selectively stepped between 4-
dimethylaminopyridine and pyridine ligand sites on the track via reversible
protonation while the walker remains attached to the track throughout by
means of a kinetically inert platinum(II) complex foot. The substitution pattern
of the three ligand binding sites, together with the kinetic stability of the
metal—ligand coordination bonds, affords the two positional isomers a high
degree of metastability, meaning that altering the chemical state of the track
does not automatically instigate stepping in the absence of an additional
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stimulus (heat in the presence of a coordinating solvent). The use of metastable metal complexes for foot—track interactions
offers a promising alternative to dynamic covalent chemistry for the design of small-molecule synthetic molecular walkers.

1. INTRODUCTION

In the past few years small molecules that are able to “walk”
down short tracks have been described,"* a mode of molecular
level transport inspired by the bipedal motor proteins from the
myosin, dynein, and kinesin superfamilies.3 The biological
systems employ a combination of hydrogen bonding, electro-
static interactions, and hydrophobic binding to attach each foot
to the track with only one foot—track attachment labilized at
any time so that the walker maintains at least one point of
contact with the track at all times during the walking process,
leading to processivity of transport. However, designing foot—
track binding so that it is locked at one point (when the other
foot is “stepping”) but labile when required to step is far from
easy, given present-day understandings of how to control
noncovalent interactions. Accordingly, many'*~“*7 of the
synthetic small-molecule systems designed thus far utilize
dynamic covalent chemistry (which combines the reversibility
of supramolecular chemistry with the controllability and
robustness of covalent bonding) for the walker—track
interactions.

An alternative, potentially highly controllable, means of
connecting the feet of a molecular biped to a track could be to
employ metal coordination bonding. Although transition-metal
coordination motifs have been widely employed as molecular
switches and devices® where redox,’ chemical,6 or photo
stimuli’” have been used effectively to direct molecular structure
and function, there are few examples of using metal—ligand
interactions to induce controlled molecular-level motion away
from equilibrium. Apart from the use of zinc(Il) ions to

-4 ACS Publications  © 2014 American Chemical Society

2094

1nst1gate conformational change in a single stroke of a rotary
motor,*! examples of motor mechanisms involving metal—
ligand bonds have been limited to interlocked stimuli-
switchable molecular shuttles® in which a thread can be
manipulated to translocate a submolecular component energeti-
cally uphill and subsequently reset without undoing the task
performed.” The manipulation of metal—ligand binding kinetics
may facilitate the transportation pathways of ratcheting and
escapement in the design of molecular motors. Here we
describe a molecular biped that employs a platinum(1I)
complex as one foot and a palladium(Il) complex as the
other foot. The palladium(II) foot can be made to step between
different ligand sites on the track, pivoting about the kinetically
locked platinum(1I) foot. The molecular walker can be driven
energetically uphill and ultimately fixed into a thermodynami-
cally unfavorable positional isomer distribution without
permanently altering the state of the footholds, realizing
efficient metal-coordination-mediated stepping of a molecular

biped.

2. RESULTS AND DISCUSSION

2.1. Complex Design and Addressability of a Metal-
Complex Foot. The metal complexes employed for each foot
of the proposed bimetallic molecular walker (Figure 1) are
based upon a motif previously used to organize tridentate
pyridine-2,6-dicarboxamide and derivatized monodentate pyr-
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Figure 1. “Stepping” of a molecular walker with two metal-complex
“feet”: L1Pd-(2,6-DMAP)"* and L1Pd-(2,6-Py)."*

idine ligands about a s?uare-planar Falladlum(II) center in the
assembly of catenanes,~ rotaxanes, ! and molecular shuttles.®
This complex is stabilized by the chelate effect, ensuring a
square-planar metal ion remains strongly bound to the
tridentate ligand, with a single addltlonal binding site available
for monodentate ligand substitution.'” The design shown in
Figure 1 exploits the preference of this class of palladium(II)
and platinum(II) complexes to selectively bind N-heterocycles
as a function of basicity,*" enabling their thermodynamic bias
toward different ligands to be controlled by acid—base
manipulations. The palladium(II) complex can be stepped
back and forth between a 4-dimethylaminopyridine (DMAP)
and a pyridine (Py) foothold through protonation/deprotona-
tion and thermal activation. Throughout this process the walker
should remain tethered to the track via the foot featuring the
platinum(II) complex, which should have considerably higher
kinetic stability under the stepping conditions. The substitution
pattern of the pyridine derivatives and the kinetic stability of
the metal—ligand bonds mean that altering the chemical state of
the track by adding or removing protons should not
automatically cause a change in the positional isomer
distribution in the absence of an additional stimulus (heat in
the presence of a coordinating solvent).

Operational control over discrete, well-defined stepping
mechanisms is a prerequisite in the design of molecular walker
systems based upon alternating stimuli-induced directional
stepping” and requires careful consideration of the thermody-
namics and kinetics of each step. For the bimetallic biped
design L1Pd-(2,6-DMAP)"* and L1Pd-(2,6-Py),"* shown in
Figure 1, the effect of varying the substitution patterns of Py
and DMAP ligands on the stabilities of model metal complexes
was investigated (Scheme 1).

In simple exchange experiments similar to previous studies
with macrocyclic palladium(II) complexes,** L2Pd could be
selectively switched between 2,6-dihexylPy and 2,6-dihexylD-
MAP ligands by the addition of acid or base in the presence of a
coordinating solvent (Scheme 1ab). Each of the L2Pd-2,6-
disubstituted complexes was shown to be stable at both
ambient and elevated temperatures (338 K) in the non-
coordinating solvent CDCI;. Conversely, some exchange of the
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Scheme 1. Controlled Reversible Substitution of Pyridine
Derivatives in Pd(II) and Pt(II) Complexes”
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“Reversible exchange of monodentate ligands'® in L2Pd complexes
and the kinetic stability of L2Pt complexes in CDCl,/CD5CN (7/3) at
338 K. (a) Neutral conditions; (b) In the presence of CH;SO;H (1
equiv). Time required to reach equilibrium: (1) 12 h; (1) 40 h. No
exchange of 2,6-dihexyl heterocyclic ligands was observed in CDCl;
under neutral conditions or in the presence of CH;SO3H, even at 338
K for 2 days. (c) System did not reach equilibrium after 12 h, in which
time <10% exchange of 2,6-dihexylPy for DMAP was observed.
Equilibrium was reached after 2 weeks in DMF-d,/CD;CN (1/1) at
348 K.

monodentate ligands was observed in these reactions when
they were carried out in CD;CN at room temperature (Figure
S13, Supporting Information), allowing the solvent mixture to
be adjusted to manipulate the exchange kinetics. Switchable
kinetic control is a useful feature for producing ratchet
mechanisms,*” and a CDCl,/CD,CN solvent mixture (7/3)
was identified, for which each of the 2,6-disubstituted
complexes in Scheme 1 was shown to be kinetically inert at
ambient temperature (stimulus OFF). However, upon heating
at 338 K (stimulus ON), 80% of the 2,6-dihexylPy coordinated
to L2Pd was exchanged for 2,6-dihexyIDMAP (Scheme la)
within 12 h (the DMAP l1gand forms a thermodynamically
more favorable complex)."” The ligand selectivity could be
reversed (Scheme 1b) by adding 1 equiv of methanesulfonic
acid, where the metal’s selectivity for the ligands is determlned
by the relative basicities of the two heterocycles.'® Although
palladium(II) complexes of 3,5-disubstituted pyridines are
thermodynamically preferred to the 2,6-disubstituted analogues
(Figure S12, Supporting Information), their lability in the
absence of external stimuli renders them unsuitable for use as
feet in a molecular walker system (Figure S11, Supporting
Information).

The analogous platinum(II) complex L2Pt-(3,5-dihexylPy)
showed a similar thermodynamic preference for unsubstituted
DMAP over Py (Figure S9, Supporting Information), although
the kinetic stability of the 3,5-disubstituted pyridine complex in
CDCl;/CD4CN (7/3) was sufficient for it to be considered
relatively inert under the palladium(II) stepping conditions
(<10% exchange after 12 h at 338 K; Scheme 1c). Additionally,
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Scheme 2. Synthesis of the Molecular Biped Bimetallic Complex L1Pd-(2,6-DMAP)“
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“Reagents and conditions: (a) PACL(PPh;), Cul, Et;N/THF, 61%; (b) (i) 4, PACL,(PPh,),, Cul, Et;N/THF, 85%, (ii) methyl-4-pentynoate,
PdCL(PPh,),, Cul, Et;N/THF, 71%; (c) (i) TBAF, THF/H,0, 94%; (ii) Pd(PPh,), Cul, Et;N/THF, 86%, (i) H,, Pd(OH),/C, K,CO,, THEF,
78%; (d) (i) Boc,O, CH,Cl,, 97%, (ii) 8, Pd(PPh;),, Cul, Et;N/THF, 88%, (iii) H,, Pd(OH),/C, K,CO,, THF, 98%, (iv) CF;COOH, CHCl,,
96%; (e) (i) LiOH, MeOH/H,0/THF, 97%. (ii) 9, PyBroP, DIPEA, DMF, 86%; (f) (i) 1,2-dibromoethane, K,CO,, acetone, 72%, (ii) NaNj, Nal,
DMF, 81%; (g) NaH, PtCl,(SMe,),, THF, 64%; (h) 13, DMF, 62%; (i) 12, Pd(OAc),, CH,CN, 84%; (j) (i) 2,6-lutidine, CH,Cl, (ii) 16, DIPEA,
Cu(CH,CN),-PF,, TBTA, 80% (from 15); (k) 17, DIPEA, Cu(CH,CN),-PF,, TBTA, 85%; (1) CHCL,/CH,CN (7/3), 76%.

the steric hindrance of 2,6-dihexylPy was found to prevent any
observable coordination to platinum(II) centers, enabling L2Pt
complexes to perfectly discriminate between 2,6- and 3,5-
disubstituted pyridine units.

The results indicated that a tethered palladium(II) complex
could be made to step along a track while remaining associated
with the track through a platinum(II) complex foot. Although
the platinum(II) foot is employed as a fixed point of
attachment in these studies, the chemistry of platinum(1I)
complexes may enable this foot to step throu 7gh the use of
orthogonal chemistries (e.g., the use of light131

2.2. Synthesis and Characterization of Tethered
Bimetallic Transition-Metal Complex L1Pd-(2,6-DMAP).
The strategy for the assembly of bimetallic complex L1Pd-(2,6-
DMAP) is shown in Scheme 2 (for synthetic procedures and
characterization data see the Supporting Information).
Component 6 was prepared in 41% overall yield via a series
of Sonogashira cross-coupling reactions'® starting from 2,6-
diiodo-4-dimethylaminopyridine (1), 3,5-dibromopyridine, and
alkyne building blocks 2, 4, and 5, using standard protocols
including TMS deprotection of 5 with tetrabutylammonium
fluoride and subsequent hydrogenation of the alkyne groups
with Pd(OH),/C (Scheme 2a—c). The final foothold of the
track, compound 9, was prepared through Boc protection of 6-
iodopyridin-2-ylmethylamine (7) prior to Sonogashira coupling
with alkyne 8, hydrogenation, and finally Boc removal using
trifluoroacetic acid (Scheme 2d). Hydrolysis of the methyl ester
group of 6 using LiOH, and subsequent PyBroP mediated
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amide coupling with 9, afforded the free three-foothold track 10
(Scheme 2e).

The two metal complexes 13 and 17 were prepared from the
common pyridine-2,6-dicarboxamide unit 12, which was
obtained in two steps by Williamson ether synthesis and
subsequent azide Sy2 displacement from 11 (Scheme 2f).
Preparation of the platinum(II) complex required deprotona-
tion of the amide groups of 12 with NaH in THF and
subsequent reaction with PtClL,(SMe,), to yield the dimethyl
sulfide—platinum(II) complex 13 (Scheme 2g). Selective
coordination of this complex to the preferred central foothold
on track 10 was achieved by stirring an equimolar solution of
the two components in chloroform at room temperature for 16
h, exploiting the absolute preference of the platinum(II)
complex for the 3,5-disubstitution pattern over both the 2,6-Py
and 2,6-DMAP footholds (Scheme 2h).

Palladium(II) complex 15 was prepared through reaction of
pyridine-2,6-dicarboxamide 12 with palladium(II) acetate in
CH;CN for 16 h to give the product as a yellow precipitate
(Scheme 2i), which was converted to 17 in 80% yield (Scheme
2j) by complexation to 2,6-lutidine in CH,Cl, and subsequent
copper(I)-catalyzed azide—alkyne cycloaddition'® (CuAAC)
using S equiv of dialkyne 16 (N,N-diisopropylethylamine
(DIPEA), Cu(CH4CN),-PFq, tris[ (1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]Jamine (TBTA), 12 h).

The coupling of the palladium(II) and platinum(II)
complexes (17 and 14, respectively) required selective
intramolecular coordination of the palladium(II) center to the
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preferred N-heterocycle binding site in addition to the
formation of the covalent bond between the two “legs” of the
walker using the CuAAC reaction. To achieve this, an
equimolar mixture of 17 and 14 was subjected to the azide—
alkyne cycloaddition conditions to afford the bimetallic
intermediate L1Pd-(2,6-lutidine) (Scheme 2k), demonstrating
that CuAAC “click” reactions are practical synthetic ligation
tools in the presence of transition-metal complexes and
multiple metal binding sites, despite the potential for pyridines
to bind Cu(I). Adjusting the reaction concentration to favor
intramolecular coordination of the 2,6-DMAP foothold, L1Pd-
(2,6-lutidine) was subjected to the conditions optimized in the
model exchange experiments (CHCl/CH;CN (7/3), 0.16
mM, 338 K, 14 h, Scheme 1a), exploiting both the disparate
ligand strengths of the free 2,6-lutidine and the 2,6-DMAP/Py
footholds of the track and the kinetic stability of the Pt-(3,5-Py)
complex, to form the bimetallic complex L1Pd in 76% isolated
yield after silica column chromatographic purification (Scheme
21). Electrospray mass spectrometry confirmed the isolated
product constitution as L1Pd with mass peaks at m/z 2225.6
and 2247.9 corresponding to the [M + H]" and [M + Na]*
ions, respectively, with isotopic distributions in agreement with
theoretical predictions (Figure S20a, Supporting Information).

Slow evaporation of a solution of the closely related
bimetallic walker—track complex 18 (Figure 2a) in CHCl,/

e

@
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Figure 2. X-ray crystal structure of bimetallic walker-track complex 18:
(a) chemical structure; (b) framework representation of the X-ray
crystal structure. Hydrogen and deuterium atoms and solvent
molecules are omitted for clarity. Nitrogen atoms are shown in blue,
oxygen atoms in red, the palladium atom in gold, the platinum atom in
pink, and carbon atoms in gray (DMAP and pyridine carbon atoms are
shown in green and red, respectively). Selected bond lengths (A) and
angles (deg): Pd1-NS2, 2.027; Pd1-NSS, 1.939; Pd1—-N61, 2.034;
Pd1-N101, 2.113; Pt1-N2, 2.021; Pt1—N5, 1.925; Pt1—-N11, 2.027;
Pt1—N81, 2.043; N52—Pd1-N61, 160.3; N11-Pt1—-N2, 160.6;
N55—Pd1-N101, 178.1; NS—Pt1—N81, 179.0.
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EtOH afforded single crystals suitable for X-ray diffraction
analysis.”® The solid-state structure (Figure 2b) confirms the
coordination of the palladium(II) moiety to the DMAP
foothold. All metal-ligand bonds lie within the expected
ranges and are similar for the palladium(II) and platinum(II)
complexes, both of which adopt distorted-square-planar
coordination geometries (Figure 2b). The tolyl rings of the
dicarboxamide motifs do not participate in 7—7 stacking with
the DMAP or Py footholds of the track, instead adopting
conformations similar to those observed previously for related
macrocyclic ligands.*"'* The 3,5-ditriazoloanisole linker unit is
almost coplanar, with the three central hydrogen atoms
engaged in intermolecular hydrogen-bond interactions with
the oxygen atom of a carbonyl group of an adjacent
palladium(II)-containing motif ([C—H--O] distances 2.38,
2.39, and 2.39 A).

"H NMR spectroscopy (Figure 3b) of the isolated complex
L1Pd confirms that it is a single positional isomer with the
palladium(II) complex of the biped coordinated solely to the
2,6-DMAP foothold, analogous to the case for compound 18. A
comparison between the spectra of free track 10 (Figure 3a)
and L1Pd-(2,6-DMAP) in CD,Cl, shows the expected upfield
shifts of the signals of both the 2,6-DMAP (AS(H;) = —0.20
ppm and AS(H,) = —0.18 ppm) and the 3,5-Py groups
(AS8(H,) = —0.88 ppm, AS(H,) = —0.29 ppm, and A5(H,) =
—0.45 ppm), while the resonances of the 2,6-Py foothold
(H,.c.) and those relating to the adjacent methylene (H,)
occur at almost identical values in both species.

2.3. Protonation-Driven Switching. In accordance with
model studies, in the absence of acid the palladium(II) complex
of L1Pd-(2,6-DMAP) was thermodynamically stable when
heated in CDCl,/CD;CN (7/3) at 338 K.*' Upon addition of 1
equiv of methanesulfonic acid to a pure sample at room
temperature, the 'H NMR spectrum showed significant
broadening in the 2,6-Py resonances (H,,...) but no discernible
change in either the 2,6-DMAP (H,;) or the 3,5-Py signals
(H,,), indicating that protonation of the 2,6-Py foothold had
occurred but no positional isomerization had taken place
(Scheme 3). No changes were observed after 30 h at room
temperature, indicating that the transition-metal complexes are
kinetically locked in the presence of acid under ambient
conditions.

Stepping of the L1Pd complex was only observed at 338 K in
the presence of 1 equiv of acid. The operation was monitored
by 'H NMR spectroscopy and shown to reach equilibrium
within 40 b, after which no further exchange was observed. The
reaction mixture was diluted with toluene by a factor of 2, and
the solvents were removed gradually under reduced pressure to
ensure a consistently low concentration of the machine with
respect to the coordinating solvent, CH;CN.”” The crude
residue was deprotonated (K,CO5;, CH,Cl,, 30 min) and the
sample analyzed by 'H NMR to reveal an equilibrium 15:85
distribution of L1Pd-(2,6-DMAP) and L1Pd-(2,6-Py) (see
Figure S19, Supporting Information).

The neutral positional isomers obtained were readily
separated by preparative thin-layer chromatography to give
pure kinetically stable samples of both L1Pd-(2,6-Py) (major
product) and L1Pd-(2,6-DMAP) (minor product). The 'H
NMR spectrum of the former is shown in Figure 3¢, while the
latter precisely matched that of the original sample of L1Pd-
(2,6-DMAP). After operation, the resonances of the 2,6-DMAP
foothold (H,,,) were found to have shifted downfield (A5(H,)
= 017 ppm and AS(H;) = 0.18 ppm), resembling the

dx.doi.org/10.1021/ja4123973 | J. Am. Chem. Soc. 2014, 136, 2094—2100
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a)

<)

Figure 3. '"H NMR spectra (500 MHz, CD,Cl,, 298 K) of the two positional isomers of the bimetallic complex L1Pd and the free track for
comparison: (a) track 10; (b) L1Pd-(2,6-DMAP); (c) L1Pd-(2,6-Py). The lettering in the figure refers to the assignments shown in Figure 1.

Scheme 3. Stepping of a Pd(II)/Pt(II)-Complexed Information, for NMR). Interestingly, upon enclosing the
Molecular Biped” amide bond of the track within the macrocycle of L1Pd-(2,6-
Py), two separate signals can be seen for both the amide (Hy/y')

m 1585 m and the adjacent methylene protons (H,/,) as a result of cis-/
@ @ o 338K 48 o Q ® trans-amide isomers (Hy +» major isomer, Hy,,, minor isomer).

CHCL/CHCN (7:3) Electrospray mass spectrometry of the product showed
identical peaks (m/z 2226.0 [M + H]* and 2248.0 [M +
Na]*) with isotopic distribution matching those observed for
L1Pd-(2,6-DMAP) (see Figure S20b, Supporting Information),
supporting the identity of the new product as the positional
isomer L1Pd-(2,6-Py).

2.4. Deprotonation-Driven Switching. A sample of the
neutralized 15:85 crude mixture of L1Pd-(2,6-DMAP) and

-
298K,30h
no exchange

-CHSOH \ ‘ CH,SOH CHSOH ‘ ‘ CHSOH

>95:5 L1Pd-(2,6-Py) from the protonation-driven stepping experi-
338K 401 ment was heated at 338 K in CDCl;/CD;CN (7/3). After 24 h
& @ CHCL/CHCN (7:3) @ @ at 338 K, the ratio of the positional isomers had changed to

¢ °=°=° >95:5 in favor of L1Pd-(2,6-DMAP), while in an identical

208,201 sample left at room temperature for the same period, no change
L1Pd-(2,6-DMAP) no exchange L1Pd-(2,6-PY) in positional isomer ratio was observed. The ratio observed at
equilibration at 338 K is in accordance with the previous
neutral stepping experiment (Figure S18, Supporting Informa-
tion), demonstrating an equilibrium distribution overwhelm-
ingly in favor of L1Pd-(2,6-DMAP) in the absence of acid,
confirming the reversibility of the switching mechanism. These
experiments illustrate that the coordination chemistry of the
noncomplexed 2,6-DMAP foothold in the free track, 10 (Figure palladium(II) foot allows the walker—track system to be locked

“Legend: (1) no exchange after 30 h at 298 K in CDCl,/CD;CN (7/
3) with CH,;SO;H (1 equiv), <5% exchange in CDCly/CD5CN after
30 h at 338 K with no CH;SO3H; (}) No exchange observed after 24
h at 298 K in CDCl;/CD+CN (7/3).

3a). Similarly, the 2,6-Py signals (H,,...) show shifts (A5(H,,) = in a thermodynamically unfavorable positional isomer distribu-
0.31 ppm, A5(Hy,) = 0.16 ppm, and AS(H,.) = 0.24 ppm) in tion between the two footholds, enabling ratcheting of the
accordance with the equivalent resonances in the model biped unit away from its equilibrium state and, in principle,
exchange experiment (Scheme 1b; see Figure SS, Supporting such a mechanism to be used to bring about directional walking
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of a molecular biped with a palladium(II)-coordinated foot on
an extended track.

3. CONCLUSIONS

Nature boasts a plethora of molecular-level systems in which
the thermodynamics and kinetics of binding events can be
rapidly and systematically controlled via manipulation of
hydrogen-bonding and electrostatic interactions to bring
about directional molecular-level motion. The design of
synthetic mimics of these systems is particularly difficult
because of the weak and ephemeral nature of such binding
events. Metal coordination motifs provide a potential
alternative to controlled molecular-level motion by exploiting
the kinetics and thermodynamics of ligand binding events. We
have described an acid—base switchable palladium(II)/
platinum(II) bimetallic system in which one of two
transition-metal complexes can be selectively labilized and
stepped in either direction between two different binding sites
and kinetically relocked with a high degree of positional
discrimination. Such systems should prove useful in the
development of switchable, metastable components for
advanced molecular machinery, most notably linear molecular
motors in the form of synthetic small-molecule walkers.
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