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Depending on the reaction conditions, phenylalanine derived ruthenium(II) half-sandwich complexes 

show a rich reactivity and coordination chemistry, which can be utilised for selective derivatisations. 
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The reaction of (S)-2,5-dihydrophenylalanine 1 with ruthenium(III) chloride yields the µ-chloro-bridged dimeric η6-
phenylalanine ethyl ester complex 3, which can be converted into the monomeric analogue, η6:κ1-phenylalanine ethyl ester 
complex 12 under basic conditions. Studies were carried out to determine stability and reactivity of complexes bearing η6- and 10 

η6:κ1-chelating phenylalanine ligands under various conditions. Reaction of 3 with ethylenediamine derivatives N-p-
tosylethylenediamine or 1,4-di-N-p-tosylethylenediamine results in the formation of monomeric η6:κ1-phenylalanine ethyl ester 
complexes 14 and 15, which could be saponified yielding complexes 16 and 17 without changing the inner coordination sphere 
of the metal centre. The structure of η6:κ1-phenylalanine complex 17 and a N-κ1-phenylalanine complex 13 resulting from the 
reaction of 3 with an excess of pyridine were confirmed by X-Ray crystallography.  15 

Introduction 

The well established stability of d6 - sandwich complexes 
towards oxygen, water or even under physiological 
conditions1 has triggered widespread interest for the 
application of such systems as biological probes2,3 as well as 20 

pharmacologically active compounds (A, B).4,5,6 In particular, 
the labelling of aromatic side chains of unprotected amino 
acids and peptides by introduction of CpM and Cp*M-
moieties (M = d6-metal cation) has been an active field with 
pivotal contributions by the groups of Moriart7, Pearson,8 25 

Sheldrick9 and others.10 Conversion to half-sandwich 
complexes adds a further dimension to the chemistry of these 
systems due to the introduction of potentially labile 
coordination sites. Ward and co-workers recently tailored the 
labile coordination sphere of rhodium half-sandwich 30 

conjugates to generate an artificial enzyme.11 In particular 
ruthenium(II) η6-arene half sandwich complexes found a large 
variety of applications.12 The in vivo and in vitro cytotoxic 
activities of this class of compounds has recently triggered 
intense research activity targeting the design of selective 35 

organometallic anticancer agents (C).13,14 Further well-
documented applications include building blocks for 
supramolecular structures,15 catalysts for transfer 
hydrogenations (D, E),16,17,18 hydrogenations19 or C-C 
couplings20. Half sandwich ruthenium complexes were also 40 

successfully converted into catalytically active metal centres  

Fig. 1 Various η6-arene Ru(II) half sandwich complexes applied in 

the selective inhibition of enzymes (A), biological probes (B), tumour 

therapy (C) or catalysis (D, E). Complex (F) represents the only 

Ru(II) half-sandwich complex with η6-coordination of an amino acid 45 

side chain and unprotected amino group. 

of organometallic enzyme hybrids.21 Ruthenium η6-arene 
complexes with pendant carboxylic,22 amine3,9,23 (F) or 
alcohol24 functions have been synthesized. Side chains 
containing a coordinating moiety such as an alcohol,25 amide15 50 

or carbene26 group offer an easy entry to η6:κ1-arenes which 
provide a hemilabile tether at the metal centre. Multiple 
synthetic endeavours focused on the preparation of complexes 
with a chiral tether, targeting asymmetric induction in 
catalysis.17,23 However, examples of η6-ruthenium complexes 55 

with biogenic amino acids are scarce.9,23  
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Hence, we became interested in synthesis and exploration of 
complexes that feature biogenic amino acids. We present the 
synthesis of various novel η6-phenylalanine, η6:κ1-
phenylalanine and η6:κ1-phenylalanine ethyl ester complexes 
of ruthenium(II). The distinct coordination behaviour of side 5 

chain and external donors and complex stabilities are 
evaluated by 1H NMR, 13C NMR and 15N NMR spectroscopy. 
X-Ray crystallography supports the spectroscopic results.  

Results 

The particular orientation of carboxylic acid and amino 10 

moieties, which is characteristic for α-amino acids, is well 
suited to chelate cationic metal centres. Hence, a decrease in 
binding affinity of these functionalities is essential to prevent 
chelation and thus deactivation of metal centre binding sites. 
Beck et al. recently described an elegant procedure avoiding 15 

tedious protection/deprotection strategies by a simple in situ 
protonation (amino group) and esterification (carboxy group) 
in acidic solutions.24 Using this strategy, the dihydro derivates 
127 and 228, which were prepared from the artificial amino acid 
L-phenylglycine as well as the biogenic amino acid L-20 

phenylalanine, respectively, can be converted with 
ruthenium(III) chloride hydrate in refluxing ethanol to the 
corresponding η6-arene ruthenium(II) complexes 3 and 
previously described 424 in high yields (scheme 1).  

Scheme 1 Synthesis of η6-arene ruthenium complexes 3 and 424.  25 

tBuOH esters are unstable under the strongly acidic reaction 
conditions. Hence, changing the reaction medium from 
HCl/AcOEt to tBuOH prevents formation of the carboxylic 
acid ester. Also, the high proton concentration disfavours 
coordination of the carboxylic acid group. Nevertheless, 30 

reaction of 2,5-dihydro-phenylglycine 2 with RuCl3 
. n H2O in 

the presence of tBuOH does not lead to the expected pendant 
η6-half sandwich amino acid. Instead, we observe 
decarboxylation of phenylglycine at the α-CH position, 
resulting in the formation of the dimeric µ-chloro-bridged η6-35 

benzylammonium ruthenium(II) complex 5 (scheme 2), which 
has been synthesized via a different route earlier.29 The 
combination of an ammonium function and an electron 
withdrawing η6-coordinated Ru(II) centre at the aromatic side 
chain leads to an highly electron deficient α-carbon, which is 40 

known to favour decarboxylation under acidic conditions and 
elevated temperatures. Correspondingly, decarboxylation does 
not take place if 2,5-dihydro-phenylalanine 1 is used as the η6-
arene precursor (scheme 3). In this case, monomeric η6:κ1-
phenylalanine complex 6 was isolated in 54% yield as a bright 45 

yellow powder. Spectroscopic data indicate that despite the 
acidic reaction conditions the side chain amino function 
coordinates to the metal centre, while the carboxylic acid 
function is protonated. IR spectra of the ruthenium(II) 

Scheme 2 Synthesis of η6-arene ruthenium complex 5 from 2,5-50 

dihydro-L-phenylglycine in tBuOH. 

 complexes 3, 4 and 6 reveal strong bands between 1741 and 
1746 cm-1, which  correspond to the respective CO stretching 
frequencies.30 While IR sprectra of 6 in chloroform solution 
exhibit one carbonyl absorption at 1741 cm-1, preparations in 55 

KBr display two sharp bands in the carbonyl region at 1734 
cm-1 and 1726 cm-1. The same two bands are present in nujol, 
hence halide exchange during sample preparation can be ruled 
out as possible reason for the double band structure. In 
agreement with the IR measurements described above 13C 60 

MAS NMR spectra of 6 exhibited a double set of signals for 
�, � and carboxyl carbons. Hence, we assume that in the solid 
state packing effects and / or different hydrogen bonding 
patterns lead to different orientations and electron density for 
the carboxylic acid function. The 1H and 13C NMR spectra of 65 

the dimeric complexes 3, 4 and 5 only show a single set of 
signals. 1H NMR spectra of 6 recorded in CDCl3 show two 
multiplets (at 4.69 ppm and 4.06 ppm) for the prochiral NH2 
protons. This confirms coordination of the amine to the metal 
centre. In contrast, the ammonium resonances of 3, 4 and 5 70 

are observed as broad singlets between 8.92 and 8.77 ppm. 
Complex 6 is only slightly soluble in most organic solvents 
other that DMSO-d6, where it decomposes and the η6-
cordinated arene is lost. Decomposition is faster in the 
presence of 4% triethylamine in DMSO, whereas in the 75 

presence of 4% HCl in DMSO η6-arene coordination is 
retained and no decomposition was detected within 48 h, 
however, the metal centre’s inner coordination sphere is 
altered.  

Scheme 3 Synthesis of η6:κ1-arene ruthenium complex 6 from 2,5-80 

dihydro-L-phenylalanine in t-butanol. 

Addition of HCl leads to protonation of the amine tether and 
concomitant dissociation of amine and metal centre. This 
results in the formation of 6DMSO, the first example of a non-
derivatized η6-arene phenylalanine ligand coordinated to a 85 

half sandwich Ru(II) complex (scheme 4). 13C NMR spectra 
of 6DMSO exhibited a single set of signals for all carbons, the 
ammonium signal in 1H NMR spectra was observed as a broad 
singlet at 8.72 ppm. The specific optical rotation of 6DMSO was 
determined to be [α]D

22 +44.0 (c 0.58 in HCl / DMSO = 1 / 90 

25), indicating racemization of the phenylalanine ligand to be 
unlikely under reaction conditions.  
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Scheme 4 Reactivity of 6 under acidic (HCl) and basic (Et3N) 

conditions.  

To understand the role of the pendant amine group of complex 
6 in η6-arene dissociation, two model compounds were 
synthesized: the previously reported ammonium 5 

functionalized complex 931,32 and its acetamide analogue 10. 
Both complexes were obtained from their 2,4-dihydro 
cyclohexadiene derivatives as brown and ochre powders in 
high yields (9: 88 % 10: 92 %). In case of 9, the NH3

+ 
resonance was observed as a broad singlet at 8.15 ppm in 1H 10 

NMR spectra. The amide signal of 10 resonates 2.37 ppm 
downfield from the free ligand at 7.94 ppm. 

Scheme 5 Synthesis of η6-arene ruthenium complex 931,32 and 10 via re-
aromatization of cyclohexadiene derivatives 733 and 8.  

Both complexes 9 and 10 form deep red solutions in DMSO-15 

d6 and are stable in solution under aerobic conditions for days. 
Upon addition of triethylamine, the colour of complex 9 
instantly changes from red to yellow. This colour change is 
indicative for the formation of complex 11 (scheme 6), which 
was characterized recently.34 In 1H NMR spectra, the 20 

ammonium signal of complex 9 is replaced by a NH2 
resonance at 4.39 ppm. Resonances of the η6-coordinated 
arene ring are shifted upfield by up to 0.5 ppm, indicating a 
more electron deficient metal centre and a changed Ru(II) 
coordination sphere. When triethylamine is added to a 25 

solution of 10 in DMSO-d6, 1H NMR as well as 13C NMR 
signals of 10 do not change. Therefore, only the primary 
amine tether is able to coordinate to the metal centre in the 
presence of triethylamine / DMSO (scheme 6). Complex 11 is 
highly unstable and approximately 20 % of complex 11 30 

decomposed after 40 min in solution (figure 2). In 1H NMR, 
decomposition intermediate I can be observed after just 
minutes. While compound I is not fully characterized, 
observed NMR shifts suggest that the phenyl ring remains 
metal-coordinated. Arene signals are shifted upfield (6.4 ppm 35 

– 5.5 ppm) in comparison to non-coordinated arenes. Beside 
these signals, we observe free 2-phenylethylamine II, and 
after 24 h, the decomposition was found to be complete 
(figure 2). This finding is in accordance with observations 
made for η6:κ1-coordinated complex 6, which is unstable in 40 

DMSO-d6 and highly unstable in DMSO-d6 containing Et3N. 
Protonated amine functions result in the prevention of 
decomposition (following HCl addition to complex 6 or 9 as 
isolated from synthesis). The combined observations from 

complexes 6, 9 and 10 suggest that the η6:κ1-coordination 45 

mode of the amine tether is responsible for the observed 
instability. 

Scheme 6 Reactivity under basic conditions depends on the side 

chain functionality of complexes 9 and 10.  

 50 

Fig. 2 Decomposition of complex 9 (1H NMR, 400 MHz, Et3N / DMSO-
d6 = (1 / 25)). Within minutes, the amine tether coordinates to the metal 
centre, forming complex 11 and thus initiating the decomposition. I: 
unisolated intermediate. II: free 2-phenyletylamine.   

Correspondingly, complex 3, which has a protonated (= non-55 

coordinating) ammonium moiety, can be converted cleanly 
into the respective monomeric complex through addition of 
nucleophiles. Reaction with triphenylphosphine in a mixture 
of methanol and dichloromethane yielded adduct 3PPh3, which 
was highly soluble in polar media, in near-quantitative yield 60 

(97 %, scheme 7). No coordination of the pendant amino 
group was detected. The NH3

+ resonance is observed as a 
broad singlet at 8.77 ppm. The deep red solid is stable for 
days in protic or coordinating organic solvents such as 
methanol and DMSO without apparent decomposition. When 65 

triethylamine was added to a suspension of 3 in 
dichloromethane, the colour of the reaction mixture changed 
from red to bright yellow within 2 h, resulting from the 
formation of η6:κ1-coordinated complex 12. The ethyl ester 
group markedly increases solubility of complex 12 in non- 70 

coordinating organic solvents as compared to complex 6. 
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Scheme 7 Reactivity of dinuclear η6-arene complex 3 towards different 
nucleophiles.  

In the 1H NMR spectrum, two signals were observed for the 
diastereotopic NH2 protons (triplet at 4.57 ppm and multiplet 
at 3.82 ppm). Complex 12 shares the typical instability in 5 

protic (methanol) and coordinating (DMSO) solvents of the 
other η6:κ1-coordinated complexes. In presence of an excess 
of pyridine, complex 3 rapidly decomposes into several 
products, two of which were characterized. Complex 13 
(figure 3) was crystallized from the reaction mixture in 11 % 10 

yield, confirming the observations for η6: κ 1-coordinated 
complexes described above. The ligand no longer coordinates 
via a η6 – mode but is only bound through the amine side 
chain to the Ru(II) centre. The octahedral coordination 
geometry is completed by two axial chloride and three 15 

meridional pyridine ligands. Standard crystallographic data 
are compiled in table 1. The Ru-amine (Ru-N4) (2.1640(3) Å) 
bond is longer than the other Ru- Npyridine distances (2.053(3)-
2.102(3) Å) (figure 3), indicating a higher Ru-N bond energy 
for the pyridine ligands. Correspondingly a second species 20 

could be crystallized from the reaction mixture: the octahedral 
complex [(py)4RuCl2], which had been structurally 
characterized before.35  

 
Fig. 3 ORTEP representation of complex 13 (50 % thermal 25 

ellipsoids). Selected bond lengths (Å): Ru-N1 2.102(3), Ru-
N2 2.053(3), Ru-N3 2.090(3), Ru-N4 2.164(3). 

Table 1 Crystallographic data for complexes 13 and 17 

 13 17 

formula C26H30Cl2N4O2Ru C44H68N6O12Ru2S6 
formula wt 602.51 1267.54 

cryst system Orthorhombic Triclinic 
space group P212121 P1 

cryst size (mm) 0.17 х 0.1 х 0.08 0.15 х 0.11 х 0.09 
a (Å) 9.008(2)  10.390(1) 
b (Å) 9.554(2) 12.136(1) 
c (Å) 31.245(6) 12.916(1) 

α (deg) 90 103.591(8) 
β (deg) 90 111.663(9) 
γ (deg) 90 108.650(8) 
V (Å3) 2688.9(9) 1313.9(2) 

Z 4 1 
Dcalc (g cm-3) 1.488 1.602 

no. of indep rflns 4868 8457 
no. of params 318 626 
R1 (I > 2σ(I)) 0.0323 0.0410 
wR2 (all data) 0.0957 0.0910 
goodness of fit 1.184 1.003 

 
Diamine chelates of Ru(II) half-sandwich complexes have 30 

become particularly popular since Noyori and Ikariya 
described this type of complex as the prototype M/NH acid 
base synergy catalyst in 1995.36 We therefore reacted the 
dimeric complex 3 with ethylenediamine derivatives N-p-
tosylethylenediamine and 1,4-di-N-p-tosylethylenediamine, 35 

yielding chelate complexes 14 and 15 respectively (Scheme 
8). Triethylamine was added to neutralize the hydrochloric 
acid formed. The basic conditions again lead to the 
coordination of the α-amino group tether. Complexes 14 and 
15 possess markedly different solubility properties. Whereas 40 

complex 14 can be dissolved in dicloromethane and purified 
by washing with water, the monocationic37 complex 15 is 
highly soluble in aqueous solution. In order to remove 
triethylammonium chloride from 15, the complex was 
dissolved in cold dry tetrahydrofurane and the remaining salt 45 

was filtered off.  
Both complexes 14 and 15 are stable towards daylight and air. 
When dissolved in a mixture of acetonitrile, water and 
triethylamine, their ethyl ester functionality can be saponified 
without changing the inner coordination sphere of the metal 50 

centre, leading to bright yellow complexes 16 and 17 in good 
yields. While complex 15 dissolves in water as well as in 
dichloromethane, the zwitterion 17 is insoluble in 
dichloromethane and only slightly soluble in water. It 
crystallizes readily from DMSO at room temperature. Both 55 

complexes 14 and 16 display a single set of signals in NMR 
spectra, as the α-CH carbon is their only chiral centre. 
However, for complexes 15 and 17, which contain an 
unsymmetrically substituted diamine ligand, the ruthenium 
metal centre becomes a second stereocentre, resulting in 60 

formation of diastereomeric compounds. Hence, NMR spectra 
of 17 recorded in DMSO-d6 / CD3COOD (9 / 1) show the 
expected two diastereomers with R and S configuration of the 
Ru(II) centre. 13C-NMR resonances corresponding to (RRu/Sα-

CH)-α-CH and (SRu/Sα-CH)-α-CH carbons appear as 1:1:1 65 

triplets, each separated by 0.1 ppm (10 Hz), a feature only 
observed for complex 17. These triplets may result from slow 
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Scheme 8 Conversion of 3 with ethylenediamine ligands, yielding complexes 14 and 15. Saponification with triethylamine leads to complexes 16 

and 17.  

proton-deuterium exchange at the α-CH position. When 
recorded in DMSO-h6 / CH3COOH (9 / 1), only a singlet was 
observed for (SRu/Sα-CH)-α-CH and for (RRu/Sα-CH)-α-CH. All 5 

amine-bound hydrogen atoms show different 1H-NMR shifts, 
which were all assigned by 1H,1H-COSY experiments. For 
complexes 14-17, two magnetically inequivalent protons were 
observed that are coupling to the α-nitrogen.  
For complex 15, a 1H15N-HSQC NMR-spectrum could be 10 

obtained in CDCl3 (Fig. 4). It confirms the data collected in 
1H, 1H1H-COSY and 13C NMR spectra. 1H15N-HSQC NMR 
data show four inequivalent nitrogen atoms. Each of these 
nitrogen atoms is connected to two distinct proton resonances. 
These findings are in agreement with formation of two 15 

diastereomers. Each diastereomer is represented by two 
signals on the 15N axis indicating two protonated nitrogen 
atoms per stereoisomer. The tosylated nitrogen does not give a 
signal which confirms its anionic / deprotonated state. 
Overall, NMR data confirm configurational stability of the η6: 20 

κ1-configuration on the NMR time scale as well as formation 
of ((SRu/Sα-CH)- and the (RRu/Sα-CH)-diastereomers due to 
coordination of the �-nitrogen at the Ru centre.  
 
 25 

 
 
 
 
 30 

 
 
 
 
 35 

 
 
Fig. 4 1H15N-HSQC of complex 15 (500 MHz, 25°C, CDCl3, natural 
abundance). 

The basic nature of the coordinated nitrogen and the different 40 

ligands and available counter ions lead to the formation of a 
cationic ruthenium complex in case of 15 and an anionic 
complex in case of 16. In infrared spectra of complexes 14 
and 15, bands corresponding to ethyl ester functionalities can 

clearly be identified at 1738 and 1736 cm-1, respectively. The 45 

IR spectra of complexes 16 and 17 show bands corresponding 
to a free carboxylate moiety at 1610 and 1619 cm-1 instead. 

Fig. 5 ORTEP representation of complex 17 (50 % thermal 

ellipsoids). Selected bond lengths (Å) and angles (deg) (RRu/Sα-CH): 

Ru1-C1 2.094(11), Ru1-C2 2.173(10), Ru1-C3 2.175 (9), Ru1-C4 50 

2.167(11), Ru1-C5 2.167(11), Ru1-C6 2.191(11), Ru1-N1 2.153(8), 

Ru1-N2 2.103(9), Ru1-N3 2.079(9), C9-O1 1.205 (12), C9-O2 

1.226(13), Ru1-N1-C8 110.8(6) Ru1-N2-C10 111.3(6) (SRu/Sα-CH): 

Ru2-C19 2.126(12), Ru2-C20 2.151(12), Ru2-C21 2.172(11), Ru2-

C22 2.240(9), Ru2-C23 2.195 (11), Ru2-C24 2.158 (11), Ru2-N4 55 

2.148(9), Ru2-N5 2.137(8), Ru2-N6 2.130(8), C27-O5 1.325(16), 

C27-O6 1.211(11), Ru2-N4-C26 111.4(5) Ru2-N5-C28 111.7(6). 

 
The molecular structure of complex 17 was confirmed by 
single crystal diffraction analysis (figure 5). Standard 60 

crystallographic data are compiled in table 1. The λ-(SRu, Sα-

CH)- and δ-(RRu, Sα-CH) configurations of complex 17 co-
crystallized from DMSO with four solvent molecules per unit 
cell. The crystal structure was solved in space group P1 with 
both complexes in the unit cell showing the original S 65 

stereochemsitry at the α-position of the phenylalanine ligand 
(figure 5).38 Both the tosylated nitrogens (sum of bond angles 
for N3 358.6°; N6 357.3°) and the carboxylic groups (C-O 
bond length from 1.205(12) to 1.325(16)Å) are in the mono-
anionic state. Since no other anions are present in the unit 70 

cell, both primary amine functions (N1, N2) have two N-H 

{6.4, 15.3}

1H (ppm)

{5.7, 13.2} {4.3, 13.2}

{3.6, 15.3}

{5.4, -0.1}{7.2, -0.1}

{6.9, -1.0} {5.8, -1.0}

   15
N  

(ppm)

6 eq. Et3N

(EtOH) (AcN / H2O )

6 eq. Et3N

(EtOH) N
N

Ru
NH2

O

O

Ts

Ts

NH2
N

Ru
NH2

O

OTs

Cl

N
N

Ru
NH2

O

O

Ts

Ts

NH2
N

Ru
NH2

O

OTs

Et3NH

HN

HN

Ts

Ts

0.5 eq. 3

H2N

HN

Ts

0.5 eq. 3

(AcN / H2O )

14 (73%)

15 (62%)

16 (64%)

17 (60%)

Et3N

Et3N
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bonds. The Ru-N distances of the tethers (Ru1-N1, 2.153(8); 
Ru2-N4 2.148(8)Å) are slightly elongated in comparison with 
the other Ru-N bonds. This indicates some conformational 
strain generated by the relatively short tether when 
coordinated to the metal centre. An analysis of the crystal 5 

structure reveals, that this strain induces a tilt of C1 towards 
the metal centre. The respective planes form an angle of 
10.1(6)° (C2, C3, C4, C5 and C6 vs. C1, C2 and C6). The 
crystal structure further reveals some intermolecular 
interactions. The two diastereomeric complexes within one 10 

unit cell show a typical off-cantered parallel displaced π-
stacking interaction39 between the η6-coordinated phenyl 
rings. Diastereomeric complexes of neighbouring unit cells 
pair in an antiparallel orientation via hydrogen bonding 
interaction between the two Ru-coordinated NH2-moieties and 15 

the negatively charged carboxylate groups (see supplementary 
figure S2 and supplementary tables S3 - S5 for details). The 
observed hydrogen bonding interactions further confirm the 
protonation/deprotonation of the functionalities involved. 
 20 

Discussion 

Amino acids are attractive ligands for transition metal 
complexes since the combine sustainability, intrinsic chirality, 
low costs and a high degree of functionalization.4 
Ruthenium(II) η6-arene half sandwich complexes have found 25 

numerous applications including artificial enzymes,  reporters, 
and biomedical research.12 Therefore it is important to 
investigate their reactivity in the presence of biogenic 
functional groups. Our study provides clear guidelines for the 
synthesis, stability and application of such complexes. 30 

Synthesis from the respective 2,5-dihydro amino acid 
precursors is straightforward. η6-coordination of the metal 
centre to phenylglycine results in acidification and subsequent 
decarboxylation at the Cα, if the carboxylic moiety is not 
protected as an ester. For all other cases, the Cα configuration 35 

is maintained and no racemisation was detected under 
synthesis conditions. While it is obvious, that optimal 
enantioselectivities require enantiopure catalyst precursors it 
was shown recently, that also cytotoxicity of η6-arene half 
sandwich complexes strongly depends on the chirality of the 40 

ligand.40 Correspondingly, any synthetic strategy targeting the 
carboxylic moiety of a coordinated phenylglycine ligand 
should avoid acidic conditions. 
Our data reveal surprisingly fast decomposition for several η6-
arene ruthenium(II) complexes in the presence of an excess of 45 

nucleophiles. Notably, decomposition does also proceed in the 
dark. The combined observations from complexes 3, 6, and 9 - 
12 suggest that a η6:κ1-coordination mode of the amine tether 
is responsible for the observed instability. The strain resulting 
from coordination of the tether may induce ring slippage, 50 

which temporarily opens a coordination site. Donor 
coordination may lock the phenylethylamine ligand in a η4:κ1-
coordination, which would be in agreement with the signals 
observed for intermediate I along a suggested decomposition 
pathway 9 � 11 � I � II (2-phenylethylamine). Here, 55 

successive DMSO coordination leads to fast decoordination of 
the arene. The hypothesis that ring strain (which is induced 

through η6:κ1-ligand coordination and is evident from the X-
ray structure of complex 17) induces this instability is 
supported by the observation that addition of nucleophiles to 60 

dimeric complex 3 results in clean formation of the respective 
monomeric complexes, as long as the primary ammonium 
group remains protonated. Under basic conditions, however, 
the complex decomposes rapidly. Isolation of complex 13 and 
[(py)4RuCl2] from the conversion with 10 eq. of pyridine 65 

provides further insight into the decomposition pathway: the 
donor ligand first facilitates decoordination of the arene 
ligand (complex 13). Excess of donors to formation of the 
terminal product [(L)4RuCl2] (L= donor ligand, e.g. py, 
DMSO, …). 70 

A marked increase in stability is observed, if the chloride 
anions are replaced by chelating ethylenediamine-derived 
ligands (complexes 14 – 16). This stabilisation takes place 
despite coordination of the amine tether to the metal centre 
and is independent of the protonation state and charge of the 75 

diamine-ligand (mono- or di-anionic). Hence, electronic 
effects are not a likely cause for the stabilisation observed. 
We therefore assume that the increased stability is a result of 
steric shielding of the metal centre by the chelating ligands, 
which prevents donor coordination.  80 

In summary, intramolecular coordination of a nucleophilic 
tether promotes decomposition of ruthenium(II) η6-arene half 
sandwich complexes. Responsible are two factors: the ring 
strain induced and availability of additional donor ligands. 
Correspondingly, three elements can lead to increased 85 

stability: (i) appropriate tether length, (ii) masking of the 
donor (via protonation or temporary protecting groups) or (iii) 
steric shielding of the metal centre by chelating ligands. We 
therefore derive the following guidelines for applications of 
tethered half sandwich complexes: first, during derivatisations 90 

and bioconjugation of the tether nucleophile, excess of donors 
and donor solvents should be avoided, if basic conditions are 
required. Second, for most bioengineering and medical 
applications, neutral to basic conditions as well as an excess 
of donors ligands can not be excluded11. Hence tethers, which 95 

induce strain after coordination (e.g. by forming a five-
membered ring) should be avoided. Alternatively, chelating 
ligands may be introduced to protect the metal centre. Third, 
for catalytic applications, the tether may provide protons (as 
e.g. required by the outer sphere mechanism in 100 

hydrogenations and transfer hydrogenations)41 and induce 
enantioselectivity by formation of diastereomeric transition 
states. However, both functions require coordination of the 
tether to the metal centre and steric shielding would also 
diminish catalytic activity. A longer tether, which does not 105 

induce much strain or a tether with two metal binding donor 
moieties that prevent coordination of additional donors should 
be applied. This reasoning may explain the remarkable 
performance of the tethered ruthenium(II) half sandwich 
hydrogenation catalyst developed by Wills and others (figure 110 

1E)17, which combine these design elements.  

Conclusion 

Based on the appropriate synthetic conditions, the novel and 
known phenyl alanine and phenyl glycine derived η6-arene 
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and tethered η6:κ1-arene ruthenium(II) complexes are 
accessible. The coordination behaviour of the flexible amine 
tether strongly depends on reaction conditions. Protonation 
leads to a decoordination of the tether, which can be reversed 
under basic conditions. The strain induced by the tether, 5 

which is also confirmed by the solid state structure of 
compound 17, makes these complexes surprisingly unstable 
under basic conditions, particularly in the presence of 
coordinating nucleophiles. Excess of base can hence quickly 
lead to loss of the η6–coordinated ligand. Reaction with 10 

ethylenediamine derivatives gave η6:κ1-phenylalanine 
ruthenium(II) complexes, which are stable under mild 
saponification conditions. Hence, the ester protecting group, 
which is required to achieve good synthetic yields, can be 
converted into a free carboxylate. This opens the possibility 15 

for further derivatisation of the amino acid derived η6:κ1- 
ruthenium(II) complexes. The stabilities and instabilities 
documented here provide as a guideline to design tethered as 
well as donor-functionalized complexes for future 
applications, e.g. as pharmaceutically, catalytically active 20 

compounds or contrast agents.  
 

Experimental 

 

Materials and Methods 25 

Commercially available solvents and reagents were purified 
according to literature procedures. All reactions were carried 
out in degassed solvents under an argon atmosphere. RuCl3 . n 
H2O and triphenyl-phosphine were obtained from Sigma 
Aldrich and used without further purification. N-acetyl-1,4-30 

cyclohexadiene-1-ethylamine 842 was prepared similar to the 
route previously reported. 2,5-dihydro-L-phenylalanine 1,27 
[(η6-phenylglycineOEt)RuCl2]2 

. 2 HCl 4,23 1,4-
cyclohexadiene-1-ethylammonium chloride 7,33 1,4-di-p-
tosylethylenediamine,43 N-p-tosylethylenediamine,44 and [(η6-35 

C6H5(CH2)2NH3
+) RuCl2]2 . 2 HCl 931,32 were prepared as 

previously reported.  
 

Physical Measurements 

Elemental analyses were obtained from the Microanalytical 40 

Laboratory of Technische Universität München. 
Spectroscopic data were recorded on the following 
instruments: IR spectra: Jasco FT/IR-460 PLUS (KBR pallets 
/ nujol / CHCl3 in KBr cell); optical rotations: Perkin-Elmer 
Polarimeter 341; mass spectra: Thermo Electron LCQ classic. 45 

MAS NMR spectra: Bruker Avance 300 (13C NMR 75.43 
MHz), T = 300 K; NMR spectra: JEOL JNM-GX 400 (1H 
NMR 400.13 MHz, 13C NMR 100.53 MHz, 31P NMR 161.8 
MHz), T = 300 K, or BRUKER DRX 500 (1H NMR 500.13 
MHz, 13C NMR 125.76 MHz), T = 300 K. Signals were 50 

calibrated to the residual proton resonance and to the natural 
abundance 13C resonance of the solvent (DMSO-d6

:, δH = 2.50 
ppm and δC = 39.52 ppm; CDCl3, δH = 7.26 ppm and δC = 
77.16 ppm). For 31P spectra, H3PO4 was used as an external 
standard. Signal multiplicities are abbreviated as: s (singlet), d 55 

(doublet), t (triplet), m (multiplet), br (broad). For cases 
where diastereomers are formed, signal assignments for 
distinct spin systems are marked with a tilde (~). 

 

Procedures 60 

[(η6-PheOEt)RuCl2]2 
. 2 HCl (3). (R)-2,5-dihydrophenyl-

alanine 1 (1.02 g, 6.12 mmol) was stirred with 16 mL of a 
solution of HClconc. in ethyl acetate (approx. 2M) for 1 h. To 
this suspension, RuCl3 . n H2O (400 mg, 1.53 mmol) and 60 
mL of ethanol were added and the resulting mixture was 65 

heated to 80°C for 16 h. The resulting suspension was cooled 
to -78°C, the precipitate filtered off, washed with cold ethanol 
and dichloromethane (each 2 x 5 mL) and dried under reduced 
pressure. Pure product 3 (553 mg, 0.69 mmol, 90%) was 
obtained as an orange powder. – elemental analysis: calcd (%) 70 

for C22H32Cl6N2O4Ru2: C 32.9, H 4.0, N 3.5; found: C 32.9, H 
4.0, N 3.4; IR (KBr): νmax/cm-1 1724vs (CO), 1487s, 1250s, 
1073w, 856w; 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 
8.92 (s, 6H, NH3

+), 6.08-5.87 (m, 10H, CareneH), 4.39 (dd, 
3JH,H = 6.8 Hz, 3JH,H = 6.8 Hz, 2H, CαH), 4.23-4.14 (m, 4H, 75 

CH2CH3), 3.05-2.90 (m, 4H, CβH2), 1.17 (t, 3JH,H = 7.0 Hz, 
6H, CH2CH3); 

13C NMR (100.5 MHz, DMSO-d6): δ (ppm) = 
168.3 (COO), 97.9 / 88.5 / 88.1 / 87.6 / 87.4 / 85.6 (Carene), 
62.1 (CH2CH3), 51.8 (CαH), 33.8 (CβH2), 13.9 (CH2CH3). 
 80 

[(η6-PheOEt)RuCl2(PPh3)] (3
PPh3). To a suspension of [(η6-

PheOEt)RuCl2]2 . 2 HCl 3 (39 mg, 0.05 mmol) in a solution of  
methanol / dichloromethane (4 mL, MeOH / DCM = 1 / 1), 
triphenylphosphine (31 mg, 0.12 mmol) was added and the 
mixture stirred at r.t. for 1.5 h, the solvent evaporated under 85 

reduced pressure. Then the residue was redissolved in 
dichloromethane (1.5 mL) and diethylether (9 mL) was added. 
The precipitate was filtered off and washed with diethylether 
and hexane. Pure product 3PPh3 (62.8 mg, 0.09 mmol, 97%) 
was obtained as a red solid. – elemental analysis: calcd (%) 90 

for C29H31Cl3NO2PRu: C 52.5, H 4.7, N 2.1; found: C 52.3, H 
4.6, N 2.1; IR (KBr): νmax/cm-1 1744vs (CO); 1H NMR (400 
MHz, DMSO-d6): δ (ppm) = 8.77 (br s, 3 H, NH3

+), 7.62 (m, 6 
H, CPPh3H), 7.32 (m, 9 H, CPPh3H), 6.02 (m, 1 H, CorthoHa), 
5.80 (m, 1 H, CorthoHb), 5.28 (m, 1 H, CmetaHa), 5.18 (m, 1 H, 95 

CmetaHb), 4.60 (m, 1 H, CαH), 4.46 (m, 1 H, CorthoH), 4.10 (m, 
2 H, CH2CH3), 3.53 (m, 1 H, CβHaHb), 3.40 (m, 1 H, CβHaHb), 
1.03 (m, 3 H, CH2CH3); 13C NMR (100.5 MHz, DMSO-d6): δ 
(ppm) = 168.2 (COO), 134.2 (d, JPC = 9.2 Hz, CPPh3), 133.1 
(d, JPC = 56.9 Hz, CPPh3), 130.5 (s, CPPh3), 128.3 (d, JPC = 9.2 100 

Hz, CPPh3), 105.2 / 90.8 / 90.6 / 88.5 / 87.7 / 82.8 (Carene), 63.1 
(CH2CH3), 53.3 (CαH), 33.8 (CβH2), 14.1 (CH2CH3); 

31P NMR 
(161.8 MHz, CDCl3): δ (ppm) = 29.52 (s); MS (ESI): m/z (%) 
= 592.1 ([M-H-2Cl]+) (100), 627.9 ([M-Cl]+) (35). 
 105 

[(η6-benzylammonium)RuCl2]2Cl2 (5). (R)-2,5-dihydro-
phenylglycine 2 (1.17 g, 7.65 mmol) was added to 20 mL of a 
solution of HClconc. in tert-butyl alcohol (approx. 2M). 
Thereafter, RuCl3 . n H2O (400 mg, 1.53 mmol) in 70 mL of 
tert-butyl alcohol were added and the resulting mixture heated 110 

at 80°C for 16 h. The precipitate formed was filtered off, 
washed with cold ethanol and dichloromethane (each 2 x 5 
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mL) and the residue dried under reduced pressure. Pure 
product 5 (320 mg, 0.51 mmol, 66%) was obtained as an 
ochre powder. – elemental analysis: calcd (%) for 
C14H20Cl6N2Ru2: C 26.6, H 3.2, N 4.4; found: C 26.9, H 3.4, 
N 4.3; IR (KBr): νmax/cm-1 3052 vs, 2912 vs, 1594 s, 1489 s, 5 

1455 m, 1384 m, 1203 w, 1111 w, 1088 w, 876 s; 1H NMR 
(400 MHz, DMSO-d6): δ (ppm) = 8.80 (br s, 3 H, NH3

+), 6.23 
(d, 3JH,H = 6.0, 2 H, CorthoH), 6.13 (t, 3JH,H = 5.8, 2 H, CmetaH), 
5.98 (t, 3JH,H = 5.6 1 H, CparaH), 3.81 (s, 2 H, CH2); 13C NMR 
(100.5 MHz, DMSO-d6): δ (ppm) = 93.4 / 89.3 / 87.3 / 86.9 10 

(Carene), 40.6 (CH2).  
 
[(η6:κ1-PheOH)RuCl2] (6). (R)-2,5-dihydrophenylalanine 1 
(1.00 g, 6.25 mmol) was added to 20 mL of a solution of 
HClconc. in tert-butyl alcohol (approx. 2M). Thereafter, RuCl3 . 15 

n H2O (342 mg, 1.25 mmol) in 100 mL of tert-butyl alcohol 
was added and the resulting mixture heated to 80°C for 16 h. 
The formed precipitate was filtered off, washed with 2-
propanol (2 x 10 mL) and dried under reduced pressure. Pure 
product 6 (438 mg, 1.30 mmol, 52%) was obtained as a 20 

yellow powder. – elemental analysis: calcd (%) for 
C9H11Cl2NO2Ru: C 32.1, H 3.3, N 4.15, Cl 21.0; found: C 
32.1, H 3.7, N 4.1, Cl 20.9; IR (KBr): νmax/cm-1 1747vs and 
1739vs (CO); 1H NMR (400 MHz, CDCl3): δ (ppm) = 5.85 (t, 
1 H, 3JHH = 5.4 Hz, CmetaHa), 5.80 (t, 1 H, 3JHH = 5.6 Hz, 25 

CmetaHb), 5.63 (d, 1 H, 3JHH = 5.8 Hz, CorthoHa), 5.52 (t, 1 H, 
3JHH = 5.8 Hz, CparaH), 5.39 (d, 1 H, 3JHH = 5.8 Hz, CorthoHb), 
4.75-4.62 (m, 2 H, CαH / NHaHb), 4.06 (m, 1 H, NHaHb), 3.14 
(dd, 1 H, 2JHH = 13.3 Hz, 3JHH = 6.2 Hz, CβHaHb), 2.84 (dd, 1 
H, 2JHH = 12.9 Hz, 3JHH = 12.0 Hz, CβHaHb); 

13C NMR (12 30 

kHz, CPMAS, HPDEC, 4mm ZrO2 rotor): δ (ppm) = 171.4 / 
168.6 (CO), 104.1 / 97.2 / 95.3 / 93.4 / 77.0 / 74.4 / 70.9 / 
68.9 (Carene / CαH), 40.2 / 39.1 (CβH2).  
 
[(η6-PheOH)RuCl2(Me2SO)]2 (6

DMSO). [(η7-PheOH)RuCl2]2 6 35 

(20 mg, 0.06 mmol) was dissolved in a solution of 
concentrated hydrochloric acid and deuterated 
dimethylsulfoxide (520 µL, HCl/DMSO-d6 = 1/25) and stirred 
until the complex was completely dissolved, before product 
complex 6DMSO (quantiative) was analyzed in NMR. – [α]D

22 40 

+44.0 (c = 0.58 g/ml in HClconc / DMSO = 1 / 25); 1H NMR 
(400 MHz, DMSO-d6): δ (ppm) = 8.72 (br s, 3 H, NH3

+), 6.05-
5.96 (m, 3 H, CareneH), 5.88 (d, 1 H, 3JH,H = 5.8 Hz, CorthoH), 
5.84 (t, 1 H, 3JH,H = 5.6 Hz, CareneH), 4.28 (m, 1 H, CHCH2), 
2.95 (d, 1 H, 3JH,H = 6.6 Hz, CHCH2); 13C NMR (100.5 MHz, 45 

DMSO-d6): δ (ppm) = 169.8 (COO), 98.4 / 88.7 / 88.3 / 87.8 / 
87.7 / 85.8 (Carene), 52.1 (CH), 33.9 (CHCH2).  
 
N-acetyl-1,4-cyclohexadiene-1-ethylamine (8). 1,4-
cyclohexadiene-1-ethylammonium chloride 7 (0.56 g, 3.50 50 

mmol) was dissolved in a mixture of acetic anhydride and 
pyridine (4 mL, acetic anhydride / pyridine = 3 / 1) and stirred 
at 0°C for 2 h. Thereafter, the solvent was evaporated under 
reduced pressure, the residue redissolved in water (5 mL) and 
extracted with dichloromethane (3 x 5 mL). The organic phase 55 

was dried over MgSO4 and the solvent removed under reduced 
pressure. Pure product 8 (0.54 g, 3.36 mmol, 96%) was 
obtained as a yellowish solid. Spectroscopic data are in 

accordance with literature.39  
 60 

[(η6-2’-phenylethylammonium)RuCl2]2Cl2 (9). To a stirred 
solution of 1,4-cyclohexadiene-1-ethylammonium chloride 7 
(1.10 g, 6.90 mmol) in a solution of HClconc in ethyl acetate 
(20 mL, approx. 2 M), RuCl3 . n H2O (300 mg, 1.15 mmol) 
and ethanol (40 mL) were added and the resulting solution 65 

heated for 16 h at 80°C. The suspension was reduced to half 
the volume in vacuo, cooled to -10°C for 48 h, the precipitate 
filtered off and subsequently washed with cold pentane and 
ethanol (each 3 x 5 mL) and dried under reduced pressure. 
Pure product 9 (332 mg, 0.50 mmol, 88%) was obtained as a 70 

brown powder. – elemental analysis: calcd (%) for 
C16H24Cl6N2Ru2: C 29.5, H 3.6, N 4.3; found: C 29.15, H 3.7, 
N 4.25; IR (KBr): νmax/cm-1 1583 s, 1485 s, 1455 vs, 1423 s, 
1143 s, 1024 w, 996 w, 945 w, 854 s; 1H NMR (400 MHz, 
DMSO-d6): δ (ppm) = 8.15 (s, 3 H, NH3

+), 6.02 (t, 3JH,H = 5.8 75 

Hz, 2 H, CmetaH), 5.90 (d, 3JH,H = 5.6 Hz, 2 H, CorthoH), 5.86 
(t, 3JH,H = 5.6 Hz, 1 H, CparaH), 3.16 (m, 2 H, CH2CH2NH3

+), 
2.78 (t, 3JH,H = 7.6 Hz, 2 H, CH2CH2NH3

+); 13C NMR (100.5 
MHz, DMSO-d6): δ (ppm) = 101.1 / 87.6 / 87.2 / 84.9 (Carene), 
37.8 (CH2CH2NH3

+), 30.4 (CH2CH2NH3
+). 80 

 

[(η6-N-Acetyl-2’-phenylethylamine)RuCl2]2 (10). To a 
stirred solution of N-acetyl-1,4-cyclohexadiene-1-ethylamine 
8 (1.14 g, 6.90 mmol) in ethanol (50 mL), RuCl3 

. n H2O (300 
mg, 1.15 mmol) was added and the resulting solution heated 85 

to reflux for 16 h. The suspension was reduced to half the 
volume in vacuo, cooled to -10°C for 48 h, filtered and the 
precipitate washed with cold pentane and ethanol (each 3 x 5 
mL) and thereafter the residual solvent removed under 
reduced pressure. Pure product 10 (355 mg, 0.55 mmol, 92%) 90 

was obtained as an ochre powder. – elemental analysis: calcd 
(%) for C20H26Cl4N2O2Ru2: C 35.8, H 3.9, N 4.2; found: C 
35.4, H 3.9, N 4.1; IR (KBr): νmax/cm-1 1643 vs (CO), 1567br, 
1446s, 1376s, 1297vs, 1254w, 1194w, 1153w, 1103w; 1H 
NMR (400 MHz, DMSO-d6): δ (ppm) = 7.94 (m, 1 H, NH), 95 

5.98 (t, 3JH,H = 5.6 Hz, 2 H, CmetaH), 5.76 (m, 3 H, CorthoH, 
CparaH), 3.34 (m, 2 H, CH2CH2NH), 2.56 (t, 3JH,H = 6.8 Hz, 2 
H, CH2CH2NH), 1.78 (s, 3 H, CH3); 13C NMR (100.5 MHz, 
DMSO-d6): δ (ppm) = 169.4 (CONH), 104.3 / 88.3 / 86.0 / 
84.0 (Carene), 38.0 (CH2CH2NH), 32.8 (CH2CH2NH), 22.6 100 

(CH3).  
 
[(η6:κ1-C6H5(CH2)2NH2)RuCl2] (11). In a standard NMR 
tube, [(η6-C6H5(CH2)2NH2)RuCl2] 9 (20 mg, 0.03 mmol) was 
dissolved in a solution of triethylamine and deuterated 105 

dimethylsulfoxide (520 µL, Et3N/DMSO-d6 = 1/25) and 
immediately analyzed. 1H NMR (400 MHz, DMSO-d6): δ 
(ppm) = 5.74 (t, 2 H, 3JHH = 5.4 Hz, CmetaH), 5.47 (t, 1 H, 3JHH 
= 5.4 Hz, CparaH), 5.29 (d, 2 H, 3JHH = 5.4 Hz, CorthoH), 4.39 
(m, 2 H, NH2), 3.59 (t, 2 H, 3JHH = 5.2 Hz, CH2CH2NH2), 2.67 110 

(t, 2 H, 3JHH = 6.2 Hz, CH2CH2NH2). 
 
[(η6:κ1-PheOEt)RuCl2] (12). [(η

6-PheOEt)RuCl2]2 
. 2 HCl 3 

(100 mg, 0.12 mmol) was suspended in dichloromethane (3 
mL). After addition of triethylamine (174 µL, 1.24 mmol), the 115 

reaction mixture was stirred at room temperature for 2 h, 

Page 9 of 12 Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t

D
ow

nl
oa

de
d 

by
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
N

ew
 Y

or
k 

at
 B

uf
fa

lo
 o

n 
20

/0
4/

20
13

 1
6:

48
:3

7.
 

Pu
bl

is
he

d 
on

 1
0 

A
pr

il 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
3D

T
50

58
9H

View Article Online

http://dx.doi.org/10.1039/c3dt50589h


 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  9 

filtered, the solid washed with a small amount of cold 
dichloromethane and dried under reduced pressure to give a 
bright yellow powder 12 (30 mg, 0.08 mmol, 33%). – 
elemental analysis: calcd (%) for C11H15Cl2NO2Ru: C 36.2, H 
4.1, N 3.8; found: C 35.8, H 4.1, N 3.55; IR (KBr): νmax/cm-1 5 

1734vs and 1726vs (CO), 1575w, 1384w, 1288s, 1263s, 
1206s; νmax(nujol)/cm-1 1733vs and 1725vs (CO); 
νmax(CHCl3)/cm-1 1741vs (CO); 1H NMR (400 MHz, DMSO-
d6): δ (ppm) = 6.03 (t, 1 H, 3JH,H = 5.6 Hz, CmetaHa), 5.91 (t, 1 
H, 3JH,H = 5.4 Hz, CmetaHb), 5.50 (t, 1 H, 3JH,H = 5.6 Hz, 10 

CparaH), 5.37 (d, 1 H, 3JH,H = 5.4 Hz, CorthoHb), 5.26 (d, 1 H, 
3JH,H = 5.8 Hz, CorthoHa), 4.69 (m, 1 H, CαH), 4.57 (t, 1 H, 
3JHH = 10.4 Hz, NHaHb), 4.30 (q, 2 H, 3JH,H = 7.1 Hz, 
CH2CH3), 3.82 (m, 1 H, NHaHb), 3.28 (dd, 1 H, 2JH,H = 14.1 
Hz, 3JH,H = 6.2 Hz, CβHaHb), 2.96 (dd, 1 H, 2JH,H = 14.1 Hz, 15 

3JH,H = 11.2 Hz, CβHaHb), 1.34 (t, 3 H, 3JH,H = 7.0 Hz, 
CH2CH3); 13C NMR (100.5 MHz, CDCl3): δ (ppm) = 169.9 
(COO), 99.9 / 93.9 / 93.4 / 78.5 / 75.8 / 72.4 (Carene), 68.1 
(CH2CH3), 63.0 (CαH), 39.1 (CβH2), 14.3 (CH2CH3).  
 20 

[(η6:κ1-PheOEt)Ru(enTs2)] (14). Triethylamine (103 µL, 
0.74 mmol) was added to a suspension of [(η6-
PheOEt)RuCl2]2 . 2 HCl 3 (100 mg, 0.14 mmol) and N,N'-di-
p-tosylethylenediamine (101 mg, 0.24 mmol) in ethanol (15 
mL) and refluxed for 80 min. The solvent was evaporated 25 

under reduced pressure; the crude compound was dissolved in 
dichloromethane (30 mL) and extracted with distillated water 
and brine (each 3 x 30 mL). The organic phase was dried over 
MgSO4 and the solvent removed under reduced pressure to 
give the yellow product 14 (yield: 131 mg, 0.20 mmol, 73%). 30 

– elemental analysis: calcd (%) for C27H33N3O6RuS2: C 49.1, 
H 5.0, N 6.4; found: C 49.0, H 5.0, N 5.9; IR (KBr): νmax/cm-1 
1738vs (CO), 1261vs, 1133vs, 1091vs, 814vs, 662s; 1H NMR 
(400 MHz, CDCl3): δ (ppm) = 7.67 (d, 4 H, 3JH,H = 7.9 Hz, 
CTsH), 7.19 (m, 4 H, CTsH), 5.89 (t, 1 H, 3JH,H = 5.4 Hz, 35 

CmetaHa), 5.67 (t, 1 H, 3JH,H = 5.4 Hz, CmetaHb), 5.44 (d, 1 H, 
3JH,H = 7.0 Hz, CorthoHa), 5.42 (d, 1 H,  3JH,H = 6.2 Hz, 
CorthoHb), 4.80 (t, 1 H, 3JH,H = 5.6 Hz, CparaH), 4.75 (m, 1 H, 
CαH), 4.36 (m, 1 H, CHNHaHb), 4.20 (q, 2 H, 3JH,H = 7.2 Hz, 
CH2CH3), 3.60 (m, 1 H, CHNHaHb), 3.26 (dd, 1 H, 2JH,H = 40 

13.7 Hz, 3JH,H = 5.8 Hz, CβHaHb), 2.70-2.34 (m, 5H, NCH2 / 
CβHaHb), 2.33 (s, 6 H, CTsCH3), 1.27 (t, 3 H, 3JH,H = 6.9 Hz, 
CH2CH3); 13C NMR (100.5 MHz, CDCl3): δ (ppm) = 170.1 
(COO), 141.5 / 141.4 (CTsCH3), 140.8 / 140.1 (CTsSO2), 129.4 
/ 129.3 / 126.9 / 126.6 (CTsH), 103.4 (CareneCH2), 93.3 / 91.8 / 45 

80.3 / 77.3 / 69.3 (CareneH), 67.5 (CαH), 62.3 (CH2CH3), 53.0 / 
52.2 (NCH2), 38.4 (CβH2), 21.4 (CTsCH3), 14.1 (CH2CH3); MS 
(ESI): m/z (%) = 662.1 ([M+H]+) (100), 1322.6 ([2M+H]+) 
(45).  
 50 

[(η6:κ1-PheOEt)Ru(enTs)]Cl (15). Triethylamine (103 µL, 
0.74 mmol) was added to a suspension of [(η6-
PheOEt)RuCl2]2 . 2 HCl 3 (100 mg, 0.14 mmol) and N-p-
tosylethylenediamine (59 mg, 0.24 mmol) in ethanol (15 mL) 
and refluxed for 80 min. The solvent was evaporated under 55 

reduced pressure, the crude product suspended in sodium-
dried tetrahydrofurane and left at -20°C for 16 h. 
Triethylammoniumchloride was filtered off and the filtrate 

evaporated under reduced pressure. The crude compound was 
dissolved in dichloromethane, precipitated by adding 60 

diethylether, washed with diethylether and hexane and dried 
in vacuo to give the yellow solid 15 (yield: 81.3 mg, 0.15 
mmol, 62%) as mixture of diastereomers. – elemental 
analysis: calcd (%) for C20H28ClN3O4RuS . H2O requires C 
42.8, H 5.4, N 7.5, Cl 6.3; found: C 42.3, H 5.4, N 7.3, Cl 6.1; 65 

IR (KBr): νmax/cm-1 1736vs (CO), 1263vs, 1133vs, 1079vs, 
832s, 662s; 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.74 (d, 4 
H, 3JH,H = 7.9 Hz, CTsH / CcTsH+), 7.28 (d, 2 H, 3JH,H = 7.8 Hz 
CTsH / CcTsH+), 7.21 (m, 1 H, CH2NHaHb), 6.77 (m, 1 H, CcHc2-
ÑH+aHcb), 6.66 (m, 1 H, CmetaHa), 6.56 (m, 1 H, CcmetaH+a), 6.44 70 

(m, 1 H, CαHNHaHb), 6.03 (t, 1 H, 3JH,H = 5.5 Hz, CmetaHb), 
5.88 (t, 1 H, 3JH,H = 5.4 Hz, CcmetaH+b), 5.77 (m, 1 H, CcHc2-
ÑHcaH+b), 5.73 (m, 1 H, CcαHcÑH+aHcb), 5.60 (d, 1 H, 3JH,H = 5.4 
Hz, CcorthoH+b), 5.58 (m, 1 H, CorthoHa), 5.54 (d, 1 H, 3JH,H = 5.7 
Hz, CcorthoH+a), 5.48 (d, 1 H, 3JH,H = 5.7 Hz, CorthoHb), 5.41 (m, 75 

1 H, CH2NHaHb), 5.20 (dd, 1 H, 3JH,H = 4.4 Hz, 3JH,H = 4.4 Hz, 
CcparaH+), 5.11 (dd, 1 H, 3JH,H = 4.5 Hz, 3JH,H = 4.5 Hz, CparaH), 
4.84 (m, 2 H, CαH / CcαH c), 4.25 (m, 5 H, CH2CH3 / CcH+2CcHc3 / 
CcαHcÑHcaH+b), 3.61 (m, 1 H, CαHNHaHb), 3.28 (dd, 1 H, 3JH,H = 
5.5 Hz, 2JH,H = 14.5 Hz, CβHaHb), 3.25 (dd, 1 H, 3JH,H = 5.6 80 

Hz, 2JH,H = 14.2 Hz, CcβH+aHcb), 2.93 (dd, 1 H, 3JH,H = 13.1 Hz, 

2JH,H = 13.1 Hz, CcβHcaH+b), 2.74-2.53 (m, 8 H, CH2CH2 / 
CcH+2CcH+2), 2.67 (m, 1 H, CβHaHb), 2.43 (s, 6 H, CTsCH3), 1.34 
(t, 3 H, 3JH,H = 7.0 Hz, CH2CH3), 1.33 (t, 3 H, 3JH,H = 6.9 Hz, 

CcHc2CcH+3); 13C NMR (100.5 MHz, DMSO-d6): δ (ppm) = 85 

170.5 / 170.4 (COO / C+ÕÕ), 141.3 / 141.1 / 140.9 / 140.7 
(CTsSO2 / C+TsScÕ2), 129.5 / 129.3 (CTsH / C+TsHc), 126.3 / 126.0 
(CTsH / C+TsHc), 105.1 / 104.5 (CareneCH2 / C+areneCHc2), 94.7 / 
93.0 / 90.8 / 90.2 / 80.0 / 77.7 / 77.3 / 74.5 / 70.2 / 69.5 / 68.1 
/ 67.1 (CareneH / C+areneHc / CαH / C+αHc), 61.4 (CH2CH3 / 90 

C+Hc2CcHc3), 50.2 / 46.2 / 46.1 (NCH2 / ÑC+Hc2), 36.9 / 36.8 
(CβH2 / C+βHc2), 20.9 / 20.8 (CTsCH3 / CcTsC+Hc3), 14.0 (CH2CH3 / 
CcHc2C+Hc3); 1H,15N-HSQC (500 MHz, CDCl3): {6.9, -1.0} / 
{5.8, -1.0} / {7.2, -0.1} / {5.4, -0.1} (CH2NHaHb / CH2NHaHb 
/ CcHc2ÑH+aHcb / CcHc2ÑHcaH+b), {5.7, 13.2} / {4.3, 13.2} / {6.4, 95 

15.3} / {3.6, 15.3} (CHNHaHb / CHNHaHb / CcHcÑH+aHcb / 
CcHcÑHcaH+b); MS (ESI): m/z (%) = 508.1 ([M+H]+) (80), 
1050.9 ([2M+HCl+H]+) (100).  
 
[(η6:κ1-PheO-)Ru(enTs2)] HNEt3

+ . 2 H2O (16). [(η6:κ1-100 

PheOEt) Ru(enTs2)] 14 (72 mg, 0.11 mmol) was dissolved in 
a mixture of triethylamine, water and acetonitrile (10 mL, 
Et3N:H2O:AcN = 1:1:4.5) and stirred at room temperature for 
16 h before removing volatiles under reduced pressure. The 
crude product was dissolved in dichloromethane (20 mL) and 105 

extracted with distilled water (3 x 10 mL). The aqueous phase 
was lyophilized, giving the bright yellow solid 16 (yield: 39.8 
mg, 0.07 mmol, 64%). – elemental analysis: calcd (%) for 
C31H44N4O6RuS2 . 2 H2O: C 48.4, H 6.3, N 7.0; found: C 47.9, 
H 5.9, N, 7.0; IR (KBr): νmax/cm-1 1610s (CO), 1259s, 1131vs, 110 

1091vs, 815s, 661s; 1H NMR (400 MHz, CDCl3): δ (ppm) = 
7.69 (m, 4 H, CTsH), 7.19 (d, 4 H, 3JH,H = 7.5 Hz, CTsH), 5.89 
(t, 1 H, 3JH,H = 5.4 Hz, CmetaHa), 5.72 (t, 1 H, 3JH,H = 5.2 Hz, 
CmetaHb), 5.43 (d, 1 H, 3JH,H = 5.4 Hz, CorthoHa), 5.39 (d, 1 H, 
3JH,H = 5.4 Hz, CorthoHb), 4.80 (t, 1 H,  3JH,H = 5.4 Hz, CparaH), 115 

4.61 (m, 1 H, CαH), 4.33 (t, 1 H, 3JH,H = 10.4 Hz, CαHNHaHb), 
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3.31 (m, 1 H, CαHNHaHb), 3.27 (m, 1 H, CβHaHb), 3.04 (q, 6 
H, 3JH,H = 6.1 Hz, N-CH2CH3), 2.75 (dd, 1H, 2JH,H = 12.4 Hz, 
3JH,H = 12.8 Hz, CβHaHb), 2.58 (m, 2 H, NCH2CH’2N’), 2.50 
(m, 2 H, NCH2CH’2N’), 2.35 (s, 6 H, CTsCH3), 1.27 (t, 9 H, 
3JH,H = 7.0 Hz, NCH2CH3); 13C NMR (100.5 MHz, CDCl3): δ 5 

(ppm) = 175.3 (COO), 141.2 / 141.1 / 141.0  (CTsCH3 / 
CTsSO2), 129.3 / 127.0 / 126.9 (CTsH), 106.2 (CareneCH2), 92.8 
/ 91.6 / 79.4 / 77.0 / 71.6 (Carene), 69.7 (CαH), 52.8 / 52.2 
(NCH2CH’2N’), 45.4 (N(CH2CH3)3), 39.7 (CβH2), 21.5 
(CtosylCH3), 9.0 (N(CH2CH3)3); MS (ESI): m/z (%) = 634.1 10 

([M+H]+) (100).  
 
[(η6:κ1-Phe)Ru(enTs)] (17). [(η6:κ1-PheOEt)Ru(enTs)]Cl 15 
(44 mg, 0.08 mmol) was dissolved in a mixture of 
triethylamine, water and acetonitrile (7 mL, Et3N:H2O:AcN = 15 

1:1:4.5) and stirred at room temperature for 16 h before 
removing volatiles under reduced pressure. The residue was 
washed with diethylether, dichloromethane and methanol, 
giving the citric powder 17 (yield: 22.8 mg, 39.8 mg, 0.05 
mmol, 60%). – elemental analysis: calcd (%) for 20 

C18H23N3O4RuS . 4 H2O: C 39.3, H 5.7, N 7.6; found: C 39.3, 
H 5.0, N 7.2; IR (KBr): νmax/cm-1 1619s and 1597s (CO), 
1399s, 1385s, 1247s, 1126s, 1092vs, 834vs, 593s; 1H NMR 
(400 MHz, CDCl3): δ (ppm) = 7.66 / 7.64 (d, 2 H, 3JH,H = 7.5 
Hz, d, 2 H, 3JH,H = 7.0 Hz, CTsH / CTsH+), 7.30 / 7.28, (d, 2 H, 25 

3JH,H = 6.2 Hz, d, 2 H, 3JH,H = 7.1 Hz, CTsH / CTsH+), 6.49 (m, 
2 H, CH2NHaHb / CHc2NH+aHcb), 5.97 (t, 1 H, 3JH,H = 5.4 Hz, 
CmetaHa), 5.94 (t, 1 H, 3JH,H = 5.0 Hz, CcmetaH+a), 5.87 (t, 1 H, 
3JH,H = 5.0 Hz, CmetaHb), 5.72 (t, 1 H, 3JH,H = 4.1 Hz, CcmetaH+b), 
5.53 (d, 1 H, 3JH,H = 6.2 Hz, CcorthoH+a), 5.51 (d, 1 H, 3JH,H = 5.8 30 

Hz, CcorthoH+b), 5.45 (d, 1 H, 3JH,H = 5.8 Hz, CorthoHa), 5.26 (d, 1 
H, 3JH,H = 5.4 Hz, CorthoHb), 5.10 (t, 1 H, 3JH,H = 5.2 Hz, 
CcparaH+), 5.04 (t, 1 H,  3JH,H = 5.4 Hz, CparaH), 4.79  (m, 2 H, 
CαHNHaHb), 4.71 (m, 2 H, CcαHc-ÑH+aHcb), 4.61 / 4.26 (m, 2 H, 
CH2NHaHb / CcHc2ÑHcaH+b), 4.26 (m, 2 H, CαH / CcαH c), 3.61 (m, 35 

2 H, CcHcÑHcaH+b), 3.52 (m, 2 H, CαHNHaHb), 3.13 (dd, 1 H, 
2JH,H = 13.7 Hz, 3JH,H = 5.8 Hz, CβHaHb), 3.05 (dd, 1 H, 2JH,H 
= 13.7 Hz, 3JH,H = 6.2 Hz, CcβH+aHcb), 2.68 (m, 1 H, CcβHcaH+b), 
2.50 (m, 1 H, CβHaHb), 2.60 (m, 2 H, CH2CH2NHaHb / 
CcH+2CcHc2ÑHcaHcb), 2.20 (m, 2 H, CH2CH2NHaHb / 40 

CcHc2CcH+2ÑHcaHcb); 
13C NMR (100.5 MHz, 90 % DMSO-d6, 10 

% CD3COOD): δ (ppm) = 173.1 / 173.0 (COO / C+ÕÕ), 141.3 
/ 141.1 / 141.0 (CTsCH3 / C+TsCcHc3), 129.7 / 129.4 (CTsSO2 / 
C+TsScÕ2), 126.5 / 126.2 (CTsH / C+TsHc), 108.1 / 106.9 
(CareneCH2 / C careneCcHc2),  94.7 / 93.3 / 90.8 / 90.2 / 79.8 / 77.7 / 45 

76.2 / 74.5 (CareneH / C careneHc), 71.9 / 71.8 / 71.7 / 71.5 / 71.4 / 
71.3 (CαH / C+αHc), 70.6 / 70.0 (CareneH / C careneHc), 50.3 / 46.7 / 
46.5 (NCH2 / ÑC+Hc2), 38.2 / 38.0 (CβH2 / C+βHc2), 21.0 (CTsCH3 
/ CcTsC+Hc3); MS (ESI): m/z (%) =  480.2 ([M+H]+) (100).  
 50 

Crystal structure determinations† 

Crystals suitable for single-crystal X-ray analysis of complex 
13 were grown from the reaction solution at room temperature 
within several days. Complex 17 was crystallized in a solution 
of DMSO-d6 (approx 40 mg/mL) at room temperature within 55 

several days. Diffraction data were collected on an Oxford 
Xcalibur3 and Nonius Kappa CCD diffractometer using MoKα 

radiation (λ = 0.71073 Å, graphite monochromator). A Cryojet 
Controller from Oxford Diffractions allowed measurements at 
150 K.  The absorption correction (empirical) of the Oxford 60 

Xcalibur3 data set was carried out using the program CrysAlis 
RED (Oxford Diffraction Ltd). The structures were solved by 
Direct Methods and refined by least-squares and difference 
Fourier analysis, using least-squares cycles based on F2 with 
the SHELXTL software package.[45] All the hydrogen atoms 65 

were geometrically fixed and refined using a riding model. 
CCDC-721713 (for 13) and CCDC-721712 (for 17) contain 
the supplementary crystallographic data for this paper. These 
data can be obtained free of charge via 
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the 70 

CCDC, 12 Union Road, Cambridge CB21EZ, UK; Fax: +44-
1223-336033; E-mail: deposit@ccdc.cam.ac.uk). 
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