
 

 

ABSTRACT: Through a Cu-catalyzed Huisgen cycloaddition between 
terminal alkynes and azides (CuAAC) reaction, azide [(μ-SCH2)2N(4- 
N3C6H4)Fe2(CO)6] has demonstrated to be a robust and versatile 
reagent able to incorporate the [(μ-SR)2Fe2(CO)6] fragment on a wide 

 
of the acid employed. 
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‡Departamento de Química Orgańica and Center for Innovation in Advanced Chemistry (ORFEO−CINQA), Universidad de 
Valencia, 46100 Valencia, Spain 
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■ INTRODUCTION 
Hydrogenases1 are metalloenzymes able to catalyze one of the 
simplest reactions, the reduction of protons to form molecular 
hydrogen, and also the reverse process, the formation of 
protons and electrons from hydrogen. As it has been 
recognized,2 there are two main alternatives to use enzymatic 
processes in the development of bulk production of hydrogen. 
The first one uses whole organisms, inorganic biohybrids, or 
supported enzymatic systems.3 Synthetic small molecules 
acting as hydrogenase mimics are the second alternative to 
the current methods to produce hydrogen within this field of 
research.4 

Mimics of the [FeFe] hydrogenases (Figure 1) have been 
profusely studied during the last years due to the structural 

 
 

 

  
Figure 1. Active center of an [FeFe] hydrogenase. 

 
 

 
 

similarity between the active center of such enzymes and [(μ- 
SR)2Fe2(CO)6] complexes. Modifications of this basic 
structure allowed to prepare [FeFe] biomimetics having low 
and reversible reduction potentials (between 0 and −2.20 V in 

 
polar media) and stable enough to be used as catalysts for 
hydrogen production.4 

Several variations of this basic biomimetic motif have been 
reported, including, among others, the incorporation of the 
electron source into the [FeFe] nucleus,5 supramolecular self- 
assembly,6 or direct electron transfer using Si-containing 
[FeFe] nuclei.7 

Generally, the preparation of [FeFe] biomimetics relies on 
two different approaches to incorporate the bridging dithiolate 
ligand to the [FeFe] core.4i The first one (Scheme 1a) begins 
with a primary amine, which is incorporated to the [Fe2(CO)6] 

 
 

Scheme 1. Approaches to Incorporate the Bridging 
Dithiolate Ligand to the [FeFe] Nucleus of Hydrogenase 
Mimics 
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moiety by sequential formylation, chlorination, and reaction 
with [(μ-S)2Fe2(CO)6]Li2. These structures, having an 
azadithiolate (adt) moiety bridging between the two metal 
centers, are mimics of the [Fe−Fe] hydrogenase active center. 
Alternatively, nonamino-bridged derivatives can be prepared 
by reaction of 1,2-dithiols or disulfides with Fe2(CO)9 or 
Fe3(CO)12 (Scheme 1b). 

These approaches are versatile and allow the preparation of 
sophisticated structures, but they are not able to introduce the 
[FeFe] moiety in sensitive molecules or in substrates having 
different reactive functional groups. The Cu-catalyzed Huisgen 
cycloaddition between terminal alkynes and azides (CuAAC)8 
is compatible with sensitive substrates and tolerates several 
functional groups. Our previous experience with the use of this 
reaction with polyfunctionalized structures and biomolecules 

 

 

unfunctionalized alkyne 3a. The reaction proceeded in the 
presence  of  CuSO4 ·5H2O  and  sodium  ascorbate,  at  room 
temperature (rt), affording the triazole 4a as a single reaction 
product (75% yield after flash chromatography). The structure 
was established by 1H NMR spectroscopy, which showed the 
characteristic triazole CH signal at 8.09 ppm together with the 
signal corresponding to the SCH2 groups at 4.38 ppm. Full 
confirmation of the 1,4-regiochemistry of the triazole ring was 
obtained by X-ray diffraction analysis (see below). Therefore, 
azide 1 bearing the [(μ-SCH2)2N(Ar)Fe2(CO)6] moiety 
tolerates the reducing conditions required for the standard 
CuAAC procedure. Once the viability of our approach was 
confirmed, we studied the reactivity of azide 1 with alkyne 3b 
having an additional basic center. The resulting triazole 4b was 
obtained in 80% isolated yield (Scheme 3). 

has allowed us to prepare different organometallic-based    
compounds.9 

Considering these premises, we devised the opportunity of 
using the CuAAC approach as a versatile way to introduce the 
[(μ-SR)2Fe2(CO)6] moiety on different substrates, 
employing the azide [(μ-SCH2)2N(4-N3C6H4)Fe2(CO)6] (1) as 
a 
building block. This approach to make sophisticated [FeFe] 
hydrogenase mimics has not been yet reported and could be an 
easy entry to the preparation of a wide range of hydrogenase 
biomimetics bearing multifunctional substrates such as 
nucleobases, multimetallic systems, or fluorescent labels.10 

■ RESULTS AND DISCUSSION 
Azide 1 was prepared in 64% overall yield by condensation of 
p-azidoaniline with p-formaldehyde, isolation of the inter- 
mediate hexahydro-1,3,5-p-azidophenyl-s-triazine 2, and sub- 
sequent reaction with [(μ-SH)2Fe2(CO)6] (generated in situ 
by reaction of [(μ-S2Fe2(CO)6] with LiEt3BH, followed by 
treatment of the lithium salt with trifluoracetic acid (TFA) in 
tetrahydrofuran (THF)) (Scheme 2). Crystals of 1 were grown 
from CH2Cl2/hexane, and the structure was established by 
NMR spectroscopy and X-ray diffraction analysis (see 
Supporting Information for details). As a proof of concept, 
we first tested the reaction of azide 1 with a simple, 

 
 

Scheme 2. Synthesis of Azide 1 and X-ray Determination of 
the Structure of 1 

 

 

Scheme 3. Synthesis of Triazoles 4a and 4b 
 

 
 

 
The possibility of incorporating the [(μ-SR)2Fe2(CO)6] 

moiety into a nucleobase scaffold to form miXed nucleobase/ 
[(μ-SR)2Fe2(CO)6] derivatives was studied next.11 Thus, azide 
1 was reacted under the CuAAC conditions mentioned above, 
with purine 5a (prepared from 6-chloro-9-octyl purine by 
sequential Sonogashira coupling with trimethylsilylacetylene, 
85% yield), followed by removal of the trimethylsilyl (TMS) 
group (tetra-n-butylammonium fluoride (TBAF), THF, rt, 
51%), to yield triazolyl-derivative 6a in 43% isolated yield. In a 
similar way, reaction of azide 1 with ethynylphenylpurine 5b 
(obtained by reaction of 6-chloro-9-ethylpurine and tributyl 4- 
[2-(trimethylsilyl)ethynyl]phenyl]tin, 73% yield) and subse- 
quent removal of the TMS group (68% yield) led to the 
corresponding triazole 6b in 97% isolated yield (Scheme 4). 
The synthesis of modified nucleosides was next addressed. 
Thus, acetylated purine derivatives 5c and 5d were reacted 
with azide 1 under the above CuAAC conditions to yield 
triazole nucleosides 6c and 6d in 55% and 85% isolated yields, 
respectively. Analogously, pyrimidine derivative 7 formed 
triazole 8 in 78% yield (Scheme 4). It is worth noting that 
sensitive sugar moieties as well as polybasic purine and 
pyrimidine heterocyclic moieties were fully compatible with 
the procedure. 

To complete the scope of the reaction of azide 1 with 
nucleobases, 6-phenylpurine 9, having a 9-butinyl moiety, was 
reacted with 1 to yield 10 (82%) (Scheme 5). The structure of 
complex 10 was confirmed by X-ray diffraction analysis of a 
crystal grown from a concentrated dimethylformamide (DMF) 
solution (Figure 2). 

Both molecular structures of 1 (Scheme 2) and 10 show 
[(μ-SR)2Fe2(CO)6] type of complexes with a [2Fe-2S] cluster 
adopting a butterfly geometry. In the structures, each iron 
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Scheme 4. Synthesis of Purine and Pyrimidine Derivatives 
6a−6d and 8 

 
 
 

 

 

 
 

 
 

 
 
 
 
 

 

 
Figure 2. X-ray thermal ellipsoid plot for compound 10 (50% 
probability level). Selected bond lengths (Å) and angles (deg): 
Fe(1)−Fe(2)   2.5056(10),   Fe(1)−C(46)   1.790(5),   Fe(1)−C(45) 
1.807(5), Fe(1)−C(44) 1.808(5), Fe(1)−S(1) 2.2640(14), Fe(1)− 
S(2) 2.2670(12), Fe(2)−C(42) 1.799(5), Fe(2)−C(43) 1.805(5), 
Fe(2)−C(41)   1.811(5),   Fe(2)−S(2)   2.2639(12),   Fe(2)−S(1) 
2.2704(14),  N(1)−C(3)  1.409(6),  N(1)−C(1)  1.435(6),  N(1)− 
C(2) 1.440(6), N1 C2 1.440(6), C(46)−Fe(1)−C(45) 100.3(2), 
C(46)−Fe(1)−C(44)   97.7(2),   C(46)−Fe(1)−S(1)   103.34(17), 
C(46)−Fe(1)−S(2)    99.18(15),    S(1)−Fe(1)−S(2)    85.10(5), 
C(46)−Fe(1)−Fe(2) 146.68(17), C(41)−Fe(2)−S(2) 111.68(15), 
C(41)−Fe(2)−S(1)    104.90(17),    S(2)−Fe(2)−S(1)    85.02(5), 
C(41) −Fe( 2 ) −Fe(1 )    156. 14(17),    Fe(1) −S( 1 ) −Fe( 2 ) 
67.09(4),Fe(2)−S(2)−Fe(1)  67.15(4),  C(3)−N(1)−C(1) 
120.5(4), C(3)−N(1)−C(2) 120.6(4), C(1)−N(1)−C(2) 112.1(4). 

 
 

 
 

 
 

Scheme 5. Synthesis of Nucleobase Derivative 10 
Containing the [(μ-SR)2Fe2(CO)6] Moiety 

 

  

 
 

 

atom is bonded to both bridging dithiolate sulfur atoms and 
three carbonyl groups, showing a distorted square-pyramidal 
environment. The Fe−Fe bond lengths for 1 (2.5041(3) Å) 
and 10 (2.5056(10) Å) lie in the range found for similar 
hexacarbonyl azadithiolate diirion structures (2.486−2.588 
Å).12 Fe−Fe bond lengths for 1 and 10 are shorter than those 
found in the structures of metalloenzymes hydrogenase DdI 
(ca. 2.55 Å) or CpI (ca. 2.62 Å).13 In compounds 1 and 10, the 
N-substituted aza disulfide bridging ligand and both iron atoms 
form two fused siX-membered metallocycles. For both 
structures the metallocycle corresponding to Fe(1) adopts a 

chair conformation with the nitrogen substituent N-R group 
bending toward the Fe(2) atom. Correspondingly, the 
metallacycle involving the Fe(2) atom adopts a boat 
conformation  with  Fe(2)···N(1)  distances  of  3.472(1)  and 
3.481(4) Å for compounds 1 and 10, respectively. The amino 
nitrogen atom N(1) has not a planar geometry but shows a C− 
N−C angle sum of 355.6(1)° for compound 1 and 353.2(4)° 
for compound 10, with the N-R group on an axial position for 
both metallacycles. This unexpected conformation implies 
short intramolecular distances between both the amino 
nitrogen atom N(1) and the C-ipso of the N-arene group 
with the closest carbonyl group [1: N(1)···C(21) 3.525(2) and 
C(31)···C(21)  3.221(2)  Å;  10:  N(1)···C(41)  3.609(7)  and 
C(3)···C(41)   3.1563   Å].   Furthermore,   the   N-arene   mean 
plane  is  almost  parallel  to  the  closest  carbonyl  bond  [1:  2.6° 
and  10:  3.5°].  This  has  been  previously  described  as  a  long- 
range interaction between the arene group and the closest 
carbonyl group, which produces an enlargement on the C− 
Fe−Fe angle for the implicated carbonyl group.4c,14 Thus, for 
compound 1 the C(21)−Fe(2)−Fe(1) angle is 7.33(4)° larger 
than the C(11)−Fe(1)−Fe(2) angle, and, for compound 10, 
the  C(41)−Fe(2)−Fe(1)  angle  is  9.46(17)° larger  than  the 
C(46)−Fe(1)−Fe(2) angle.15 

The ORTEP diagram of complex 10 in Figure 2 confirms 
the presence of a 1,4-disubstituted 1,2,3-triazole moiety and by 
extension allows the assignment of the triazole regiochemistry 
in compounds 4, 6, and 8. As a matter of fact, purine and 
pyrimidine derivatives 5c, 5d, 8, and 10 are the first reported 
bio-organometallic nucleobases containing the electroactive 
[(μ-SR)2Fe2(CO)6] moiety, which could be of relevance not 
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only in the electrocatalytic reduction of acids but also as a 
novel redoX labeling in nucleobases16 and in DNA redoX 
damage studies.17,18 

Luminescent boron-dipyrromethenes (BODIPYs) are other 
interesting substrates to be combined with the [(μ-SCH2)2N- 
(Ar)Fe2(CO)6] moiety. The BODIPY moiety is an essential 

by reaction of 1 with [(μ-SCH2)2N(Ar)Fe2(CO)6] alkyne 15. 
The reaction of these two [FeFe] components led to the 
tetrametallic product 16 in 83% isolated yield under the 
standard reaction conditions. The reaction opens the door to 
the preparation of molecules containing several [FeFe] cores in 
a single synthetic operation (Scheme 8). 

feature in several optoelectronic devices, and it is widely used    
as a luminescent biomarker.19 Thus, alkynyl-BODIPY 11 was 
reacted with azide 1 in the above conditions, to yield triazole 
12 (39% isolated yield), as an air-stable compound (Scheme 

Scheme 8. Synthesis of Tetrametallic Compound 16 
Containing Two [(μ-SR)2Fe2(CO)6] Moieties 

6). Compound  12   combines  the   redoX-active  [(μ- 

Scheme 6. Synthesis of BODIPY Derivative 12 Containing 
the [(μ-SR)2Fe2(CO)6] Moiety 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

SR)2Fe2(CO)6] moiety with a luminescent BODIPY, which 
could be used as a tag in the study of mechanistic issues related 
to the hydrogen production using hydrogenase mimics. 

The compatibility of the CuAAC procedure involving azide 
1 to prepare molecules having additional metallic centers was 
tested by incorporating different ethynyl sandwich and half- 
sandwich complexes to the [(μ-SR)2Fe2(CO)6] moiety. In this 
regard, reaction of azide 1 with ethynyl ferrocene 13a, ethynyl 
ruthenocene 13b, and ethynylcymantrene 13c led to the 
desired triazole derivatives 14a−14c in good yields and as air- 
stable compounds (Scheme 7). Compounds 14 are interesting 
hetero-trimetallic products incorporating an extra redoX-active 
fragment in their structures. 

Finally, to complete the scope of the reactivity of azide 1, we 
attempted the preparation of the tetrametallic compound 16 

 
 

Scheme 7. Synthesis of Heterotrimetallic Compounds 14a− 
14c Having the [(μ-SR)2Fe2(CO)6] Moiety 

The wide scope of the reactions described above 
demonstrates the power of the azide 1 as a building block to 
produce molecular diversity in the incorporation of the [(μ- 
SR)2Fe2(CO)6] moiety into many different types of com- 
pounds, which could be of relevance in the development of 
new hydrogenase mimics. 

Electrochemistry. Cyclic voltammograms of the com- 
pounds made were recorded in CH3CN solution versus Ag/ 
AgCl (3M). Figure 3 for 4a is representative. All the 

 
 

 

 

 
 

 

Figure 3. Cyclic voltammogram of compound 4a (10−3 M in CH3CN, 
10−1 M [NBu4]ClO4). 

 

  

 

compounds show an irreversible oXidation wave from ca. 
+0.95 to +1.04 V ascribed to the [FeIFeI]/[FeIIFeI] 
process.14,20,21 Metallocene compounds 14a−14c also show a 
wave at +0.51, +0.83, and +1.26 V, respectively, assignable to 
the oXidation of the additional redoX-active metal center 
already present in the structure (see Table 1 and Figure S3 in 
the Supporting Information for details). In reduction, all 
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Table 1. Electrochemical Data of Some Representative 
Compounds Prepared in This Worka 

 

compound Epc1 reductionb Epa1 Epc2 oXidationb 

4a −1.12 −1.04 −1.60 0.98 
6c −1.12 −1.02 −1.63 0.98 
8 −1.15 −1.04 −1.65 0.97 
12 −1.13 −1.06 −1.59 0.95 
14a −1.12 −1.01 −1.57 1.04 
17c −1.05 −1.00 −1.59 0.99 
18d −1.11 −1.03 −1.41 0.96 
Me4a+ −1.08 −0.98 −1.65 1.04 

aCyclic voltammograms of [Fe−Fe] derivatives, 10−3 M in CH3CN 
10−1 M [NBu4]ClO4, counter electrode: Pt; working electrode: glassy 
carbon; reference electrode: Ag/AgCl; scan rate: 100 mV/s; values 
given in volts. bThe E1/2 Fc/Fc+ is 0.48 V under these conditions, and 
therefore the herein  half-wave oXidation/reduction potentials  are 
converted to Fc/Fc+ by subtracting/adding 0.48 V from Ag/AgCl 
values. cFor the synthesis of 17 see ref 14. dFor the synthesis of 18 see 
ref 24. 

 
 

compounds show a quasi-reversible peak from ca. −1.12 to 
−1.15 V, assigned to a one-electron [FeIFeI]/[Fe0FeI] process, 
and a second irreversible reduction wave from ca. −1.57 to 
−1.65 V corresponding to the [Fe0FeI]/[Fe0Fe0] proc- 
ess.14,20,21 

A rotating-disk voltammetry performed on compound 4a (1 
mM, in CH3CN) at 100 mV s−1 and 1000 rpm using [(n- 
Bu)4N]ClO4 as supporting electrolyte confirmed a 1:1 ratio 
(ΔI = 100 μA) of the two electrochemical processes, one of 
them corresponding to the first reduction [FeIFeI]/[Fe0FeI] 
and the other to the oXidation [FeIFeI]/[FeIIFeI] (Figure 4a). 
To calculate the number of electrons involved in the processes, 
chrono-coulombimetry experiments on compound 4a (n = 
1.17 × 10−4 mol in 10 mL of CH3CN) were performed, using a 
voltage of E = 1100 mV. A current of 1.26 C was obtained 
(Figure 4b), which is in agreement with a one-electron process 
(theoretical charge value 1.13 C). 

Reduction potentials of [2Fe2S] complexes are used as key 
data to establish their ability to act as hydrogenase mimics for 
H2 generation. For aminodithiolate (adt) derivatives, the 
importance of the bridgehead nitrogen for catalysis has been 
well-established, and not only the type of the Fe-ligands but 
also the electronic and structural effects of the substituents in 
the dithiolate bridge were claimed to be determinant to 
influence the electron density at the iron core.20,21 The effect 
of the substituent X in the aromatic ring in adt derivatives [(μ- 
SCH2)2N(C6H4X)Fe2(CO)6] has been thoroughly studied. 
The presence of electron-withdrawing groups always results in 
a noticeable change of the reduction potentials to more 
positive values.14 In this regard, and compared to the p-nitro 

 
 
 
 
 
 
 
 

Figure 4. (a) Linear sweep voltammogram for compound 4a (1 mM), 
in CH3CN using [(n-Bu)4N]ClO4 as supporting electrolyte obtained 
using rotating disk electrode at 100 mV s−1 and 1000 rpm from 
−2000 to 2000 mV. (b) Chrono-coulombimetric curve of the 
compound 4a at E = 1100 mV. 

 
 

production.22 The reduction of a weak acid (acetic acid, 
HOAc) by the triazole derivatives prepared was tested with 4a 
in CH3CN as solvent. Figure 5 shows the cyclic voltammo- 

 
 

 

derivative    [(μ-SCH2)2N(C6H4NO2)Fe2(CO)6]    (17),    the    
[FeIFeI]/[Fe0FeI] reduction potentials of the compounds 
prepared through this work are ∼60 mV more negative, their 
values being more similar to those of halo-derivatives20f (i.e., p- 
iodo derivative [(μ-SCH2)2N(C6H4I)Fe2(CO)6] (18). More- 
over, the experimental data in Table 1 also show that the 
electrochemical events are little affected by the substituents in 
the triazole ring, which implies that the compounds made are 
able to maintain the redoX properties of the adt-[Fe−Fe] core, 
regardless the complexity of the structure linked in the CuAAC 
process. 

The electrocatalytic response of [2Fe2S] complexes in 
reduction of protons is used to evaluate their activity for H2 

Figure 5. Cyclic voltammograms of 4a (1.0 mM) with AcOH (0.0− 
10.0 equiv of H+). 

 
 

 
grams of 4a in the presence of increasing amounts of HOAc 
(0−10.0 equiv of H+) in CH3CN (see also Figures S15 and 
S16 in the Supporting Information). Under these experimental 
conditions, acetic acid (pKa in MeCN = 23.5)23 is reduced at a 
potential of −2.1 V in the absence of the Fe−Fe complex (see 
Figure S14 in the Supporting Information). The height of the 
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Figure 6. Cyclic voltammograms of 4a (1.0 mM) in acetonitrile, with H2SO4 (0.0−10.0 equiv of H+). 

reduction peak at −1.60 V continuously increases with the 
concentration of HOAc, indicating electrocatalytic production 
of H2 by the species formed from the [Fe0FeI]/[Fe0Fe0] 
reduction process.22 Interestingly, the first reduction event at 
−1.12 V assigned to the [FeIFeI]/[Fe0FeI] process is hardly 
affected by the successive additions of acetic acid: neither 
anodic shift nor substantial increase of the current intensity is 
observed. 

These results contrast with those reported for other adt- 
bridged-[2Fe2S] derivatives, in which the first reduction peak 
is deeply affected by the successive additions of HOAc 
showing both an increase in intensity and an anodic 
shift.14,22a−e In these cases, the electrocatalytic behavior with 
HOAc was explained by initial protonation of the nitrogen 
atom of the tertiary bridged amine to form [FeIFeI(NH)+] 
species and subsequent electrolytic acid reduction of this 
species.14 However, our data with HOAc in Figure 5 suggest 
that the protonation of the amine in the adt bridge in complex 
4a must be hampered and that the catalytically active species is 
formed after the second [Fe0FeI]/[Fe0Fe0] reduction event. In 
this regard, 4a behaves more like carbon chain-bridged pdt- 
[2Fe2S] complexes (pdt = S−CH2−CH2−CH2−S).21c,d,25 
The experimental results suggest that the triazole ring exerts 
some influence on the mechanism of the electrocatalytic 
reaction of compound 4a in acidic medium. A reasonable 
hypothesis to explain the behavior of 4a with HOAc may be 
the competitive protonation of the triazole N3 nitrogen atom 
in preference to the bridging amino group. 

To support this hypothesis 1H NMR experiments with 4a 
and increasing amounts of acetic acid (1−10 equiv) were 
performed. Neither protonation of the triazole ring (monitored 
by the chemical shift of the triazole hydrogen at 8.83 ppm in 
acetone-d6) nor alteration of chemical shifts of the signal of the 
bridging methylenes was observed (see Figure S25 in the 
Supporting Information). 

The electrocatalytic reduction of a strong acid (H2SO4) by 
4a was next studied (Figure 6 and Figures S17 and S18 in the 
Supporting Information). As the concentration of sulfuric acid 
increased, a new reduction event at −0.91 V (upon addition of 
2.0 equiv of H+) was clearly visible. The intensity of this new 
reduction wave enlarged with the successive additions of acid, 

whereas the initial peak at −1.12 V clearly diminished, to 
finally lead to a single intense peak at −1.03 V (upon addition 
of 10.0 equiv of H+). Therefore, the protonation of at least one 
of the nitrogen atoms (either of the 1,2,3-triazole or the 
bridging amine) of 4a could be occurring. To support this 
hypothesis, 1H NMR experiments of 4a with increasing 
amounts of sulfuric acid (1−10 equiv of H+) were performed. 
Clear protonation of the triazole ring was observed (monitored 
by the displacement of the chemical shift of the triazole 
hydrogen from 8.83 to 9.53 ppm in acetone-d6), while the 
displacement of the bridging methylenes remains unaltered 
(Figure S26 in the Supporting Information). 

To shed some light into the proposed protonation of the 
compound 4a in the electrocatalytic reduction of a strong acid 
(H2SO4) we prepared triazolium salt Me4a+ as a model for the 
protonated triazole ring of 4a. Salt Me4a+ was prepared in 60% 
yield by reaction of 4a with Me3OBF4 in CH2Cl2 at room 
temperature (Scheme 9). The cyclic voltammetry of Me4a+ is 

 
 

Scheme 9. Synthesis of Triazolium Salt Me4a+ 
 
 
 
 
 
 
 
 
 
 
 

similar to that of the triazole derivatives (data in Table 1), 
showing two reduction events at −1.08 V (quasi-reversible) 
and −1.65 V (irreversible) and an irreversible oXidation wave 
at +1.04 V (see also Figure S19 in the Supporting 
Information). 

The electrochemical response of triazolium salt Me4a+ was 
studied in both HOAc and H2SO4. First, the protonation of 
Me4a+ with increasing amounts of HOAc (1−10 equiv of H+) 
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Figure 7. Cyclic voltammograms of Me4a+ (1.0 mM) in acetonitrile with AcOH (0.0−10.0 equiv of H+). 

was checked by 1H NMR (see Figure S27 in the Supporting 
Information). The results were similar to those obtained with 
triazole 4a, indicating that the protonation of the bridging 
amino group is probably not occurring. In agreement, the 
electrochemistry of Me4a+ in the presence of successive 
amounts of HOAc showed that the first reduction event at 
−1.08 V was hardly affected, similar to that of 4a (Figure 7). 
However, as the concentration of acid increased, a new 
electrochemical event at −1.60 V was clearly observed. 

In the presence of H2SO4, the behavior of Me4a+ is different 
(Figure 8). The reduction peak at −1.08 V not only grows with 

 
 

 

 

 
 

 

Figure 8. Cyclic voltammograms of Me4a+ (1.0 mM) in acetonitrile, 
with H2SO4 (0.0−10.0 equiv of H+). 

 
 

increased acid concentrations but also a new reduction event at 
−0.96 V is clearly observed. The two bands combine to a 
single one at high concentration of acid. This behavior is 
similar to that of 4a in H2SO4 (Figure 6). Additionally a band 
at −1.60 V is also observed with increasing amounts of acid. 
Overall, the experimental results point to the protonation of 
the triazole ring in strong acid medium in preference to the 
adt-amino group. 

Although the mechanisms for electrochemical catalysis of 
proton reduction by adt-bridged all-carbonyl-[Fe−Fe] model 
complexes are believed to occur by initial protonation of the 

amino bridge, the results in the derivatives prepared through 
this work suggest that this assumpion may be not always true. 
The triazole ring in 4a is playing a relevant role in the 
electrochemical response of the complex in acid media. 

CONCLUSIONS 
Azide [(μ-SCH2)2N(4-N3C6H4)Fe2(CO)6] (1) is a versatile 
synthon able to incorporate the [2Fe2S] fragment in a wide 
range of molecules including nucleosides, redoX indicators, and 
luminescent markers and, therefore, able to produce molecular 
diversity in these hydrogenase mimics. The electrochemical 
studies of the compounds prepared indicate that they maintain 
the redoX properties of the adt-[Fe−Fe] core, regardless of the 
complexity of the structure linked by means of the CuAAC 
process. 

The incorporation of the triazole ring in the structure of the 
[Fe−Fe] model complexes prepared deeply influences their 
electrocatalytic behavior in the presence of acids compared to 
other adt-bridged all-carbonyl derivatives. The experimental 
results obtained with 4a and triazolium salt Me4a+ (a model 
for the complex 4aH+) indicate that the protonation of the 
bridged amino group does not occur in a weak acid (HOAc), 
whereas in strong acid (H2SO4), the nitrogen atom of the 
triazole ring is protonated in preference. 

Therefore, we can conclude that the triazole ring 
incorporated in the structure of the [Fe−Fe] complexes 4 
prepared through this work is noninnocent in their electro- 
catalytic behavior in the presence of acids. Moreover, we have 
demonstrated that azide 1 is a key piece to produce different 
hydrogenase mimics, even including sensitive moieties, in a 
simple and effective way. 

EXPERIMENTAL SECTION 
General Information. Unless noted otherwise, all manipulations 

were performed under an argon atmosphere using standard Schlenk 
techniques. THF was dried by passage through solvent purification 
columns containing activated alumina. CHCl3, dichloromethane 
(DCM), and toluene were high-performance liquid chromatography 
(HPLC) grade and were used without further purification. All 
reagents were obtained from commercial sources and used without 
further purification, unless noted otherwise. Flash column chromatog- 
raphy was performed using silica gel (Merck, No. 9385, 230−400 
mesh). 1H and 13C{1H} NMR spectra were recorded at 300, 500, or 
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700 MHz (1H NMR), at 75 or 125 MHz (13C{1H}NMR) using 
CDCl3 or deuterated dimethyl sulfoXide (DMSO-d6) as solvent with 
the residual solvent signal as internal reference (CDCl3 7.26 and 77.2 
ppm and DMSO-d6 2.50 and 39.5 ppm). High-resolution mass 
spectrometry (HRMS) by the electrospray ionization (ESI) technique 
was performed with an Agilent 6500 accurate mass apparatus with a 
quadrupole time-of-flight (Q-TOF) analyzer. IR spectra were 
recorded on a mid-infrared (MIR) (8000−400 cm−1) spectrometer 
as solid films by slow evaporation of the solvent, using the attenuated 
total reflectance (ATR) technique. Cyclic voltammograms were 
recorded using a Metrohm Autolab Potentiostat model 
PGSTAT302N with a glassy carbon working electrode, Ag/AgCl 3 
M as reference, and a Pt wire counter electrode. All the measurements 
were performed under Ar, at room temperature, from CH3CN 
solutions containing 0.1 M [(n-Bu)4N]ClO4 as supporting electrolyte, 
with analyte concentrations of 1 mM (scan rate 0.1 V/s). 

Compound 3a was obtained from commercial sources and used 
without any further purification. p-Azidoaniline,26 3b,27 6-chloro-9- 
octhylpurine,28 6-chloro-9-ethylpurine,29 5c,30 6-chloro-9-(β-D-acetyl- 
β-D-ribofuranosyl)purine,31 7,32 6-phenyl purine,33 11,34 13a,35 13b,36 
and 13c37were prepared by following literature procedures. 

Synthesis of 2. A solution of p-azidoaniline (1.42 g, 10.58 mmol) 
in 50 mL of CHCl3 under argon atmosphere was treated with p- 
formaldehyde (477 mg, 15.88 mmol) and heated to 70 °C for 48 h. 
The reaction miXture was filtered, and the solvent was evaporated 
under reduced pressure, affording 2 (969 mg, quantitative yield) as a 
brown solid. 1H NMR (300 MHz, CDCl3) δ 7.01−6.97 (m, 6H, 
CHarom), 6.93−6.85 (m, 6H, CHarom), 4.82 (s, 6H, CH2). 13C NMR 
(75 MHz, CDCl3) δ 145.9 (C), 133.0 (C), 119.9 (CHarom), 119.6 
(CHarom), 69.6 (CH2). IR (film): νmax 2923, 2852, 2420, 2094, 1675, 
1505, 1388, 1290, 1224, 1159, 1119, 986, 937, 858, 819, cm−1. ESI- 
HRMS m/z: calc. for C21H17N12 [M]+ 437.169 37; found 437.170 13. 

Synthesis of Azide 1. A degassed solution of Fe2S2(CO)6 (784 mg, 
2.27 mmol) in 47 mL of anhydrous THF was cooled to −78 °C and 
treated dropwise with Et3BHLi (1 M solution in THF) (4.8 mL, 4.76 
mmol). Low temperature was maintained while stirring for 15 min 
before the addition of 2 (1 g, 2.28 mmol) under argon. The miXture 
was stirred for 5 min before TFA (0.70 mL, 9.08 mmol) was added at 
−78  °C. The  solution was then allowed to  reach room temperature, 
and the solvent was removed under reduced pressure. Flash 
chromatography over silica gel with hexane/toluene (Hex/Tol) 
(8:2) yielded azide 1 (640 mg, 56%) as a black solid. 1H NMR 
(300 MHz, CDCl3) δ 7.00 (d, J = 9.0 Hz, 2H, CHarom), 6.75 (d, J = 
9.0 Hz, 2H, CHarom), 4.31 (s, 4H, CH2). 13C NMR (75 MHz, CDCl3) 
δ 207.0 (CO), 142.1 (C), 132.3 (C), 120.6 (CHarom), 117.3 (CHarom), 
50.0 (CH2). IR (film): νmax 2923, 2853, 2074, 2035, 1996, 1508, 1458 
cm−1. ESI-HRMS m/z: calc. for C14H9Fe2N4O6S2 [M + H]+ 
504.865 73; found 504.865 12. 

General Procedure for the Synthesis of Triazole Deriva- 
tives. In an argon-purged flask, azide 1 (1 equiv) and the 
corresponding  alkyne  (1  equiv)  were  miXed  with  CuSO4·5H2O  (1.2 
equiv) and sodium ascorbate (3.0 equiv). The degassed solvent 
(DMF or THF/water miXture as specified in each case) was added to 
the miXture of reagents, and the solution was stirred at room 
temperature until disappearance of the starting materials by thin-layer 
chromatography (TLC). The solvent was partially removed under 
vacuum, and the concentrated solution was extracted with CHCl3. 
The organic layer was washed with brine and dried over MgSO4, and 
the solvent was removed under reduced pressure. The crude products 
were purified by column chromatography on silica gel. 

Synthesis of 4a. According to the general procedure, azide 1 (200 
mg,  0.39  mmol),  4-ethynyltoluene  (50.3  μL,  0.39  mmol),  CuSO4· 
5H2O (118.9 mg, 0.48 mmol), and sodium ascorbate (235.8 mg, 1.19 
mmol) were stirred at room temperature for 20 h in 15 mL of 
degassed DMF. The crude was purified by flash column 
chromatography on silica gel, using DCM as eluent, to yield 4a 
(181.2 mg, 75%) as red solid. 1H NMR (300 MHz, CDCl3) δ 8.09 (s, 
1H, CHtriazole), 7.81 (d, J = 7.9 Hz, 2H, CHarom), 7.75 (d, J = 8.9 Hz, 
2H, CHarom), 7.28 (d, J = 7.9 Hz, 2H, CHarom), 6.89 (d, J = 8.9 Hz, 
2H, CHarom), 4.38 (s, 4H, CH2), 2.42 (s, 3H, CH3). 13C NMR (176 

MHz, CDCl3) δ 206.9 (CO), 148.5 (C), 144.8 (C), 138.4 (C), 130.1 
(C),   129.7   (CHarom),   125.8   (CHarom),   122.4   (CHarom),   117.2 
(CHtriazole), 116.4 (CHarom), 110.1 (C), 49.8 (CH2), 21.5 (CH3). 
IR (film): νmax 2924, 2855, 2111, 2083, 2031, 2000, 1964, 1522, 1383, 
1231, 1202, 1038, 917, 816, 613 cm−1. ESI-HRMS m/z: calc. for 
C23H17Fe2N4O6S2 [M + H]+ 620.928 36; found 620.930 31. 

Synthesis of 4b. According to the general procedure, azide 1 (100 
mg, 0.19 mmol), 2-(4-ethynylphenyl)pyridine 3b (35.5 mg, 0.19 
mmol),  CuSO4·5H2O  (59.3  mg,  0.23  mmol),  and  sodium  ascorbate 
(117.9, 0.59 mmol) were stirred at room temperature for 24 h in 6 
mL of degassed DMF. The crude was purified by flash column 
chromatography on silica gel, using DCM/ethyl acetate (AcOEt) (0 
to 50%) as eluent, to yield 4b (108 mg, 80%) as a red solid. 1H NMR 
(700 MHz, CDCl3) δ 8.74 (d, J = 3.8 Hz, 1H, CHPhPy), 8.21 (s, 1H, 
CHtriazole), 8.13 (d, J = 8.0 Hz, 2H, CHPhPy), 8.05 (d, J = 8.0 Hz, 2H, 
CHPhPy), 7.84−7.74 (m, 5H, CHarom), 6.91 (d, J = 8.7 Hz, 2H, 
CHarom), 4.39 (s, 4H, CH2). 13C NMR (75 MHz, CDCl3) δ 206.9 
(CO), 156.9 (C), 149.9 (CH), 148.0 (C), 144.9 (C), 139.3 (C), 
136.9 (CH), 131.0 (C), 129.9 (C), 127.5 (CH), 126.3 (CH), 122.5 
(CH), 122.3 (CH), 120.6 (C), 117.9 (CH), 116.4 (CH), 49.8 (CH2). 
IR (film): νmax 2923, 2853, 2077, 2033, 1994, 1736, 1683, 1610, 1584, 
1521, 1464, 1438, 1380, 1260, 1237, 1198, 1099, 1037, 815, 783, 737 
cm−1. ESI-HRMS m/z: calc. for C27H18Fe2N5O6S2 [M + H]+ 
683.939 28; found 683.936 15. 

Synthesis of 6a. According to the general procedure, azide 1 (360 
mg, 0.71 mmol), 5a (102.2 mg, 0.71 mmol), CuSO4·5H2O (213.9 mg, 
0.85 mmol), and sodium ascorbate (424.3, 2.14 mmol) were stirred at 
room temperature for 24 h in 21 mL of degassed DMF. The crude 
was purified by flash column chromatography on silica gel, using 
DCM/AcOEt (8:2) as eluent, to yield 6a (195.6 mg, 43%) as red 
solid. 1H NMR (700 MHz, DMSO-d6) δ 9.51 (s, 1H, CHpurine), 9.01 
(s, 1H, CHpurine), 8.75 (s, 1H, CHtriazole), 8.00 (d, J = 8.7 Hz, 2H, 
CHarom), 7.18 (d, J = 8.7 Hz, 2H, CHarom), 4.67 (s, 4H, CH2), 4.33 (t, 
J = 7.2 Hz, 2H, CH2), 1.90 (p, J = 7.2 Hz, 2H, CH2), 1.39−1.10 (m, 
12H, CH2), 0.83 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (176 MHz, 
DMSO-d6) δ 207.1 (C), 152.1 (C), 152.0 (CHpurine), 146.9 
(CHpurine), 146.15 (C), 144.4 (C), 143.5 (C), 129.3 (C), 128.5 
(C), 125.01 (CHtriazole), 122.09 (CHarom), 116.16 (CHarom), 48.99, 
43.30, 31.15, 29.10, 28.53, 28.38, 26.01, 22.06 (all CH2), 13.9 (CH3). 
IR (film): νmax 2925, 2855, 2074, 2034, 1995, 1601, 1522, 1455, 1385, 
1325, 1268, 1205, 1144, 1036, 917, 823, 646, 615, 582 cm−1. ESI- 
HRMS m/z: calc. for C29H28Fe2N8O6S2 [M + H]+ 761.034 95; found 
761.034 59. 

Synthesis of 6b. According to the general procedure, azide 1 (100 
mg, 0.19 mmol), 5b (49.2 mg, 0.19 mmol), CuSO4·5H2O (59.3 mg, 
0.23 mmol), and sodium ascorbate (117.9, 0.59 mmol) were stirred at 
room temperature for 24 h in 6 mL of degassed DMF. The crude was 
purified by flash column chromatography on silica gel, using DCM/ 
AcOEt (8:2) as eluent, to yield 6b (146 mg, 97%) as a red solid. 1H 
NMR (700 MHz, CDCl3) δ 9.06 (s, 1H, CHpurine) 8.94 (d, J = 8.0 Hz, 
2H, CHarom), 8.24 (s, 1H, CHtriazole), 8.18 (s, 1H, CHpurine), 8.13 (d, J 
= 8.0 Hz, 2H, CHarom), 7.77 (d, J = 8.5 Hz, 2H, CHarom), 6.90 (d, J = 
8.5 Hz, 2H, CHarom), 4.42 (q, J = 7.3 Hz, 2H, CH2), 4.39 (s, 4H, 
CH2), 1.63 (t, J = 7.3 Hz, 3H, CH3). 13C NMR (176 MHz, CDCl3) δ 
206.9 (CO), 152.6 (C), 152.4 (CH), 145.0 (C), 144.0 (CH), 140.2, 
135.8, 132.7, 131.3 (all C), 130.5 (CH), 129.9 (C), 126.1 (CHarom), 
123.6 (C), 122.5, 118.2, 116.45 (all CHarom), 49.8 (CH2), 39.1 
(CH2), 15.6 (CH3). IR (film): νmax 2925, 2073, 2031, 1994, 1611, 
1578, 1521, 1504, 1447, 1384, 1325, 1262, 217, 1199, 1039, 916, 862, 
757 cm−1. ESI-HRMS m/z: calc. para-C30H23Fe2N7O6S2 [M + H]+ 
752.984 57; found 752.986 40. 

Synthesis of 6c. According to the general procedure, azide 1 (100 
mg, 0.19 mmol), 5c (79.8 mg, 0.19 mmol), CuSO4·5H2O (59.3 mg, 
0.23 mmol), and sodium ascorbate (117.9, 0.59 mmol) were stirred at 
room temperature for 40 h in 6 mL of degassed DMF. The crude was 
purified by flash column chromatography on silica gel, using AcOEt as 
eluent, to yield 6c (98.0 mg, 55%) as a red solid. 1H NMR (300 MHz, 
CDCl3) δ 9.13 (s, 1H, CHpurine), 9.10 (s, 1H, CHpurine), 8.31 (s, 1H, 
CHtriazole), 7.84 (d, J = 8.9 Hz, 2H, CHarom), 6.90 (d, J = 8.9 Hz, 1H, 
CHarom), 6.34−6.29 (m, 1H, CHribose), 6.05−5.97 (m, 1H, CHribose), 
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5.75−5.69 (m, 1H, CHribose), 4.53−4.43 (m,   3H,   CHribose   + 
CH2 ribose), 4.38 (s, 4H, CH2), 2.18, 2.15, 2.11 (all s, 3H, all 
CH3 AcO). 13C NMR (176 MHz, CDCl3) δ 206.9 (CO), 170.4, 169.7, 
169.5 (all COAcO), 153.4 (CHpurine), 151.8, 147.9 (both C), 145.2 
(CHpurine),144.0, 143.2, 130.5, 129.6, 124.7 (all C), 122.8, 116.3 
(both CHarom), 86.6, 80.6, 73.3, 70.7 (all CHribose), 63.1 (CH2 ribose), 
49.7 (CH2), 20.9, 20.7, 20.5 (all CH3 AcO). IR (film): νmax 2920, 2852, 
2073, 2035, 1997, 1747, 1600, 1553, 1522, 1420, 1372, 1222, 1044, 
906, 824 cm−1. ESI-HRMS m/z: calc. for C29H21Fe2N8O6S2 [M + H]+ 
752.971 99; found 752.972 47. 

Synthesis of 6d. According to the general procedure, azide 1 (100 
mg, 0.19 mmol), 5d (94.7 mg, 0.19 mmol), CuSO4·5H2O (59.3 mg, 
0.23 mmol), and sodium ascorbate (117.9, 0.59 mmol) were stirred at 
room temperature for 24 h in 6 mL of degassed DMF. The crude was 
purified by flash column chromatography on silica gel, using AcOEt as 
eluent, to yield 6d (165.4 mg, 85%) as red solid. 1H NMR (300 MHz, 
CDCl3) δ 9.06 (s, 1H, CHpurine), 8.92 (d, J = 8.2 Hz, 2H, CHarom), 
8.31 (s, 1H, CHpurine), 8.24 (s, 1H, CHtriazole), 8.13 (d, J = 8.2 Hz, 2H, 
CHarom), 7.77 (d, J = 8.9 Hz, 2H, CHarom), 6.90 (d, J = 8.9 Hz, 2H, 
CHarom), 6.32 (d, J = 5.3 Hz, 1H, CHribose), 6.03 (t, J = 5.3 Hz, 1H, 
CHribose), 5.72 (t, J = 5.2 Hz, 1H, CHribose), 4.53−4.41 (m, 3H, 
CHribose + CH2 ribose), 4.38 (s, 4H, CH2), 2.18, 2.16, 2.10 (all s, 9H, 
CH3 AcO). 13C NMR (176 MHz, CDCl3) δ 206.9 (CO), 170.4, 169.7, 
169.5 (all COAcO), 154.8 (C), 152.8 (CH), 152.2, 147.8, 145.0 (C), 
142.7 (CH), 139.4, 135.4, 133.0, 131.8, (C), 130.6 (CHarom), 130.0, 
129.9, 128.6 (C), 126.1 (CHarom), 122.5 (CHarom), 118.3 (CH), 116.4 
(CHarom), 86.5, 80.5, 73.2, 70.8 (all CHribose), 63.2 (CH2 ribose), 49.8 
(CH2), 20.9, 20.7, 20.6 (all CH3 AcO). IR (film): νmax 2920, 2074, 
2034, 1996, 1749, 1580, 1521, 1446, 1375, 1327, 1221, 1099, 1041, 
918, 860, 802, 615 cm−1. ESI- HRMS m/z: calc. for 
C38H31Fe2N8O13S2 [M + H]+ 983.014 72; found 983.016 85. 

Synthesis of 8. According to the general procedure, azide 1 (50 
mg,  0.09  mmol),  7  (46.9  mg,  0.09  mmol),  CuSO4·5H2O  (29.7  mg, 
0.12 mmol), and sodium ascorbate (58.9, 0.29 mmol) were stirred at 
room temperature for 30 h in 3 mL of degassed DMF. The crude was 
purified by flash column chromatography on silica gel, using DCM/ 
AcOEt (8:2) as eluent, to yield 8 (70.5 mg, 78%) as a red solid. 1H 
NMR (300 MHz, DMSO-d6) δ 11.91 (s, 1H, OH major), 8.81 (s, 1H, 
CHtriazole), 8.50 (s, 1H, CHpyrimidine), 8.31 (s, 1H, NH minor), 7.88 (d, J 
= 8.6 Hz, 2H, CHarom), 7.13 (d, J = 8.8 Hz, 2H, CHarom), 6.11 (d, J = 
5.3 Hz, 1H, CHribose), 5.53 (t, J = 5.7 Hz, 1H, CHribose), 5.41 (t, J = 
5.3 Hz, 1H, CHribose), 4.64 (s, 4H, CH2), 4.50−4.03 (m, 3H, 
CH2 ribose + CHribose), 2.16, 2.11, 2.07 (all s, 3H, CH3). 13C NMR 
(176 MHz, DMSO) δ 207.1 (CO), 170.1 (C), 169.3(C), 160.9 (C), 
149.5 (C), 144.0 (C), 139.3 (C), 136.8 (CH), 128.7 (C), 121.7 
(CH), 120.0 (CH), 116.0 (CH), 105.5 (C), 87.8, 79.4, 79.1, 72.2, 
69.9 (all CH), 63.0 (CH2), 48.9 (CH2), 20.5, 20.3, 20.2 (all CH3). IR 
(film): νmax 3079, 2926, 2074, 2035, 1996, 1748, 1715, 1521, 1465, 
1375, 1230, 1100, 1041, 914, 818, 730, 613, 581 cm−1. ESI-HRMS m/ 
z: calc. For C31H27Fe2N6O15S2 [M + H]+ 898.967 06; found 
898.971 31. 

Synthesis of 10. According to the general procedure, azide 1 (100 
mg,  0.19  mmol),  9  (49.1  mg,  0.19  mmol),  CuSO4·5H2O  (59.3  mg, 
0.23 mmol), and sodium ascorbate (117.9, 0.59 mmol) were stirred at 
room temperature for 20 h in 6 mL of degassed DMF. The crude was 
purified by flash column chromatography on silica gel, using DCM/ 
AcOEt (8:2) as eluent, to yield 10 (49.1 mg, 82%) as red solid. 1H 
NMR (500 MHz, CDCl3) δ 9.04 (s, 1H, CHpurine), 8.76 (d, J = 6.8 
Hz, 2H, CHPh), 8.05 (s, 1H, CHtriazole), 7.77−7.42 (m, 6H, CHPh + 
CHpurine + CHarom), 6.80 (d, J = 9.1 Hz, 2H, CHarom), 4.81 (t, J = 6.7 
Hz, 2H, CH2), 4.32 (s, 4H, CH2), 3.45 (t, J = 6.7 Hz, 2H, CH2). 13C 
NMR (126 MHz, CDCl3) δ 206.8 (CO), 155.0, 152.5 (both C), 
152.4 (CH), 145.0 (C), 144.9 (CH), 143.8, 135.7, 131.2 (all C), 
131.1 (CH), 129.9 (C), 129.7 (CH), 128.8 (CH), 122.4 (CH), 120.3 
(CH), 116.3 (CH), 49.7, 43.3, 26.2 (all CH2). IR (film): νmax 2921, 
2852, 2073, 2035, 1996, 1741, 1572, 1521, 1452, 1377, 1325, 1261, 
1208, 1094, 1048, 818, 767, 696, 643, 619 cm−1. ESI-HRMS m/z: 
calc. for C29H21Fe2N8O6S2 [M + H]+ 752.971 99; found 752.972 47. 

Synthesis of 12. According to the general procedure, azide 1 (100 
mg,  0.19  mmol,  1equiv),  alkyne  11  (68.9  mg,  0.19  mmol),  CuSO4· 

5H2O (59.3 mg, 0.23 mmol), and sodium ascorbate (117.9, 0.59 
mmol) were stirred at room temperature for 48 h in 6 mL of degassed 
THF and 6 mL of degassed water. The crude was purified by flash 
column chromatography on silica gel, using DCM/AcOEt (1:1) as 
eluent, to yield 12 (65 mg, 39%) as dark pink solid. 1H NMR (300 
MHz, CDCl3) δ 8.23 (s, 1H, CHtriazole), 8.08 (d, J = 8.0 Hz, 2H, 
CHarom), 7.77 (d, J = 7.8 Hz, 2H, CHarom), 7.41 (d, J = 7.8 Hz, 2H, 
CHarom), 6.91 (d, J = 8.0 Hz, 2H, CHarom), 6.01 (s, 2H, CHarom), 4.39 
(s, 4H, CH2), 2.58 (s, 6H, CH3), 1.47 (s, 6H, CH3). 13C NMR (176 
MHz, CDCl3) δ 206.8 (CO), 155.7 (C), 147.6 (C), 144.9 (C), 143.2 
(C), 141.2 (C), 135.1 (C), 131.4 (C), 131.1 (C), 129.8 (C), 128.8 
(CHarom), 126.6 (CHarom), 122.5 (CHarom), 121.4 (CHarom), 118.1 
(CHtriazole), 116.4 (CHarom), 49.7 (CH2), 14.8 (CH3). IR (film): νmax 
2923, 2853, 2074, 2035, 1997, 1609, 1544, 1514, 1468, 1195, 1158, 
1083,  1046,  981 cm−  1 . ESI-  HRMS m / z : ca l c . f or 
C35H28BF2Fe2N6O6S2 [M + H]+ 853.027 41; found 853.027 49. 

Synthesis of 14a. According to the general procedure, azide 1 (100 
mg,  0.19  mmol),  ethynylferrocene  (41.5  mg,  0.19  mmol),  CuSO4· 
5H2O (59.3 mg, 0.23 mmol), and sodium ascorbate (117.9, 0.59 
mmol) were stirred at room temperature for 48 h in a miXture of 6 mL 
of degassed THF and 6 mL of degassed water. The crude was purified 
by flash column chromatography on silica gel using DCM/AcOEt 
(0% to 50%) as eluent, to yield 14a (102 mg, 72%) as reddish-brown 
solid. 1H NMR (300 MHz, CDCl3) δ 7.82 (s, 1H, CHtriazole), 7.74 (d, 
J = 8.9 Hz, 2H, CHarom),6.89 (d, J = 9.0 Hz, 2H, CHarom), 4.79 (s, 2H, 
CHCp), 4.38 (s, 4H, CH2), 4.35 (s, 2H, CHCp), 4.14 (s, 5H, CHCp). 
13C NMR (176 MHz, CDCl3) δ 206.9 (C), 147.5 (C), 144.8 (C), 
130.1 (C), 122.2 (CHarom), 116.6 (CHtriazole), 116.4 (CHarom), 69.76 
(CHCp), 68.9 (CHCp), 66.9 (CHCp), 49.8 (CH2). IR (film): νmax 
2922, 2850, 2079, 2036, 1980, 1521, 1384, 1261, 1200, 1045, 816 
cm−1. ESI-HRMS m/z: calc. for C26H19Fe3N4O6S2 [M + H]+ 
714.879 03; found 714.878 14. 

Synthesis of 14b. According to the general procedure, azide 1 (100 
mg, 0.19 mmol), ethynylruthenocene (50.6 mg, 0.19 mmol), CuSO4· 
5H2O (59.3 mg, 0.23 mmol), and sodium ascorbate (117.9, 0.59 
mmol) were stirred at room temperature for 20 h in 15 mL of 
degassed DMF. The crude was purified by flash column 
chromatography on silica gel, using DCM as eluent to yield 14b 
(120.0 mg, 79%) as a red solid. 1H NMR (700 MHz, CDCl3) δ 7.74 
(s, 1H, CHtriazole), 7.69 (d, J = 8.5 Hz, 2H, CHarom), 6.87 (d, J = 8.5 
Hz, 2H, CHarom), 5.19 (s, 2H, Cp), 4.70 (s, 2H, Cp), 4.54 (s, 5H, 
Cp), 4.37 (s, 4H, CH2). 13C NMR (75 MHz, CDCl3) δ 206.9 (CO), 
145.7 (C), 144.5 (C), 129.7 (C), 122.2 (CHarom), 116.9 (CHtriazole), 
116.3  (CHarom),  78.9  (CCp),  71.6  (CHCp),  70.82  (CHCp),  69.5 
(CHCp), 49.8 (CH2). IR (film): νmax 2923, 2855, 2078, 2039, 1986, 
1521, 1451, 1385, 1201, 1045, 918, 811 cm−1. ESI-HRMS m/z: calc. 
for C26H19Fe2N4O6RuS2 [M + H]+ 760.849 25; found 760.847 65. 

Synthesis of 14c. According to the general procedure, azide 1 (100 
mg, 0.19 mmol), ethynylcymantrene (57.1 mg, 0.19 mmol), CuSO4· 
5H2O (59.3 mg, 0.23 mmol), and sodium ascorbate (117.9, 0.59 
mmol) were stirred at room temperature for 48 h in a miXture of 6 mL 
of degassed THF and 6 mL of degassed water. The crude was purified 
by flash column chromatography on silica gel, using DCM/AcOEt 
(0% to 50%) as eluent, to yield 14c (95 mg, 65%) as a reddish-brown 
solid. 1H NMR (300 MHz, CDCl3) δ 7.90 (s, 1H, CHtriazole), 7.70 (d, 
J = 9.6 Hz, 2H, CHarom), 6.88 (d, J = 9.6 Hz, 2H, CHarom), 5.39 (s, 
2H, CHCp), 4.85 (s, 2H, CHCp), 4.37 (s, 4H, CH2). 13C NMR (176 
MHz, CDCl3) δ 224.6 (COMn), 206.9 (COFe), 184.3 (C), 145.1 (C), 
129.64, 122.6 (CHarom), 118.0 (CHtriazole), 116.3 (CHarom), 92.4 
(C),82.3 (CHCp), 81.7 (CHCp), 49.8 (CH2). IR (film): νmax 2075, 
2027, 1997, 1929, 1609, 1521, 1455, 1384, 1270, 1202, 1043, 916, 
820, 665, 632, 581 cm−1. ESI- HRMS m/z: calc. for 
C24H14Fe2MnN4O9S2 [M + H]+ 732.827 69; found 732.829 24. 

Synthesis of 16. According to the general procedure, azide 1 (51.7 
mg, 0.10 mmol), 15 (50.0 mg, 0.10 mmol), CuSO4·5H2O (30.7 mg, 
0.12 mmol), and sodium ascorbate (61.0, 0.31 mmol) were stirred at 
room temperature for 30 h in 3 mL of degassed DMF. The crude was 
filtered, and the red solid was washed with water and Et2O and dried 
in vacuum, to yield 16 (85.0 mg, 83%) as a red solid. 1H NMR (700 
MHz, DMSO-d6) δ 9.11 (s, 1H, CHtriazole), 7.90−7.84 (m, 4H, 
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CHarom), 7.17 (d, J = 8.1 Hz, 2H, CHarom), 7.06 (d, J = 7.9 Hz, 2H, 
CHarom), 5.10−4.44 (m, 8H, CH2). 13C NMR (176 MHz, DMSO-d6) 
δ 207.2 (CO), 147.0 (C), 143.9 (C), 143.6 (C), 129.0 (C), 126.7 
(C), 126.3 (CH), 121.3 (CH), 118.0 (CH), 117.8 (C), 116.1 (CH), 
115.7 (CH), 48.9 (CH2). IR (film): νmax 2923, 2855, 2077, 2030, 
1984, 1956, 1609, 1517, 1494, 1451, 1380, 1258, 1229, 1193, 1140, 
1032, 1005, 911, 876, 811, 779, 667, 611, 564 cm−1. ESI-HRMS m/z: 
calc. For C30H18Fe4N5O12S4 [M + H]+ 991.7230; found 991.726 80. 

Synthesis of Me4a+. In a flame-dried flask a miXture of 4a (80 mg, 
0.12 mmol) and trimethyloXonium tetrafluoroborate (28.0 mg, 0.19 
mmol) was dissolved with 8.5 mL of dry DCM. The miXture was 
stirred at room temperature for 72 h. After the solvent was removed 
under reduced pressure, the crude was purified by flash column 
chromatography on silica gel using DCM to DCM/AcOEt/MeOH 
(9:1:1) as eluent to yield Me4a+ (56.4 mg, 60%). 1H NMR (300 
MHz, acetone-d6) δ 9.47 (s, 1H, CHtriazol), 8.07 (d, J = 9.2 Hz, 2H, 
CHarom), 7.79 (d, J = 7.9 Hz, 2H, CHarom), 7.55 (d, J = 7.9 Hz, 2H, 
CHarom), 7.40−7.26 (d, J = 9.2 Hz, 2H, CHarom), 4.69 (s, 4H, CH2), 
4.58 (s, 3H, NCH3), 2.48 (s, 3H, CH3). 13C NMR (75 MHz, acetone- 
d6) δ 208.2 (CO), 145.1 (C), 143.39 (C), 131.1 (CHarom), 130.3 
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