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I. Synthesis of target complexes M1-M5 

I.1. Synthetic routes employed for the synthesis of molecules M1-M5 

a. Synthesis of molecules M1-M4 

The four molecules M1-M4 were prepared according to a common modular synthetic approach relying 
on the post-functionalisation of a 1,2,3,4,5-penta(p-halogenophenyl)cyclopentadienyl 
hydrotris(indazolyl)borate ruthenium(II) key precursor (1a or 1b, Scheme S1), based on our previous work 
on the synthesis of ruthenium-based molecular machines.[S1-S3]  

For molecules M1, M2 and M4, incorporating four 4-bromophenyl substituents on the cyclopentadienyl 
core, our strategy involved a single cross-coupling reaction in a first step to introduce the appropriate 
hydrocarbon spacer, followed by the cleavage of the Boc-protecting group. Condensation of the resulting 
primary amine with the monodisperse mPEG24-NHS ester reagent (4), terminated by a carboxylic acid 
preactivated as its N-hydroxysuccinimidyl ester, finally yielded the target compounds.  

This synthetic route was first implemented for M1 starting from key precursor 1a, which incorporates five 
identical 4-bromophenyl substituents on the cyclopentadienyl ligand. A Suzuki-Miyaura coupling was 
achieved under statistical conditions using 4-(aminomethyl)phenylboronic acid pinacol ester as coupling 
partner, the latter being protected as tert-butylcarbamate. Using one equivalent of coupling partner with 
PdCl2(dppf) as catalyst and Cs2CO3 as base in a DMF / H2O (1%) mixture at 100 °C, the desired product 2 
resulting from a single coupling was obtained in 26% yield.[S3] In the next step, cleavage of the Boc 
protecting group was performed 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 93% yield. The latter was finally reacted with monodisperse PEG24 precursor 4 in the presence of 
triethylamine in DMF at room temperature to give the target molecule M1 in 46% yield (11% over 3 steps, 
from precursor 1a).  

As opposed to this statistical monofunctionalisation of precursor 1a, we have recently demonstrated that 
desymmetrised ruthenium complex 1b, incorporating a preactivated 4-iodophenyl fragment, 
chemoselectively undergoes single cross-coupling reactions.[S1,S2] 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 1b. M2 and M4 were thus synthesised via 
a single coupling of precursor 1b with Boc-protected propargyl amine or reagent 7b, respectively, in the 
presence of catalytic amounts of PdCl2(PPh3)2 and CuI to afford monofunctionalised complexes 5 and 8 in 
75-82% yield. Subsequent deprotection of the primary amine followed by condensation with 
monodisperse PEG24 reagent 4 successfully gave the target molecules M2 and M4, in 43% and 40% yield 
over 2 steps, respectively.  

In the case of M3, an extra four-fold Suzuki-Miyaura reaction was required as an intermediate step to 
introduce the four ferrocenyl moieties.[S1] Complex 5, resulting from the Sonogashira coupling between 
precursor 1b and Boc-protected propargyl amine, was thus submitted to a Suzuki-Miyaura reaction in the 
presence of a large excess of ferroceneboronic acid pinacol ester. Subsequent deprotection of the amine 



 
 

and condensation with PEG precursor 4 gave the desired molecule M3 in 11% yield over 3 steps (from 
intermediate 5).  

 

Scheme S1. Synthesis of the series of PEG-derivatised molecules M1-M4.  
Reagents and conditions: i) PdCl2(dppf) cat., Cs2CO3, DMF / H2O (1%), 100 °C, 48h; ii) a) TMSOTf, 2,6-lutidine, CH2Cl2, 
0 °C to rt, 2h, b) MeOH; iii) mPEG24-NHS ester (4), NEt3, DMF, rt, 24h; iv) PdCl2(PPh3)2 cat., CuI cat., THF / NEt3 4:1,  
40 °C, 24h; v) ferroceneboronic acid pinacol ester, PdCl2(dppf) cat., Cs2CO3, DMF / H2O (1%), 100 °C, 72h.  

 

b. Synthesis of dinuclear ruthenium complex M5 

In dinuclear ruthenium complex M5, the upper rotating subunit of complex M1 has been covalently linked 
via an ethynyl bridge to the pentaarylcyclopentadienyl ligand of a second ruthenium complex. Dinuclear 
complex M5 was thus prepared according to a convergent synthetic route involving the desymmetrised 
key precursor 1b and ruthenium complex 14, in which the cyclopentadienyl ligand bears a single 
ethynylphenyl substituent surrounded by four phenyl groups (Scheme S2).  



 
 

A chemoselective Sonogashira coupling between the iodinated position of precursor 1b and terminal 
alkyne 14 in the presence of PdCl2(PPh3)2 and CuI as co-catalysts gave the dinuclear complex 15 in 74% 
yield. Introduction of the 4,4’-biphenyl spacer and of the PEG24 chain were next achieved according to the 
synthetic route detailed above for the preparation of M1 (see section I.1.a). A Suzuki-Miyaura reaction 
under statistical conditions first allowed the coupling with a single Boc-protected benzylamine fragment 
and the resulting dinuclear complex 16 was obtained in 16% yield as an unseparable mixture of 1,2- and 
1,3-disubstituted regioisomers (only the 1,3-disubstituted isomer is depicted on Scheme S2 for clarity). 
This mixture of regioisomers is due to the possible functionalisation of the bromophenyl groups located 
in positions 2 or 3 of the cyclopentadienyl ring, with respect to the position of the bridging ethynylphenyl 
moiety.  

It is important to note that the AFM-based Force Spectroscopy experiments are carried out at the single 
molecule scale, with the blocked rotation of the cyclopentadienyl ligands expected to take place upon 
adsorption of each dinuclear complex M5 regardless of its 1,2- or 1,3-substitution pattern. As a 
consequence, the target dinuclear complex M5 has been used in single-molecule AFM experiments as a 
mixture of 1,2- and 1,3-disubstituted isomers.  

The next steps of the synthesis of complex M5 were thus performed on the mixture of regioisomers, first 
with the cleavage of the Boc protecting group under mild conditions followed by condensation of the 
resulting benzylamine with monodisperse PEG24 precursor 4 in deuterated DMF at 40 °C. The target 
dinuclear complex M5 was obtained in 6% yield over two steps as an unseparable mixture of 1,2- and  
1,3-disubstituted regioisomers (the low yield is mostly related to purification issues).  

 

Scheme S2. Synthesis of dinuclear ruthenium complex M5.  
Reagents and conditions: i) PdCl2(PPh3)2 cat., CuI cat., THF / NEt3 4:1, 40 °C, 24h; ii) PdCl2(dppf) cat., Cs2CO3,  
DMF / H2O (1%), 100 °C, 48h; iii) a) TMSOTf, 2,6-lutidine, CH2Cl2, 0 °C to rt, 2h, b) MeOH; iv) mPEG24-NHS ester (4), 
NEt3, DMF-d7, 40 °C, 48h 

 



 
 

Precursor 14 was in turn synthesised in five steps from commercially-available  
2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-one (Scheme S3). Treatment of [(4-bromophenyl)ethynyl]-
triisopropylsilane[S4] with n-butyllithium delivered the corresponding aryl lithium species, which was 
added onto tetraphenylcyclopentadienone to give cyclopentadienol 10. The latter was next brominated 
by treatment with thionyl bromide and pyridine to afford in 67% yield bromocyclopentadiene 11 as a 
mixture of three regioisomers. Subsequent reaction with ruthenium(0) cluster Ru3(CO)12 led to an 
insertion into the C-Br bond to yield piano-stool ruthenium(II) complex 12, carrying a desymmetrised 
pentaarylcyclopentadienyl ligand. Ligand exchange in the presence of the thallium salt of thioether-
functionalised hydrotris(indazolyl)borate TlTp4Bo,6-CH2SEt [S5] followed by a deprotection using 
tetrabutylammonium fluoride finally gave the desired ruthenium(II) complex 14 bearing a terminal alkyne 
in 53% yield over two steps.  

 

Scheme S3. Synthesis of key intermediate 14 from 2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-one.  

  



 
 

I.2. Synthesis and characterisation of new compounds 

a. Materials and methods 

Commercial reagents and solvents: All chemicals and solvents were purchased from commercial suppliers 
unless otherwise stated and were purified, if needed, using standard laboratory techniques such as 
distillation, drying with 4 Å molecular sieves or filtration over a relevant stationary phase.  
1,1ʹ-Bis(diphenylphosphino)ferrocene dichloropalladium(II), TBAF (1.0 M in THF), 2,6-lutidine, anhydrous 
triethylamine, bis(triphenylphosphine)palladium(II) dichloride, cesium carbonate, copper(I) iodide,  
n-butyllithium (2.5 M in hexanes), N-(tert-butoxycarbonyl) 4-(aminomethyl)phenylboronic acid pinacol 
ester and thionyl bromide were purchased from Aldrich. 2,3,4,5-Tetraphenylcyclopenta-2,4-dien-1-one, 
N-(tert-butoxycarbonyl)propargylamine and trimethylsilyl trifluoromethanesulfonate were purchased 
from TCI chemicals. Pyridine was purchased from Alfa Aesar. Monodisperse PEG chain mPEG24-NHS ester 
(4) was purchased from BroadPharm. Triruthenium dodecacarbonyl was purchased from Fluorochem or 
Aldrich. Anhydrous solvents were all purchased from Aldrich. Deuterated solvents were purchased from 
Eurisotop. 

Reported compounds: The following compounds were synthesised according to literature procedures 
reported by us or others, and were fully characterised using routine characterisation techniques:  
key precursors 1a[S5] and 1b,[S1] complex 2,[S3] complex 5,[S1] M3,[S1] [(4-bromophenyl) ethynyl] 
triisopropylsilane[S4] and thallium hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borate TlTp4Bo,6-CH2SEt.[S5] 

Synthesis and purification: Reactions were carried out using standard Schlenk techniques under an argon 
atmosphere or using a glovebox under argon ([H2O] and [O2] < 2 ppm.). Column chromatography was 
carried out on 230–400 mesh silica gel (Aldrich) or alumina (Merck). Celite 545 was purchased from Merck. 
Thin layer chromatography (TLC) was performed on pre-coated aluminum-backed silica gel 60 UV254 
plates (Macherey–Nagel or Merck) with visualisation effected using ultraviolet irradiation (λ = 254, 366 
nm). 

Analysis: NMR spectroscopy and mass spectrometry analysis were performed by the appropriate services 
of the Toulouse Institute of Chemistry (ICT – UAR 2599).  
1H and 13C NMR were recorded on Avance 300 MHz (probe 5mm BBO BB-1H Z-GRD), Bruker Avance III HD 
500 MHz (cryoprobe Prodigy 5mm BBO, 1H ATMA) and Avance 500 MHz (cryoprobe 5mm 1H, 13C) 
spectrometers. Residual solvent signals were used as internal reference. Chemical shifts (δ) are reported 
in ppm. Coupling constants (J) are given in Hz and the following abbreviations have been used to describe 
the signals: singlet (s); broad singlet (br. s); doublet (d); triplet (t); quadruplet (q); quintuplet (quint); 
multiplet (m). Full assignments of 1H and 13C NMR spectra were made with the assistance of COSY, HMBC, 
HSQC and NOESY spectra.  
High-resolution mass spectra (HR-MS) were performed with a Waters GCT Premier spectrometer for 
desorption chemical ionisation (DCI-CH4), with a Waters Xevo G2 QTof spectrometer for electrospray 
ionisation (ESI), and with a Waters MALDI micro MX spectrometer for matrix-assisted laser desorption 
ionisation (MALDI) (matrix: trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 
DTCB; λ = 337 nm).  



 
 

b. Experimental procedures and characterisations 

Complex 3:  

Complex 2[S3] (18 mg, 11 µmol, 1.0 eq.) was placed in a Schlenk tube 
containing a magnetic stir bar and dissolved in anhydrous 
dichloromethane (1 mL). The solution was degassed by bubbling 
argon for 15 minutes before being cooled down to 0 °C. 2,6-Lutidine 
(25.5 μL, 0.218 mmol, 20 eq.) was added under an argon flow, 
followed by trimethylsilyl trifluoromethanesulfonate (19.7 μL, 0.109 
mmol, 10 eq.). The solution was stirred at 0 °C for one hour, 
followed by one hour at room temperature. Methanol (3 mL) was 
added and the solvents were removed in vacuo. The crude product 
was partially purified by column chromatography (SiO2, 

MeOH/EtOAc 0:10 to 10:90). The partially purified product was then dissolved in a minimal amount of 
CH2Cl2, and precipitated with a mixture of diethyl ether and hexane (1:1). The precipitate was filtered, 
rinsed with 10 mL of a Et2O/hexane 1:1 solution and redissolved in CH2Cl2. The CH2Cl2 was evaporated 
giving complex 3 as an orange solid in 93% yield (15.7 mg, 10.1 µmol). 

Rf = 0.4 (SiO2, MeOH/CH2Cl2 5:100). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.88 (br. s, 3H, H6), 7.84 (d, 3J = 
0.9 Hz, 3H, H1), 7.53 (AA’BB’ pattern, 3J = 8.4 Hz, 2H, Hd), 7.40 (AA’BB’ pattern, 3J = 8.5 Hz, 2H, H13), 7.37 
(AA’BB’ pattern, 3J = 8.2 Hz, 2H, Hc), 7.32 (AA’BB’ pattern, 3J = 8.5 Hz, 3H, H3), 7.30-7.26 (m, 6H, H14 and 
H18 or H18’), 7.24 (AA’BB’ pattern, 3J = 8.7 Hz, 4H, H18 or H18’), 7.20 (AA’BB’ pattern, 3J = 8.8 Hz, 4H, H19 or 

H19’), 7.16 (AA’BB’ pattern, 3J = 8.7 Hz, 4H, H19 or H19’), 7.01 (dd, 3J = 8.5 Hz, 4J = 1.4 Hz, 3H, H4), 4.09 (br. s, 
2H, Ha), 3.88 (s, 6H, H8), 2.45 (q, 3J = 7.3 Hz, 6H, H9), 1.26 (t, 3J = 7.4 Hz, 9H, H10) ppm. 13C{1H} NMR (126 
MHz, CD2Cl2, 25 °C): δ = 146.1 (C2), 141.6 (Ce), 140.7 (C1), 140.2 (Cb), 139.3 (C15), 138.1 (C5), 135.6 (C18 and 
C18’), 134.4 (C13), 132.9 (C17 and C17’ and C12), 131.0 (C19 and C19’), 129.8 (Cc), 127.9 (Cd), 126.3 (C14), 122.7 
(C4), 122.5 (C7), 122.2 (C20 and C20’), 120.4 (C3), 111.3 (C6), 88.3 (C11), 87.6 (C16 or C16’), 87.2 (C16 or C16’), 44.4 
(Ca), 36.9 (C8), 25.7 (C9), 14.7 (C10) ppm. Cb

 could not be distinguished using 13C{1H} NMR but was assigned 
using the appropriate correlation spot on HMBC NMR. HR-MS (MALDI): calcd. for C72H62BBr4N7RuS3 [M]+: 
1553.0088, found 1553.0175. 

 

Complex M1:  

In a Schlenk tube were placed a stir bar, complex 3 (10 
mg, 6.4 µmol, 1.0 eq.), monodisperse mPEG24-NHS 
ester (4) (39 mg, 3.2 µmol, 5.0 eq.), anhydrous DMF (1 
mL) and anhydrous triethylamine (3.6 μL, 26 µmol, 4.0 
eq.). The mixture was degassed by bubbling argon for 
15 minutes and stirred at room temperature for 24 
hours. The solvent was then evaporated and the 
residue was dissolved in ethyl acetate (10 mL) and 
washed with water (10 mL). The aqueous layer was 
then extracted with 3x10 mL of ethyl acetate. The 

combined organic layers were evaporated to dryness, and the residue was purified by column 



 
 

chromatography (SiO2, CH2Cl2/MeOH 5%). 1 mL of distilled water was subsequently added to the residue, 
followed by acetone until complete solubilisation. The acetone was then partially removed by rotary 
evaporation, inducing the precipitation of the product, which was recovered by filtration over celite and 
rinsed with 20 mL of distilled water. The precipitate was redissolved in acetone which was then 
evaporated to give complex M1 as a glassy orange solid in 46% yield (7.9 mg, 3.0 µmol). 

Rf = 0.72 (SiO2, MeOH/CH2Cl2 10:90). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.89 (br. s, 3H, H6), 7.85 (d, 3J 
= 0.9 Hz, 3H, H1), 7.49 (AA’BB’ pattern, 3J = 8.4 Hz, 2H, Hj), 7.40 (AA’BB’ pattern, 3J = 8.4 Hz, 2H, H13), 7.37-
7.25 (m, 11H, H3, Hi, H14, H18 or H18’), 7.25 (AA’BB’ pattern, 3J = 8.6 Hz, 4H, H18 or H18’), 7.20 (AA’BB’ pattern, 
3J = 8.7 Hz, 8H, H19 and H19’), 7.03 (dd, 3J = 8.4 Hz, 4J = 1.5 Hz, 3H, H4), 6.85 (t, 3J = 6.0 Hz, 1H, NH), 4.42 (d, 
3J = 6.1 Hz, 2H, Hg), 3.90 (s, 6H, H8), 3.73 (t, 3J = 5.8 Hz, 2H, Hd), 3.62-3.48 (m, 92H, Hb and Hc), 3.34 (s, 3H, 
Ha), 2.48 (t, 3J = 5.7 Hz, 2H, He), 2.47 (q, 3J = 7.4 Hz, 6H, H9), 1.28 (t, 3J = 7.3 Hz, 9H, H10) ppm. 13C{1H} NMR 
(126 MHz, CD2Cl2, 25 °C): δ = 171.6 (Cf), 144.1 (C2), 140.7 (C1), 140.1 (C15), 139.1 (Ch and Ck), 138.1 (C5), 
135.7 (C18 and C18’), 134.3 (C13), 133.0 (C17 and C17’), 132.3 (C12), 131.0 (C19 and C19’), 128.2 (Ci), 127.2 (Cj), 
126.2 (C14), 122.7 (C4), 122.4 (C7), 122.2 (C20 and C20’), 120.4 (C3), 111.3 (C6), 88.7 (C11), 87.7 (C16 or C16’), 
87.1 (C16 or C16’), 72.3 (Cb and Cc), 70.8 (Cb and Cc), 70.6 (Cb and Cc), 67.6 (Cd), 59.0 (Ca), 43.1 (Cg), 37.4 (Ce), 
36.9 (C8), 25.7 (C9), 14.8 (C10) ppm. HR-MS (MALDI): calcd. for C122H160BBr4N7O25RuS3 [M]+: 2651.6509, 
found 2651.6592. 

 

Complex 6:  

Complex 5[S1] (29 mg, 18 µmol, 1.0 eq.) was placed in a Schlenk tube 
containing a magnetic stir bar and dissolved in anhydrous 
dichloromethane (1 mL). The solution was degassed by bubbling argon 
for 15 minutes before being cooled down to 0 °C. 2,6-Lutidine (42 μL, 
360 µmol, 20 eq.) was added under an argon flow, followed by 
trimethylsilyl trifluoromethanesulfonate (33 μL, 180 µmol, 10 eq.). The 
solution was stirred at 0 °C for one hour, followed by one hour at room 
temperature. Methanol (2 mL) was added and the solvents were 
removed in vacuo. The crude product was partially purified by column 
chromatography (SiO2, CH2Cl2/MeOH 90:10), dried in vacuo, redissolved 

in dichloromethane (5 mL) and methanol (10 mL) was added. The dichloromethane was removed by rotary 
evaporation inducing precipitation of complex 6. The suspension was cooled down to 0 °C, filtered on a 
celite plug and the solid was rinsed with methanol (5 mL). Complex 6 was finally redissolved in 
dichloromethane and dried in vacuo to afford an orange solid in 74% yield (20 mg, 13 µmol).  

Rf = 0.25 (SiO2, MeOH/CH2Cl2 5:100). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.88 (br. s, 3H, H6), 7.81 (d, 4J 
= 0.9 Hz, 3H, H1), 7.35 (dd, 3J = 8.4 Hz, 4J = 0.8 Hz, 3H, H3), 7.27 (AA’BB’ pattern, 3J = 8.7 Hz, 2H, H13), 7.25 
– 7.17 (m, 16H, H18, 18’, H19, 19’), 7.09 (AA’BB’ pattern, 3J = 8.6 Hz, 2H, H14), 7.04 (dd, 3J = 8.4 Hz, 4J = 1.5 Hz, 
3H, H4), 3.90 (s, 6H, H8), 3.54 (br. s, 2H, Ha), 2.47 (q, 3J = 7.3 Hz, 6H, H9), 1.27 (t, 3J = 7.4 Hz, 9H, H10) ppm. 
13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): δ = 144.1 (C2), 140.7 (C1), 138.2 (C5), 135.6 (C18 and C18’), 133.8 (C13), 
133.3 (C15), 132.7 (C17 and C17’), 130.9 (C14, C19 and C19’), 123.0 (C12), 122.7 (C4), 122.4 (C7), 122.2 (C20 and 
C20’), 120.4 (C3), 111.3 (C6), 92.2 (Cb), 88.3 (C11), 87.5 (C16 or C16’), 87.3 (C16 or C16’), 81.9 (Cc), 36.9 (C8), 32.5 
(Ca), 25.7 (C9), 14.7 (C10) ppm. HR-MS (MALDI): calcd. for C68H59BBr4N7RuS3 [MH]+: 1501.9852, found 
1501.9845.  



 
 

Complex M2:  

In a Schlenk tube were placed a stir bar, complex 6 (8 mg, 
5.3 μmol, 1.0 eq.), monodisperse mPEG24-NHS ester (4) 
(32 mg, 27.0 μmol, 5.0 eq.), anhydrous DMF (0.5 mL) and 
anhydrous triethylamine (3 μL, 21.0 μmol, 4.0 eq.). The 
mixture was degassed by bubbling argon for 15 minutes 
and stirred at room temperature for 24 hours. The solvent 
was then evaporated and the crude product was dissolved 
in 1 mL of acetone, and 10 mL of brine were added. The 
residue was extracted with ethyl acetate, the solvents 
were removed and the residue was purified by a short 

column chromatography (SiO2, CH2Cl2/MeOH 90:10), followed by a neutral alumina plug eluted with 
diethyl ether to remove carboxylic acid terminated PEG chains, affording pure complex M2 as a yellow-
orange solid in 58% yield (8 mg, 3.1 μmol).  

Rf = 0.53 (SiO2, MeOH/CH2Cl2 5:95). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.88 (br. s, 3H, H6), 7.81 (d, 4J = 
0.9 Hz, 3H, H1), 7.35 (dd, 3J = 8.2 Hz, 4J = 0.9 Hz, 3H, H3), 7.28 (AA’BB’ pattern, 3J = 8.7 Hz, 2H, H13), 7.26 – 
7.15 (m, 16H, H18, H18’, H19 and H19’), 7.10 (AA’BB’ pattern, 3J = 8.7 Hz, 2H, H14), 7.04 (dd, 3J = 8.3 Hz, 4J = 
1.4 Hz, 3H, H4), 6.77 (br. s, 1H, NH), 4.16 (d, 3J = 5.5 Hz, 2H, Hg), 3.90 (s, 6H, H8), 3.71 – 3.67 (m, 2H, Hd), 
3.62 – 3.48 (m, 92H, Hb and Hc), 3.34 (s, 3H, Ha), 2.46 (q, 3J = 7.3 Hz, 6H, H9), 2.44 (t, 3J = 5.8 Hz, 2H, He), 
1.27 (t, 3J = 7.4 Hz, 9H, H10) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): δ = 171.3 (Cf), 144.1 (C2), 140.7 
(C1), 138.2 (C5), 135.5 (C18 and C18’), 133.8 (C13), 133.7 (C15), 132.6 (C17 and C17’), 131.0 (C14, C19 and C19’), 
122.7 (C4), 122.3 (C7, C12, C20 and C20’), 120.4 (C3), 111.3 (C6), 88.2 (Ch), 87.5 (C16 or C16’), 87.4 (C11), 87.3 (C16 
or C16’), 82.2 (Ci), 72.3 (Cb or Cc), 70.9 (Cb or Cc), 67.3 (Cd), 59.0 (Ca), 37.1 (Ce), 36.9 (C8), 29.8 (Cg), 25.7 (C9), 
14.8 (C10) ppm. HR-MS (MALDI): calcd. for C118H156BBr4N7O25RuS3 [M]+: 2600.6196, found 2600.6191. 

 

N-(tert-butoxycarbonyl)-4-(aminomethyl)-4’-ethynyl-1,1’-biphenyl (7b):  

 

Compound 7b was obtained in two steps from [(4-bromophenyl)ethynyl]triisopropylsilane[S4] in 88% 
overall yield. A Suzuki-Miyaura cross-coupling was first achieved using 4-(aminomethyl)phenylboronic 
acid pinacol ester as coupling partner, the latter being protected as tert-butylcarbamate, to give biphenyl 
intermediate 7a. Subsequent selective deprotection of the alkyne in the presence of tetrabutylammonium 
fluoride yielded the desired intermediate 7b.  

 



 
 

In a Schlenk flask were placed a magnetic stir bar, [(4-
bromophenyl)ethynyl]triisopropylsilane[S4] (557 mg, 1.65 mmol, 
1.1 eq.), N-(tert-butoxycarbonyl) 4-
(aminomethyl)phenylboronic acid pinacol ester (500 mg, 1.5 

mmol, 1.0 eq.) and sodium carbonate (318 mg, 3.0 mmol, 2.0 eq.). After quickly evacuating and backfilling 
the flask with argon, 1,4-dioxane (5 mL), water (5 mL) and toluene (10 mL) were added. The reaction 
medium was degassed by bubbling argon for 30 minutes before adding Pd(dppf)Cl2 (110 mg, 0.15 mmol, 
10 mol%). The mixture was then heated at 100 °C under argon for 17 hours. The crude product was 
extracted with chloroform (2x50 mL) and washed with water (2x150 mL) twice. The organic layer was 
dried over magnesium sulfate and the solvents were removed by rotary evaporation. The residue was 
purified by column chromatography (SiO2, CH2Cl2/heptane 80:20) to give compound 7a as a white solid in 
89% yield (618 mg, 1.3 mmol). 

Rf = 0.36 (SiO2, CH2Cl2/hexane 1:1). 1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 7.68 – 7.45 (m, 6H, H7, H10 and 
H11), 7.36 (AA’BB’ pattern, 3J = 8.2 Hz, 2H, H6), 5.01 (s, 1H, NH), 4.33 (d, 3J = 6.1 Hz, 2H, H4), 1.45 (s, 9H, H1), 
1.15 (m, 21H, H15 and H16) ppm. 13C{1H} NMR (75 MHz, CD2Cl2, 25 °C): δ = 156.3 (C3), 141.1 (C9), 139.5 (C5 
and C8), 132.8 (C11), 128.2 (C6), 127.5 (C7), 127.2 (C10), 122.8 (C12), 107.4 (C13), 91.8 (C14), 79.6 (C2), 44.6 
(C4), 28.6 (C1), 18.9 (C16), 11.8 (C15) ppm. HR-MS (DCI-CH4): calcd. for C29H42NO2Si [MH]+: 464.2958, found 
464.2963. 

 

Compound 7a (100 mg, 0.216 mmol, 1.0 eq.) was placed in a round 
bottom flask with a magnetic stir bar and 10 mL of THF. The solution 
was degassed by bubbling argon for five minutes and cooled down to 
0 °C. Then, a solution of TBAF (1.0 M in THF, 0.325 mL, 0.325 mmol, 

1.5 eq.) was added dropwise, and the solution was stirred for one hour at 0 °C. After warming up to room 
temperature, the product was diluted with diethyl ether and washed twice with brine. The organic layer 
was then dried over magnesium sulfate and the solvents were evaporated using rotary evaporation. The 
residue was purified by column chromatography (SiO2, CH2Cl2/pentane 1:1 to 1:0) to give pure product 7b 
as a white solid in 99% yield (65.5 mg, 0.213 mmol). 

Rf = 0.24 (SiO2, CH2Cl2/hexane 1:1). 1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 7.64 – 7.51 (m, 6H, H7, H10 and 
H11), 7.37 (AA’BB’ pattern, 3J = 8.7 Hz, 2H, H6), 5.01 (s, 1H, NH), 4.34 (d, 3J = 6.2 Hz, 2H, H4), 3.23 (s, 1H, 
H14), 1.48 (s, 9H, H1) ppm. 13C{1H} NMR (75 MHz, CD2Cl2, 25 °C): δ = 156.3 (C3), 141.5 (C9), 139.6 (C8), 139.3 
(C5), 133.0 (C11), 128.2 (C6), 127.5 (C7), 127.3 (C10), 121.3 (C12), 83.8 (C13), 79.6 (C2), 78.2 (C14), 44.5 (C4), 
28.6 (C1) ppm. HR-MS (DCI-CH4): calcd. for C20H22NO2 [MH]+: 308.1651, found 308.1662. 

 

  



 
 

Complex 8:  

Complex 1b[S1] (40 mg, 25.4 µmol, 1.0 eq.), 
compound 7b (15.6 mg, 50.8 µmol, 2.0 eq.) and a 
magnetic stir bar were placed in a Schlenk tube. 
Anhydrous THF (1 mL) and anhydrous 
triethylamine (0.25 mL) were added and the 
mixture was degassed quickly by bubbling argon. 
Pd(PPh3)2Cl2 (2.7 mg, 3.8 µmol, 15 mol%) and CuI 
(approx. 0.5 mg, 2.5 µmol, 10 mol%) were added 
under an argon flow. The resulting mixture was 
then degassed by three successive freeze-pump-

thaw cycles, before being stirred under argon in the dark at 40 °C for 24 hours. The solvents were removed 
in vacuo and the crude product was purified by column chromatography (SiO2, CH2Cl2/pentane gradient 
from 70:30 to pure CH2Cl2) to give complex 8 as an orange solid in 82% yield (36.5 mg, 20.8 µmol).  

Rf = 0.58 (SiO2, CH2Cl2). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.91 (br. s, 3H, H6), 7.85 (d, 4J = 0.8 Hz, 3H, 
H1), 7.64 – 7.51 (m, 6H, Hg, Hj and Hk), 7.41 – 7.33 (m, 7H, H3, H13 and Hf), 7.30 – 7.18 (m, 18H, H14, H18, 18’, 
H19, 19’), 7.05 (dd, 3J = 8.4 Hz, 4J = 1.4 Hz, 3H, H4), 5.00 (br. s, 1H, NH), 4.32 (d, 3J = 6.6 Hz, 2H, Hd), 3.91 (s, 
6H, H8), 2.47 (q, 3J = 7.3 Hz, 6H, H9), 1.45 (s, 9H, Ha), 1.28 (t, 3J = 7.4 Hz, 9H, H10) ppm. 13C{1H} NMR (126 
MHz, CD2Cl2, 25 °C): δ = 156.2 (Cc), 144.1 (C2), 141.1 (Ch), 140.6 (C1), 139.6 (Ci and Ce), 138.2 (C5), 135.6 (C18 
and C18’), 133.9 (C13), 133.8 (C15), 132.7 (C17 and C17’), 132.3 (Cg), 129.7 (C14, C19 and C19’), 128.1 (Cf), 127.4 
(Cj and Ck), 122.8 (C4), 122.3 (Cl, C7, C12, C20 and C20’), 120.4 (C3), 111.3 (C6), 90.6 (Cm), 90.0 (Cn), 88.3 (C11), 
87.6 (C16 or C16’), 87.2 (C16 or C16’), 79.6 (Cb), 44.53 (Cd), 36.9 (C8), 28.5 (Ca), 25.7 (C9), 14.8 (C10) ppm. HR-
MS (MALDI): calcd. for C85H74BBr4N7O2RuS3 [M]+: 1753.0895, found 1753.0657. 

 

Complex 9:  

Complex 8 (29.0 mg, 16.5 µmol, 1.0 eq.) was placed in a 
Schlenk tube containing a magnetic stir bar and dissolved 
in anhydrous dichloromethane (0.5 mL). The solution was 
degassed by bubbling argon for 15 minutes before being 
cooled down to 0 °C. 2,6-Lutidine (40 μL, 343 µmol, 21 eq.) 
was added under an argon flow, followed by trimethylsilyl 
trifluoromethanesulfonate (30 μL, 166 µmol, 10 eq.). The 
solution was stirred at 0 °C for one hour, followed by one 
hour at room temperature. Methanol (2 mL) was added 
and the solvents were removed in vacuo. The crude 

product was partially purified by column chromatography (SiO2, CH2Cl2/MeOH 90:10), dried in vacuo, 
redissolved in dichloromethane (1 mL) and heptane (10 mL) was added. The dichloromethane was 
removed by rotary evaporation inducing precipitation of complex 9. The suspension was cooled down to 
0 °C, filtered on a celite plug and the solid was rinsed with ice cold pentane (50 mL). Complex 9 was finally 
redissolved in dichloromethane and dried in vacuo to afford a glassy orange solid in 66% yield (18.0 mg, 
10.9 µmol).  



 
 

Rf = 0.28 (SiO2, MeOH/CH2Cl2 10:90). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.89 (s, 3H, H6), 7.84 (d, 4J = 0.9 
Hz, 3H, H1), 7.61 – 7.51 (m, 6H, Hd, Hg and Hh), 7.45 (d, 3J = 8.1 Hz, 2H, Hc), 7.38 – 7.32 (m, 5H, H3 and H13), 
7.29 – 7.16 (m, 18H, H14, H18, 18’, H19, 19’), 7.04 (dd, 3J = 8.4 Hz, 4J = 1.5 Hz, 3H, H4), 3.94 (s, 2H, Ha), 3.90 (s, 
6H, H8), 2.47 (q, 3J = 7.4 Hz, 6H, H9), 1.27 (t, 3J = 7.3 Hz, 9H, H10) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 25 
°C): δ = 144.1 (C2), 141.0 (Ce and Cf), 140.7 (C1), 139.6 (Cb), 138.2 (C5), 135.6 (C18 and C18’), 133.9 (C13), 133.8 
(C15), 132.7 (C17 and C17’), 132.4 (Cg or Ch), 131.1 (C14, C19 and C19’), 128.7 (Cc), 127.5 (Cd and Cg or Ch), 122.8 
(C12), 122.7 (C4), 122.5 (C7, C20 and C20’), 122.3 (Ci), 120.4 (C3), 111.3 (C6), 90.6 (Cj), 90.0 (Ck), 88.3 (C11), 87.6 
(C16 or C16’), 87.2 (C16 or C16’), 45.5 (Ca), 36.9 (C8), 25.7 (C9), 14.7 (C10) ppm. HR-MS (MALDI): calcd. for 
C80H66BBr4N7RuS3 [M]+: 1653.0404, found 1653.0441. 

 

Complex M4:  

In a Schlenk tube were placed a stir bar, 
complex 9 (9 mg, 5.4 µmol, 1.0 eq.), 
monodisperse mPEG24-NHS ester (4) (60 
mg, 49.4 µmol, 7.9 eq.), anhydrous DMF 
(0.5 mL) and anhydrous triethylamine (6 μL, 
43.2 µmol, 6.1 eq.). The mixture was 
degassed by bubbling argon for 15 minutes 
and stirred at room temperature for 24 
hours. The solvent was then evaporated and 
the residue was purified by a short column 

chromatography (SiO2, CH2Cl2/MeOH 90:10) followed by a neutral alumina plug (eluted with 
dichloromethane) to remove hydrolysed PEG species. Ethanol (10 mL) was then added to the eluate and 
dichloromethane was removed by rotary evaporation to induce precipitation of complex M4 in ethanol. 
After cooling down the suspension to 0 °C, the precipitate was filtered and washed with ice-cold ethanol 
(30 mL) followed by ice-cold pentane (10 mL) to give pure complex M4 as an orange solid in 60% yield (9 
mg, 3.3 µmol).  

Rf = 0.64 (SiO2, MeOH/CH2Cl2 10:90). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.89 (br. s, 3H, H6), 7.84 (br. s, 
3H, H1), 7.63 – 7.51 (m, 6H, Hj, Hm and Hn), 7.41 – 7.32 (m, 7H, H3, H13 and Hi), 7.29 – 7.15 (m, 18H, H14, H18, 

18’, H19, 19’), 7.04 (dd, 3J = 8.5 Hz, 4J = 1.4 Hz, 3H, H4), 6.94 (t, 3J = 5.9 Hz, 1H, NH), 4.45 (d, 3J = 6.0 Hz, 2H, Hg), 
3.90 (s, 6H, H8), 3.75 (t, 3J = 5.7 Hz, 2H, Hd), 3.65 – 3.48 (m, 92H, Hb and Hc), 3.33 (s, 3H, Ha), 2.50 (t, 3J = 5.4 
Hz, 2H, He), 2.47 (q, 3J = 7.4 Hz, 6H, H9), 1.28 (t, 3J = 7.4 Hz, 9H, H10) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 
25 °C): δ = 171.7 (Cf), 144.1 (C2), 141.1 (Ck), 140.7 (C1), 139.3 (Cl and Ch), 138.2 (C5), 135.6 (C18 and C18’), 
133.9 (C13), 133.8 (C15), 132.7 (C17 and C17’), 132.4 (Cm or Cn), 131.1 (C14, C19 and C19’), 128.3 (Ci), 127.4 (Cj 
and Cm or Cn), 122.8 (C12), 122.7 (C4), 122.5 (Co and C7), 122.3 (C20 and C20’), 120.4 (C3), 111.3 (C6), 90.6 (Cp), 
90.0 (Cq), 88.4 (C11), 87.6 (C16 or C16’), 87.2 (C16 or C16’), 72.3 (Cc or Cb), 70.9 (Cc or Cb), 67.6 (Cd), 59.0 (Ca), 
43.1 (Cg), 37.4 (Ce), 36.9 (C8), 25.7 (C9), 14.7 (C10) ppm. HR-MS (MALDI): calcd. for C130H164BBr4N7NaO25RuS3 
[M+Na]+: 2275.670 , found 2775.678. 

 

  



 
 

2,3,4,5-Tetraphenyl-1-[4’-(triisopropylsilylethynyl)phenyl]cyclopenta-2,4-dien-1-ol (10):  

In a three-neck round-bottom flask under argon were introduced a magnetic stir 
bar and [(4-bromophenyl)ethynyl]triisopropylsilane[S4] (1.05 g, 3.12 mmol, 1.5 
eq.). Degassed anhydrous THF (8 mL) was then added, and the resulting solution 
was cooled down to -78 °C. A solution of n-butyllithium (2.5 M in hexanes, 1.3 
mL, 3.12 mmol, 1.5 eq.) was added dropwise and the solution was stirred for 30 
minutes at -78 °C. The resulting mixture was canulated onto a solution of 2,3,4,5-
tetraphenylcyclopenta-2,4-dien-1-one (0.8 g, 2.08 mmol, 1.0 eq.) in degassed 
anhydrous THF (15 mL) at -78 °C. The resulting dark purple solution was stirred 
at this temperature for 1.5 hours and allowed to warm up to room temperature. 
A saturated aqueous solution of ammonium chloride (10 mL) was added and the 

crude product was extracted with ethyl acetate (3x20 mL). The organic layers were combined and washed 
with water (2x40 mL) followed by brine (40 mL). The organic layer was dried using anhydrous magnesium 
sulfate and the solvents were evaporated in vacuo. The residue was purified by column chromatography 
(SiO2, CH2Cl2/pentane 20:80) to give cyclopentadienol 10 as a pale-yellow solid in 73% yield (0.98 g, 1.52 
mmol).  

Rf = 0.44 (SiO2, CH2Cl2/pentane 40:60). 1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 7.57 (d, 3J = 8.6 Hz, 2H, H4), 
7.42 (d, 3J = 8.6 Hz, 2H, H3), 7.22 – 7.00 (m, 20H, H3’, H3’’, H4’, H4’’, H5’ and H5’’), 2.62 (br. s, 1H, OH), 1.15 (m, 
21H, H8 and H9) ppm. 13C{1H} NMR (75 MHz, CD2Cl2, 25 °C): δ = 148.2 (C1’ or C1’’), 143.4 (C1’ or C1’’), 141.2 
(C2), 135.5 (C2’ or C2’’), 134.3 (C2’ or C2’’), 132.6 (C3), 130.2 (C3’ or C3’’), 129.9 (C3’ or C3’’), 128.3 (C4’ or C4’’), 
128.2 (C4’ or C4’’), 127.6 (C5’ or C5’’), 127.5 (C5’ or C5’’), 125.6 (C4), 122.4 (C5), 107.4 (C1), 91.0 (C7), 90.6 (C6), 
18.9 (C9), 11.4 (C8) ppm. HR-MS (DCI-CH4): calcd. for C46H46OSi [M]+: 642.3318, found 642.3331. 

 

5-Bromo-1,2,3,4-tetraphenyl-5-[4’-(triisopropylsilylethynyl)phenyl]cyclopenta-1,3-diene (11):  
(Obtained as a mixture of 3 regioisomers) 

 

Compound 10 (440 mg, 0.69 mmol, 1.0 eq.) was placed in a Schlenk tube containing a magnetic stir bar 
under argon. Anhydrous diethyl ether (17 mL) and freshly distilled pyridine (69 µL, 0.86 mmol, 1.25 eq.) 
were added. The mixture was cooled down to 0 °C and thionyl bromide (66 µL, 0.86 mmol, 1.25 eq.) was 
added. The medium was then allowed to warm up to room temperature under stirring over the course of 
one hour. The reaction was neutralised by slow addition of the reaction medium to 10 mL of a 1M HCl 
aqueous solution. After separation of the phases, the aqueous layer was extracted with CH2Cl2 (200 mL), 



 
 

and washed three times with water (3x200 mL). The organic layer was dried over magnesium sulfate and 
the solvents were removed by rotary evaporation. The crude product was purified by column 
chromatography (SiO2, pentane 100% to CH2Cl2/pentane 95:5) to afford the desired brominated product 
11 in 67% yield (326 mg, 0.46 mmol) as a yellow solid composed of a mixture of regioisomers (the ratio 
could not be determined because of overlapping of 1H NMR signals). 

Rf = 0.62 (SiO2, CH2Cl2/hexane 30:70). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.51 – 7.47 (m, 1.64H, HAr), 
7.45 (AA’BB’ pattern, J = 8.7 Hz, 0.31H, HAr), 7.36 (AA’BB’ pattern, J = 8.7 Hz, 0.26H, HAr), 7.27 (m, 3.04H, 
HAr), 7.22 – 6.90 (m, 18.50H, HAr), 1.13 (s, 3.04H, H8 and H9), 1.10 (s, 8.79H, H8 and H9), 1.08 (s, 9.17H, H8 
and H9). 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): δ = 149.4 (Cquat-Ar), 149.3 (Cquat-Ar), 148.9 (Cquat-Ar), 148.5 
(Cquat-Ar), 148.1 (Cquat-Ar), 147.9 (Cquat-Ar), 143.2 (Cquat-Ar), 142.8 (Cquat-Ar), 142.4 (Cquat-Ar), 142.2 (Cquat-Ar), 141.7 
(Cquat-Ar), 136.6 (Cquat-Ar), 135.9 (Cquat-Ar), 135.8 (Cquat-Ar), 135.3 (Cquat-Ar), 135.0 (Cquat-Ar), 135.0 (Cquat-Ar), 135.0 
(Cquat-Ar), 134.8 (Cquat-Ar), 134.5 (Cquat-Ar), 134.5 (Cquat-Ar), 134.5 (Cquat-Ar), 134.4 (Cquat-Ar), 133.7 (Cquat-Ar), 132.4 
(CCH-Ar), 131.7 (CCH-Ar), 131.4 (CCH-Ar), 131.3 (CCH-Ar), 130.9 (CCH-Ar), 130.8 (CCH-Ar), 130.6 (CCH-Ar), 130.4 (CCH-Ar), 
130.4 (CCH-Ar), 130.3 (CCH-Ar), 130.3 (CCH-Ar), 128.9 (CCH-Ar), 128.9 (CCH-Ar), 128.8 (CCH-Ar), 128.8 (CCH-Ar), 128.4 
(CCH-Ar), 128.4 (CCH-Ar), 128.3 (CCH-Ar), 128.2 (CCH-Ar), 128.1 (CCH-Ar), 127.9 (CCH-Ar), 127.9 (CCH-Ar), 127.9 (CCH-Ar), 
127.8 (CCH-Ar), 127.8 (CCH-Ar), 127.8 (CCH-Ar), 127.7 (CCH-Ar), 127.7 (CCH-Ar), 127.7 (CCH-Ar), 127.7 (CCH-Ar), 127.6 
(CCH-Ar), 126.1 (CCH-Ar), 125.7 (Cquat), 123.4 (C5), 122.6 (C5), 122.5 (C5), 107.3 (C1), 107.2 (C1), 106.8 (C1), 92.0 
(C7), 91.7 (C7), 91.7 (C7), 77.0 (C6), 76.7 (C6), 76.6 (C6), 18.8 (C9), 18.8 (C9), 18.8 (C9), 11.7 (C8), 11.7 (C8), 11.7 
(C8). HR-MS (DCI-CH4): calcd. For C46H45SiBr [M]+: 704.2474, found 704.2451.  

 

Bromido dicarbonyl h5-1,2,3,4-tetraphenyl-5-[4’-(triisopropylsilylethynyl)phenyl]cyclopentadienyl 
ruthenium(II) (12):  

In a dry Schlenk tube containing a magnetic stir bar were placed ruthenium 
cluster Ru3CO12 (62 mg, 0.10 mmol, 0.4 eq.), compound 11 (as a mixture of 
regioisomers) (172 mg, 0.24 mmol, 1.0 eq.) and anhydrous degassed toluene 
(10 mL) under argon atmosphere. The mixture was heated at reflux for 2 
hours. The solvents were then removed in vacuo and the crude product was 

adsorbed on silica and purified by column chromatography (SiO2, CH2Cl2/pentane 30:70) to give pure 
complex 12 as an orange solid in 60% yield (147 mg, 0.17 mmol).  

Rf = 0.60 (SiO2, CH2Cl2/pentane 1:1). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.27 – 7.03 (m, 22H, HAr), 6.99 
(AA’BB’ pattern, 3J = 8.6 Hz, 2H, H3), 1.11 (m, 21H, H8 and H9) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): 
δ = 197.1 (CCO), 132.8 (C3’ or C3’’), 132.8 (C3’ or C3’’), 132.7 (C3), 131.6 (C4), 130.3 (C2), 130.0 (C2’ or C2’’), 130.0 
(C2’ or C2’’), 128.9 (C5’ or C5’’), 128.9 (C5’ or C5’’), 128.4 (C4’ or C4’’), 128.2 (C4’ or C4’’), 123.9 (C5), 107.3 (C1’ or 
C1’’), 107.1 (C6), 106.8 (C1), 106.6 (C1’ or C1’’), 92.7 (C7), 18.8 (C9), 11.7 (C8) ppm. HR-MS (ESI+): calcd. for 
C48H46BrO2RuSi [MH]+: 863.1502, found 863.1500. 

 

  



 
 

h5-1,2,3,4-Tetraphenyl-5-[4’-(triisopropylsilylethynyl)phenyl]cyclopentadienyl  
hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borate ruthenium(II) (13):  

In a tube for microwave synthesis were placed a magnetic stir bar, 
ruthenium complex 12 (110 mg, 0.13 mmol, 1.0 eq.), thallium 
hydrotris(indazolyl)borate TlTp4Bo,6-CH2SEt [S1] (201 mg, 0.25 mmol, 2.0 eq.) 
and anhydrous acetonitrile (4 mL). The mixture was then degassed by 
bubbling argon for 15 minutes, before heating using microwave 
irradiation (115 °C, pressure up to 5 bar, 250 W, 3x10 minutes, releasing 
the pressure and manually shaking between each cycle). The resulting 
suspension was filtered over silica (eluted with CH2Cl2) and the solvents 
were removed in vacuo. The residue was purified by column 
chromatography (SiO2, CH2Cl2/pentane 1:1) to give complex 13 as an 

orange solid in 54% yield (90.3 mg, 0.07 mmol).  
Caution! This step involves the use and production of very toxic thallium salts. Appropriate safety measures 
should be discussed and implemented before reproducing this experiment. 

Rf = 0.45 (SiO2, CH2Cl2/pentane 1:1). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.89 (br. s, 6H, H1 and H6), 7.43 
– 7.37 (m, 8H, H18, 18’), 7.35 (AA’BB’ pattern, 3J = 8.7 Hz, 2H, H13), 7.30 (d, 3J = 8.3 Hz, 3H, H3), 7.18 – 7.09 
(m, 6H, H14 and H20, 20’), 7.07 – 6.98 (m, 11H, H4 and H19, 19’), 3.90 (s, 6H, H8), 2.47 (q, 3J = 7.4 Hz, 6H, H9), 
1.28 (t, 3J = 7.4 Hz, 9H, H10), 1.08 (m, 21H, Ha and Hb) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): δ = 144.0 
(C2), 141.0 (C1), 137.8 (C5, C17 and C17’), 135.1 (C12), 134.2 (C18 and C18’), 134.0 (C13), 131.0 (C14), 127.7 (C20 
and C20’), 127.5 (C19 and C19’), 122.5 (C7 and C15), 122.4 (C4), 120.3 (C3), 111.4 (C6), 107.2 (Cd), 91.7 (CC), 88.8 
(C16 or C16’), 88.3 (C11), 88.0 (C16 or C16’), 36.9 (C8), 25.7 (C9), 18.8 (Ca), 14.7 (C10), 11.7 (Cb) ppm. HR-MS (ESI+): 
calcd. for C78H80BN6RuS3Si [MH]+:1313.4539, found 1313.4570. 

 

h5-1,2,3,4-Tetraphenyl-5-(4’-ethynyl)cyclopentadienyl hydrotris{6-[(ethylsulfanyl)methyl] 
indazol-1-yl}borate ruthenium(II) (14):  

Complex 13 (58.7 mg, 0.04 mmol, 1 eq.) was placed in a round bottom flask 
with a magnetic stir bar, and dissolved in anhydrous THF (2 mL). The solution 
was cooled down to 0 °C and TBAF (1.0 M in THF, 0.07 mL, 0.07 mmol, 1.5 eq.) 
was added slowly. The solution was stirred at this temperature for one hour 
and filtered through a SiO2 plug, eluted with CH2Cl2. The solvents were 
removed, and the crude product was purified by a short column 
chromatography (SiO2, CH2Cl2/pentane 10:90) to give pure complex 14 as an 
orange solid in 98% yield (50.6 mg, 0.04 mmol). 

Rf = 0.41 (SiO2, CH2Cl2/pentane 1:1). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.89 (br. s, 3H, H6), 7.88 (s, 3H, 
H1), 7.42 – 7.35 (m, 10H, H13 and H18, 18’), 7.29 (d, 3J = 8.4 Hz, 3H, H3), 7.17 – 7.11 (m, 6H, H14 and H20, 20’), 
7.06 – 6.97 (m, 11H, H4 and H19, 19’), 3.90 (s, 6H, H8), 3.08 (s, 1H, Ha), 2.47 (q, 3J = 7.4 Hz, 6H, H9), 1.27 (t, 3J 
= 7.4 Hz, 9H, H10) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): δ = 144.0 (C2), 140.9 (C1), 137.8 (C5, C17 and 
C17’), 135.7 (C12), 134.1 (C13, C18 and C18’), 131.2 (C14), 127.7 (C20 and C20’), 127.6 (C19 and C19’), 122.5 (C7), 
122.4 (C4), 121.1 (C15), 120.3 (C3), 111.4 (C6), 88.7 (C16 or C16’), 88.3 (C16 or C16’), 87.7 (C11), 83.7 (Cb), 78.0 



 
 

(Ca), 36.9 (C8), 25.7 (C9), 14.7 (C10) ppm. HR-MS (ESI+): calcd. for C67H60BN6RuS3 [MH]+:1157.3202, found 
1157.3184. 

 

Complex 15:  

Complex 1b[S1] (48 mg, 30.3 µmol, 1.0 eq.), complex 14 
bearing a free alkyne (52.5 mg, 45.4 µmol, 1.5 eq.) and a 
magnetic stir bar were placed in a Schlenk tube under 
argon. Anhydrous THF (2 mL) and anhydrous 
triethylamine (0.5 mL) were added and the mixture was 
degassed by a freeze-pump-thaw cycle. Pd(PPh3)2Cl2 (2.17 
mg, 3.0 µmol, 10 mol%) and CuI (0.3 mg, 1.5 µmol, 5 
mol%) were added under an argon flow. The suspension 
was degassed again by two successive freeze-pump-thaw 

cycles and the resulting mixture was then stirred under argon in the dark at 40 °C for 24 hours. The 
solvents were removed in vacuo and the crude product was purified by column chromatography (SiO2, 
CH2Cl2/pentane 50:50 to 70:30) to give complex 15 as an orange solid in 74% yield (58 mg, 22 µmol).  

Rf = 0.38 (SiO2, CH2Cl2/hexane 40:60). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.90 (s, 6H, H6, 6’), 7.89 (m, 3H, 
H1 or H1’), 7.83 (s, 3H, H1 or H1’), 7.44 – 7.11 (m, 40H, HAr), 7.07 – 7.00 (m, 16H, HAr), 3.91 (s, 12H, H8, 8’), 
2.47 (q, 3J = 7.4 Hz, 12H, H9, 9’), 1.29 (t, 3J = 7.4 Hz, 18H, H10, 10’) ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): 
δ = 144.1 (C2 or C2’), 144.0 (C2 or C2’), 140.9 (C1 or C1’), 140.7 (C1 or C1’), 138.2 (C5 or C5’), 137.8 (C5 or C5’), 
136.5 (Cquat-Ar), 135.5 (CCH-Ar), 135.2 (Cquat-Ar), 134.1 (CCHAr), 134.0 (Cquat-Ar), 133.9 (CCH-Ar), 133.8 (Cquat-Ar), 
132.7 (Cquat-Ar), 132.6 (Cquat-Ar), 131.6 (CCH-Ar), 131.1 (CCH-Ar), 130.9 (CCH-Ar), 130.6 (CCH-Ar), 127.7 (CCH-Ar), 127.6 
(CCH-Ar), 127.5 (CCH-Ar), 122.7 (C4 or C4’), 122.5 (C7 or C7’), 122.5 (C4 or C4’), 122.3 (C7 or C7’), 122.0 (Cquat-Ar), 
120.4 (C3 or C3’), 120.3 (C3 or C3’), 111.4 (C6 and C6’), 90.6 (Cquat-alkyne), 89.9 (Cquat-alkyne), 88.8 (Cquat-Cp), 88.8 
(Cquat-Cp), 88.3 (Cquat-Cp), 88.2 (Cquat-Cp), 88.1 (Cquat-Cp), 88.0 (Cquat-Cp), 87.6 (Cquat-Cp), 87.5 (Cquat-Cp), 87.2 (Cquat-

Cp), 36.9 (C8 and C8’), 25.7 (C9 and C9’), 14.8 (C10 and C10’) ppm. HR-MS (ESI+): calcd. for C132H112B2Br4N12Ru2S6 
[M]+:2602.2485, found 2602.2542. 

 

Complex 16 (obtained as an unseparable mixture of 1,2- and 1,3-disubstituted regioisomers):  

In a Schlenk tube were placed a stir bar, 
complex 15 (52.5 mg, 20.2 µmol, 1.0 eq.), 
N-(tert-butoxycarbonyl) 4-(aminomethyl) 
phenylboronic acid pinacol ester (6.1 mg, 
18.2 µmol, 0.9 eq.), cesium carbonate 
Cs2CO3 (13.2 mg, 40.4 µmol, 2.0 eq.), DMF 
(0.4 mL) and water (4 µL). The resulting 
suspension was degassed by a freeze-
pump-thaw cycle and Pd(dppf)Cl2 (1.5 mg, 

2 µmol, 10 mol%) was added under an argon flow. The reaction was then heated to 100 °C for 48 hours. 
After cooling down to room temperature, the crude suspension was filtered over a plug of silica (eluted 



 
 

with CH2Cl2), the solvents were removed using rotary evaporation and the crude residue was purified by 
column chromatography (SiO2, CH2Cl2/pentane 80:20 to 100:0). Complex 16 was obtained in 16% yield 
(8.8 mg, 3.2 µmol) as an orange solid and as an unseparable mixture of 1,2- and 1,3-disubstituted 
regioisomers. 

Rf = 0.56 (SiO2, CH2Cl2/hexane 20:80). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.88 (s, 6H, H6), 7.87 (s, 3H, H1 
or H1’), 7.85 (s, 3H, H1 or H1’), 7.49 – 7.47 (m, 3H, HAr), 7.42 – 7.07 (m, 43H, HAr), 7.04 – 6.98 (m, 14H, HAr), 
4.94 (br. s, 1H, NH), 4.28 (d, 3J = 5.4 Hz, 2H, Hd), 3.89 (br. s, 12H, H8, 8’), 2.46 (q, 3J = 7.4 Hz, 12H, H9, 9’), 1.42 
(s, 9H, Ha), 1.27 (t, 3J = 7.4 Hz, 18H, H10, 10’) ppm. For H8, 8’, H9, 9’ and H10, 10’ two similar signals with identical 
coupling constants are overlapping due to the presence of regioisomers. 13C{1H} NMR (126 MHz, CD2Cl2, 
25 °C): δ = 156.2 (Cc), 144.1 (C2 or C2’), 144.0 (C2 or C2’), 140.9 (C1 or C1’), 140.7 (C1 or C1’), 140.0 (Cquat-Ar), 
139.3 (Ce), 138.1 (C5 or C5’), 137.8 (C5 or C5’), 135.7 (CCH-Ar), 135.6 (CCH-Ar), 135.2 (Cquat-Ar), 134.3 (CCH-Ar), 134.1 
(CCH-Ar), 134.1 (CCH-Ar), 134.0 (CCH-Ar), 133.1 (Cquat-Ar), 133.0 (Cquat-Ar), 132.9 (Cquat-Ar), 132.8 (Cquat-Ar), 132.5 
(Cquat-Ar), 132.4 (Cquat-Ar), 132.4 (Cquat-Ar), 131.0 (CCH-Ar), 130.9 (CCH-Ar), 130.6 (CCH-Ar), 128.1 (Cf), 127.6 (CCH-Ar), 
127.5 (CCH-Ar), 127.3 (CCH-Ar), 126.2 (CCH-Ar), 122.6 (C4 or C4’), 122.5 (C7 and C7’), 122.4 (C4 or C4’), 122.2 (Cquat-

Ar), 122.0 (Cquat-Ar), 120.4 (C3 or C3’), 120.3 (C3 or C3’), 111.3 (C6 and C6’), 90.4 (Cquat-alkyne), 90.0 (Cquat-alkyne), 
88.8 (Cquat-Cp), 88.4 (Cquat-Cp), 88.1 (Cquat-Cp), 88.1 (Cquat-Cp), 88.0 (Cquat-Cp), 87.8 (Cquat-Cp), 87.7 (Cquat-Cp), 87.5 
(Cquat-Cp), 87.2 (Cquat-Cp), 86.9 (Cquat-Cp), 79.5 (Cb), 44.5 (Cd), 36.9 (C8 and C8’), 28.5 (Ca), 25.7 (C9 and C9’), 14.7 
(C10 and C10’) ppm. Cb, Cc and Cd did not appear on the 13C{1H} NMR but their chemical shifts were attributed 
thanks to correlations on HMBC and HSQC 2D-NMR spectra. HR-MS (MALDI): calcd. for 
C144H128B2Br3N13O2Ru2S6 [M]+: 2728.4500, found 2728.4729. 

 

Complex M5 (obtained as an unseparable mixture of 1,2- and 1,3-disubstituted regioisomers): 

 

Complex 16 (as a mixture of 1,2- and 1,3-disubstituted regioisomers) (8 mg, 2.9 µmol, 1.0 eq.) was 
dissolved in anhydrous CH2Cl2 (0.5 mL). The solution was cooled down to 0 °C. Then, 2,6-lutidine (25 μL, 
59 µmol, 20 eq.) and trimethylsilyl trifluoromethanesulfonate (5 μL, 30 µmol, 10 eq.) were successively 
added. The solution was stirred for one hour at 0 °C, followed by one more hour at room temperature. 
Methanol (1 mL) was then added to quench the reaction. The solvents were removed in vacuo and the 
residue was purified thanks to a short column chromatography (SiO2, MeOH/CH2Cl2 2.5/97.5). The 
partially purified product was then dissolved in a minimal amount of CH2Cl2, and heptane (5 mL) was 
added. CH2Cl2 was removed by rotary evaporation and the precipitate was filtered over celite, rinsed with 
pentane and finally recovered in CH2Cl2. CH2Cl2 was evaporated again to give the Boc-deprotected complex 
bearing a free benzylamine as an orange solid in 58% yield (4.5 mg, 1.7 µmol).  



 
 

Rf = 0.24 (SiO2, MeOH/CH2Cl2 5:95). 

The previous complex bearing a free benzylamine (2.0 mg, 0.8 µmol, 1.0 eq.) was next introduced in a  
J-Young NMR tube along with mPEG24-NHS ester (4) (4.6 mg, 3.8 µmol, 5 eq.), deuterated N,N-
dimethylformamide (DMF-d7) (0.5 mL) and anhydrous triethylamine (1 μL, 7.6 µmol, 10 eq.). The mixture 
was degassed by three successive freeze-pump-thaw cycles and heated at 40 °C for 48 hours. The solvent 
was then evaporated and the crude product was adsorbed on silica and washed with ethyl acetate (10 
mL) and CH2Cl2 (10 mL) which induced elution of eventual leftover starting material and excess PEG chain 
but not of the desired compound. The product was then eluted with DMF and the solvent was removed 
in vacuo. The residue was then dissolved in a minimal amount of CH2Cl2 and heptane was added. CH2Cl2 
was removed by rotary evaporation to induce precipitation, and the precipitate was filtered over celite 
and washed with cold pentane. Finally, the pure compound was recovered in CH2Cl2, evaporated to 
dryness to give complex M5 in 11% yield (0.3 mg, 0.08 µmol, 6% yield over two steps) as an orange 
amorphous solid and as an unseparable mixture of 1,2- and 1,3-disubstituted regioisomers. 

Rf: A reliable Rf value could not be determined for this compound due to important tailing on TLCs.  
1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 7.93 – 7.87 (m, 12H, H1, 1’ and H6, 6’), 7.60 – 6.95 (m, 60H, HAr), 4.45 
(d, 3J = 6.1 Hz, 2H, Hg), 3.93 (br. s, 12H, H8, 8’), 3.77 (t, 3J = 5.8 Hz, 2H, Hd), 3.66 – 3.45 (m, 92H, Hb and Hc), 
3.37 (s, 3H, Ha), 2.52 – 2.47 (m, 14H, H9, 9’ and He), 1.31 (t, 3J = 7.4 Hz, 18H, H10, 10’) ppm. 13C{1H} NMR (126 
MHz, CD2Cl2, 25 °C): δ = 171.2 (Cf), 143.6 (C2 and C2’), 140.5 (C1 or C1’), 140.3 (C1 or C1’), 139.7 (Cquat-Ar), 
138.5 (Ch), 137.7 (C5 or C5’), 137.4 (C5 or C5’), 135.3 (CCH-Ar), 135.2 (CCH-Ar), 134.8 (Cquat-Ar), 133.7 (CCH-Ar), 133.6 
(CCH-Ar), 132.6 (Cquat-Ar), 132.4 (Cquat-Ar), 132.0 (Cquat-Ar), 130.6 (CCH-Ar), 130.5 (CCH-Ar), 130.2 (CCH-Ar), 127.8 (Ci), 
127.2 (CCH-Ar), 127.1 (CCH-Ar), 126.8 (CCH-Ar), 125.8 (CCH-Ar), 122.2 (C4 or C4’), 122.0 (C7 or C7’), 122.0 (C4 or C4’), 
121.7 (C7 or C7’), 120.0 (C3 or C3’), 119.9 (C3 or C3’), 110.9 (C6 or C6’), 90.0 (Cquat-alkyne), 89.6 (Cquat-alkyne), 88.4 
(Cquat-Cp), 87.7 (Cquat-Cp), 87.3 (Cquat-Cp), 87.2 (Cquat-Cp), 71.9 (Cb and Cc), 70.5 (Cb and Cc), 67.2 (Cd), 58.6 (Ca), 
42.7 (Cg), 37.0 (Ce), 36.5 (C8 and C8’), 25.3 (C9 and C9’), 14.3 (C10 and C10’) ppm. HR-MS (MALDI): calcd. for 
C189H218B2Br3N13O25Ru2S6Na [M+Na]+: 3751.0281, found 3751.0292. 

 

c. NMR spectra of the compounds 

 

 



 
 

 



 
 

 

13C-Jmod-NMR of complex 3 (126 MHz, CD2Cl2, 25°C).   



 
 

 
1H-NMR of complex M1 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex M1 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 6 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 6 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex M2 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex M2 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of compound 7a (300 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of compound 7a (75 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of compound 7b (300 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of compound 7b (75 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 8 (300 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 8 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 9 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 9 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex M4 (300 MHz, CD2Cl2, 25°C).  



 
 

 

13C-Jmod-NMR of complex M4  (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of compound 10 (300 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of compound 10 (75 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of compound 11, obtained as a mixture of 3 regioisomers (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of compound 11, obtained as a mixture of 3 regioisomers (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 12 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 12 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 13 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 13 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 14 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 14 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 15 (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 15 (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex 16, obtained as an unseparable mixture of 1,2- and 1,3-disubstituted regioisomers (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex 16, obtained as an unseparable mixture of 1,2- and 1,3-disubstituted regioisomers (126 MHz, CD2Cl2, 25°C).  



 
 

 
1H-NMR of complex M5 as an unseparable mixture of 1,2- and 1,3-disubstituted regioisomers (500 MHz, CD2Cl2, 25°C). 



 
 

 
13C-Jmod-NMR of complex M5 as an unseparable mixture of 1,2- and 1,3-disubstituted regioisomers (126 MHz, CD2Cl2, 25°C). 



 
 

II. Grafting of the molecules on Au/Si substrates 

The molecules M1-M5 were attached to gold-coated silicon substrates using Au-S interactions, following 
our previously established protocol[S6-8] to reach low grafting density and favour single-molecule 
attachment during AFM experiments. Briefly, Au/Si wafers (Sigma-Aldrich) were cut in (2 × 2 cm2) 
substrates, cleaned in a 1:1:5 volume ratio of NH4OH, H2O2, and H2O solution during 15 min at 65°C, 
followed by UV-ozone treatment for 15 min (UV-ozone cleaner®, Model 42, Jelight Company Inc.) and 
finally dipped in EtOH for 20 min. The freshly cleaned gold surfaces were dried with a nitrogen flow and 
directly incubated for 1 h at room temperature in the grafting solution with a molar ratio of 95:5 (dodecyl 
sulfide (DDS): organometallic complex) and a organometallic complex concentration of 1·10–6 M in DMF. 
Subsequent washing with fresh DMF (3 times) provides the final surface that is dried and directly used for 
AFM experiments (or kept in a desiccator overnight). DDS is used as a passivation agent that disperses the 
molecules of interest on the surface and decreases unspecific tip-surface adhesion during force 
experiments. 

III. AFM force experiments 

AFM experiments were performed using a MFP3D Origin+ (Asylum Research, Oxford Instruments). 
Experiments were performed in a semi-closed fluid cell. OBL cantilevers (Bruker) with a nominal spring 
constant of k = 0.03 N·m-1 (length: 50-70 µm; width: 28-32 µm; thickness: 0.14-0.22 µm; frequency 19 kHz) 
were used in all force spectroscopy experiments. The spring constant of each cantilever was determined 
prior to each experiment, in air, using the thermal and the Sader methods implemented in the AFM 
software.[S9-10] The grafted surface was installed in the fluid cell filled with the organic solvent and the AFM 
tip was immersed in the solution away from the surface for 30 min for equilibration of the cantilever. After 
equilibration time, the speed response of the cantilever was measured on the force-time curves giving a 
mean value of 4.103 nm.s-1. It is important to note that the spring constant of the cantilever is an inner 
parameter and is not affected by the viscosity of the solvent. However, the solvent viscosity influences 
the speed response of the cantilever. To avoid any bias originating from the viscous drag of the solvent, 
the sampling rate was adapted for each pulling velocity accordingly (i.e. its higher limit not exceeding the 
response time of the cantilever). 

The molecules were picked up using a pushing force of 500 pN against the substrate to promote the 
attachment of the linker onto the AFM tip. Force curves were obtained at a fixed velocity of 20, 200, or 
1000 nm·s-1 (approach and retraction) and with a sample rate of 17 kHz. Force-extension curves were 
obtained by transforming the deflection-piezo movement curves using the Hooke’s law:  

𝐹	 = 	−𝑘𝑥 = −𝑘(𝑧 − 𝑑) 

with F the force experienced by the molecule, k the spring constant of the cantilever, x the cantilever 
deflection, z the piezo-movement and d the tip-substrate distance.  

The raw deflection-piezo movement curves were sorted out using a home-made routine on IgorPro 
(WaveMetrics). About 95% of the curves show flat profiles, indicating that no molecule was stretched 
during the approach-retraction cycle. Such flat curves are discarded. This observation is typical of an 
experiment performed in highly diluted grafting conditions, favouring single-molecule attachment. About 
2% of the curves display only a contact adhesion peak and were discarded. The rest of the curves, about 
3%, show single-peak profiles with the repeatable small pseudo-plateau pattern, for the experiments at 



 
 

200 nm·s-1. End-grafted short molecules like here, and especially in good organic solvent conditions and 
unfavourable Hamaker-Lifshitz constant, always give rise to very clean single peak profiles.[S6-8]  

The profiles were analyzed automatically by a home-made routine. A worm-like chain fit was applied 
automatically on a force range of 0–100 pN, following the WLC equation:  
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with kB is the Boltzmann constant and T the temperature. 

The WLC fit returns the persistence length lp (related to the flexibility of the molecule) and the contour 
length L (maximum extended length of the molecule).  

The force and length (∆x) of the characteristic small pseudo-plateaus were determined using a home-
made routine on IgorPro (WaveMetrics). After adjusting the two WLC fits before and after the plateau 
profiles, the raw data between the WLC curves (corresponding to the plateau) is linearly fitted. The 
plateau length is measured as the distance between the two WLC in the plateau region, while the plateau 
force is the mean force of the linear fit. Histograms were constructed using IgorPro. Raw data were fitted 
using a Gaussian. Each population is given with its standard deviation. Probability density function (PDF) 
were also obtained by fitting the data by a Kernel smoothing function (N=1000 points) on MatLab 
(MathWorks).  

For pulling-relaxing experiments, an integrated tool developed by Asylum Research (Oxford Instr.) was 
used to guide the movement of the tip. Prior to the pulling-relaxing curves, a few standard approach-
retraction curves were obtained to determine the InvOLS (inverse optical lever sensitivity) of the 
cantilever and the distance from the contact point to the maximum contact force (threshold force of 
500 pN). Then, between each approach and retraction movement, several pulling and relaxing 
movements are performed at identical velocity. The distance over which the molecule is pulled is slightly 
increased at each cycle, in order to maximize the possibility of observing the characteristic pattern 
associated with the studied molecule. During pulling-relaxing experiments, the tip is kept away from the 
surface (a few nm away from the contact point) to avoid any perturbation from the surface from one cycle 
to the next. Usually, 5 pulling-relaxing cycles are performed between each approach and retraction traces. 
Force curves were obtained at a fixed velocity of 200 nm·s-1 (pulling and relaxing) and with a sample rate 
of 17 kHz. The zero-force and the zero-distance is determined by comparing the approach and retraction 
traces, the contact point values (force and distance) being used for all the pulling and relaxing traces. All 
force curves are transformed similarly to the standard force curves. The pulling and relaxing traces are 
analyzed manually with IgorPro. 

 

 

  



 
 

IV. Calculation of the length of the rotors’ functionalised arms 

IV.1. Computational details and measurement of the lengths  

To estimate the lengths L of the functionalised arms incorporating various spacers and compare them to 
the measured plateau lengths, DFT calculations were performed on simplified analogues of the rotor 
subunits composed of a tetramethylcyclopentadienyl anion functionalised with the desired spacer, itself 
linked to a terminal methoxy-substituted propionamide group (Figure below, left).  

DFT calculations were performed using the Gaussian 16-B.01 software,[S11] at the ωB97xD/Def2TZVP level 
of theory. Geometry optimisation was performed in vacuum, followed by a frequency calculation that 
showed no negative frequency, confirming that the resulting structures correspond to a stationary point 
of the potential energy surface. Distances calculations were performed on the optimised geometries 
(Figure below, right) using the centroid and measure functions of the CCDC Mercury software.  

The lengths of the functionalised arms (L) were measured from the centre of the cyclopentadienide ring 
to the benzylic or propargylic carbon terminating the straight section of the spacer (Table below).  

 

Structure of the simplified analogues considered for each spacer type (left) and representation of the 
corresponding optimised geometries (hydrogen atoms were omitted for clarity) along with indicative scale 
bars showing the measured lengths L (right). 

Spacer (rotor derivative) Length of functionalised arm L 
(nm) 

Maximum rotor diameter  
= 2 x L (nm) 

4-ethynylphenyl (M2, M3) 0.959 1.918 
4,4’-biphenyl (M1) 1.133 2.266 

4-(biphenylethynyl)phenyl (M4) 1.819 3.638 
 

Table S1: Summary of the lengths of functionalised arms (L) according to the spacers and associated 
maximum rotor diameters.  



 
 

IV.2 Optimised geometries of the simplified analogues of rotor subunits 

a. Model with a 4-ethynylphenyl spacer 

Calculation Type: FREQ. Calculation Method: RwB97XD. Basis Set: def2TZVP. Charge: -1. Spin: Singlet. 
Total Energy: -1059.210093 Hartree. RMS Gradient Norm: 0.000004 Hartree/Bohr. Imaginary Frequency: 
None. 
 

 
 

 



 
 

b. Model with a 4,4’-biphenyl spacer 

Calculation Type: FREQ. Calculation Method: RwB97XD. Basis Set: def2TZVP. Charge: -1. Spin: Singlet. 
Total Energy: -1214.119076 Hartree. RMS Gradient Norm: 0.000003 Hartree/Bohr. Imaginary Frequency: 
None. 
 

 
 

 



 
 

c. Model with a 4-(biphenylethynyl)phenyl spacer 

Calculation Type: FREQ. Calculation Method: RwB97XD. Basis Set: def2TZVP. Charge: -1. Spin: Singlet. 
Total Energy: -1214.119076 Hartree. RMS Gradient Norm: 0.000003 Hartree/Bohr. Imaginary Frequency: 
None. 
 

 
 

 
  



 
 

V. Supplementary Figures 

 

Figure S1. Characteristic force-distance profile obtained for M2 at a pulling rate of 200 nm.s-1 and 
histograms of the pseudo-plateau force (N=174) and pseudo-plateau length (N=174). 

 

 

Figure S2. Characteristic force-distance profile obtained for M3 at a pulling rate of 200 nm.s-1 and 
histograms of the pseudo-plateau force (N=337) and pseudo-plateau length (N=337). 

 

 



 
 

 

Figure S3. Characteristic force-distance profile obtained for M4 at a pulling rate of 200 nm.s-1 and 
histograms of the pseudo-plateau force (N=354) and pseudo-plateau length (N=354). 

 

 
 

 

Figure S4. Characteristic force-distance profile obtained for M1 at a pulling rate of 1000 nm.s-1. 

 



 
 

 

Figure S5. Schematic showing the considered area to measure the cumulative work resulting from the 
fluctuations (hopping states). This integrated area is below the region of fluctuations (from state A to B, 
Figure 2a) and between the two WLC fits.  
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