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A B S T R A C T

The synthesis of four ferrocenylphosphine-amino acid ligands, (S)-(η5-C5H4-PR2)Fe(η5-C5H4-AA) [R= Ph, AA= l- 
Glu(OMe)2: 5a’; R= Cy, AA= l-Glu(OMe)2: 5b’; R= Ph, AA= l-Pro(OMe): 5a’’; R= Cy, AA= l-Pro(OMe): 5b’’] 
through a new synthetic method is presented along with two solid-state X-ray crystal structures of the corre
sponding phosphine selenides 5a’’Se and 5b’’Se. Electronic and basicity properties of the ligands were evaluated 
through the synthesis of the corresponding phosphine selenides 5a’Se – 5b’’Se. Coordination capabilities of the 
ferrocenylphosphine-amino acid ligands with the p-cymene ruthenium dichloride dimer was evaluated, affording 
four neutral complexes, RuCl2(η6-C10H14){PR2-[(η5-C5H4)Fe(η5-C5H4-AA)]} [R= Ph, AA= l-Glu(OMe)2: 6a’; R=
Cy, AA= l-Glu(OMe)2: 6b’; R= Ph, AA= l-Pro(OMe): 6a’’; R= Cy, AA= l-Pro(OMe): 6b’’] and three cationic 
complexes 〈RuCl(NCMe)(η6-C10H14){PR2-[(η5-C5H4)Fe(η5-C5H4-AA)]}〉SbF6 [R= Ph, AA= l-Glu(OMe)2: 7a’; R=
Ph, AA= l-Pro(OMe): 7a’’; R= Cy, AA= l-Pro(OMe): 7b’’]. All new ligands and complexes were fully charac
terized by NMR spectroscopy, electrospray ionization mass spectrometry and their electrochemical properties 
were measured by cyclic voltammetry at a platinum disk electrode.

1. Introduction

Ferrocenylphosphines have emerged as a promising supporting 
ligand to transfer classical catalytic processes based on transition-metal 
complexes to aqueous media due to their capacity to incorporate several 
polar functional groups in the ferrocenyl backbone [1–4]. However, 
there are few examples in the literature of hydrophilic organometallic 
complexes based on ferrocenylphosphinated ligands. In this regard, we 
recently reported the synthesis of novel ferrocenylphosphino sulfonate 
ligands, their coordination, and catalytic capabilities in aqueous media 
[5,6] with promising results. Additionally, ̌Stěpnička and coworkers also 
reported the synthesis and use of ferrocenylphosphine-amide sulfonates 
as ligands for hydroformylation reactions in aqueous media within good 
catalytic conversions [7].

Nevertheless, constant research is needed to improve known ligand 
structures and develop new synthetic methods. Recent works have 

highlighted the use of ferrocenylphosphine ligands bearing non-classical 
polar functional groups for catalysis in polar solvent media such as 
guanidinium pendants [8] and amide-sulfonate groups [9] with good 
catalytic activity, but also achieving good enantiomeric excess due to the 
incorporation of chiral fragments such as amino-oxazoline pendants 
[10], amine-sulfates [11,12], amino acid groups [13], amino-alcohol 
[14] and thio-amines [15]. The introduction of chiral polar groups to 
the ferrocenyl backbone represents a powerful synthetic strategy to 
achieve new hydrophilic ferrocenylphosphine ligands with chiral 
properties active in catalysis. However, the synthesis of these species has 
certain drawbacks, such as the use of expensive chemicals and the 
separation of enantiomers.

For this purpose, amino acids emerge not only as an inexpensive 
group suitable to provide a hydrophilic character to the ferrocenyl 
backbone but also as an enantiomerically pure chiral moiety, suitable to 
achieve chiral ferrocenyl ligands. In this regard, Štěpnička and 
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coworkers first reported the coupling of glycine pendant groups [16], as 
well as amino acid-protected pendant groups [17], to the preparation of 
a series of ferrocenylphosphine carboxamides and their catalytic activity 
in polar solvent media. This type of ferrocenylphosphine-amino acid 
ligands has also been studied for asymmetric allylic substitutions [18], 
oxidation of secondary alcohols [19], as well as cytotoxic agents [20,
21].

The synthetic approach for these ligands used the readily accessible 
1′-diphenylphosphinoferrocenecarboxylic acid (Hdpf) [22] with stan
dard amide coupling procedure. This method has demonstrated a ver
satile way to obtain enantiomerically pure ligands avoiding 
stereospecific synthetic processes or separations of racemic mixtures. 
However, the application for these ligands in organometallic chemistry 
is far from being completely explored and there is much research space. 
With these precedents in mind, herein is reported the synthesis of a 
group of ferrocenylphosphine-amino acid ligands (Fig. 1) by introducing 
two chiral amino acids methyl protected groups, proline and glutamic 
acid, to the corresponding 1′-diphosphinoferrocenecarboxylic acids 
through an alternative amide coupling procedure (Scheme 1), as well as 
their structural characterization. It is also reported their coordinative 
capabilities evaluated towards ruthenium (II) complexes and the char
acterization of four neutral and three cationic ruthenium (II) complexes.

2. Experimental

2.1. General information

All reactions were performed under an argon atmosphere using 
standard Schlenk techniques. All chemicals were purchased from com
mercial sources and used as received unless otherwise indicated. 1,1′- 
dibromoferrocene (2) [23], 1‑bromo,1′-diphenylphosphineferrocene 
(3a), 1‑bromo, 1′-dicyclohexylphosphineferrocene (3b) [24], and 
dichloro(p-cymene)ruthenium(II) dimer (I) [25], were synthesized as 
previously reported. Anhydrous THF and ether were purified under 

reflux with sodium metal/ benzophenone. Anhydrous dichloromethane 
was purified under reflux with CaH2. Triethylamine was distilled under 
reduced pressure. Solvents for chromatography were ACS grade and 
used without additional purification.

NMR spectra were recorded on Bruker NAV-300 and Bruker Avance 
400 at 25 ◦C. Calibration of chemical shifts (δ/ppm) was made on re
sidual signals of deuterated solvents (1H: CDCl3, 7.26 ppm; 13C: CDCl3, 
77.0 ppm) or to external 85 % aqueous H3PO4 (δp = 0). High-resolution 
mass spectra (HRMS) were carried out by ESI+ using a Bruker Impact II 
Micro TOF Q spectrometer.

2.2. Synthesis of 1′-diphenylphosphinoferrocenecarboxylic acid (η5-C5H4- 
PPh2)Fe(η5-C5H4-COOH) (4a)

In a 250 mL 3-neck round bottom flask, 1.500 g of 3a (3.34 mmol) 
and 120 mL of anhydrous ether were added and cooled at − 78 ◦C. 2.81 
mL of a solution of n-BuLi 2.5 M in hexanes (7.017 mmol, 2.1 eq) were 
added dropwise, maintaining the temperature for 30 min. The cooling 
was stopped for 30 min, until − 50 ◦C, the temperature was kept for 10 
min, and the solution was cooled again at − 70 ◦C. Gaseous CO2 was 
injected and bubbled into the stirring mixture for 1 h, where the cooling 
was suspended. The CO2 was retired, and the solvent was removed under 
vacuum. The yellow solid obtained was washed with portions of hexane 
and dried under vacuum. The resulting solid was treated with a hot 50 % 
acetic acid aqueous solution. The suspension was filtered off and the 
orange solid was washed with water and redissolved with CH2Cl2. The 
solvent was dried over MgSO4, filtered, and reduced under vacuum. An 
orange solid was obtained. Yield: 1.23 g, 89 %. According to NMR 
spectra, the compound contained some traces of the precursors (ca. 4 
%). 1H NMR (300 MHz, CDCl3) δ 7.39 – 7.29 (m, 10H, pH), 4.76 (t, J =
2.0 Hz, 2H, cp), 4.45 (t, J = 1.8 Hz, 2H, cp), 4.34 (t, J = 2.0 Hz, 2H, cp), 
4.18 (q, J = 1.8 Hz, 2H, cp). 31P{1H} NMR (121 MHz, CDCl3) δ − 18.1.

2.3. Synthesis of 1′-dicyclohexylphosphinoferrocenecarboxylic acid (η5- 
C5H4-PCy2)Fe(η5-C5H4-COOH) (4b)

In a 250 mL 3-neck round bottom flask, 1.5 g of 3b (3.25 mmol) and 
150 mL of anhydrous ether was added and cooled at − 78 ◦C. 2.74 mL of 
a solution of n-BuLi 2.5 M in hexanes (6.83 mmol, 2.1 eq) were added 
dropwise, maintaining the temperature for 30 min. The cooling was 
stopped for 30 min, until − 50 ◦C, which was kept for 1 h, and the so
lution was cooled again to − 70 ◦C. Gaseous CO2 was injected and 
bubbled into the stirring mixture for 1 h, where the cooling was sus
pended. The CO2 was retired, and the solvent is removed under vacuum. 
The pale-orange solid obtained was washed with portions of hexane and 
dried under vacuum. The solid was treated with a hot 75 % acetic acid 
aqueous solution. The resulting red solution was neutralized with a 
saturated NaHCO3 aqueous solution until an orange suspension was 
obtained. The suspension was filtered off and the orange-yellow solid 
was washed with water and redissolved with CH2Cl2. The solvent was 
dried over MgSO4, filtered, and reduced under vacuum. An orange- 

Scheme 1. Synthetic Pathway for the Obtention of Ferrocenylphosphine-amino 
acid Ligands. R= Ph (a), Cy (b); TBTU= o-Benzotriazol-1-yl-N,N,N’,N’-tetra
methyluronium tetrafluoroborate; AA, R’= Glu(OMe)2 (’), Pro(OMe) (’’).

Scheme 2. Synthesis of Phosphine Selenides 5a’Se–b’’Se. R= Ph (a), Cy (b); 
R’= Glu(OMe)2 (’), Pro(OMe) (’’).
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yellow solid was obtained. Yield: 1.06 g, 76 %. According to NMR 
spectra, the compound contained some impurities (ca. 7 %) most likely 
phosphine oxides [26]. 1H NMR (300 MHz, CDCl3) δ 4.82 (br s, 2H, cp), 
4.42 (br s, 2H, cp), 4.38 (br s, 2H, cp), 4.25 (br s, 2H, cp), 1.90 (d, J =
13.0 Hz, 2H, Cy), 1.83 – 1.61 (m, 10H, Cy), 1.37 – 0.99 (m, 10H, Cy). 31P 
{1H} NMR (121 MHz, CDCl3) δ − 8.1.

2.4. General procedure for the synthesis of diphosphineferrocene-amino 
acid ligands (S)-(η5-C5H4-PR2)Fe(η5-C5H4-AA) (5)

In a Schlenk tube, ferrocenylphosphinecarboxylic acid (4a,b), TBTU 
(1 eq) and AA (glutamic acid dimethyl ester, proline methyl ester) (1 eq) 
were added and dried under vacuum for 30 min. Excess of NEt3 (20 eq, 4 
mL) and anhydrous DMF (20 mL) were added under argon atmosphere 
and stirred overnight at room temperature, covered from the light. A 
saturated solution of NaHCO3 (20 mL) was added to neutralize the re
action mixture and the product was extracted with 60 mL of ethyl ace
tate. The aqueous extract was washed with 2 portions of 10 mL of ethyl 
acetate and the organic layer was combined with the previous organic 

extract. The combine organic extract was washed with 200 mL of water 
and brine, dried over Na2SO4 and the solvent was reduced in vacuo. The 
red-orange solid obtained was purified by silica-gel column using a 
mixture of ethyl acetate/dichloromethane (1:2 v/v) as eluent. The first 
orange band was collected and reduced in vacuo. Yield: 71 – 79 %.

2.4.1. Synthesis of 1-dimethylformylglutamate, 1′- 
diphenylphosphineferrocene (S)-(η5-C5H4-PPh2)Fe[η5-C5H4-Glu(OMe)2] 
(5a’)

Ligand (5a’). Starting from 4a (575 mg, 1.39 mmol) following the 
general procedure. 5a’ was isolated as an orange solid. Yield: 563 mg, 71 
%. 1H NMR (300 MHz, CDCl3) δ 7.41 – 7.29 (m, 10H, Ph), 6.61 (d, J =
7.7 Hz, 1H, NH), 4.69 (dt, J = 8.0, 4.1 Hz, 1H, CH), 4.65 (dt, J = 2.7, 1.4 
Hz, 1H, cp), 4.57 (dt, J = 2.6, 1.4 Hz, 1H, cp), 4.49 (td, J = 2.4, 1.2 Hz, 
1H, cp), 4.45 (td, J = 2.5, 1.2 Hz, 1H, cp), 4.26 – 4.19 (m, 3H, cp), 4.12 – 
4.09 (m, 1H, cp), 3.73 (s, 3H, OMe), 3.65 (s, 3H, OMe), 2.58 – 2.37 (m, 
2H, CH2-α C = O), 2.26 (ddt, J = 14.3, 7.1, 4.8 Hz, 1H, CH2-α CH), 2.08 
(ddt, J = 14.2, 8.5, 7.1 Hz, 1H, CH2-α CH). 13C{1H} NMR (75 MHz, 
CDCl3) δ 173.6 (C = O ester), 172.3 (C = O ester), 170.0 (C = O amide), 

Scheme 3. Synthesis of bimetallic complexes 6a’–b’’ and 7a’–b’’. R= Ph (a), Cy (b); R’= Glu(OMe)2 (’), Pro(OMe) (’’).
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138.5 (d, JP,C = 9.6 Hz, Ph – P, Cipso) 138.3 (d, JP,C = 9.3 Hz, Ph – P, 
Cipso), 133.5 (d, JP,C = 5.7 Hz, Ph – P), 133.2 (d, JP,C = 5.7 Hz, Ph – P), 
128.6 (d, JP,C = 3.0 Hz, Ph – P), 128.2 (d, JP,C = 6.8 Hz, Ph – P), 75.6 (cp, 
C – CONH), 74.4 (cp), 74.2 (cp), 74.0 (cp), 73.0 (d, JP,C = 3.6 Hz, cp), 
72.9 (d, JP,C = 3.4 Hz, cp), 71.9 (d, JP,C = 4.3 Hz, cp), 69.4 (cp), 69.2 
(cp), 52.4 (OMe), 51.8 (OMe), 51.7 (CH), 30.3 (CH2-α C = O), 26.9 (CH2- 
α CH); the signal due to C – P of cp was not found. 31P{1H} NMR (121 
MHz, CDCl3) δ − 17.8. HRMS (ESI+): calculated for C30H31FeNO5P [M +
H]+ 572.1284, found 572.1296.

2.4.2. Synthesis of 1-dimethylformylglutamate, 1′- 
dyciclohexylphosphineferrocene (S)-(η5-C5H4-PPCy2)Fe[η5-C5H4-Glu 
(OMe)2] (5b’)

Ligand (5b’). Starting from 4b (575 mg, 1.35 mmol) following the 
general procedure. 5b’ was isolated as a pale orange solid. Yield: 586 
mg, 74 %. 1H NMR (300 MHz, CDCl3) δ 6.85 (d, J = 7.7 Hz, 1H, NH), 
4.69 – 4.59 [m, 2H: 1H, cp + 1H, CH-α N], 4.54 (br s, 1H, cp), 4.40 (br s, 
1H, cp), 4.35 (br s, 2H, cp), 4.30 (br s, 2H, cp), 4.17 (br s, 1H, cp), 3.78 
(s, 3H, OMe), 3.68 (s, 3H, OMe), 2.62 – 2.40 (m, 2H, CH2-α C = O), 2.28 
(ddt, J = 14.3, 7.3, 4.9 Hz, 1H, CH2-α CH), 2.14 (dt, J = 14.5, 7.5 Hz, 1H, 
CH2-α CH), 2.02 – 1.92 (m, 1H, Cy), 1.85 – 1.58 (m, 10H, Cy), 1.35 – 
0.97 (m, 11H, Cy). 13C{1H} NMR (75 MHz, CDCl3) δ 173.5 (C = O ester), 
172.5 (C = O ester), 170.6 (C = O amide), 75.7 (cp, C – CONH), 73.4 (d, 
JP,C = 12.3 Hz, cp), 72.3 (d, JP,C = 7.8 Hz, cp), 72.0 (cp), 71.6 (d, JP,C =

3.2 Hz, cp), 71.3 (d, JP,C = 2.1 Hz, cp), 69.9 (cp), 69.4 (cp), 52.4 (OMe), 
52.0 (CH-α N), 51.8 (OMe), 33.4 (d, JP,C = 11.4 Hz, CH- Cy), 33.1 (d, JP,C 
= 10.7 Hz, CH- Cy), 30.5 (CH2- Cy), 30.4 (CH2-α C = O), 30.2 (CH2- Cy), 
30.0 (d, JP,C = 4.0 Hz, CH2- Cy), 29.8 (CH2- Cy), 29.7 (CH2- Cy), 27.4 
(CH2- Cy), 27.2 (d, JP,C = 4.3 Hz, CH2- Cy), 27.1 (d, JP,C = 3.3 Hz, CH2- 
Cy), 26.7 (CH2-α CH), 26.3 (d, JP,C = 2.5 Hz, CH2- Cy); the signal due to 
C – P of cp was not found. 31P{1H} NMR (121 MHz, CDCl3) δ − 8.8. 
HRMS (ESI+): calculated for C30H43FeNO5P [M + H]+ 584.2223, found 
584.2222.

2.4.3. Synthesis of 1-methylformylprolinate, 1′-diphenylphosphineferrocene 
(S)-(η5-C5H4-PPh2)Fe[η5-C5H4-Pro(OMe)] (5a’’)

Ligand (5a’’). Starting from 4a (550 mg, 1.33 mmol) following the 
general procedure. 5a’’ was isolated as a red-orange solid. Yield: 553 
mg, 79 %. 1H NMR (300 MHz, CDCl3) δ 7.38 – 7.27 (m, 10H, Ph), 4.76 
(br s, 1H, cp), 4.61 – 4.54 [m, 2H: 1H, CH + 1H cp], 4.53 – 4.49 (m, 2H, 

cp), 4.24 (br s, 1H, cp), 4.21 (br s, 1H, cp), 4.15 – 4.08 (m, 1H, cp), 3.83 – 
3.76 (m, 1H, CH2-α N), 3.74 (s, 3H, OMe), 3.70 – 3.63 (m, 1H, CH2-α N), 
2.26 – 2.04 (m, 2H, CH2-β C = O, partly overlapping with residual ethyl 
acetate), 2.00 – 1.91 (m, 2H, CH2-γ C = O). 13C{1H} NMR (75 MHz, 
CDCl3) δ 172.8 (C = O ester), 168.9 (C = O amide), 138.7 (d, JP,C = 10.5 
Hz, Ph – P, Cipso), 133.5 (Ph – P), 133.2 (Ph – P), 128.5 (d, JP,C = 3.0 Hz, 
Ph – P), 128.1 (d, JP,C = 6.9 Hz, Ph – P), 76.3 (cp, C – CONH), 74.1 (cp,), 
73.9 (cp), 73.4 (d, JP,C = 3.9 Hz, cp), 73.3 (d, JP,C = 3.4 Hz, cp), 72.1 
(cp), 71.8 (cp), 70.7 (cp), 60.1 (CH), 52.1 (OMe), 48.1 (CH2-α N), 28.5 
(CH2-β C = O), 25.4 (CH2-γ C = O); the signal due to C – P of cp was not 
found. 31P{1H} NMR (121 MHz, CDCl3) δ − 17.6. HRMS (ESI+): calcu
lated for C29H29FeNO3P [M + H]+ 526.1229, found 526.1240.

2.4.4. Synthesis of 1-methylformylprolinate, 1′- 
dicyclohexylphosphineferrocene (S)-(η5-C5H4-PCy2)Fe[η5-C5H4-Pro 
(OMe)] (5b’’)

Ligand (5b’’). Starting from 4b (576 mg, 1.35 mmol) following the 
general procedure. 5b’’ was isolated as a pale orange solid. Yield: 575 
mg, 79 %. 1H NMR (300 MHz, CDCl3) δ 4.81 (br s, 1H, cp), 4.69 (br s, 1H, 
cp), 4.59 (dd, J = 8.0, 4.5 Hz, 1H, CH-α N), 4.42 (br s, 2H, cp), 4.29 (br s, 
2H, cp), 4.24 (br s, 1H, cp), 4.19 (br s, 1H, cp), 3.95 (q, J = 6.0, 4.8 Hz, 
1H, CH2-α N), 3.83 – 3.68 [m, 4H: 1H, CH2-α N + 3H, OMe], 2.28 – 2.06 
(m, 2H, CH2-β C = O), 2.05 – 1.90 (m, 2H, CH2-γ C = O), 1.89 – 1.57 (m, 
10H, Cy), 1.37 – 0.91 (m, 12H, Cy). 13C{1H} NMR (75 MHz, CDCl3) δ 
172.8 (C = O ester), 169.3 (C = O amide), 76.0 (cp, C – CONH), 72.7 
(cp), 72.5 (d, JP,C = 7.1 Hz, cp) 72.3 (d, JP,C = 6.1 Hz, cp), 71.7 (d, JP,C =

2.6 Hz, cp), 70.5 (cp), 60.1 (CH-α N), 52.0 (OMe), 48.2 (CH2-α N), 33.2 
(d, JP,C = 11.8 Hz, CH- Cy), 33.0 (d, JP,C = 11.1 Hz, CH- Cy), 30.2 (d, JP,C 
= 2.7 Hz, CH2- Cy), 30.0 (d, JP,C = 5.9 Hz, CH2- Cy), 29.8 (d, JP,C = 2.9 
Hz, CH2- Cy), 29.7 (CH2- Cy), 28.6 (CH2-β C = O), 27.3 (d, JP,C = 4.2 Hz, 
CH2- Cy), 27.2 (d, JP,C = 3.4 Hz, CH2- Cy), 27.1 (d, JP,C = 2.1 Hz, CH2- 
Cy), 26.3 (CH2- Cy), 25.5 (CH2-γ C = O); the signal due to C – P of cp was 
not found. 31P{1H} NMR (121 MHz, CDCl3) δ − 8.2. HRMS (ESI+): 
calculated for C29H41FeNO3P [M + H]+ 538.2168, found 538.2164.

2.5. General procedure for the synthesis of selenium oxides from ligands 
(S)-(η5-C5H4-PSeR2)Fe(η5-C5H4-AA) (5Se)

In a Schlenk tube, ligands 5a’–b’’ and excess of selenium black were 
added and dissolved in 10 mL of anhydrous dichloromethane. The 

Scheme 4. Coordination modes proposed for the bidentate coordination for ligands 5a’ (top) and 5a’’ (bottom) in the formation of the ruthenium-arene cationic 
complexes containing the ferrocenylphosphine-amino acid ligands.
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suspension was stirred at room temperature overnight. Then, the stirring 
was stopped, and the suspension was filtered off through celite and the 
solvent was reduced under vacuum. The orange oily solid was redis
solved in ether and dried under vacuum to obtain the selenides in 
quantitative yields.

2.5.1. Synthesis of selenium oxide (S)-(η5-C5H4-PSePPh2)Fe[η5-C5H4-Glu 
(OMe)2] (5a’Se)

Complex (5a’Se). Starting from 5a’ (46.8 mg, 0.082 mmol) and 
excess of selenium black (127 mg, 1.61 mmol) following the general 
procedure. An orange solid was obtained. 31P{1H} NMR (162 MHz, 
CDCl3) δ 31.8 (with satellite signals of 77Se, 1JPSe= 721.9 Hz).

2.5.2. Synthesis of selenium oxide (S)-(η5-C5H4-PSePCy2)Fe[η5-C5H4-Glu 
(OMe)2] (5b’Se)

Complex (5b’Se). Starting from 5b’ (50 mg, 0.086 mmol) and excess 
of selenium black (104 mg, 1.32 mmol) following the general procedure. 
An orange solid was obtained. 31P{1H} NMR (162 MHz, CDCl3) δ 50.0 
(with satellite signals of 77Se, 1JPSe= 687.4 Hz).

2.5.3. Synthesis of selenium oxide (S)-(η5-C5H4-PSePPh2)Fe[η5-C5H4-Pro 
(OMe)] (5a’’Se)

Complex (5a’’Se). Starting from 5a’’ (49.6 mg, 0.094 mmol) and 
excess of selenium black (107 mg, 1.36 mmol) following the general 
procedure. An orange solid was obtained. 31P{1H} NMR (162 MHz, 
CDCl3) δ 31.3 (with satellite signals of 77Se, 1JPSe= 735.0 Hz).

2.5.4. Synthesis of selenium oxide (S)-(η5-C5H4-PSePCy2)Fe[η5-C5H4-Pro 
(OMe)] (5b’’Se)

Complex (5b’’Se). Starting from 5b’’ (50 mg, 0.093 mmol) and 
excess of selenium black (105 mg, 1.33 mmol) following the general 
procedure. An orange solid was obtained. 31P{1H} NMR (162 MHz, 
CDCl3) δ 49.5 (with satellite signals of 77Se, 1JPSe= 700.6 Hz).

2.6. General procedure for the synthesis of neutral dichloro(p-cymene) 
(diphosphineferrocene-amino acid)ruthenium (II) complexes RuCl2(η6- 
C10H14) {PR2-[(η5-C5H4)Fe(η5-C5H4-AA)]} (6)

In a Schlenk tube, dichloro(p-cymene)ruthenium(II) dimer (I) and 2 
eq of the corresponding diphosphineferrocene-amino acid ligand 
(5a’–b’’) were added and dried under vacuum for 30 min. 10 mL of 
anhydrous CH2Cl2 were added and the mixture was stirred for 2 h under 
argon atmosphere. The solvent was reduced to a 2 mL volume and 
hexane was added until a red-orange suspension was formed. The solid 
was decanted, washed with three portions of hexane, and dried under 
vacuum. A red-orange powder solid was obtained. Yield: 81 – 97 %.

2.6.1. Synthesis of complex dichloro(p-cymene)(1- 
dimethylformylglutamate,1′-diphenylphosphineferrocene)ruthenium (II) 
RuCl2(η6-C10H14){PPh2-[(η5-C5H4)Fe(η5-C5H4-Glu(OMe)2]} (6a’)

Complex (6a’). Starting from I (100.0 mg, 0.163 mmol) and 5a’ 
(191.2 mg, 0.33 mmol) following the general procedure. 6a’ was iso
lated as a red-orange powder solid. Yield: 284 mg, 97 %. 1H NMR (300 
MHz, CDCl3) δ 7.87 (td, J = 8.1, 3.8 Hz, 2H, Ph – P), 7.70 (td, J = 7.9, 3.8 
Hz, 2H, Ph – P), 7.50 (d, J = 8.2 Hz, 1H, NH), 7.44 – 7.35 (m, 6H, Ph – P), 
5.29 (br s, 1H, Ph, p-cym), 5.23 (d, J = 6.0 Hz, 1H, Ph, p-cym), 5.15 (d, J 
= 6.1 Hz, 1H, Ph, p-cym), 4.88 (br s, 1H, cp), 4.80 (d, J = 6.2 Hz, 1H, Ph, 
p-cym), 4.61 – 4.43 [m, 5H: 1H, CH-α N + 4H cp], 4.36 (br s, 1H, cp), 
3.78 (s, 3H, OMe), 3.71 – 3.64 [m, 4H: 1H cp + 3H OMe], 2.90 (s, 1H, 
cp), 2.67 – 2.42 (m, 3H: 1H, CH – i-pr, p-cym + 2H, CH2-α C = O), 2.39 – 
2.23 (m, 2H, CH2-α CH), 1.69 (s, 3H, CH3, p-cym), 1.04 (d, J = 6.9 Hz, 
6H, CH3 – i-pr, p-cym). 13C{1H} NMR (75 MHz, CDCl3) δ 173.3 (C = O 
ester), 172.8 (C = O ester), 170.4 (C = O amide), 138.2 (d, JP,C = 47.4 
Hz, Ph – P, Cipso), 135,6 (d, JP,C = 49.6 Hz, Ph – P, Cipso), 134.5 (d, JP,C =

9.4 Hz, Ph – P) 133.0 (d, JP,C = 9.2 Hz, Ph – P), 130.0 (d, JP,C = 11.5 Hz, 
Ph – P), 127.7 (d, JP,C = 9.9 Hz, Ph – P), 127.4 (d, JP,C = 9.7 Hz, Ph – P), 

111.2 (Ph, Cipso, p-cym), 97.2 (Ph, Cipso, p-cym), 88.5 (Ph, p-cym), 87.4 
(d, JP,C = 8.5 Hz, Ph, p-cym), 86.7 (d, JP,C = 5.0 Hz, Ph, p-cym), 79.3 (d, 
JP,C = 15.3 Hz, cp), 77.8 (C – CONH, cp, partly overlapping with the 
solvent signal), 74.4 (d, JP,C = 5.9 Hz, cp), 72.8 (cp), 72.7 (d, JP,C = 6.6 
Hz, cp), 72.6 (cp), 72.1 (cp), 71.9 (d, JP,C = 8.9 Hz, cp), 69.5 (cp), 52.2 
(OMe), 52.1 (CH-α N), 51.7 (OMe), 30.6 (CH2-α C = O), 29.8 (CH – i-pr, 
p-cym), 26.2 (CH2-α CH), 22.1 (CH3 – i-pr, p-cym), 21.3 (CH3 – i-pr, p- 
cym), 17.1 (CH3, p-cym); the signal due to C – P of cp was not found. 31P 
{1H} NMR (121 MHz, CDCl3) δ 17.5; a signal was observed at δ 30.4 ppm 
(ca. 3 %) attributed to the corresponding phosphine oxide of the free 
ligand. MS (ESI+): m/z 842 ([M – Cl]+).

2.6.2. Synthesis of complex dichloro(p-cymene)(1- 
dimethylformylglutamate,1′-dicyclohexylphosphineferrocene)ruthenium (II) 
RuCl2(η6-C10H14){PCy2-[(η5-C5H4)Fe(η5-C5H4-Glu(OMe)2]} (6b’)

Complex (6b’). Starting from I (52.5 mg, 0.086 mmol) and 5b’ (100 
mg, 0.172 mmol) following the general procedure. 6b’ was isolated as a 
red-orange powder solid. Yield: 138 mg, 91 %. 1H NMR (300 MHz, 
CDCl3) δ 7.05 (d, J = 7.0 Hz, 1H, NH), 5.01 (t, J = 6.6 Hz, 2H, Ph, p- 
cym), 4.92 (d, J = 5.4 Hz, 1H, Ph, p-cym), 4.87 (br s, 2H: 1H Ph, p-cym +
1H cp), 4.76 (s, 1H, cp), 4.70 – 4.61 [m, 4H: 1H CH-α N + 3H cp], 4.59 
(br s, 1H, cp), 4.44 (br s, 2H, cp), 3.81 (s, 3H, OMe), 3.72 (s, 3H, OMe), 
2.73 – 2.60 (m, 1H, CH – i-pr, p-cym), 2.58 – 2.44 [m, 3H: 1H Cy + 2H 
CH2-α C = O], 2.42 – 2.07 [m, 6H: 4H, Cy + 2H, CH2-α CH], 2.01 – 1.79 
[m, 8H: 3H, CH3, p-cym + 5H, Cy), 1.78 – 1.62 (m, 4H, Cy), 1.41 – 1.18 
(m, 8H, Cy), 1.14 (d, J = 6.8 Hz, 6H, CH3 – i-pr, p-cym). 13C{1H} NMR 
(75 MHz, CDCl3) δ 174.2 (C = O ester), 172.3 (C = O ester), 169.4 (C =
O amide), 107.2 (Ph, Cipso, p-cym), 93.9 (Ph, Cipso, p-cym), 89.6 (Ph, p- 
cym), 89.4 (d, JP,C = 3.8 Hz, Ph, p-cym), 85.1 (d, JP,C = 4.4 Hz, Ph, p- 
cym), 82.2 (d, JP,C = 28.2 Hz, C – P, cp), 75.9 (C – CONH, cp), 73.8 (d, 
JP,C = 8.7 Hz, cp), 73.3 (d, JP,C = 7.6 Hz, cp), 73.2 (d, JP,C = 5.9 Hz, cp), 
72.2 (unresolved dd, cp), 70.1 (cp), 69.1 (cp), 52.5 (OMe), 52.1 (CH-α 
N), 52.0 (OMe), 39.7 (d, JP,C = 10.3 Hz, CH- Cy) 39.4 (d, JP,C = 9.9 Hz, 
CH- Cy), 30.4 (CH2-α C = O), 30.3 (CH – i-pr, p-cym), 29.7 (Cy), 29.1 
(Cy), 27.8 (d, JP,C = 6.3 Hz, Cy), 27.7 (d, JP,C = 6.7 Hz, Cy), 26.1 (CH2-α 
CH), 26.0 (Cy), 22.3 (CH3 – i-pr, p-cym), 22.2 (CH3 – i-pr, p-cym), 17.6 
(CH3, p-cym). 31P{1H} NMR (121 MHz, CDCl3) δ 17.4; a signal was 
observed at δ 47.4 ppm (< 1 %) attributed to the corresponding phos
phine oxide of the free ligand. MS (ESI+): m/z 854 ([M – Cl]+).

2.6.3. Synthesis of complex dichloro(p-cymene)(1- 
methylformylprolinate,1′-diphenylphosphineferrocene)rutenio (II) RuCl2(η6- 
C10H14){PPh2-[(η5-C5H4)Fe(η5-C5H4-Pro(OMe)]} (6a’’)

Complex (6a’’). Starting from I (100.0 mg, 0.163 mmol) and 5a’’ 
(171.6 mg, 0.33 mmol) following the general procedure. 6a’’ was iso
lated as a red-orange powder solid. Yield: 260 mg, 96 %. 1H NMR (300 
MHz, CDCl3) δ 7.88 – 7.79 (m, 4H, Ph – P), 7.45 – 7.37 (m, 6H, Ph – P), 
5.15 (q, J = 6.3, 5.7 Hz, 3H, Ph, p-cym), 5.08 (d, J = 6.1 Hz, 1H, Ph, p- 
cym), 4.64 (br s, 1H, cp), 4.57 (br s, 1H, cp), 4.54 – 4.49 [m, 2H: 1H, CH- 
α N + 1H cp], 4.46 (br s, 2H, cp), 4.33 (br s, 1H, cp), 3.79 (q, J = 2.2 Hz, 
1H, cp), 3.73 (s, 3H, OMe), 3.69 – 3.65 (m, 1H, cp), 3.64 – 3.55 (m, 1H, 
CH2-α N), 2.51 (sept, J = 6.5 Hz, 1H, CH – i-pr, p-cym), 2.24 – 2.13 (m, 
1H, CH2-β C = O), 2.11 – 1.98 (m, 1H, CH2-γ C = O), 1.97 – 1.87 (m, 2H: 
1H, CH2-β C = O + 1H, CH2-γ C = O), 1.78 (s, 3H, CH3, p-cym), 0.95 (d, J 
= 6.9 Hz, 3H, CH3 – i-pr, p-cym), 0.91 (d, J = 6.9 Hz, 3H, CH3 – i-pr, p- 
cym); the signal due to 1H of CH2-α N was not found. However, the 2D- 
HSQC experiment showed that the signal is overlapped with the singlet 
signal of the OMe group at δ 3.72 ppm (See Figure S39).13C{1H} NMR 
(75 MHz, CDCl3) δ 172.8 (C = O ester), 168.9 (C = O amide), 136.6 (d, 
JP,C = 44.7 Hz, Ph – P, Cipso), 133.8 (d, JP,C = 9.3 Hz, Ph – P), 130.1 (Ph – 
P), 127.5 (d, JP,C = 9.8 Hz, Ph – P), 109.5 (Ph, Cipso, p-cym), 95.1 (Ph, 
Cipso, p-cym), 90.3 (d, JP,C = 4.4 Hz, Ph, p-cym), 90.0 (d, JP,C = 3.9 Hz, 
Ph, p-cym), 86.0 (d, JP,C = 5.8 Hz, Ph, p-cym), 85.6 (d, JP,C = 5.8 Hz, Ph, 
p-cym), 77.6 (C – CONH, cp, partly overlapping with the solvent signal), 
76.2 (d, JP,C = 5.3 Hz, cp), 76.1 (d, JP,C = 5.3 Hz, cp), 74.6 (cp), 73.3 
(cp), 73.1 (d, JP,C = 7.8 Hz, cp), 72.9 (d, JP,C = 8.0 Hz, cp), 72.2 (cp), 

A. Terán et al.                                                                                                                                                                                                                                   Journal of Organometallic Chemistry 1040 (2025) 123829 

5 



71.0 (cp), 60.0 (CH-α N), 52.0 (OMe), 48.2 (CH2-α N), 29.9 (CH – i-pr, p- 
cym), 28.6 (CH2-β C = O), 25.4 (CH2-γ C = O), 21.7 (CH3 – i-pr, p-cym), 
21.5 (CH3 – i-pr, p-cym), 16.9 (CH3, p-cym); the signal due to C – P of cp 
was not found. 31P{1H} NMR (121 MHz, CDCl3) δ 18.6. MS (ESI+): m/z 
796 ([M – Cl]+).

2.6.4. Synthesis of complex dichloro(p-cymene)(1- 
methylformylprolinate,1′-dicyclohexylphosphineferrocene)ruthenium (II) 
RuCl2(η6-C10H14){PCy2-[(η5-C5H4)Fe(η5-C5H4-Pro(OMe)]} (6b’’)

Complex (6b’’). Starting from I (57 mg, 0.093 mmol) and 5b’’ (100 
mg, 0.186 mmol) following the general procedure. 6b’’ was isolated as a 
red-orange powder solid. Yield: 127 mg, 81 %. 1H NMR (300 MHz, 
CDCl3) δ 5.01 – 4.88 (m, 4H: 3H, Ph, p-cym + 1H, cp), 4.81 – 4.73 (m, 
2H: 1H, Ph, p-cym + 1H, cp), 4.70 (br s, 2H, cp), 4.64 – 4.55 [m, 3H: 1H, 
CH-α N + 2H, cp], 4.44 (br s, 2H, cp), 3.93 – 3.84 (m, 1H, CH2-α N), 3.79 
(s, 3H, OMe), 3.74 – 3.67 (m, 1H, CH2-α N), 2.71 – 2.47 (m, 2H: 1H, CH – 
i-pr, p-cym + 1H, Cy), 2.46 – 2.30 (m, 4H, Cy), 2.29 – 2.08 (m, 3H: 2H, 
CH2-β C = O + 1H, CH2-γ C = O), 2.06 – 1.94 (m, 2H: 1H, CH2-γ C = O +
1H, Cy), 1.87 (br s, 6H: 3H, CH3, p-cym + 3H, Cy), 1.78 – 1.65 (m, 3H, 
Cy), 1.41 – 1.17 (m, 10H, Cy), 1.12 (br d, J = 7.0, 6H, CH3 – i-pr, p-cym). 
13C{1H} NMR (75 MHz, CDCl3) δ 172.7 (C = O ester), 168.5 (C = O 
amide), 107.0 (Ph, Cipso, p-cym), 93.9 (Ph, Cipso, p-cym), 89.8 (d, JP,C =

3.2 Hz, Ph, p-cym), 89.2 (Ph, p-cym), 85.2 (d, JP,C = 4.4 Hz, Ph, p-cym), 
85.0 (d, JP,C = 5.2 Hz, Ph, p-cym), 82.4 (d, JP,C = 28.5 Hz, C – P, cp), 73.4 
(d, JP,C = 8.8 Hz, cp), 73.2 (d, JP,C = 7.2 Hz, cp), 73.0 (cp), 72.8 (cp), 
72.5 (d, JP,C = 6.5 Hz, cp), 70.6 (cp), 59.9 (CH-α N), 52.2 (OMe), 48.4 
(CH2-α N), 39.4 (d, JP,C = 12.7 Hz, CH- Cy), 39.2 (d, JP,C = 12.3 Hz, CH- 
Cy), 30.3 (CH – i-pr, p-cym), 29.8 (Cy), 29.2 (d, JP,C = 5.6 Hz, Cy), 28.6 
(CH2-β C = O), 27.9 (d, JP,C = 3.8 Hz, Cy), 27.8 (Cy), 27.7 (d, J = 5.7 Hz, 
Cy), 26.0 (Cy), 25.4 (CH2-γ C = O), 22.3 (CH3 – i-pr, p-cym), 22.1 (CH3 – 
i-pr, p-cym), 17.5 (CH3, p-cym); the signal due to C – CON of the cp was 
not found probably due to overlaps. 31P{1H} NMR (121 MHz, CDCl3) δ 
17.2. MS (ESI+): m/z 808 ([M – Cl]+).

2.7. General procedure for the synthesis of cationic hexafluoroantimonate 
of dichloroacetonitril(p-cymene)(diphosphineferrocene-amino acid) 
ruthenium (II) complexes 〈RuCl(NCMe)(η6-C10H14){PR2-[(η5-C5H4)Fe 
(η5-C5H4-AA)]}〉SbF6 (7)

In a Schlenk tube, 50.0 mg of dichloro(p-cymene)(diphosphine
ferrocene-amino acid)ruthenium (II) complex (6a’–b’’) were added and 
dried under vacuum for 30 min. 5 mL of anhydrous CH2Cl2, 1 mL of 
degassed NCMe and 1.2 eq of AgSbF6 were added under argon atmo
sphere, and the mixture was stirred for 1 h covered from the light and 1 h 
in presence of light. The mixture was filtered off through celite and the 
filtrate was evaporated under vacuum. The resulting orange oil was 
washed with portions of ether, obtaining a solid, which was dried under 
vacuum. An orange crystalline solid was obtained. Yields: 82 – 90 %.

2.7.1. Synthesis of complex hexafluoroantimonate of [chloroacetonitril(p- 
cymene)(1-dimethylformylglutamate,1′-diphenylphosphineferrocene) 
ruthenium (II)] 〈RuCl(NCMe)(η6-C10H14){PPh2-[(η5-C5H4)Fe(η5-C5H4- 
Glu(OMe)2)]}〉SbF6 (7a’)

Complex (7a’). Starting from 6a’ (50 mg, 0.057 mmol) and AgSbF6 
(23.5 mg, 0.068 mmol) following the general procedure. 7a’ was iso
lated as an orange crystalline solid. Yield: 52 mg, 82 %. 1H NMR (300 
MHz, CDCl3) δ 7.86 – 7.75 (m, 7H, Ph – P), 7.66 – 7.46 (m, 13zH, Ph – P), 
7.31 (d, J = 8.0 Hz, 1H, NH, partly overlapping with the solvent signal), 
7.00 (d, J = 7.8 Hz, 1H, NH), 5.77 (dd, J = 6.2, 1.4 Hz, 1H, Ph, p-cym), 
5.67 (td, J = 6.4, 1.4 Hz, 2H, Ph, p-cym), 5.43 (d, J = 6.2 Hz, 1H, Ph, p- 
cym), 5.35 (dt, J = 6.2, 1.9 Hz, 2H, Ph, p-cym), 5.04 (t, J = 1.6 Hz, 1H, 
Ph, p-cym), 5.03 – 5.00 (m, 1H, cp), 4.98 – 4.96 (m, 1H, cp), 4.76 – 4.71 
[m, 4H: 1 H, Ph, p-cym + 3H, cp], 4.71 – 4.68 (m, 2H, cp), 4.67 – 4.65 
(m, 2H, cp), 4.64 – 4.57 (m, 2H, CH-α N), 4.52 – 4.48 (m, 2H, cp), 3.97 
(td, J = 2.7, 1.3 Hz, 2H, cp), 3.93 (td, J = 2.5, 1.1 Hz, 1H, cp), 3.81 
(unresolved dd, J = 2.7, 1.5 Hz, 1H, cp, partly overlapping with the OMe 

signal), 3.79 (s, 3H, OMe), 3.78 (s, 3H, OMe), 3.71 (s, 3H, OMe), 3.70 (s, 
3H, OMe), 3.36 (q, J = 2.2 Hz, 1H, cp), 2.79 (quint, J = 6.9 Hz, 1H, CH – 
i-pr, p-cym), 2.67 (quint, J = 7.0 Hz, 1H, CH – i-pr, p-cym), 2.60 – 2.47 
(m, 4H:CH2-α C = O), 2.39 – 2.18 (m, 4H, CH2-α CH, partly overlapping 
with the NCMe signal), 2.18 (d, J = 1.5 Hz, 3H, NCMe), 2.16 (d, J = 1.4 
Hz, 3H, NCMe), 1.89 (s, 3H, CH3, p-cym), 1.73 (s, 3H, CH3, p-cym), 1.28 
– 1.15 (m, 12H, CH3 – i-pr, p-cym, overlapped with residual ethyl ace
tate). 13C{1H} NMR (75 MHz, CDCl3) δ 173.8 (C = O ester), 173.6 (C = O 
ester), 172.9 (C = O ester), 172.3 (C = O ester), 169.5 (C = O amide), 
169.3 (C = O amide), 134.7 (d, JP,C = 9.8 Hz, Ph – P), 134.4 (d, JP,C = 9.7 
Hz, Ph – P), 133.5 (d, JP,C = 9.4 Hz, Ph – P), 133.0 (d, JP,C = 9.7 Hz, Ph – 
P), 131.9 (Ph – P), 131.5 (Ph – P), 131.3 (Ph – P), 131.0 (Ph – P), 128.7 
(Ph – P), 128.5 (d, JP,C = 1.9 Hz, Ph – P), 128.3 (d, JP,C = 2.8 Hz, Ph – P), 
128.2 (d, JP,C = 2.5 Hz, Ph – P), 128.1 (Ph – P), 116.1 (Ph, Cipso, p-cym), 
114.3 (Ph, Cipso, p-cym), 103.0 (Ph, Cipso, p-cym), 101.2 (Ph, Cipso, p- 
cym), 91.8 (d, JP,C = 4.5 Hz, Ph, p-cym), 90.7 (d, JP,C = 3.0 Hz, Ph, p- 
cym), 90.1 (d, JP,C = 6.1 Hz, Ph, p-cym), 89.5 (Ph, p-cym), 89.2 (Ph, p- 
cym), 88.4 (Ph, p-cym), 88.2 (d, JP,C = 2.2 Hz, Ph, p-cym), 88.0 (Ph, p- 
cym), 77.7 (C – CONH, cp), 75.7 (cp), 75.6 (d, JP,C = 3.7 Hz, cp), 75.2 (d, 
JP,C = 5.5 Hz, cp), 75.0 (cp), 74.6 (d, JP,C = 7.3 Hz, cp), 73.9 (cp), 73.7 
(d, JP,C = 7.3 Hz, cp), 73.1 (cp), 73.0 (d, JP,C = 6.3 Hz, cp), 72.6 (d, JP,C =

9.4 Hz, cp), 72.2 (d, JP,C = 8.7 Hz, cp), 72.0 (cp), 70.6 (cp), 69.7 (cp), 
52.4 (OMe), 52.1 (CH-α N), 52.0 (CH-α N), 52.0 (OMe), 51.9 (OMe), 
31.0 (CH – i-pr, p-cym), 31.0 (CH – i-pr, p-cym), 30.5 (CH2-α C = O), 30.5 
(CH2-α C = O), 26.3 (CH2-α CH), 26.2 (CH2-α CH), 22.7 (CH3 – i-pr, p- 
cym), 22.6 (CH3 – i-pr, p-cym), 21.3 (CH3 – i-pr, p-cym), 21.2 (CH3 – i-pr, 
p-cym), 18.1 (CH3, p-cym), 17.8 (CH3, p-cym), 3.9 (CH3, NCMe), 3.8 
(CH3, NCMe); the signals due to Cipso of Ph – P, quaternary C of NCMe 
and C – P of cp were not found. 31P{1H} NMR (121 MHz, CDCl3) δ 28.1, 
25.9. MS (ESI+): m/z 842 ([M – NCMe – SbF6]+).

2.7.2. Synthesis of cationic complex hexafluoroantimonate of 
[chloroacetonitril(p-cymene)(1-dimethylformylglutamate,1′- 
dicyclohexylphosphineferrocene)ruthenium (II)] 〈RuCl(NCMe)(η6-C10H14) 
{PCy2-[(η5-C5H4)Fe(η5-C5H4-Glu(OMe)2)]}〉SbF6 (7b’)

Complex (7b’). Starting from 6b’ (50 mg, 0.057 mmol) and AgSbF6 
(23.2 mg, 0.068 mmol) following the general procedure. An orange 
crystalline solid was obtained. 7b’ could not be isolated in pure form and 
NMR analysis were not conclusive.

2.7.3. Synthesis of cationic complex hexafluoroantimonate of 
[chloroacetonitril(p-cymene)(1-methylformylprolinate,1′- 
diphenylphosphineferrocene)ruthenium (II)] 〈RuCl(NCMe)(η6-C10H14) 
{PPh2-[(η5-C5H4)Fe(η5-C5H4-Pro(OMe))]}〉SbF6 (7a’’)

Complex (7a’’). Starting from 6a’’ (50 mg, 0.057 mmol) and AgSbF6 
(24.8 mg, 0.068 mmol) following the general procedure. 7a’’ was iso
lated as an orange crystalline solid. Yield: 58 mg, 90 %. 1H NMR (300 
MHz, CDCl3) δ 7.90 – 7.73 (m, 8H, Ph – P), 7.58 – 7.47 (m, 12H, Ph – P), 
5.62 (dd, J = 6.2, 1.4 Hz, 1H, Ph, p-cym), 5.59 (dd, J = 6.3, 1.3 Hz, 1H, 
Ph, p-cym) 5.37 (dd, J = 6.4, 4.9, 1.4 Hz, 2H, Ph, p-cym), 5.32 – 5.25 (m, 
2H, Ph, p-cym), 5.18 (dt, J = 6.2, 1.5 Hz, 1H, Ph, p-cym), 5.11 (dt, J =
6.3, 1.6 Hz, 1H, Ph, p-cym), 4.91 – 4.87 (m, 2H, cp), 4.85 (dd, J = 2.7, 
1.4 Hz, 1H, cp) 4.76 (dq, J = 2.7, 1.3 Hz, 2H, cp), 4.72 (dq, J = 2.6, 1.3 
Hz, 1H, cp), 4.69 (dt, J = 2.6, 1.3 Hz, 1H, cp), 4.66 (dt, J = 2.6, 1.3 Hz, 
1H, cp), 4.64 – 4.61 (m, 2H, cp), 4.57 (dd, J = 4.4, 2.0 Hz, 1H, CH-α N), 
4.54 (dd, J = 4.8, 1.5 Hz, 1H, CH-α N), 4.03 (td, J = 2.6, 1.4 Hz, 1H, cp), 
4.01 – 3.98 (m, 2H, cp), 3.92 (t, J = 2.0 Hz, 2H, cp), 3.90 – 3.85 (m, 2H: 
1H, cp + 1H, CH2-α N), 3.76 (s, 3H, OMe), 3.74 (s, 3H, OMe), 3.73 – 3.63 
(m, 2H, CH2-α N), 2.64 (sept, J = 6.9 Hz, 2H, CH – i-pr, p-cym), 2.31 – 
2.14 (m, 2H, CH2-β C = O), 2.13 (d, J = 1.5 Hz, 3H, NCMe), 2.10 (d, J =
1.4 Hz, 3H, NCMe), 2.07 – 1.90 (m, 6H: 4H, CH2-γ C = O + 2H, CH2-β C 
= O), 1.88 (s, 3H, CH3, p-cym), 1.86 (s, 3H, CH3, p-cym), 1.19 – 1.11 (m, 
12H, CH3 – i-pr, p-cym); 1H of CH2-α N was not found. However, the 2D- 
HSQC experiment showed that the signal is overlapped with the singlet 
signal of a OMe group at δ 3.73 ppm (See Figure S54) 13C{1H} NMR (75 
MHz, CDCl3) δ 172.8 (C = O ester), 172.7 (C = O ester), 168.1 (C = O 
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amide), 168.0 (C = O amide), 134.7 (unresolved dd, Ph – P), 133.3 (d, 
JP,C = 9.7 Hz, Ph – P), 132.6 (d, JP,C = 51.4 Hz, Ph – P, Cipso), 132.5 (d, 
JP,C = 52.0 Hz, Ph – P, Cipso), 131.8 (Ph – P), 131.1 (Ph – P), 131.0 (Ph – 
P), 128.4 (Ph – P), 128.3 (Ph – P), 128.2 (d, JP,C = 2.8 Hz, Ph – P), 128.0 
(Ph – P), 126.9 (C – NCMe), 126.8 (C – NCMe), 114.1 (d, JP,C = 3.1 Hz, 
Ph, Cipso, p-cym), 114.0 (d, JP,C = 2.8 Hz, Ph, Cipso, p-cym), 101.1 (Ph, 
Cipso, p-cym), 101.0 (Ph, Cipso, p-cym), 90.9 (d, JP,C = 2.5 Hz, Ph, p-cym), 
90.7 (unresolved d, Ph, p-cym), 89.6 (d, JP,C = 5.2 Hz, Ph, p-cym), 89.5 
(Ph, p-cym), 89.3 (d, J = 5.0 Hz, Ph, p-cym), 88.8 (d, J = 3.1 Hz, Ph, p- 
cym), 88.5 (d, JP,C = 2.9 Hz, Ph, p-cym), 79.4 (d, JP,C = 44.3 Hz, C – P, 
cp), 78.8 (d, JP,C = 44.4 Hz, C – P, cp), 77.7 (C – CONH, cp), 75.6 (un
resolved dd, cp), 75.2 (d, JP,C = 11.4 Hz, cp), 74.8 (d, JP,C = 13.1 Hz, cp), 
74.5 (d, JP,C = 12.3 Hz, cp), 74.1 (cp), 73.3 (d, JP,C = 12.7 Hz, cp), 73.0 
(d, JP,C = 7.7 Hz, cp), 72.9 (d, JP,C = 8.7 Hz, cp), 72.2 (cp), 71.7 (cp), 
70.9 (cp), 60.2 (CH-α N), 60.1 (CH-α N), 52.2 (OMe) 52.1 (OMe), 48.5 
(CH2-α N) 48.4 (CH2-α N), 31.0 (CH – i-pr, p-cym), 30.9 (CH – i-pr, p- 
cym), 28.6 (CH2-β C = O), 28.6 (CH2-β C = O), 25.5 (CH2-γ C = O), 25.4 
(CH2-γ C = O), 22.6 (CH3 – i-pr, p-cym), 22.5 (CH3 – i-pr, p-cym), 21.3 
(CH3 – i-pr, p-cym), 21.2 (CH3 – i-pr, p-cym), 18.0 (CH3, p-cym), 17.9 
(CH3, p-cym), 3.7 (CH3, NCMe), 3.7 (CH3, NCMe).31P{1H} NMR (121 
MHz, CDCl3) δ 28.7, 28.5. MS (ESI+): m/z 796 ([M – NCMe – SbF6]+).

2.7.4. Synthesis of cationic complex hexafluoroantimonate of 
[chloroacetonitril(p-cymene)(1-methylformylprolinate,1′- 
dicyclohexylphosphineferrocene)ruthenium (II)] 〈RuCl(NCMe)(η6-C10H14) 
{PCy2-[(η5-C5H4)Fe(η5-C5H4-Pro(OMe))]}〉SbF6 (7b’’)

Complex (7b’’). Starting from 6b’’ (50 mg, 0.057 mmol) and AgSbF6 
(25.2 mg, 0.068 mmol) following the general procedure. 7b’’ was iso
lated as an orange crystalline solid. Yield: 53 mg, 82 %. 1H NMR (300 
MHz, CDCl3) δ 5.33 – 5.23 (m, 6H, Ph, p-cym), 5.04 (d, J = 6.4 Hz, 1H, 
Ph, p-cym), 5.00 (d, J = 6.1 Hz, 1H, Ph, p-cym), 4.96 – 4.91 (m, 2H, cp), 
4.86 (br s, 1H, cp), 4.82 (br s, 2H, cp), 4.77 (br s, 3H, cp), 4.63 – 4.56 (m, 
4H: 2H, CH-α N + 2H, cp), 4.55 – 4.51 (m, 2H, cp), 4.47 – 4.40 (m, 4H, 
cp), 3.95 – 3.81 (m, 2H, CH2-α N), 3.78 (br s, 6H, OMe), 3.76 – 3.67 (m, 
2H, CH2-α N), 2.62 – 2.52 (m, 6H: 6H, Cy), 2.52 – 2.48 (m, 8H: 6H, 
NCMe + 2H, CH – i-pr, p-cym), 2.47 – 2.40 (m, 2H, Cy), 2.35 – 2.11 (m, 
5H: 2H, CH2-γ C = O + 2H CH2-β C = O + 1H, Cy), 2.10 – 1.99 (m, 10H: 
2H, CH2-β C = O + 2H, CH2-γ C = O + 6H, Cy), 1.95 (br s, 7H: 6H, CH3, 
p-cym + 1H, Cy), 1.90 – 1.73 (m, 12H, Cy), 1.72 – 1.59 (m, 2H, Cy), 1.57 
– 1.44 (m, 2H, Cy), 1.42 – 1.21 (m, 12H, Cy), 1.20 – 1.10 (m, 12H, CH3 – 
i-pr, p-cym). 13C{1H} NMR (75 MHz, CDCl3) δ 172.8 (C = O ester), 168.0 
(C = O amide), 128.5 (C – NCMe), 128.4 (C – NCMe), 112.9 (Ph, Cipso, p- 
cym), 112.5 (Ph, Cipso, p-cym), 99.2 (Ph, Cipso, p-cym), 99.1 (Ph, Cipso, p- 
cym), 92.8 (d, JP,C = 5.8 Hz, Ph, p-cym), 90.0 (d, JP,C = 5.9 Hz, Ph, p- 
cym), 88.2 (d, JP,C = 7.3 Hz, Ph, p-cym), 86.1 (Ph, p-cym), 85.8 (d, JP,C =

4.3 Hz, Ph, p-cym), 80.4 (d, JP,C = 37.0 Hz, C – P, cp), 80.3 (d, JP,C = 36.5 
Hz, C – P, cp), 77.8 (C – CONH, cp, partly overlapping with the solvent 
signal), 77.7 (C – CONH, cp, partly overlapping with the solvent signal), 
74.0 (cp), 73.9 (cp), 73.8 (d, JP,C = 3.2 Hz, cp), 73.6 (d, JP,C = 2.9 Hz, 
cp), 73.5 (d, JP,C = 3.9 Hz, cp), 73.4 (d, JP,C = 5.0 Hz, cp), 73.1 (d, JP,C =

6.2 Hz, cp), 72.9 (d, JP,C = 4.6 Hz, cp), 72.8 (cp), 72.7 (cp), 72.4 (cp), 
71.5 (cp), 71.0 (cp), 60.2 (CH-α N), 60.1 (CH-α N), 52.2 (OMe), 48.5 
(CH2-α N), 41.8 (d, JP,C = 13.1 Hz, CH- Cy), 41.5 (d, JP,C = 12.1 Hz, CH- 
Cy), 38.9 (unresolved dd, CH- Cy), 30.9 (CH – i-pr, p-cym), 29.9 (d, JP,C 
= 4.6 Hz, Cy), 29.8 (d, JP,C = 2.0 Hz, Cy), 29.7 (Cy), 29.3 (Cy), 28.6 
(CH2-β C = O), 27.9 (d, JP,C = 2.3 Hz, Cy), 27.7 (br s, Cy), 27.5 (d, JP,C =

2.5 Hz, Cy), 27.2 (Cy), 27.1 (Cy), 26.1 (Cy), 25.9 (Cy), 25.5 (CH2-γ C =
O), 22.7 (CH3 – i-pr, p-cym), 22.6 (CH3 – i-pr, p-cym), 21.6 (CH3 – i-pr, p- 
cym), 17.9 (CH3 – p-cym), 4.2 (CH3 – NCMe). 31P{1H} NMR (121 MHz, 
CDCl3) δ 26.7, 26.3. MS (ESI+): m/z 808 ([M – NCMe – SbF6]+).

2.8. X-ray crystal structure determination of compounds (S)-(η5-C5H4- 
PSeR2)Fe[η5-C5H4-Pro(OMe)] [R= Ph (5a’’Se); R= Cy (5b’’Se)]

Crystals suitable for single crystal X-ray diffraction analysis were 
grown from slow evaporation of ether (orange crystals for both 

compounds 5a’’Se and 5b’’Se were obtained). The crystal structures of 
5a’’Se and 5b’’Se were determined by means of single crystal X-ray 
diffraction at room temperature. A complete dataset for each compound 
was acquired in a SMART-APEX II CCD diffractometer system. Data 
reduction was performed by using SAINT (M. SAINTPLUS V6.22 Bruker 
AXS Inc., WI, USA., in.). Multi-scan or face-indexed absorption correc
tions were applied using SADABS (W. Bruker AXS Inc. Madison, USA., 
SADABS, in, 2012). Structure solution by direct methods and completed 
by Difference Fourier Synthesis and refinement by least-squares using 
SHELXL [27] (G.M.S.N.V. Sheldrick, Bruker AXS Inc., Madison, WI, USA, 
2000., in.). Hydrogen atoms positions were calculated after each cycle of 
refinement with SHELXL using a riding model for each structure, with 
C—H distance of 0.93 Å. Uiso(H) values were set equal to 1.2 Ueq of the 
parent carbon atom. During the last stages of the refinement of 5a’’Se, it 
was clear that the dataset corresponds to an inversion twin. To address 
this, inversion twin refinement was performed with batch scale factor 
(BASF) of 0.03192. During the final stages of structural refinement of 
5b’’Se, it became evident that a solvent molecule occupied the inter
molecular space. Despite our efforts to model it, we did not achieve a 
satisfactory model. At this juncture, we opted to use the SQUEEZE 
method, which is well-documented for modelling unresolved electron 
density, to account for the effect of the disordered solvent [28,29]. The 
absolute structure for each compound was reliably determined by using 
the Flack parameter ([(I+)-(I-)]/[(I+)+(I-)] [30]. A summary of crystal
lographic and refinement details for both compounds is available as 
Supporting Information (Table S1).

CCDC 2414938 (5a’’Se) and CCDC 2415043 (5b’’Se) contain the 
supplementary crystallographic data for this paper. These data can be 
obtained free of charge from The Cambridge Crystallographic data 
Center via the link http://www.ccdc.cam.ac.uk/data_request/cif

2.9. Electrochemical measurements

The electrochemical measurements were performed on a CHI660 
electrochemical workstation (CH Instruments) using a three-electrode 
system: platinum wire as the counter electrode, Ag/AgCl (saturated 
KCl) as the reference electrode, and Pt electrode with a geometric area of 
0.03 cm2 as the working electrode. All experiments were carried out 
under argon atmosphere at room temperature (ca. 20 ◦C) in a three- 
compartment, three-electrode anchor-type electrochemical cell setup. 
Samples were dissolved under argon atmosphere in anhydrous 
dichloromethane to give solutions containing 1 mM of the analyte and 
0.1 M of tetrabutyl ammonium hexafluorophosphate (TBAPF6) (99 %, 
Sigma-Aldrich). All electrochemical responses were measured at a 
scanning rate of 0.100 V.s-1.

3. Results and discussion

3.1. Synthesis and characterization of the ligands 5a’–b’’

The synthetic route employed for the synthesis of new 
ferrocenylphosphine-amino acid ligands (s)-(η5-C5H4-PR2)Fe(η5-C5H4- 
AA) [R= Ph, Cy. AA= l-Glu(OMe)2, l-Pro(OMe)] is shown in Scheme 1.

The synthesis starts with the reaction of precursor 1,1′-dibromo
ferrocene 2 with the corresponding chlorodiphosphine ClPR2 [R = Ph 
(3a); Cy (3b)] as described by Butler and coworkers [24]. Compounds 
3a and 3b were subsequently reacted with an excess of butyllithium and 
gaseous carbon dioxide (CO2), as a variation of the previously reported 
procedure [22], to obtain the corresponding ferrocenylphosphine car
boxylic acids 4a and 4b with good yields. Finally, the synthesis of the 
air-stable ferrocenylphosphine-amino acid ligands was achieved using a 
new methodology based on the procedure published by Metzler Nolte 
and coworkers [31], using protected proline or glutamic acid, mediated 
by o-Benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium tetrafluoroborate 
(TBTU) as a coupling reagent, NEt3, and DMF as the solvent, leading to 
the respective ferrocenylphosphine-amino acid ligands 5a’–b’’ as 
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orange solids in 71 % – 79 % yield after column chromatography puri
fication. Ligands 5a’–b’’ proved to be stable in solid state under aerobic 
conditions. However, in solution, ligands were prone to form the cor
responding phosphine oxide. Ligand 5a’ was previously reported by 
Štěpnička and coworkers [20].

The compounds 5a’–b’’ were characterized by multinuclear (1H, 13C 
{1H}, 31P{1H} and 2D-HSQC for assignments) NMR spectroscopy and by 
high-resolution mass spectroscopy. NMR characterization of these 
compounds shows in the 1H NMR spectra the expected signals associated 
with the CH groups of the ferrocene backbone between δ 4.81 and 4.08 
ppm. For the 5a family, the signals of the aromatic rings of the diphe
nylphosphine moiety were in the range of δ 7.60 – 7.30 ppm and, for the 
5b family, the signals for the cyclohexyl rings between δ 1.75 – 1.18 
ppm. The amino acidic fragment shows the signals in the 1H NMR 
spectra associated with the secondary amide hydrogen of the glutamic 
acid derivatives at δ 6.61 and 6.85 ppm, for ligands 5a’ and 5a’’ 
respectively. The signal of the chiral α-hydrogen of the amino acid 
moiety is also present for the four ligands and ranged between δ 4.80 – 
4.50 ppm as expected. Also, the four ligands show the signals of the 
methyl ester protecting groups around δ 3.70 ppm.

The 13C{1H} NMR spectra for all ligands show signals ranging from δ 
173 – 172 ppm corresponding to an ester-type carbon atom, with the 
presence of signals between δ 171 – 168 ppm corresponding to an amide- 
type carbon atom. The carbonyl shift observed for the amide group in 
the compounds 5a’–b’’ is the expected for α,β-unsaturated amides, 
where these amides exhibit an upfield shift of the signal due to the in
crease of the electronic density at the carbonyl carbon mediated by the 
delocalization of the olefinic π-electrons towards the carbonyl carbon 
[32]. This effect also decreases the electronic density at the olefinic 
carbon and generates a chemical shift to lower field of this signal, which 
is observed with the singlet signal of the quaternary cp-carbon bounded 
to the amide group between δ 76 – 75 ppm. These results confirm the 
coupling between the organometallic acids and the amino group of the 
protected amino acids.

The chemical shifts of the phosphorus nuclei in the 31P{1H} NMR for 
-PPh2 and -PCy2 groups are ranged in the expected zone (δ − 17.8 ppm 
for 5a’ and δ − 17.6 ppm for 5a’’; δ − 8.8 ppm for 5b’ and δ − 8.2 ppm for 
5b’’). However, these signals show a slight displacement toward lower 
field when glutamic acid is replaced with proline.

3.2. Synthesis of the P-Selenides from 5a’–b’’ and crystal structure of 
5a’’Se and 5b’’Se

To confirm that the amino acid affects the electronic properties of the 
phosphine group, phosphine selenides were synthesized and studied by 
31P NMR [33,34]. The coupling constant 1JP-Se reflects the s character of 
the phosphorus lone pair based on the steric and electronic properties of 
the phosphine substituents. The selenides were obtained in quantitative 
yield upon the reaction of the corresponding ligand 5 with selenium 
black and isolated as air-stable orange solids (Scheme 2). The results in 
Table 1 summarize the coupling constant obtained for compounds 
5a’Se–b’’Se and help to confirm the hypothesis that the amino acid has a 
significant effect on the basicity of the electronic pair of the phosphine. 
The 1JP-Se values are in the range of previously reported phosphine 
selenides of the commonly used triphenylphosphine (SePPh3= 730 Hz) 
and bis-diphenylphosphineferrocene [Se(dppf)= 737 Hz], which in
dicates a basic character of the phosphine groups evaluated [33–35].

Previous reports highlight that the inclusion of different groups to 
the opposite cp ring of the ferrocene moiety such as phosphine groups 
[36,37], carbonyl-phosphine groups [38], sulfonate groups [7], and 
substitution of the hydrogen atoms of the cp rings for more 
electro-donating groups [39,40], have little to no effect on the basicity of 
the primary phosphine group. However, in the case of the ligands with 
the glutamate moiety, the inclusion of this amino acid gives more basic 
phosphine groups than the ferrocenylphospine groups without modifi
cation [35,37], with coupling constant values similar to those reported 
for the ferrocenyl-carboxamide ligands PPh2FcCONHMe (1JP-Se= 718 
Hz) and PCy2FcCONHMe (1JP-Se= 686 Hz) [41]. Comparing the 31P{1H} 
chemical shifts of the free ligands bearing the glutamate moiety and the 
PR2FcCONHMe ligands (δ − 16.7 ppm for PPh2 and δ − 7.6 ppm for PCy2) 
[41,42], this indicates that the contribution of the glutamate over the 
phosphine group comes from its electronic properties, since the gluta
mate induce a higher inductive effect over the phosphorus atom than the 
small methyl-amide fragment. This effect is also corroborated when 
comparing the 31P{1H} shift of the free ligands bearing the glutamate 
moiety and the effect generated by the electro-withdrawing group CN in 
the phosphino-cyanoferrocene ligands and their corresponding sele
nides [43,44].

Moreover, the structure of compounds 5a’’Se and 5b’’Se could be 
determined by single-crystal X-ray diffraction. The most representative 
bond distances and angles are collected in Table 2, while ORTEP-type 
views of the molecules are shown in Fig. 2.

Compounds 5a’’Se and 5b’’Se crystallize in the monoclinic crystal 
system (P21 space group), with one single molecule present in the 
asymmetric unit. For both molecules, the ferrocene fragment adopts its 
usual geometry, with Fe – C bond distances between 2.008(18) – 2.042 
(19) Å for compound 5a’’Se and 1.914(11) – 1.997(16) Å for compound 
5b’Se, in addition to similar distances between the metal and each cp 
ring (Fe – Cg1 and Fe – Cg2). These values are according to the range 
reported in the literature for diphosphinoferrocene selenides containing 
amino acid fragments [41]. Moreover, the angle between the cp rings for 
both compounds is below 4◦, which indicates that the compounds do not 
suffer distortion in the ferrocenyl fragment upon the addition of the 
corresponding phosphine and amino acid group. The dihedral angle τ 
showed that, for both compounds, the cp rings adopt an eclipsed anti
clinal conformation (− 153.42◦ for 5a’’Se; − 141.99◦ for 5b’’Se).

In the amino acid group, the bond distance between the C6 – C23 
carbons, as well as between the C = O and N – C heteroatoms, indicate 
the correct formation of the amide group and its bond to the ferrocenyl 
fragment; the double bond character of the C = O group is observed, 

Table 1 
Data of chemical shifts and coupling constants for the phosphine selenides.

Phosphine selenide δ (31P=Se) [ppm] 1JP-Se (Hz)

5a’Se 31.8 721.9
5a’’Se 31.3 735.0
5b’Se 50.0 687.4
5b’’Se 49.5 700.5

Table 2 
Selected geometric parameters for compounds 5a’’Se and 5b’’Se.

Parameters 5a’’se 5b’’se

Distance C – C cp (Å) 2.008(18) – 2.042(19) 1.914(11) – 1.997(16)
Distance Fe – Cg1 (Å) 1.632 1.573
Distance Fe – Cg2 (Å) 1.646 1.574
Cp1 – Cp2 (◦) 1.26 3.59
τ (◦) − 153.42 − 141.99
C6 – C23 1.50(2) 1.412(18)
C = O (Å) 1.231(19) 1.165(15)
N – C23 (Å) 1.34(2) 1.320(16)
O = C – N (◦) 119(2) 118(1)
C24 – N – C27 (◦) 109(1) 116(1)
C23 – N – C27 (◦) 119(1) 116(1)
φ1 (◦) 176(3) 179(2)
φ2 (◦) 174(2) − 180(2)
P – Se (Å) 2.100(5) 2.005(4)
P – C11/C17 (Å) 1.798(17) / 1.820(19) 1.733(11) / 1.726(10)
PR3 (◦) 317.5 320.5

Cp1= cp bonded to diphosphine group. Cp2= cp bonded to amide group. Cg1 and 
Cg2 are the respective centroids. τ= dihedral angle C1 – Cg1 – Cg2 – C6. φ1=

dihedral angle between cp2 and amide group; φ2= dihedral angle between ni
trogen and neighboring carbons. PR3= Sum of the bond angles between the 
atoms bonded to the phosphrus atom.
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with a shorter bond distance respect to N – C bond. These values are 
similar to those reported for ferrocenylcarboxamide-type compounds 
[45].

On the other hand, the bond angles of the amide group and the bond 
angles of the nitrogen respect to the neighboring carbons, together with 
the dihedral angles φ1 and φ2, indicate that the amide group adopts a 
trigonal geometry and a planar conformation with respect to the cp ring 
of the ferrocenyl fragment. In addition, the stereochemistry of the chiral 
carbon C27 is corroborated [(S) configuration], which is conserved un
changed from the amino acid precursor proline.

The integrity of the phosphine group for both compounds is 
corroborated by observing the values of the bond distances between P – 
C1 and P – C11/C17, as well as the sum of the bond angles between the 
atoms bonded to the phosphorus atom (317.5◦ for 5a’’Se, 320.5◦ for 
5b’’Se), are within the values reported in the literature for these phos
phine groups [3,41,45–47]. The conformation of the R groups bonded to 
the phosphorus atom is also corroborated: planar conformation is 
observed for the phenyl groups of compound 5a’’Se and chair confor
mation for the cyclohexyl groups of compound 5b’’Se. The bond dis
tances observed for the P – Se bonds are also within the value reported 
for both phosphine groups [48,49].

3.3. Synthesis of neutral and cationic ruthenium complexes from ligands 
5a’–b’’

Additionally, the coordinative properties of these new ligands were 
evaluated towards the coordination to a Ru(II) center. For these assays, 2 

equivalents of ligands 5a’–b’’ react with 1 equivalent of the complex 
[Ru(p-cymene)Cl2]2 in dichloromethane (Scheme 3), giving deep red- 
colored four bimetallic complexes with excellent yields (81 – 97 %). 
Complex 6a’ was previously reported by Štěpnička and coworkers [20].

The 1HNMR and 13C{1H} NMR spectra of these complexes show 
signals similar to the corresponding free ligands, in addition to those 
associated with the p-cymene ligand coordinated to the ruthenium 
center. Moreover, the coordination of the phosphorus atom was 
confirmed by the chemical shift displaced to lower field of the phos
phorus signal in the 31P{1H} NMR spectra with respect to the free ligand. 
The complexes present signals between 16.5 – 19.0 ppm, according to 
literature reports [18,20,21,41,46]. The ESI+ mass spectra showed 
pseudomolecular ion [M – Cl]+.

Removal of the chloride ligands from 6a’–b’’ with 1 equivalent of the 
silver salt AgSbF in the presence of acetonitrile, complexes reacted to 
form three new air-stable cationic bimetallic complexes of ruthenium 
(Scheme 3). The complexes were isolated as orange crystalline solids 
with excellent yields (82 – 90 %). However, complex 7b’ could not be 
obtained in pure form and hence was not possible to be isolated. The 1H 
NMR and 13C{1H} NMR spectra of the complexes 7a’, 7a’’ and 7b’’ 
show duplicated signals, corresponding to the formation of 2 di
astereomers for each complex: the ruthenium center becomes a stereo
center with the presence of 4 different ligands in the coordination sphere 
(Cl, NCMe, p-cym, PR2) in addition of the chiral carbon present in the 
amino acid moiety of the phosphine ligand, resulting in a mixture of 
diastereomers (Fig. 3) [50–52].

These NMR signals are similar to the corresponding neutral complex, 
with a slightly displaced chemical shift to lower field due to the positive 
charged complex, in addition to those associated with the acetonitrile 
ligand coordinated to the ruthenium center. Additionally, a higher 
chemical shift displaced to lower field of the phosphorus signal in the 31P 
{1H} NMR spectra with respect to the neutral complex was observed, 
according to literature reports [19]. For complexes 7a’’ and 7b’’, the 31P 
{1H} NMR showed some minor signals related to the coordination 
modes of the ligand in solution (discussed further below). The 31P{1H} 
NMR also showed a duplicated pattern of signals (Fig. 4).

The integration of the 31P{1H} NMR signals of the complexes showed 
an equal ratio for both enantiomers in the complex 7a’ (1:1 ratio) and a 
slightly predominance of one of the enantiomers in the complexes with 
the proline moiety 7a’’ and 7b’’ (53:47 ratio). The ESI+ mass spectra 
showed pseudomolecular ion [M – NCMe – SbF6]+.

3.4. Evaluation of the coordinative capacities of ligands 5a’–b’’

To evaluate the bidentate coordinative capacity of ligands 5a’–b’’ 
once coordinated to the ruthenium center, some tests were carried out 
by removal of the chloride ligand in the neutral complex 6a’ with the 
salt AgSbF6 in dichloromethane. In the absence of a coordinative ligand, 
some signals of interest were observed in the experiment. The 31P-NMR 

Fig. 1. Ferrocenylphosphine-amino acid ligands synthetized in this work.

Fig. 2. ORTEP diagram of the crystal structure obtained for the compounds (a) 5a’’Se and (b) 5b’’Se. Gaussian ellipsoids for all non-hydrogen atoms are plotted at a 
20 % probability level. Hydrogen atoms are omitted from the figure for clarity.
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spectra of the reaction mixture (Fig. 5) showed, in addition to the signal 
of the phosphorus atom of the neutral complex 6a’, signals corre
sponding to the formation of two different compounds in the reaction 
mixture, related to the coordination modes of the glutamic acid frag
ment to the metallic center (Scheme 4).

The doublet signal observed at δ 19.1 ppm is assigned to the for
mation of the cationic complex through the κ2-P,O bidentate coordina
tion of the ligand-mediated to the oxygen atom of the amide group. This 
coordination mode was observed by Bacchi and coworkers [53]. The 
doublet signals observed at δ 9.8 and δ 3.9 ppm (Jp= 51.4 Hz and 51.6 
Hz, respectively) are assigned to the formation of the cationic complex 
through the κ2-P,N bidentate coordination of the ligand trough to the 
lone pair of electrons of the nitrogen atom of the amide group, where the 
presence of 3 different substituents bonded to the nitrogen atom 
generate 2 different spatial arrangement, adopted by the substituents at 
the time of the coordination to the metal center, resulting in 2 separate 

signals in the spectra. These assignments are corroborated with the 
displacement to lower field of the signals observed in the 1HNMR spectra 
(Supporting Information, Figure S60) corresponding to the methoxy 
groups from the amino acid moiety (δ 3.95 – 3.65 ppm) and the char
acteristic doublet from the proton of the amide group (δ 8.51 ppm). 
These signal patterns have been observed in the coordination of biden
tate phosphine-nitrogen chiral compounds to ruthenium complexes by 
Hounjet and coworkers [18,54]. On the other hand, the singlet signals at 
δ 25.3 ppm and δ 17.6 ppm correspond to the unsaturated cationic 
ruthenium complex and the neutral starting material 6a’, respectively 
[55]. However, none of these species could be isolated from the reaction 
crude due to the electronic and structural properties of the amide group 
and its coordination capability to the ruthenium center, where a stron
ger sigma interaction is needed between the carbonyl moiety and the 
metal center to generate stable bidentate coordination [56], or depro
tonation of the nitrogen atom to form a formal sigma bond to the metal 

Fig. 3. Stereoisomers formed in the synthesis of the cationic complexes 7a’–b’’. R= Ph (a), Cy (b); R’= NH – CH2CH2COOMe (Glu) (’), N – CH2CH2CH2 (Pro) (’’).

Fig. 4. 31P{1H} NMR Chemical shift displacements observed for cationic complexes 7a’, 7a’’ and 7b’’.
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center.
Using two equivalents of the salt AgSbF6 and neutral complex 6a’’ 

under the same reaction conditions, some signals of interest were 
observed in the experiment. The 31P-NMR spectra of the reaction crude 

(Fig. 6) showed the formation of three different complexes in the reac
tion mixture (Scheme 4): The doublet signal observed at δ 28.1 ppm, 
which corresponds to the formation of cationic complex 7a’’; a singlet 
observed at δ 33.6 ppm, assigned to the formation of the dicationic 

Fig. 5. 31P-NMR spectra of the reaction mixture obtained upon reacting neutral complex 6a’ with a stoichiometric amount of AgSbF6 in dichloromethane.

Fig. 6. 31P-NMR spectra of the reaction mixture obtained upon reacting neutral complex 6a’’ with 2 equivalents of AgSbF6 in dichloromethane/acetonitrile.
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complex with 2 acetonitrile ligands coordinated to the ruthenium center 
[19]; and a doublet signal at δ 23.2 ppm, assigned to the coordination 
κ2-P,O of the ferrocenylphosphine-amino acid ligand through the oxy
gen atom of the amide group [53], with this specie being more prevalent 
than the rest of the complexes observed.

3.5. Electrochemical properties of ligands 5a’–b’’ and bimetallic 
complexes 6a’–b’’ and 7a’, 7a’’, 7b’’

In order to determine a plausible electronic cooperative effect in the 
bimetallic compounds, electrochemical properties of free ligands 
5a’–b’’ and bimetallic complexes 6a’–b’’ and 7a’, 7a’’, 7b’’ were 
studied by cyclic voltammetry at a platinum disk electrode. Measure
ments were performed on anhydrous CH2Cl2 solutions containing 0.1 M 
TBAPF6 as the supporting electrolyte and 1 mM of each of the com
pounds studied. All the measurements were counterbalanced with an 
internal ferrocene reference, but as there was no shift in this coupling, 
no correction of the exposed oxidation and reduction potential was 
necessary. Representative cyclic voltammograms are shown in Fig. 7, 
and the relevant data is summarized in Table 3.

The cyclic voltammograms (CV) of ligands 5a’–b’’ showed a first 
oxidation and reduction peak between 0.91 – 0.60 V and 0.71 – 0.56 V, 
respectively, with a peak difference <200 mV measured at 100 mVs-1, 
which is attributed to a one-electron redox changed centered on the 
ferrocene fragment of the ligands [Fe(II/III) couple] [57,58]. The differ
ence between the oxidation and reduction peaks is greater than the 
reversibility criterion, and the ratio between the current peak intensities 
is not close to unity, thus the observed redox couple is considered 
quasi-reversible. It is also observed that the difference in oxidation and 
reduction peaks between ligands is associated with the electronic 
properties of the phosphine, where more electro-donating phosphine 
groups switch the observed peaks to less positive potentials [59].

For ligands 5a’ and 5b’, when the switching potentials are increased, 
a second oxidation and reduction peak is observed at 200 mV more 
positive potentials than the first anodic peak observed (Supporting In
formation, Table S2). This second wave is attributed to the one-electron 
redox change centered on the ferrocene moiety [a second Fe(II/III) 

couple], but of the corresponding phosphine oxide formed from the 
oxidation of the phosphorus atom (PIII → PV) in the first anodic reaction. 
This species is generated in situ from an intramolecular electron transfer 
of the corresponding phosphine to the iron atom (PIII → FeIII) in the first 
anodic reaction (EC mechanism) [22,60–62]. Besides is not directly 
related to the phosphine group, this second wave is characteristic for 
each evaluated ligand. Switching to a more positive potential, no redox 
process was observed related to the amino acid fragment coupled to the 

ligands.
On the other hand, for ligands 5a’’ and 5b’’, the oxidation and 

reduction peaks of the second wave are observed at 120 mV more pos
itive potentials than the Fe(II/III) couple and are partly overlapped with 
this couple. For ligand 5a’’, switching to more positive potentials, an 
irreversible oxidation peak is observed at 1.1 V, attributed to the one- 
electron oxidation of the carboxamide group [63]. However, for com
pound 5b’’, both second wave and carboxamide couples overlap with 
the first Fe(II/III) couple, which generates a poorly resolved single wave 
graphic, indicating an electronic coupling between the oxidizing centers 
of the ligand (Fe and P atoms) [63], and subsequent decomposition of 
the ligand by the oxidation of the carboxamide group. The electro
chemical responses observed for the 5a’–b’’ ligands are consistent with 
those reported for ferrocenylphosphino-carboxamide-type ligands [18,
20].

Cyclic Voltammograms for complexes 6a’, 6a’’, and 6b’’ showed the 
presence of two characteristic redox couples. The first redox couple, 
observed at lower oxidation potentials, is attributed to the Fe(II/III) 

couple related to the ferrocenylphosphine-amino acid ligands coordi
nated to the metal center, meanwhile, the second redox couple, at higher 
potentials, is attributed to the Ru(II/III) couple. The second wave 
observed in the free ligands corresponding to the Fe(II/III) couple of the 
phosphine oxide is not observed in the CV due to the unavailability of 
the lone electron pair of the phosphorus atom, which is used upon co
ordination to the ruthenium center.

The electron density loss on the phosphine group has a generalized 
influence on the ferrocene fragment, observed in the increase towards 
more positive oxidation potentials of the Fe(II/III) couple respect to the 
uncoordinated ligand, as well as the absence of the oxidation peak of the 
carboxamide group. However, for compound 6b’ it was not observed the 
Fe(II/III) couple of the ligand 5b’ due to an overlapping of the redox 
couples of both metal centers of the complex. This overlap is related to 
the σ-donor capability of ligand 5b’, where an incremental of the elec
tron density in the ruthenium center upon ligand coordination, 
compared to the other less-basic ligands, generates a decrease in the 
oxidation potential of the ruthenium [57,64,65], resulting in an elec
tronic coupling between both metal centers. The ΔEp of the Fe(II/III) and 
Ru(II/III) couples for 6b’ and 6b’’ are at least four times higher than those 
observed for 6a’ and 6a’’, which indicates an irreversible oxidation of 
the couples and probably decomposition of the compound in the pro
cess. For complex 6a’ and 6a’’, they exhibit ΔEp and current intensities 
values that classify them as quasi-reversible couples.

Substitution of the anionic chloride ligand by the neutral acetonitrile 
ligand produces positively charged complexes, which results in more 
difficult species to oxidize. This is observed in the positive shift of the 
corresponding Fe(II/III) couple of each cationic complex 7a’, 7a’’, 7b’’ as Fig. 7. Cyclic voltammograms of compounds 5–6–7a’. Interphase: Pt + 1 mM 

of each compound and 0.1 M of TBAPF6 in CH2Cl2, v = 100 mV.s-1, 1 cycle.

Table 3 
Summary of electrochemical data for free ligands 5a’–b’’ and bimetallic com
plexes 6a’–b’’ and 7a’, 7a’’, 7b’’a.

Comp. E / V Fe (II/III) E / V Ru (II/III)

E◦ ’ Pox Pred ΔEp E◦ ’ Pox Pred ΔEp

5a’ 0.81 0.91 0.71 0.20 - - - -
5b’ 0.65 0.70 0.59 0.11 - - - -
5a’’ 0.69 0.73 0.64 0.09 - - - -
5b’’ 0.60 0.63 0.56 0.07 - - - -
6a’ 0.71 0.76 0.66 0.10 1.29 1.41 1.17 0.24
6b’b 0.99 1.37 0.62 0.75 n.o. n.o. n.o. n.o.
6a’’ 0.66 0.77 0.54 0.23 1.28 1.37 1.19 0.18
6b’’ 0.57 0.88 0.26 0.62 1.07 1.40 0.75 0.65
7a’ 0.83 0.94 0.71 0.23 n.o. n.o. n.o. n.o.
7a’’ 0.80 0.88 0.71 0.17 n.o. n.o. n.o. n.o.
7b’’ 0.97 1.13 0.80 0.33 n.o. n.o. n.o. n.o.

a See text for discussion. E◦’= ½(Pox + Pred). Pox = oxidation peak, Pred =

reduction peak; ΔEp = peak difference. n.o.= not observed. bPoorly resolved 
wave.
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compared with the corresponding neutral complex 6a’, 6a’’, 6b’’. 
Electrochemical responses for cationic complexes showed only one 
quasi-reversible couple, attributable to the Fe(II/III) couple. The Ru(II/III) 

couple is shifted to an even more positive potential, disappearing in the 
working windows optimized for this process, indicating a non-electronic 
coupling between metals in the cationic complexes. The electrochemical 
responses observed for the bimetallic ruthenium complexes are consis
tent with those reported in the literature [19,20].

4. Conclusions

In summary, we presented the synthesis of new ferrocenylphosphine- 
amino acid ligands through a facile and economic synthetic route, 
coupling diphosphineferrocenecarboxylic acids with amino acids 
methyl protected fragments and TBTU within excellent yields. The 
electronic effect of the amino acid moiety over the phosphine groups 
was demonstrated for the first time through the synthesis of the phos
phine selenides of the ligands 5a’–b’’, characterizing complexes 5a’’Se 

and 5b’’Se by single-crystal X-ray diffraction techniques. The coordi
nation capabilities of the synthesized ligands were also evaluated, 
resulting in four neutral ruthenium complexes and three cationic 
ruthenium complexes. All the synthesized compounds were character
ized electrochemically and by NMR spectroscopy. Further studies aim
ing at exploring the catalytic capabilities of the synthesized complexes in 
the asymmetric transfer hydrogenation, as well the coordination of these 
ferrocenylphosphine-amino acid ligands in other metal centers are in 
progress in our laboratories and will be a subject of future contribution.
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ruthenium complexes containing a glycine-derived phosphinoferrocene 
carboxamide: synthesis, molecular structure, electrochemistry, and catalytic 

A. Terán et al.                                                                                                                                                                                                                                   Journal of Organometallic Chemistry 1040 (2025) 123829 

13 

https://doi.org/10.1016/j.jorganchem.2025.123829
https://doi.org/10.1021/om200628r
https://doi.org/10.1021/acs.inorgchem.5b02457
https://doi.org/10.1016/j.jorganchem.2018.02.044
https://doi.org/10.1016/j.jorganchem.2018.02.044
https://doi.org/10.1021/acs.orglett.8b03938
https://doi.org/10.1021/acs.orglett.8b03938
https://doi.org/10.1016/j.jorganchem.2017.11.019
https://doi.org/10.3390/catal9110955
https://doi.org/10.1021/acs.organomet.8b00178
https://doi.org/10.1002/ejic.201600461
https://doi.org/10.1002/ejic.201600461
https://doi.org/10.1021/acs.organomet.1c00244
https://doi.org/10.1021/acs.organomet.1c00244
https://doi.org/10.1021/acs.orglett.6b01290
https://doi.org/10.1021/acs.orglett.6b01290
https://doi.org/10.1021/acs.joc.8b01276
https://doi.org/10.1021/acs.orglett.9b01415
https://doi.org/10.1021/acs.orglett.9b01415
https://doi.org/10.1021/acs.orglett.6b03862
https://doi.org/10.1021/acs.orglett.0c02565
https://doi.org/10.1021/acs.orglett.0c03517
https://doi.org/10.1021/acs.orglett.0c03517
https://doi.org/10.1021/om900209j
https://doi.org/10.1021/om900209j
https://doi.org/10.1002/ejoc.201000480
https://doi.org/10.1002/ejoc.201000480
https://doi.org/10.1039/c1dt11230a
https://doi.org/10.1039/c1dt11230a


oxidation activity in aqueous media, Organometallics 31 (2012) 3985–3994, 
https://doi.org/10.1021/om3002087.
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