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A molecular bipaddled flipper based on a tetradentate chiral Cu
complex has been designed. The paddling motion of this
unprecedented molecular-scale machine can be controlled by
reversible oxidation of the metal center. Kinetic and computational
(density functional theory) analyses provide a detailed picture of
the flipper motion at the molecular scale, rationalize the switching
role of the metal-ion oxidation state, and pose the basis for the
fine-tuning of the dynamic motion of this new class of molecular-
scale devices.

Molecular machines can transfer energy, motion, or forces

at molecular scale, and their design constitutes a major goal

in modern science and technolofyhe design of these en-

gines relies on the use of molecules that can undergo well-

defined changes in shape in response to an external stimulu

such as thermal, electrochemical, or photochemical excita-

tion. Along this path, molecular rotors, gears, switches, shut-
tles, turnstiles, ratchets, brakes, and pedals have bee

for building more sophisticated multimolecular deviées.
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Because of basic thermodynamic considerations, molecular
machines could only work under thermodynamic nonequi-
librium conditions, a requisite not fulfilled by many of the
earlier described molecular-scale devices. However, these
molecules provide a useful nanotool kit to engineer complex
machines built from organized gearing of different devices,
capable of transferring the motion as a unit under the influ-
ence of an external equilibrium-breaking stimuitukinspired

by the work of Canary on Cu-based molecular switélaesl

the well-established dynamic properties of copper(l) polyamine
complexes, in this work we describe an unprecedented
molecular flipper whose motion is based on the isomerization
process of a transition-metal complex. This motion is
established at the molecular scale by a combination of kinetic
and computational methods. It is also shown that the flipper
can be switched on/off by reversible oxidation of the metal

%enter, which can be viewed as an electrochemical Ifrake.

To this end,A-[CU'((Nr,Nr,R,R)-L)]PR (A-1PFs;) was
isolated as the single product from the reaction oR(2R)-

designed over the last years and constitute the necessary basql' and CUCHCN),PF in CHCN (Supporting Information)

d structurally characterized. The molecular structure of
A-1PFs7 (Scheme 1 and Figure 1) contains a'Gon
coordinated to the four N atoms of the ligand adopting a
highly distorted tetrahedral geometry and a noncoordinating
PR~ counterion balancing the charge. The complex contains
a crystallographic 2-fold axis that passes through the Cu atom
and bisects the cyclohexyl ring. This 2-fold symmetry results
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Scheme 1
/(Nl CHs
Su/(CHyCN)4PFs # ®)
-——Cu
CH3CN (R) \
\CH,
(1R,2R)-L A-1PFg

in a propeller-like structure in which the orientation of the
rotation axis is determined by the chirality of the four
stereogenic centers, adoptinghahelicate chirality for the
Ngr,Ng,R,R isomer (Figure 1).

Time-dependent NMR analysis ok-1PFs in CD.Cl,
indicates that the complex undergoes a transformation into
a new 2-fold symmetric specieA-2PFs. A final Keq =
[A-2PFs)/[A-1PFs] = 1.3 at 298 K was measured at the end
of the reaction AG® = —0.2 kcal mot?), indicating a slight
energetic preference foA-2PFs in solution. Keg = 1.3
persists in the temperature range from 10 to °85 but
crystallization by ether diffusion leads to quantitative recov-
ery of A-1PFs.2 The structure ofA-2PFs was established as
A-[CU'((Ns,Ns,R,R)-L)]PR by NMR spectroscopy and den-
sity functional theory (DFT) calculations (Supporting Infor-
mation).A-1PF; and A-2PFs are related by inversion of the
chirality of the aliphatic N atoms but most significantly by
the opposite helicate chirality.

The circular dichroism (CD) spectrum of a freshly
prepared solution ofA-1PFs in CH,CI, displays negative
curves with large amplitudes at 268 nihe(= —11.5 M1
cm1) and 350 nmAe = —4.4 M~ cm™?) and a prominent
positive curve at 290 nm\e = 8.7 M~ cm1). TheA-1PFs
to A-2PFs isomerization reaction was monitored by CD
(Figure 2), showing a quenching of the differential absorption
at 268, 290, and 350 nm. Kinetic traces of the CD data were
fitted to a reversible single-exponential process, where the
two reversal reactionk{ andk-,) are unimolecular. Isomer-
ization rate constants in GBI, at 298 K arek; = 2.8 (0.1)

x 104 standk; = 2.1 (£0.1) x 10 s%, and they are

Figure 1. Crystal structure (Mercury diagram) oAf1]* (top left) and
DFT structures of A-2]* (top right), [A-3]2* (bottom left), and A-4]2+
(bottom right).
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Figure 2. (a) Top: CD monitoring of the\-1PFs/A-2PFgs isomerization
reaction in CHCI; ([1]o = 0.34 mM, path length= 1 cm, spectrum interval
= 5 min). Bottom: corresponding UVis spectra. (b) Top: CD spectra
of the oxidizedA-1PF¢/A-2PFs couple with AgBR at different isomer-
ization times (min) yieldingA-3]2" att = 0 min and mixtures ofA-3]%*
and [A-4]?" att > 0 min. Bottom: corresponding Uis spectra.

concentration-independent in the 81 mM range, thus
confirming their unimolecular nature. Eyring plots farand

(7) Crystal data foA-1PFs: Bruker CCD diffractometer, &H3,CuFRsN4P,
fw = 561.03, 0.4x 0.1 x 0.05 mm, orthorhombic, space group
P2:2:2, a = 16.921(3) A,b = 34.176(6) A.c = 8.4534(15) Ao =
90°, f = 90°, y = 90", V = 4888.4(15) &, D, = 1.525 g cm3, Z =

4, monochromated Mo & radiation,¢ and w scan methods] =
100(2) K, u = 1.023 mm%, 76 923 reflections collected, 11 939
independent reflectiongRf, = 0.0480), GOF= 1.065, R [ > 20(l)]

= 0.0415, wR= 0.1013 (refined againsfF 2).

A number of attempts have been made to obtain crystallographic
characterization ofA-2X (X = CRSG0;, PR, BF4, SbFs, and CIQ),
but in all casesA-1X is the single product isolated.

(9) Zn reduction is slow and affords isomeAc1PFs/A-2PFs mixtures.
Ag' oxidation results in Ag precipitation, and no'Zecomplexes were
formed upon reaction with metallic Zn, as ascertained by NMR
spectroscopy.

(10) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785.
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Figure 3. Calculated reaction pathway of thA{l]" — [A-2] isomerization with B3LYP/6-311G(d,p) Gibbs free energies at 298.15 K (kcat¥nol

k-, in the 16-35°C temperature range provide enthalpy and movement of the two pyridylmethyl groups. Finally the last
entropy activation parameters (Table S1 in the Supporting stage involves the rotation of the otheP@Hs; group and
Information). Thermal excitation has a profound effect on the transformation of the seconckNo Ns. TS3 and TS4
the isomerization rate, indicating that the enthalpic contribu- give the limiting steps of the first and second stages,
tion accounts for the most important part of the activation respectively. However, the limiting step of thA{1]*/[A-
barrier. 2]* isomerization is given by TS5 of the third stage, which
The mechanical motion undergone AylPF; andA-2PF; has a free energy of 22.50 kcal mblabove ;A-1]*. The
could be switched on/off by reversible metal oxidation. Cyc- computationally determined free energy barrier is in good
lic voltammetry in CHCI, indicates that\-1PF; andA-2PF; ~ agreement with the experimental dataAds;* andAG-,*°
could be electrochemically oxidize#, = 0.59 V vs SSCE,  presented in Table S1 in the Supporting Information. DFT
laflcp ~ 1) to the corresponding ®womplexes. Alternative- analysis also provides an explanation for the role of the
ly, A-1PFs and A-2PFs can be reversibly oxidized and re- oxidation state of the metal in controlling the motion. The
duced chemically with Agand Zn® respectively. An oxidation  theoretically computedy-3]2*/[A-4]2* isomerization has the
experiment of specieA-1PF; with AgBF, was performed ~ Same three stages as th®-1]*/[A-2]" isomerization, and
at different times of the isomerization process and the CD also the limiting step is given by TS5wvhich is 36.19 and
of the resulting Clispecies registered (Figure 2). The regis- 37.60 kcal mot* higher than A-3]?" and [A-4]%*, respec-
tered spectra progressively change depending on the degreéively. It is clear thatAG,* and AG-,* for these processes
of [A-1]*/[A-2]* isomerization. However, no further changes are prohibitively high for a normal solution-phase thermal
were observed after oxidation over more than 1 week, thusreaction (Figure 1).
indicating that the paddling motion has been stopped. In conclusion, in this work we have described at the
To give a detailed molecular picture of the isomerization Molecular scale the mechanical motion exhibited Ay1]*/
process, the system was studied by means of DFT. The gastA-2]* isomerization. The transition metal integrated into
phase geometries, energies, and vibrational frequencies ofhis device acts as a redox switch that permits one to start/
[A-1]*, [A-2]*, and several intermediates and transition states Stop the motion at will. The well-defined molecular paddling
labeled in Figure 3 were computed using the B3LYp motion as well as its redox control adds to the currently
functional. We use the 6-31G(d,p) basis set to determine the@vailable nanotool box, makes these molecules suitable
geometries and vibrational frequencies, whereas the energie§omponents for yet-to-build molecular machines, and could
were obtained by Carrying out Sing|e_p0int 6_311G(d,p) be particularly useful in aCting as a brake of the machine.

calculations at the 6-31G(d,p) geometries. Thel|*/[A- Acknowledgment. This research has been financed by
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mtermec!lates and seven trans!tlon states (see the Support'”%S?Q?-COZ-Ol/BQU, and MEC Project CSD2006-0003. A.C.
Informaﬂo_n for details). There is a good agreement between and M.G. are thankful for a predoctoral grant from MEC.
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sponding B3LYP geometry ofA-1]*. The steps of the

isomerization mechanism can be split into three main stages. Supporting Information Available: Full details of the synthetic
The first stage ends in 13 and involves the rotation of the procedures, spectroscopic characterization of products, kinetic
N2CHs; group from a CHN2—N3CHjs trans-like orientation analysis, DFT-optimized coordinates of all minima and transition
to a cis-like orientation. This rotation also implies the _states_located,and X-ray crygtallographic data (CIF). This material
transformation of one Mto Ns. The second stage finishes is available free of charge via the Internet at http://pubs.acs.org.
at 14, and the most important feature is the paddling 1C0618549
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