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Divergent Synthesis of Molecular Winch Prototypes

We report the synthesis of conceptually new prototypes of molecular winches with the ultimate aim to investigate the work performed by a single ruthenium-based molecular motor anchored on a surface by probing its ability to pull a load upon electrically-driven directional rotation. According to a technomimetic design, the motor was embedded in a winch structure, with a long flexible polyethylene glycol chain terminated by an azide hook to connect a variety of molecular loads. The structure of the motor was first derivatized by means of two sequential cross-coupling reactions involving a penta(4-halogenophenyl)cyclopentadienyl hydrotris(indazolyl)borate ruthenium(II) precursor and the resulting benzylamine derivative was next exploited as key intermediate in the divergent synthesis of a family of nanowinch prototypes. A one-pot method involving sequential peptide coupling and Cu-catalyzed azide-alkyne cycloaddition was developed to yield four loaded nanowinches, with load fragments encompassing triptycene, fullerene and porphyrin moieties.

INTRODUCTION

The last two decades have witnessed a tremendous increase in the number and type of artificial molecular machines, [START_REF] Balzani | Molecular Devices and Machines -A Journey into the Nano World[END_REF] with the ultimate recognition by the scientific community being the awarding of the 2016 Nobel Prize in chemistry to the pioneers in the field: J.-P. Sauvage, Sir J.F. Stoddart and B.L. Feringa. [START_REF] Sauvage | [END_REF] Many among these machines can be considered as technomimetic [3] analogues of macroscopic daily life objects such as scissors, [4] wheelbarrows, [5] syringes, [6] elevators, [7] vehicles, [8] gears [9] or robotic arms, [10] among others. Integration of several such machines into multimolecular functional devices would allow the emergence of nanoscale machineries, able to perform complex tasks when fueled with appropriate energy sources. In this regard, molecular motors are key elements among the wide variety of machines, as they convert chemical, light and electric energy into mechanical energy. [11] A few groups, including us, have designed, synthesized and studied rotary molecular motors in solution, on nanoparticles, [12] in liquid crystals, [13] in gels [14] or on surfaces [11d-g] to prove that their actuation could lead to directional motion. Once this milestone achieved, it became highly desirable to access the amount of work performed by molecular motors (e.g. through direct investigations by Single Molecule Force Spectroscopy or magnetic tweezers) [START_REF] Lussis | For an example of molecular motor in the 1-5 nm size range studied by Single Molecule Force Spectroscopy[END_REF] and determine whether such motors can be used for mechanical applications. For example, Feringa et al. doped a liquid crystal with a rotary molecular motor which, stimulated by light, induced a modification of the structure of the liquid crystal, leading to the motion of a glass rod several thousand times larger than these engines. [13] An example of the use of such motors to induce macroscopic movements has been reported by Giuseppone et al. They formed a gel consisting of motors whose rotors and stators are connected by polyethylene glycol (PEG) chains. [14] Upon photoirradiation, the motors start to rotate which causes the PEG chains to wind up and as a consequence the motors to come together, finally leading to a macroscopic contraction of the gel. These pioneering studies demonstrated that molecular motors are capable of producing work, which may be recovered up to the macroscopic scale when collective behaviors are implemented.

In this context, our aim is to investigate at the single-molecule scale the mechanical properties of the ruthenium-based molecular motor we developed, which was specifically designed for on-surface studies by Scanning Tunneling Microscopy at Low Temperature (LT-STM) (Figure 1a). [11e] The architecture of this molecular motor is based on a piano-stool ruthenium(II) complex, with rigid pentaarylcyclopentadienyl and hydrotris(indazolyl) borate ligands acting as rotor (in blue) and stator (in black), respectively. [START_REF] Vives | [END_REF] The scorpionate tripod is functionalized with three terminal thioether groups to ensure tight adsorption on metal surfaces, thus preventing rotation, translation and rocking motion of the whole complex during STM studies. [17] In addition, this subunit is designed to lift up the ruthenium ball bearing and thus the cyclopentadienyl platform, whose azimuthal rotation becomes favored over other degrees of freedom. On a Au(111) surface under Ultra-High Vacuum at 5 K, this ruthenium complex is initially motionless and it has been shown that a voltage pulse applied via the STM tip on one of the cyclopentadienyl substituents triggers unidirectional motion of the rotor subunit. Moreover, the direction of rotation is controlled by the location of the tip over the desymmetrized rotor during the inelastic electron tunneling process, with an excitation of the shorter tolyl group or of one of the ferrocenylphenyl fragments resulting in opposite motions. This organometallic structure thus behaves as a motor, able to convert electric energy into directed motion, and it was next envisioned to probe the capacity for this surface-bound motor to perform work, i.e. to move a load on a surface.

To this aim, the ruthenium-based motor was embedded in a molecular winch structure (Figure 1b), including a long flexible chain (in green) and a terminal hook connected to a molecular load (in orange). In this concept, the nanowinch will be deposited onto a metallic surface at low temperature and the molecular load will be pushed away from the motor subunit by lateral manipulation using the STM tip. Subsequent excitation of the motor via a voltage pulse applied with the STM tip is expected to induce a unidirectional rotation of the pentaarylcyclopentadienyl fragment, and the resulting motion of the load will be exploited as a direct proof of the ability of the motor to work. It is important to note that at this scale, the weight of the molecular load is not important because momentum can be neglected with respect to the molecule-surface interactions involved in the physisorption process. Motion of the load upon actuation of the motor subunit will thus occur only if the available work surpasses the diffusion energy of the molecular load on the surface. In anticipation of STM studies at the single-molecule scale, the nanowinch will thus be connected to a series of fragments acting as loads with varying diffusion energies. This will first allow to identify one load that is actually pulled by the rotating winch on the surface, thereby proving the capacity of the motor to perform work. Moreover, this strategy will also provide information on the work limit of the motor by probing nanowinches loaded with fragments bearing increasing diffusion energies, up to the point where no motion of the load is observed upon actuation of the motor subunit. Noteworthy, the diffusion energy of all load fragments will be determined experimentally by lateral manipulation with the STM tip, which will in turn allow an estimation of the work limit value.

Herein, we report the design and synthesis of a molecular winch, loaded with various molecular fragments such as triptycene, fullerene and porphyrin derivatives. The latter have been selected for their straightforward imaging capabilities and characteristics by STM, as well as for the previous synthetic knowledge acquired in our group.

RESULTS AND DISCUSSION

Design of the molecular winch and of the series of loads

As in macroscopic counterparts, the technomimetic molecular winch envisioned in this work will be composed of three main parts: the rotary motor, a long chain and a terminal hook, allowing the connection of a variety of molecular loads (Scheme 1). Such derivatization of the ruthenium complex should however preserve its function as motor, undergoing directional rotation when fueled with electrons. As prerequisite for our design, the structural and electronic features of the original ruthenium complex thus have to be retained in winch prototypes, which implies a steric and electronic decoupling between the motor subunit and the long chain. The linker should in addition provide thermal stability to the winch prototype in anticipation of on-surface physical vapor deposition. Scheme 1. Structure of the molecular winch 1a connected to a triptycen-9-yl molecular load, and retrosynthetic analysis leading back to the structure of the unloaded molecular winch (2) and to the derivatized motor 3 as key intermediate.

Given the broad availability of monodisperse PEG chains functionalized with terminal carboxylic acids, a benzylamide fragment was selected as linker between the chain and the shorter arm of the pentaarylcyclopentadienyl rotor. From a retrosynthetic point of view, the key intermediate in the synthesis of loaded molecular winches such as 1a would thus be the motor analogue 3, in which the truncated tolyl arm is replaced with a pendant 4'-(aminomethyl)biphenyl substituent. A bifunctional PEG8 chain would be used as coupling partner, with a propionic acid at one extremity and an azide function acting as chemical hook at the other one. A high-yielding copper-catalyzed azide-alkyne cycloaddition could then be exploited to covalently bind a variety of molecular loads to the winch 2 under mild conditions, leading to a 1,2,3-triazole connecting unit in the loaded winch structure.

As mentioned above, a series of alkyne-terminated molecular loads with varying diffusion energies on a gold surface were designed (Figure 2). 9-Ethynyltriptycene 4a was selected as first target since the behavior of the triptycene fragment, in particular its translational motion, has been extensively investigated by STM on various surfaces. [18] Two molecular loads with higher diffusion energy on gold surface were devised by increasing both the number of triptycene units and the size of the central aromatic backbone. In loads 4c and 4d, two (triptycen-9-yl)ethynyl fragments are thus bound to a benzene ring and to a more extended zinc(II) porphyrin unit, respectively. Finally, [60]-fullerene, a molecular load expected to display a lower diffusion energy than a single triptycene unit was also identified as suitable, easy to visualize, [19] fragment and fullerene-malonate adduct 4b was selected as the fourth molecular load.

Figure 2. Series of alkyne-appended molecular loads 4a-4d, ranked by increasing diffusion energy on surface.

Derivatization of the molecular motor

The synthesis of key intermediate 3 was first tackled and a post-functionalization of  5 -1,2,3,4,5-penta(4-halogenophenyl)cyclopentadienyl ruthenium(II) complex 5 was envisioned, based on our previous work on the synthesis of ruthenium-based molecular machines (Scheme 2). [9,20] Our strategy involved sequential cross-coupling reactions, with a single bis-aryl coupling in a first step to generate the 4'-(aminomethyl)biphenyl moiety, followed by a four-fold Suzuki-Miyaura reaction to couple the four ferrocene groups. Scheme 2. Synthesis of the derivatized motor 3. Reagents and conditions: i) PdCl2(dppf) cat., Cs2CO3, DMF / H2O (1%), 100 °C, 48h, 26%; ii) Pd(PPh3) 4 cat., CuTC, THF, 45 °C, 39h, 23%; iii) PdCl2(dppf) cat., Cs2CO3, DMF / H2O (1%), 100 °C, 72h, 42%; iv) TMSOTf, 2,6-lutidine, CH2Cl2, 0°C to RT, 2h, 94%.
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This synthetic route was first implemented starting from ruthenium complex 5a, which incorporates five identical 4-bromophenyl substituents on the cyclopentadienyl ligand. A Suzuki-Miyaura coupling was attempted under statistical conditions using 4-(aminomethyl)phenylboronic acid pinacol ester as coupling partner, the latter being protected as tert-butylcarbamate to avoid any side effect of the primary amine during the cross-coupling. A detailed optimization of the reaction conditions was conducted to maximize the yield of monofunctionalized product 6, among polyfunctionalized side products. Using one equivalent of coupling partner with PdCl2(dppf) (10 mol%) as catalyst and Cs2CO3 (2 equiv.) as base in a DMF / H2O (1%) mixture at 100 °C, the desired product 6 resulting from a single coupling was obtained in 26% yield.

As opposed to this statistical approach for the monofunctionalization of precursor 5a, we have recently demonstrated that desymmetrized ruthenium complex 5b, incorporating a preactivated 4-iodophenyl fragment, undergoes chemoselectively single cross-coupling reactions. [9b,20] This approach proved particularly efficient for the construction of a single phenylethynyl moiety via Sonogashira coupling, allowing for high levels of iodophenyl vs bromophenyl discrimination in complex 5b. Bis-aryl couplings appeared more challenging, with no significant selectivity observed under standard Suzuki-Miyaura conditions, such as those mentioned above. However, a combination of Pd(PPh3)4 as palladium catalyst with copper(I) thiophene-2-carboxylate (CuTC) as stoichiometric additive, as reported by Savarin and Liebeskind, [21] allowed for very mild coupling conditions leading selectively to a single biphenyl pattern. Such conditions were thus tested in an attempt to increase the efficiency of the monofunctionalization step, using complex 5b as precursor and tert-butoxycarbonyl (Boc)-protected 4-(aminomethyl)phenylboronic acid as coupling partner. After 24h at 45 °C in THF, the desired product 6 resulting from a single aryl-aryl coupling was obtained in 23% yield. The limited chemoselectivity of this coupling, as compared with previous attempts on precursor 5b under identical conditions seems to be related to the nature of the coupling partner, with a putative detrimental coordination of the Boc-protected amine to the copper additive. Noteworthy, as Stille reactions have been far more documented for aryl iodide vs aryl bromide discrimination, such a bis-aryl coupling was also attempted on precursor 5b using the appropriate stannane partner, but it failed to deliver the desired monocoupled product 6 with higher efficiency.

In the next step, the monofunctionalized complex 6, incorporating four remaining 4-bromophenyl substituents, was submitted to a Suzuki-Miyaura cross-coupling in the presence of a large excess of ferroceneboronic acid pinacol ester. The desired product 7, resulting from four sequential bis-aryl couplings, was obtained in 42% yield, i.e. 80% per newly-formed C-C bond. Finally, cleavage of the Boc protecting group was achieved under mild conditions, involving trimethylsilyl triflate and 2,6-lutidine in dichloromethane followed by a treatment with methanol, to give the corresponding free benzylamine 3 in 94% yield.

Synthesis of the load fragments

Having the key intermediate 3 in our hands, the synthesis of the series of molecular loads bearing a terminal alkyne was tackled. 9-Ethynyltriptycene 4a was prepared according to a standard synthetic route exploited for the synthesis of other molecular machines. [5] The C60-appended malonate derivative 4b was obtained in two steps from ethylmalonate as recently reported, [22] with a Steglich esterification in the presence of but-3-yn-1-ol followed by a Bingel reaction. New synthetic routes were devised for the two other molecular loads, incorporating two triptycen-9ylethynyl moieties around a central benzene (4c) or porphyrin (4d) core.

3,5-Bis(triptycen-9-ylethynyl)-1-ethynylbenzene (4c) was prepared in three steps from 1,3-dibromo-5-iodobenzene, using the (3-cyanopropyl)dimethylsilyl protecting group, a polar analogue of trimethylsilyl, [23] to facilitate chromatographic purifications along the cross-coupling sequence (Scheme 3). The selective functionalization of the iodinated position with (3-cyanopropyl)dimethylsilylacetylene under mild Sonogashira conditions was followed by a two-fold coupling under harsher conditions with 9-ethynyltriptycene (4a) as partner to yield bis-triptycenyl derivative 9. Final treatment with tetrabutylammonium fluoride (TBAF) allowed the cleavage of the silyl protecting group to give the alkyne-terminated molecular load 4c in 17% yield over three steps. Scheme 3. Synthesis of molecular load 4c. Reagents and conditions: i) PdCl2(PPh3)2 cat., CuI cat., THF / triethylamine 4:1, RT, 24h, 39%; ii) 9-ethynyltriptycene (4a), PdCl2(PPh3)2 cat., CuI cat., THF / triethylamine 4:1, reflux, 48h, 59%; iii) TBAF, THF, 0 °C to RT, 1h, 72%.

The fourth molecular load (4d) incorporates two triptycen-9-ylethynyl fragments connected in a trans relationship to a central zinc(II) porphyrin scaffold, with the remaining 5,15 meso positions carrying 4-ethynylphenyl and 3,5-di-tert-butylphenyl substituents, respectively. The overall structure of this trans A2BC porphyrin is reminiscent of a series of nanocars reported recently, [8k] and a similar synthetic route was thus followed (Scheme 4). Free base porphyrin 10 [24] was prepared from dipyrromethane and the appropriate 3,5-di-tert-butyl-and 4-(trimethylsilylethynyl) benzaldehydes under Lindsey conditions and was subsequently metallated in the presence of zinc(II) diacetate. Treatment of zinc(II) porphyrin 11 with N-bromosuccinimide resulted in a selective bromination of the 10,20 meso positions, which were then coupled with 9-ethynyltriptycene under Sonogashira conditions to yield the tetrasubstituted A2BC porphyrin 13. Finally, cleavage of the trimethylsilyl protecting group using TBAF afforded the target molecular load 4d, in 45% yield over four steps (from the known free base porphyrin 10). 

Divergent synthesis of loaded molecular winches

With the four molecular loads and the derivatized motor 3 carrying a pendant benzylamine moiety, the assembly of the molecular winch was addressed. According to the strategy depicted on Scheme 1, a bifunctional PEG8 chain was required to allow for the formation of both the triazole and benzylamide linkers. The monodisperse precursor 14, incorporating an azide moiety and a carboxylic acid preactivated as its N-hydroxysuccinimidyl ester, was selected and used for all molecular winches in a divergent approach (Scheme 5).

Scheme 5. Divergent synthesis from key precursor 3 of a series of molecular winches carrying a triptycenyl (1a), bis-triptycenyl (1c and 1d) and fullerene (1b) fragment as molecular load.

Given the complexity of the target compounds, it was envisioned to perform the sequential condensation and Cu-catalyzed azide-alkyne cycloaddition steps in a single pot by successive addition of reagents and catalysts. The conditions for the click reaction were thus adapted and both steps were finally performed using an excess of triethylamine as base in DMF. To conveniently monitor the progress of each step by 1 H NMR spectroscopy, these small-scale reactions were set up in an NMR tube and deuterated DMF was thus used as solvent.

The benzylamine-appended motor 3 was first reacted with a slight excess of the N3-PEG8-NHS chain (14, 1.5 equiv.) to afford the desired intermediate 2 with a benzylamide linker after 48h at 40 °C, as observed by 1 H NMR. Addition of 9-ethynyltriptycene (4a) and copper(I) iodide to the reaction medium subsequently triggered the azide-alkyne cycloaddition to afford the triazole moiety connecting the PEG chain and the triptycene fragment. The first prototype of molecular winch loaded with a single triptycene (1a) was finally isolated in 61% yield over two steps. Full characterization by NMR spectroscopy and high-resolution mass spectrometry unambiguously confirmed the presence of the newly formed benzylamide and triazole moieties, and the 1:1:1 ratio between the motor subunit, the PEG8 chain and the triptycene load.

The synthesis of the three other loaded molecular winches was achieved according to the same divergent route and exploited ruthenium complex 2 carrying the azide-terminated PEG chain as a common intermediate. Click reaction between azide 2 and alkyne derivatives 4b, 4c and 4d led to a series of molecular winches connected to a variety of loads, such as a C60 fullerene adduct (1b, 31% yield) or bis-triptycyl fragments with a central benzene (1c, 54% yield) or porphyrin (1d, 78% yield) scaffold. In all cases, the conversion for each step was virtually total, as monitored in situ by [START_REF] Balzani | Molecular Devices and Machines -A Journey into the Nano World[END_REF] H NMR, and differences in isolated yields are related to purification issues. This sequence thus appears particularly efficient for the functionalization of primary amines, e.g. in bioconjugation studies, with a peptide coupling and a Cu-catalyzed azide-alkyne cycloaddition performed in a single pot (instead of two synthetic operations [25] ).

CONCLUSION

A molecular winch was designed according to technomimetic principles in order to explore the mechanical properties of an electron-fueled molecular motor and in particular to probe its ability to work, i.e. to pull a load on a surface. The structure of the ruthenium-based motor was thus derivatized and embedded in a winch structure, with a long flexible PEG chain terminated by an azide hook, to allow for the covalent binding of molecular loads via click reactions. To gain information on the work limit of the motor and estimate experimentally its value, load fragments covering a broad range of diffusion energies on gold were selected, based on triptycene, fullerene and porphyrin moieties.

Derivatization of the molecular motor was successfully achieved by sequential cross-coupling reactions involving first the monofunctionalization of a  5 -1,2,3,4,5-penta(4-halogenophenyl) cyclopentadienyl ruthenium(II) complex. A divergent approach was then implemented to synthesize a family of four loaded nanowinches, with the connection of the PEG chain and of the load fragment performed in a single pot. This sequence involving a peptide coupling followed by a Cu-catalyzed azide-alkyne cycloaddition appears highly valuable for bioconjugation studies.

The four prototypes of loaded molecular winches 1a-1d, featuring triptycene-, fullerene-and porphyrinderived loads will be studied by our STM-specialized collaborators at the single molecule scale on metallic surface as soon as possible to investigate the mechanical properties of the motor. It must be noted this concept is adaptable to measure such motive power for other on-surface electron-fueled motors.

EXPERIMENTAL SECTION

Compounds 5a, [26] 5b, [20] 4a, [5] 4b, [22] 10 [24] and [ (3-cyanopropyl) dimethylsilyl]acetylene [23] were synthesized according to previously reported procedures. Compounds 3, 4c, 4d, 6, 7, 8, 9, 11, 12 and 13 are described in the Supporting Information All reactions were carried out using standard Schlenk techniques under an argon atmosphere.

Complex 1a

In a J-Young NMR tube was placed complex 3 (7.2 mg, 3.6 µmol, 1.0 eq.) in 500 µL of deuterated N,N-dimethylformamide. Then, N3-PEG8-NHS ester (3.2 mg, 5.5 µmol, 1.5 eq.) and triethylamine (2 µL, 14.4 µmol, 4.0 eq.) were added and the resulting solution was degassed by three successive freeze-pump-thaw cycles. The tube was sealed and the solution was heated at 40 °C for 48 hours. The completion of the condensation reaction was monitored by 1 H NMR. Then, under an inert atmosphere (in a glovebox), the tube was opened and copper(I) iodide (0.8 mg, 4.2 µmol, 1.15 eq.) and 9-ethynyltriptycene 4a (3.0 mg, 10 µmol, 3.0 eq.) were added. The tube was sealed again and heated at 40 °C for a further 48 hours after which the solvents were evaporated. The crude product was dissolved in a minimal amount of dichloromethane, precipitated in methanol, filtered and washed with 10 mL of cold methanol. The resulting solid was once again dissolved in a minimal amount of dichloromethane and precipitated in heptane. The dichloromethane was removed by rotary evaporation, the suspension filtered and washed with 10 mL of cold pentane. If impurities were observed by NMR, the operation was repeated as many times as necessary to give complex 1a as an orange amorphous solid in a 61% yield (6.0 mg, 2.2 µmol). Rf = 0.48 (SiO2, MeOH/CH2Cl2 5:95). [START_REF] Balzani | Molecular Devices and Machines -A Journey into the Nano World[END_REF] H NMR (500 MHz, DMF-d7, 25 °C): δ = 8.70 (s, 1H, Hg), 8.47 (br. s, 3H, H6), 8.23 (t, 3 J = 6.0 Hz, 1H, NH), 8.20 (s, 3H, H1), 10H,H13,Hb,Hb' and Hr),7.51 (d,3 J = 8.8 Hz,2H,H14),11H,H3,H18,18'),7.35 (AA'BB' pattern, 3 J = 8.7 Hz, 8H, H19,19'), 7.30 (AA'BB' pattern, 3 J = 8.5 Hz, 2H, Hq), 7.12 -6.97 (m, 9H, H4, Ha and Ha'), 5.78 (s,1H,Hd),4.94 (t,3 J = 5.3 Hz,2H,Hh),4.73 (m,8H,H22,22'),4.37 (d,3 J = 6.0 Hz, 2H, Ho), 4.29 (m, 8H, H23,23'), 4.16 -4.06 (m, 8H, H8 and Hi), 3.95 (s, 10H, H24 or H24'), 3.94 (s, 10H, H24 or H24'), 3.74 -3.67 (m, 4H, Hl and Hj or Hk), 3.63 -3.57 (m, 2H, Hj or Hk), 3.54 -3.49 (m, 24H, Hj and Hk), 2.64 (q, 3 J = 7.4 Hz, 6H, H9), 2.46 (t, 3 J = 6.3 Hz, 2H, Hm), 1.34 (t, 3 J = 7.4 Hz, 9H, H10) ppm. 13 

Complex 1b

In a J-Young NMR tube was placed complex 3 (7.8 mg, 3.9 µmol, 1.0 eq.) in 500 µL of deuterated N,N-dimethylformamide. Then, N3-PEG8-NHS ester (3.3 mg, 5.9 µmol, 1.5 eq.) and triethylamine (2.2 µL, 16.0 µmol, 4.0 eq.) were added and the resulting solution was degassed by three successive freeze-pump-thaw cycles. The tube was sealed and the solution was heated at 40 °C for 48 hours. The completion of the condensation reaction was monitored by 1 H NMR. Then, under an inert atmosphere (in a glovebox), the tube was opened and copper(I) iodide (0.6 mg, 3.2 µmol, 0.8 eq.) and the C60 fullerene adduct 4b (7.1 mg, 7.9 µmol, 2.0 eq.) were added. The tube was sealed again and heated at 40 °C for a further 48 hours after which the solvents were evaporated. The crude product was dissolved in a minimal amount of dichloromethane and precipitated in methanol, filtered and washed with 10 mL of cold methanol. The resulting solid was once again dissolved in a minimal amount of dichloromethane and precipitated in heptane. The dichloromethane was removed by rotary evaporation, the suspension filtered and washed with 10 mL of cold pentane. Pure product was recovered in dichloromethane and the solvent was evaporated to dryness to give complex 1b as an orange amorphous solid in a 31% yield (4.0 mg, 1.2 µmol). Rf value could not be determined for this compound due to relatively low solubility in most organic solvents inducing important tailing on TLC. [START_REF] Balzani | Molecular Devices and Machines -A Journey into the Nano World[END_REF] H NMR (500 MHz, DMF-d7, 25 °C): 8.97 (br. s, 1H, Hi), 8.29 (m, 1H, NH), 8. 6H,H6 and H1),30H,H3,H4,H13,H14,H18,18',H19,19',Hs and Ht),2H,Hj),4.73 (br. s,8H,H22,22'),4H,Hb and Hf),4.37 (d,3 J = 6.1 Hz,2H,Hq),4.30 (br. s,8H,H23,23'),28H,Hg,H8,H24,24'),3.48 (m,34H,Hk,Hl,Hm,Hn and Ho),6H,H9),3H,Ha),9H,H10) ppm. 13 

Complex 1c

In a J-Young NMR tube was placed complex 3 (6.6 mg, 3.3 µmol, 1.0 eq.) in 500 µL of deuterated N,N-dimethylformamide. Then, N3-PEG8-NHS ester (2.3 mg, 4.0 µmol, 1.2 eq.) and triethylamine (3 µL, 22 µmol, 6.5 eq.) were added and the resulting solution was degassed by three successive freezepump-thaw cycles. The tube was sealed and the solution was heated at 40 °C for 48 hours. The completion of the condensation reaction was monitored by 1 H NMR. Then, under an inert atmosphere (in a glovebox), the tube was opened and copper(I) iodide (0.8 mg, 4.2 µmol, 1.3 eq.) and alkyne 4c (3.7 mg, 5.7 µmol, 1.7 eq.) were added. The tube was sealed again and heated at 40 °C for a further 48 hours, after which the solvents were evaporated. The crude product was dissolved in a minimal amount of dichloromethane and precipitated in methanol, filtered, and washed with 10 mL of cold methanol. The resulting solid was once again dissolved in a minimal amount of dichloromethane and precipitated in heptane. The dichloromethane was removed by rotary evaporation, the suspension filtered and washed with 10 mL of cold pentane. Pure product was recovered in dichloromethane and the solvent was evaporated to dryness to give complex 1c as an orange amorphous solid in a 54% yield (5.6 mg, 1.8 µmol). Rf = 0.23 (SiO2, MeOH/CH2Cl2 20:80). [START_REF] Balzani | Molecular Devices and Machines -A Journey into the Nano World[END_REF] H NMR (500 MHz, DMF-d7, 25 °C): δ = 8.98 (s, 1H, Hm), 8.74 -8.68 (m, 3H, Hj and Hh), 8.61 (br. s, 3H, H6), 8.21 (br. s, 4H, H1 and NH), 7.97 (dd, 3 J = 7.3 Hz, 4 J = 1.4 Hz, 6H, Hb'), 7.62 -7.54 (m, 10H, Hb, Hx and H13), 7.53 -7.43 (m, 13H, H3, H14, H18,18'), 7.38 -7.32 (m, 8H, H19,19'), 7.29 (AA'BB' pattern, 3 J = 8.2 Hz, 2H, Hw), 7.21 -7.12 (m, 12H, Ha and Ha'), 7.11 -7.07 (m, 3H, H4), 5.86 (s, 2H, Hd), 4.77 -4.71 (m, 8H, H22,22'), 4.40 -4.35 (m, 2H, Hu), 4.31 -4.27 (m, 8H, H23,23'), 4.23 (br. s, 6H, H8), 4.02 (t, 3 J = 5.1 Hz, 2H, Hr), 3.96 -3.94 (m, 20H, H24,24'), 3.73 -3.46 (m, 32H, Hn, Ho, Hp and Hq), 2.80 -2.76 (m, 6H, H9), 2.48 -2.43 (m, 2H, Hs), 1.39 (t, 3 J = 7.3 Hz, 9H, H10) ppm. 13 C 22' ), 53.9 (C e ), 52.8 (C d ), 50.7 (OCH2CH2O), 42.4 (C u ), 38.9 (C 8 ), 36.9 (C s ), 28.9 (C 9 ), 14.2 (C 10 ) ppm. C quat-Ar = C i , C k , C v , C y , C 12 , C 15 for which signals could not be unambiguously assigned using HMBC NMR; one of these signals corresponds to two non-equivalent carbons with identical chemical shifts. HR-MS (MALDI): calcd. for C183H163BFe4N10O9RuS3 [M] + : 3077.8374, found 3077.8424.

Complex 1d

In a J-Young NMR tube, complex 3 (7.5 mg, 3.8 µmol, 1.0 eq.) was dissolved in 500 µL of deuterated N,N-dimethylformamide. Then, N3-PEG8-NHS ester (1.9 mg, 3.4 µmol, 0.9 eq.) and triethylamine (3 µL, 22 µmol, 5.7 eq.) were added and the resulting solution was degassed by three successive freezepump-thaw cycles. The tube was sealed and the solution was heated at 40 °C for 48 hours. Then, under an inert atmosphere (in a glovebox), the tube was opened and copper(I) iodide (0.14 mg, 0.76 µmol, 20 mol%) and porphyrin 4d (4.6 mg, 3.8 µmol, 1.0 eq.) were added. The tube was sealed again and heated at 40 °C for a further 48 hours. After confirming the complete conversion of the alkyne to a triazole by 1 H NMR, the solvents were evaporated. The crude product was purified by column chromatography (SiO2, MeOH/CH2Cl2 2.5:97.5 to 10:90) to give complex 1d as a dark green amorphous solid in a 78% yield (10.8 mg, 3.0 µmol). Rf = 0.34 (SiO2, MeOH/CH2Cl2 8:92). [START_REF] Balzani | Molecular Devices and Machines -A Journey into the Nano World[END_REF] H NMR (500 MHz, DMF-d7, 25 °C): δ = 10.14 (m, 4H, Hβ), 9.14 (d,3 J = 4.5 Hz,2H,Hβ),9.08 (d,3 J = 4.5 Hz,2H,Hβ),8.93 (s,1H,Hy),9H,H1 and Hi),9H,He,H6,Hu and Hv), 8.01 (m, 3 J = 1.9 Hz, 1H, Hd), 7.73 (d,3 J = 7.2 Hz,6H,Hl),2H,H13),13H,H3,H14 and H18,18'),24H,Hj,Hk,H19,19',H26 and H27),7.07 (d,3 J = 8.4 Hz,3H,H4),6.03 (s,2H,Hn),4.81 (t,3 J = 7.4 Hz,2H,H36),4.69 (m,8H,H22,22'),2H,H29),4.26 (m,8H,H23,23'),2H,H35),26H,H8 and H24,24'),3.48 (m,30H,H32,H33 and H34),6H,H9), 2.39 (t, 3 J = 6.4 Hz, 2H, H31), 1.61 (s,18H,Ha),1.29 (d,3 J = 7.3 Hz, 9H, H10) ppm. 13 C 11 did not appear on the 13 C{ 1 H} NMR spectrum but its chemical shift was assigned thanks to correlation on HMBC NMR spectrum; C quat-Ar = C w , C 2 , C 7 , C 15 , C 25 and C 28 for which signals could not be unambiguously assigned using HMBC NMR. UV-Vis (CH2Cl2): λmax (ε)= 246 (sh, 13 900), 416 (sh, 60 100), 439 (435 500), 449 (sh, 270 000), 581 (14 000), 620 (20 000), 685 nm (51 100 mol -1 dm 3 cm -1 ). HR-MS (MALDI): calcd. for C217H193BFe4N14O9RuS3Zn [M] + : 3638.0134, found 3638.0133.

Figure 1 .

 1 Figure 1. a) Stepwise and unidirectional rotation of the ruthenium-based molecular motor adsorbed on a gold surface at low temperature (5 K) when fueled with electrons delivered by the STM tip; b) Experimental setup envisioned to probe the ability of the motor to provide work: the ruthenium-based motor is embedded in a molecular winch structure, allowing to pull a molecular load (in orange) on the surface upon unidirectional rotation of the rotor subunit (in blue).

Scheme 4 .

 4 Scheme 4. Synthesis of molecular load 4d. Reagents and conditions: i) Zn(OAc)2•2H2O, CHCl3 / MeOH 1:1, 45 °C, 16h, 77%; ii) NBS, CH2Cl2 / pyridine 40:1, 0 °C to RT, 16h, 78%; iii) 9-ethynyltriptycene (4a), PdCl2(PPh3)2 cat., CuI cat., THF / triethylamine 4:1, reflux, 16h, 91%; iv) TBAF, THF, RT, 1h, 82%.

  C{ 1 H} NMR (126 MHz, DMF-d7, 25 °C): δ = 170.7 (C n ), 146.7 (C c or C c' ), 146.6 (C c or C c' ), 144.1 (C 2 ), 143.3 (C f ), 140.4 (C 1 ), 139.7 (C s ), 139.4 (C p ), 139.0 (C 20 and C 20' ), 138.5 (C 15 ), 137.3 (C 5 ), 134.4 (C 13 ), 133.9 (C 18 or C 18' ), 133.8 (C 18 or C 18' ), 132.0 (C 17 or C 17' ), 131.9 (C 17 or C 17' ), 128.2 (C q ), 127.7 (C g ), 126.7 (C r ), 125.7 (C a or C a' ), 125.0 (C a or C a' ), 124.9 (C 14 , C 19 and C 19' ), 124.2 (C b or C b' ), 123.9 (C b or C b' ), 123.2 (C 4 ), 122.5 (C 7 ), 120.1 (C 3 ), 112.4 (C 6 ), 88.9 (C 11 ), 88.2 (C 16 or C 16' ), 86.9 (C 16 or C 16' ), 84.2 (C 21 and C 21' ), 70.6 (C i , C j and/or C k ), 70.5 (C i , C j and/or C k ), 70.3 (C i , C j and/or C k ), 70.0 (C 24 and C 24' ), 69.6 (C i , C j and/or C k ), 69.5 (C 23 and C 23' ), 67.5 (C l ), 66.6 (C 22 and C 22' ), 55.2 (C e ), 54.2 (C d ), 50.4 (C h ), 42.4 (C o ), 37.6 (C 8 ), 36.9 (C m ), 27.4 (C 9 ), 14.3 (C 10 ) ppm. Quaternary carbon C 12 could not be unambiguously assigned using 2D NMR experiments. HR-MS (MALDI): calcd. for C153H147BFe4N10O9RuS3 [M] + : 2701.7119, found 2701.7070.

  C{ 1 H} NMR (126 MHz, DMF-d7, 25 °C): δ = 170.7 (C c , C e or C p ), 170.4 (C c , C e or C p ), 167.9 (C c , C e or C p ), 145.4 (C quat ), 145.3 (C quat ), 145.3 (C quat ), 144.8 (C quat ), 144.7 (C quat ), 144.0 (C quat ), 143.1 (C quat ), 142.1 (C quat ), 141.0 (C quat ), 139.6 (C quat ), 139.1 (C quat ), 138.9 (C quat ), 134.5 (C 13 ), 133.9 (C 18 and C 18' ), 131.8 (C 17 and C 17' ),129.3 (CAr-H), 128.6 (CAr-H), 128.2 (CAr-H), 126.8 (CAr-H), 125.6 (CAr-H), 124.9 (CAr-H), 123.5 (C 4 ), 122.4 (C 7 ), 120.3 (C 3 ), 116.5 (C i ), 111.8 (C 6 ), 84.2 (C Cp ), 78.0 (C Cp ), 70.6 (OCH2CH2O), 70.5 (OCH2CH2O), 70.4 (OCH2CH2O), 70.1 (C 24 and C 24' ), 69.6 (C 23 and C 23' ), 67.6 (CH2), 66.7 (C 22 and C 22' ), 65.9 (CH2), 64.1 (C b or C f ), 50.2 (C b or C f ), 42.4 (C q ), 36.9 (CH2), 36.1 (C 8 ), 32.1 (CH2), 25.9 (CH2), 25.8 (C 9 ), 14.5 (C a ), 14.1 (C 10 ) ppm. Due to the very low solubility of compound 1b inducing a poor resolution of NMR spectra, part of the signals could not be unambiguously assigned and are labelled C quat , C Cp , CAr-H, OCH2CH2O or CH2. HR-MS (MALDI): calcd. for C200H143BFe4N10O13RuS3 [M] + : 3325.6611, found 3325.6589.

  C{ 1 H} NMR (126 MHz, DMF-d7, 25 °C): δ = 170.7 (C t ), 145.5 (C l ), 145.3 (C c' ), 144.8 (C c ), 144.1 (C 2 ), 140.4 (C 1 ), 139.7 (C quat-Ar ), 139.4 (C quat-Ar ), 139.1 (C 20 , C 20' ), 138.5 (C quat-Ar ), 136.6 (C 5 ), 135.2 (C h ), 134.4 (C 13 ), 133.9 (C 18 or C 18' ), 133.8 (C 18 or C 18' ), 133.2 (C quat-Ar ), 132.0 (C 17 or C 17' ), 131.9 (C 17 or C 17' ), 129.7 (C j ), 128.2 (C w ), 126.8 (C x ), 126.4 (C a ), 125.7 (C a' ), 125.0 (C 14 , C 19 or C 19' ), 124.9 (C 19 or C 19' ), 124.3 (C quat-Ar ), 124.2 (C b ), 123.6 (C m ), 123.3 (C 4 ), 122.7 (C b' ), 122.6 (C 7 ), 120.2 (C 3 ), 113.0 (C 6 ), 92.3 (C g ), 88.9 (C 11 ), 88.2 (C 16 or C 16' ), 86.9 (C 16 or C 16' ), 85.2 (C f ), 84.2 (C 21 and C 21' ), 70.6 (OCH2CH2O), 70.3 (OCH2CH2O), 70.1 (C 24 and C 24' ), 69.5 (C 23 and C 23' ), 67.5 (C r ), 66.6 (C 22 and

  C{ 1 H} NMR (126 MHz, DMF-d7, 25 °C): δ = 170.6 (C 30 ), 152.6 (C α ), 152.5 (C α ), 151.0 (C α ), 150.7 (C α ), 149.3 (C c ), 147.0 (C x ), 145.6 (C h and C m ), 144.1 (C quat-Ar and C quat-Ar ), 142.2 (C f or C t ), 142.0 (C f or C t ), 139.6 (C quat-Ar ), 139.4 (C quat-Ar ), 139.1 (C quat-Ar ), 139.0 (C 5 or C 20 and C 20' ), 138.7 (C quat-Ar ), 138.5 (C 5 or C 20 and C 20' ), 135.4 (C 1 ), 134.4 (C 13 ), 133.8 (C β ), 133.7 (C 18 and C 18' ), 133.6 (C β ), 131.9 (C 12 , C 17 and C 17' ), 131.4 (C β ), 131.3 (C β ), 130.1 (C e ), 128.2 (C 27 and C 14 ), 126.7 (C 26 ), 126.5 (C k ), 126.0 (C j ), 124.9 (C 19 , C 19' ), 124.8 (C u or C v ), 124.6 (C g ), 124.5 (C l ), 124.1 (C u or C v ), 122.9 (C i and C 4 ), 122.6 (C y ), 122.4 (C s ), 121.8 (C d ), 120.2 (C 3 ), 111.5 (C 6 ), 100.3 (C p or C q or C r ), 96.0 (C p or C q or C r ), 91.1 (C p or C q or C r ), 88.8 (C 11 ), 88.2 (C 16 or C 16' ), 86.9 (C 16 or C 16' ), 84.2 (C 21 and C 21' ), 70.7 (C 33 , C 34 and/or C 35 ), 70.6 (C 33 , C 34 and/or C 35 ), 70.5 (C 33 , C 34 and/or C 35 ), 70.4 (C 33 , C 34 and/or C 35 ), 70.3 (C 33 , C 34 and/or C 35 ), 70.1 (C 24 and C 24' ), 69.6 (C 33 , C 34 and/or C 35 ), 69.5 (C 23 and C 23' ), 67.5 (C 32 ), 66.6 (C 22 and C 22' ), 55.2 (C o ), 53.0 (C n ), 50.5 (C 36 ), 42.3 (C 29 ), 36.8 (C 31 ), 36.1 (C 8 ), 35.2 (C b ), 31.6 (C a ), 25.3 (C 9 ), 14.5 (C 10 ) ppm. C b and
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