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Abstract 
With the aim to design new water-soluble organometallic Ru(II) complexes acting as anticancer agents 

catalysing transfer hydrogenation (TH) reactions with biomolecules, we have synthesized four Ru(II) 
monocarbonyl complexes (1-4) featuring the 1,4-bis(diphenylphosphino)butane (dppb) ligand and different 

bidentate nitrogen (N^N) ligands, of general formula [Ru(OAc)CO(dppb)(N^N)]n (n = +1, 0; OAc = acetate). 

The compounds have been characterised by different methods, including 1H and 31P NMR spectroscopy, 

electrochemistry as well as single crystals X-ray diffraction in the case of 1 and 4. The compounds have also 

been studied for their hydrolysis in aqueous environment, and for the catalytic regioselective reduction of NAD+ 

to 1,4-NADH in aqueous solution with sodium formate as hydride source. Moreover, the stoichiometric and 

catalytic oxidation of 1,4-NADH have also been investigated by UV-Visible spectrophotometry and NMR 

spectroscopy. Overall, initial structure-activity relationships could be inferred which point towards the influence 
of the extension of the aromatic N^N ligand in the cationic complexes 1-3 on the TH in both reduction/oxidation 

processes. The neutral complex 4, featuring a picolinamidate N^N ligand, stands out as the most active catalyst 

for the reduction of NAD+, while being completely inactive towards NADH oxidation. The compound can also 

convert pyruvate into lactate in the presence of formate, albeit with scarce efficiency. In any case, for all 

compounds, Ru(II) hydride intermediates could be observed and even isolated in the case of complexes 1-3. 

Together, insight from the kinetic and electrochemical characterization suggests that, in the case of Ru(II) 

complexes 1-3, catalytic NADH oxidation sees the H-transfer from 1,4-NADH as the rate limiting step, whereas 
for NAD+ hydrogenation with formate as the H-donor, the rate limiting step is the transfer of the ruthenium 

hydride to the NAD+ substrate. The latter is further modulated by the presence of di-cationic aquo- or mono-
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cationic hydroxo-species of complexes 1-3. Instead, compound 4, stable with respect to hydrolysis in aqueous 

solution, appears to operate via a different mechanism. Finally, the anticancer activity and ability to form 

reactive oxygen species (ROS) of complexes 1-3 have been studied in cancerous and non-tumorigenic cells 

in vitro. Noteworthy, the conversion of aldehydes to alcohols could be achieved by the three Ru(II) catalysts in 

living cells, as assessed by fluorescence microscopy. Furthermore, the formation of Ru(II) hydride intermediate 

upon treatment of cancer cell extracts with complex 3 has been detected by 1H NMR spectroscopy. Overall, 
this study paves the way to the application of non-arene based organometallic complexes as TH catalysts in 

biological environment. 
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Introduction 
In biological systems, hydrogenation reactions are usually performed by enzymes using nicotinamide adenine 

dinucleotide (NAD(P)H) or flavin mononucleotide/dinucleotide as cofactors and hydride sources. In industrial 

processes, transfer hydrogenation (TH) catalysis is conducted by metal complexes and involves the formation 

of metal-hydride intermediate enabling hydride transfer from a donor to an acceptor substrate. In this context, 

when able to perform reactions in aqueous environment, small metal complexes can be viewed not only as 

potential metalloenzyme mimics, but also as catalysts of biorthogonal reactions in cells, leading to novel 

applications in catalysis and medicine. For example, catalytic metallodrugs could achieve high efficiency at 

low dosages and overcome cancer cells resistance through novel modes of actions. 
TH reactions in aqueous media were not reported until the mid 1980s1, and the presence of water 

seemed to increase catalytic rates, thus, allowing the use of more environmentally friendly solvents. In 1991, 

Steckhan et al. developed the first series of TH metal catalysts – with [Cp*Rh(bipy)Cl]+ (bipy = 2,2’-bipyridyl, 

Figure 1) – being the most active derivative - capable of regenerating regioselectively 1,4-NADH in aqueous 

media (pH 7, 37 °C) using high concentrations of formate as hydride source2. In 2001, Fish et al. obtained 

structure-activity relationships on [Cp*Rh(bipy)Cl]+ and derivatives and obtained initial insights into the 

mechanisms of NADH cofactor regeneration3. In 2006, Sadler et al. proposed to exploit the TH properties of 
Ru(II)-arene complexes of general formula [(η6- arene)Ru(X,Y)Cl]PF6 (X,Y = ethylendiamine, bipy, or 

acetylacetone, Figure 1) to regenerate NADH4. Using this strategy, the concentration of NAD+ as well as the 

NAD+/NADH ratio could be altered, potentially interfering with numerous processes highly controlled in cancer 

cells, such as energy regulation, DNA repair and transcription, or immunological functions5, 6. The catalytic 

cycle was also studied, showing similar behaviour to complex [Cp*Rh(bipy)Cl]+. Thus, a number of Ru(II)-

arene compounds were further developed7. Afterwards, a series of neutral Ru(II) half-sandwich complexes, 

whereby the choice of the arene and of the chelating ligand has a major effect on the catalytic activity,  were 

shown to regioselectively catalyse the TH of NAD+ 8-11, and to be able to perform the reaction in cellular 
environment12. Unfortunately, no correlation between activity in NMR experiments and in cells could be 

observed13, probably due to catalyst poisoning or side reactions in the cellular environment.  

In 2012, Hollman et al. reported a modified heterogenic Rh(III)−Noyori type catalyst capable of 

reducing NAD+, proving that the compounds could potentially be used for regeneration of NADH14. Further 

studies on Rh(III)-arene complexes showed that they can reduce NAD+ to 1,4-NADH and pyruvate to lactate, 

using formate as the hydride source, under biologically-relevant conditions11. Pyruvate is an important 

intermediate in metabolic pathways in cells; it is the end-product of glycolysis, and is ultimately destined for 

transport into mitochondria as a pivotal fuel input sustaining the Krebs cycle15. Hence, disturbance of pyruvate 
metabolism is expected to generate metabolic disorder.  

More recently, Noyori-type Os(II) compounds of general formula [Os(arene)(TsDPEN)] (TsDPEN, N-

(p-toluenesulfonyl)-1,2-diphenylethylenediamine) (Figure 1) were studied for the reduction of pyruvate using 

formate as a hydride source and under biologically relevant conditions, giving rise to L- lactate or D-lactate with 

a high enantiomeric excess13, 16. The toxicity of the compounds was greatly enhanced upon addition of formate 

to the cell culture media. Interestingly, Pizarro et al reported on Os(II) complexes bearing picolinate N,O-

chelates and studied their reactivity toward catalytic TH of pyruvate, producing quantifiable excess lactate 
inside cancer cells when using formate as hydride-source17. Finally, in 2022, Sungho Yoon et al. described a 

water-soluble carbene rhodium complex of formula [(η5-Cp*)Rh(MDI)Cl]+ [MDI = 1,1′-methylenebis(3,3′-
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dimethylimidazolium)] (Figure 1) as catalyst for the reduction of NAD+ to NADH, highlighting the evidence of 

the formation of a stable metal hydride intermediate upon its isolation and characterization.18 

 When studying the catalytic activity and cycle of [(Cp*)Rh(bipy)Cl]+, Fish et al. described the possibility 

of a reverse reaction, where NADH is oxidized to NAD+ via formation of a hydride complex3. Later in 2012, 

Ru(II)-arene complexes containing bipyridyl bidentate ligands (Figure 1) were shown to oxidize NADH to 

generate NAD+ 19. Similarly, Cp-based Ir(III) compounds (Figure 1) were also demonstrated to oxidize NADH 
instead of reducing NAD+, and were highly active toward A2780 cancer cells, importantly increasing the 

intracellular NAD+/NADH ratio19, 20. From this study and others21, it is evident that in general oxidation of NADH 

itself does not induce cell death but causes an imbalance of the intracellular redox state. Thus, the effect of 

different biologically relevant components on selected known Ir(III) and Ru(II) catalysts capable of oxidizing 

NADH was investigated22. Density functional theory (DFT) modelling suggests that the mechanism for the 

oxidation of NADH to NAD+ involves transfer of hydride from NADH to the Ru(II)/Ir(III) centre via formation of 

a six-membered transition state, by a coordination site which becomes vacant by a ring-slippage mechanism23, 

24. Noteworthy, in 2017 Macchioni et al showed that the complex [Cp*Ir(pica)Cl] (pica = picolinamidate, Figure 
1) is able to generate active species that efficiently catalyse both NAD+ hydrogenation and NADH oxidation in 

aqueous environment25. Finally, a series of half-sandwich Os(II) complexes of the type 

[(arene)Os(iminopyridine)X] (X = Cl or I) (Figure 1) were prepared and their catalytic activity toward oxidation 

of NADH was successfully tested under physiological conditions26. Treatment of cancer cells with some of the 

derivatives increased the NAD+/NADH ratio significantly. 

 Within this framework, we decided to explore a different family of TH organometallic catalysts based 

on a Ru(II) monocarbonyl scaffold featuring bidentate nitrogen (N^N) and diphosphine (P^P) ligands, of general 
formula [Ru(OAc)CO(dppb)(N^N)]n (n = +1, 0; dppb = 1,4-bis(diphenylphosphino)butane). Monocarbonyl 

ruthenium complexes have attracted a great deal of attention in homogeneous catalysis due to their ability to 

promote several transformations, including in the transfer hydrogenation and hydrogenation of a number of 

carbonyl compounds27-32. However, to the best of our knowledge, they have never been tested in TH reactions 

with the NAD+/NADH couple. Recent studies also showed that this family of compounds are endowed with 

antiproliferative activity in cancer cells33-37. Therefore, we synthesized three Ru(II) monocarbonyl compounds 

(Scheme 1, complexes 1-3) featuring the same bidentate phosphine 1,4-bis(diphenylphosphino)butane (dppb) 

but different N^N ligands - namely ,2’-bipyridine (bipy), 1,10-phenanthroline (phen) and pyrazino[2,3-
f][1,10]phenanthroline (pzphen) - to explore the effects of the different aromatic scaffolds on the catalytic 

activity of the compounds. Moreover, inspired by the aforementioned previous work on Ir(III)-arene complexes 

featuring the picolinamidate (pica) ligand25, we synthesized the corresponding monocarbonyl analogue 

(Scheme 1, complex 4). The compounds have been characterized by different methods, including single crystal 

X-ray diffraction (SC-XRD) analysis, and their reactivity towards the NADH/NAD+ pair studied by UV-visible 

absorption, fluorescence, as well as 1H and 31P NMR spectroscopies. The Ru(II) complexes demonstrated to 

be active as catalysts for the regioselective regeneration of 1,4-NADH by reduction of NAD+ with formate as 
hydride source in aqueous media, with compound 4 as the most active. The latter was also able to convert 

pyruvate to lactate, although with moderate catalytic activity. Moreover, the Ru(II) complexes 1-3 were able to 

oxidize NADH to produce NAD+ both in stoichiometric and catalytic conditions. The isolation of the hydride 

complexes was attainable in the case of catalysts 1-3, and initial mechanistic insights based on kinetic, 

electrochemical and DFT studies shed light into the catalytic activities of the titled complexes. Compounds 1-
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3 showed marked antiproliferative activities in a small panel of human cancer cells in comparison to non-

tumorigenic ones in vitro. Moreover, formation of reactive oxygen species (ROS) could also be detected in 

cells. Notably, the conversion of aldehydes to alcohols by the Ru(II) catalysts 1-3 was studied in living cells by 

fluorescence microscopy using a BODIPY fluorogenic substrate. Finally, evidence of Ru(II) hydride complex 

formation was achieved in cell extracts treated with compound 3 by 1H NMR spectroscopy. 

 

 
Figure 1 – Timeline of milestones in the development of transfer hydrogenation metal-arene catalysts for NAD+ 

reduction/NADH oxidation in aqueous media. 

 

Results and discussion 
Synthesis and characterization of Ru(II) complexes 
Complexes 1-4 were synthesized as previously reported in literature for compound 2 (Scheme 1)37. Briefly, for 

the cationic complexes 1-3, the acetate diphosphine complex [Ru(η1-OAc)(η2-OAc)(CO)(dppb)] (dppb = 1,4-

bis(diphenylphosphino)butane) was treated with 1 equiv. of the chosen N^N ligand, namely 2,2’-bipyridine 

(bipy), 1,10-phenanthroline (phen) and pyrazino[2,3-f][1,10]phenanthroline (pzphen), in MeOH at 60 °C. For 

complex 4 the same reaction was conducted at 80 °C in EtOH using picolinamidate (pica) as ligand, in order 

to afford a neutral complex by displacement of one acetate ligand. In addition, the corresponding non 
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carbonylic compound 2A was obtained from the diacetate analogue [Ru(η2-OAc)2(dppb)]32, after reacting with 

1,10-phenanthroline in methanol at 60 °C. All the complexes display high solubility and stability in several 

media, including alcohols (MeOH and EtOH), chloroform, dichloromethane, acetone, dimethylformamide and 

dimethylsulfoxide. Furthermore complexes 1-3 and 2A exhibit good water solubility, while complex 4 (1 mM) 

was solubilised in water after being first dissolved in a 20% (v/v) of dimethylformamide.  

 

  
Scheme 1. Synthetic routes followed to obtain the monocarbonyl Ru(II) complexes 1-4 and 2A. 

 

X-ray diffraction analysis 

The full characterization of the complexes was accomplished by 1H, 13C and 31P NMR spectroscopy (ESI 
Figures S1-S12), as well as by single crystal X-ray diffraction (SC-XRD) for 1 and 4 (Figure 2, Table 1), while 

the crystal structure of 2 has been previously reported37. Crystals suitable for analysis were obtained by slow 

diffusion of diethyl ether into a solution of the Ru complex in dichloromethane (ESI Tables S1-S2). It is evident 

from the bond angles between the ligands and Ru(II) center (Table 1) that both complexes show a marginally 

distorted octahedral geometry, as previously observed for complex 237. The strong trans influence of the 

diphosphine and CO ligands is noticeable in both molecular structures with increased lengths of the Ru1-N1 

bonds, as well as the Ru1-O2 bond (Table 1). The latter suggests the facile dissociation of the acetate ligand, 

as previously reported for complex 237. 
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Figure 2 – Molecular structures of 1 and 4 as determined by SC-XRD. Ellipsoids are displayed at the 50% 
probability level. Hydrogen atoms and the counter anion of 1 have been omitted for clarity, as well as the 

simplification of the phenyl groups as wireframes. 

 

Table 1 – Selected distances and bond angles for complexes 1 and 4 obtained from SC-XRD experiments. 
Complex 1 Complex 4 

Bond lengths (Å) Bond angles (°) Bond lengths (Å) Bond angles (°) 

Ru1-C39 1.847(4) C39-Ru1-N1 97.64(14) Ru1-C35 1.885(8) C35-Ru1-N2 95.7(3) 

Ru1-N1 2.101(3) C39-Ru1-O2 95.87(13) Ru1-N2 2.134(6) C35-Ru1-O2 95.9(3) 

Ru1-N2 2.151(3) P1-Ru1-P2 100.58(3) Ru1-N1 2.088(6) P1-Ru1-P2 94.86(7) 

Ru1-P1 2.3435(9) N1-Ru1-N2 77.64(11) Ru1-P1 2.312(2) N1-Ru1-N2 77.0(2) 

Ru1-P2 2.3717(10) C39-Ru1-N2 175.27(14) Ru1-P2 2.3087(19) C35-Ru1-N1 172.7(3) 

Ru1-O1 1.160(4)   Ru1-O1 1.141(9)   

Ru1-O2 2.117(2)   Ru1-O2 2.156(5)   

 

 

Hydrolysis studies of ruthenium complexes and pKa determination 

The chemical reactivity of metal complexes in biological conditions generally occurs via the hydrolysis of labile 

monodentate ligands. In previous works, we demonstrated by NMR spectroscopy that for this class of Ru(II) 

complexes a water molecule displaces the acetate ligand, resulting in the formation of the aquo- or hydroxo- 
species depending on the examined pH, in accordance with DFT calculations showing stabilizing H-bonds 

between the acetate oxygen atoms and the hydrogen atoms of incoming water molecules36, 37. To elucidate 

the aqueous behaviour and the rate of the hydrolysis process for the new complexes, 1H NMR kinetic studies 

were carried out in deuterated PBS media at both pD 7.4 and 6.3 within 12 hours (Figure 3A). The slightly 

acidic pH was selected since it is relevant to cancer cells. 
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Figure 3. A) Hydrolysis of the Ru(II) monocarbonyl complexes studied in this work. B) Stacked 1H NMR spectra 

of a solution of complex 2 in PBS pH 6.3. The formed aquo-specie increases over 12 hours and originates new 

pattern of signals for the ortho (square) and other aromatic (triangle) protons of the phenanthroline ligand, and 
for the dppb phenyls protons (circle). Hydrolysis kinetics plotted over time at different pDs: C) 7.4 and D) 6.3. 

E) Plot of the chemical shift changes of the resonances from δ 9.65 to 9.54 ppm corresponding to the most 

deshielded otho proton of the pzphen ligand for complex 3 (red asterisk). The pH was increased in the range 

of ca. 4-11. 

 

The 1H NMR spectra of the compounds exhibited new pattern of signals (Figure 3B and Figures S13-

S15) which demonstrated the formation of a second aquo-specie over 12 h mainly distinguishable in the 

aromatic region, whereby the chemical shifts of the nitrogen donor aromatic ligand and the phenyls of the 
diphosphine were subjected to up-field and down-field shifts, respectively. The replacement of the coordinated 

OAc with a water molecule is also proven by the decrease over time of the acetate singlet at 1.63 ppm (ESI 

Figure S13-S15). Compounds 1-3 undergo partial hydrolysis reaching an equilibrium between the acetate and 
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the aquo forms after 12 hours. Depending on the pH, the compounds show different trends: after 12 hours at 

pH 7.4, complex 1 reaches a plateau, being converted to the aquo-form to the extent of 86%, the highest 

percentage of conversion compared to the other complexes (Figure 3C). At the same pH, both complexes 2 

and 3 reached a plateau after 7.5 hours with 72% and 52% of conversion, respectively. Interestingly, at pH 6.3 

all the complexes showed approximately the same percentage of hydrolysis as at pH 7.4 after 12 hours, 

although exhibiting a slightly faster trend toward the equilibrium (Figure 3D and Figures S13-S15). Overall, 
complexes 1 (bipy) and 2 (phen) undergo more pronounced hydrolysis with respect to 3 (pzphen). Conversely, 

complexes 4 and 2A did not show any hydrolysis process at both pHs and are stable over a period of 24 hours 

(data not shown).  

Following the Ru-OAc cleavage, the changes in the 1H NMR chemical shifts of the coordinated N^N 

ligand of complexes 1-3, were followed upon increase in pH over the range 4-11 in deuterated PBS solutions, 

as previously reported in literature17, 38-43. The monitored aquo/hydroxo signals belonging to the N^N ligand 

protons shifted to higher field with increase in pH, while the signals attributable to the non-hydrolysed acetate 

complexes remained unchanged with varying pH. The chemical shifts of aquo/hydroxo species were plotted 
against pH and the data were fitted to the Henderson-Hasselbach equation, from which the pKa values of the 

coordinated water were determined. The collected data yielded pKa values of 8.7, 8.4 and 7.8 for complexes 

1,2 and 3, respectively (Figure 3E and ESI Figures S16). These data suggest that the extension of the N^N 

chelating ligand, as in the case of complex 3, reduces the electron density on the metal, lowering the pKa of 

the coordinated water up to 0.9 pKa units (Figure 3E). Furthermore, the pKa values indicate that at physiological 

pH complexes 1-3 would be present in their more reactive aquo-form, although to a lesser extent for the pzphen 

derivative 3. 
 

Catalytic NAD+ reduction 
The regiospecific reduction of NAD+ to 1,4-NADH was investigated by 1H NMR spectroscopy using complexes 

1-4 and 2A as catalysts and potassium formate as hydride source in deuterated PBS at both pD 6.3 or 7.4, at 

room temperature (Figure 4). The molar ratios of [Ru] catalyst : NAD+ : HCOOK varied while the concentration 

of [Ru] was kept constant (see Experimental for details). Only for the non-water soluble complex 4, the samples 

were prepared with a 20% (v/v) of deuterated DMF. The stability of NAD+ and NADH in DMF was previously 

assessed, as well as the possibility of DMF affecting the rate of the catalysis. As comparison, the reaction 
catalysed by complex 1 was also tested in the same 20% DMF solution, demonstrating no interferences with 

the rate of the catalytic system compared to the one in 100% aqueous PBS. The transfer hydrogenation 

reactions were followed by 1H NMR kinetic experiments over a time interval of 48 hours (Figure 4B) and the 

relative proportions of the oxidized and reduced forms of the coenzyme were determined by integration of the 

H2 and J2 signals (see full assignment in ESI Figure S17). The catalytic cycle can start directly from the Ru(II) 

complex or from its aquo-species which can react with formate to afford the hydride ruthenium complex via β-

hydride elimination accompanied by CO2 evolution. The hydride complex is then able to hydrogenate NAD+ 
liberating 1,4-NADH and regenerating the Ru(II) aquo-specie (Figure 4A).  
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Figure 4. A) Proposed catalytic pathway for the reduction of NAD+ accomplished by complexes 1-4 and 2A in 

PBS at pH 7.4 and 6.3. B) Stacked 1H NMR kinetics of the reduction of NAD+ performed by complex 4 showing 

the regioselective formation of 1,4-NADH (in deuterated PBS buffer at pH 7.4 over 3 h with molar ratios of 

catalyst : NAD+ : HCOOK = 1:10:50). Trends of conversion vs time at pH C) 6.3 and D) 7.4. 

 
The catalytic activity of complexes 1-4 towards NAD+ reduction showed a marked dependence on both the 

N^N aromatic ligand and the pH (Figures 4C and 4D). TOF and TON numbers at different pH values are 

summarized in Table 2. In detail, cationic complexes 1-3 are poor active catalysts with the rate of NAD+ 

hydrogenation increasing by reducing the extension of the N^N ligand in the order bipy > phen > pzphen. On 

the other hand, the neutral complex 4 featuring the pica ligand is the most efficient catalyst of the series, while 

being stable towards acetate hydrolysis. In fact, at molar ratios [Ru] : NAD+ : HCOOK = 1:10:50, at pH 6.3, 

complex 4 exhibited the highest rate of conversion, completing the catalysis in only 1.8 hours (TOF = 6.08 h-

1). Overall, the substitution of the pzphen ligand (3) with picolinamidate (4), resulted in a 46-fold increase in 

catalytic activity. In general, these data points towards a different mode of TH for compound 4 with respect to 

the N^N family of Ru(II) complexes. It should also be noted that the affinity of the NAD+ substrate for the 

cationic hydrides of complexes 1-3 (Scheme 2) should be reduced due to unfavourable electrostatic 

interactions in comparison to the neutral hydride of compound 4. The pH also plays an important role in 

affecting the rate of conversion and overall catalytic efficiency of all compounds, whereby the catalytic rate of 

conversion at pH 7.4 is ca. 2-fold lower with respect to pH 6.3 (Table 1). Complex 2A, did not show any catalytic 

activity toward the hydrogenation of NAD+ independently on the pH (data not shown). 
 

Table 2. Catalytic activity for the reduction of NAD+ catalysed by complexes 1-4 and 2A over 48 h at pH 6.3 
and 7.4, where [Ru] : [NAD+] : [HCOOK] = 1 : 10 : 50. 

Complexes TOF (h-1) TON 
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 pH 6.3 pH 7.4 pH 6.3 pH 7.4 
     

[Ru(bipy)] (1) 0.20 0.13 7.0 5.8 

[Ru(phen)] (2) 0.12 0.03 4.8 1.4 

[Ru(pzphen)] (3) 0.03 0.01 1.1 0.6 

[Ru(pica)] (4) 6.08(a) 3.76(b) 10(a) 10(b) 
(a) catalytic cycle completed in 110 min; (b) catalytic cycle completed in 170 min. 

 

Full characterization of the hydride derivatives 1H-3H was obtained by reacting complexes 1-3 with 3 equiv. 

HCOOK in PBS pH 7.4 and isolating the hydrides upon addition of NaPF6 (Scheme 2), while the formation of 
4H was observed only in solution and the compound could not be isolated due to instability in the solid state. 

Hydride formation could not be assessed in the case of complex 2A, likely due to the fact that it cannot easily 
liberate acetate by hydrolysis. 

  

 

 
Scheme 2. Synthesis of the Ru(II) hydride complexes 1H-3H. 

 
Notably, the isolation of the ruthenium hydride species was only possible in aqueous media: the same 

procedure carried out in other organic solvents (methanol, acetone, dimethylsulfoxide, dichloromethane and 

DMF) did not lead to the formation of the intended hydride derivatives. Interestingly, in DCM the addition of 

HCOOK to complexes 1-3 leads to the exchange of the acetate bound ligand with formate (ESI Figures S19-

S20). It is therefore hypothesized that water addition is a crucial step to trigger b-hydride elimination. The full 

characterization of the isolated hydride derivatives 1H-3H was accomplished by 31P, 1H and 13C NMR 

spectroscopy. It is worth noting the marked shift of the dppb phosphorus signals in the 31P NMR upon formation 

of the hydride derivative, with respect to the acetate precursors. While for instance complex 2 exhibits two 

doublets at δ 32.2 and 29.3 ppm in CD3OD, the corresponding hydride derivative 2H (Fig. 5A) displays two 

shifted signals at δ 56.1 and 11.2 ppm for the P atoms trans to N and H, respectively (Figure 5B). The presence 

of the hydride trans to a P atom was also confirmed by 1H NMR, whereby a doublet of doublet at δ -6.05 ppm 

could be detected (Figure 5C). The same behaviour was observed for complexes 1H and 3H (ESI, Figures 

S21-S26). 

To prove that the provenance of the hydride came right from formate upon b-hydride elimination and 

not from the solvent, we also isolated the deuteride analogue of complex 2H, after reacting complex 2 with 

deuterated sodium formate in non-deuterated water, obtaining the straightforward 31P chemical shifts 

characteristic of the formation of the ruthenium deuteride/hydride derivative. However, the 1H NMR spectrum 



 12 

shows a 10% of the hydride species, probably due to the scrambling with the solvent to a lesser extent (Figures 

S27-S28). The SC-XRD structure of the Ru(II) hydride complex 2H has also been obtained (Figure 5D, and 

ESI Table S3). The molecular structure of 2H shows a slightly disordered octahedral geometry, similar to 

complex 237, except with a marginally larger P1-Ru1-P2 bite angle (2H: 101.52 (3)°; 2: 94.08(3)°, most likely 

due to the smaller size of the hydride compared to the OAc ligand. The Ru1-P1 bond, trans to the hydride, 

increases in length for 2H compared to the same bond in 2 (2.4462(8) Å vs. 2.3322 (12) Å, respectively), which 

can be attributed to the strong trans influence of the hydride44. The Ru1-H4 bond length is comparable to that 

found for a [Ru(H)(bpy)2(PPh3)](PF6) complex previously characterised by SC-XRD45. 
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Figure 5. A) Chemical structure of the Ru(II) hydride complex 2H; B) 31P-NMR spectrum of complex 2H in 

CD3OD; C) 1H-NMR spectrum of complex 2H in CD3OD. Inset shows the hydride signals. D) Molecular 

structure of 2H as determined by SC-XRD, ellipsoids are displayed at 50% probability. The remaining hydrogen 

atoms and counterion have been omitted, and the phenyl groups are simplified as wireframes for clarity. 
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A second series of experiments was performed in order to investigate the dependence of the reaction rate for 

the catalytic reduction of NAD+ on the formate concentration and as a function of pH. The plot of the data 

obtained for complex 4 shows a strong dependence of the turnover number (TON) and turnover frequency 

(TOF) on the formate concentration (Figure 6 and Table 3). Thus, TOF numbers were found to markedly 

increase upon increase in the concentration of HCOOK from 25 to 200 equiv. (Figure 6C). Moreover, an 

enhancement in catalytic activity was also observed at the most acidic pH value for all the tested HCOOK 

concentrations, reaching TOF numbers as high as 17.3 h-1 and completing the catalysis in 40 min. In contrast, 

complexes 1-3 were not affected by differences in formate concentration, exhibiting the same trend reported 
for 50 equiv. of the reducing source (see Figure S29). These results indicate that the NAD+ reduction catalysed 

by complex 4 is first-order with respect to HCOOK, which parallels the observations of Macchioni et al. for the 

Ir(III)-arene complex featuring the same pica ligand25. Moreover, it is reasonable to assume that the catalytic 

mechanism involving complex 4 might be different with respect to the one of the other monocarbonyl Ru(II) 

complexes.  

 

 
Table 3. Kinetic data for the reduction of NAD+ catalysed by complex 4 (10%) at pH 7.4 and 6.3 at room 
temperature, where [Ru] : [NAD+] : [HCOOK] = 1 : 10 : X.  

 

 

 

 TOF (h-1) 
HCOOK equiv. pH 6.3 pH 7.4 

25 2.74 2.31 

50 6.08 3.76 

100 9.03 5.82 

200 17.3 10.4 
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Figure 6. Trends of turnover number (TON) vs time at A) pH 7.4 and B) pH 6.3 for complex 4 at different 

HCOOK concentrations (25, 50, 100, 200 equiv.). C) Plot of the turnover frequency (TOF) for complex 4 (10%) 

against the HCOOK equiv. used for the catalytic reduction of NAD+ at both pHs. D) Plot of the turnover 

frequency (TOF) for complex 4 against NAD+ equiv. keeping the NAD+ : HCOOK ratio constant (1 : 4) at pH 

7.4. 

 
In further studies concerning complex 4, TOF was also found to increase by increasing the concentration of 

NAD+ with respect to the catalyst, while the ratio between NAD+ and the reducing agent was kept constant 
([Ru] : NAD+ : HCOOK = 1 : X : 4X, where X = 10, 25, 50) (Figure 6D), reaching a TOF value of 22.8 h-1 for 50 

equiv. of NAD+. This means that the rate of conversion is strictly related to the concentration of the substrate. 

This is further demonstrated by the comparison between the two kinetics [Ru] : [NAD+] : HCOOK = 1 : 50 : 200 

and [Ru] : [NAD+] : HCOOK = 1 : 10 : 200, whereby the first one exhibits a TOF number 2-fold higher than the 

same reaction carried out with10 equiv. NAD (Figure 6D). 

 

Mechanistic evaluation 
In order to shed light into the mechanism of the hydride transfer in the conversion of NAD+ to NADH, we splitted 

the reactions into two steps: i) the formation of the Ru-H complexes, and ii) the transfer of the hydride to NAD+. 

Complex 1 was selected as representative example and reacted with a stochiometric amount of HCOOK, 

leading to the quantitative formation of complex 1H in solution as shown by 1H NMR spectroscopy (Figure 

S30). In this first step, no relevant differences where observed for the formation of the Ru-H derivatives 

concerning complexes 1-3. Following addition of one equivalent of NAD+, complex 1H was not able to transfer 
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the hydride to the coenzyme over 24 hours (ESI Figure S31), and only after addition of excess formate (20 

equiv.) the complete conversion of NAD+ to NADH was achieved within 8 hours (ESI Figure S32). The same 

experiment was performed adding an excess of NaOAc (non-hydride donor) instead of HCOOK to solutions 

of 1H. Surprisingly, the hydride was transferred to NAD+ forming NADH, although to a lesser extent (50% 

conversion) within 24 h, compared to the same reaction with HCOOK (Figure S33). Based on these results, it 

is therefore reasonable to hypothesize that the transfer of the hydride to the substrate is the rate limiting step 
of the catalysis for compounds 1. Instead, when NAD+ (1 equiv.) was added to a solution of complex 4H with 

no excess of formate, the formation of NADH was achieved in less than 1 hour (Figures S34) confirming the 

high catalytic efficiency of this compound and that it is likely to act via a different mechanisms compared to 1-
3. 

 

Scheme 3. Reaction scheme describing the hydride formation from 1-3 and the transfer of hydride from Ru-H 

complexes 1H-3H to NAD+ before and after addition of excess formate or acetate as hydride source. 

 

DFT calculations were carried out starting from the acetate complexes 1 and 2, respectively, to follow the 

formate addition and CO2 release to form the hydride complex, following by the transfer of the hydride to NAD+ 

as presented in Scheme 3 with some additional transition and ground states. Scheme 4 shows the envisaged 

reaction steps, including the abbreviations of the ground and transition states, and Table 4 the respective 

energies. Figure S35 shows the energy profile of our mechanism for the two complexes. The exchange from 

acetate to formate is endergonic at 298 K with a DG value of 3.2 kcal/mol for 1 to 1F and 2.7 kcal/mol for 2 to 

2F. Afterwards, we calculated the relevant transition states for the transfer of the hydride from the formate to 

the Ru(II) center as suggested by the deuterated sodium formate studies above. The barrier heights are rather 

high (29.1 kcal/mol for 1F to 1H / 29.3 kcal/mol for 2F to 2H, Figure S35). We, therefore, included also the 

intermediates of the formate complexes where the formate is coordinated via the H atom and not via the O 

atom, similarly to what predicted in the transition state. As expected, the isomers 1F* and 2F* are higher in 

energy with +27.5 kcal/mol and 28.5 kcal/mol above 1F and 2F, respectively (Figure S35). However, these 
“hypotetic” isomers can be regarded as pre-complexes before reaching the H-transfer TS from the formate 

ligand via CO2 formation to the Ru-H species. Thus, TS1F is 1.6 kcal/mol higher than 1F*, and TS2F is only 

0.9 kcal/mol higher than 2F*. The formation of the hydride species 1H and 2H is still higher in energy than the 

formate complexes 1F and 2F. 1H is 19.1 kcal/mol higher than 1F and 2H is 19.7 kcal/mol higher than 2F. To 

get the energy down, the H transfer from the Ru complex to NAD+ has to occur to form the most stable isomer 

1,4-NADH, accompanied by the addition of another formate salt in order to regenerate the catalytic system. 

With that, the energy of the final step goes down by -17.3 kcal/mol from the hydride species 1H to 1F, and by 
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-18.0 kcal/mol from 2H to 2F with the hydration of NAD+. It can be concluded that the scarce reactivity of 1 and 

2 can be seen in the rather non-favorable energies along our TH pathway.  

 

Table 4. Calculated DG values of species shown in Scheme 4. The acetate ion serving as counter ion is omitted 

in the calculation. 

 

 

 

Scheme 4 - The possible mechanism of TH starting from complexes 1 and 2 divided into three steps. (a) 
acetate to formate substitution; (b) hydride formation in parallel to CO2 release c) transfer hydrogenation to 

NAD+. All energies reported are on the DG scale. 

 

Catalytic reduction of pyruvate 

The catalytic reduction of pyruvate to lactate using our Ru(II) complexes was studied by 1H NMR spectroscopy 

in deuterated PBS (pH 7.4). While complexes 1-3 showed no conversion of pyruvate, [Ru(pica)] (4) showed 
low catalytic activity, and after 48 h less than 25% conversion was achieved (Figure S36). 

 

Ru(II) 
complex 

Stages during the mechanism of TH 

 Acetate 
complex 

Formate 
complex 

Hydride 
complex 

Formation of formate complex 
after TH to NAD+ 

1 [Ru(bipy)]  0.0 (1) +3.2 (1F) +22.3 (1H) +4.9 (1F+1,4-NADH) 

2 [Ru(phen)]  0.0 (2) +2.7 (2F) +22.4 (2H) +4.4 (2F+1,4-NADH) 
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Stoichiometric oxidation of NADH 

Afterwards, the catalytic activity of the Ru(II) monocarbonyl complexes was challenged towards NADH 

oxidation. In this case, following Ru(II) hydride formation, NADH is converted into its oxidized form NAD+ 

(Figure 7A). Indeed, when NADH is added to a PBS solution (pH 7.4) of complexes 1-3 (0.2 M) the formation 

of the Ru(II) hydride derivatives 1H-3H is observed by 1H and 31P NMR spectroscopy (Figure 7B-C). 

Interestingly, no reactivity could be observed in the case of the neutral complex 4 and of complex 2A. Figures 

7A and 7B report the representative 1H NMR and 31P NMR spectra of a sample of complex 3 with NADH (2 

equiv.) in deuterated PBS buffer (pH 7.4) recorded after 3 h. The results show the formation of new proton 
signals (δ = 9.46, 9.26, 8.94 and 8.24 ppm) attributable to the hydrogen atoms of the NAD+ nicotinamide ring 

(see ESI Figure S17 for the assignment), as well as a doublet of doublet around -4.7 ppm for the Ru-H species. 

The formation of 3H was further confirmed by the 31P NMR experiment showing the typical chemical shifts 

attributable to the formation of the ruthenium hydride derivative in the range 10-60 ppm (Figure 7B). 

 

 
Figure 7. A) Reaction scheme for the interaction between the Ru(II) monocarbonyl complexes and 1,4-NADH 

(2 equiv.) in deuterated PBS pH 7.4. B) 1H NMR and C) 31P NMR spectra of [Ru(pzphen)] (3) reacting with 

1,4-NADH in PBS pH 7.4. 

 
The dehydrogenation of NADH promoted by the Ru(II) monocarbonyl complexes was also investigated by UV-

Visible spectrophotometry following the NADH absorption band at 340 nm. Upon stoichiometric addition of the 

ruthenium compounds, the band decreases over 48 hours at room temperature. The kinetics experiments were 

carried out in PBS buffer at physiological pH (7.4), as well as at slightly acidic and basic pH (6.3 and 9, 
respectively) (see Figure 8 and Figures S37-S40). Interestingly, the obtained data suggest that the Ru(II) 

complexes 1-3 and 2A are all able to oxidize NADH to different extents. In general, the NADH oxidation 

reaction proved to be faster at the more acidic pH 6.3, reaching the total conversion to NAD+ in ca. 48 hours. 
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At pH 7.4 the conversion demonstrated to be much slower and never reached completion, and the reaction 

was practically negligible at the highest pH 9 (Figure 8 C-E). These marked differences in reactivity might be 

due to the interconversion of the aquo and hydroxo species in the pH range 6.3-9.0. The different N^N ligands 

also affect the rate of conversion of NADH to NAD+, with complex 3 (pzphen) being more reactive than 1 (bipy) 

and 2 (phen) (Figure 8C-E). The activity of the non-carbonylated complex 2A showed a similar trend vs pH 

compared to the other complexes, although most likely it works via a different mechanism due to the presence 
of the chelating acetate ligand (Figure S40). 

 

 
 

Figure 8. A) Scheme of the reaction of 1,4-NADH upon addition of complexes 1-3, 2A and NADH in PBS 

buffer. B) UV-Vis absorption spectra focusing on the band at 340 nm of 1,4-NADH reacting with complex 3 

(1:1 ratio) in PBS at pH 7.4 recorded over 48 hours. Plotted absorption data for the effect of pH on the 

stochiometric 1,4-NADH oxidation performed by complexes 1-3 and 2A, where C) is pH 6.3, D) pH 7.4 and E) 
pH 9.0. 

  

Catalytic 1,4-NADH oxidation under aerobic conditions 
The monocarbonyl Ru(II) complexes 1-3 and 2A were also investigated for the catalytic NADH oxidation 

reaction, using molecular oxygen as oxidizing agent (Figure 9). The reaction was carried out in deuterated 

PBS at both pD 7.4 and 6.3, bubbling air through 5 ml of stock solutions containing the catalysts (3.50 μmol) 

and NADH (17.50 μmol, 5 equiv.) (see experimental for details). The reactions were followed by 1H NMR 

spectroscopy monitoring the formation of NAD+ within 12 hours (Figure 9B and Figures S41-S44). Interestingly, 

complexes 1-3 were able to catalyse the oxidation of NADH under aerobic conditions forming NAD+. However, 

again a well-defined trend based on the extension of the aromatic N^N ligand was clearly observed, 
highlighting an enhancement in the rate of oxidation increasing the aromaticity of the N^N ligand, in line with 
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the previous UV-Vis results. The effect of the pH played also a central role: a maximum of activity was observed 

at the most acidic pH 6.3 for all the complexes (TOF numbers ranging from 0.14 to 0.82 h-1) (Figure 4D, Table 

5). At pH 7.4, TOFs were found to markedly decrease and none of the catalysts reached the total conversion 

in 12 hours (Figure 4E), likely to be due to the already discussed differences in the hydrolysis rates of the 

complexes depending on the pH.  
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Figure 9. A) Proposed catalytic pathway for the oxidation of NADH accomplished by complexes 1-3 and 2A. 

B) Stacked 1H NMR kinetics of the oxidation of NADH performed by complex 3 (20%) at pH 6.3 in a time 

interval of 12 hours. C) Detection of H2O2 during the NADH reduction kinetics carried out by complex 3 at pH 

6.3 and 7.4. Trends of turnover number (TON) versus time at pH D) 6.3 and E) 7.4.  

 
The pyrazinophenanthroline complex 3 demonstrated to be the fastest catalyst, completing the NADH 

oxidation in about 10 hours at pH 6.3 with a calculated TOF number of 0.82 h-1, even reacting partially in 

suspension after forming the hydride derivative which is only moderately water soluble. In contrast, complex 1 
bearing the bipyridine system, showed the lowest conversions at both pHs, compared to the other 

monocarbonylated cationic complexes. Complex 2A followed the same pH trend as the other complexes but 

exhibiting very scarce catalytic activity in all cases. Furthermore, as expected, 4 did not show any activity 

towards the NADH oxidation reaction.  

Notably, after bubbling air through the solution for two hours, the formation of H2O2 was detected by 

the appearance of a blue colour on hydrogen peroxide detection sticks (Figure 9C), revealing that H2O2 was 

present in concentrations ranging from 2-10 mg/L depending on both the pH and the chemical structure of the 
catalyst. The development of hydrogen peroxide comes from the reduction of O2 by the ruthenium hydride 

intermediate, outlining a catalytic cycle as described in Figure 9A. Nevertheless, we cannot exclude that the 

ruthenium hydrides react also with H+ to produce H2.  

 

Table 5. Kinetic data for the regiospecific oxidation of NADH to 1,4-NAD+ catalysed by complexes 1-4 (20%) 
and 2A within 12 h at pD 6.3 and 7.4. 

 

(a) catalytic cycle completed in ca. 10 hours. 

 
 

Electrochemistry studies 
Complexes 1-4 and 2A show ligand field dependent activity for catalytic NAD+ reduction (TH with formate) and 

NADH oxidation (reduction of O2 to H2O2). Key steps of the proposed catalytic cycles involve the generation 

of ruthenium hydride species and the transfer of the metal hydride to substrates. Electrochemical 

characterization of complexes 1-4 and 2A may therefore, help rationalizing trends in their reactivity, given that 
thermodynamic driving forces to accept a hydride ligand from a H-donor, and to transfer the metal-hydride to 

a substrate are correlated to electron density of a metal centre in its given ligand field. In seminal work, Kubiak 

and coworkers46 illustrated that the hydride donor strength increases (smaller hydricity value) linearly with more 

Ru(II) complex TOF (h-1) TON 

 pH 6.3 pH 7.4 pH 6.3 pH 7.4 
[Ru(bipy)] (1) 0.67 0.32 4.45 2.5 

[Ru(phen)] (2) 0.75 0.34 4.7 3.25 

[Ru(pzphen)] (3) 0.82(a) 0.38 5(a) 3.6 

[Ru(phen)(η2-OAc)] (2A) 0.14 0.07 1.75 0.75 
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negative reduction potentials across a series of related complexes;47 a correlation, based on established 

thermochemical cycles that connect hydricity and homolytic bond free energy of a metal–hydride bond.48 

Conversely, complexes with higher electron density at the metal, causing a more negative reduction potential, 

become worse hydride acceptors in M–H forming reactions with H–donors. 

 

Motivated by these correlations, we determined the electrochemical reduction potentials of complexes 
1-4 and 2A as a proxy for relative trends in their hydricity (Figure 10). Due to low solubility and precipitation of 

charge neutral species upon electrochemical reduction in aqueous solvent, cyclic voltammetry (CV) was 

performed in DMF electrolyte with 0.1 M TBAPF6, given that relative trends of reduction potentials for 

complexes 1-4 and 2A will be similar in DMF and water. The first reduction event, which we analyse as a proxy 

for the relative hydricity of corresponding metal hydrides, is irreversible for all complexes except 2A. The likely 

reason for this irreversibility is reductively induced dissociation of the anionic acetate ligand49. This loss of a 

donor causes an expected peak separation, measured approximately 0.5 V, between the Ru2+/Ru+ reduction 

peak (with acetate still coordinated) and the corresponding Ru2+/Ru+ oxidation peak (after loss of acetate) for 
complexes 2-4. Accordingly, instead of half-wave potentials, we compare reduction peak potentials of all 

complexes, which we determined to be –1.80, –1.72, –1.66, –2.50, and –1.90 V for complexes 1, 2, 3, 4 and 

2A, respectively. Complex 4 shows by far the most negative reduction potential, rationalized by the fact that 

among the presented series of compounds it is the only charge neutral species with much higher electron 

density at the metal center compared to cationic complexes 1-3 and 2A. Across the cationic series 1-3, the 

reduction potentials trend from most negative (–1.80 V for 1) to least negative (–1.66 V for 3) with increasing 

size of the N^N 𝜋-system. As expected, with –1.90 V complex 2A possesses a more negative reduction 

potential than its analogue 2, due to lack of the electron withdrawing CO ligand that reduces the electron 

density at the metal. 

 



 23 

 

Figure 10. Cyclic voltammograms of complexes 1-4 and 2A as indicated in the figure legends. Data was 

recorded in a 0.1M TBAPF6 in DMF solution with a glassy carbon working-, a platinum counter- and a silver 

wire pseudo-reference electrode and ferrocene added for referencing. 

 

Additionally, the most distinguishing feature in the CV of complex 2A is that its Ru2+/Ru+ reduction event is 
fully reversible, clearly demonstrating that the acetate ligand is more strongly bound in 2A, being in a bidentate 

coordination, than in all other complexes of the series. 

To assess thermodynamic contributions of the different ligand environments to the observed reactivity 

of complexes 1-4 and 2A, the measured reduction potentials can be correlated with observed turnover 

frequencies NADH for oxidation and NAD+ reduction (Table 6 and Figure 11). For NADH oxidation, the 

graphical representation of plotting TOF values for NADH oxidation against reduction peak potentials (Figure 

11, left), illustrates that complexes 1-3 show a clean linear trend of reduction potential and NADH oxidation 

TOF. The reason is that in the very comparable ligand environments, the change in reaction rate is only 
modulated by thermodynamic effects represented by the reduction potential, while kinetic effects remain 

unchanged. With increasingly negative reduction potential, the driving force to transfer a hydride from NADH 

to the ruthenium centre decreases, which slows down the reaction rate for NADH oxidation. A linear fit through 

the data points for well-comparable complexes 1-3 shows an intercept with the potential axis at –2.47 V, 

meaning that for all complexes in such coordination sphere with a more negative reduction potential than –

2.47 V, the TOF for NADH oxidation is expected to be 0. Interestingly, this is exactly what we experimentally 

observed for complex 4 (reduction potential –2.50 V), which is inactive towards NADH oxidation.  
 

Table 6. Tabulated electrochemical reduction potentials for complexes 1-4 and 2A. TOF values for NAD+ 

hydrogenation and NADH oxidation at pH = 6.3 as given in Tables 2 and 4 are again included for convenience 

to support the discussion on trends in TOF and reduction potentials. 
 Compound 

Entry 1 2 3 4 2A 
 
Epc first reduction [V vs. Fc+/Fc] 

 

–1.80 –1.72 –1.65 –2.5 –1.93 

TOF of NADH oxidation [h–1] 
 

0.67 0.75 0.82 inactive 0.14 

TOF of NAD+ hydrogenation [h–1] 0.2 0.12 0.03 6.08 inactive 
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Figure 11. Left: Correlation of TOF for NADH oxidation with corresponding first reduction peak potential of 

complexes 1-4 and 2A, illustrating the influence of different thermodynamic driving force on the observed 

reaction kinetics. Right: Correlation of TOF for NAD+ reduction with corresponding first reduction peak potential 

of complexes 1-4 and 2A, illustrating influence of different thermodynamic driving force on the observed 

reaction kinetics. A deviation from the linear fit through the well-comparable complexes 1-3 strongly suggests 

additional effects beyond simple hydricity modulation for catalyst 4.   
 

 

In addition to thermodynamic effects described above, also kinetic reaction barriers can play a role for the 

observed TOF values, as complex 2A clearly illustrates in the TOF vs. reduction potential plot (Figure 11, left). 

2A differs from the series by lack of the electron withdrawing CO ligand causing a slightly more negative 

reduction potential, yet 2A drastically falls of the linear trend observed for complexes 1-4. The considerably 

lower TOF of 2A is rationalized by the fact that that with CO removed, the acetate ligand in complex 2A is 
coordinated in bidentate fashion, as evidenced by XRD analysis and reversible reduction in CV (vide supra). 

Considering that exchange of acetate ligands is crucial to facilitating the catalytic cycle makes it obvious that 

the chelate effect drastically slows down this elementary step, strongly impeding catalytic turnover.  

With respect to NAD+ hydrogenation, the analogous correlation of TOF vs. reduction potentials yields similar 

results (Figure 11, right). Specifically, complexes 1-3 show an increasing TOF for NAD+ hydrogenation with 

increasingly more negative reduction peak potentials. With NAD+ hydrogenation being the reverse reaction to 

NADH oxidation, this inverse correlation of thermodynamic driving force (reduction potentials) and reaction 

rates (TOF) are just as expected. Given that extreme reduction potentials coincide with poor hydride acceptor 
properties of a metal complex, the trend in TOF values suggests that for NAD+ hydrogenation with formate as 

the H-donor, the rate limiting step is not Ru–H generation, but the transfer of the ruthenium-hydride to the 

NAD+ substrate; a reaction step that is enhanced with lower hydricity of the complexes. A linear fit through the 

well-comparable series 1-3 again reveals that complex 2A, which is inactive for NAD+ hydrogenation, suffers 

from lower TOF than predicted by simple thermodynamics, due to its kinetic penalty of bidentate acetate 

coordination. The most interesting aspect of the correlation plot, however, is observed for the picolinamidate 

complex 4, which performs drastically better in NAD+ hydrogenation than all other tested candidates of this 
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model study. As a quantitative measure of electron density at the metal site, the most negative reduction 

potential of 4 suggests that as the most electron rich species in the series, it forms the most reactive hydride 

with the smallest hydricity value, resulting in the highest TOF for NAD+ hydrogenation. Yet, the experimentally 

observed TOF value is 6-fold higher than the prediction of trends derived from thermodynamic driving force 

alone. This emphasizes that for complex 4 additional kinetic and probably mechanistic changes may be 

induced by the picolinamidate ligand. To the best of our knowledge, the most convincing hypothesis is that 
picolineamide acts as a hemilabile ligand during catalytic NAD+ hydrogenation. This situation generates 

possibility for two mechanistic advantages for NAD+ hydrogenation with catalyst 4 in comparison to catalysts 

1-3 and 2A. First, as the only charge neutral complex in the series, catalyst 4 has no pronounced coulombic 

repulsion for the approach of cationic substrate NAD+, which is expected to enhance the TOF for NAD+ 

conversion considerably. Second, the potential hemilability of picolineamidate allows a direct coordination of 

NAD+ at the reactive Ru centre, which places the required carbon atom in right proximity and geometry for an 

intramolecular hydride transfer from Ru to NAD+. All other catalysts 1-3 and 2A are restricted to an outer 

sphere intermolecular hydride transfer over much greater distance with less favourable geometry, potentially 

supported by 𝜋-𝜋 interactions of the N^N chelators with NAD+. We like to emphasize that the presented 

electrochemical study highlighted that NAD+ hydrogenation with catalyst 4 is likely to follow a reaction 

mechanism that is different to the one for NAD+ hydrogenation with catalysts 1-3 and 2A. The provided 
explanation merely represent a plausible hypothesis that cannot be validated entirely by the experimental data 

available, which set the stage for a detailed quantum chemical analysis of the situation that has further 

confirmed our description as presented in the following.  

 
Antiproliferative activity 
The antiproliferative activity of the Ru(II) complexes 1-3 was studied in a small panel of human cancer cells in 

vitro (see experimental for details). After 72 h incubation, the compounds display moderate to high cytotoxicity 

in cancer cells, with EC50 values ranging from 0.71 to 15.5 μM (Table 7), with the most active Ru(II) 

monocarbonyl complex being derivative 1 (e.g. EC50 = 0.71 µM in MCF7 cells). The latter is also the least 

active in non-tumorigenic VERO cells showing a good selectivity (selectivity index = 13.5). Notably, all the 

compounds, except for 2A (with EC50 values between 10-20 µM), are more potent than cisplatin in all cell lines, 

with complex 1 being ca. 35-fold more active than cisplatin. These data suggest that this class of complexes 

can overcome the resistance to cisplatin.  
 

Table 7. Antiproliferative activity (EC50 values) of complexes 1-3, 2A and cisplatin against human breast cancer 

(MCF-7), hormone-independent breast cancer (MDA), human lung adenocarcinoma (A549), human colon 

cancer (HT29), and healthy cells derived from the kidney of an African green monkey (VERO). The compounds 

were incubated for 72 h. Range of selectivity index (SI) towards the respective cancer cells calculated as [EC50 

VERO/EC50 cancer cell line]; (n = 3). 
Compound EC50 (µM) SI 

 MCF-7 MDA-MB-231 A549 HT29 VERO  
[Ru(bipy)] (1) 0.71 ± 0.13 1.03 ± 0.13 1.1 ± 0.1 1.3 ± 0.09 9.59 ± 0.33 13.5-7.4 
[Ru(phen)] (2) 1.47 ± 0.06 1.06 ± 0.26 1.84 ± 0.15 0.98 ± 0.05 3.34 ± 0.14 3.4-2.3 

[Ru(pzphen)] (3) 1.26 ± 0.09 1.46 ± 0.15 1.71 ± 0.13 1.64 ± 0.08 3.12 ± 0.13 2.5-1.8 
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[Ru(η2-OAc)] (2A) 15.53 ± 0.95 14.57 ± 0.77 10.53 ± 0.59 9.72 ± 0.21 22.09 ± 0.83 2.3-1.4 

Cisplatin 26.1 ± 0.6 11.7 ± 1.8 3.47 ± 0.13 7.99 ± 1.38 12.2 ± 1.4 3.5-0.5 

 
ROS production 
We investigated whether the catalytic Ru(II) complexes 1-3 can induce a high level of reactive oxygen species 

(ROS) in human cancer and non-tumorigenic cells after 2 hours treatment. The obtained results are shown in 

Figure 12 and reveal that all the compounds can significantly increase ROS production in cancer and VERO 

cells, although to a lesser extent than H2O2 treatment. 

 
Figure 12. Induction of H2O2 production by complexes 1-3 (50 µM) after 2 h incubation in MCF-7, MDA-MB-

231, A549, HT29 and VERO cell lines. The histograms show the change in fluorescence measured using CM-

H2DCFDA fluorescent probe with respect to the control (untreated cells) and the treatment with H2O2. 
 
Intracellular transfer hydrogenation catalysis 
To demonstrate the catalytic activity of the ruthenium complexes 1-3 in biological environment, we followed an 

already reported strategy by Do et al. 50 based on fluorescence microscopy in living cells. In detail, an aldehyde-

containing probe molecule (BODIPY-CHO) was synthesized that would exhibit fluorescence emission upon 

reduction to its alcohol form (BODIPY-OH). This reaction might be catalysed by the Ru(II) complexes in the 

presence of an endogenous hydride source, such as NADH (Figure 13A). The expected product BODIPY-OH 

has an excitation wavelength in the visible region (480 nm) and its emission is measured at 530 nm. Before 
treating the cancer cell lines with the probe and the Ru(II) complexes, the reaction was monitored in a cuvette 

by fluorescence spectrophotometry over time. The obtained results show that the all the Ru catalysts 1-3 can 

mediate the reaction of BODIPY-CHO (5 equiv.) with NADH (5 equiv.) in a solution of tBuOH/H2O (1:4), leading 
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to a ca. 12-fold increase in fluorescence emission at 530 nm during 24 hours, due to the formation of BODIPY-

OH (Figures 13B and S45).  

 

 
Figure 12. A) Proposed reaction for the reduction of the aldehyde probe BODIPY-CHO in presence of the 

Ru(II) catalysts 1-3 and NADH as hydride source. B) Fluorescence spectra (lexc = 480 nm) obtained from the 

reaction of BODIPY-CHO and NADH in the presence of [Ru(pzphen)] (3) in tBuOH / H2O (1 : 4) at room 

temperature in aerobic conditions. The spectral changes were recorded at different time intervals within 24 h. 

 
Afterwards, the same reaction was monitored in human cancer cells by fluorescence microscopy. Live cell 

images of MDA-MB-231 cells are reported in Figure 14, whereby the cells were incubated with 30 μM of 

BODIPY-CHO for 4 hours, washed with fresh media and then exposed to complexes 1-3 (20 µM) for 2 hours. 

Results are presented in comparison to cells treated with the non-fluorescent BODIPY-CHO and with 
benchmark fluorescent BODIPY-OH. The relative integrated fluorescence intensities of the cell images were 

quantified using the program ImageJ and reported as the fold-change relative to that of the BODIPY-CHO 

(Figure 14A). Cells that were treated with the latter showed weak fluorescence, whereas cells that were treated 

with BODIPY-OH showed more intense fluorescence. The obtained results show that all the compounds 

develop comparable fluorescence emission intracellularly over time, and further corroborate the hypothesis of 

intracellular catalytic reactivity of the Ru(II) complexes via transfer hydrogenation. 
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Figure 14. A) The plot shows the change in fluorescence of live MDA-MB-231 cells after treatment with 

complexes 1-3 (20 µM) for 2 h. The fold-changes are relative to that observed in the BODIPY-CHO only treated 

cells. The error bars show the standard deviation from the mean. B) Inverted light microscope images of MDA-

MB-231 cells treated with BODIPY-CHO, complexes 1-3 and BODIPY-OH (20 μM). 

 
In order to assess the ability of the Ru(II) catalysis to interact with NADH and form hydride species in cellular 

environment, cell extracts of human MCF-7 breast cancer cells were treated with the most active complex 2 

towards NADH oxidation. Thus, freshly prepared cell extracts were treated with 3 (2 mM) in PBS pD 7.4 for 24 

hours. In this time frame, we could observe the formation of a cloudy precipitate at the bottom of the tube 
(Figure 15A). The solution was carefully removed and the precipitate dissolved in deuterated methanol to 

record 1H NMR and 31P NMR spectra (Figure 15 and S46). The results showed the appearance of the typical 

doublet of doublets at -6.1 ppm (Figure 15B), which was attributed to the formation of the ruthenium hydride 

derivative (2H). Despite the promising results, we do not exclude also the formation of other adducts of the 

Ru(II) complex with different biomolecules. 
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Figure 15. A) Precipitate formation after incubation of MCF-7 cancer cell extracts for 24 h with a 0.2 mM 

solution of complex 3 in deuterated PBS pD 7.4. B) 1H NMR spectrum in CD3OD of the precipitate obtained 

after incubating the cancer cell extracts with complex 3 for 24 h. Inset shows the comparison between the 

formed 3H in the cell extracts and the same synthetically isolated compound. 
 

Conclusions 
The special ability of organometallic complexes to catalyse various transformations might offer new effective 

mechanisms for the treatment of cancer. The NAD+/NADH redox couple has recently emerged as the new 

target for next-generation catalytic anticancer metallodrugs. Because of the vital role of these coenzymes in 

mitochondrial electron transport chain, cell metabolism, enzymatic reactions and several other biochemical 

pathways, changes in the intracellular NAD+/NADH ratio via transfer hydrogenation catalysed by TM 
complexes can eventually lead to cell death. While most of the organometallic drugs shown to perform TH in 

cells feature metal-arene moieties7, we have reported here on a different family of water-soluble organometallic 

TH catalysts based on a Ru(II) monocarbonyl scaffold. 

Together, insight from the kinetic and electrochemical characterization suggests that for catalytic 

NADH oxidation (eventually leading also to H2O2 formation), the rate limiting step is the hydride transfer from 

1,4-NADH to the Ru(II) complexes, whereas for NAD+ hydrogenation with formate as the hydride donor, the 

rate limiting step may be the transfer of the ruthenium hydride to the NAD+ substrate. The latter is further 

modulated by the presence of di-cationic aquo- or mono-cationic hydroxo-species in the cases of complexes 
1-3 subjected to hydrolysis processes, at variance with compound 4. It is worth mentioning that preliminary 

DFT calculations also confirm the energetically unfavourable hydride formation, in line with other studies on 

the reactivity of metal-arene complexes toward hydride transfer reactions associated with NADH regeneration 
2, 3. 

Complex 4 resulted to be the best catalyst of the series (ca. 46-fold more active) in NAD+ reduction 

using formate, and overall endowed with a different TH mechanism with respect to the other complexes. 

Comparing the performance of complex 2A to the rest of the series revealed that a kinetic labilisation of the 
acetate ligands is crucial for good catalyst performance beyond simple thermodynamic considerations. While 

these correlations of electrochemical and kinetic data allow a reasonable qualitative hypothesis about reaction 
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pathways and reaction barriers, they cannot serve as absolute proof and further studies are necessary to 

elucidate the mechanisms of catalysis for this family of organometallic compounds. 

Preliminary studies on the antiproliferative effects of complexes 1-3 showed that the compounds are 

particularly active towards human cancer cells with respect to non-tumorigenic ones. Most notably, the 

compounds can promote the TH reaction on a fluorogenic substrate in living cells, and Ru(II) hydride formation 

has been detected by incubation of complex 3 with cancer cell extracts by 1H NMR spectroscopy.   
Overall, our study provides evidence for the applicability of Ru(II) monocarbonyl complexes for TH catalysis in 

cellular environment, evidencing the power of organometallic chemistry, beyond metal-arene compounds, for 

the design of highly versatile and water-compatible catalytic metallodrugs. 
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Experimental section 
 

Synthesis of [Ru(OAc)(CO)(dppb)(bipy)]OAc  (1) 
[Ru(η1-OAc)(η2-OAc)(dppb)(CO)] (50.0 mg, 0.074 mmol) and 2,2’-bipyridine (bipy) (11.5 mg, 0.074 mmol) were 

dissolved in 1.5 mL of methanol and the mixture was stirred at 60 °C overnight. The solvent was evaporated 

under reduced pressure and the product was dissolved in 0.5 mL of dichloromethane. Addition of 5 mL of 

diethyl ether afforded a yellow precipitate, which was filtered and dried under reduced pressure. Yield: 50 mg 

(80 %). Elemental analysis calcd (%) for C43H42N2O5P2Ru: C 62.24, H 5.10, N 3.38; found: C 62.26, H 5.13, N 

3.40. 1H NMR (400.1 MHz, CD3OD, 298 K): δ = 9.17 (br t, 3JHH = 3.3 Hz, 1H; bipy), 8.57 (d, 3JHH = 5.5 Hz, 1H; 
bipy), 8.24 (d, 3JHH = 6.8 Hz, 1H; bipy), 8.13 (m, 4H; bipy), 7.95 (td, 3JHH = 7.8 Hz, 4JHH = 1.6 Hz, 1H; bipy), 

7.72-7.32 (m, 17H; Ph), 7.09 (t, 3JHH = 7.0 Hz, 1H; Ph), 6.83 (td, 3JHH = 8.1 Hz, 4JHH = 2.4 Hz, 2H; Ph), 6.46 (t, 
3JHH = 8.8 Hz, 2H; Ph), 3.16 (m, 2H; PCH2), 2.94-2.72 (br m, 2H; PCH2), 2.27-1.93 (m, 4H; CH2), 1.91 (s, 3H; 

CH3), 1.59 (s, 3H; CH3). 31P{1H} NMR (162.0 MHz, CD3OD, 298 K): δ = 31.2 (d, 2JPP = 24.5 Hz), 29.2 ppm (d, 
2JPP = 24.5 Hz).  

 

Synthesis of [Ru(OAc)(CO)(dppb)(pz-phen)]OAc  (3)  
Complex 3 was prepared following the procedure described for 1, using pyrazino[2,3-f][1,10]phenanthroline 

(PzPhen) (17.5 mg, 0.074 mmol) in place of bipyridine. Yield: 60 mg (89%). Elemental analysis calcd (%) for 

C47H42N4O5P2Ru: C 62.32, H 4.67, N 6.18; found: C 62.18, H 4.55, N 6.07. 1H NMR (400.1 MHz, CDCl3, 298 

K): δ = 9.68 (br t, 3JHH = 3.3 Hz, 1H; PzPhen), 9.63 (d, 3JHH = 8.1 Hz, 1H; PzPhen), 9.41 (d, 3JHH = 8.0 Hz, 1H; 

PzPhen), 9.19-9.06 (m, 3H; PzPhen), 8.16 (m, 3H; Ph), 7.76 (dd, 3JHH = 8.1 Hz, 4JHH = 5.4 Hz, 1H; PzPhen), 

7.66-7.35 (m, 13H; Ph), 6.44-6.20 (m, 5H; Ph), 3.47 (m, 1H; PCH2), 3.29 (br t, 1H; PCH2), 3.10 (m, 1H; PCH2), 

2.63 (br t, 1H; PCH2), 2.37-2.04 (m, 3H; CH2), 1.99 (s, 3H; CH3), 1.54 (m, 1H; CH2), 1.50 ppm (s, 3H; CH3). 
13C{1H} NMR (100.6 MHz, CDCl3, 298 K): δ = 204.1 (t, 2JCP = 15.0 Hz; CO), 177.2 (s; COCH3), 176.5 (s; 
COCH3), 157.7-124.9 (m; aromatic carbon atoms), 28.6 (d, 1JCP = 26.9 Hz; PCH2), 25.1 (d, 1JCP = 30.6 Hz; 

PCH2), 25.1 (s; COCH3), 24.1 (s; CH2), 23.9 (d, 4JCP = 3.6 Hz; COCH3), 21.7 ppm (d, 2JCP = 3.4 Hz; CH2). 
31P{1H} NMR (162.0 MHz, CDCl3, 298 K): δ = 31.7 (d, 2JPP = 23.5 Hz), 29.6 ppm (d, 2JPP = 23.5 Hz).  

 

Synthesis of [Ru(OAc)(CO)(dppb)(pica)]  (4) 
[Ru(η1-OAc)(η2-OAc)(dppb)(CO)] (50.0 mg, 0.074 mmol) and picolinamidate (pica) (9.1 mg, 0.074 mmol) were 

dissolved in 1.5 mL of ethanol and the mixture was stirred at 75 °C overnight. The solvent was evaporated 

under reduced pressure and the product was dissolved in 0.5 mL of dichloromethane. Addition of 5 mL of 
diethyl ether afforded a yellow precipitate, which was filtered and dried under reduced pressure. Yield: 37 mg 

mg (67 %). Elemental analysis calcd (%) for C37H36N2O4P2Ru: C 60.40, H 4.93, N 3.81; found: C 60.37, H 4.95, 

N 3.80. 1H NMR (400.1 MHz, CD3OD, 298 K): δ = 8.39 (br t, 3JHH = 3.6 Hz, 1H; pica), 7.93 (d, 3JHH = 7.8 Hz, 

1H; pica), 7.81 (t, 3JHH = 8.7 Hz, 2H; pica), 7.64 (m, 5H; Ph), 7.53-7.24 (m, 10H; Ph), 7.14 (t, 3JHH = 7.9 Hz, 1H; 

Ph), 7.04 (t, 3JHH = 6.5 Hz, 2H; Ph), 6.95 (m, 2H; Ph), 5.32 (s, 1H, NH), 3.15 (m, 2H; PCH2), 2.99 (m, 2H; 

PCH2), 2.33 (m, 1H; PCH2), 1.65 (m, 2H, CH2), 1.50 (s, 3H; CH3), 1.35 (m, 2H; CH2). 13C{1H} NMR (100.6 MHz, 

CD3OD, 298 K): δ = 205.2 (d, 2JCP = 15.1 Hz; CO), 178.9 (s; COCH3), 173.3 (s; CONH) 154.6-123.6 (m; 
aromatic carbon atoms), 32.3 (s; CH2), 26.6 (s; CH2), 21.1 (s; CH2), 20.8 (s; CH2). 31P{1H} NMR (162.0 MHz, 

CD3OD, 298 K): δ = 40.1 (d, 2JPP = 30.3 Hz), 36.7 ppm (d, 2JPP = 30.3 Hz).  
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Synthesis of [Ru(OAc)(dppb)(phen)]OAc  (2A) 
[Ru(η2-OAc)2(dppb)] (50.0 mg, 0.077 mmol) and 1,10-phenanthroline (14.0 mg, 0.077 mmol) were dissolved 

in 1.5 mL of methanol and the mixture was stirred at 60 °C overnight. The solvent was evaporated under 

reduced pressure and the product was dissolved in 0.5 mL of dichloromethane. Addition of 5 mL of diethyl 

ether afforded a yellow precipitate, which was filtered and dried under reduced pressure. Yield: 56 mg (88%). 
Elemental analysis calcd (%) for C44H42N2O4P2Ru: C 63.99, H 5.13, N 3.39; found: C 63.59, H 4.80, N 3.27. 
1H NMR (400.1 MHz, CD2Cl2, 298 K): δ = 8.97 (ddd, 3JHH = 5.1 Hz, 4JHH = 2.3 Hz, 6JHH = 1.3 Hz, 1H; phen), 

8.46-8.39 (m, 2H; phen), 8.37 (dd, 3JHH = 8.2 Hz, 4JHH = 1.3 Hz, 1H; phen), 8.00-7.85 (m, 6H; aromatic protons), 

7.78 (ddd, 3JHH = 8.0 Hz, 4JHH = 5.2 Hz, 6JHH = 0.7 Hz, 1H; phen), 7.73-7.58 (m, 4H; aromatic protons), 7.50 

(td, 3JHH = 7.7 Hz, 4JHH = 1.8 Hz, 2H; Ph), 7.45-7.24 (m, 6H; Ph), 6.59 (tq, 3JHH = 7.4 Hz, 4JHH = 1.1 Hz, 1H; 

Ph),  6.27 (td, 3JHH = 8.3 Hz, 4JHH = 2.2 Hz, 2H; Ph), 5.58 (t, 3JHH = 8.5 Hz, 2H; Ph), 3.23 (m, 1H; PCH2), 2.67 

(m, 1H; PCH2), 2.41 (m, 2H; PCH2), 2.20 (m, 2H; CH2), 1.97 (m, 1H; CH2), 1.87 (s, 3H; CH3), 1.66 (m, 1H; 

CH2), 1.17 ppm (s, 3H; CH3). 13C{1H} NMR (100.6 MHz, CD2Cl2, 298 K): δ = 189.1 (s; COCH3), 176.4 (s; 
COCH3), 159.7-124.1 (m; aromatic carbon atoms), 29.2 (d, 1JCP = 26.7 Hz; PCH2), 26.9 (d, 1JCP = 28.1 Hz; 

PCH2), 25.0 (s; CH2), 24.3 (s; COCH3), 23.7 (s; COCH3), 22.5 ppm (s; CH2). 31P{1H} NMR (162.0 MHz, CD2Cl2, 

298 K): δ = 48.9 (d, 2JPP = 33.6 Hz), 47.8 ppm (d, 2JPP = 33.6 Hz).  

 

Synthesis of hydride [Ru(H)(CO)(dppb)(NN)]PF6 complexes (1H-3H) 
[Ru(OAc)(CO)(dppb)(NN)]OAc and 1,4-NADH (1.5 equiv.) or formic acid (3 equiv.) were dissolved in 5 mL of 

PBS pH 7.4 and the mixture was stirred at 38 °C overnight. NaPF6 (6 equiv.) was added and the resulting 
solution was cooled to 0 °C in order to precipitate the product as a yellow solid, which was filtered and washed 

with cold water (2 x 2 ml), diethyl ether (2 x 2 ml) and finally dried under reduced pressure. 

[Ru(H)(CO)(dppb)(bipy)]PF6 (1H): [Ru(OAc)(CO)(dppb)(bipy)]OAc (1) (25.0 mg, 0.030 mmol), 1,4-NADH 

(21.3 mg, 0.045 mmol) or formic acid (3.4 µL, 0.090 mmol). Yield (for formate reaction): 15.0 mg (58%). 

Elemental analysis calcd (%) for C39H37F6N2OP3Ru: C 54.61, H 4.35, N 3.27; found: C 54.57, H 4.29, N 3.22. 
1H NMR (400 MHz, CD3OD, 298 K) δ = 9.13 (s, 1H; bipy), 8.15 - 7.91 (m, 7H; bipy), 7.92 - 7.78 (m, 3H; Ph), 

7.74 - 7.57 (m, 2H; Ph), 7.56 - 7.44 (m, 4H; Ph), 7.44 - 7.28 (m, 5H; Ph), 7.14 (t, 3JHH = 6.1 Hz, 1H; Ph), 6.96 

(t, 3JHH = 7.4 Hz, 1H; Ph), 6.59 (t, 3JHH = 6.8 Hz, 1H; Ph), 6.00 (t, 3JHH = 8.1 Hz, 2H; Ph), 2.81 - 2.66 (m, 2H; 
CH2), 2.51 - 2.16 (m, 2H; CH2), 1.61 (s, 1H; CH2), 1.28 (d, 3JHH = 15.1 Hz, 2H; CH2), -6.33 ppm (dd, 
2JHP = 100.6, 2JHP =23.6 Hz, 1H; RuH). 31P{1H} NMR (162 MHz, CD3OD, 298 K) δ (ppm): 57.7 (d, 
2JPP = 9.78 Hz), 9.5 (s), -144.5 (sept). 

[Ru(H)(CO)(dppb)(phen)]PF6 (2H): [Ru(OAc)(CO)(dppb)(phen)]OAc (2) (20.0 mg, 0.023 mmol), 1,4-NADH 

(16.6 mg, 0.035 mmol) or formic acid (2.6 µL, 0.069 mmol). Yield (for formate reaction): 15.0 mg (74%). 

Elemental analysis calcd (%) for C41H37F6N2OP3Ru: C 55.85, H 4.23, N 3.18; found: C 55.82, H 4.24, N 3.15. 
1H NMR (400.1 MHz, CD3OD, 298 K): δ = 9.51 (ddt, 3JHH = 4.0 Hz, 4JHH = 2.9 Hz, 5JHH = 1.5 Hz, 1H; phen), 
8.51 (dd, 3JHH = 8.2 Hz, 4JHH = 3.4 Hz,  2H; phen), 8.47 (dd, 3JHH = 5.2 Hz, 4JHH = 1.6 Hz, 1H; phen), 8.11 (t, 
3JHH = 8.5 Hz, 2H; phen), 7.90 (d, 3JHH = 2.2 Hz, 2H; phen), 7.85 (m, 2H; Ph), 7.72 (m, 2H; Ph), 7.62-7.00 (m, 

11H; Ph), 6.47 (td, 3JHH = 7.5 Hz, 4JHH = 1.3 Hz, 1H; Ph), 6.16 (td, 3JHH = 7.9 Hz, 4JHH = 2.3 Hz, 2H; Ph), 5.70 

(td, 3JHH = 8.5 Hz, 4JHH = 1.4 Hz, 2H; Ph), 3.54-3.40 (m, 2H; PCH2), 2.83 (br m, 2H; PCH2), 2.42-2.25 (m, 2H; 

CH2), 1.62 (br m, 2H; CH2), -6.12 ppm (dd, 2JHP = 99.1 Hz, 2JHP = 22.3 Hz, 1H; RuH). 13C{1H} NMR (100.6 MHz, 
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CD3OD, 298 K): δ = 206.8 (dd, 2JCP = 17.5 Hz, 2JCP = 7.2 Hz; CO), 154.7-124.3 (m; aromatic carbon atoms), 

23.1 (s; CH2), 23.4 (d, 1JCP = 19.1 Hz; PCH2), 21.1 (d, 1JCP = 24.6 Hz; PCH2), 20.7 (s; CH2). 31P{1H} NMR (162.0 

MHz, CD3OD, 298 K): δ = 57.4 (d, 2JPP = 9.8 Hz), 9.9 (br t, 2JPP = 9.5 Hz), - 144.7 ppm (sept, 1JPF = 706.5 Hz). 

[Ru(H)(CO)(dppb)(pzphen)]PF6 (3H): [Ru(OAc)(CO)(dppb)(pzphen)]OAc (3) (20 mg, 0.021 mmol), 1,4-NADH 

(15.2 mg, 0.031 mmol) or formic acid (2.4 µL, 0.063 mmol). Yield (for formate reaction): 14.0 mg (71%). 

Elemental analysis calcd (%) for C43H37F6N4OP3Ru: C 55.31, H 3.99, N 6.00; found: C 55.26, H 3.91, N 5.97. 
1H NMR (400.1 MHz, CD3OD, 298 K): δ = 9.64 (br s, 1H; pzphen), 9.54 (d, 3JHH = 8.2 Hz, 2H; pzphen), 9.17 

(s, 2H; pzphen), 8.59 (d, 3JHH = 4.5 Hz, 1H; pzphen), 8.17 (t, 3JHH = 8.6 Hz, 2H; Ph), 8.02 (dd, 3JHH = 8.3 Hz, 
4JHH = 5.3 Hz, 1H; pzphen), 7.88 (t, 3JHH = 8.9 Hz, 2H; Ph), 7.73 (m, 2H; Ph), 7.68 (dd, 3JHH = 8.2 Hz, 4JHH = 5.4 

Hz, 1H; pzphen), 7.60-7.32 (m, 8H; Ph), 6.08 (m, 3H; Ph), 5.77 (t, 3JHH = 7.5 Hz, 2H; Ph), 3.52 (m, 2H; PCH2), 

2.86 (br m, 2H; PCH2), 2.37 (br m, 2H; CH2), 1.62 (br m, 2H; CH2), -6.06 ppm (dd, 2JHP = 98.3 Hz, 2JHP = 23.7 

Hz, 1H; RuH). 31P{1H} NMR (162.0 MHz, CD3OD, 298 K): δ = 57.7 (d, 2JPP = 10.8 Hz), 9.7 (s), - 144.6 ppm 

(sept, 1JPF = 707.2 Hz). 

 
X-ray Crystallography. Crystals suitable for X-Ray measurements were obtained by slow diffusion of 

diethylether in DCM saturated solutions in which the ruthenium complexes were dissolved. Data were collected 

on a Bruker D8 Venture single crystal X-ray diffractometer equipped with a CPAD detector (Bruker Photon II), 

an IMS micro source with MoKα radiation (λ = 0.71073 Å) and a Helios optic or a CMOS detector (Bruker 

Photon-100), a TXS rotating anode with MoKα radiation and a Helios optic using the APEX3 software 

package.51 Measurements were performed on single crystals coated with perfluorinated ether. The crystals 

were fixed on top of a kapton micro sampler and frozen under a stream of cold nitrogen. A matrix scan was 
used to determine the initial lattice parameters. Reflections were corrected for Lorentz and polarisation effects, 

scan speed, and background using SAINT.52 Absorption correction, including odd and even ordered spherical 

harmonics was performed using SADABS.52 Space group assignments were based upon systematic 

absences, E statistics, and successful refinement of the structures. The structures were solved using SHELXT 

with the aid of successive difference Fourier maps, and were refined against all data using SHELXL in 

conjunction with SHELXLE.53, 54 Hydrogen atoms (except hydrides) were calculated in ideal positions as 

follows: Methyl hydrogen atoms were refined as part of rigid rotating groups, with a C–H distance of 0.98 Å 

and Uiso(H) = 1.5·Ueq(C). Non-methyl hydrogen atoms were placed in calculated positions and refined using a 
riding model, with methylene and aromatic C–H distances of 0.99 Å and 0.95 Å, respectively, and other C–H 

distances of 1.00 Å, all with Uiso(H) = 1.2·Ueq(C). Non-hydrogen atoms were refined with anisotropic displacement 

parameters. Full-matrix least-squares refinements were carried out by minimizing Σw(Fo2 - Fc2)2 with the 

SHELXL weighting scheme.53, 55 Neutral atom scattering factors for all atoms and anomalous dispersion 

corrections for the non-hydrogen atoms were taken from International Tables for Crystallography.56 The unit 

cells of 1 and 4 contain 4 disordered methanol molecules and 4 disordered water molecules, respectively, 

which were treated as a diffuse contribution to the overall scattering without specific atom positions using the 
PLATON/SQUEEZE procedure.57 Images of the crystal structures were generated with Mercury.58 CCDC XYZ-

XYZ contains the supplementary crystallographic data for this paper. These data are provided free of charge 

by The Cambridge Crystallographic Data Centre. 
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Calculation of pKa values. The determination of pKa values was performed in D2O unbuffered solutions 

adjusting the pH with diluted NaOH or acetic acid solutions in the rage 4-11. The pH titration curves were fitted 

to the Henderson-Hasselbalch equation using the program OriginPro 2021. The errors in pKa values are 

estimated to be ca. ± 0.08 unit. 

 
Catalytic NAD+ hydrogenation. 6.25 μmol of each complex and 62.5 μmol of NAD+ were dissolved in 1.5 ml 

of deuterated PBS at pD 7.3. Right before starting the 1H-NMR kinetics, 312.5 µmol of formic acid were added 

and 0.5 ml of the solution transferred into a 5 mm NMR tube. The experiments were recorded every two hours 

up to 24 h, and after 36 and 48 h at 298 K. No reaction took place in the absence of the catalysts. 

 

Catalytic pyruvate hydrogenation. For the catalytic reduction of pyruvate to lactate, 6.25 μmol of each Ru(II) 
complex and 62.5 μmol of pyruvate were dissolved in 1.5 ml of deuterated PBS at pD 7.3. Right before starting 

the 1H-NMR kinetics, 312.5 μmol of formic acid were added and 0.5 ml of the solution transferred into a 5 mm 

NMR tube. The spectra were recorded every 8 hours up to 48 hours at 298 K. No reactions took place in the 

absence of the catalysts in these experimental conditions. 

 

NADH dehydrogenation followed by UV-Vis spectrophotometry. NADH dehydrogenation reactions were 

performed dissolving 0.58 μmol of both 1,4-NADH and complexes 1-3 in 3 mL of 0.2 M phosphate buffer 

solution (PBS), giving a final concentration of 0.2 mM. Each experiment was acquired during a 48 h scanning 
kinetics at three different pHs, namely 6.3, 7.4 and 9.  

 

Catalytic NADH dehydrogenation. Catalytic NADH dehydrogenation reactions were conducted in 0.2 M 

deuterated PBS at two different pD values (6.3 and 7.4). NADH oxidation experiments were carried out in a 

10 ml vials dissolving 12.5 mg (17.5 μmol) of 1,4-NADH disodium salt in 5 ml of deuterated PBS. After the 

addition of 3.5 μmol (0.2 equiv.) of each ruthenium complex, air was bubbled into the solution by means of a 

laboratory pump (Laboport N96) for 12 hours with a flow rate of 1.5 ± 10% L/min. The formation of H2O2 was 
detected by Quantofix peroxide test sticks. The experiments were followed by 1H-NMR at different time 

intervals measuring the production of NAD+ over time. 

 

Determination of the TON and TOF values. First the turnover number (TON) and consequently the turnover 

frequency (TOF) values were calculated by measuring the integrals of a single proton peak belonging both to 

NAD+ and NADH (H2 and J2). Then, the percentages of conversion were estimated at different time intervals. 

TON and TOF were calculated as follow: 

TON=
IJ2

IJ2+	IH2
	
[NAD+]
[catalyst] 

 

TOF=
TON
hours 

 
where IJ2 and IH2 are the integral of the NAD+/NADH protons J2 and H2, and [NAD+] is the concentration of 

NAD+ at the start of the reaction. 
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DFT calculations. The Gaussian 16 B.01 software59 was the software of choice. All calculated structures were 

optimized using the hybrid DFT functional CAM-B3LYP60 including empirical dispersion with GD361 and the 

basis set CEP-31G62, 63. The only exemption was the P atom which has been described with the CEP-31G* 

basis set including polarization functions. The water solution was simulated via the PCM model64. The DG 

energy values of all considered ground and transition states are taken unscaled for 298 K.  

Cell lines. MCF-7 (breast adenocarcinoma, ER+), MDA-MB-231 (breast adenocarcinoma, ER-), HT29 
(colorectal adenocarcinoma), A549 (lung carcinoma), VERO (cercopithecus aethiops normal kidney) were 

used in this study. All cell lines were grown at 37 °C in 5% CO2 atmosphere using DMEM (high glucose) 

supplemented with 10% foetal calf serum (Gibco® by Life TechnologiesTM), 2 mM L-glutamine (Merck) and 5 

µg/mL gentamicin (Gibco® by Life TechnologiesTM).  
 

Antiproliferative assays. Cell viability was assessed using a classical MTT reduction assay. Cells were 

seeded 24 h before treatment in a sterile 96-well plate (Corning® Costar®, Merck) at cell density of 10000 

cells per well (24 h study) or 8000 cells per well (72 h study) to a final volume of 200 μL in DMEM. Cells were 
treated with a range of compounds at different concentrations (0.03 – 100 μM), all treatments were prepared 

by serial dilution in DMEM with <0.1% (v/v) DMSO. As a negative control, cells were treated with 0.1% DMSO 

(v/v). After a further 24 h or 72 h the media was aspirated and replaced with (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (MTT) in PBS (2 mg mL-1) and incubated for 2 h. The solution was then replaced 

with DMSO to dissolve the formazan crystals and the absorbance at 570 nm was measured on a 96-well plate 

reader (Infinite® 200 PRO, Tecan). All experiments were performed in triplicate and the average absorbance 

of DMSO only wells were subtracted from every value. Absorbance values were then plotted against 
compound concentration. A modified Hill curve fitting function (y = START + (END - START) * x^n  /  (k^n  +  

x^n)) was then applied using a Levenberg Marquardt fitting algorithm, and an EC50 (constant k) was determined 

for every sample. 
 
Statistical analysis. For less widely used assays the Z-factor (Z-prime) was calculated to confirm the 
statistical significance of the results. The Z-factor is defined by the means (µ) and standard deviations (δ) of 

both the positive (p) and negative control (n), in which: 

Z-factor = 1 - 
3(δp+δn)

;μp-μn;
		 

A Z-factor cannot exceed 1 and it was established that any assay which had a Z-factor > 0.5 was suitable for 

this study. To assess whether a result was statistically significant from the negative control a Student’s t-test 
was used. This test was performed with a two-tailed distribution and two-sample unequal variance. P-values 

were generated for the null hypothesis that two samples were likely to have come from the same two underlying 

populations that have the same mean. Statistically significant results were determined to be any p-value ≤ 

0.05. Further to this the level of significance was given the following star rating: * = P ≤ 0.05, ** = P ≤ 0.01, *** 

= P ≤ 0.001. 

BODIPY-CHO reduction by fluorescence spectroscopy. BODIPY-CHO and BODIPY-OH were synthesized 

according to literature procedures65. A 3 mL solution containing 30 µM of BODIPY-CHO and 30 µM of NADH 

was prepared in t-BuOH/H2O (1:4). This solution was transferred to a quartz cuvette and the initial fluorescence 
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spectrum was recorded at room temperature. For each sample, 0.2 equiv. of the examined ruthenium catalyst 

were weighed and added to the cuvette. The fluorescence spectra were recorded every hour for 24 h. 

 

Intracellular transfer hydrogenation catalysis. For live cell imaging, MDA-MB-231 cells were plated in µ-

Slide 8-well plates (IBIDI) at a cell density of 5x104 in 300 µL of DMEM per well. After 48 h of cell growth, the 

medium was removed and wells were replaced with either 30 µM BODIPY-OH solution in DMEM or a 30 µM 
BODIPY-CHO solution in DMEM. After an incubation time of 4 h (37 °C, 5% CO2), the BODIPY solutions were 

removed and all of the cells were rinsed with fresh DMEM (2x300 µL each well). Some BODIPY-CHO treated 

wells were then incubated with 300 µL of an appropriate ruthenium complex (20 – 30 µM) for 2 h. Afterwards, 

all medium was removed and cells were rinsed with FluoroBrite™ DMEM (2x300 µL each well). All microscope 

operations and image processing were conducted using an inverted light microscope (DMi8 Leica, Leica) with 

a digital camera (Orca Flash 4.0 C11440, Hamamatsu) and a FITC filter cube (Excitation: 460-500 nm, DC: 

505, Emission: 592-668 nm, Leica). The gain value for the laser was determined using the BODIPY-OH treated 

sample and was kept fixed for the acquisition of all images. 
Fluorescence image quantification was performed using the program Fiji (ImageJ) by using the formula: 

corrected total cell fluorescence (CTCF) = [integrated fluorescence density] - [area of selected cell x mean 

fluorescence of background]. The background fluorescence was calculated by taking the average of five 

different background regions in a single image. The CTCF was measured for ten cells per well (30 

measurements total for each condition). Each set of imaging experiments was performed in triplicate and the 

final fold-change in fluorescence was relative to the average BODIPY-CHO only control. 

Intracellular Reactive Oxygen Species determination. The rate of H2O2 production was measured using 

CM-H2DCFDA (Merck) fluorescent probe. Cells were seeded 48 h before treatment in a sterile 96-well plate 

(Corning® Costar®, Merck) at cell density of 10000 cells per well to a final volume of 200 μL in DMEM. 

Afterwards, all medium was removed and replaced with CM-H2DCFDA (10 µM) in FluoroBrite™ DMEM (200 
µL in each well). After an incubation time of 30 min (37 °C, 5% CO2), the CM-H2DCFDA solutions were 

removed and the cells were rinsed with FluoroBrite™ DMEM (2x200 µL each well). Some treated wells were 

then incubated with 300 µL of ruthenium complex or H2O2 (50 µM) for 2 h (37 °C, 5% CO2). Afterwards, the 

fluorescence emission at 485 nm (bottom surface) was measured on a 96-well plate reader (Infinite® 200 

PRO, Tecan). Corrected fluorescence intensity was calculated by subtracting average fluorescence of 

FluoroBrite™ DMEM only wells. The experiment was repeated 5 times for each complex in each cell line and 

statistical analysis was performed using the Student’s t-test. 

NMR spectroscopy of cell metabolite extracts. MCF7 cells were seeded 72 h before extraction in a sterile 

T75 flask (Thermofisher Scientific). Afterwards, all medium was removed and cells were washed with PBS (2 

x 6 mL). Cold MeOH (2 x 3 mL) was then added to the flask and cells were detached using a cell scraper (2 x 
1 min). The two methanol solutions were combined and dried under a gentle flow of N2. Once dry D2O PBS 

was added to the off-white solid, vortexed (30 s) and centrifuged (13000 rpm, 4°C, 1 min). The supernatant 

was incubated with 0.65 ml PBS solution (pD 7.4) of complex 3 (2 mM), transferred into a NMR tube and 

incubated for 24 h. 
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