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ABSTRACT: 
[bookmark: _Hlk84852242]Artificial molecular pumps (AMPs), inspired by the active cellular transport exhibited in biological systems, enable cargoes to undergo unidirectional motion, courtesy of molecular ratchet mechanisms in presence of energy sources. Significant progress has been achieved, using alternatively radical interactions and Coulombic repulsive forces, to create working AMPs. In an attempt to widen the range of these AMPs, we have explored the effect of molecular pumping on the photophysical properties of a collecting chain on a dumbbell incorporating a centrally located pyrene fluorophore and two terminal pumping cassettes. The AMP discussed here sequesters two tetracationic cyclophanes from solution, generating a [3]rotaxane in which the fluorescence of the dumbbell is quenched. The research reported in this communication demonstrates that the use of pumping cassettes allows us to generate the [3]rotaxane in which the photophysical properties of fluorophores can be modulated in a manner which cannot be achieved with a mixture of the dumbbell and ring components of the rotaxane on account of their weak binding in solution. 

■   MAIN TEXT
Active cellular transport of substances, both ions and molecules across cell membranes, plays an essential role in biological systems in maintaining bio-functions.1 This active transport relies on transmembrane carrier proteins1a-d which are capable of transporting ions or molecules against their concentration gradients. In order to mimic the structures and/or functions of these carrier proteins, much effort has been devoted by chemists towards the synthesis of artificial counterparts.2 These wholly synthetic analogues are dominated by artificial molecular machines3 since they possess multiple discrete components capable of moving ions and molecules away-from-equilibrium. In particular, artificial molecular pumps (AMPs), based on rotaxanes, are an important subset of molecular machines that display4 all the characteristics of doing work. 
Recently, we have designed and synthesized AMPs fueled by redox processes4a, b, 5 to transport tetracationic cyclophanes ─ in particular, cyclobis(paraquat-p-phenylene) or CBPQT4+ in a nutshell. During the unidirectional transport of CBPQT4+ rings in AMPs, trisradical tricationic complexes are formed (Figure 1), upon the reduction of all the bipyridinium units5, first of all between a bisradical dication CBPQT2(+•) and a radical cation BIPY+• in each pumping cassette4b,6 composed of terminal PY+ units, BIPY2+ dications and 2-isopropylphenylene (IPP) groups. Subsequent oxidation restores the Coulombic repulsion between the CBPQT4+ rings and the BIPY2+ units in the pumping cassettes, pushing the rings over the steric barriers provided by IPP groups onto a central collecting chain, generating mechanical bonds and yielding a [3]rotaxane in the process. Multiple redox cycles, using dual pumping cassettes, allow for repeated pumping and transport of two CBPQT4+ rings at a time, producing high-energy oligorotaxanes in a precise manner.6b, 7 AMPs have also been employed to synthesize daisy-chain polymers,8 wherein the CBPQT4+ rings are functionalized with molecular pump heads comprising, in this instance, a 3,5-dimethylpyridinium moiety as well as a BIPY2+ dication. The exploration of AMPs, beyond what is present in abundance in nature, is of major importance in an effort to extend their applications in materials and medical sciences.
Modulation of the fluorescence in rotaxanes has received considerable attention9 throughout the years, since their architectures are well-known to afford robust and efficient switches. These switches have been used to design logic gates10 and circularly polarized luminescence switches11, in addition to being incorporated into functional materials12. The modification of the fluorescence properties of AMPs during or after pumping is, nevertheless, an underexplored event, despite the fact that Credi and co-workers13 have examined the threading of a light-driven molecular pump by observing the decrease in fluorescence of a luminescent macrocycle when it is bound to a dumbbell.
In an attempt to widen the horizon of applications for AMPs, we report herein the quenching of the fluorescence of a dumbbell-like molecule (Scheme 1) containing two pumping cassettes6a at their termini to aid and abet the pumping of two CBPQT4+ rings. The dumbbell-like molecule also contains (Figure 1a) a fluorescent pyrene (PYR) unit in the middle of an oligoethylene glycol chain. Upon reduction (Figure 1b) of the BIPY2+ dications to BIPY+• radical cations, pairing interactions between radicals drive the formation of trisradical tricationic complexes between CBPQT2(+•) and BIPY+•. Following the addition of Ag+ ions, BIPY+• is oxidized back to BIPY2+, restoring the Coulombic repulsion in the pumping cassettes between the recognition sites and the rings, forcing them to move over the IPP steric barriers so as to interact with the PYR unit. In essence, as a result of the generation of mechanical bonds, the fluorescence of the PYR unit is quenched.
[bookmark: _Hlk84628657]The synthesis of the [3]rotaxane 2·14PF6 began with a Williamson reaction between 2,7-dihydroxypyrene14 (3) and the tetraethylene glycol derivative15 4, affording 5 in moderate yield (20%). Subsequent treatment of 5 with ADMP in the presence of DBU16 gave the bisazide 6 in 63% yield. The synthesis of dumbbell 1·6PF6 was completed by reacting 6 with 7·3PF6 using a Cu-catalyzed-azide-alkyne cycloaddition (CuAAC) click reaction17 (69%). See Scheme 1 and Figure 2c. The resulting dumbbell 1·6PF6 was then mixed with an excess18 of CBPQT·4PF6 under an inert atmosphere prior to pumping. After reduction using CoCp2, followed by oxidation with AgPF6, two CBPQT4+ rings were pumped onto the dumbbell, affording the [3]rotaxane 2·14PF6 in good yield (77%). It is worth emphasizing that without the use of pumping cassettes the formation of rotaxanes incorporating dumbbells with very weak PYR recognition sites and  CBPQT4+ rings would be difficult employing traditional methods, i.e., threading-followed-by-capping,19 clipping,20 or slipping21 strategies, since the association constant between PYR in 5 and CBPQT·4PF6 is very low. 1H NMR titration of 5 and CBPQT·4PF6 revealed (Figures S51 and S52) that the binding constant is 22.4 M-1 in CD3CN at 298 K.
The [3]rotaxane 2·14PF6 was fully characterized (Figure S13 – S21) by 1D and 2D NMR spectroscopy. Compared with the dumbbell 16+, the formation of mechanical bonds in the [3]rotaxane 214+  leads to significant upfield shifts of resonances for the PYR protons (ΔδHx = − 1.95 ppm and ΔδHy = − 0.89 ppm) and for protons on the tetraethylene glycol chains (ΔδHp = − 0.25 ppm, ΔδHq = − 0.34 ppm, ΔδHr = − 0.84 ppm, ΔδHs = − 0.89 ppm, ΔδHt = − 0.61 ppm, ΔδHu = − 0.30 ppm, ΔδHv = − 0.28 ppm, and ΔδHw = − 0.91 ppm). These changes result from the shielding effect of the CBPQT4+ rings on the dumbbell, indicating that the rings encircle the tetraethylene glycol chains and the periphery of the PYR unit. In concert with these changes, resonances for protons on the CBPQT4+ rings exhibit (Figure 2) upfield shifts (ΔδHβ = − 0.40 ppm) and downfield shifts (ΔδHXyl = 0.29 ppm) and HCH2 protons resonate as an AB system. Additionally, VT NMR spectra (Figure S21) reveal that the resonances for protons on the CBPQT4+ rings and PYR unit become broader as the temperature is decreased. Also, the resonances for protons on the tetraethylene glycol chains undergo significant shifts. Furthermore, DOSY NMR (Figure 3a) reveals a single diffusion coefficient estimated to be 4.4 × 10−6 cm2 s−1, i. e., relatively larger than that (4.1 × 10−6 cm2 s−1, Figure S12) for dumbbell 16+ in keeping with the formation of the [3]rotaxane 214+. Finally, high resolution mass spectrometry (HRMS) shows (Figure 3b) two characteristic peaks, i. e., m/z = 1409.3351 for [M − 3PF6]3+ and m/z = 2186.4792 for [M − 2PF6]2+, also confirming the formation of the [3]rotaxane 214+. 
Next, the photophysical characterizations of 5, CBPQT4+, the dumbbell 16+ and the [3]rotaxane 214+ were addressed. CBPQT4+ absorbs light in the 200 – 325 nm region, while the other three compounds display additional bands between 300 and 350 nm as a result of the presence of PYR unit in their constitutions. In the case of the rotaxane, the maximum absorption in this region (343 nm) was slightly red-shifted compared to that (337 nm) in the two other compounds (16+ and 5) (Figure 4a), although their molar extinction coefficients (ε) were not significantly different in MeCN (ca. 2.5 × 104 L mol–1 cm–1). Moreover, the rotaxane possesses a broad band centered on 463 nm in MeCN (1.9 × 103 L mol–1 cm–1) on account of charge transfer between the CBPQT4+ rings and the PYR unit in the dumbbell. This phenomenon is not present in the spectrum of the dumbbell itself. This difference can be observed (Figure 4b) with the naked eye since, unlike the dumbbell, the solution of the [3]rotaxane is orange. 
The PYR-containing compounds (16+, 214+ and 5) exhibit emission spectra (Figure 4c) with the same shape, i.e., a maximum centered on 400 nm and another one of lower intensity centered on 422 nm, while CBPQT4+ is not fluorescent (Figure S43) upon irradiation at 337 nm. The quantum yields exhibited by these molecules, however, differ drastically. The presence of the pyridinium salts on the dumbbell 16+ causes a decrease in the intensity of emission compared with that for compound 5. Remarkably, the fluorescence intensity of the [3]rotaxane 214+ is less (Figures 4d and S55) than that of the dumbbell 16+ and is barely observable. Indeed, the quantum yield of 16+ is 0.27%, while that of [3]rotaxane 214+ decreases significantly to 0.046% in MeCN. The same behavior was also observed (Table S1 and Figure S48) in Me2CO. This quenching of the fluorescence can be attributed22 to a photoinduced electron transfer between the PYR unit in the dumbbell and the CBPQT4+ rings on account of their closeness to each other.23 In order to confirm that the pumping event results in the quenching of the fluorescence of the PYR unit, control experiments were performed. By mixing, separately, 16+ and 5 with 30 equiv of CBPQT4+, no significant decrease of fluorescence was detected (Figures S49 and S50) compared with the spectrum recorded in the absence of CBPQT4+. Furthermore, upon irradiation with UV light (λexc = 364 nm), the difference between a solution containing 16+ and CBPQT4+ (8 equiv) before and after the pumping event is clearly visible with the naked eye since initially the solution exhibits (Figure S53) blue emission and becomes dark on pumping, i.e., the pumping leads to a modulation of the fluorescence since the emission of the PYR unit on the dumbbell is almost completely quenched by the rings in the rotaxane. This quenching does not occur on mixing an excess of CBPQT4+ rings with molecules containing PYR units without the presence of mechanical bonds.
In summary, we have designed and synthesized a dumbbell containing a central fluorophore functionalized with two terminal pumping cassettes that are capable of transporting two rings onto an emissive dumbbell, leading to the quenching of its fluorescence. This modulation of luminescence using pumping cassettes provides us with the incentive to apply artificial molecular pumps in other fields, e.g., nanotechnology, materials and biomedical sciences.
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Captions for the Scheme and Figures
Scheme 1 | Synthesis of dumbbell 16+ and the resulting [3]rotaxane 214+ following a redox cycle carried out using CoCp2 and AgPF6, respectively. More details relating to the synthesis can be found in the Supporting Information. (ADMP: 2-azido-1,3-dimethylimidazolinium hexafluorophosphate, DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene, TBTA: tris(benzyltriazolylmethyl) amine, CoCp2: cobaltocene).

Figure 1 | Design and manipulation of fluorescence using the cyclophane CBPQT4+ and a luminescent dumbbell 16+ as a result of molecular pumping. (a) Structural formulas and graphical representations of CBPQT4+ and dumbbell 16+. The dumbbell 16+ is composed of a dialkoxypyrene unit (PYR) positioned in the middle of an oligo-ethylene glycol chain linked by triazole rings to Mark II molecular pumps located at both termini. The pumping cassettes are composed of a 2,6-dimethylpyridinium (PY+) Coulombic barrier, a redox-active bipyridinium (BIPY2+) unit and an isopropylphenylene (IPP) steric barrier. The protons on dumbbell 16+ (a - y) and CBPQT4+ (α, β, CH2 and Xyl) are labeled in order to aid the interpretation of the 1H NMR spectra recorded in Figure 2 and S5. (b) Graphical illustration of the molecular pumping of CBPQT4+ rings onto the dumbbell 1 with chemical fuels (left) and the related energy landscape for each step (right) of the redox cycle. In stage I, CBPQT4+ and dumbbell 16+ are repulsive and separated from each other on account of the Coulombic repulsions between them. Following reduction with CoCp2, BIPY2+ is reduced to BIPY+• and CBPQT4+ to CBPQT2(+•), decreasing the energy barriers to threading and resulting in the formation of trisradical tricationic complexes between BIPY+ • and CBPQT2(+•). Subsequently, the addition of AgPF6 effects the oxidation of BIPY+ • back to BIPY2+ and CBPQT2(+•) back to CBPQT4+, along with the recovery of Coulombic repulsions, causing the motion of CBPQT4+ rings over the IPP steric barriers. The two CBPQT4+ interact with PYR, quenching its fluorescence. Note that in the energy landscapes the red arrows indicate that the motion of the CBPQT4+ ring is disfavored kinetically, while the green arrow indicates that the movements of the CBPQT4+ rings are favored kinetically. 

Figure 2 | 1H NMR spectra (500 MHz, CD3CN, 298 K) of (a) CBPQT·4PF6, (b) [3]rotaxane 2·14PF6 and (c) dumbbell 1·6PF6. The proton labels are defined in Figure 1. Comparing the chemical shifts of the protons on dumbbell 16+ and those (x and y) on PYR, together with the protons (p, q, r, s, t, u, v and w) on the tetraethylene glycol units on the [3]rotaxane 214+, significant upfield shifts are observed because of the shielding effect of CBPQT4+ following the formation of mechanical bonds between dumbbell 16+ and CBPQT4+. Meanwhile, the protons (β, Xyl, CH2) on CBPQT4+ in the [3]rotaxane shift as well on pumping compared with the chemical shifts of the protons on free CBPQT4+.

Figure 3 | (a) DOSY NMR spectrum (600 MHz, CD3CN, 298 K) of [3]rotaxane 214+, indicating that all the peaks diffuse as a whole. (b) HRMS (ESI+) spectrum of [3]rotaxane 214+ highlighting the two ions: [M − 3PF6]3+ and [M − 2PF6]2+.

Figure 4 | Photophysical properties. (a) UV-Vis Absorption spectra of the [3]rotaxane 2·14PF6 (blue), dumbbell 1·6PF6 (red),  compound 5 (green) and CBPQT·4PF6 (purple) in MeCN at concentrations of ca. 2 × 10−5 M (for CBPQT·4PF6, 5) and ca. 1 × 10−5 M (for the dumbbell 1·6PF6 and the [3]rotaxane 2·14PF6). (b) Zoom of the UV-Vis absorption spectra of [3]rotaxane 2·14PF6 (blue) and dumbbell 1·6PF6 (red) showing the charge transfer band for the rotaxane. The insert in (b) shows the MeCN solution (1.3 × 10−4 M) of the dumbbell 1·6PF6 which is colorless, and the [3]rotaxane 2·14PF6 which is orange, revealing the presence of a charge transfer band. (c) Normalized emission spectra (λexc = 337 nm) for the [3]rotaxane 2·14PF6 (blue), dumbbell 1·6PF6 (red) and  compound 5 (green) in MeCN at ca. 2 × 10–6 M (for 5) and ca. 3 × 10–6 M (for the dumbbell 1·6PF6 and the [3]rotaxane 2·14PF6), indicating that they display exactly the same emission pattern resulting from the pyrene fragment. (d) Fluorescence emission spectra (λexc = 337 nm) of [3]rotaxane  2·14PF6 (blue), dumbbell 1·6PF6 (red) in MeCN at ca. 3 × 10–6 M. The insert in (d) displays the same solutions as those in (b) under a UV lamp irradiation (λexc = 364 nm). The apparent intensity difference between the dumbbell 1·6PF6 and the [3]rotaxane 2·14PF6 reveals that the formation of mechanical bonds after molecular pumping quenches dramatically the fluorescence of the pyrene units in the dumbbell 1·6PF6, a situation which is impossible to realize using any other way.
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