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SYNTHESES 

 

[Fe4(µ3-CO) 4Cp3(η5-C5H4COCl)], 3 

A solution of [Fe4(µ3-CO) 4Cp3(η5-C5H4COOH)] , [10a] 2, (0.200 g, 0.310 mmol) in 

CH2Cl2 (20 mL) was treated with oxalyl chloride (0078 g, 0.620 mmol) at 0 °C. The green 

solution was allowed to warm up to room temperature, and the solvent was removed under 

high vacuum. The green powder obtained was used without any further purification. 
1H NMR (250 MHz, CDCl3): δ 5.10 (t, 2H), 4.95 (t, 2H), 4.87 (s, 15H). 13C NMR (62.9 

MHz, CDCl3) : δ 126.24 (C5H4), 118.90 (C5H5), 113.82 (C5H4). 

IR (KBr, cm-1) : νCOCl 1764, νFeCO 1635. 

E1/2 (V vs. Fc; CH2Cl2; 20 °C;) 0.830 ( r ); 0.140 (r ); -1.505 (r ); -1.635 ( r ).  

 

 

 

[Fe4(µ3-CO) 4Cp3(η5-C5H4CO2NS)], 5.  
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The green powder of [Fe4(µ3-CO) 4Cp3(η5-C5H4COCl)], 3, (0.438 g, 0.665 mmol) was 

dissolved in dry THF (50 mL.), N-hydroxysuccinimide ( 0.078g, 0.678 mmol) was added 

and the resulting solution was stirred. The solution was cooled to 10 °C using an ice bath, 

and pyridine (0.053 mL, 0.665 mmol) was added. After 15h at room temperature, the 

solvent was removed in vacuum. The residue was redissolved in CH2Cl2 (50 mL). This 

solution was washed twice with water and dried over sodium sulphate. The solvent was 

removed under vacuum to give a forest-green solid (0.576 g, 85% yield). 

Anal. Calcd. for C29H23Fe4NO8   C 47.27, H 3.15, N 1.9; found C 46.98, H 3.01, N 1.58. 
1H NMR (250 MHz, CDCl3) : δ 5.15 (t, 2H), 4.94 (t, 2H), 4.86 (s, 15H), 2.87 (s 4H). 13C 

NMR (62.9 MHz, CDCl3) : δ 169.50 (N-CO, succinimide), 162.30 (COO), 105.94 (C5H4), 

99.53 (C5H5), 98.60 (C5H4), 25.65 (CH2 ). 

IR (KBr, cm-1) : νCOsuccinimide 1762,  1739, νFeCO 1638. 

E1/2 (V vs. Fc; CH2Cl2; -30 °C) = 0.805 ( r ); 0.150 (r ); -1.575 (r )  

 

[Fe4(µ3-CO)4Cp3(η5-C5H4CONH(CH2)11S)]2., 4 

A stirred solution of [Fe4(µ3-CO) 4Cp3(η5-C5H4COCl)], 3, (0.083 g, 0.125 mmol) and of 

the disulfide [-S-(CH2)11NHCl]2 (0.025 g, 0.053 mmol) in CH2Cl2 (20 mL). Triethylamine 

(0.023 mL, 0.3 mmol) was added. After 15h, the solvent was removed in vacuum. The 

residue was redissolved with CH2Cl2 (20 mL) and washed with water, with saturated 

sodium carbonate and again with water. The organic solution was dried over sodium 

sulphate, and the solvent was removed in vacuum to give 0.065 g of forest-green powder 

(63% yield). Anal. Calcd. for C72H84Fe8N2O10S2  C 52.46, H 5.13; found C 51.92, H 5.14. 
1H NMR (250 MHz, CDCl3) : δ 6.85 (m.2H), 4.87 (m, 4H), 4.79 (m, 34H), 3.43 (m, 4H), 

2.68 (t, 4H) 1.66-1.29 (40H). 13C NMR (62.9 MHz, CDCl3) : δ 109.51 (C5H4), 99.22 

(C5H5), 98.65 (C5H4), 39.63 (CH2N), 39.20 (CH2S), 29.58-27.03 (CH2). IR (KBr, cm-1) : 

νNH 3351, νFeCO and νCON 1633.E1/2 (V vs. Fc; CH2Cl2; -10 °C) = 0.840( r ); 0.110 (r ); -

1.620 (r ). 
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Reduction of [Fe4(µ3-CO)4Cp3((η5-C5H4CONH(CH2)11S)]2 4 to the thiol 11  

The cluster oxidized by air to disulfide (0.060 g, 0.036 mmol) was dissolved with 10 mL of 

DMF in a Schlenk flask. Water (70 mL, 100 equiv.) was added, then the reaction mixture 

was degassed, tris-n-butylphosphine (100 mL, 10 equiv.) was introduced, and the mixture 

was stirred at room temperature for 3 hours. Then, 50 mL of ethyl acetate was added, and 

the mixture was washed with HCl 1N. The organic layer was separated, degassed, dried 

under Na2SO4 and filtered. The solvent was then removed under vacuum, and the solid 

residue was rinsed under positive nitrogen pressure using degassed petroleum ether. The 

green solid thiol (0.055g, 0.067 mmol, 88%) was dried under vacuum.  

9-Cluster dendrimer 8. A CH2Cl2 solution (20 mL) of nona amine 7 (0.076g, 0.066mmol) 

and triethylamine was added slowly to a CH2Cl2 solution of 3 (0.587 g, 0.891 mmol). After 

stirring under N2 at room temperature for four days. The solvent was removed in vacuo. 

The residue was redissolved in CH2Cl2 and the solution was then washed twice with 

saturated sodium carbonate solution and twice with water. The organic solution was dried 

over sodium sulphate, then reduced to 5 mL, and the 9-cluster dendrimer was precipitated 

of this solution with dry ether (50 mL) to give 0.112 g of dark green powder (36 %). Anal. 

Calcd. for C288H291Fe36N9O54  C 51.22, H 4.34, N 1.97; found C 50.35, H 3.96, N 1.61.1H 

NMR (250 MHz, CDCl3) : δ 7.07 (m.9H), 4.84 (m, 18H), 4.81 (m, 18H), 4.78 (s, 135H), 

3.40 (m, 36H), 3.28 (m, 18H) 1.78 (m,18) 1.28-1.62 (m, 36H). 13C NMR (62.9 MHz, 

CDCl3): δ 164.78 (CON), 146.07 (C6H3), 122.54 (C6H3, CH) 107.13 (C5H4), 99.62 (C5H5), 

96.67 (C5H4), 72.12(CH2O), 69.10 (OCH2), 43.35 (C(CH2CH2CH2O)3), 38.16  (CH2N), 

34.29 (C(CH2CH2CH2O)3), 30.14 (CH2CH2N), 24.63(CH2CH2O). IR (KBr, cm-1) : νNH 

3400, νFeCO and νCON 1627; E1/2 (V vs. Fc; CH2Cl2;  20 °C) 0.730 (r ); 0.010 (r ); -1.700 (r ). 

16-cluster dendrimer, 10 The diaminobutane DSM-dend(NH2)16 9 (0.040 g, 0.024 mmol) 

and triethylamine (0.070 mL, 0.48 mmol) were dissolved in dry CH2Cl2 (20 mL). A 

solution of [Fe4(µ3-CO)4Cp3(n5C5H4CO2NS)], 5, (0.313 g, 0.424 mmol) in CH2Cl2 (10 mL) 

was added drop wise to this mixture. Then, the solution was stirred at room temperature for 

7 d, washed with water, saturated sodium carbonate solution and again with water, dried 

over sodium sulphate; the volume was reduced (5 mL), and 10 was precipitated with dry 

diethyl ether (50 mL), giving 0.070 g of dark-green powder (25% yield). Anal. Calcd. for 
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C488H496Fe64N30O80  C 50.37, H 4.29; found C 49.56 , H 4.26. 1H NMR (250 MHz, CDCl3) 

: δ 7.38 (m.16H), 5.00 (m, 32H), 4.85 (bs, 272H),  3.47 (m, 32H), 2.47 and 238 (br. 84H) 

1.74 (bm 56H), 1.43 (bm 4H). 13C NMR (62 MHz, CDCl3): δ 165.00 (CON), 107.10 

(C5H4), 99.76 (C5H5), 97.50 (C5H4), 52.40 49.50 (CH2NCH2) 38.70 (CH2N), 26.01 and 

25.34 (CH2CH2); IR (KBr, cm-1): νNH 3320, νFeCO and νCON 1627 ; E1/2 (V vs. Fc; CH2Cl2; 

20°C) = 0.720 (r); 0.045 (r ); -1.665 (r ). 

27-cluster dendrimer, 12: See the synthetic procedure in the experimental section of the 

main text.  Anal. Calcd. for C963H1083Fe108N27O144Si36:  C 51.67, H 4.89; found C 49.96, H 

4.36.1H NMR (300 MHz, CDCl3): δ 7.16 (m.18H), 6.73 (m, 18H), 6.73 (m, 27H) 4.85 (bs, 

54H), 4.67 (bs, 459H),  3.39 (m, 18H), 2.78 (m 54H) 1.52 (bm 72H), 1.33 (bm 72H), 0.48 

(bm 72H), -0.01(s 216H). 13C NMR (62.9 MHz, CDCl3) : δ 165.00 (CON), 127(CH), 

112.5(CH),107.10 (C5H4), 99.52 (C5H5), 95.50 (C5H4), 60.40 (CH2O), 39.12 (CH2), 30.50 

(CH2N), 20.70 (CH2), 15.01 (CH2), -4.43 (CH3).  IR (KBr, cm-1) : νNH 3320, νFeCO and νCON 

1635. E1/2 (V vs. FeCp2
*; CH2Cl2;  20 °C ) = 1.270 (i); 0.020 (r ); -1.130 (r). 

AFM of the 16-Fe4 cluster10 (for the AFM of 12, see the main text, Figure 1) 

 
 

 

 

 
 
 
 
 
 
 
 
 
 Figure 3 
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CYCLOVOLTAMMOGRAMS   
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Figure 4 (Supplementary Information): 
 LEFT: a) Cyclovoltammogram of the16-branch-cluster dendrimer 10 . Volts vs. FeCp*2. 
Scan of two oxidation waves (Fe4-->Fe4

+ and Fe4 
+

 -->Fe4
2+) and one reduction wave (Fe4--

>Fe4
-, top); b) scan of the same dendritic cluster monoxidation and monoreduction waves 

(bottom).  
RIGHT: Cyclovoltammogram of the 27-branch-cluster dendrimer 12.  
 

 

Eq. H2PO4
- per branch

∆E1/2 (V)

0 1 2 43

0.14

5 6

0. 02

0.08

 
Figure 5. Titration of H2PO4

- with 16-branch amido-Fe4-cluster 10 in CH2Cl2. Shift of E1/2 
toward negative potentials recorded by CV as a function of the number of equiv. [n-
Bu4N][H2PO4] added per branch of 10: (6 x 10-5 M in CH2Cl2). 
 

 5



Figure 6. Titration of HSO4
- with the 16-branch amido-Fe4-cluster dendrimer 10 in 

CH2Cl2. Shift of E1/2 toward negative potentials recorded by CV as a function of the 
number of equiv. [n-Bu4N] [HSO4] added per branch of 10 (6 x 10-5 M) in CH2Cl2. 
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Figure 7.  Titration of the 16-branch Fe4-amidocluster-dendrimer 10 (6 × 10-5 M) with a 
10-3 M solution of  [n-Bu4N]2 [ATP] in CH2Cl2, in the presence of [n-Bu4N] [HSO4] (10-3 
M) and [n-Bu4N] [Cl] (10-3 M); Pt working electrode. Shift of E1/2 toward negative 
potentials recorded by CV as a function of the number of equiv. [n-Bu4N]2[ATP] added per 
amidocluster branch of the dendrimer 10. 
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Fabrication of the dendrimer-modified electrodes: 
 

The intensity of the CV wave corresponding to the fully reversible monoelectronic 

oxidation of the neutral Fe4 cluster of the derivatized electrode steadily increased upon 

cycling until it reached saturation after around 30 cycles. This first oxidation wave of the 

derivatized Fe4 cluster was the only one giving rise to suitable, robust modified 

electrodes.[12] Electron transfer is fast due to electron hoping among the redox sites.[9c,12]  

Figure 8. Cyclic voltammograms of the dendrimers iron cluster 10 and 12, coated 
over Pt electrodes. Solvent, CH2Cl2; reference electrode; Ag/Ag+; counter electrode, 
Pt; supporting electrolyte, 0.1 M nBu4-NPF6; at various scan rates. (Inset by 10 and 
12: current intensity as a function of scan rate; the linearity shows the expected 
behaviour of the modifieds electrodes with a fully adsorbed dendrimer 10 (left) and 
12 (right). Note that Epa- Epc = 30mV for 10, but only 10mV for 12
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The cluster-terminated dendrimers were electrodeposited onto platinum-disk electrodes (A 

= 0.078 cm2) from degassed 10-6 M CH2Cl2 solutions of derivatized cluster and [n-Bu4N] 

[PF6] (0.1 M) by continuous scanning  (0.10 V s-1) up to fifty cycles between 0 V and 1 V 

vs. FeCp*2 around the wave that corresponds to the oxidation of the iron cluster to its 

monocation (Figure 8). With both electrodes derivatized with 10 and 12 respectively, the 

first oxidation wave of the derivatized Fe4 cluster shown on Figure 8 was the only one 

giving rise to suitable, robust modified electrodes.[13]  

The linear relationship of the peak current with potential sweep rate was verified, as 

expected for electrodes modified with a fully adsorbed molecular material.[13] The surface 

coverage by the iron-clustered dendrimer was determined from the integrated charge of the 

CV wave. Thus, the surface coverage for the electrode modified with 10 was Γ = 8.6 x 10-12 

mol cm-2 (iron cluster sites), corresponding to 5.3 x 10-13 mol cm-2 of 10.  The difference 

between the anodic and cathodic potentials is ∆E = Ec – Ea = 0.030 V, and full width at 

half-maximum (∆E FWHM) is 0.120 V; this broadening might be due to a subtle variation in 

the structure in the layer of the redox centers. The surface coverage Γ for the electrode 

modified with 12 was 3.1 x 10-12 mol cm-2 (Fe4 cluster sites) or 1.1 x 10-13 mol cm-2 of Fe4-

cluster-dendrimer. In this latter case, ∆Ep = 0.010 V, and ∆E FWHM was 0.090 V which 

corresponds to non-interacting neighbors within the film. 

 9



 

 

On Figure 9 below, the successive CVs obtained for electrodes modified with 10 and 12 are 

shown (a) before addition of [ATP] [N(n-Bu)4]2, (b) during addition of a sub-stoichiometric 

portion of [ATP] [N(n-Bu)4]2 to the electrochemical cell, (c) after addition of a 

stoichiometric amount of [ATP] [N(n-Bu)4]2 and (d) after washing the electrode with 

dichloromethane to remove [ATP] [N(n-Bu)4]2 for re-use. 

 

Fig 9 
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On Figure 10 below, the successive CVs obtained for a Pt electrode modified with the 27-

branch dendrimer 12 are shown: (a) before addition of oxoanion salts to the 

electrochemical cell; (b) during addition of a sub-stoichiometric portion of a mixture of a 

10-3 M CH2Cl2 solution of  [ATP] [N(n-Bu)4]2 in the presence of [n-Bu4N] [HSO4] (10-3 M) 

and [n-Bu4N] [Cl] (10-3 M); (c) after addition of a stoichiometric amount of these oxoanion 

salts (d) after washing the electrode with dichloromethane to remove the oxoanion salts for 

re-use.  
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