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ABSTRACT

The reaction of N,N'-bidentate chelating ligands with [Ru(p-cymene)Cl,], in methanol resulted in six-membered Ru complexes

with tshe general formula [RuCl(p-cymene)L|Cl exhibiting a pseudo-octahedral piano-stool geometry. The combination of NMR,

MS, FTIR and SCXRD techniques confirmed the successful synthesis of the reported compounds. The prepared complexes were

all active in formic acid dehydrogenation (FADH) catalysis, producing an equimolar mixture of H, and CO, gases with no de-
tectable amount of CO. Establishing thermodynamic and kinetic parameters provided evidence for the role of pre-catalyst and
FA during catalysis. Reactivity studies between C6 and HCOOK revealed complex equilibria and allowed for the detection of
the key monohydride species involved in catalysis. Remarkably, C6 proved to be robust at 100°C, resulting in approximately 98%
substrate conversion with a total TON of about 7892 and TOF close to 300h~ after 35h.

1 | Introduction

Ruthenium belongs to the platinum-group metals (PGMs), and
its compounds are often considered one of the most active cat-
alysts for several reactions of commercial and environmental
importance [1]. It is unique and multifaceted due to its abil-
ity to assume a variety of coordination modes and exhibits a
wide range of oxidation states from 0 to 6 in its compounds
[1]. However, Ru catalysts have essentially been synthesised in
the +2 oxidation state, as they have proven efficient in many
catalytic reactions such as hydrogenation [2, 3], oxidation
[4, 5], metathesis [6-8], polymerisation [9] and double-bond
functionalisation [9]. Various ligands have been successfully
complexed to Ru metal, including Schiff base ligands [10], car-
boxylates [11], triazoles [1, 3, 12], carbenes [1] and amidinates
[13]. Among the PGMs, Ru is usually considered the metal of

choice in catalysis because its compounds are relatively less
expensive than the other PGMs (Pd, Pt, Rh and Ir) [14]. The
past few decades have witnessed a surge in the development of
Ru complexes with both achiral and chiral configurations for
potential applications in various fields [15]. In terms of ‘half-
sandwich’ organometallic compounds, they typically contain
a metal centre with four different ligands, where one of the
ligands is a cyclic polyhapto hydrocarbon, which is facially
bound to the metal centre [15]. Ruthenium complexes with the
half-sandwich motif have been studied because of their ease
of functionalisation, broad catalytic activities and stability.
Furthermore, Ru compounds have received much attention
as potential anticancer agents. Therefore, the chemistry of
the ruthenium compounds is very diverse [15], and it is im-
portant to expand the scope of its compounds through ligand
development.
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Growing worries about the environment due to using fossil fuels
necessitate exploring eco-friendly alternatives such as green
fuels. One such option is FA, which can be obtained by hydro-
genating CO,. Recently, FA has gained considerable attention as
a liquid hydrogen storage material due to its stability, low toxic-
ity, low flammability, biodegradability at normal conditions and
comparatively high H, content. Compared with other H, storage
materials, FA decomposition has a low-reaction enthalpy, which
means that H, can be produced from FA at relatively low tem-
peratures. Furthermore, FA dehydrogenation is thermodynam-
ically advantageous, making producing high-pressure H, from
FA easier than other H, storage chemicals [16]. Additionally, FA
can be used as a renewable source for hydrogen storage. CO,,
a by-product of FA decomposition, can be reduced back to FA
using the appropriate catalysts, thereby making the process
sustainable. Numerous noble metal catalysts have been investi-
gated for the selective breakdown of FA to produce H, with high
efficiency [17]. It is worth noting that Ru-based catalyst systems
have gained considerable attention due to their affordability in
comparison with the other platinum group metals [14], coupled
with their efficiency in formic acid dehydrogenation (FADH)
catalysis.

We have recently reported the one-pot method for the prepara-
tion of new pyridyl-formamidine ligands and their coordination
behaviour in the presence of precious and non-precious metals
[18]. We found that bidentate N,N’ chelation was the favoured
mode of coordination, forming six-membered chelates in the
case of Mn(I), Cu(II) and Pd(II). Using acetate salts of Cu(II)
and Zn(II), we found that base-mediated (likely acetate) hydro-
lysis occurred on the formamidine functionality, necessitating
careful choice of metal precursor during complexation. As a
further development of the utility of our pyridyl-formamidine
ligands as a viable scaffold, we present the application of novel
pyridyl-formamidine-ligated half-sandwich ruthenium com-
plexes as catalysts in the dehydrogenation of formic acid (FA),
providing a comprehensive report of their synthesis, catalytic
optimisation and mechanistic elucidation.

2 | Results and Discussion

2.1 | Synthesis and Characterisation of Complexes
(C1-C8)

The complexes were synthesised by reacting dichloro(p-
cymene)ruthenium(II) dimer with our previously reported
pyridyl-formamidine ligands [18] in methanol at room tem-
perature overnight to obtain the desired complexes (Scheme 1).
After the allotted time, the solvent was reduced, and the product
precipitated with diethyl ether or hexane to afford the orange
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powder product. All the complexes were characterised by a com-
bination of FTIR, 'H and '*C {{H} NMR spectroscopy, ESI-MS,
elemental analysis and SCXRD.

The FTIR data provided evidence for the coordination of
the ligands to the Ru centre. Weak absorption bands around
3300cm™, corresponding to the N-H stretching vibration of
the secondary amine, were observed, similar to those seen in
the ligands. However, notable redshifts were detected in the
stretching frequencies of the imine and pyridinyl imine moieties
in the ligands and their corresponding complexes. Specifically,
the v(C=N), ... shifted from approximately 1650-1675cm™" in
the ligands to a lower range of 1629-1648 cm~! in the complexes.
Similarly, the v(C:N)py shifted from about 1555-1578cm™' in
the ligands to 1523-1542cm™! in the complexes. These shifts
are likely due to the electron-withdrawing effects of the coordi-
nated metal, which weakens the C=N bond and thus lowers the
stretching frequency [4].

The 'H NMR spectra of the pyridyl-formamidine complexes
show significant downfield shifts for the secondary amine pro-
tons from 8.89-10.41ppm in the ligands to 13.19-13.57 ppm
in the complexes. The imine protons also showed appreciable
shifts from the free ligands to the complexes. The shift in the
signals indicates the successful coordination of the ligands to
the ruthenium metal through the displacement of a chloride,
which then serves as a counter-ion. Additionally, the 'H NMR
spectra of all the complexes suggest a loss of the two-fold sym-
metry of the p-cymene upon coordination of the metal to the
pyridyl-formamidine ligands [4, 19]. Thus the p-cymene pro-
ton signals appear as four distinct doublet peaks with chemical
shifts ranging between 4.56 and 5.70 ppm (Figure S1). The 13C
NMR spectra also show a significant downfield shift for the sig-
nals of the imine carbon. For instance, in complex C1, there is a
downfield shift from 149.4 ppm in the ligand to 155.7 ppm in the
complex (Figure S3). This trend is seen in all the complexes, and
these results further support the successful coordination of the
ligands to the metal.

High-resolution ESI-MS analysis, conducted in the positive
mode, consistently matched the suggested ruthenium struc-
tures. Within a typical spectrum, the base peak is observed
together with additional fragments. The base peak displays a
characteristic isotopic pattern corresponding to the cationic
fragment of complexes as illustrated in Figure S4, in agreement
with the calculated isotopic pattern. Additional characterisation
through elemental analysis validates the bulk purity of these
cationic ruthenium complexes, with the experimental elemental
data closely matching the calculated values. These findings sug-
gest that the ruthenium complexes are synthesised in a metal-
to-ligand ratio of 1:1.

o cl
S T C1:R=CH; R'=H (78%)
:R=OCHs; R'=H (89%)
R=H (79%)
N R' = CHy (85%)
N NH C5:R=0CHs;; R'=CHj (91%)
C6:R=NO, R =CHj; (93%)

C7:R=CHy; R'=Cl (65%)
C8:R=0CHy; R'=Cl (84%)

SCHEME1 | Synthetic routes to ruthenium pyridyl-formamidine complexes.
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for clarity.

TABLE1 | Screening of compounds C1-C8 in FADH?.

TON
at TOF
Entry Compound 3min (h™') Conversion%
1 C1 6.1 123 >99
2 C2 4.1 82 >99
3 C3 6.1 123 >99
4 C4 8.2 164 >99
5 G5 4.1 82 >99
6 Ceé 16.4 327 >99
7 C7 6.1 123 >99
8 C8 14.3 286 >99

2Conditions: The results are the average of two readings each, with an error
margin <5%. The TONs and TOFs were calculated based on the total volume
of gas produced in the first 15min. The conversions were determined when
the reaction stopped, and no more gas was generated. Catalyst: 0.05mmol. FA:
5mmol. HCOONa: 1 mmol. Temperature: 80°C. Solvent: DMF.

2.2 | Synthesis and Characterisation of Complexes
(C1-C8)

The molecular structures were determined using single-crystal
X-ray diffraction. Single crystals suitable for X-ray analysis of
complexes were obtained through the slow evaporation of a
solution of the complex in a mixture of dichloromethane and
diethyl ether at room temperature. Figure 1 shows the molec-
ular structures of compounds C2 and C6, while the remaining
structures are provided in Figure S5. The complexes have the
[(p-cymene)RuCI(L)]* cationic species and the CI~ counter-
anion. In all the complexes, the Ru centre is bonded to the N,N’-
bidentate pyridyl-formamidine ligand through the N atoms of
the imine and the pyridine ring, the p-cymene arene ring and
a terminal chloride to form a pseudo-octahedral ‘piano-stool’
geometry. The chloride atom is seen on the opposite side of the
isopropyl group of the p-cymene, similar to related compounds
previously reported [4, 18]. The Ru-N bond lengths in the com-
plexes range between 2.093 and 2.114 A, which is consistent with
Ru p-cymene/arene compounds reported previously [5, 19, 20].
Additionally, the observed N-Ru-N’ angles range from 84.94°
to 87.37°, which are much smaller than the ideal geometrical
value but comparable to Ru p-cymene/arene compounds with
N,N’ donor ligands [21, 22]. The deviation from the ideal value

Cé
FIGURE1 | The molecular structures of C2 and C6 with thermal ellipsoids drawn at 30% probability level. Hydrogen atoms have been omitted
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FIGURE 2 | Influence of the nature of the formate cation on the
activity of the catalyst. Reaction conditions: catalyst=0.05mmol,
HCOOM =1mmol, temperature =80°C, FA=5mmol, DMF=1mL.

is attributable to the geometric backbone constraint of the che-
lating ligands, which is known to influence the size of the bite
angles of transition metal complexes [23, 24].

2.3 | Use of C1-C8 in FADH Catalysis

Following the procedure outlined in Section 4.3, the dehydro-
genation of FA was investigated with the different pyridyl-
formamidine ruthenium complexes (C1-C8) in DMF at 80°C
using an alkali metal formate additive (HCOONa) in a 1:5M
ratio to FA. Complexes C1-C8 were all found to be active in the
dehydrogenation of FA, reaching the maximum conversion of
the substrate in less than 1h. Comparing the activity of com-
pounds C1-CS8, it was observed that the complexes with methyl
substituents on the pyridine ring performed slightly better than
the unsubstituted and chloro-substituted analogues. This is at-
tributable to a more electron-rich metal centre leading to higher
catalytic activity. Reek et al. found a correlation between the
electronic property and activity of the sulphonamide organic
side group using an Ir catalyst with a phosphine-functionalised
sulphonamide ligand, where high activity was obtained with
an electron-donating group in the para position, whereas an
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electron-withdrawing group in the para position results in much
lower activity [25]. Table 1 shows the various TON and TOF
values recorded. Complex C6 was the best-performing and was
used to optimise the reaction conditions (Entry 6). The gas mix-
ture was analysed with GC-TCD, and the results indicated the
presence of only H, and CO, in a 1:1 ratio (Figure S2). No CO
was detected, indicating that FADH proceeds selectively over
dehydration.

2.3.1 | Influence of the Alkali Metal Formate Additive

Other alkali metal formate additives, namely, Li and K formates,
were also screened, and the results were compared with those
generated using HCOONa. No reactivity was observed in the ab-
sence of an alkali metal formate. A plot of the volume of gas gen-
erated with time within the first 30 min of the reaction was used
to determine the best-performing formate additive (Figure 2).
Interestingly, under the same reaction conditions, HCOOK per-
formed slightly better than HCOONa and HCOOLI, respectively.
This shows that the role of the formate is not necessarily due
to its Lewis acidity, in agreement with the observation made by
Huang et al. [26], when a ruthenium complex bearing an N,N’-
diimine ligand was employed in FADH [25]. The observed trend
of K> Na> Li in this study could be due to the relative ease with
which HCOOK reacts with the precatalyst to generate the hy-
dride species. Due to its larger size, K has a greater tendency
to react with Cl than Na and Li, according to the HSAB princi-
ple [27]. However, Albrecht et al. reported that the alkali cation
of the formate additive has a distinctly promotional effect on
the catalytic activity along the series Li>Na>K using a low-
coordinate iridium complex [28]. They rationalised their obser-
vation on the Lewis acid activation of the FA substrate, which
is in good agreement with another report where iron complexes
were used in FADH [29].

The amount of formate additive used also influences the reac-
tion rate and the total volume of gas generated. It was observed
that when 1 mmol of the formate additive was used (i.e., a 1:5
ratio of formate additive to FA, respectively), the total volume
of gas generated exceeded the amount of gas expected to be pro-
duced. Upon further investigation, where only the formate ad-
ditive was used without the substrate, it was observed that the
catalyst can dehydrogenate HCOOM to produce a 1:2 mixture of
H, and CO,, respectively. Based on the above investigation, it is
important to use stoichiometric amounts of the formate additive
with respect to the precatalyst, thereby limiting the excess gas
produced due to the presence of excess amounts of formate ad-
ditive in the system. The amount of formate additive was there-
fore varied, using 1:1, 1:1.5 and 1:2 precatalyst-to-formate ratios,
respectively (Table S3). The maximum theoretical volume of
gas expected if all the FA (5mmol) is converted is ~260mL. A
95% (~237mL) conversion was observed when a 1:1 ratio was
used, but when 1:1.5 was used, >99% (~265mL) conversion was
achieved, and >100% (~270 mL) conversion was achieved with a
1:2 ratio. The excess gas (~10mL) observed with the 1:2 ratio did
not necessarily correspond to the calculated excess amount of
formate that should be present after activation of the catalyst. It
was found that the value was slightly lower than expected, and
this could be due to slight variations in measurement, expected
when using the volume displacement method.

11,4
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FIGURE 3 | Rate order determination from the plot of In[k] vs.
In[C6] from the rates deduced from concentration-dependent catalysis.

2.3.2 | Influence of the Reaction Temperature

A range of reaction temperatures from 60°C to 100°C were in-
vestigated. No evolution of gas was observed at room tempera-
ture. A plot of conversion against time at various temperatures
is illustrated in Figure S6. The initial reaction rate increased
by increasing the temperature with a TOF of about 692h~ re-
corded in the first 5min at 100°C, while at 90°C, 80°C and 60°C,
the TOFs recorded were 327, 274 and 30h~!, respectively. The
reaction rate was significantly slower at 60°C, with maximum
substrate conversion achieved after approximately 180 min (3h).
When the temperature was increased to 80°C under the same
conditions, the maximum conversion was attained in approx-
imately 60min, and at 100°C, the maximum conversion was
achieved in about 30 min. The curves are sigmoidal and show an
induction period (~10 min) at lower temperatures. The increase
in the rate of FADH with increasing temperature has been re-
ported with various catalyst systems, including Ru-based cat-
alysts [30-32]. The observed trend could be attributed to the
increased kinetic energy of the system at high temperatures,
which augments the collision frequency, thereby increasing the
rate of the reaction [33]. To determine the thermodynamic acti-
vation parameters, Arrhenius and Eyring plots (Figures S6b and
Séc, respectively) were constructed. The activation energy (E,)
calculated from the slope of the Arrhenius plot is 61kJmol=".
Similarly, an Eyring plot of the rates at different temperatures
resulted in AH*=64kJmol~! and AS*=-71JK~'mol~’. The en-
tropy value points to a transition state with associative character
[28]. These values are comparable to those reported in FADH
reactions catalysed by noble metals [34].

2.3.3 | Influence of the Precatalyst Concentration on
the Reaction Rate

The dependence of the catalyst concentration on the rate of FADH
was investigated by using the initial rates obtained when the con-
centration of C6 was varied, ranging from 0.025 to 0.125mol L~ at
100°C with 5molL~! of FA in 1mL DMF (Figure S7). Plotting the
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rate of gas production versus the catalyst concentration resulted
in a linear correlation as illustrated in Figure 3. This provides ev-
idence for a first-order rate dependence on the concentration of
complex C6, consistent with a mononuclear active species in the
rate-determining step. Under these conditions, no saturation be-
haviour was observed as evidenced by the absence of a plateau in
the rate; however, this may occur at higher catalyst concentrations.
Next, the influence of the concentration of FA on the rate was in-
vestigated (Figure S8). The order of the reaction as determined
from the plot of In[k] vs. In[FA] in Figure 4 points to an approx-
imate half-order dependence on [FA] concentration. This obser-
vation provides evidence for a pre-equilibrium existing between
FA/formate and the Ru centre to generate Ru-formate during the
activation step, while supporting a hydrogen production pathway
that does not involve FA-mediated protonation [32].

2.3.4 | Influence of the Solvent

The dehydrogenation of FA was performed in various organic sol-
vents utilising C6, which were selected based on considerations
from literature reports and considering their boiling points and
availability. The solvents assessed included DMF, DMSO, chlo-
robenzene, and toluene, as detailed in Table S4. The findings
indicated DMF's superiority over DMSO, chlorobenzene and tol-
uene. Notably, when DMSO was employed, complete conversion
was attained in 90min, whereas the use of DMF led to an accel-
erated reaction rate, achieving total conversion in approximately
20min under optimal conditions. This may be attributed to the
basic properties of DMF, providing a buffering effect during ca-
talysis and preventing the deactivation of the active species [35].
In contrast, chlorobenzene and toluene exhibited significantly
lower activity, yielding only 27% and 22% conversion, respectively,
after 120min. The catalyst's reduced activity in toluene could be
attributed to its low solubility in toluene, even at elevated tem-
peratures. However, in the case of chlorobenzene, despite the cat-
alyst's solubility at room temperature, its poor performance could
not be solely attributed to solubility issues. Considering the supe-
rior performance of DMF and DMSO, it is conceivable that using

-12,6

-12,7 1 £

-12,8 - /

/’ y = 0.3923x - 11.639
-12,9 1 . R’ = 0,8668
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-13,04 /
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-13,1 1

'13,2 T T T T T T T
40 -35 -30 -25 -20 15 1,0 -05 0,0

In[FA]

FIGURE4 | Rateorder determination from the plot of In[k] vs. In[FA]
from the rates deduced from concentration-dependent studies.

strongly coordinating solvents plays a role in stabilising a key in-
termediate species, thereby enhancing the system's activity [36].
Unfortunately, our system exhibited poor performance under
neat conditions, despite the catalyst's high solubility in FA. This
observation suggests that the catalyst may undergo deactivation
in highly acidic conditions, possibly due to the irreversible forma-
tion of off-cycle intermediates catalytically inactive species such
as dimers or trimers [37], or that FA condenses into the reactor's
headspace, becoming inaccessible to the catalyst [30]. To further
probe the stability of the complexes in various solvents, NMR stud-
ies were conducted in DMSO-d,, CD,CN, CDCl, and CDCI,/DMF
mixtures over 2months. In all solvents, including the CDCl,/DMF
mixture, no significant changes were observed in the 'H NMR
spectra after an aging period of 2months (Figures S9-S12). The
result highlights the solution stability of C6, an important consid-
eration when designing industrially relevant pre-catalysts. We fur-
ther assessed the solution stability of C6 at elevated temperatures
0f 90°C over a period of 120h in DMSO-d, with NMR spectroscopy
(Figure S13). Within 24h, characteristic signals corresponding to
coordinated p-cymene disappeared, accompanied by the appear-
ance of signals assigned to free p-cymene. While C6 is thermally
unstable under non-catalytic conditions, it shows markedly higher
stability under catalytic conditions (either stepwise or continuous
FA addition) as described in Sections 2.3.5 and 2.3.6.

2.3.5 | Recyclability of C6 in FADH

To determine the robustness of the precatalyst under the optimum
reaction conditions, 5mmol (0.2mL) of FA was added by manual
injection via a septum into the reactor every 20 min (the time when
almost all the FA is converted) up to 12cycles, as illustrated in
Figure S14. A total conversion of approximately 98% was recorded,
resulting in a total TON of 1176 and TOF close to 300h! after the
12cycles. This demonstrates the robustness of the system even
at high temperatures. Under these conditions, it is worth noting
that the resultant formate-to-substrate ratio could be considered
negligible. The wavy nature of the plot is an indication of the pH
dependence of the system, which is consistent with other reported
systems that demonstrate pH dependence [27]. Therefore, it is con-
ceivable that when FA is freshly introduced into the system, the
rate is lowest due to the increased acidity of the system, but as the
FA is consumed, the system becomes less acidic, and the rate in-
creases as the reaction proceeds. This indicates that the catalyst
works better at higher pH values. Therefore, this provides addi-
tional evidence supporting the earlier observations made where
higher FA concentrations resulted in lower reaction rates.

2.3.6 | Continuous FA Addition With Cé

To determine the longevity of the system under the optimised
reaction conditions, FA was continuously added via an auto-
matic syringe pump at a constant rate. Under these conditions,
a steady gas flow rate of about 550mLh~! was recorded for over
35h. Figure S15 illustrates the time course of gas evolution
during the continuous FA addition. The catalytic activity was
not significantly hindered by the long reaction time or the tem-
perature (100°C). This further demonstrated the robustness of
the system. A total TON of about 7892 and TOF of 225h~! was
recorded after 35h of reaction.

50f 12

85U80]7 SUOWILIOD BAEa.D 8|qed![dde aLp Aq peusenob ae S9[ole YO 8Sn JO Sa|NnJ 10} A%eud1 78Ul |UO 8|1 UO (SUORIPUOO-PUE-SWBI W0 A8 | 1M ATRIq | BUl UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[G202/80/6T] U0 Akid1TaulluO A8]IM ‘PURSIeIRMIM JO A1SRAIUN A 9TO0L 902/Z00T OT/I0P/W0D A8 | 1M AeIq1 Ul |uo//SdNY WO} papeojumod ‘€ 'S202 ‘6€20660T



2.3.7 | Establishing the Reactivity of C6 With HCOOK

We sought to elucidate the mechanistic features of our catalyst
system utilising C6 (Scheme 2). To this end, a yellow solution
of C6 was reacted with 1equivalent of HCOOK in DMSO-d; to
afford a red-orange solution (Figures S16 and S17). The disap-
pearance of the NH proton of the ligand backbone is noted upon
the addition of HCOOK, which forms C6’ via formate-mediated
deprotonation, based on literature precedent (Scheme 2) [26].
This highlights the non-innocence of the pyridyl-formamidine
ligand in formate-promoted FADH. No hydride formation was
observed under these conditions, even after prolonged reaction
time of 16 h (Figure S16). The reaction was repeated in the pres-
ence of 10equivalents of HCOOK, affording identical colour
changes. It should be noted that this reaction shows the evolution
of several major and minor hydride species over a 22-h period,
which are indicative of complex dynamic equilibria, specifically
under non-catalytic conditions (Figure S17). A first major hy-
dride signal is observed at § —7.5ppm, assigned to species Cé6a,
a Ru(Il)-formato complex, formed under basic conditions, in

cl
Rl ----- Nd H- Rl.. N '~R
o’ N M 10 eq. KOOCH Ny S
O,N’ O,N’ O,N
Ccé Cé6a: Ru-formato:
] 5-7.5ppm
' KOOCH '
: : + KOOCH
! L~ KCl
e C
< 4 Heoon _ — &
cl” \N=/N"H“O H _KCI 01’%‘\“‘ N
Y NS
Q anionic Q
O,N o
Cce6'

Cé6: ligand non-innocence
via formate deprotonation

22\5

C6b: Ru-hydride:
5 -14.5 ppm

analogous fashion as observed for Ru-Zn polymetallic com-
plexes, reported as hydrogenation catalysts [38a]. After 10min,
a second major hydride signal has evolved at § —14.5ppm, as-
signed to species C6b, a Ru(I)-(n*-CO,)hydride, which is re-
lated to the hydride complex, [Ru(tppts),Hn*-CO,)(H,0),]
[38b]. Species C6b increases in intensity over the next 50 min,
with a concomitant decrease in intensity for Céa. These two
species are presumed to be in equilibrium, initially shifted to
Cé6a, in line with stronger coordination of formate than carbon
dioxide as ligand [39]. After 90 min of reaction, species C6a has
been converted into C6b (minor) and a new major hydride spe-
cies, Cé6c, the Ru(II)-monohydride. Species Céc is presumed to
be protonated under catalytic conditions, forming C6-hydride
(Scheme 2) [26]. This protonation step is not observed under our
experimental conditions, which were designed to probe the role
of N-H and its potential non-innocence during hydride genera-
tion. The completion of the catalytic cycle proceeds via two po-
tential pathways as illustrated in Scheme 3. Pathway a) proceeds
with the involvement of FA in the dihydrogen formation step
through the protonation of C6-hydride and would proceed with

o,N

C6-hydride: derived
from C6 under acidic,
catalytic conditions,
resting state

Cé6c: Ru-hydride:
5 -11 ppm

SCHEME 2 | Formate-mediated Ru-hydride (C6c and C6-hydride) formation with C6.
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first-order dependence on [FA]. Pathway b) proceeds with the in-
volvement of hydronium ions protonating Cé6-hydride to form
dihydrogen. The half-order in [FA] observed for our catalyst sys-
tem provides evidence for the involvement of hydrated protons
as the hydrogen source, in analogous fashion to other reported
Ru(II) catalyst systems [26].

2.3.8 | Comparative Analysis With Reported Systems

Table S5 presents data related to a comparative analysis between
selected catalyst systems and those outlined in the present study,
focusing on isolated reactions under optimised conditions. The
first few entries showcase the state of the art in dehydrogena-
tion catalysis. Specifically, Entry 1 showcases a water-soluble Ir
complex, I, capable of dehydrogenating FA with TON 2.4 mil-
lion at 80°C, in the absence of additive [32]. Albrecht's group
reported the current state of the art in Ir-catalysed FADH
(Table S5, Entry 2). Utilising an Ir-catalyst bearing a phenoxy-
PYE ligand, II, FA could be dehydrogenated in the presence
of lithium formate (1 equivalent) with TONs of 2 million and
steady-state TOF of 80,000. A cost analysis shows the viability
of the system under industrially relevant conditions, despite re-
quiring a substantial amount of additive [28]. Milstein reported
a PNP-ligated Ru-hydride, ITI, which dehydrogenated FA with
TONs of 1.7 million and TOF of 3100 under neat conditions
(Table S5, Entry 3) [30]. Filonenko et al. reported the dehy-
drogenation of FA with a (PNP)Ru-hydride complex, IV, with
triethylamine as an additive. A maximum TOF of 257,000h~!
and TON of 326,500 was obtained at 90°C in DMF solvent
(Table S5, Entry 4) [36]. Our catalyst system with C6 outper-
forms several reported systems derived from Ru and other met-
als. The m-coordinated phenoxy-ligated Ru-dimer, V, reported
by Verron et al. was found to dehydrogenate FA with a TON of
173 and TOF, ., of 202h~! in DMSO at 90°C (Table S5, Entry
5) [40]. The [Ru(triphos)(MeCN),](OTf), system, VI, achieves
full conversion in an hour, at a catalyst loading of 12.9 umol
(FA:cat.=100:1) at 80°C, with N,N-dimethyloctanamine as an
additive, albeit with a low TON and TOF of 1000 and 100h™!,
respectively [31]. The (PNP)Ir(III)-trihydride complex, VII,
catalysed the dehydrogenation of FA in acidic water, with pH-
dependent activity. The best activity, with a TOF _, of 1880 h-1,
was obtained at pH 2.8, with catalyst deactivation observed at
lower pH (Table S5, Entry 7) [41]. A related PCP-Ni(II)-hydride,
VIII, dehydrogenated FA with TONSs of 626, with triethylamine
as an additive, in propylene carbonate at 80°C (Table S5, Entry
8). [42] The Fe(Il) tetrafluoroborate complex bearing a P,-
tetradentate ligand tetraphos, IX, was found to dehydrogenate
FA under base-free conditions in propylene carbonate at 60°C
(Table S5, Entry 9) [43]. TONs of 6061 were obtained after 6h
of reaction, with TOF,_ ., of 1737 h~1. As a final case in point,
the [BrMn(L)(CO),] complex, X (L=2-(4,5-dihydro-1H-imida
zol-2-yl)pyridine), reported by Beller, could dehydrogenate FA
under continuous-flow conditions, with a TON of 5476 after 45h
and TOF up to 192h~! after 3h [35]. In the context of our com-
parative analysis, our current system distinguishes itself with
low additive requirements, i.e., an equimolar amount of cata-
lyst and additive, catalyst durability under catalytic conditions,
recyclability and full substrate conversion in a short timeframe
(20min) under optimised conditions. The ongoing quest for an
efficient FADH catalyst system that aligns with all industrial

requirements underscores the importance of our new system,
contributing valuable insights to the design and understanding
of future FADH catalyst systems.

3 | Conclusions

Complexes C1-C8 were screened for FADH catalysis and were
all found to be active upon activation with HCOONa in DMF
at 80°C. Compound C6 was found to be the best performing
among the series and was used to optimise the reaction param-
eters. Different alkali metal formate additives, namely, Li, Na
and K formates, were screened to determine the best performing
among the group. Interestingly, under the same reaction con-
ditions, HCOOK performed slightly better than HCOONa and
HCOOLI, respectively, contrary to a trend previously reported.
Our observation was attributed to the relative ease with which
HCOOK reacts with the precatalyst to generate the hydride spe-
cies based on the HSAB principle. The dependence of tempera-
ture on FADH was evaluated with a range of temperatures from
60°C to 100°C investigated, and the thermodynamic activation
parameters were determined from Arrhenius and Eyring plots.
The highly negative entropy of activation points to an associa-
tive rate-determining step. The dependence of the catalyst con-
centration on the rate of FADH was investigated and revealed a
first-order rate dependence on the concentration of complex C6.
An approximate half-order in [FA] was found experimentally,
which allowed us to postulate a dihydrogen formation step in-
volving hydrated protons as the hydrogen source. Remarkably,
C6 proved to be robust at 100°C, resulting in approximately 98%
substrate conversion with a total TON of about 7892 and TOF
close to 300h~! after 35h of reaction. NMR studies revealed the
long-term solution stability of C6 and reduced thermal stability
under non-catalytic conditions. Importantly, we obtained evi-
dence for the ligand non-innocence of the pyridyl-formamidine
ligand during Ru(II) monohydride formation, which can be
exploited in rational catalyst design. Current efforts in our re-
search group are geared toward expanding the catalytic utility
of C1-C8.

4 | Experimental Section
4.1 | Materials and Methods

All reagents for the synthesis of the ligands and complexes
were acquired from Sigma-Aldrich/Merck and used as re-
ceived. All moisture- and air-sensitive reactions were per-
formed using standard Schlenk techniques. The solvents were
distilled under a nitrogen atmosphere using Na metal and
benzophenone for diethyl ether and CaH, for dichlorometh-
ane as drying agents. FTIR analysis was done on a Bruker
Alpha-P spectrometer fitted with an attenuated total reflec-
tance (ATR) accessory and recorded as neat samples from
400 to 4000cm~'. 'H and *C NMR spectra were recorded on
a Bruker Avance IIT equipped with a direct observation two-
channel broadband probe at 400, 500 and 600 MHz (*H) and
150 MHz (13C), respectively. Bruker Topspin 3.6.5 software
was employed to operate the spectrometer and process the
data. High-resolution ESI-MS characterisation was conducted
on a Bruker microTOF-QII mass spectrometer recorded in the
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positive ion mode. Bruker Compass 1.3 SR1 PL 3 software was
employed to operate the spectrometer and process the data.
EA was done with a Perkin Elmer 2400 elemental analyser
with helium as the carrier gas.

4.2 | General Procedure for the Synthesis
of the Ligands

Ligands L1-L8 were synthesised as previously reported by our
group [18]. The specific conditions and work-up are described in
the Supporting Information.

4.3 | General Procedure for the Synthesis
of the Complexes

To a stirring methanol solution of the dichloro(p-cymene)ru-
thenium(IT) dimer is added a MeOH solution of the required
ligand. The mixture is then allowed to stir overnight at room
temperature under argon. At the end of the reaction, the sol-
vent is reduced under vacuum and the product precipitated
with diethyl ether. The supernatant is decanted, and the prod-
uct is washed with diethyl ether and dried in vacuo to afford
an orange powder.

4.31 | [RuCl(p-cymene)(L1)]Cl1 (C1)

Complex C1 was prepared as described in the general procedure
using L1(0.5mmol; 106 mg) and [Ru(p-cymene)CL, ], (0.25 mmol;
153mg) in 10mL methanol. Yield: 200mg (78%). FTIR (ATR, v
cm™) 3023 (w) v(N-H), 1648 (s) (C=N), . ., 15xx (5) Y(C=N),.
'H-NMR (600 MHz, CDCL,, ppm) & 13.30 (s, N-H, 1H), 8.84-8.79
(m, HC=N, . ., 1H), 7.79-7.72 (m, CH,, 3H), 7.53 (d, ] =8.3Hz,
CH,, 2H), 7.16 (4, J=8.2Hz, CH, ., 2H), 7.06 (td, ]=6.7, 1.7 Hz,
CH,, .. 1H), 540 (d, J=6.1Hz, p-cymene-CH, 1H), 5.30 (d,
J=6.0Hz, p-cymene-CH, 1H), 5.07 (d, J =6.1 Hz, p-cymene-CH,
1H), 4.59 (d, J=6.0Hz, p-cymene-CH, 1H), 2.42 (dt, J=13.8,
6.9Hz, p-cymene-CH (CH,),, 1H), 2.36 (s, -CH , 3H), 2.00 (s, p-
cymene-CH,, 3H), 1.12 (d, J=6.9Hz, p-cymene-CH, 3H), 0.93
(d, I=6.9Hz, p-cymene-CH,, 3H). '*C-NMR (151 MHz, CDCl,,

ppm) §155.6 (C=N, ), 151.7 (s, C=N, ), 149.9 (N-C, ), 148.8
(HC-N,)), 140.1 (CH, ), 137.5 (-C (CH), ,,,), 129.9 (CH,,), 123.7
(CH,), 1204 (CH, ), 1158 (CH, ), 105.4 (CH,, ), 100.4

(CH,,,.), 86.1 (p-cymene-CH), 85.9 (p-cymene-CH), 85.1 (p-
cymene-CH), 84.2 (p-cymene-CH), 30.8 (p-cymene-CH (CH,),),
22.2 (-CH,), 22.0 (p-cymene-CH,), 21.1 (p-cymene-CH,), 18.6
(p-cymene-CH,). EA calculated for C,,H,,CI,N,Ru (found): C
53.39 (53.10), H 5.62 (5.46), N 8.46 (8.16). HRMS (ESI+mode,

m/z): Calculated for [M]* 482.0100, found 482.0817.

4.3.2 | [RuCl(p-cymene)(L2)]C1(C2)

Complex C2 was prepared as described in the general proce-
dure using L2 (0.50mmol; 114mg) and [Ru(p-cymene)Cl,],
(0.25mmol; 153mg) in 10mL methanol. Yield: 230 mg (89%).
FTIR (ATR, ¥ cm™) 3032 (w) v (N-H), 1645 »(C=N), . ,
v(C=N),,. 'H-NMR (600MHz, CDCI,, ppm) & 13.32 (s, N-F,
1H), 8.81 (d, J=5.5Hz, HC=N, , ., 1H), 7.84-7.70 (m, CH,, 3H),

imine’

7.61 (d,J=8.6 Hz, CH,, 2H), 7.06 (t,/=6.3Hz, CH,_, ., 1H), 6.87
d, J=8.6Hz, CH, ., 2H), 5.42 (d, J=5.6Hz, p-cymene-CH,
1H), 5.33 (d, J=5.8 Hz, p-cymene-CH, 1H), 5.07 (d, J=5.7 Hz, p-
cymene-CH, 1H), 4.62 (d, J=5.9Hz, p-cymene-CH, 1H), 3.82 (s,
0-CH,, 3H), 2.43 (dt,J=13.7, 6.9 Hz, p-cymene-CH (CH,),, 1H),
2.00 (s, p-cymene-CH , 3H), 1.14 (d, J=6.9 Hz, p-cymene-CH ,
3H),0.94(d,J=6.9Hz, p-cymene-CH , 3H). *C-NMR (151 MHz,
CDCly, ppm) 8 158.7 (-C (OCHy), 155.6 (C=N, ), 150.1 (C=N,,)),
148.7 (N-C,,), 147.5 (HC-N,), 140.1 (CH,,)), 124.9 (CH,),
120.3 (CH,), 1159 (CH,,,), 114.3 (CH, ), 105.5 (CH,,, ),
100.3 (p-cymene-CH), 85.9 (p-cymene-CH), 85.2 (p-cymene-
CH), 84.3 (p-cymene-CH), 55.7 (O-CH,), 30.9 (p-cymene-CH
(CH,),), 22.3 (p-cymene-CH,), 22.1 (p-cymene-CH,), 18.6 (p-
cymene-CH,). EA calculated for C,,H,,Cl,N,ORu-CH,OH-H,0
(found): C 49.40 (49.33), H 5.70 (5.48), N 7.20 (7.50). HRMS
(ESI+mode, m/z): Calculated for [M]*498.0100, found 498.0846.

4.3.3 | [RuCl(p-cymene)(L3)]C1(C3)

Complex C3 was synthesised following the general proce-
dure, using L5 (0.5mmol; 121mg) and [Ru(p-cymene)Cl],
(0.25mmol; 153mg) in 10mL methanol. Yield: 217mg (79%).
FTIR (ATR, 7 cm™) 3052 (W) v (N-H), 1642 (s) »(C=N), . , (5)
v(C=N), . 'H-NMR (600 MHz, CDCI,, ppm) § 8.10 (d, J=5.8 Hz,
HC=N, ., 1H), 7.57 (t, J=5.9Hz, CH,, 2H), 7.41 (dd, J=9.4,
2.3Hz,CH,, 2H),7.15(d,J=3.7Hz, CH, . 2H), 6.46 (td,J = 5.6,
3.4Hz, p-cymene-CH, 1H), 4.96 (d, J=6.0Hz, p-cymene-CH,
1H), 4.80 (d, J=6.0Hz, p-cymene-CH, 1H), 4.35 (d, J=6.0Hz,
p-cymene-CH, 1H), 4.06 (d, J=6.0Hz, p-cymene-CH, 1H),
1.75 (dt, J=13.8, 6.9Hz, p-cymene-CH (CH,),, 1H), 1.27 (s, p-
cymene-CH, 3H), 0.44 (d, J=7.0Hz, p-cymene-CH, 3H), 0.19
(d, J=6.9Hz, p-cymene-CH,, 3H). 3C-NMR (151 MHz, CDC13,
ppm) 8 157.6 (-C (NO,)), 150.7 (C=N, ), 147.2 (HC-N,), 139.9
(CH,),124.6 (CH,,), 124.1 (CH, ), 120.4 (CH, ), 114.1 (p-
cymene-CH), 85.6 (p-cymene-CH), 84.5 (p-cymene-CH), 82.9
(p-cymene-CH), 29.9 (p-cymene-CH (CH,),), 21.4 (p-cymene-
CH,), 20.9 (p-cymene-CH,), 17.5 (p-cymene-CH,). EA calcu-
lated for C,,H,,CI,N,O,Ru-CH,CI, (found): C 43.62 (43.37), H
4.64 (4.36), N 8.85 (8.61). HRMS (ESI+ mode, m/z): Calculated
for [M]* 512.9800, found 513.0552.

4.3.4 | [RuCl(p-cymene)(L4)]Cl1 (C4)

Complex C4 was prepared as outlined in the general proce-
dure, using L3 (0.338mmol; 76 mg) and [Ru(p-cymene)Cl],
(0.169 mmol; 103mg) in 10mL methanol. Yield: 153 mg (85%).
FTIR (ATR, ¥ cm™) 3024 (w) v (N-H), 1646 (s) »(C=N), . . ()
v(C=N), . 'H-NMR (600 MHz, CDCl,, ppm) & 13.31 (s, N-H, 1H),
8.62 (d, J=6.1Hz, HC=N, ., 1H), 7.77 (s, CH,, 1H), 7.57-7.51
(m, CH,, 3H),7.16 (4, J=8.0Hz, CH, . 2H), 6.88 (d, J=5.9Hz,
CH,, .. 1H), 533 (d, J=6.0Hz, p-cymene-CH, 1H), 5.27 (d,
J=5.9Hz, p-cymene-CH, 1H), 5.04 (d, ] =5.9Hz, p-cymene-CH,
1H), 4.56 (d, J=5.9Hz, p-cymene-CH, 1H), 2.44 (dt, J=13.8,
6.9Hz, p-cymene-CH (CH,),, 1H), 2.37 (d, ] =3.6 Hz, -CH;, 6H),
2.02 (s, p-cymene-CH, 3H), 1.14 (d, J=6.9Hz, p-cymene-CH,,
3H), 0.95 (d, J = 6.9 Hz, p-cymene-CH, 3H).3C-NMR (151 MHz,
CDCl,, ppm) 8 154.7 (C=N,; ), 152.7(C=N, ), 151.8 (N-C, ),
150.3 (HC-N,), 148.3 (-N-C,, ), 137.4 (CH,), 1299 (CH,)),
1237 (CH,,), 122.1 (-C (CH,),,,), 115.8 (CH,,, ), 105.3
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(CH,,,,), 100.3 (p-cymene-CH), 85.9 (p-cymene-CH), 84.9 (p-
cymene-CH), 84.1 (p-cymene-CH), 30.9 (p-cymene-CH (CH,),),
22.3 (-CH,), 22.1 (p-cymene-CH,), 21.1 (p-cymene-CH,), 18.6
(p-cymene-CH,). EA calculated for C,,H,,CI,N,Ru (found): C
54.24 (53.96), H 5.50 (5.53), N 7.91 (8.12). HRMS (ESI+mode,

m/z): Calculated for [M]* 496.0400, found 496.1124.

4.3.5 | [RuCl(p-cymene)(L5)]Cl1 (C5)

Complex C5 was prepared as outlined in the general proce-
dure, using L4 (0.50mmol; 121 mg) and [Ru(p-cymene)Cl,],
(0.25mmol; 153mg) in 10mL methanol. Yield: 249mg (91%).
FTIR (ATR, ¥ cm™) 3033 (W) v (N-H), 1648 (s) W(C=N), . ., (s)
v(C=N),,. 'H-NMR (600MHz, CDCl,, ppm) 8 13.19 (s, N-H,
1H), 8.62 (d, J=5.3Hz, HC=N, . 1H), 7.78 (s, 1H), 7.62-7.50
(m, CH,, 3H), 6.86 (d, J=8.1Hz, CH,,,, 3H), 5.43-5.23 (m, p-
cymene-CH, 2H), 5.04 (s, p-cymene-CH, 1H), 4.58 (d, J=5.5Hz,
p-cymene-CH, 1H), 3.82 (s, O-CH,, 3H), 2.43 (dd, J=13.3,
6.6 Hz, p-cymene-CH (CH,),, 1H), 2.36 (s, -CH, 3H), 2.01 (s, p-
cymene-CH, 3H), 1.13 (d, J=6.8 Hz, p-cymene-CH, 3H), 0.95
(d, J=6.8Hz, p-cymene-CH,, 3H). 3C-NMR (151 MHz, CDCL,,
ppm) & 158.7 (-C (OCH,)), 154.7 (C=N, ;. ), 152.6 (C=N,, ), 150.3
(-N-C,), 148.3 (HC-N, ), 147.6 (CH,, ), 125.0 (-C (CH,), 122.1
(CH,), 115.8 (CH, ), 114.3 (CH,,,), 105.3 (CH,, ), 100.3 (p-
cymene-CH), 86.1 (p-cymene-CH), 85.9 (p-cymene-CH), 85.1
(p-cymene-CH), 84.2 (p-cymene-CH), 55.7 (O-CH,), 30.9 (p-
cymene-CH (CH,),), 22.3 (-CH,), 22.1 (p-cymene-CH,), 21.1
(p-cymene-CH,), 18.6 (p-cymene-CH,). EA calculated for
C,,H,,CL,N,ORu-CH,0H-H,0 (found): C 50.52 (50.82), H 5.90
(6.20), N 7.03 (7.28). HRMS (ESI+ mode, m/z): Calculated for
[M]* 512.0400, found 512.1033.

4.3.6 | [RuCl(p-cymene)(L6]Cl1 (C6)

Complex C6 was prepared as described in the general proce-
dure, using L6 (0.50mmol; 128 mg) and [Ru(p-cymene)Cl,],
(0.25mmol; 153 mg) in 10mL methanol. At the end of the reac-
tion, the product precipitated out of the solution and the solvent
was decanted. The product was washed with diethyl ether and
dried in vacuo to afford yellow powder. Yield: 262mg (93%).
FTIR (ATR, ¥ cm™) 3032 v (N-H), 1629 (s) »(C=N), ;... (5)
v(C:N)py. 'H-NMR (600MHz, CDCI,, ppm) & 8.62 (d, J=6.1 Hz,
N-H, 1H), 8.29 (d, J=8.9Hz, HC=N, . ; CH  2H), 8.08 (d,
J=8.9Hz, CH,, 2H), 7.95 (s, CH,, 1H), 7.65 (5, CH, ..., 1H),
6.99 (d, J=5.1Hz, CH,,, 1H), 5.56 (d, J=6.0Hz, p-cymene-
CH, 1H), 5.44 (d, J=6.0Hz, p-cymene-CH, 1H), 5.04 (d,
J=6.0Hz, p-cymene-CH, 1H), 4.73 (d, J=6.0 Hz, p-cymene-CH,
1H), 2.52-2.43 (m, -CH,; p-cymene-CH (CH,),, 4H), 2.01 (s, p-
cymene-CH, 3H), 1.17 (d, J=6.9Hz, p-cymene-CH ;, 3H), 0.94
(d, J=6.9Hz, p-cymene-CH , 3H). '*C-NMR (151 MHz, CDCl,,
ppm) 8 158.5 (-C (NO,), 1547 (C=Ny,; ), 153.4 (C=N,), 152.1
(-N-C, o) 148.2 (HC-N, ), 146.5 (CH,,), 125.4 (-C (CH,)), 125.1
(CH,), 122.9 (CH,), 116.2 (CH,,.), 106.5 (CH, ), 99.9 (p-
cymene-CH), 85.8 (p-cymene-CH), 85.1 (p-cymene-CH), 83.8
(p-cymene-CH), 30.9 (p-cymene-CH (CH,),), 22.4 (-CH,), 21.9
(p-cymene-CH,), 21.2 (p-cymene-CH,), 18.6 (p-cymene-CH.).
EA calculated for C,.H,.CI,N,O,Ru-H,0 (found): C 47.59
(47.51), H 4.86 (5.11), N 9.65 (9.95). HRMS (ESI +mode, m/z):
Calculated for [M]* 527.0100, found 527.0729.

4.3.7 | [RuCl(p-cymene)(L7)]C1(C7)

Complex C7 was prepared as outlined in the general proce-
dure using L7 (0.50mmol; 122mg) and [Ru(p-cymene)Cl,],
(0.25mmol; 153mg) in 10mL methanol. Yield: 181 mg (65%).
FTIR (ATR, ¥ cm™) 3029 (W) v (N-H), 1645 (s) (C=N), . ., ()
v(C:N)py. 'H-NMR (600 MHz, CDCl,, ppm) §13.59 (s, N-H, 1H),
8.70 (d, J=6.5Hz, HC=N, . ., 1H), 7.84 (d, J=21.3Hz, CH,,,
2H), 7.54 (d, J=8.0Hz, CH,, 2H), 7.19 (d, J=8.0Hz, CH,,,
2H), 707 (d, J=52Hz, CH,_, 1H), 540 (d, J=6.0Hz, p-
cymene-CH, 1H), 5.33 (d, J=5.9Hz, p-cymene-CH, 1H), 5.06 (d,
J=6.0Hz, p-cymene-CH, 1H), 4.62 (d, J= 5.9 Hz, p-cymene-CH,
1H), 2.47 (dt, J=13.8, 6.8 Hz, p-cymene-CH (CH,),, 1H), 2.38
(s, p-cymene-CH , 3H), 2.04 (s, -CH, 3H), 1.17 (d, J=6.9Hz, p-
cymene-CH ,, 4H), 0.98 (d, J=6.9Hz, p-cymene-CH,, 3H). 13C-
NMR (151 MHz, CDCL,, ppm) & 155.7 (C=N, ), 151.5 (C=N,),
150.4 (N-C,,,.), 149.5 (HC-N, ), 148.3 (CH,), 137.8 (CH,),
1299 (CH,), 1237 (CH,,,.), 121.2 (CH,,,), 1154 (CH,,),
105.8 (CH,,,.), 100.5 (p-cymene-CH), 85.8 (p-cymene-CH),
85.3 (p-cymene-CH), 84.4 (p-cymene-CH), 30.9 (p-cymene-
CH (CH,),), 22.2 (-CH,; p-cymene-CH,), 21.1 (p-cymene-CH,),
18.7 (p-cymene-CH,). EA calculated for C,,H, .CL,N,Ru-H,0
(found): C 48.47 (48.47), H 4.95 (4.95), N 7.37 (7.61). HRMS
(ESI+mode, m/z): Calculated for [M+CH,CL]* 601.3800,
found 601.1250.

4.3.8 | [RuCl(p-cymene)(L3)]1 (C8)

Complex C8 was prepared as outlined in the general proce-
dure, using L8 (0.5mmol; 131mg) and [Ru(p-cymene)CL,],
(0.25mmol; 153mg) in 10mL methanol. Yield: 240mg (84%).
FTIR (ATR, 7 cm™) 3057 (W) v (N-H), 1640 (s) »(C=N), ., (s)
v(C=N),,. 'H-NMR (600MHz, CDCI;, ppm) & 13.57 (s, N-H,
1H), 8.77 (d, J=59Hz, HC=N, ., 1H), 7.80 (d, J=30.4Hz,
CH,,, 2H), 7.60 (d, J=8.5Hz, CH,, 2H), 7.08 (d, J=5.6Hz,
CH, ., 1H), 6.88 (d, J=8.4Hz, CH,, , 2H), 5.48 (d, J=4.4Hz,
p-cymene-CH, 1H), 5.35 (d, J=5.7Hz, p-cymene-CH, 1H),
5.10 (d, J=4.6Hz, p-cymene-CH, 1H), 4.64 (d, J=5.7Hz, p-
cymene-CH, 1H), 3.83 (s, -OCH , 3H), 2.46 (dt, J=13.6, 6.8 Hz,
p-cymene-CH (CH,),, 1H), 2.02 (s, p-cymene-CH ;, 3H), 1.15 (d,
J=69Hz, p-cymene-CH,, 3H), 0.97 (d, J=6.8Hz, p-cymene-
CH,, 3H). 3C-NMR (151 MHz, CDCl,, ppm) § 158.9 (-C (OCH,,)),
156.1 (C=N,;,), 150.2 (C=N,), 149.3 (N-C, ), 148.2 (HC-
N,,), 147.4 (CH,), 124.9 (CH,), 121.1 (CH,)), 115.3 (CH, ),
114.4 (CH,, ), 105.7 (CH,, ), 100.5 (p-cymene-CH), 85.9 (p-
cymene-CH), 85.4 (p-cymene-CH), 84.4 (p-cymene-CH), 55.8 (-
OCH,), 30.9 (p-cymene-CH (CH,),), 22.2 (p-cymene-CH,), 18.7
(p-cymene-CH,). EA calculated for C,,H,,Cl,N,ORu (found): C
48.64 (48.82), H 4.61 (4.61), N 7.40 (7.58). HRMS (ESI+ mode,
m/z): Calculated for [M]* 532.0530, found 532.0485.

4.4 | General Procedure for the Dehydrogenation
of FA

The procedure is modified from a previously reported method
[16]. The required amount of alkali metal formate additive was
weighed into a 50mL two-neck round-bottomed flask and kept
under nitrogen. A stock solution of the precatalyst was prepared
in DMF by weighing the required amount of the complex into a
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volumetric flask and topping up the solvent to the mark. From
the stock solution, 1 mL was added to the round-bottomed flask
and the atmosphere exchanged for nitrogen. The solution was
stirred for 5min at room temperature. Then, FA was added, and
the mixture was stirred for an additional minute. The mixture
was then heated at the desired temperature using a pre-heated
oil bath equipped with a thermometer, and the gas generated
was monitored using a BlueSens BlueVcount gas measuring de-
vice operating at ambient conditions.

4.5 | Procedure for Continuous FA Addition
Reaction

A 0.075M stock solution of HCOOK was prepared in methanol.
From the stock solution, 1 mL was added to a two-neck round-
bottomed flask, and the volatiles were removed under vacuum.
After all the volatiles were removed, 1 mL of stock solution of
the catalyst (0.05M) in DMF was added to the flask via a sep-
tum, and the contents were stirred for 5min at room tempera-
ture. Then 0.2mL FA was added, and the mixture was stirred
for an additional minute, after which the flask was placed in a
preheated oil bath at 100°C, and an NE-300 Just Infusion sy-
ringe pump was used to inject FA via a long tube at a rate of
0.0l mL/min after the immersion of the round-bottomed flask
in the oil bath.

4.6 | Analysis of Gas Samples by GC-TCD

The produced gas mixture from the FADH reactions was an-
alysed using an online SRI 8610C gas chromatograph (SRI
Instruments, Torrance, CA, USA) fitted with a HayeSepD col-
umn and two molecular sieve 13X columns. The instrument was
also fitted with two thermal conductivity detectors.

4.7 | X-Ray Crystal Structure Determination

Data for single-crystal X-ray diffraction were collected using a
Bruker Apex DUO diffractometer equipped with a CCD area
detector [44] utilising graphite-monochromated Mo-Ka radia-
tion (A=0.71073 A). Data collection, reduction and refinement
were conducted with the SMART and SAINT software packages
[45, 46]. Absorption corrections [47] and other systematic errors
were addressed using SADABS [48]. The structures were solved
via direct methods and refined using full-matrix least-squares
on F2with SHELXS-13 and SHELXL-16 [49, 50], operated within
the X-Seed graphical user interface [44, 51]. Non-hydrogen
atoms were refined anisotropically, while hydrogen atoms
were placed in calculated positions using riding models. High-
resolution molecular diagrams were generated with POV-Ray
[52]. Crystallographic data are deposited at the CCDC under the
accession numbers 2251445 (C9), 2251446 (C8), 2382057 (C2),
2382058 (C1), 2251447 (C10) and 2251448 (C11).
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