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Abstract 

 

 The aza-crown ether compounds, 1-aza-15-crown-5 and 1,10-diaza-18-crown-6 react 

with sodium hydroxide and carbon disulfide to provide the dithiocarbamates, [15]aneO4-

NCS2Na and NaS2CN-[18]aneO4-NCS2Na in good yield. The complexes 

[MRCl(CO)(L)(PPh3)2] (M = Ru, R = H, CH=CHC6H4Me-4, CH=CHBu
t
, CH=CH-pyrenyl-

1, C(C≡CPh)=CHPh; M = Os, R = H, CH=CH-pyrenyl-1); L = 2,1,3-benzothiadiazole or no 

ligand) undergo reaction with [15]aneO4-NCS2Na and NaS2CN-[18]aneO4-NCS2Na to yield 

[MR(S2CN-[15]aneO4)(CO)(PPh3)2] and [{MR(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)], 

respectively. In a similar manner, cis-[RuCl2(dppm)2] provides [Ru(S2CN-

[15]aneO4)(dppm)2]
+
 and [{Ru(dppm)2}2(S2CN-[18]aneO4-NCS2)]

2+
, respectively. Reaction 

of [Ru(CH=CHC6H4Me-4)(S2CN-[15]aneO4)(CO)(PPh3)2] with excess HC≡CBu
t
 leads to the 

formation of the alkynyl complex, [Ru(C≡CBu
t
)(S2CN-[15]aneO4)(CO)(PPh3)2]. Treatment 

of [OsHCl(CO)(BTD)(PPh3)2] with [HC≡C-bpyReCl(CO)3] results in the bimetallic 

compound, [Os{CH=CH-bpyReCl(CO)3}Cl(CO)(BTD)(PPh3)2]. This reacts with [15]aneO4-

NCS2Na and NaS2CN-[18]aneO4-NCS2Na to yield [Os{CH=CH-bpyReCl(CO)3}(S2CN-

[15]aneO4)(CO)(PPh3)2] and [{Os{CH=CH-bpyReCl(CO)3}(CO)(PPh3)2}2(S2CN-[18]aneO4-

NCS2)], respectively. NMR studies provide information on the selectivity of binding of Li 

and Na ions. The structures of [RuR(S2CN-[15]aneO4)(CO)(PPh3)2] (R = H, 

CH=CHC6H4Me-4, CH=CH-pyrenyl-1) are also reported. 
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Introduction 

 

It has been over a hundred years since the first report of a transition metal 

dithiocarbamate complex by Delépine.
1
 Since this discovery, dithiocarbamate (R2NCS2


) 

compounds of all the transition metals have been prepared in all common oxidation states.
2
 

While this observation reflects the versatility of this ligands class, the potential for exploiting 

the NR2 substituents (frequently not expanded beyond R = Me, Et) in order to incorporate 

further functionality into the molecule has often been overlooked.
2
 An exception to this is the 

use of dithiocarbamates as structural nodes in supramolecular frameworks by Beer and co-

workers.
3
 Our recent work

4
 has attempted to exploit this potential in fundamental studies 

exploring the further reactivity of the NR2 substituents (e.g., coordination to other metals,
4a-g

 

alkene metathesis
5
) as well as addressing potential applications such as medical imaging.

6
 In 

the latter case, the incorporation of further metals in the system was achieved through the 

preference of lanthanide ions (such as trivalent gadolinium) for the harder oxygen and nitrogen 

donors of a macrocycle. 

Ruthenium (and to a lesser extent osmium) alkenyl complexes
7
 have received much 

attention over the last 25 years. They are readily accessible through hydrometallation of 

alkynes by the compounds [RuHCl(CO)L2/3] (L = PPr
i
3,

8
 PPh3

9
) and many properties of the 

resulting alkenyl complexes have been explored in pioneering work by the groups of 

Werner,
10

 Esteruelas
11

 Santos,
12

 Caulton,
13

 Hill
14

 and others,
15

 as well as by ourselves.
16

 The 

most convenient triphenylphosphine-stabilized alkenyl complexes to use as starting materials 

are those of the form [Ru(CR
1
=CHR

2
)Cl(CO)(PPh3)2]

9
 or 

[Ru(CR
1
=CHR

2
)Cl(CO)(L)(PPh3)2] (L = BSD, 2,1,3-benzoselenadiazole or BTD, 2,1,3-

benzothiadiazole),
14d

 where L is a labile ligand. A significant advantage of the latter is that it 

avoids contamination with tris(phosphine) material. A key advantage offered by alkenyl 

complexes of this type is that two sites of reactivity are present in the complex. A vacant site at 

the metal center (or labile ligand, such as BTD) allows facile coordination of two-electron 

donors (e.g., CO),
12d

 while the chloride and phosphine ligands are also readily replaced by 

polydentate chelates, such as thiacyles,
14g

 pyrazolyborates,
14b,f

 carboxylates
17

 or 1,1-dithio 

ligands.
4c,i,5,15i,s,18

 The facile generation of the alkenyl complexes themselves from insertion of 

both terminal and internal alkynes into the Ru-H bond allows for the introduction of alkenyl 

substituents known for their electrochemical (ferrocene)
4c

 or photophysical (pyrene)
19,20
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properties, for example. This route has been exploited by Winter and co-workers to join 

ruthenium alkenyl centers within a conjugated system.
21

 

 

 This report explores the functionalization of the alkenyl moiety to introduce a 

fluorophore or an addition transition metal unit, while exploiting the NR2 substituents of the 

dithiocarbamate unit to incorporate a (bridging) macrocycle capable of interacting with cations. 

 

 

Results and Discussion 

 

Synthesis of dithiocarbamate alkenyl complexes 

 

 Green and co-workers reported the generation of the dithiocarbamate, [15]aneO4-

NCS2Na (1), from the commercially available aza-crown ether, 1-aza-15-crown-5 (Fig.1).
22a,b

 

Since this work, which included the characterization of the complexes, [M{S2CN-

[15]aneO4}n] (Ni, Cu, n = 2; Cr, Fe, Co, n = 3) and [Cp2Mo{S2CN-[15]aneO4}]PF6, a number 

of studies have explored the coordination chemistry of this fascinating ligand. Homoleptic 

platinum
22c

 and gold(I) complexes
22d

 and, later, examples bearing phosphines and isocyanide 

co-ligands
22e

 were reported. An application which emerged from a number of papers by Liu 

and co-workers was in technetium-based radiopharmaceuticals, where the crown ether unit 

was employed to help improve clearance from the liver.
22f,g

 More recently, the [15]aneO4-

NCS2

 ligand has also been utilized as a capping ligand for copper clusters.

22h
 These sporadic 

reports over the last 25 years have not yet included examples of ruthenium and osmium. 

Similarly, the range of co-ligands found in these complexes has yet to contain -organyl 

functionality. 

 

 

 

Figure 1. The crown ether ligands functionalized with dithiocarbamates used in this work. 
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 Before exploring alkenyl functionality, the precursor hydride compound, 

[RuHCl(CO)(PPh3)3] was treated with a slight excess of [15]aneO4-NCS2Na (1) to yield a 

pale solution, from which a yellow solid was isolated in 88% yield. 
31

P{
1
H} NMR analysis 

confirmed that a new product had been formed with the presence of a singlet resonance at 

50.5 ppm, while a hydride resonance was observed in the 
1
H NMR spectrum at −10.94 ppm. 

This feature was observed as a triplet (JHP = 19.9 Hz), indicating that two phosphines were 

present in a mutually trans arrangement. The product was formulated as [RuH(S2CN-

[15]aneO4)(CO)(PPh3)2] (2) on the basis of this information and further analytical data. 

Structural characterization also proved possible once single crystals of 2 were grown by 

diffusion of ethanol into a dichloromethane solution of the complex. A crystal was chosen for 

a structural study (Fig. 2) – see Structural Discussion for further details. 

 

 

 

Figure 2. The molecular structure of [RuH(S2CN-[15]aneO4)(CO)(PPh3)2] (2). Selected bond 

lengths (Å) and angles (°): Ru(1)-C(19) 1.838(3), Ru(1)-P(1) 2.3368(5), Ru(1)-P(2) 

2.3570(5), Ru(1)-S(3) 2.4700(6), Ru(1)-S(1) 2.4878(6), S(1)-C(2) 1.706(2), C(2)-N(4) 

1.339(3), C(2)-S(3) 1.719(3), S(3)-Ru(1)-S(1) 70.645(19), S(1)-C(2)-S(3) 113.64(13). 

 

 A rapid reaction occurs between an orange solution of [Ru(CH=CHC6H4Me-

4)Cl(CO)(BTD)(PPh3)2] and a slight excess of 1 dissolved in methanol to yield a pale yellow 

solution. The yellow solid isolated from this solution gave rise to a new singlet resonance in 

the 
31

P{
1
H} NMR spectrum at 39.7 ppm. 

1
H NMR analysis revealed typical resonances for 
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the alkenyl ligand at 5.58 (d, Hβ, 1H, JHH = 16.7 Hz) and 7.72 (dt, Hα, 1H, JHH= 16.7 Hz, JHP 

= 3.0 Hz) ppm. The latter resonance confirmed the mutually trans disposition of the 

phosphines. In addition to these features, new signals not observed in the ruthenium starting 

material were observed between 3.11 and 3.62 ppm corresponding to 20 protons. These were 

attributed to the ethylene protons of the crown ether ring, which appear in [15]aneO4-

NCS2Na (1) at 3.66 (m, 12H), 3.93 (t, 4H, JHH = 6.1 Hz) and 4.35 (t, 4H, JHH = 6.1 Hz) ppm 

in CD3OD. Additional evidence for the presence of the dithiocarbamate ligand was provided 

by absorptions at 1480 (vC-N) and 840 (vC-S) cm
-1

 in the solid state IR spectrum along with an 

intense absorption associated with the carbonyl ligand at 1910 cm
-1

. An abundant molecular 

ion at m/z 1065 confirmed the overall formulation as [Ru(CH=CHC6H4Me-4)(S2CN-

[15]aneO4)(CO)(PPh3)2] (3), as shown in Scheme 1. 

 

 

 

Scheme 1. Synthesis of mono- and bimetallic dithiocarbamate complexes. L = BTD (2,1,3-

benzothiadiazole) or no ligand depending on synthetic method. 
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 It has recently been shown that the lability of 1,1-dithio ligands in ruthenium hydride 

compounds can be exploited to prepare alkenyl complexes.
18d

 This is exemplified by the 

reaction of the dithiophosphate hydride complex [RuH{S2P(OEt)2}(CO)(PPh3)2] with 4-

ethynyltoluene to form [Ru(CH=CHC6H4Me-4){S2P(OEt)2}(CO)(PPh3)2]. However, when 

the same reaction was attempted under identical conditions with [RuH(S2CN-

[15]aneO4)(CO)(PPh3)2] (2) to prepare 3, no reaction took place. 

 

 The tertiary-butyl alkenyl analogue, [Ru(CH=CHBu
t
)(S2CN-[15]aneO4)(CO)(PPh3)2] 

(4), was prepared in 81% yield by an analogous procedure to that used to synthesize 

compound 3. Similar resonances were again observed in the aliphatic region for the 

heterocycle, while a singlet absorption was observed for the 9 protons of the Bu
t
 group at 

0.38 ppm. 

 Due to its properties as a fluorophore, pyrene has been widely used in a variety of 

applications.
23

 Alkenyl complexes bearing 1-pyrenyl substituents have been studied and their 

electrochemical properties probed.
20,21

 Our recent work has shown
19

 that 1-pyrenylalkenyl 

complexes can be used as effective reporter units (both chromogenically and fluorogenically) 

in carbon monoxide sensing. It was thus decided to prepare [Ru(CH=CHPyr-1)(S2CN-

[15]aneO4)(CO)(PPh3)2] (5) by the same route as used above in order to generate a complex 

with both a fluorophore and the ability to coordinate ions through the macrocycle. This 

synthesis was achieved in 95% yield and spectroscopic analysis confirmed the formulation to 

be that desired. In order to complete the characterization and provide structural data, single 

crystals were grown diffusion of ethanol into a solution of 5 in dichloromethane. A crystal 

was chosen for a structural study (Fig. 3) – see Structural Discussion for further details. 
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Figure 3. The molecular structure of [Ru(CH=CHPyr-1)(S2CN-[15]aneO4)(CO)(PPh3)2] (5). 

Selected bond lengths (Å) and angles (°): Ru(1)-C(37) 1.846(3), Ru(1)-C(19) 2.073(3), 

Ru(1)-S(3) 2.4550(6), Ru(1)-S(1) 2.5004(7), S(1)-C(2) 1.715(3), C(2)-N(4) 1.329(4), C(2)-

S(3) 1.721(3), C(19)-C(20) 1.344(4), S(3)-Ru(1)-S(1) 70.77(2), P(2)-Ru(1)-P(1) 178.41(2), 

S(1)-C(2)-S(3)113.27(16). 

 

In order to provide an example bearing a disubstituted alkenyl ligand, the complex, 

[Ru(C(C≡CPh)=CHPh)(S2CN-[15]aneO4)(CO)(PPh3)2] (6), was prepared in good yield 

(Scheme 1). The presence of the enynyl ligand was confirmed by the appearance of a singlet 

at 6.25 ppm for the -proton in the 
1
H NMR spectrum and a vC≡C absorption in the solid state 

infrared spectrum at 2138 cm
-1

. Other features were found to be similar to those observed for 

the complexes 3 - 5. Single crystals of 6 were grown by diffusion of ethanol into a solution of 

the complex in dichloromethane. A crystal was chosen for a structural study (Fig. 4) – see 

Structural Discussion for further details. 
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Figure 4. The molecular structure of [Ru(C(C≡CPh)=CHPh)(S2CN-[15]aneO4)(CO)(PPh3)2] 

(6). Selected bond lengths (Å) and angles (°): Ru(1)-C(35) 1.8444(16), Ru(1)-C(19) 

2.1037(14), Ru(1)-S(3) 2.4647(4), Ru(1)-S(1) 2.4956(4), S(1)-C(2) 1.7179(16), C(2)-N(4) 

1.338(2), C(2)-S(3) 1.7057(16), C(19)-C(28) 1.354(2), C(20)-C(21) 1.209(2), P(2)-Ru(1)-

P(1) 178.268(12), S(3)-Ru(1)-S(1) 70.578(12), S(3)-C(2)-S(1) 113.66(8). 

 

 Non-alkenyl complexes were also prepared. Reaction of cis-[RuCl2(dppm)2] with 

[15]aneO4-NCS2Na (1) in the presence of ammonium hexafluorophosphate (Scheme 2) led to 

formation of [Ru(S2CN-[15]aneO4)(dppm)2]PF6 (7), while [OsH(S2CN-

[15]aneO4)(CO)(PPh3)2] (8) was prepared from [OsHCl(CO)(BTD)(PPh3)2] (Scheme 1). It 

has been shown that reaction of [RuH{S2P(OEt)2(CO)(PPh3)2] with terminal alkynes leads 

first to insertion of the alkyne into the Ru-H bond to form the alkenyl complex, 

[Ru(CH=CHR){S2P(OEt)2(CO)(PPh3)2],
18d

 while heating this product with excess HC≡CBu
t
 

resulting in the isolation of [Ru(C≡CBu
t
){S2P(OEt)2(CO)(PPh3)2]. Under analogous 

conditions (room temperature stirring), no insertion of alkynes was observed into the M-H 

bond of 2 or 8. However, heating complex 3 in toluene under reflux with 10 equivalents of 

HC≡CBu
t
 resulted in the formation of a new singlet at 38.5 ppm in the 

31
P{

1
H} NMR 

spectrum. Resonances for an alkenyl ligand were notably absent from the 
1
H NMR spectrum, 

while a new singlet at 0.84 ppm integrating to 9 protons was observed. These data and the 

presence of a medium intensity vC≡C absorption at 2105 cm
-1

 in the solid state infrared 
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spectrum led to the formulation of the product (Scheme 2) as the alkynyl complex, 

[Ru(C≡CBu
t
)(S2CN-[15]aneO4)(CO)(PPh3)2] (9). This was confirmed by mass spectrometry 

and elemental analysis. 

 

 

Scheme 2. Synthesis of mono- and bimetallic dithiocarbamate complexes bearing dppm 

ligands. 

 

 In order to provide further examples with the heaviest conger of group 8, the 1-

pyrenyl alkenyl complex, [Os(CH=CHPyr-1)Cl(CO)(BTD)(PPh3)2] was first prepared in 

good yield from [OsHCl(CO)(BTD)(PPh3)2].
19

 Treatment of this compound with NaS2CN-

[15]aneO4 (1) led to formation of [Os(CH=CHPyr-1)(S2CN-[15]aneO4)(CO)(PPh3)2] (10), 

which was characterized in the same way as the other compounds reported here. In the 
1
H 

NMR spectrum, the chemicals shifts of the resonances assigned to the macrocylic ligand were 

found to be essentially unshifted from those found for 5.  

 

The rhenium(I) complex, [ReCl(CO)3(bpyC≡CH)]
24a

 is one of the versatile synthons 

employed in pioneering work on multimetallic systems by Lang and co-workers.
24

 In these 

investigations, it was used to form alkynyl complexes, such as [(dppf)CpRu(C≡CC6H4PPh2-

4)Au{C≡C-bpyReCl(CO)3}].
24a

 However, to our knowledge, no reports exist of the fragment 

being used to prepare alkenyl complexes. Treatment of [OsHCl(CO)(BTD)(PPh3)2] with 

[ReCl(CO)3(bpyC≡CH)] led to isolation of the dark orange bimetallic complex, 

[Os{CH=CH-bpyRe(CO)3Cl}Cl(CO)(BTD)(PPh3)2] (11), as shown in Scheme 3. Formation 

of the alkenyl ligand was confirmed by the presence of resonances at 10.08 (dt, JHH = 16.0 

Hz, JHP = 2.3 Hz) and 5.75 ppm (dt, JHH = 16.0 Hz) for the H and H protons, respectively. 

The retention of the rhenium fragment was supported by increased activity (compared to the 

hydride precursor) in the region 2017 – 1907 cm
-1

 in the infrared spectrum, in addition to an 
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absorption at 1878 cm
-1

 for the osmium-bonded carbonyl. The overall formulation was 

confirmed by good agreement of elemental analysis with calculated values. The lability of the 

chloride and BTD ligands was then exploited to introduce further functionality through 

reaction of 11 with NaS2CN-[15]aneO4 (1) to yield [Os{CH=CH-bpyRe(CO)3Cl}(S2CN-

[15]aneO4)(CO)(PPh3)2] (12). A new signal in the 
31

P{
1
H} NMR spectrum at 8.0 ppm, 

shifted substantially from the same feature in the precursor (0.1 ppm) was observed for 12. 

Unusually, in both 11 and 12, this resonance is observed as a doublet, showing a small 

coupling of between 5-6 Hz. This is attributed to slight inequivalence of the phosphorus 

environments due to the orientation of the mutually trans chloride and carbonyl ligands on 

the rhenium unit. The chemical shifts of the two resonances are almost identical, causing the 

doublets to overlap and so appear effectively as a single doublet resonance. The 
1
H NMR 

spectroscopic data associated with the osmium unit in 12 did not change substantially 

compared to the precursor, however new resonances characteristic for the ethylene bridges 

within the crown ether ligand were noted between 3.01 and 3.54 ppm. 

 

 

 

Scheme 3. Synthesis of bi- and tetrametallic dithiocarbamate complexes. 

 

Our interest in multimetallic complexes has led to the preparation of a number of 

dinuclear ruthenium complexes, such as [{Ru(CR=CHR’)(CO)(PPh3)2}2(S2CNC4H8NCS2)],
4c

 

[{Ru(dppm)2}2(S2CNC4H8NCS2)](BF4)2
4a,b

 and 

[{Ru(CR=CHR’)(CO)(PPh3)2}2(S2COCH2C6H4CH2OCS2)].
18a

 Encouraged by the clean 

formation of the [S2CN-[15]aneO4]

 complexes, it was decided to prepare a series of 

bimetallic compounds with a macrocyclic spacer. Commercially available, 1,10-diaza-18-

crown-6 was treated with sodium hydroxide and just over two equivalents of carbon disulfide 
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to form the new bis(dithiocarbamate) ligand, NaS2CN-[18]aneO4-NCS2Na (13) in 89% yield. 

1
H NMR analysis revealed two triplets at 3.88 and 4.45 ppm (JHH = 5.9 Hz) for the protons 

closest to the dithiocarbamate moiety, while the ethylene protons bonded solely to the oxygen 

atoms resonated as a singlet at 3.65 ppm. Direct evidence for the presence of the CS2 unit was 

provided by a resonance at 210.7 ppm in the 
13

C{
1
H} NMR spectrum. 

The ammonium analogue of 13 has been isolated and reported previously,
25a,b

 

however, no transition metal complexes of this ligand have been characterized, although 

some homoleptic species were generated in solution from various metal salts. Very recently, 

some tin examples have also been reported using 13 generated in situ.
25c

 Thus, the transition 

metal compounds reported here are the first to be fully characterized for this 

bis(dithiocarbamate) ligand. 

Treatment of two equivalents of [RuHCl(CO)(BTD)(PPh3)2] with one equivalent of 

13 led to a slow reaction, which was complete after stirring for 5 hours. The colorless product 

isolated from this reaction was formulated as [{RuH(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] 

(14) on the basis of spectroscopic data such as a very similar 
31

P{
1
H} NMR chemical shift 

(50.2 ppm) to that found for 2. The hydride resonance at −10.95 ppm was also essentially 

unchanged. The 
13

C resonance associated with the CS2 nucleus (210.8 ppm) was found to be 

unmoved from the chemical shift of the same unit in the precursor. 

 Using the same conditions, reaction of [Ru(CH=CHC6H4Me-4)Cl(CO)(BTD)(PPh3)2] 

with 13 led to a pale yellow solution, from which a cream precipitate was isolated in good 

yield. Similar absorptions were observed in the infrared spectrum to those observed for 

compound 3, including intense bands at 1909 (vCO) and 1479 (vC−N) cm
-1

. Retention of the 

alkenyl ligand was indicated in the 
1
H NMR spectrum by the presence of resonances for the 

- and -protons at 5.52 and 7.71 ppm, respectively (showing a mutual JHH coupling of 16.7 

Hz). New features were observed between 3.06 and 3.50 ppm, integrating to 24 protons and 

were attributed to the macrocycle unit of the bis(dithiocarbamate) ligand. Further 

confirmation of the formulation as [{Ru(CH=CHC6H4Me-4)(CO)(PPh3)2}2(S2CN-[18]aneO4-

NCS2)] (15) was provided by a molecular ion in the mass spectrum (m/z 1954) and good 

agreement of elemental analysis values with those calculated for this formulation. 

 Using the same preparative route, the bimetallic complexes 

[{Ru(CH=CHBu
t
)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (16), [{Ru(CH=CHPyr-

1)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (17) and 

{Ru(C(C≡CPh)=CHPh)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (18) were prepared in good 
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to excellent yield, bearing mono- and disubstituted alkenyl functionality. The pyrenyl 

fluorophore in complex 17 led to its consideration in later cation binding experiments. In 

order to complete the selection of compounds of this formulation, a dppm derivative, 

[{Ru(dppm)2}2(S2CN-[18]aneO4-NCS2)](PF6)2 (19) and two osmium complexes, 

[{OsH(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (20) and [{Os(CH=CHPyr-

1)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (21) were also synthesized. 

 Following the same procedure, the tetrametallic complex, [{Os{CH=CH-

bpyReCl(CO)3}(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (22) was prepared in 80% yield from 

reaction of 11 and 13. The presence of the Re(CO)3 units was supported by additional activity 

in the characteristic region for terminal carbonyl ligands in the solid-state spectrum, 

alongside the characteristic absorption at 1879 cm
-1

 for the carbonyl ligands attached to the 

osmium centers. The synthesis of this complex illustrates the complexity which can be 

readily introduced into these molecular assemblies using simple building blocks based on 

bifunctional linkers. Furthermore, such approaches enable the potential for combining units 

well known for their redox, photophysical or cation sensing properties to be exploited. 

 

Cation binding experiments 

 

 Crown ethers are noted for their ability to interact with cations, with the number of 

available donors influencing the preference for particular cations.
26

 Recent work has 

highlighted the binding abilities of these macrocyclic groups in both polar organic solvents 

(acetonitrile/dioxane)
27

 and organic solvent/water mixtures (1,4-dioxane/H2O)
28

 and their 

applications as ion-specific receptors.
29

 The crown ether, 12-crown-4, shows a greater affinity 

for lithium than for the larger group 1 cations, forming a 2:1 crown:Li complex; a 

combination of theoretical calculations and experimental techniques has confirmed that the 

Li
+
 ion fits the cavity of 1-aza-12-crown-4,

29
 whereas crown ring derivatives with more than 

5 donor atoms do not provide suitable cavity dimensions for such a small alkali metal ion. In 

both the azacrown dithiocarbamate ligands investigated here (1 and 13), only four donor 

atoms are likely to be available for cation binding. Due to the contribution of the thioureide 

form, R2N
+
=CS2

2
, the lone pair of the nitrogen in dithiocarbamate complexes shows 

negligible coordination ability.
2
 This has been exploited in the successful ring-closing 

metathesis of [Ru(CH=CHC6H4Me-4){S2CN(CH2CH=CH2)2}(CO)(PPh3)2] to yield 

[Ru(CH=CHC6H4Me-4)(S2CNC5H10)(CO)(PPh3)2], in contrast to diallylamine, which 
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deactivates the catalyst through coordination of the nitrogen lone pair. The substantial 

multiple bond character evident in the dithiocarbamate C-N bond in the crystal structures of 

2, 5 and 6 suggests that the nitrogen lone pair is unable to bind significantly to the cations in 

these experiments, leaving only the oxygen donors available. 

 Early studies
25,30

 of 1 and 13 with transition metals involved the in situ formation of 

homoleptic complexes which were then examined spectrophotometrically on addition of 

alkali metal salts. A later study by Espinet and co-workers
22e

 investigated the extraction 

efficiency of sodium picrate from aqueous solutions by gold(I) complexes of 1 in 

dichloromethane. The effect was observed to be even more pronounced when potassium 

picrate was used. In these cases it was suggested that the cations were being sandwiched 

between two crown ether units. Our recent investigations of the 1-pyrenyl-substituted 

complex, [Ru(CH=CHPyr-1)Cl(CO)(BTD)(PPh3)2] in sensing of carbon monoxide in air
19

 

has shown that the response can be measured in terms of visible color and fluorescence as 

well as other spectroscopies (IR and NMR). It was thus decided to explore whether any 

response could be determined for different cations using [Ru(CH=CHPyr-1)(S2CN-

[15]aneO4)(CO)(PPh3)2] (5) and [{Ru(CH=CHPyr-1)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] 

(17). Addition of potassium (KPF6) and sodium (NaBF4) ions in complex:cation ratios of 

1:0.5, 1:1 and 1:1.5 to 5 led to no dramatic change in the resonances of the macrocyle protons 

(3.0 - 3.7 ppm). However, on addition of lithium ions (LiClO4), a broadening of the azacrown 

methylene resonances in this region became apparent with significant loss of multiplicity. 

Thus, the binding affinity of the azacrown pyrenyl ruthenium complex, 

[Ru(CH=CHPyr-1)(S2CN-[15]aneO4)(CO)(PPh3)2] (5), towards the group 1 alkali cations Li
+
 

and Na
+
 was attempted. Trial titration experiments showed that NMR spectroscopy was the 

best technique to study this system, as UV-Vis and fluorescence spectroscopies were not 

found to display sufficiently diagnostic features. Indeed, upon addition of lithium and sodium 

perchlorate to a standard solution of the ruthenium complex, no variations in either optical or 

emission spectra were observed. Despite the fluorescence properties of the pyrenylalkenyl 

group, which were exploited successfully in CO sensing,
19

 the emission of [Ru(CH=CHPyr-

1)(S2CN-[15]aneO4)(CO)(PPh3)2] was too weak to be correlated to the increasing 

concentrations of lithium and sodium salts; the weak fluorescence signal of the complex 

suggests that the azacrown dithiocarbamate ligand quenches the pyrenyl emission as well as 

the metal-to-ligand charge transfer between the metal center and the fluorophore. 

It was therefore decided to probe the interaction of lithium and sodium ions with a 

representative complex prepared during this work using 
1
H NMR spectroscopy. Titrations 
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were performed in acetonitrile-d3 by adding between 0 and 2.5 equivalents of sodium and 

lithium perchlorate stock solutions to a standard solution of complex 5 ([H]0 = 0.003 M, host 

concentration). The resultant NMR spectra show a slight downfield shift (between 0.05 – 

0.30 ppm) of the methylene 1-aza-15-crown-5 protons and a clear loss of fine structure. As is 

often observed for complexation with a crown ether or an azacrown ether, the host-guest 

complexation equilibrium is typical of a very fast exchange with the exchange rate being 

faster than the NMR spectroscopic time scale.
31

 

 

 

Figure 5. Isotherm generated from the titration of compound 5 with LiClO4 (left) and three 
1
H 

NMR spectra from the titration of compound 5 with 0, 0.25 and 0.5 equivalents of Li
+ 

(right). 

 

The measurements of the binding constant were performed using ‘local’ and ‘global’ 

analysis methods and the values of Ka were found to be reasonable with respect to our 

observations. The ‘local’ analysis method is based on the analysis of only a single isotherm 

(single peak shift) whereas the ‘global’ method takes into account four isotherms (see 

Supporting Information). The Ka values were found to be 9.20 ± 1.50 M
-1

 (local method) and 

9.75 ± 0.98 M
-1

 (global method) for Li
+
 and 20.40 ± 1.45 M

-1
 (local method) and 20.10 ± 

0.77 M
-1

 (global method) for Na
+ 

at the 95% confidence level, giving negative ΔG values of 

between –2.4 and –5.0 kJmol
-1

, indicating that the dithiocarbamate azacrown spontaneously 

binds both alkali metal cations with a slight preference for sodium, which has a size well 

suited to the 1-aza-15-crown-5 cavity.
32

 Despite this preference, the titration experiments 

confirm that these azacrown derivatives do not show substantial selectivity towards either of 

the two cations. The binding mode proposed is a 1:1 complex:cation ratio (see Supporting 

Information), however, the formation of sandwich-type multimetallic adducts might also to 
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be formed. Indeed, during the titrations, the precipitation of a bright yellow compound was 

observed when lithium or sodium were added in complex:cation ratios between 1:0.5 and 1:1, 

suggesting that the participation of the perchlorate anion in the formation of binary or ternary 

mixtures cannot also be excluded. A recent contribution by Stephenson et al.
32

 reported 

evidence for the interaction of two perchlorate anions with two metal crown ether complexes 

in the presence of alkali metal cations, indicating the non-innocent character of the 

perchlorate anion. 

The investigation of the bimetallic and multimetallic diazacrown compounds (such as 

17) was attempted but data could not be determined successfully due to precipitation issues 

caused by their low solubility. 

 

 

Structural Discussion 

 

The X-ray crystal structures of complexes [RuH(S2CN-[15]aneO4)(CO)(PPh3)2] (2), 

[Ru(CH=CHPyr-1)(S2CN-[15]aneO4)(CO)(PPh3)2] (5) and [Ru(C(C≡CPh)=CHPh)(S2CN- 

[15]aneO4)(CO)(PPh3)2] (6) all show the expected octahedral geometry at the ruthenium(II) 

centers with cis-interligand angles in the range 70.645(19) – 104.23(8)° for 2, 70.77(2) – 

106.23(9)° for 5, and 70.578(12) – 103.97(5)° for 6. In each structure, the smallest angle is 

the S,S' bite of the chelating dithiocarbamate ligand, whilst the largest is that between the 

carbonyl ligand and S(1). In each structure the Ru–S bond trans to the carbonyl ligand [Ru–

S(3)] is slightly shorter than that trans to the alkenyl ligand [Ru–S(1)], being 2.4700(6) and 

2.4878(6) Å in 2, 2.4450(6) and 2.5004(7) Å in 5, and 2.4647(4) and 2.4956(4) Å in 6, 

respectively. This is commonly observed in related dithiocarbamate complexes, such as 

[Ru(C(C≡CPh)=CHPh)(S2CNC4H8NH2)(CO)(PPh3)2]Cl,
4c

 and has been attributed to the 

superior trans influence of the alkenyl ligand compared to the carbon monoxide ligand. The 

S2C–NR2 distances in all three structures [C(2)–N(4) 1.339(3), 1.329(4) and 1.338(2) Å in 2, 

5 and 6 respectively] suggest distinct multiple bond character in each case.
33

 The aryl 

substituents bound to the double bond of the alkenyl ligands take noticeably different 

conformations in 5 and 6. In the former, the torsion angle across the linkage between the 

double bond and the pyrenyl moiety is ca. 37°, whilst in the latter the corresponding angle 

across the bond to the C(29) phenyl ring is ca. 25°. Additionally, the double bond itself has a 

different orientation with respect to the Ru(S2CN-[15]aneO4)(CO)(PPh3)2 unit in each 

structure. In 5 the other substituent on the first atom of the double bond [the hydrogen on 
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C(19)] is syn to the Ru–CO bond, whereas in 6 the equivalent substituent (the C≡CPh unit) is 

anti to the the Ru–CO bond. The [15]aneO4 macrocycle adopts slightly different 

conformations in 5 and 6, the former having a more elongated shape then the latter. The 

remaining features of both alkenyl and dithiocarbamate ligands are typical for these ligands 

coordinated to divalent ruthenium.
4c,5a,b

 

 

 

Conclusions 

 

 Ruthenium and osmium alkenyl complexes possess great versatility through the 

reactivity they show both at the metal center (towards mono- or polydentate ligands) and 

through the functionality present on the alkenyl substituent. This contribution demonstrates 

the ease with which additional functionality can be incorporated into these complexes, such 

as fluorophores (pyrene), crown ether macrocycles or additional metal units (Re). The 

complexity of the assemblies can be increased to include 1-4 metals in a controlled, modular 

fashion by exploiting reliable, high-yielding and selective transformations. These compounds 

based on [15]aneO4-NCS2Na (1) and NaS2CN-[18]aneO4-NCS2Na (13) greatly expand the 

range of non-homoleptic transition metal examples bearing these heterocylic dithiocarbamate 

ligands and constitute the first examples at all with ruthenium or osmium. In addition, NMR 

studies show that there are interactions between [Ru(CH=CHPyr-1)(S2CN-

[15]aneO4)(CO)(PPh3)2] (5) and sodium cations, whereas a weaker binding is observed for 

lithium ions. 

 

 

Experimental Section 

 

 General Comments. Unless otherwise stated, all experiments were carried out in air 

and the complexes obtained appear stable towards the atmosphere, whether in solution or in 

the solid state. Reagents and solvents were used as received from commercial sources. 

Petroleum ether is the fraction boiling in the 40–60 °C range. The following complexes were 

prepared as described elsewhere: [15]aneO4-NCS2Na (1),
22b

 [RuHCl(CO)(PPh3)3],
34

 

[RuHCl(CO)(BTD)(PPh3)2],
35

 [OsHCl(CO)(BTD)(PPh3)2],
14i

 

[Ru(C(C≡CPh)=CHPh)Cl(CO)(PPh3)2],
14a,b

 [M(CH=CHPyr-1)Cl(CO)(BTD)(PPh3)2] (M = 

Ru, Os),
19

 [Ru(CR
1
=CHR

2
)Cl(CO)(BTD)(PPh3)2] (R

1
 = H, R

2
 = C6H4Me-4, Bu

t
)
36

 and .
24a
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Electrospray (ES) and Liquid Secondary Ion Mass Spectrometry (LSIMS) mass data were 

obtained using Micromass LCT Premier and Autospec Q instruments, respectively. Infrared 

data were obtained using a Perkin-Elmer Spectrum 100 FT-IR spectrophotometer and 

characteristic triphenylphosphine-associated infrared data are not reported. NMR 

spectroscopy was performed at 25 °C using Varian Mercury 300 and Bruker AV400 

spectrometers in CDCl3 unless stated otherwise. All coupling constants are in Hertz. 

Resonances in the 
31

P{
1
H} NMR spectrum due to the hexafluorophosphate counteranion 

were observed where the formulation indicates but are not included below. Elemental 

analysis data were obtained from London Metropolitan University. Solvates were confirmed 

by integration of the 
1
H NMR spectra. The procedures given provide materials of sufficient 

purity for synthetic and spectroscopic purposes. 

 

[RuH(S2CN-[15]aneO4)(CO)(PPh3)2] (2) 

[RuHCl(CO)(PPh3)3] (50 mg, 0.053 mmol) was dissolved in dichloromethane (17 mL) and 

2,1,3-benzothiadiazole (17.8 mg, 0.131 mmol) added, resulting in an orange yellow 

coloration. [15]aneO4-NCS2Na (18 mg, 0.057 mmol) was added in methanol (10 mL) and the 

reaction stirred at room temperature for 1 hour. All solvent was removed (rotary evaporator) 

and a pale yellow crude product was obtained. This was dissolved in dichloromethane (15 

mL) and filtered through Celite. Addition of methanol (15 mL) followed by slow reduction of 

the solvent volume (rotary evaporator) resulted in a pale yellow product, which was washed 

with methanol (10 mL), petroleum ether (10 mL) and dried. Yield: 44 mg (88%). IR: 1917
 

(vCO), 1478 (vC−N), 1111, 1089 (vC−O), 849 (vC−S), 744, 694 cm
-1

. 
1
H NMR: δ −10.94 (t, RuH, 

1H, JHP = 19.9 Hz), 3.21 (m, CH2, 8H), 3.49 (m, CH2, 4H), 3.63 (m, CH2, 8H), 7.33 (m, 

C6H5, 18H), 7.74 (m, C6H5, 12H) ppm. 
13

C NMR (CD2Cl2): δ 210.8 (s, CS2), 206.0 (t, CO, 

JCP = 14.3 Hz), 135.7 (t, ipso-C6H5, JCP = 20.9 Hz), 134.7 (t, o/m-C6H5, JCP = 5.9 Hz), 129.4 

(s, p-C6H5), 127.8 (t, o/m-C6H5, JCP = 4.6 Hz), 71.1 (s, OCH2), 70.4, 70.3, 70.2, 70.1 (s x 4, 

OCH2), 68.1, 67.9 (s x 2, NCCH2), 52.2, 51.8 (s x 2, NCH2) ppm. 
31

P{
1
H} NMR: δ 50.5 (s, 

PPh3) ppm. MS (ES +ve): m/z (abundance %): 949 (72) [M]
+
. Calcd. for C48H51NO5P2RuS2: 

C 60.8, H 5.4, N 1.5%. Found: C 60.7, H 5.5, N 1.6%. 

 

[Ru(CH=CHC6H4Me-4)(S2CN-[15]aneO4)(CO)(PPh3)2] (3) 

[Ru(CH=CHC6H4Me-4)Cl(BTD)(CO)(PPh3)2] (50 mg, 0.053 mmol) was dissolved in 

dichloromethane (15 mL) to give a dark orange solution. The addition of [15]aneO4-NCS2Na 

(19 mg, 0.060 mmol) in methanol (5 mL) resulted in a color change to pale yellow. After 
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stirring for 1 hour at room temperature, all solvent was removed by rotary evaporation. The 

crude product was dissolved in dichloromethane (15 mL) and filtered through Celite. 

Methanol (15 mL) was added and the solvent volume reduced (rotary evaporator) until 

precipitation of the pale yellow product occurred. Yield: 38 mg (67%). IR: 1910 (vCO), 1480 

(vC−N), 1123, 1089 (vC−O), 840 (vC−S), 692 cm
-1

. 
1
H NMR: δ 2.23 (s, CH3, 3H), 3.11 (t, CH2, 

2H, JHH = 6.5 Hz), 3.21 (t, CH2, 2H, JHH = 5.8 Hz), 3.31 (t, CH2, 2H, JHH = 6.0 Hz), 3.39 (t, 

CH2, 2H, JHH = 5.6 Hz), 3.47 (m, CH2, 2H), 3.54 (m, CH2, 2H), 3.62 (m, CH2, 8H), 5.58 (d, 

Hβ, 1H, JHH = 16.7 Hz), 6.41, 6.82 (AB, C6H4, 4H, JAB= 8.0 Hz), 7.32 (m, C6H5, 20H), 7.55 

(m, C6H5, 10H), 7.72 (dt, Hα, 1H, JHH= 16.7 Hz, JHP = 3.0 Hz) ppm. 
31

P{
1
H} NMR: δ 39.7 (s, 

PPh3) ppm. MS (LSIMS): m/z (abundance %): 1065 (25) [M]
+
. Calcd. for 

C57H59NO5P2RuS2·0.25CH2Cl2: C 63.3, H 5.5, N 1.3%. Found: C 63.5, H 5.3, N 1.6%. 

 

[Ru(CH=CHBu
t
)(S2CN-[15]aneO4)(CO)(PPh3)2] (4) 

The same procedure was employed as used for the preparation of 3, using 

[Ru(CH=CHBu
t
)Cl(BTD)(CO)(PPh3)2] (50 mg, 0.055 mmol) and [15]aneO4-NCS2Na (19 

mg, 0.060 mmol) to yield a pale yellow product. Yield: 46 mg (81%). IR: 1897 (vCO), 1477 

(vC−N), 1122, 1089 (vC−O), 841 (vC−S), 740, 693 cm
-1

. 
1
H NMR: δ 0.38 (s, 

t
Bu, 9H), 3.03 (m, 

CH2, 4H), 3.36 (m, CH2, 4H), 3.50 (m, CH2, 4H), 3.61 (m, CH2, 8H), 4.58 (dt, Hβ, 1H, JHH 

=16.3 Hz), 6.30 (dt, Hα, 1H, JHH = 16.3 Hz, JHP = 3.0 Hz), 7.31 (m, C6H5, 20H), 7.56 (m, 

C6H5, 10H) ppm. 
31

P{
1
H} NMR: δ 40.2 (s, PPh3) ppm. MS (ES +ve): 1031 (37) [M]

+
. 

Calculated for C54H61NO5P2RuS2: C 62.9, H 6.0, N 1.4%. Found: C 62.8, H 5.9, N 1.5%. 

 

[Ru(CH=CHPyr-1)(S2CN-[15]aneO4)(CO)(PPh3)2] (5) 

The same procedure was employed as used for the preparation of 3, using [Ru(CH=CHPyr-

1)Cl(BTD)(CO)(PPh3)2] (52 mg, 0.049 mmol) and [15]aneO4-NCS2Na (17 mg, 0.054 mmol) 

to yield a bright yellow product. Yield: 44 mg (95%). IR: 1908
 
(vCO), 1480 (vC−N), 1118, 1091 

(vC−O), 850 (vC−S), 744, 692 cm
-1

. 
1
H NMR: δ 3.14 (t, CH2, 2H, JHH = 6.2 Hz), 3.23 (t, CH2, 

2H, JHH = 5.7 Hz), 3.33 (m, CH2, 2H), 3.39 (m, CH2, 2H), 3.51 (m, CH2, 2H), 3.57 (m, CH2, 

2H), 3.63 (m, CH2, 8H), 6.87 (d, Hβ, 1H, JHH = 16.4 Hz), 6.94 (d, pyrenyl-CH, 1H, JHH = 8.1 

Hz), 7.32 (m, C6H5, 20H), 7.64 (m, C6H5, 10H), 7.84 - 8.05 (m, pyrenyl-CH, 8H), 8.33 (dt, 

Hα, 1H, JHH =16.4 Hz, JHP = 3.0 Hz) ppm. 
31

P{
1
H} NMR: 39.7 (s, PPh3) ppm. MS: m/z 

(abundance %): 1175 (10) [M]
+
. Calcd. for C66H61NO5P2RuS2: C 67.4, H 5.2, N 1.2%. 

Found: C 67.3, H 5.0, N 1.2%. 
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[Ru(C(C≡CPh)=CHPh)(S2CN-[15]aneO4)(CO)(PPh3)2] (6) 

The same procedure was employed as used for the preparation of 3, using 

[Ru(C(C≡CPh)=CHPh)Cl(CO)(PPh3)2] (100 mg, 0.112 mmol) and [15]aneO4-NCS2Na (40.0 

mg, 0.126 mmol) to yield a light yellow product. Yield: 103 mg (80%). IR: 2138 (vC≡C), 1907
 

(vCO), 1471 (vC−N), 1114, 1088 (vC−O), 864 (vC−S), 740, 692 cm
-1

. 
1
H NMR: δ 3.14 (m, CH2, 

2H), 3.23 (m, CH2, 6H), 3.50 (m, CH2, 2H), 3.55 (m, CH2, 2H), 3.63 (m, CH2, 8H), 6.25 (s, 

Hβ, 1H), 7.06 (m, CC6H5, 5H), 7.18 – 7.30 (m, PC6H5 + CC6H5, 23H), 7.59 (m, C6H5, 12H) 

ppm. 
31

P{
1
H} NMR: δ 38.0 (s, PPh3) ppm. MS (LSIMS): 866 (100) [M – CO – PPh3 + 4H]

+
. 

Calcd. for C64H61NO5P2RuS2: C 66.8, H 5.3, N 1.2%. Found: C 66.7, H 5.2, N 1.4%. 

 

[Ru(S2CN-[15]aneO4)(dppm)2]PF6 (7) 

Cis-[RuCl2(dppm)2] (40 mg, 0.043 mmol) was dissolved in dichloromethane (10 mL) and 

NH4PF6 (13.9 mg, 0.085 mmol) added in methanol (5 mL). Addition of [15]aneO4-NCS2Na 

(15 mg, 0.047 mmol) in methanol (3 mL) was followed by stirring the reaction for 1 hour at 

room temperature. All solvent was removed (rotary evaporator) and the crude product was 

dissolved in the minimum volume of dichloromethane and filtered through Celite. Ethanol 

(20 mL) was added and slow reduction of the solvent volume (rotary evaporator) used to 

obtain a pale yellow product. This was washed with ethanol (10 mL), petroleum ether (10 

mL) and dried. Yield: 29 mg (52%). IR: 1485 (vC−N), 1435, 1098 (vCO), 836 (vPF), 698 cm
-1

. 

NMR: 
1
H NMR: δ 3.60 – 3.75 (m, CH2, 20H), 4.60, 4.94 (m x 2, PCH2P, 2 x 2H), 6.51 (m, 

C6H5, 4H), 6.97 (m, C6H5, 8H), 7.18 (m, C6H5, 2H), 7.35 (m, C6H5, 22H), 7.63 (m, C6H5, 4H) 

ppm. 
31

P{
1
H} NMR: δ –18.7 (t, JPP= 34.2 Hz), −5.8 (t, JPP= 34.3 Hz) ppm. MS (LSIMS): m/z 

(abundance %): 1164 (100) [M]
+
. Calcd. for C61H64F6NO4P5RuS2: C 56.0, H 4.9, N 1.1%. 

Found: C 55.9, H 4.7, N 1.2%. 

 

[OsH(S2CN-[15]aneO4)(CO)(PPh3)2] (8) 

[15]aneO4-NCS2Na (25 mg, 0.079 mmol) was dissolved in methanol (5 mL) and added to a 

dichloromethane solution of [OsHCl(CO)(BTD)(PPh3)2] (70 mg, 0.077 mmol), resulting in 

an orange coloration. The reaction was stirred at room temperature for 3 hours. All solvent 

was removed under reduced pressure and a white crude product was obtained. This was 

dissolved in dichloromethane (10 mL) and filtered through Celite. Addition of methanol (15 

mL) followed by slow reduction of the solvent volume (rotary evaporator) resulted in a 

brown product, which was washed with methanol (10 mL), petroleum ether (10 mL) and 

dried. Yield: 62 mg (76%). IR: 1978 (vOsH), 1903 (vCO), 1479 (vC−N), 1478, 1433, 1111 (vC−O), 
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845 (vC−S), 692 cm
-1

. 
1
H NMR: δ –12.77 (s, OsH, 1H, JHH = 18.2 Hz), 3.02 (m, CH2, 4H), 

3.20, 3.25 (t x 2, CH2, 2 x 2H, JHH = 6.3 Hz), 3.41 – 3.46 (m, CH2, 4H), 3.53 – 3.57 (m, CH2, 

8H), 7.35, 7.71 (m x 2, C6H5, 30H) ppm. 
31

P{
1
H} NMR: δ 18.6 (s, PPh3) ppm. MS (ES +ve): 

m/z (abundance %): 1038 (12) [M]
+
. Calcd. for C48H51NO5OsP2S2·0.5CH2Cl2: C 53.9, H 4.9, 

N 1.3%. Found: C 53.8, H 4.7, N 1.2%. 

 

[Ru(C≡CBu
t
)(S2CN-[15]aneO4)(CO)(PPh3)2] (9) 

Complex 3 (48 mg, 0.051 mmol) was dissolved in toluene (10 mL) and HC≡CBu
t
 (0.060 mL, 

0.49 mmol) added. The reaction was heated at reflux for 3 hours and then all solvent removed 

(rotary evaporator). The residue was dissolved in diethyl ether (5 mL). The addition of 

hexane (10 mL) led to precipitation of a pale brown solid, which was filtered and washed 

with hexane (2 x 10 mL) and dried. Yield: 21 mg (40 %). IR: 2860, 2105 (vC≡C), 1931 (vCO), 

1481, 1434 (vC−N), 1120, 1093 (vC−O), 842 (vC−S), 693 cm
-1

. 
1
H NMR: δ 0.84 (s, CH3, 9H), 

2.95 – 3.05 (m, CH2, 4H), 3.31 (m, CH2, 4H), 3.48 (m, CH2, 4H), 3.60 – 3.68 (m, CH2, 8H), 

7.32, 7.93 (m x 2, C6H5, 30H) ppm. 
31

P{
1
H} NMR: δ 38.5 (s, PPh3) ppm. MS (ES, +ve): m/z 

(abundance %): 1002 (7) [M – CO]
+
. Calcd. for C54H59NO5P2RuS2: C 63.0, H 5.8, N 1.4%. 

Found: C 62.6, H 5.5, N 1.0%. 

 

[Os(CH=CHPyr-1)(S2CN-[15]aneO4)(CO)(PPh3)2] (10) 

The same procedure was employed as used for the preparation of 3, stirring [Os(CH=CHPyr-

1)Cl(CO)(BTD)(PPh3)2] (54 mg, 0.047 mmol) and [15]aneO4-NCS2Na (15 mg, 0.047 mmol) 

for 4 hours to yield a brown yellow product. Yield: 42 mg (71%). IR: 1889 (vCO), 1479 

(vC−N), 1432, 1090 (vC−O), 845 (vC−S), 691 cm
-1

. 
1
H NMR (CD2Cl2): δ 2.97, 3.17 (t x 2, CH2, 2 

x 2H, JHH = 6.3 Hz), 3.31 (m, CH2, 4H), 3.44 – 3.58 (m, CH2, 12H), 6.81 (dt, H, 1H, JHH = 

16.8 Hz, JHP = 1.8 Hz), 7.00 (d, pyrenyl-CH, 1H, JHH = 8.2 Hz), 7.34, 7.63 (m x 2, C6H5, 

30H), 7.74 (d, pyrenyl-CH, 1H, JHH = 8.2 Hz), 7.87 (m, pyrenyl-CH, 4H), 7.90 (d, pyrenyl-

CH, 1H, JHH = 7.6 Hz), 8.04 (d, pyrenyl-CH, 2H, JHH = 7.6 Hz), 9.04 (dt, Hα, 1H, JHH =16.8 

Hz, JHP = 2.5 Hz) ppm. 
31

P{
1
H} NMR (CD2Cl2): δ 7.7 (s, PPh3) ppm. MS (ES +ve) m/z 

(abundance %): 1306 (100) [M + MeCN]
+
. Calcd. for C66H61NO5OsP2S2·1.75CH2Cl2: C 57.6, 

H 4.6, N 1.0%. Found: C 57.7, H 4.3, N 1.4%. 
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[Os{CH=CH-bpyReCl(CO)3}Cl(CO)(BTD)(PPh3)2] (11) 

[OsHCl(CO)(BTD)(PPh3)2] (565 mg, 0.617 mmol) was dissolved in dichloromethane (15 

mL) to give a dark orange solution. After the addition of [ReCl(CO)3(bpyCCH)] (283 mg, 

0.618 mmol) in dichloromethane (10 mL) the color changed to dark red. The solution was 

stirred at room temperature for 6 h and then concentrated to dryness (rotary evaporator). 

Diethyl ether (30 mL) was added and a precipitate obtained by ultrasonic trituration, which 

was then filtered under vacuum and washed with diethyl ether (2 x 20 mL). The resulting 

product was a dark orange solid. Yield: 849 mg (98%). IR: 2017 (CO), 1937 (CO), 1907 

(CO), 1878 (CO), 1587, 1536, 1472, 1434, 1094 (vC−O), 846 (vC−S), 745, 695 cm
-1

. 
1
H NMR: 

 5.75 (d, H, 1H, JHH = 16.0 Hz), 7.10 – 8.08 (m, C6H5 + BTD + bpy, 30H + 4H + 6H), 8.96 

(d, bpy, 1H, JHH = 8.0 Hz), 10.08 (dt, H, 1H, JHH = 16.0 Hz, JHP = 2.3 Hz) ppm. 
31

P{
1
H} 

NMR:  0.1 (d, PPh3, JPP = 14.2 Hz) ppm. MS (ES +ve) m/z (abundance): 1311 (100) [M – 

BTD + 2Na]
+
. Calcd. for C58H43Cl2N4O4OsP2ReS: C, 49.7; H, 3.1; N, 4.0 %. Found: C, 49.5; 

H, 3.0; N, 3.9 %. 

 

[Os{CH=CH-bpyReCl(CO)3}(S2CN-[15]aneO4)(CO)(PPh3)2] (12) 

The same procedure was employed as used for the preparation of 3, using 11 (40 mg, 0.029 

mmol) and 1 (10 mg, 0.032 mmol) to yield a red product. Yield: 32 mg (72%). IR: 2020 

(CO), 1927 (CO), 1903 (CO), 1882 (CO), 1482, 1434 (C-N), 1115, 1093 (C-O), 845 (C-S), 

745, 693 cm
-1

. 
1
H NMR:  3.01 – 3.54 (m x 5, 20H, CH2), 5.56 (d, 1H, H, JHH = 17.3 Hz), 

6.87 (d, 1H, bpy, JHH = 8.5 Hz), 7.37, 7.52 (m x 2, 30H + 1H, C6H5 + bpy), 7.65 (d, 1H, bpy, 

JHH = 8.5 Hz), 7.94 – 7.98 (m, 3H, bpy), 8.97 (d, 1H, bpy, JHH = 5.5 Hz), 9.38 (dt, 1H, H, 

JHH = 17.3 Hz, JHP unresolved) ppm. 
31

P{
1
H} NMR:  8.0 (d, PPh3, JPP = 5.6 Hz) ppm. MS 

(ES +ve) m/z (abundance): 1546 (100) [M + Na]
+
. Calcd. for C63H59ClN3O8OsP2ReS2: C, 

49.7; H, 3.9; N, 2.8 %. Found: C, 49.6; H, 3.7; N, 2.8 %. 

 

NaS2CN-[18]aneO4-NCS2Na (13) 

1,10-Diaza-18-crown-6 (50.0 mg, 0.191 mmol) was dissolved in water (5 mL) and sodium 

hydroxide (22 mg, 0.39 mmol) was added in water (3 mL). Carbon disulfide (0.025 mL, 0.42 

mmol) was added and the reaction stirred for 6 hours in an ice bath. All water was removed 

under reduced pressure and the crude product dissolved in methanol (5 mL), to which diethyl 

ether was added until precipitation of the colorless product was complete. The solid was 

washed with diethyl ether (10 mL) and dried. The solid is hygroscopic. Yield: 78 mg (89%). 
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IR: 3379, 1666, 1475, 1405, 1350, 1275, 1218, 1180, 1111 (C-O), 1027, 980, 948, 877, 848 

(C-S) cm
-1

. 
1
H NMR (CD3OD): δ 3.65 (s, CH2, 8H), 3.88 (t, CH2, 8H, JHH = 5.9 Hz), 4.45 (t, 

CH2, 8H, JHH = 5.9 Hz) ppm. 
13

C{
1
H} NMR (D2O, 500 MHz): δ 210.7 (s, CS2), 69.8, 67.9 (s 

x 2, NCH2CH2O), 54.8 (s, OCH2CH2O) ppm. MS (ES −ve): m/z (abundance %): 412 (22) 

[M]
+
. Calcd. for C14H24N2Na2O4S4

.
6H2O: C 29.7, H 6.4, N 4.9%. Found: C 29.5, H 6.7, N 

5.2%. 

 

[{RuH(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (14) 

[RuHCl(CO)(PPh3)3] (57 mg, 0.060 mmol) was dissolved in dichloromethane (15 mL) and 13 

(14 mg, 0.031 mmol) was added as a methanolic solution, resulting in a pale orange 

coloration. After 5 hours, a white precipitate formed, which was filtered, washed with cold 

methanol (10 mL), petroleum ether (10 mL) and dried. Yield: 39 mg (76%). IR: 1909 (vCO), 

1477 (vC−N), 1093 (vC−O), 844 (C-S), 692 cm
-1

. NMR: 
1
H NMR (CD2Cl2): δ −10.95 (t, RuH, 

2H, JHP = 19.9 Hz), 3.21, 3.16, 3.26, 3.38 (m x 4, CH2, 24H), 7.33, 7.75 (m x 2, C6H5, 60H) 

ppm. 
13

C{
1
H} NMR (CD2Cl2): δ 210.8 (s, CS2), 205.8 (t, CO, JCP = 14.3 Hz), 135.7 (t, ipso-

C6H5, JCP = 21.2 Hz), 134.7 (t, o/m-C6H5, JCP = 5.9 Hz), 129.4 (s, p-C6H5), 127.8 (t, o/m-

C6H5, JCP = 4.6 Hz), 71.1 (s, OCH2), 70.4, 70.3, 70.2, 70.1 (s x 4, OCH2), 68.1, 67.9 (s x 2, 

NCCH2), 52.2, 51.8 (s x 2, NCH2) ppm. 
31

P{
1
H} NMR (CD2Cl2): δ 50.2 (s, PPh3) ppm. MS 

(MALDI): 1787 (5) [M + MeCN + Na]
+
. Calcd. for C88H86N2O6P4Ru2S4: C 61.4, H 5.0, N 

1.6%. Found: C 61.3, H 4.9, N 1.7%. 

 

[{Ru(CH=CHC6H4Me-4)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (15) 

[Ru(CH=CHC6H4Me-4)Cl(BTD)(CO)(PPh3)2] (50 mg, 0.053 mmol) was dissolved in 

dichloromethane (15 mL) to give a dark orange solution. The addition of 13 (12 mg, 0.026 

mmol) in methanol (15 mL) resulted in a color change to pale yellow. After stirring for 1 

hour at room temperature, all solvent was removed by rotary evaporation. The crude product 

was dissolved in dichloromethane (20 mL) and filtered through Celite. Methanol (20 mL) 

was added and the solvent volume reduced (rotary evaporator) until precipitation of the 

cream product occurred. This was washed with ethanol (10 mL), petroleum ether (10 mL) 

and dried. Yield: 34 mg (66 %). IR: 1909 (vCO), 1479 (vC−N), 1432, 1278 (vC−O), 1109, 829 

(C-S) cm
-1

. 
1
H NMR: δ 2.24 (s, CH3, 6H), 3.06 (m, CH2, 4H), 3.17 – 3.24 (m, CH2, 8H), 3.38 

(d, CH2, 8H, JHH = 6.0 Hz), 3.50 (t, CH2, 4H, JHH = 5.6 Hz), 5.52 (d, Hβ, 2H, JHH = 16.7 Hz), 

6.41, 6.84 (AB, C6H4, 8H, JAB= 7.9 Hz), 7.31, 7.56 (m x 2, C6H5, 60H), 7.71 (dt, Hα, 2H, 
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JHH= 16.7 Hz, JHP = 3.0 Hz) ppm. 
31

P{
1
H} NMR: δ 39.5 (s, PPh3) ppm. MS (MALDI): m/z 

(abundance %): 1954 (4) [M]
+
. Calcd. for C106H102N2O6P4Ru2S4: C 65.2, H 5.3, N 1.4%. 

Found: C 64.8, H 5.1, N 1.2%. 

 

[{Ru(CH=CHBu
t
)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (16) 

The same procedure was employed as used for the preparation of 15, using 

[Ru(CH=CHBu
t
)Cl(BTD)(CO)(PPh3)2] (54 mg, 0.059 mmol) and 13 (10 mg, 0.022 mmol) to 

yield a white powder. Yield: 38 mg (68%). IR: 1891 (vCO), 1475 (vC−N), 1432, 1089 (vC−O), 

850 (C-S), 691 cm
-1

. 
1
H NMR (CD2Cl2): δ 0.36 (s, Me, 18H), 2.85, 3.00, 3.19, 3.34, 3.43 (m 

x 5, CH2, 24H), 4.48 (dt, H, 2H, JHH = 16.3 Hz, JHP = 1.6 Hz), 6.31 (dt, H, 2H, JHH = 16.3 

Hz, JHP = 2.3 Hz), 7.31, 7.56 (m x 2, C6H5, 60H) ppm. 
31

P{
1
H} NMR (CD2Cl2): δ 39.9 (s, 

PPh3) ppm. MS (MALDI): 1625 (3) [M –PPh3]
+
. Calcd. for C100H106N2O6P4Ru2S4: C 63.7, H 

5.7, N 1.5%. Found: C 63.5, H 5.5, N 1.4%. 

 

[{Ru(CH=CHPyr-1)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (17) 

The same procedure was employed as used for the preparation of 15, using [Ru(CH=CHPyr-

1)Cl(BTD)(CO)(PPh3)2] (50 mg, 0.048 mmol) and 13 (11 mg, 0.024 mmol) to yield a bright 

yellow product. Yield: 44 mg (84%). IR: 1906 (vCO), 1482 (vC−N), 1433, 1226, 1121 (vC−O), 

844 (vC−S) cm
-1

. 
1
H NMR: δ 3.11 (m, CH2, 4H), 3.21 – 3.28 (m, CH2, 8H), 3.43 (m, CH2, 8H), 

3.51 (m, CH2, 4H), 6.83 (d, Hβ, 2H, JHH = 16.6 Hz), 6.95 (d, pyrenyl-CH, 2H, JHH = 8.2 Hz), 

7.32, 7.63 (m x 2, C6H5, 60H), 7.75 – 8.06 (m, pyrenyl-CH, 16H), 8.32 (dt, Hα, 2H, JHH = 

16.6 Hz, JHP unresolved) ppm. 
31

P{
1
H} NMR: δ 39.2 (s, PPh3) ppm. MS (MALDI): 2310 (18) 

[M + 3K + H2O]
+
. Calcd. for C124H106N2O6P4Ru2S4: C 68.5, H 4.9, N 1.3%. Found: C 68.3, H 

4.8, N 1.2%. 

 

[{Ru(C(C≡CPh)=CHPh)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (18) 

The same procedure was employed as used for the preparation of 15, using 

[Ru(C(C≡CPh)=CHPh)Cl(CO)(PPh3)2] (50 mg, 0.056 mmol) and 13 (13 mg, 0.028 mmol) to 

yield a pale yellow product. Yield: 38 mg (64%). IR: 2142 (vC≡C), 1919 (vCO), 1481 (vC−N), 

1432, 1226, 1090 (vC−O), 841 (vC−S) cm
-1

. 
1
H NMR: δ 3.11 (m, CH2, 4H), 3.18 (m, CH2, 8H), 

3.31 (m, CH2, 4H), 3.41 (m, CH2, 8H), 6.19 (s, Hβ, 2H), 6.96 (t, CC6H5, 2H, JHH= 7.1 Hz), 

7.01 – 7.10 (m, CC6H5, 8 H), 7.18 - 7.33 (m, PC6H5 + CC6H5, 40H + 10H), 7.59 (m, PC6H5, 

20H) ppm. 
31

P{
1
H} NMR: δ 37.9 (s, PPh3) ppm. MS (LSIMS): m/z (abundance %): 2073 (8) 
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[M– 2CO + 3H]
+
. Calcd. for C120H106N2O6P4Ru2S4: C 67.8, H 5.0, N 1.3%. Found: C 67.7, H 

4.9, N 1.3%. 

 

[{Ru(dppm)2}2(S2CN-[18]aneO4-NCS2)](PF6)2 (19) 

The same procedure as used for the preparation of 7 was employed using cis-[RuCl2(dppm)2] 

(50 mg, 0.053 mmol), 13 (12 mg, 0.026 mmol) and NH4PF6 (18.0 mg, 0.110 mmol) to yield a 

pale yellow product. Yield: 28 mg (43%). IR: 1484 (vC−N), 1435, 1228, 1095, 1000, 834 

(vP−F) cm
-1

. 
1
H NMR (CD2Cl2): δ 3.58 (m, CH2, 8H), 3.65 (m, CH2, 8H), 3.80, 3.90 (m x 2, 

CH2, 2 x 4H), 4.50, 4.95 (m x 2, PCH2P, 2 x 4H), 6.49 (t, C6H5, 8H, JHH= 9.0 Hz), 6.98 (t, 

C6H5, 8H, JHH= 7.6 Hz), 7.09 (m, C6H5, 8H), 7.29 - 7.50 (m, C6H5, 48H), 7.68 (m, C6H5, 8H) 

ppm. 
31

P{
1
H} NMR (CD2Cl2): δ – 18.5 (t, dppm, JPP = 34.0 Hz), – 5.3 (m, dppm) ppm. MS 

(LSIMS): m/z (abundance %): 2241 (9) [M–2CO+PF6]
+
. Calcd. for 

C114H112F12N2O4P10Ru2S4·1.5CH2Cl2: C 54.0, H 4.5, N 1.1%. Found: C 54.4, H 4.6, N 1.2%. 

 

[{OsH(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (20) 

The same procedure was employed as used for the preparation of 14, 

[OsHCl(CO)(BTD)(PPh3)2] (66 mg, 0.072 mmol) and 13 (16 mg, 0.035 mmol) were stirred 

for 3 hours to yield a pale lilac product. Yield: 37 mg (54%). IR: 2016, 1980 (vOsH), 1893 

(vCO), 1480 (vC−N), 1434, 1093 (vC−O), 845 (C-S), 693 cm
-1

. 
1
H NMR (CD2Cl2): δ –12.75 (s, 

OsH, 2H, JHH = 18.4 Hz), 3.09 – 3.15 (m, CH2, 16H), 3.38 (t, CH2, 8H, JHH = 11.5 Hz), 7.37, 

7.74 (m x 2, C6H5, 60H) ppm. 
31

P{
1
H} NMR (CD2Cl2): δ 18.5 (s, PPh3) ppm. MS (MALDI): 

m/z (abundance %): 1376 (29) [M–2PPh3]
+
. Calcd. for C88H86N2O6Os2P4S4: C 55.6, H 4.6, N 

1.5%. Found: C 55.5, H 4.6, N 1.4%. 

 

[{Os(CH=CHPyr-1)(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (21) 

The same procedure was employed as used for the preparation of 15, stirring 

[Os(CH=CHPyr-1)Cl(CO)(BTD)(PPh3)2] (54 mg, 0.047 mmol) and 13 (11 mg, 0.024 mmol) 

for 3 hours to yield a green product. Yield: 40 mg (72%). IR: 1887 (vCO), 1481 (vC−N), 1432, 

1090 (vC−O), 844 (vC-S), 692 cm
-1

. 
1
H NMR (CD2Cl2): δ 3.13 (m, CH2, 6H), 3.30 (m, CH2, 

4H), 3.44 (m, CH2, 10H), 3.69 (m, CH2, 4H), 6.80 (d, Hβ, 2H, JHH= 17.3 Hz), 7.05 (d, 

pyrenyl-CH, 2H, JHH= 8.3 Hz), 7.38, 7.67 (m x 2, C6H5, 60H), 7.78 – 8.09 (m, pyrenyl-CH, 

16H), 9.07 (dt, Hα, 2H, JHH= 17.3 Hz, JHP unresolved) ppm. 
31

P{
1
H} NMR (CD2Cl2): δ 7.4 
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(s, PPh3) ppm. MS (LSIMS): m/z (abundance %): 2034 (12) [M – 2CO – PPh3]
+
. Calcd. for 

C124H106N2O6Os2P4S4·3CH2Cl2: C 58.5, H 4.3, N 1.1%. Found: C 58.7, H 4.1, N 1.2%. 

 

[{Os{CH=CH-bpyRe(CO)3Cl}(CO)(PPh3)2}2(S2CN-[18]aneO4-NCS2)] (22) 

Compound 11 (30 mg, 0.021 mmol) was dissolved in dichloromethane (15 mL) to give a red 

solution. On addition of 13 (5.0 mg, 0.011 mmol) dissolved in methanol (5 mL), the solution 

darkened. After 2 h stirring at room temperature, all solvent was removed (rotary evaporator) 

and the crude product was dissolved in dichloromethane (20 mL). This was filtered through 

Celite and the solvent again removed by rotary evaporation. Diethyl ether (30 mL) was added 

followed by trituration in an ultrasonic bath to yield a dark red precipitate. This was filtered 

under vacuum and washed with diethyl ether (2 x 20 mL) and dried. Yield: 24 mg (80%). IR: 

2013 (CO), 1879 (CO), 1739, 1468 (C-N), 1433, 1366, 1229, 1217, 1091 (C-O), 840 (C-S), 

744, 693 cm
-1

. 
1
H NMR:  3.07 – 3.20, 3.35 – 3.43 (m x 2, CH2, 24H), 5.52 (d, 2H, H, JHH = 

16.0 Hz), 6.85 (d, 2H, bpy, JHH = 8.8 Hz), 7.38, 7.52 (m x 2, 60 H, C6H5), 7.64 – 7.72, 7.92 – 

7.98 (m x 2, 2 x 5H, bpy), 8.97 (d, 2H, bpy, JHH = 5.6 Hz), 9.36 (dt, 2H, H, JHH = 16.0 Hz, 

JHP unresolved) ppm. 
31

P{
1
H} NMR:  7.9 (s, PPh3) ppm. MS (LSIMS, MALDI +ve): not 

diagnostic. Calcd. for C118H102Cl2N6O12Os2P4Re2S4: C, 49.4; H, 3.6; N, 2.9 %. Found: C, 

49.2; H, 3.6; N, 3.0 %. 

 

 

Crystallography 

 

 Crystals of compounds 2, 5 and 6 were grown by slow diffusion of ethanol into a 

dichloromethane solution of the complex in each case. Data were collected using an Oxford 

Diffraction Xcalibur 3 diffractometer, and the structures were refined based on F
2
 using the 

SHELXTL and SHELX-97 program systems.
37

 

 

Crystal data for 2: C48H51NO5P2RuS2, M = 949.02, monoclinic, P21/n (no. 14), a = 

12.28308(12), b = 20.7454(2), c = 18.0165(2) Å, β = 106.4116(11)°, V = 4403.88(8) Å
3
, Z = 

4, Dc = 1.431 g cm
–3

, μ(Cu-Kα) = 4.836 mm
–1

, T = 173 K, pale yellow needles, Agilent 

Xcalibur PX Ultra A diffractometer; 8436 independent measured reflections (Rint = 0.0208), 

R1(obs) = 0.0298, wR2(all) = 0.0775, 7684 independent observed absorption-corrected 

reflections [|Fo| > 4σ(|Fo|), 2θmax = 148°], 545 parameters. CCDC 968702. 
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Crystal data for 5: C66H61NO5P2RuS2·1.5(CH2Cl2), M = 1302.67, monoclinic, I2/a 

(no. 15), a = 21.8965(5), b = 17.9869(5), c = 31.6196(10) Å, β = 98.962(3)°, V = 12301.3(6) 

Å
3
, Z = 8, Dc = 1.407 g cm

–3
, μ(Cu-Kα) = 4.794 mm

–1
, T = 173 K, yellow plates, Agilent 

Xcalibur PX Ultra A diffractometer; 11839 independent measured reflections (Rint = 0.0293), 

R1(obs) = 0.0405, wR2(all) = 0.1131, 9948 independent observed absorption-corrected 

reflections [|Fo| > 4σ(|Fo|), 2θmax = 147°], 775 parameters. CCDC 968703. 

 

Crystal data for 6: C64H61NO5P2RuS2, M = 1151.26, monoclinic, P21/c (no. 14), a = 

13.03464(8), b = 19.81564(10), c = 21.39853(12) Å, β = 101.6426(6)°, V = 5413.30(5) Å
3
, Z 

= 4, Dc = 1.413 g cm
–3

, μ(Cu-Kα) = 4.041 mm
–1

, T = 173 K, pale yellow needles, Agilent 

Xcalibur PX Ultra A diffractometer; 10924 independent measured reflections (Rint = 0.0213), 

R1(obs) = 0.0237, wR2(all) = 0.0631, 10036 independent observed absorption-corrected 

reflections [|Fo| > 4σ(|Fo|), 2θmax = 149°], 676 parameters. CCDC 968704. 
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Crystallography 

 

The O(16)–C(17) O–CH2 portion of the polyether macrocycle in the structure of 2 was found 

to be disordered. Two orientations were identified of ca. 54 and 46% occupancy, their geometries 

were optimised, the thermal parameters of adjacent atoms were restrained to be similar, and only the 

non-hydrogen atoms of the major occupancy orientation were refined anisotropically (those of the 

minor occupancy orientation were refined isotropically). The Ru–H hydrogen atom was located from 

a ΔF map and refined freely. 

 

Both of the included dichloromethane solvent molecules in the structure of 5 were found to be 

disordered. For the C(80)-based molecule three orientations were identified of ca. 65, 18 and 17% 

occupancy (with the 18% occupancy orientation sitting near to a C2 axis), their geometries were 

optimised, the thermal parameters of adjacent atoms were restrained to be similar, and only the non-

hydrogen atoms of the major occupancy orientation were refined anisotropically (those of the minor 

occupancy orientation were refined isotropically). The C(90)-based was found to be disordered across 

a C2 axis, and this was modelled by using one, complete, 50% occupancy orientation, with the 

operation of the C2 axis generating a second orientation. The geometry of the unique orientation was 

optimised, the thermal parameters of adjacent atoms were restrained to be similar, and the non-

hydrogen atoms were refined anisotropically. 
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Figure S1. The crystal structure of 2 (50% probability ellipsoids). 

 

 

 

 

 

 

Figure S2. The crystal structure of 5 (50% probability ellipsoids). 
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Figure S3. The crystal structure of 6 (50% probability ellipsoids). 

 

 

NMR titrations, binding constants and thermodynamic parameters 

 

The cation binding experiments were performed at 298 K using a Bruker AV400 NMR 

spectrometer in acetonitrile-d
3
. The chemicals NaClO4 (ACS grade, ≥98.0%) and LiClO4 (purum p.a., 

≥98.0%) and the deuterated acetonitrile were purchased from Sigma-Aldrich and were used as 

received without further purification. Warning: Perchlorates must be handled with care as they can 

be explosive when dry. 

 

All titrations were performed with the starting concentration of [Ru(CH=CHPyr-1)(S2CN-

[15]aneO4)(CO)(PPh3)2] (5) at 0.003 M and appropriate aliquots (from 0.1 to 2.5 eq) of freshly 

prepared guest solutions (0.3 M) of NaClO4 and LiClO4 were added with a micropipette. The initial 

volume of the host solution increased by only 3% during the titrations, therefore the host 

concentration was considered effectively constant during the whole experiment. The azacrown 

methylene protons (a, b, c, and d) were monitored during the course of the 
1
H NMR titrations and the 

binding constants (Ka) were obtained by the analysis of a single isotherm (local method, proton a) and 

by the analysis of all four isotherms (global method, all protons). No sonication or heating of the 

solution was applied in order to minimise the volume variations and avoid systematic errors.  
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Figure S4. Titration spectra of 5 with 0, 0.25 and 0.5 eq of sodium perchlorate and the downfield shift 

of peaks a, b, c and d. 

 

The spectra revealed that the host-guest complexation equilibrium has a faster exchange than 

the NMR spectroscopy time scale (Case 2 of Hirose’s method
S1

). The formula used to determine the 

host-guest complex concentrations and the Ka are reported below. The binding constants (Ka) for the 

complexation were obtained by analyzing the isotherms with a non-linear least-square data treatment 

method with 95% confidence interval applied by t-distribution.  

 

𝛿 =  𝛿ℎ ∙ (1 − 𝑥) +  𝛿𝑐    𝑤ℎ𝑒𝑟𝑒 𝑥 =  
𝑎 ∙ [𝐶]

[𝐻]𝑡
 

[𝐻]𝑡  ∙ (𝛿 − 𝛿ℎ) = 𝑎 ∙ [𝐶] ∙ (𝛿𝑐 −  𝛿ℎ ) 

 

 is the observed chemical shift 

h, c are the chemical shifts of free and complexed host, respectively 

x is the ratio of complexed host at equilibrium over total host. 

 

The stoichiometry of 1:1 (cation : ruthenium complex) was determined from the x-coordinate 

at the maximum of the modified Job plot, where [𝐻]𝑡  ∙ (𝛿 − 𝛿ℎ), which is proportional to [C] (host-

guest complex concentration) plotted as y-coordinate.  

 

 

 

0.25 eq 

0.5 eq 

0 eq 
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Figure S5. Schematic of the NMR spectra for a fast exchange host-guest complexation indicating the 

complexation ratio x and the variations of chemical shifts from the host to the host-guest complex.
S1

 

 

The NMR titration curves and the results of the association constants and thermodynamic 

parameters are shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Isotherms resulting from the titration of 5 with LiClO4 from 0 to 2 eq at 298 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Isotherms resulting from the titration of 5 with NaClO4 from 0 to 2 eq at 298 K. 
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Table S1. Association constants and thermodynamic parameters for the formation of the host-guest 

complexes between 5 and lithium and sodium cations. 

Guest Ka (M
-1

)
a
 Ka (M

-1
)

b
 G (kJ mol

-1
)

c
 

Li+ 9.20 ± 1.5 M
-1

 9.75 ± 0.98 M
-1

 -5.5 

Na+ 20.4 ± 1.45 M
-1

 20.1 ± 0.77 M
-1

 -7.5 

aDetermined from the resonances of the methylene protons (a) of 5 in acetonitrile-d3 at 298K based 

on the chemical shift change by the titration experiment followed by non-linear least square data 

treatment method reported by HiroseS1. The starting concentration of the host [5] = 3 mM. b 

Determined by the methylene protons (a, b, c, d) of 5 in acetonitrile-d3at 298K based on the chemical 

shift change by the titration experiments and reported with 95% confidence interval applied by t-

distribution cThe free energies of host-guest complexation (G298K) were calculated from the Ka 

values using the equation G298K = - R T ln(Ka) with concentrations equal to activities. 

 

The Job plot revealing the ruthenium azacrown/cations binding stoichiometry is reported 

below. The plot (Figure S5) was obtained by plotting [H]/([H]+[G]) vs [H]/([H]+[G]), indicating a 

1:1 host:guest stoichiometry. 

 

 

Figure S8. Job plot of compound 5 with NaClO4 in acetonitrile-d
3
 at 298 K showing a maximum at 

0.5 mole fraction of compound 5. 

 

References 

S1 Hirose, K. J. Incl. Phenom. Macrocycl. Chem. 2001, 39, 193-209. 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.1 0.3 0.5 0.7 0.9



[

H
]/

([
H

]+
[G

])
 

[H]/([H]+[G]) 


