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Graphical Abstract

Nine ruthenium complexes with nitrogen and phosphorus donor ligands derived from a rigid ONO-
pincer ligand are synthesised and fully characterised. These complexes show moderate catalytic ac-
tivity in hydrogenation reactions with up to 96 % conversion in transfer hydrogenation of alcohols

within 1 hour. Electrochemical and DFT studies reveal further insights into their electronic and struc-
tural properties.
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Abstract

Nine new ruthenium complexes featuring nitrogen and phosphorus donor ligands were synthesised
from a Ru precursor featuring a rigid ONO-pincer ligand. The choice of nitrogen- and phosphorous-
based ancillary ligands was guided by a careful evaluation of their different electronic and steric
properties. This evaluation aimed to understand how these ligands, once coordinated, could influence

the structural, electronic, and catalytic activity of the corresponding complexes. The range of



complexes showed moderate catalytic activity in the transfer hydrogenation of alcohols, with the best
performing catalyst achieving 96% conversion in 1 hour (TON = 96, TOF = 96 h'). All complexes were
characterised using *H, 13C, 3P (where applicable) NMR spectroscopy, CHN (microanalysis) and HR-MS
analyses. Single crystal structures were obtained for all the nine new complexes, as well two new
polymorphs of the precursor complex. Complimentary electrochemical (cyclic voltammetry) and
density functional theory (DFT) studies provided additional insights into the structural and electronic

properties of the different complexes.
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Introduction

Dipicolinic acid-based ligands (pdc) featuring nitrogen and oxygen atoms that are all potential donors,
have been found to coordinate with a range of different (transition) metals including V, Cr, Fe, Mn,
Co, Ni, Zn,> Zr%, Ca,® Cu,® Ga,” Y,2 Mo,° Ru,° Sn,!! Pt,12 Pd,®® and Hg.!* Complexes of lanthanides and
actinides (Eu®®, Gd'*Lla,’ Ce,’” U,’'%) containing coordinated pdc ligands are also known. In
coordination chemistry, variable coordination modes refer to the ability of a ligand to bind to a central
metal atom or ion in different ways, utilising multiple donor atoms or bonding orientations. This
versatility often results in diverse structural geometries and influences the chemical reactivity and
stability of the metal complex.?°2! The combination of the variable coordination modes, a range of

biologically active properties,1%1416-18

as well as the chemically tunable potential of pdc is seen as the
primary driver behind the development of complexes featuring this ligand and its derivatives.'>?? The
pdc ligand may act as a neutral, mono-basic, or dibasic ligand donor (more than twelve possible
coordination modes), although the dibasic tridentate mode is most frequently encountered (Figure
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Figure 1. Variable protonated forms of pdc as a tridentate ONO pincer ligand.

Interaction with metals takes place in a pincer-type manner whereby they typically form stable

meridional five-membered metallacycles. These metallacycles describe cyclic structures where three



donor atoms from a tridentate ligand form a five-membered ring with a central metal atom, arranged
in a meridional (mer) configuration. This geometry stabilises the complex by maximising chelation and
minimising ring strain, often enhancing catalytic activity and selectivity in metal-mediated reactions.?’
22 \Metal complexes featuring a pdc ligand belongs to a class of pincer complexes (complexes featuring
at least one tridentate ligand that binds in a rigid, claw-like fashion), with corresponding imparted
chemical, structural, and electronic properties. They typically exhibit high thermostability and are
bench stable.?1"2® Metal complexes featuring pdc-based ligands also found great use as catalysts in a
variety of different and important chemical transformations, which include dehydrogenation?”~%,
deoxydehydration®!, and olefin oligomerisation? reactions. Complexes of ruthenium in particular are
well-known for their catalytic and biological activity in diverse applications, making the combination

of pdc with ruthenium ideal for the development of multi-functional complexes.3*~3¢ Despite this, the

chemistry and applications of Ru-pdc complexes remains underdeveloped with the only catalytic
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reactions investigated to date being oxidation reactions of water>’*, alcohols ,and alkanes*®. The
known precursor complex, (HNEt3)[RuCI(COD)(dpc)], reported by Qian-Feng Zhang and co-workers has
demonstrated potential as a precursor for forming various nitrogen-based adducts through ligand
substitution.*® However, none of these complexes have been evaluated for their catalytic activity. This
study therefore aims to develop a series of catalytically active [Ru(cod)(dpc)] complexes stabilised by
a range of pnictogen ligands (featuring group 15 donor atoms). The synthesis, characterisation and
catalytic evaluation of nine new Ru-dpc complexes featuring nitrogen and phosphorous-based ligands
are reported. Complimentary electrochemical (cyclic voltammetry, CV) and theoretical modelling
(density functional theory, DFT) studies are included to assess the electrochemical properties and

associated (catalytic) potential of the complexes.

Results and Discussion
Synthesis of nitrogen and phosphine Ru-ONO complexes

The known precursor, [Ru(COD)(dpc)(OHz)] (C1), was synthesised using an already established method
with appropriate modification.”® The pdc precursor, 2,6-pyridinedicarboxylic acid, is deprotonated
prior to coordination as a critical step in the synthesis of C1. As the base, KOH was used instead of the
milder triethylamine, as it facilitated a faster reaction and simpler work-up after the reaction.
Deprotonation of the pdc precursor was complete after 15 minutes, whereas NEts required excess
amounts and at least 30 minutes for comparable conversion. Product purity was also lower when NEts
was used, as it is a competing ligand, with ethyl-based aliphatic signals observed in the initial *H NMR

spectra. The nitrogen and the phosphine donor ligands employed are known compounds and include



pyrazole, imidazole, diphenylphosphinoferrocene (dppf) and methyl diphenylphosphinite. Each of the
pnictogen ligands was reacted with C1 in methanol under reflux conditions and an argon atmosphere.
The aqua ligand in each case was replaced by either the N- or P-donating ancillary ligand, leading to
the synthesis of nine new Ru-ONO complexes (C2-C10), see Figure 2. The new complexes C2-C10 were
characterised using 'H, 3C and 3!P NMR (C9, C10 only) spectroscopy, high resolution mass
spectroscopy (HR-MS ESI), single crystal XRD, as well as elemental analysis (%CHN). Complexes C9 and
C10 were purified using column chromatography (acetone as eluent for C9) and (DCM/acetone 1:1 as
eluent for €10), while washing with EtOAc proved sufficient for complexes C2-C8. In general, the
reaction proceeded smoothly to give the corresponding complexes as vyellow to orange
microcrystalline solids in a range of yields (37-99%). Spectroscopic evidence for their formation was
provided by H NMR spectra where characteristic signals of the ancillary ligands were observed.
Examples include &4 6.32-6.30 and 7.53-7.52 (CH of pyrazole, C2), 7.01 and 7.48 (CH of imidazole, C3),
6.60 and 6.93 (CH of imidazole, C5), and 7.26-7.22 (C¢Hs of Ph, €6). The 3C NMR signals for the
respective functional groups appear within the anticipated ranges, consistent with those of closely
related compounds. The *H NMR spectra of C2-C10 revealed variation in the signal positions of the
protons of the dipicolinic pincer backbone for example, signals are in the range of 64 8.07, and 7.95-
7.90 for C2 while for C9 they are in the range of 6y 7.79-7.70. The *H NMR signals of complexes C2-
C10 differed from those in C1 only by the appearance of the associated signals for the newly
coordinated ligands, while signals for the cyclooctadiene (COD) and the pdc ligands remained
unaffected. The aliphatic CH; proton signals largely remained unaffected post-coordination in C2-C10,
with only minor shifts observed in selected cases. As an extension of the investigation into the type of

pnictogen donor ligands, two phosphorous-based ligands (L9 and L10) were also selected.
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Figure 2. Synthesis of Ru-ONO complexes C1-C10.

The reactions involving methyl diphenylphosphinite (PPh,(OMe)) and diphenylphosphinoferrocene
(dppf) required the use of molecular sieves to afford the corresponding complexes in appreciable
yield. The molecular sieves appeared to drive the ligand substitution reaction by inhibiting phosphine
oxidation and promoting the uptake of residual water in the reaction mixture. Phosphine coordination
in C9 and C10 was confirmed using 3P NMR spectroscopy. The chemical shift for phosphorous in C9
appeared at 125.6 ppm (free ligand at 116.9 ppm), while in C10 two distinct signals appeared at 27.62
and -19.05 ppm (free ligand shows one resonance at -17.33 ppm). This indicated two unique
phosphorous nuclei, where only one P-donor is coordinated to the ruthenium center. This is
interesting as the substitution of the relatively labile COD ligand was anticipated to form the complex

[Ru(ONO)(dppf)(OH,)], which was not observed in this case.

X-ray crystallography

Yellow to orange-coloured single crystals of all complexes C1-C10 were obtained from saturated
solutions of the complexes in either DCM, acetone, chloroform, or dichloroethane. The
crystallographic information for all the complexes is tabulated in the Sl (Tables S1-S3), with the
molecular structure of C1-C10 shown in Figures 3-5. Complexes C1b and C3 crystallised in the triclinic
crystal system (space group P-1), whereas all of the remaining structures in this series (C2, C4 — C10)

possess monoclinic crystal systems (P2;/c space group (€5, C6, C8-C10), P2:/n (€2 and C7), C2/c (Cic),



l,/a (C4)). The structures of each of the complexes exhibit a Ru(ll) centre in a pseudo-octahedral
geometry with the pdc ligand coordinated at three sites (ONO), two n?-alkene moieties coordinated
in a cis fashion (1,5-COD), and a neutral L-donor ligand occupying the sixth coordination site (L = aqua,
pyrazole, imidazole derivatives, phosphine derivatives). Octahedral distortion is brought about by the
planar, rigid pdc ligand with an average 01-Rul-03 bite angle of 153.606(7)° (as opposed to an ideal
180°). Closer to ideal octahedral bond angles are observed with Cajkene-RU1-N1 and Caiene-RU1-L angles
within the ranges of 90.31(5)-95.87(7)° and 86.00(6)-93.64(6)°, respectively. Complex C1, being the
precursor to complexes €2-C10, is a known compound with a published crystal structure.®® In the
published structure by Zhang and co-workers*, Cla crystallised in a monoclinic crystal system with
space group P2:/n, and unit cell parameters of a = 6.5452(4) A, b = 12.1810(7) A, c = 17.4837(10) A,
and 6 = 94.4010(10)°. In this study, however, two polymorphs*® of this structure were crystallised and
accordingly analysed. The two polymorphic structures of C1 crystallised in the triclinic P-1 (C1b) and
monoclinic C2/c (Clc) crystal systems. The associated unit cell parameters for the latter two structures
are Clb: a = 6.5303(5) A, b = 7.0283(6) A, c = 16.2104(11) A, a = 90.128(6)°, B = 99.266(6)°, and y =
106.746(7)°; Clc: a = 18.7224(4) A, b = 10.4260(2) A, c = 14.4176(3) A, B = 92.908(2)°. Interestingly,
the unit cell volume of the three structures differs noticeably: 1374.85(4) A% (C1a), 702.23(6) A® (C1b),
and 2810.69(4) A3 (C1c). None of the three structures contain any solvents of crystallisation. In terms
of structural features of the Ru(ll) complex molecule in all three structures, the bond lengths and
angles agreed to a reasonable extent. The three-dimensional packing of each of the polymorphs differs
distinctly in the layers of molecules that stack differently between Cla, C1b, and Clc (see Figure S30,
Sl).

No noticeable changes in the Ru-Caikene(ave), Ru1l-N1, or Ru1-01/03 bond lengths, nor in the geometry
of the [Ru(pdc)(COD)] fragments were observed upon substitution of the aqua ligand. Substitution of
the aqua ligand with pyrazole brings about a Ru1-N2 bond length of 2.1074(14) A in C2. There seems
to be a progressive increase in the bond length Ru1-N2 of the complexes due to the influence of the
substituent attached to the non-coordinating nitrogen atom and other functional groups present in
the coordinated heterocycle (vide infra). This is surprising, since it was expected that a stronger
electron-donating heterocycle would result in a shorter Ru1-N2 bond. Comparing C2 (pyrazole), C3 (N-
methyl imidazole), C4 (N-isopropyl imidazole) and C5 (N-methyl-2-imidazole), a steady increase in the
electron-donating character is anticipated for the N-donor ligand according to the series C2 < C3 < C5
< C4. This correlates with corresponding Rul-N2 bond lengths (A) in the series 2.1074(14) (€C2) <
2.114(2) (€3) < 2.1570(14) (€C5) < 2.1823(12) (C4). The N-Ph substituent in C6 is much less electron-

donating and hence has an associated Ru1-N2 bond length of 2.104(3) A. The fused imidazo-pyridine



ligand L7 in C7, and 4’-phenyl-pyridine ligand L8 in C8 have similar electron donating properties and
lie in the centre of the overall series with Ru1-N2 bond distances of 2.1577(14) A and 2.1363(15) A,
respectively. All the abovementioned Rul-N2 bond lengths correspond well with those of similar
complexes reported by Zhang and co-workers®. Substitution of the aqua ligand in C1 with softer P-
based ligands, the larger phosphorous atoms lead to longer Rul-P1 bond lengths of 2.3122(5) A (€9)
and 2.3426(15) A (€10), but still fall within expected ranges. In the case of phosphine-based donors,
the observation of more electron-donating (ferrocenyl-based bis-phosphine vs. 4'-methoxyphenyl)
phosphines gave rise to longer Rul-P1 bond lengths. Steric bulk due to the incoming N- and P-donor
ligands upon substitution had little effect on the structural features of the structures studied. The
extra two co-crystallised water molecules in C10 allow for an interesting hydrogen bonding network
in three dimensions. A series of four water molecules exhibit intermolecular hydrogen bonds with one
another, and in turn with four adjacent molecules of C10 that extends along the b-axis (Figure S31).
None of the other complexes exhibit hydrogen bonding interactions, nor do they exhibit m-it stacking

interactions.
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Figure 3. Molecular structures of complexes C1-C4. Thermal ellipsoids are drawn at 50% probability
level. In this figure for complex C1, the polymorph Clb is represented. For structural comparisons

between polymorphs Cla-Clc, please see the supplementary information.



Figure 4. Molecular structures of complexes C5-C8. Thermal ellipsoids are drawn at 50% probability

level.
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Figure 5. Molecular structures of complexes €9 and C10. Thermal ellipsoids are drawn at 50%
probability level. Phenyl moieties of the phosphine ligands are represented as wireframes, along with
their protons hidden, both for clarity purposes. Two molecules of co-crystallised water in C10 have

been omitted for clarity.

Catalytic transfer hydrogenation

Transfer hydrogenation is a well-established green chemical transformation commonly employed in
catalytic evaluation studies as a model hydrogenation reaction.>® Several sectors including the flavour,
fragrance, pharmaceutical, and biodiesel production industries have benefited from the remarkable
efficiency, regio- and enantioselectivity of the transfer hydrogenation process.>®*! In this part of the
study the catalytic activity of complexes C1-C10 featuring different nitrogen and phosphorus ancillary
ligands are evaluated. The effect of the varied ligand systems on the catalytic activity of the respective
complexes is of interest. The catalytic reaction was studied using a literature method®® while using
benzophenone (as substrate) and C1 (as pre-catalyst) for method optimisation. The parameters
optimised included reaction time, catalyst concentration, base, as well as temperature (Table 1).
Reactions without the catalyst and/or base were also carried out (as control reactions) where in all

three scenarios little to no organic product were obtained (entries 5-8
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Table 1). As is typical in many related catalytic studies®, the internal standard used was anisole while
the hydrogen source was isopropanol. For solubility and catalyst stability reasons, reactions were
conducted in CsDs with the presence of 'PrOH (300 pL), which also facilitated the direct analysis of the
reaction mixtures using *H NMR spectroscopy. A catalytic amount of base (10 mol%) was required as
an additive to facilitate activation of the pre-catalysts without which the catalytic reactions proved

sluggish or fail to take place.

Table 1. Method optimisation and catalyst screening for the transfer hydrogenation of benzophenone.

0 OH Ru cat. (1 mol%) ' e
B et
CgDg, 'PrOH
Catalyst Conversion
Entry Complex Temp. (°C)  Base Yield*®  TOF (h)°
conc. (mol%) (%) (%)

1 c1 5d 80 KO'Bu 98 (99)° 99 (99)° (26)°
2 c1 3 80 KO'Bu 94 (98) 94 (98) 63 (33)
3 c1 2 80 KO'Bu 92 (94) 92 (94) 92 (47)
4 c1 1 80 KO'Bu 78 (89) 78(89) 156 (89)
5 C1 3 50 KOH - - -
6 C1 3 RT KOH - - -
7 C1 - 80 - - - -
8 cl 5 80 - 0(0) 0(0) 0(0)
9 c2 1 80 KOH 1(3) 1(3) 2(3)
10 c3 1 80 KOH 1(1) 1(1) 2(1)
11 ca 1 80 KOH 73 (84) 73(84) 146 (84)
12 c5 1 80 KOH 96 (96) 96 (96) 192 (96)
13 c6 1 80 KOH 43 (47) 43 (47) 86 (47)
14 c7 1 80 KOH 47 (60) 47 (60) 94 (60)

11



15 cs 1 80 KOH 0(1) 0(1) 0(1)
16 c9 1 80 KOH 21 (29) 21 (29) 42 (29)

17 c10 1 80 KOH 70 (79) 70(79)  140(79)

General conditions: Ph,CO (0.3 mmol, 0.6mmol?), anisole (0.3 mmol), 'PrOH (300 uL), catalyst (1 mol
%), CsDs, 80 °C, 1 h, KOH (10 mol%). ® Conversion and yield based on the internal standard (anisole)
after 30 minutes.  Parentheses indicate corresponding values after one hour. ¢ Final TON values (1
hour) correspond to the TOF values indicated in parentheses. © Parentheses indicate corresponding

values after 45 minutes.

Potassium hydroxide provided higher conversions as compared to potassium tert-butoxide (entries 1-
4), presumably since the enhanced nucleophilicity and accessibility of the hydroxide anion (as
compared to tert-butoxide anion) play an important role. Temperature studies showed that the
optimum temperature for this catalytic study is 80°C. The reaction was also performed at room
temperature and 50°C leading to almost no conversion (even with increased catalytic loadings of 3
mol%, entries 5-6). A reaction time profile revealed that the reaction at the otherwise optimised
conditions required only an hour to achieve 99 % conversion (entry 1). In terms of catalyst
concentration, 1 mol% was selected as the optimum, although slightly better yields of the product
were obtained with 3 mol% catalytic loading. For economic and sustainability reasons, the lower
catalyst concentration was selected, especially given the small difference in conversion between the
two concentrations. Each of the remaining ruthenium complexes C2-C10 were screened after
obtaining the optimum conditions using benzophenone as substrate. The catalytic screening for each
complex was generally carried out over 1 hour every 30 minutes to monitor performance. Complex C5
featuring the N-methyl imidazole ligand was seen to perform the best (96 % vyield after 1 hour) as
compared to C2 (pyrazole, 3 % yield), C4 (imidazole-based,84 % vyield), C7 (imidazo-pyridine, 60%
yield), C8 (pyridine-based, 1 % yield), and C9-C10 (phosphine-based, 29-79 % yield, entries 16-17). The
solubility and (in situ) stability of the complexes have a notable effect on their associated catalytic
performances. It was noted that complexes with a higher solubility (C5) in CsDe perform better than
those with lowered solubilities. It is interesting to note that C3 and C5 differs with the
presence/absence of one CH; group, and €4 and C5 with a secondary CH group, yet €3-C5 all differ
noticeably in catalytic activity (entries 10-12). The enhanced activity of C5 is ascribed to the perfect
combination of the stronger donor ability of the 1,2-dimethylimidazole to better stabilise sensitive
catalytic intermediates. Comparable activities were observed in reactions with C1 (1 mol%, 89%, entry

4) using only pure 'PrOH (91%), as well as doubling the concentration of 'PrOH in C¢Ds (88%, see

12



supplementary information). A series of carbonyl containing compounds with different substituents
were screened using the best catalyst (C5) and our optimum conditions. It was observed that the

substrate conversions were significantly affected by the functional groups present in each case.

For the substrate screening (Table 2), the ketone-containing substrates were found to be more
selectively and efficiently converted (up to 96% conversion, entries 1-4 and 6) as compared to the
aldehyde-containing substrates (entries 5 and 7). Substrates with electron-donating groups were
efficiently converted as opposed to those with electron-withdrawing groups (entries 1 and 4 versus
entries 6 and 7). The carbonyl substrates with electron withdrawing groups did not favour product
formation (entries 7, 8, 12), whereas the aldehyde substrates with electron donating groups favoured
product formation in moderate yields (entries 5 and 6). This indicates that substrates within the two
groups (ketones and aldehydes) featuring electron-donating groups, such as -CHs or -OCHgs, are
converted more efficiently than those with electron-withdrawing groups like -NO, (entries 1 and 4 vs.
entries 6 and 7). This trend can be attributed to the increased electron density at the carbonyl carbon
due to electron-donating substituents, which makes the carbonyl group more susceptible to
nucleophilic attack during the catalytic cycle. As indicated in the caption of Table 2, several substrates
failed to convert to their corresponding alcohols which primarily contained electron-withdrawing
groups. Substrates containing -OH groups may also have hindered catalytic conversion by means of
interaction with the metal center in a B-diketonato fashion. Substrate steric bulk also played a role
where those containing bulky substituent groups were more efficiently converted (entries 1-4). Steric
bulk observed in benzophenone (96% yield, entry 1) and acetonaphthone (85% yield, entry 4) may
have been responsible for high conversions and yields seen. The greater the degree of steric bulk, the
higher the conversions and yields observed. 'H NMR spectra obtained of the reaction mixtures using
Cl indicated the presence of Ru-H species at -3.03 ppm which is typical of an inner-sphere mechanism
(see supporting information). Two likely possibilities exist: (i) the pdc ligand becomes bidentate
through which a carboxylate pendant group becomes the corresponding carboxylic acid along with
the coordination of a hydride to the Ru center, i.e. [RuH(pdcH)(COD)(OH,)]; (ii) the aqua ligand
dissociates and allows for the coordination of a hydride ligand, making the resultant species anionic
which is then stabilised by surrounding K* cations, i.e. K[RuH(pdc)(COD)]. At this stage, option (i) is
ruled out due to the absence of a carboxylic acid proton in the same *H NMR spectrum where the

hydride signal appears.
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Table 2. Substrate screening for the transfer hydrogenation using C5 as the catalyst.

)CJ)\ OH Ru cat. (1 mol%) OH 0]
+ > +
Ri™ R AN KOH, 80°C R1/§\Rz AN
CgDg, 'PrOH
Catalyst
Temp.
a (o9 b (-1 b (1
Entry Substrate conc. . Base Conv.? (%) Yield® (%) TON® (h™*) TOF® (h*)
(°c)
(mol%)

O

1 @A Ph 1 80  KOH 9 96 96 96
(o}

2 @A 1 80  KOH 71 71 71 71

3 ©)K 1 80 KOH 77 77 77 77
(@]
4 1 80 KOH 85(100)°  85(100)°  85(100)°  85(50)°
0]
5 /@AH 1 80 KOH 56(73)¢ 56(73)¢ 56(73)Y  56(3.3)
MeO
0]

6 QA 1 80 KOH 31(31)¢ 31(31)°  31(32)° 31(8)¢
H,N
(0]

7 OZNOAH 1 80 KOH (5)f 5(5)f 5(6)f 5(2)f

General conditions: Ph,CO (0.3 mmol), anisole (0.3 mmol), 'PrOH (300 pL), catalyst (1 mol %), CsDs, 80
°C, 1 h, KOH (10 mol%). ? Conversion and yield based on the internal standard (anisole) after 1 hr.
Final TON/TOF values (1 hour). © Conversion and yield after 2 hr. ¢ Conversion and yield after 22 hr. ¢
Conversion and yield after 4 hr. f Conversion and yield after 3 hr. Substrates that provided no
conversion (even after 4 hours) included: phenacylbromide, 4'-hydroxyacetophenone, 2'-NO,-

acetophenone, 4'-NO;-acetophenone, 2,2',4,4'-tetrahydroxybenzophenone, 3-hydroxybutan-2-one.
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Electrochemical study

The electrochemical properties of 0.001 mol.dm™ C2-C10 were investigated in dry dichloromethane
(DCM) at 25 °C using 0.1 mol.dm™ [NBu,][PFs] as supporting electrolyte under an inert atmosphere.
The poor solubility of C1 in DCM necessitated the use of dichloroethane (DCE) at 70 °C to collect cyclic
voltammetry data. Figure 6A shows the CV and linear sweep voltammetry (LSV) of C2 in the presence
of ferrocene (HFc, as the internal reference) and the CV at varied scan rates (without HFc). The LSV of
C2 vs ferrocene as internal standard confirmed a 1:1 ratio of 1-electron oxidations of Fe(ll)/Fe(lll) as
well as the subsequent Ru(ll)/Ru(lll) redox couple (the concentrations were identical), which implies
that the Ru(ll)/Ru(lll) redox couple is involved in a one electron transfer process. It can be assumed

that the Ru(ll)/Ru(lll) redox couple for C1-C10 is also a one electron process.
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Figure 6. (A) Al: The CV (at different scan rates ranging from 50, 100, 150, 200, 250, 300 to 500 mV.s
1) of €2 (0.001 mol.dm™). A2: The Linear Sweep Voltammetry (LSV) of C2 (0.001 mol.dm™). A3: The CV
of €2 (0.001 mol.dm™3) and ferrocene (HFc) (as an internal reference) measured at a scan rate of 500
mV.s L. All measurements of C2 were conducted in 0.3 mol.dm™ [NBu4][PFs]/DCM on a glassy carbon
working electrode at 25 °C. A4: The CV of an unknown concentration of C1 (ca. 0.0001 mol.dm™3) in
DCE with Fc* (as an internal reference) with 0.067mM [NBug4][PFs] measured on a glassy carbon
working electrode at 25 °C. A5: The CV of ferrocene (HFc) vs decamethyl ferrocene (Fc*). (B) The

relationship between ip/ips and scan rates for the CV of C2 in Al.
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The peaks separation (AE) for scan rate below 500 mV.s? exhibited 70 < AE < 90 mV, which implies
electrochemical reversibility for C2. The electrochemical process occurring at 01/R1 for C2 is
chemically irreversible, since the oxidation/reduction current (ipc/ipa) significantly deviates from unity.
When increasing the scan rate between 50 and 1000 mV.s?, it was found that the i/ipa Was not
constant. As the scan rate increased, the ip/iva Value decreased, with ip/ipa = 0.12 at 50 mV.s™ and
foc/ipa = 0.36 at 1000 mV.s™ (see Figure 6B). This behaviour aligns with an E.C; mechanism, where the
‘E/ denotes an electrochemically reversible step and the ‘C/ a chemically irreversible step.>? Following
this, an additional electrochemical process occurs. In this mechanism, the oxidised product C2**
formed during oxidation (O1, Figure 6A) is reversibly reduced (peak R1) to regenerated C2. However,
C2°** also slowly and irreversibly decomposes chemically (eql, in Figure 6B). As the scan rate increases,
there is less time for the oxidised species C2** to decompose before it undergoes reduction during the
reverse (cathodic) half-cycle of the CV. Consequently, at higher scan rates a greater amount of C2°**
remains available for electrochemical reduction during the reverse CV cycle. This type of E.C;

mechanism was found for the Ru-metal centre for all the compounds C2-10.

The cyclic voltammograms (scan rate of 100 mV.s) of the Ru(ll) complexes C1-C10 are shown in Figure
7 and Figure 8 (see supplementary information for the varied scan rates and ip/ipa Vs graphs for C2-
C10). A summary of the electrochemical data at 100 mV.s? is shown in Table 3 (see supplementary
information for the data of the varied scan rates). The complexes C1-C10 exhibited either one (C1-C8),
two (C9) or three (C10) (red)ox events. The electrochemical process at ca. 0.894 V (for C2-C8) and ca.
0.364 V (for C9 and €C10) marked as O1 in Figure 7 is associated with the oxidation and reduction of
the Ru-metal center. C1, the precursor complex to €2-C10, has an £°' = 0.424 V (vs HFc/HFc*) for the
Ru electron transfer process. Upon substitution of the aqua ligand for different N-donor ligands, the
E*' increased on averaged ca. 0.52 V. This indicates that the ligand L2-L8 are more electron
withdrawing than the aqua ligand, causing the Ru to get reduced at higher potentials. As phosphine
ligands are known to be stronger electron donors than aqua ligands®, they effectively increase
electron density at the Ru center, leading to a decrease in the oxidation potential £°'. This shift in E°'
aligns with the expected electron donating influence of the phosphine ligands on the metal center
(Figure 7 and Table 3). The order of increasing reduction potential for the complexes is: C9 (0.361 V)
< C10 (0.366 V) < €5 (0.840 V) < C7 (0.846 V) < C4 (0.861 V) < C3 (0.889 V) < C6 (0.927 V) < C8 (0.989
V) < €2 (1.009 V). When comparing the reduction potentials (E°') of C2-C10 with the yields of the
transfer hydrogenation (Table 1), it was found that in most cases as the E°' decreased, the
corresponding organic product yield increased. For instance, C1 had lower E°' but gave the highest

yield after 45 minutes of reaction. C2 and €3 had high values of E°' but gave lower yields of product.
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C5 is an exception, despite its moderately high E°', the product yield was still high. This could
potentially be ascribed to the Ru-metal center that can either more efficiently transfer electrons to
the substrate due to the lower E°', or the Ru’s ability to transfer “hydrogen” more easily to the
substrate, and as a result lower the overall activation energy of the catalysis process. It is important
to note that regardless of the mechanism at play (inner-sphere or outer-sphere mechanism), the
formal oxidation state of Ru?* is not expected to change during catalysis, and therefore the ability of
the metal center to rely on the ancillary ligands to efficiently help with the transfer of “hydrogen”

from isopropanol remains the key to its associated catalytic activity.

Table 3. Electrochemical data (vs. ferrocene) of redox processes observed for C1-C10.

Eao1(V) Epcra(V)  E” BE  ipa (MA)  ipc (HA) ipafipe

C1 0.463 0.385 0424 0.078 0.32 0.24 0.71
Cc2 1.047 0.97 1.009 0.077 10.29 1.43 0.14
Cc3 0.929 0.849 0.889 0.080 6.83 4.17 0.61
ca 0.891 0.832 0.861 0.059 7.00 4.00 0.57
C5 0.876 0.805 0.840 0.071 5.50 2.25 0.41
c6 0.964 0.890 0.927 0.074 5.45 2.73 0.50
Cc7 0.890 0.802 0.846 0.088 5.17 2.50 0.48
c8 1.034 0.944 0.989 0.090 10.45 1.82 0.17

C901/r1 0.361 0.312 0.337 0.049 0.73 0.60 0.82
C9o02/r2 0.919 0.856 0.888 0.063 3.75 0.13 0.03
Cl10o01r1  0.366 2.26

Cl002r2 0.643 0.547 0.595 0.096 4.33 2.88 0.66

Cl0osrs  0.870 0.727 0.799 0.143 1.90 1.00 0.53
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Figure 7. Comparative cyclic voltammograms of C2-C10 (and C1 in DCE with 0.067mM [NBu4][PFs]) vs
ferrocene using a scan rate of 100 mV.s*. CVs were measured in 0.3 mol.dm™= [NBus][PFs]/DCM on a
glassy carbon working electrode at 25 °C. [Ru] = 0.001 mol.dm™ or saturated solution. Scans were

initiated in the positive direction.

While complexes C1-C8 all exhibited one redox wave in the oxidation window, complexes phosphine-
containing complexes C9 and C10 exhibited additional redox waves in Figure 7 and CVs in the
Supporting information. The additional red(ox) events (02 for C9 and O3 for C10) are reasoned to be
due to the oxidation of the phosphinite or phosphine ligand.>* This event is electrochemically
reversible in C9 (AE = 0.063 V, E°' = 0.888 V), and electrochemically irreversible for the phosphine
ligand in C10 (AE = 0.143 V, E°' = 0.799 V). Another redox event for C10 was observed at E°' = 0.595 V
marked 0O2/R2 in Figure 7 and the CV in the supporting information. The origin of this redox event is
proposed due to the presence of the ferrocene moiety in the phosphine ligand (in accordance with
literature of free PPh,Fc), and therefore refers to the Fe(ll)/Fe(lll) redox wave.>® The CVs of C2-C10
also revealed a chemically and electrochemically irreversible reduction event at ca. -1.732 V (vs

Ag/Ag*), which is associated with the electron uptake via a ligand (Figure S35 in the Supporting
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Information). The associated LSV of C2 (Figure S35) suggests a 1:1 ratio of 1-electron reductions of

Fe(ll)/Fe(ll), followed by a ligand-based reduction.

Computational details

For a clear understanding of the electrochemical origin of both the first oxidation and reduction
processes for the complexes containing pdc backbone and COD ligand, DFT studies of all complexes
were conducted. Using C5 as representative example, selected frontier molecular orbitals of C5 are
shown in Figure 8. As a starting point, the global minimum conformations of each complex were
obtained by full geometry optimisation (with zero imaginary frequencies), using the obtained crystal
structures as input. The respective conformers (lowest energy, gas phase calculated) obtained, closely
corresponded in all cases to the experimentally observed conformers (solid state, from SCXRD). From
these results, it is expected that the HOMO of the neutral complex and LUMO of the corresponding
oxidised species should collectively hint to the origin of the first oxidation process. This is proposed
because the oxidation process involves the removal of an electron from the HOMO of the neutral
complex. The subsequent one-electron reduction of the cation is proposed to be Ru-based whereby
Ru*is reduced back to Ru?*. Considering the frontier orbitals of the cation and neutral species (Figure
8), the LUMO of the cation and HOMO of the neutral species indeed correlate well to indicate the
same locus of the reduction event. For the first electron reduction of neutral C5, the LUMO of the
neutral complex and the HOMO of the corresponding reduced species are expected to indicate the
origin of the first reduction process. For the first electron oxidation of the neutral complex C5, a clear
correlation between the HOMO (neutral complex) and the LUMO (oxidised species) indicates that the
first oxidation process is Ru-based, with the metal oxidised from Ru(ll) to Ru(lll). For the reduced
specie, the electron density of the HOMO is centred mainly on the pdc ligand, which now correlates
with the LUMO of the neutral complex. These results agree with our experimental electrochemistry
observations in that the first electron reduction is primarily ligand-based, and the first electron

oxidation, followed by a subsequent reduction is associated with the Ru"/Ru" redox couple.
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Figure 8. Selected molecular (frontier) orbitals indicated in red and blue of C5: (a) neutral, (b) cation
(+1, after 1é removal), and (c) anion (-1, after 1é addition). a = alpha spin of electrons, B = beta spin

of electrons.

To gain more insight into the relevant reactivities/stabilities of the complexes investigated, the
molecular orbital energies of complexes C1-C10 were plotted (Figure 9), and corresponding energy
gaps (energy difference between the frontier orbitals, thus E,umo-Enomo) were calculated. The change
in ancillary ligand (N- or P-donor), as well as a change in functional group(s) among the N-donor ligands
appear to have a limited effect on the resulting energy gap of the corresponding complexes, where
the energy gaps of C1-C10 all appeared within a narrow range of 3.898-4.173 eV. These values
correlate with related Ru(ll) compounds calculated using similar computational treatment methods
(B3LYP, def-tzvpp).>®>” A smaller energy gap is usually associated with less stability, or conversely
increased reactivity with an associated complex. From Figure 9 complex C1 (and in fact the majority
of N-donor pyrazole and imidazole-based ligands) are associated with the largest energy gaps, and

hence most stable (or least reactive) complex, whereas complex C10 (featuring the mono-coordinated
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bisphosphine) was predicted to be the least stable (or most reactive) complex. Notably, the calculated
energy gaps all fall within a narrow range and do not necessarily translate to the experimentally
observed behaviour (within experimental error) of the respective complexes. From our observations,
all complexes were air- and moisture stable in the solid state for months without any noticeable signs

of decomposition.
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Figure 9. Molecular orbital energy levels (eV) of complexes C1-C10.

Table 4. DFT calculated adiabatic ionisation potential (IP, eV) and adiabatic electron affinity (EA, eV)

values for complexes C1-C10.

Complex IP (eV) EA (eV)
1 7.18 1.82
2 7.00 1.05
3 6.74 0.83
4 6.71 0.88
5 6.68 0.79
6 6.71 0.94
7 6.68 0.94
8 6.77 1.31
9 6.53 0.74
10 6.57 0.95
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In Table 4, the adiabatic electron affinity (EA) and ionisation potential (IP) values were calculated
based on the DFT-obtained data. The EA values are calculated as the difference between the energy
of the neutral complex (n electrons) and the mono-reduced (n + 1 electrons) species. Similarly, the IP
values are calculated from the difference between the neutral complex and the mono-oxidised (n — 1
electrons) species. The calculated IP and EA values lie within a comparable range between the
different complexes with 0.65 eV (IP) and 1.08 eV (EA). These two parameters collectively suggest an
effect of the change of ligand within each complex and the resulting energy required to either oxidise
or reduce the complex. In general, it was noted that with increasing IP and EA values, the
experimentally measured reduction potential (E') also increased for C2-C10. Conradie®® found in their
tris(B-ketoiminato)-based Ru(lll) complexes IP values of 5.59-5.83 eV, and EA values of 1.15-1.62 eV.
The same group®® also found that for tris(phenantroline) and tris(bipyridine) derivative complexes of
Ru(ll), the corresponding IP and EA values can rise to values as high as 10.29-13.40 eV and 5.46-8.38
eV, respectively. Considering the Principle of Maximum Hardness (PMH) with respect to molecular
orbital (MO) theory, the hardness of a molecule (n) is essentially defined as half the magnitude of the
energy gap of the molecule.®® The energy gap is the absolute value of the energy difference between
the HOMO and the LUMO of the (neutral) molecule. Within a given chemical system, the tendency to
maximise the hardness of its respective molecules therefore exists since a hard molecule tends to
have a large energy gap.®® Comparison of the hardness of complexes C1-C8, the same trend is
observed: all complexes (2.09 < n < 1.95) exhibit relatively hard character and are therefore expected

to be stable under ambient conditions.

Conclusion

A series of nine novel ruthenium-ONO complexes with different N- and P-donor ancillary ligands were
synthesised and thoroughly characterised by NMR spectroscopy, mass spectrometry, elemental
analysis, and single-crystal X-ray diffraction (SCXRD). The synthetic procedure is straightforward and
does not require strict moisture- or oxygen-free conditions. These complexes demonstrated variable
catalytic efficiency as pre-catalysts in the transfer hydrogenation of carbonyl-containing compounds,
achieving up to 100% yields in some cases. Notably, complex C5 showed superior catalytic activity,
attributed to its enhanced electron density at the Ru center (signalled by its low reduction potential),
thereby facilitating the hydrogen transfer process. In contrast, complexes C2, C3, and C8 exhibited
only minimal activity (yields of 1-3%), which correlates with their higher reduction potentials and
likely indicates reduced electron density availability at the metal center for catalytic activation.
Complex C1 displayed high activity, likely due to the facile dissociation of its aqua ligand, which creates

an accessible coordination site crucial for catalytic turnover. This observation highlights the
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importance of (hemi)labile ligands in the catalytic cycle, particularly for facilitating the formation of
vacant coordination sites, a known requisite for effective catalysis in transition metal complexes.
Electrochemical studies revealed a one-electron reversible Ru'/Ru"™ redox couple across the
complexes, with additional redox events in the phosphine-containing complexes C9 and C10,
indicating the influence of P-donor ligands on the redox behaviour. The chemically irreversible
reduction of the ligand observed at anodic potentials across all complexes emphasises the stability
and resilience of these ligands under oxidative conditions. Density functional theory (DFT) calculations
further supported these findings, identifying metal-centered oxidation and ligand-centered reduction
as primary pathways, which could guide the rational design of new Ru complexes with tailored
electronic- and steric properties for optimised catalytic performance. These findings provide valuable
insights into the possible structure-activity relationships governing the catalytic performance of
ruthenium-ONO complexes. By correlating redox properties and ligand lability with catalytic efficiency,
this study establishes a foundation for the targeted development of ruthenium-based catalysts with

potential applications in sustainable hydrogenation processes.

Experimental Section
General Considerations

Complex syntheses were carried out under inert conditions using standard Schlenk techniques.5! All
reagents and solvents were purchased from commercial suppliers and there was no need for further
purification. The polymeric complex [RuCl,(COD)]x was synthesised using a published method.” The
new complexes were synthesised using an already established synthetic protocol*® with minor
modification as outlined below. Gravity column chromatography (elution with CH,Cl,/acetone 1:1)
was used for purification where necessary. 'H (300/400 MHz), *3C (75.5/100.6 MHz), 3!P (162 MHz)
NMR spectra were recorded on either a Bruker Avance-400 or a Bruker Gemini 300 spectrometer using
CDCls, unless otherwise stated. Chemical shifts were referenced to the internal residual solvent
resonances (7.24 ppm (*H NMR), 77.0 ppm (**C NMR)). Electrospray mass spectra (ESI-MS) were
recorded on a Micromass Quatro LC instrument. Acetonitrile or methanol (C4) were used as the
solvent for analysis using the positive ionisation electrospray technique. EA analyses were performed

at UKZN using a ThermoScientific Flash2000 Elemental Analyser.

Synthesis of C1

A round bottom flask with MeOH (40 mL), dipicolinic acid (0.73 g, 4.38 mmol) and KOH (0.63 g, 11.19

mmol) was stirred for 15 minutes. Afterwards, [RuCl,(COD)]x (1.00 g, 3.61 mmol per mol Ru) was added
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and left to heat under reflux overnight. AgNOs solution (0.73g in 2ml H,0) was added to the mixture
and the reaction was allowed to stir for 2hours. The reaction mixture was filtered upon which the
filtrate was concentrated in vacuo. The residue was washed with water and acetone to give a yellow
solid in 71% yield (0.99 g, 2,37 mmol). The *H and 3C NMR spectra obtained correspond to that of Xie

et al®

General synthesis of C2-C10

Complex €1 (0.1g, 1mmol) and ligand (L1-L9, 2mmol) were heated under reflux in MeOH (15 mL) under
an argon atmosphere in a Schlenk tube overnight. The crude mixture was further purified either by
gravity silica gel column chromatography using gradient elution (Acetone as eluent for C9) and

(DCM/Acetone 1:1 as eluent for C10)) and/or solvent wash (ethyl acetate; C2-C8) as appropriate.

C2: Yield 99%. 'H NMR (300 MHz, CDCl3) 84 11.02 (s, 1H, NH of pyrazole), 8.07 (d, J = 7.7 Hz, 2H, CH of
pdc), 7.95-7.90 (m, 1H, CH of pdc), 7.62 (d, /= 2.1, 0.7 Hz, 1H, CH of pyrazole), 7.53 (d, /= 2.5, 1.6, 0.8
Hz, 1H, CH of pyrazole), 6.30 (m, 1H, CH of pyrazole), 4.47 (m, 2H, CH of COD), 3.53 (m, 2H, CH, of
COD), 2.27-2.64 (m, 8H, CH of COD). 3C NMR (300 MHz, CDCls) 8¢ 172.19 (CO of pdc), 149.35 (CCH of
pdc), 139.67 (CH of pdc), 136.67 (CH of pyrazole), 130.49 (CH of pyrazole), 127.68 (CH of pdc), 107.25
(CH of pyrazole), 100.42 (CH of COD), 93.79 (CH of COD), 29.44 (CH, of COD). HR-MS (ESI) m/z 444.0239
calcd 444.02 ([M+H]*). Elemental Analysis: calcd: (C2.0.5CHCIs) C, 44.25; H, 3.91; N, 8.37; found: C,
44.7; H, 3.92; N, 8.11.

C3: Yield 54%. 'H NMR (300 MHz, CDCls) &4 8.03 (d, J = 7.7 Hz, 2H, CCH of pdc), 7.96 — 7.70 (m, 1H, CCH
of pdc), 7.48 (s, 1H, CH of imidazole), 7.01 (s, 1H, CH of imidazole), 6.72 (t, J/ = 1.4 Hz, 1H, CH of
imidazole), 4.58 — 4.29 (m, 2H, CH of COD), 3.58 (s, 3H, CHs of imidazole), 3.53 — 3.44 (m, 2H, CH; of
COD), 2.23-2.68 (m, 8H, CH of COD). 3C NMR (300 MHz, CDCls) 6¢ 172.07 (CO of pdc), 149.52 (CCH of
pdc), 137.04 (CH of pdc), 136.11 (NCN of imidazole), 127.65 (CH of pdc), 127.30 (CH of pdc), 120.93
(CH of imidazole), 100.32 (CH of COD), 93.32 (CH of COD), 34.54 (CHs of methylimidazole), 29.44 (CH,
of COD). HR-MS (ESI) m/z 458.0403, calcd 458.05 ([M+H]*). Elemental Analysis: calcd: C, 49.99; H,
4.64; N, 9.21; found: C, 49.90; H, 4.69; N, 8.98.

C4: Yield 96%. *H NMR (400 MHz, CDCls) 64 9.96 (s, 1H, NH of imidazole), 8.07 (d, J = 7.7 Hz, 2H, CH of

pdc), 7.88 (m, J=8.1, 7.3 Hz, 1H, CH of pdc), 6.93 (t, /= 2.0 Hz, 1H, CH of imidazole), 6.76 (t, /= 2.1 Hz,
1H, CH of imidazole), 4.62 (m, J=4.7, 1.9 Hz, 2H, CH of COD), 3.91 (m, J = 7.1 Hz, 1H, CH of imidazole),
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3.40 (dt, J=4.6, 1.9 Hz, 2H, CH of COD), 2.66-2.56 (m, 2H, CH, of COD), 2.56-2.38 (m, 4H, CH; of COD),
2.22 (m,J=10.5, 8.2, 6.2, 3.4 Hz, 2H CH, of COD), 1.16 (d, J = 7.0 Hz, 6H, CH3 of isopropylimidazole).
13C NMR (400 MHz, CDCls) 8¢ 172.0 (CO of pdc), 157.3 (CCH of pdc), 149.9 (NCN of imidazole), 136.2
(CH of pdc), 127.4 (CH of pdc), 125.6 (CH of imidazole), 115.4 (CH of imidazole), 101.5 (CH of COD),
92.4 (CH of COD), 29.4 (CH; of COD), 29.2 (CH; of COD), 26.3 (CH of isopropyl imidazole), 23.0 (CH; of
isopropyl imidazole). HR-MS (ESI) m/z 486.1182, calcd 486.11 ([M+H]*). Elemental Analysis: calcd
(C4.0.25CHCI3): C, 49.72; H, 4.76; N, 8.19; found: C, 49.82; H, 5.08; N, 8.03.

C5: Yield 93%. 'H NMR (400 MHz, CDCls) &y 8.06 (d, J = 7.7 Hz, 2H, CH of pdc), 7.86 (m, J = 8.1, 7.3 Hz,
1H, CH of pdc), 6.93 (d, / = 1.8 Hz, 1H, CH of imidazole), 6.60 (d, /= 1.8 Hz, 1H, CH of imidazole), 4.63
(m, J=4.8, 1.9 Hz, 2H, CH of COD), 3.46-3.39 (m, 5H CH3 of imidazole and CH of COD), 2.64-2.23 (m,
11H, CH, of COD and CHs of imidazole). *C NMR (400 MHz, CDCl3) 8¢ 171.8 (CO of pdc), 149.9 (CCH of
pdc), 147.6 (NCN of imidazole), 136.1 ( CH of pdc), 127.3 (CH of pdc), 125.5 (CH of imidazole), 120.1
(CH of imidazole), 101.3 (CH of COD), 92.2 (CH of COD), 33.7 (CHs of imidazole), 29.4 (CH, of COD),
29.2 (CH; of COD), 11.9 (CHs; of imidazole). HR-MS (ESI) m/z 472.0562, calcd 472.06 ([M+H]").
Elemental Analysis: calcd (€5.0.2CHCIs): C, 49.08; H, 4.73; N, 8.50; found: C, 49.30; H, 4.74; N, 8.55.

C6: Yield 77%. *H NMR (300 MHz, CDCls) &4 8.07 (d, J = 7.7 Hz, 2H, CH of Pyridine), 7.92-7.86 (m, J =
15.5, 4.3 Hz, 2H, CH of pdc and CH of phenyl imidazole), 7.46 — 7.34 (m, 2H, CH of phenylimidazole),
7.26 —7.22 (m, 4H, CH of phenylmidazole), 7.15 (t, / = 1.6 Hz, 1H, CH of pyrazole), 4.69 — 4.35 (m, 2H,
CH of COD), 3.70 — 3.37 (m, 2H, CH of COD), 2.29-2.69 (m, 8H, CH of COD). *C NMR (300 MHz, CDCls)
8¢ 172.1 (CO of pdc), 149.6 (CCH of pdc), 136.3 (CH of pdc), 135.9 (CCH of phenylimidazole), 135.1
(NCN of imidazole), 130.1 (CH of phenylimidazole), 128.7 (CH of phenylimidazole), 128.4 (CH of
phenylimidazole), 128.3, (CH of phenylimidazole) 127.4 (CH of pdc), 121.4 (CH of imidazole), 119.1 (CH
of imidazole), 100.5 (CH of COD), 93.4 (CH of COD), 29.5 (CH, of COD) HR-MS (ESI) m/z 520.0545 calcd
520.06 ([M+H]*). Elemental analysis: calcd (€6.0.33CHCIs): C, 52.35; H, 4.21; N, 7.53; found: C, 52.45;
H, 4.48; N, 7.76.

C7: Yield 99% H NMR (400 MHz, CDCls) 64 8.45 (dd, J = 9.5, 0.7 Hz, 1H, CH of phenyl), 8.04 (d, J = 7.7
Hz, 2H, CH of pdc), 7.98 (m, J = 6.8, 1.1 Hz, 1H, CH of phenyl), 7.84 (dd, J = 8.0, 7.5 Hz, 1H, CH of pdc),
7.60 (d, J = 1.8 Hz, 1H, CH of imidazole), 7.39 (d, J = 1.3 Hz, 1H, CH of imidazole), 7.29 (m, J=9.5, 6.8,
1.3 Hz, 1H, CH of phenyl), 6.85 (m, /= 6.8, 1.0 Hz, 1H, CH of imidazole), 4.83 — 4.44 (m, 2H, CH of COD),
3.60 — 3.35 (m, 2H, CH of COD), 2.84 — 2.11 (m, 8H, CH; of COD). **C NMR (400 MHz, CDCl3) 6¢ 171.9
(CO of pdc), 149.8 (CCH of pdc), 145.4 (NCN of imidazole), 136.1 (CH of pdc), 130.6 (CH of phenyl),
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127.4 (CH of pdc), 127.0 (CH of phenyl), 126.4 (CH of phenyl), 117.6 (CH of imidazole), 114.0 (CH of
imidazole), 112.7 (CH of phenyl), 101.2 (CH of COD), 92.6 (CH of COD), 29.5 (CH, of COD), 29.4 (CH; of
COD). HR-MS (ESI) m/z 494.0402 calcd 494.05 ([M+H]*). Elemental analysis: calcd (€7.0.2CHCl3): C,
51.76; H, 4.54; N, 8.23; found: C, 51.44; H, 4.41; N, 8.13.

C8: Yield 95%. *H NMR (300 MHz, CDCls) 64 8.62 (dd, J = 5.4, 1.4 Hz, 2H, CH of phenylpyridine), 8.08
(d, J = 7.7 Hz, 2H, CH of pdc), 7.89 (m, J = 8.2, 7.3 Hz, 1H, CH of pdc), 7.64 — 7.33 (m, 5H), 4.55 — 4.28
(m, 2H, CH of COD), 3.71 — 3.45 (m, 2H, CH of COD), 2.72-2.26 (m, 8H, CH, of COD). 3C NMR (400 MHz,
CDCl3) &¢ 171.9 (CO of pdc), 149.8 (CH of phenylpyridine), 145.4 (CCH of pdc), 136.1 (CCH of
phenylpyridine), 131.0 (CCH of phenylpyridine), 127.3 (CH of pdc), 127.1 (CH of phenylpyridine), 126.5
(CH of phenylpyridine), 117.6 (CH of phenylpyridine), 114.0 (CH of pdc), 112.8 (CH of phenylpyridine),
112.6 (CH of phenylpyridine), 101.2 (CH of COD), 92.6 (CH of COD), 29.5-29.4 (8H, CH, of COD). HR-MS
(ESI) m/z 531.0590 calcd 531.06 ([M+H]*). Elemental Analysis: calcd (€8.0.1CHCl3): C, 57.89; H, 4.49;
N, 5.17; found: C, 58.11; H, 4.69; N, 5.14.

C9: Yield 37%. *H NMR (400 MHz, CDCls) &y 7.79-7.70 (m, 3H, CH, pdc), 7.39-6.94 (m, 10H, phenyl),
5.23-5.15 (m, 2H, CH of COD), 4.23 (m, J=2.4 Hz, 2H, CH of COD), 3.34-3.32 (d, J = 11.1 Hz, 3H, OCH3),
2.82-2.56 (m, 4H, CH, of COD), 2.33-2.19 (m, 4H, CH, of COD). **C NMR (400 MHz, CDCl;) 6¢ 170.7 (CO
of pdc), 149.3-127.2 (CH/CCH of phenyl and pdc), 121.0 (CH of COD), 87.0 (CH of COD), 55.0 (CHs of
methyl diphenylphosphinite), 31.6 (CH, of COD), 27.3 (CH, of COD). 3P NMR (100 MHz, CDCls) &
125.6. HR-MS (ESI) m/z 592.0527 calcd 592.06 ([M+H]*). Elemental Analysis: calcd (€9.0.14CHCl3): C,
55.63; H, 4.67; N, 2.31; found C, 55.60; H, 4.78; N, 2.12.

C10: Yield 64%. 'H NMR (300 MHz, CDCls) 6 7.60-7.14 (m, 23H of phenyl and pdc), 4.60-3.46 (10H, CH
of COD and CH of DPPF), 2.65-2.11 (m, 8H, CH, of COD). 3C NMR (300 MHz, CDCls) &c 170.8 (CO of
pdc), 149.3-127.2 (CH/CCH of phenyl and pdc), 117.1-117.0 (CH of COD), 88.1 (CH of COD), 74.4-72.6
(CH of DPPF), 31.3 (CH, of COD), 27.7 (CH, of COD). 3!P NMR (100 MHz, CDCls) & 27.6, -19.1. HR-MS
(ESI) m/z 930.0710 calcd for 930.08 ([M+H]*). Elemental Analysis: calcd (€10.0.25CHCs): C, 61.71; H,
4.55; N, 1.46; found: C, 61.50; H, 4.70; N, 1.50.

Procedure for catalytic transfer hydrogenation
The catalytic reactions were done in an NMR tube, affording us the ease of analysing the catalytic
reactions. A tightly sealed NMR tube containing benzophenone (0.3mmol), anisole as an internal

standard (0.3 mmol), isopropanol (300 L), base (KOH, 10 mol%), catalyst (1 mol%) was placed in an
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oil bath at 80°C after analysing at 0 h using *H NMR spectroscopy. Conversions and yields for each
reaction were determined from the average of at least two runs by integration of *H NMR peaks

relative to anisole. TON and TOF values were determined by using the conversion after 30 minutes.

X-ray Crystallography

A single crystal diffraction experiment of C7 was performed using Quazar multi-layer optics
monochromated Mo Ka radiation (k = 0.71069 A) on a Bruker D8 Venture kappa geometry
diffractometer with duo Ius sources, a Photon 100 CMOS detector and APEX Il control software.5?
Data reduction was performed using SAINT+,%2 and the intensities were corrected for absorption using
SADABS.®? Single crystals of C1-C6, C8-C10, were analysed on a Rigaku XtaLAB Synergy R
diffractometer, with a rotating-anode X-ray source and a HyPix CCD detector. Data reduction and
absorption were carried out using the CrysAlisPro (version 1.171.40.23a) software package.®® All X-ray
diffraction measurements were performed at 150.0(2) K, using an Oxford Cryogenics Cryostat. All
structures were solved by direct methods with SHELXTS-2016% and refined using the SHELXL-2013%
algorithm. All H atoms were placed in geometrically idealised positions and constrained to ride on
their parent atoms. For data collection and refinement parameters, see the SI (Tables S1-S3).
Deposition Number(s) 2244959 (C1b), 2244960 (C3), 2244961 (C2a), 2244962 (Clc), 2244963 (C8),
2244964 (€9), 2244965 (C10), 2244966 (C7), 2244967 (C2b), 2244968 (C5), 2244969 (C4), 2244970
(C6) contain the supplementary crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe

Access Structures service.

Electrochemistry

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were conducted on a BAS
100 B/W voltammograph. Measurements were made using 0.002 mol.dm™ or saturated solutions of
the complexes in dry acetonitrile containing 0.1 mol.dm® tetra-N-butylammonium
hexafluorophosphate, (NBus)(PFs), as supporting electrolyte under a purified argon atmosphere at 25
°C. A three electrode cell, with a glassy carbon (surface area = 7.07 x 10°® m?) working electrode, a Pt
auxiliary electrode, and a Ag wire as reference electrode, was used. Successive experiments under
identical experimental conditions revealed all redox potentials were reproducible within 5 mV. In this
work all cited potentials are referenced against the Fc/Fc+ couple as suggested by IUPAC. Ferrocene
exhibited a formal reduction potential of E® = 0.381 V vs. Ag/Ag", a peak separation of AE, = Eya — Epc
=0.071V, and ipa/ipc = 1.00, under the current experimental conditions. Eya (Epc) = anodic (cathodic)

peak potential and ipa (ipc) = anodic (cathodic) peak current. The E® of ferrocene (Fc/Fc*) is reported to
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(1)

(2)

(3)

(4)

(5)

(7)

be 0.644 V vs. SCE.%® Linear sweep voltammogram (LSV) measurements were taken at a stationary

electrode using a very slow scan rate of 2 mVs™.

Computational details

All calculations were carried out in the gas phase using DFT with the B3LYP hybrid functional as
implemented in the gas phase using the Gaussian 16 program®. The basis set def2-tzvpp® in
conjunction with Grimme’s D3 empirical dispersion correction® was used for all atoms, where in
addition the Stuttgart/Dresden (SDD) pseudopotential was used to describe the ruthenium electronic
core. All geometries were optimised without any symmetry restrictions, ensuring that the local
minima had zero imaginary vibrational frequencies. Orbital and spin density plots were generated

using Chemcraft” using isovalues of 0.06 (MOs) and 0.03 (spin).
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