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ABSTRACT: Application of organometallic ruthenium(II) arene complexes has
been successful for the modulation of cellular redox processes via their interaction

[Ru"-solv]?*

NADH HCOO™

with species such as formate to control the NAD*/NADH balance in cells. Here solv
we present the first evidence that similar effects can be reached with the
application of a nonorganometallic ruthenium(II) polypyridyl complex. Kinetic [Ru"-OCHOJ*
studies performed demonstrate the ability of [Ru"(terpy)(en)(H,0/EtOH)]** in
HCOO-

water/ethanol (1:9, v/v) solution, where terpy = 2,2":6’,2"-terpyridine and en =
ethylenediamine, to catalyze the reduction of the NAD"* coenzyme to NADH in
the presence of formate as hydride transfer source. In this case, terpy instead of
arene is responsible for the labilization of coordinated solvent. The suggested
catalytic cycle begins with the fast anation of the [Ru"(terpy)(en) (H,0/EtOH)]** complex by formate. This is followed by the rate-
determining formate-catalyzed decarboxylation of the generated ruthenium(II) formato complex to form [Ru'(terpy)(en)H]".
Rapid hydride transfer to NAD" from [Ru"(terpy)(en)H]" to form NADH and to regenerate the starting ruthenium(II) solvato
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complex, closes the overall catalytic cycle.

B INTRODUCTION

According to the latest reports, many serious diseases plaguing
contemporary society are caused by redox imbalance in cells.'~
Elucidation of the relationship between oxidative/reductive
stress and cellular inflammation, and the development of a so-
called redox therapy, is one of the main tasks of the upcoming
new discipline of redox biology.'"~"” It deals with the redox
imbalance in cells, involves electron transfer of free radicals and
nitrogen and oxygen metabolites (O,”, H,0,, OH®, 'O,, NO®,
ONOO7, NO,, and N,0;), and focuses on an important sector
of fundamental processes in biology. Reductive stress is defined
as a relative shortage of reactive oxygen species (ROS)
compared to the reducing equivalents in the form of redox
couples such as NAD*/NADH (where NAD* and NADH are
nicotinamide adenine dinucleotide and its reduced form,
respectively). Accordingly, oxidative stress is caused by an
excess of ROS and reactive nitrogen species relative to the
reducing equivalents.'® The effect of chemical modifications on
the driving force of redox processes in cells plays a fundamental
role in the control of many biological processes such as gene
expression, cell cycle progress, and apoptosis, which cause
diseases such as cancers, hypertension, atherosclerosis, renal
diseases, diabetic neuropathies, and Alzheimer’s disease."’
Transition-metal complexes can play an important role in the
redox biology of cells, as shown recently in a series of papers by
Sadler et al.”’~** Inert organometallic complexes, such as
[Ir™(Cp*) (N-C)py]* (Cp* = pentamethylcyclopentadienyl, N-
C =N,C-donor chelating ligand, and py = pyridine) and related
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complexes of Ru(II/I1I), Rh(III), Os(II), and Fe(Il), can react
with NADH as a source of hydride (H™) to form ROS, such as
hydroperoxide, O, + H~ — HOOT, and cause oxidative stress.
In these organometallic complexes, metal—carbon bonds labilize
the metal center and induce a high reactivity for the interaction
with crucial species such as NADH to control the redox balance
and inflammation in living cells. Oxidative stress is an effective
method to kill cancer cells because an increase in the level of
ROS disturbs redox homeostasis inside cells and causes
destruction.”” > Furthermore, organometallic complexes of
Ru(Il) of the pseudooctahedral type can in the presence of
formate (as the hydride source) control the [NAD*]/[NADH]
balance and cause reductive stress. Accordingly, these complexes
can catalytically reduce NAD" in cancer cells and lead to
reductive stress, in contrast to organometallic iridium
complexes, which induce oxidative stress. In conclusion,
organometallic complexes are apparently unique in their ability
to achieve redox modulation (oxidative versus reductive stress)
in living cells.

Can the application of nonorganometallic complexes of labile
metal centers such as ruthenium(II) polypyridylamine com-
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plexes control the redox balance in living cells? The advantage of
nonorganometallic coordination compounds is their biocom-
patible nature, which is known for many related systems
presently used in anticancer treatment, which, in general, is not
always the case for organometallic complexes.

In this work, we investigated the ability of a non-
organometallic ruthenium(II) polypyridylamine complex, [Ru-
(terpy)(en)Cl]Cl (where terpy and en are 2,2':6’,2"-terpyridine
and ethylenediamine, respectively), to catalyze the conversion of
NAD" to 1,4-NADH using sodium formate as a source of
hydride. In this complex, the terpy chelate labilizes the
coordinated chloride via m-acceptor properties in a manner
similar to the way Cp* and related chelates do in the
organometallic complexes mentioned above. Although a large
group of polypyridyl complexes of Ru(1I) have been known for
many years, they have only recently received special attention,
among others, for their covalent and supramolecular inter-
actions with DNA and promising cytotoxicity in cell tests, which
makes them potential candidates for therapeutics and
theranostics.”'

B EXPERIMENTAL SECTION

Chemicals. All chemicals were of analytical-reagent grade and were
used without further purification. RuCl;-xH,0O was purchased from
Acros Organics. Ethylenediamine, 2,2":6',2”-terpyridine, lithium
chloride, methanol-d,, sodium formate-d, f-nicotinamide adenine
dinucleotide sodium salt, and tris(hydroxymethyl)aminomethane
(TRIS) and 2-ethanesulfonic acid (MES) buffers were obtained from
Sigma-Aldrich. Sodium formate, tetrahydridoborate, and solvents were
purchased from Avantor Performance Materials Poland SA.

Synthesis of the Complex. [Ru(terpy) (en) C1]Cl was synthesized
according to a procedure described earlier.”® The complex was fully
characterized in the solid state and in solution as reported before.
Solutions of [Ru(terpy)(en)(H,0)]* were prepared by spontaneous
aquation of the chlorido parent complex (ca. 7 min) at room
temperature.

Instrumentation. UV—vis spectral analyses and kinetic studies
were carried out using a conventional Shimadzu UV-1601 PC
spectrophotometer combined with a Julabo F25 cryostat (+0.1 °C).
Single-wavelength kinetic data were processed with the EnzFiter
software. To study fast reactions, an Applied Physics SX20 stopped-
flow spectrometer with a rapid-scan photodiode-array mode with 1 nm
spectral resolution, equipped with a J&M detector and Colora
thermostat, was used. "H NMR spectra were recorded on a Bruker
Avance-700 NMR spectrometer in a D,0/CD;0D (1:9, v/v) solution;
chemical shifts were referenced to tetramethylsilane.

Kinetic Measurements. Reactions of the ruthenium(II) aqua
complex with NaBH, in a water (H,0)/ethanol (EtOH; 1:9, v/v)
solution were initiated by the addition of a small aliquot of aqueous
solution of NaBH, dissolved just before the measurements. Reactions
of the ruthenium(II) aqua complex with formate, acetate, and chloride
in a H,0/EtOH (1:9, v/v) solution were initiated by the addition of
small aliquots of an aqueous solution of the complex and monitored as
an increase in absorbance at 397, 400, and 475 nm, respectively. Both
reaction types were followed using conventional methods. The
reduction of NAD" by NaBH, was followed using the stopped-flow
method at 15.2 + 0.1 °C in a H,O/EtOH (1:9, v/v) solution. The
formation of NADH was monitored by the characteristic increase in
absorbance at 340 nm.

The overall spectral changes accompanying the examined catalytic
reactions were recorded within the 300—800 nm wavelength range
using a conventional UV—vis spectrophotometer at 36.8 + 0.1 °C
(controlled before and after each experiment) in the presence of air,
argon, or CO,. Reactions were initiated by the addition of small aliquots
of a thermostated sodium formate aqueous solution to a thermostated
mixture of NAD" and the Ru(1I) complex in a H,O/EtOH solution.
Measurements were, in general, carried out in a 1:9 (v/v) H,0/EtOH

solution. Additional measurements were performed in 3:7 and S:S5 (v/
v) H,O/EtOH solutions. All experiments were repeated at least two
times. Kinetic test experiments were performed in 0.05 M TRIS and
MES buffer solutions of pH 7.4 and 7.1, respectively.

NMR Studies. [Ru(terpy)(en)(H)]" was prepared by the addition
of a large excess of NaBH, to a hot D,0/CD;OD solution of
[Ru(terpy)(en)(H,0)]** under an argon atmosphere. The final
concentrations were as follows: 6.4 X 10~ M Ru(1I), 0.26 M NaBH,,
and D,0/CD;0D (1:9, v/v). A 'H NMR spectrum was recorded
approximately 3 min after the reaction was initiated. In parallel, the
same mixture was prepared for a spectrophotometric experiment. To
record an UV—vis spectrum of the [Ru(terpy)(en)(H)]* complex, a
few drops of the reaction mixture were introduced to a cuvette filled
with an argon-purged H,0/EtOH solution (1:9, v/v).

B RESULTS AND DISCUSSION

1. Preliminary Results. a. Reaction of the Ru(ll) Complex
with NaBH, to Form the Corresponding Hydrido Complex.
Recently, experimental work in our laboratories showed that
[Ru'(terpy)(en)H]* can be formed directly in situ in the
reaction of [Ru'(terpy)(en) (H,O/EtOH)]** with NaBH,, It is
a relatively fast process, as can be seen in Figure 1, and the
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Figure 1. Spectral changes observed for the formation of [Ru(terpy)-
(en)H]* in a H,O/EtOH (1:9, v/v) solution. Experimental conditions:
[Ru(I)] =9.6 X 10° M, [BH, ] = 3.8 X 107 M, argon atmosphere, T
=25 °C, =1 cm, and spectra recorded every 200 s.

hydrido complex is fairly stable in solution. Formation of the
hydrido complex is accompanied by an increase in the
absorbance intensity at both longer and shorter wavelengths,
with isosbestic points at ca. 500, 547, and 577 nm. The
absorption spectrum of the [Ru"(terpy)(en)H]" complex
exhibits bands at 404, 529, and 622 nm (Figure 1).

In order to gain further evidence for the formation of
[Ru(terpy)(en)H]*, "H NMR spectra were recorded for a much
higher complex concentration in a large excess of NaBH,, as
reported in Figure SI. A characteristic hydride signal was
observed at —1.58 ppm along with a multiplet for BH,™ at ca.
—5.0 ppm. These results are close to those reported for the
[Ru(tepy) (bipy)H]* complex at —14.66 ppm.** Dilution of the
sample used to record the '"H NMR spectrum produced a
characteristic UV—vis spectrum very close to that found for the
final spectrum shown in Figure 1 (Figure S2).

Following formation of the hydride complex, we checked
whether it can react with CO, to form the corresponding
formato complex, Ru"-OOCH. CO, gas was passed through the
reaction mixture containing the hydrido complex Ru-H", as
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was done before for the related [Ru(tepy) (bipy)H]" complex.*”
We observed a sudden hypsochromic shift characteristic for
formation of the formato complex (Figure 2). These preliminary
studies showed that it is possible to obtain the ruthenium(1I)
formato complex from the corresponding hydrido complex.
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Figure 2. Comparison of the spectrum of [Ru(terpy)(en)H]* with that
of the formato complex [Ru(terpy)(en)(HCOO)]" obtained in the
reaction of [Ru(terpy)(en)H]" with CO, in a H,O/EtOH (1:9, v/v)
solution. Experimental conditions: [Ru(II)] = 9.6 x 107> M, T =25 °C,
and /=1 cm.

b. Reaction of NAD* with NaBH, to Form NADH. It was
furthermore demonstrated that, in the presence of an excess of
BH,~, hydride is transferred to NAD", which is manifested by
distinct spectral changes and the formation of a band at 340 nm,
characteristic for NADH. The absorbance—time traces showed
clean first-order kinetics (Figure S3). The observed rate
constants are a linear function of the NaBH, concentration for
the studied reaction, viz., k,,, = kK[BH, "] (Figure S4), where k
represents the second-order rate constant for the reduction of
NAD* by BH,~ and equals (1.23 + 0.03) X 10° M ™' s7! at 15.2
°C. Note that this reaction is very fast, on a time scale of a few
seconds (see further discussion).

c. Reaction of [Ru'(terpy)(en)(H,O/EtOH)J** with NAD" in
the Presence of Formate. Further preliminary experiments
showed that a solvent composition of 1:9 (v/v) H,0/EtOH
seemed to work very well to reduce the reaction time for
catalytic hydride transfer from NAD" to NADH in the presence
of formate. Clear evidence for the formation of NADH similar to
that shown in Figure S3 was observed. However, the observed
reactions were extremely slow even at 36.8 °C and, under some
experimental conditions, took 24 h, or even up to several days, to
go to completion. The effect of the pH and buffers on the overall
reaction was also studied. Depending on the formate
concentration, the pH of the solution varied between 7.8 and
8.3, which is significantly far away from the pK, value of the
[Ru(terpy)(en)(H,0)]** complex, viz., pK, = 10.8,”® such that
the hydroxo complex will not play any role during the reaction.
The reactions were also studied in MES (pK, = 6.2) and TRIS
(pK, = 8.1) at pH 7.1 and 7.4, respectively. The results for the
reaction in a MES buffer are reported in Figure S5. The observed
reaction rate of (1.72 + 0.01) X 107> M h™! is very close to the
limiting value found for the reaction under the selected
conditions (see further discussion). However, in the case of
the TRIS buffer (Figure S6), the reaction was found to be much

slower, apparently because of the large fraction of H"TRIS
present in solution at the selected pH. This slowed the catalytic
effect probably because of interaction of the protonated buffer
with the [Ru(terpy)(en)H]" complex to form H,. On the basis
of these results, no buffers were employed in the subsequent
work.

Two important blank experiments were performed to reveal
the nature of the overall catalytic process. In the first experiment,
spectral changes were monitored for the reaction between
NAD* and [Ru(terpy)(en)(H,0/EtOH)]*" in the absence of
formate in a H,O/EtOH (1:9, v/v) solution, which showed no
formation of NADH (Figure S7). In the second experiment,
spectral changes were monitored for the reaction between
NAD* and formate in the absence of [Ru(terpy)(en)(H,0O/
EtOH)]* in the same solvent, which again showed no formation
of NADH (Figure S8). The results demonstrate that both
formate and [Ru(terpy)(en)(H,O/EtOH)]*" are required to
convert NAD" to NADH. Furthermore, it also demonstrates
that the selected solvent is not a source of hydride in these
reactions.

On the basis of these preliminary results, we report on a
hydride transfer reaction in the presence of formate for the
conversion of NAD* to NADH catalyzed by the ruthenium(II)
polypyridylamine complex [Ru"(terpy)(en) (H,O/EtOH)]*".

2. Reactions of the Ru(ll) Complex with Formate,
Acetate, and Chloride. We started our studies with reactions
of [Ru"(terpy)(en)(H,0/EtOH)]*" with formate and acetate
in a H,O/EtOH (1:9, v/v) solution as a comparison to earlier
studies of the complex with chloride.”® Characteristic spectral
changes are shown in Figure 3, from which it follows that clean
and very similar isosbestic points are observed for both
nucleophiles, and the kinetic traces follow a single-exponential
function. Plots of k,,, versus formate and acetate concentrations
show saturation kinetics with a significant intercept, as reported
in parts a and b of Figure 4, respectively. The following reaction
mechanism is suggested to account for the observed kinetic data
(eq 1):

[Ru(terpy)(en)(H,O/EOH)** + RCOO" === {[Rul{terpy)(en)(H,O/E{OH)]* - RCOO'}  Q,
kbl o)
[Ru"(terpy)(en)(RCOO)]" + H,0/EtOH

where Q, is the precursor (ion-pair) formation constant and k,
and k_, are the forward and backward rate constants,
respectively. The observed rate constant for the suggested
mechanism presented in eq 1 is given by eq 2:

k,Q,[RCOO ]

kobs =K —
1 + Q,[RCOOT] (2)
The overall equilibrium constant is given by eq 3.
K = le—l
k_y 3)

Both formate and acetate show a very similar behavior in an
aqueous EtOH solution but totally different from that found for
chloride as the entering nucleophile in H,O as the solvent at 25
°C.*® In the latter case, a linear correlation between k,, and
[CI7] was found with a slope of (1.28 + 0.04) X 107> M ™" s~
(for the forward reaction) and intercept of (7.9 +0.6) X 107> s~
(for the backward reaction) to give an overall equilibrium
constant of 1.6 + 0.2 M~ at 25 °C for the anation reaction by
chloride. These measurements were here repeated because of
the totally different reaction medium and temperature used in
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Figure 3. Spectral changes observed during the anation of [Ru"(terpy)- &
(en)(H,O/EtOH)]** by (a) formate and (b) acetate in a H,O/EtOH =)
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initial slopes of the plots in Figure 4 are given by k,Q,, i.e., the
second-order rate constant, such that the overall equilibrium
constant is given by K = k;Q,/k_,. The results obtained for all
three nucleophiles are summarized in Table 1. The data indicate
that all of the reactions are quite fast and go to completion on a
time scale of between 8 and 17 min for formate as the entering
ligand at concentrations within the range applied for the catalytic
hydride transfer studies. This is an important observation in
terms of the subsequent reactions studied in the presence of
NAD*. The reactions with chloride are ca. 2—3 times faster than
those with formate and acetate on the basis of the k;Q; values in
Table 1. The overall equilibrium constants (K) follow the
sequence chloride > acetate > formate in a 1:9 (v/v) H,0/
EtOH solvent mixture. The value of K for the formation of
[Ru"(terpy) (en) (HCOO)]" is such that, for the lowest formate
concentration of 1 mM, ca. 5% of the total Ru(II) complex will
be in the formato form, whereas at the highest formate
concentration of 0.12 M, ca. 87% will be present in the formato
form. This accounts for the saturation reached at high formate
concentrations in Figure 4a. The ion-pair formation constants
(Q,) follow the sequence acetate > chloride > formate and are
rather high as a result of the relatively low polarity of the reaction

Figure 4. Dependence of k., on (a) [HCOO™], (b) [CH;COO~], and
(c) [CI7] for the anation of [Ru'(terpy)(en)(H,0/EtOH)]* in a
H,0/EtOH (1:9, v/v) solution. Experimental conditions: [Ru(I)] =
10.6 X 107° M and T = 36.8 °C.

Table 1. Summary of the Rate and Equilibrium Constants for
the Anation of [Ru"(terpy)(en)(H,0/EtOH)]** by Formate,
Acetate, and Chloride in a H,0/EtOH (1:9, v/v) Solution at

36.8 °C
entering ligand

constant formate acetate chloride
10%,, 57! 48+02 3.60 + 0.09 9.5+ 04
Q,M! 4117 98 + 13 68 +2
kQ, Mt s™ 0.20 + 0.04 0.35 + 0.05 0.65 + 0.05
10%_,, s 34+01 3.5+0.1 47+03
K =k,Q/k_i, M~ 59 +13 100 + 17 138 + 19

medium. In the case of acetate and formate, the trend in Q, is in
line with the inductive effect of the methyl group, which
increases the electron density on the carboxylate group and

14947 https://dx.doi.org/10.1021/acs.inorgchem.0c01613
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correlates with the difference in basicity, as expressed by the pK,
values for acetic acid (4.7) and formic acid (3.7), respectively.
Aquation/solvolysis of the formed complexes (k_;) occurs on
approximately the same time scale, which in the case of the
chloride complex, used as the starting material in the subsequent
studies, takes ca. 12 min prior to mixing the reactants at 36.8 °C.
The slightly faster aquation of the latter complex may be related
to the significantly larger ionic radius of C1” (181 pm) compared
to that of HCOO™ (136 pm) in terms of a less concentrated
negative charge on CI”~ than on HCOO™.*>*!

3. Kinetic Data for Reaction of the Ru(ll) Complex with
Formate as the Source of Hydride for the Conversion of
NAD* to NADH. Some very interesting observations were made
for the reactions observed in the [Ru"(terpy)(en)(H,0/
EtOH)]**—formate—NAD" system. In the presence of a large
excess of formate, the reaction showed a typical zero-order
formation of NADH with a characteristic dead end, as shown in
Figure Sa. At a much lower formate concentration, a typical
pseudo-first-order kinetic trace was obtained that could be fitted
with a single-exponential function, as presented in Figure Sb.
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Figure 5. Spectral changes observed during the catalyzed reduction of
NAD" to 1,4-NADH in the presence of formate in a H,O/EtOH (1:9
v/v) solution. Experimental conditions: (a) [HCOO™] = 0.0145 M,
(b),[HCOO™]=0.0011 M; [Ru] =5.3 X 10°M, [NAD*] =3.1x 107*
M, T = 36.8 °C, and spectra recorded every 15 min. Insets: Kinetic
traces recorded at 340 nm.

Under the applied conditions, the reaction of the Ru(Il)
complex with formate (vide supra) is orders of magnitude faster
than the formation of NADH monitored at 340 nm, indicating
that a subsequent reaction step must be rate-determining! In
general, all kinetic data obtained at [HCOO™] < 1.65 X 107> M
showed first-order behavior, and kg, was independent of the
formate concentration with an average value of (6.48 + 0.02) X
107>h™" at a Ru(II) complex concentration of 5.3 X 107> M and
36.8 °C. At [HCOO™] > 2.2 X 107> M, all kinetic traces showed
zero-order behavior of which the slope represents the zero-order
rate constant.

A summary of all kinetic data measured as a function of the
formate concentration is given in Table S1. A plot of the initial
rate and zero-order rate constant for kinetic traces that follow
first- and zero-order kinetics, respectively, as a function of
[HCOOT], is presented in Figure 6.
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Figure 6. Dependence of the initial rate (for the first-order reactions,
followed at low formate concentrations) or zero-order rate constant
(for the zero-order reactions at higher formate concentrations) on
[HCOO™] for the catalyzed reduction of NAD* to 1,4-NADH in a
H,O/EtOH (1:9, v/v) solution. Experimental conditions: [Ru(Il)] =
5.3 % 107°M, [NAD*] =3.1 X 107*M, T = 36.8 °C; r = initial or zero-
order rate constant with increasing formate concentration; k, = (2.09 +
0.04) X 10°Mh ™' and Q, = 869 + 63 M! (see eq 6).

Figure 6 suggests that, following the rapid and reversible
formation of the [Ru"(terpy)(en)(HCOO)]* complex that
depends on the formate concentration as described in the
previous section, formate apparently plays a further catalytic role
and controls the rate of the subsequent hydride transfer process.
To account for this effect, we suggest the following reaction
mechanism outlined in eq 4, followed by the fast reaction in eq 5:

0
[Ru"(terpy)(en)(HCOO)]* + HCOO" — {[Ru"(terpy)(en)(HCOO)]*+ HCOO}
k,l )
[Ru'(terpy)(en)(H)]" + HCOO™ + CO,

[Ru"(terpy)(en)(H)]* + NAD"

fas
LN [Ru"(terpy) (en)(H,O/EtOH)** + NADH
+H,0/EtOH
(%)

In this mechanism, the rate-determining step involves the
formate-catalyzed rearrangement of coordinated formate from
the O,0 bonding mode of formate to the O,H bonding mode,”
coupled with the release of CO, and formation of the hydride
complex, which subsequently reacts rapidly with NAD" to form
NADH, as shown in our preliminary experiments. This
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suggestion is based on the linkage isomerization mechanism
recently suggested by Sadler et al. based on computational
density functional theory (DFT) calculations.”® Our suggested
mechanism is based on a formate-catalyzed decarboxylation
mechanism by which a formate—CO, adduct is released.
Furthermore, hydride in the form of Ru"-H™ can rapidly react
with NAD" to form NADH in a non-rate-determining step.

The rate of the reaction step between Ru"-H™ and NAD" to
form NADH is orders of magnitude faster than decarboxylation
of the ruthenium(II) formato complex to form the ruthenium-
(II) hydrido complex, as illustrated by our preliminary
measurements for the conversion of NAD* to NADH with
BH,™ as the source of hydride. Thus, the actual rearrangement of
the formato complex to the hydrido complex is suggested to be
the rate-determining step of the overall process, which is
catalyzed by formate.

The experimental data in Figure 6 were fitted to eq 6:

. _ dINADH] _ k,Q,[HCOO]
~ dt 1+ Q[HCOOT] (6)

where Q, represents the precursor formation of the catalytic
intermediate and k, the limiting rate reached at a high formate
concentration. The fit of the data in Figure 6 results in k, = (2.09
+0.04) X 107°Mh™'and Q, = 869 + 63 M~ at 36.8 °C. At low
formate concentration, the rate law simplifies to eq 7

. _ dINADH]

= kQ[HCOO]

7)

such that the initial slope of the plot in Figure 6 is represented by
k,Q, = (1.8 £0.2) X 107> h™". At a high formate concentration,
the rate law in eq 6 simplifies to eq 8

_ dINADH] _
T TR (8)

and reaches a limiting zero-order rate constant of k, = (2.09 +
0.04) X 107> M h™". The value of Q, controls the fraction of the
Ru(II) complex in the form of a catalytic intermediate, which
varies between 0.30 and 0.98 over the formate concentration
range employed. The changeover from first- to zero-order
kinetics occurs at a total formate concentration of 2.2 mM. At
this point, the mole fraction of the catalytic intermediate based
on the value of Q, is 0.65 and increases drastically to 0.86 at a
formate concentration of 7 mM. This sudden increase is
suggested to account for the changeover in the kinetic behavior
from first- to zero-order kinetics with increasing formate
concentration.

4. Kinetic Data for the Formation of NADH as a
Function of the Ru(ll) Concentration in the Presence of
Formate. The Ru(1I) complex concentration was varied at both
fixed low and high formate concentrations, i.e., where the
reaction shows typical first- and zero-order behavior, respec-
tively. The results summarized in Figure 7 indicate that at low
formate concentration the first-order rate constant shows
saturation kinetics, whereas at high formate concentration, the
zero-order rate constant shows a linear dependence on the
Ru(II) concentration. The empirical rate law suggested to
account for the kinetic results reported in Figure 7a is as follows:

pubs.acs.org/IC
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Figure 7. Dependence of (a) k,,, and (b) the rate on [Ru(1I)] for the
reduction of NAD" to 1,4-NADH in the presence of formate in a H,0/
EtOH (1:9, v/v) solution. Experimental conditions: [NAD*] = 3.1 X
107* M; T = 36.8 °C; (a) [HCOO™] = 0.0011 M; k,'k;Q; = (3.8 £ 0.6)
x 10° M~ h7%; ky'ky = (8.1 £0.3) X 1072 h™" (see egs 13 and 14); (b)
[HCOO™] = 0.022 M; k,"k3Q; = 0.36 + 0.01 h™" (see eq 18).

d[NADH] _ _ d[NAD"]

dt dt
_ kk3Q,Q[HCOO [Ru(1I)] AD
(1 + Q,[HCOO)(1 + Q4[Ru(IN)]) ©)
where
_ kk3Q,Q[HCOO |[Ru(1I)]
7 (1 4+ QHCOO )(1 + Q,[Ru(ID)]) (10)

Q; represents the precursor formation constant for the
equilibrium between the Ru(II) complex and NAD" to account
for the nonlinear Ru(1I) concentration dependence reported in
Figure 7a.

For a particular formate concentration, the rate expression in
eq 10 simplifies to eq 11

k3k,Q,[Ru(ID)]
® 7 1+ QRu(ID)] (1)
where
| k,Q,HCOOT]
*7 1+ QHCOO ] (12)

At low [Ru(II)], eq 11 simplifies to eq 13
kg = kzlk3Q3[Ru(H)] (13)
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whereas at high [Ru(Il)], eq 11 simplifies to eq 14 @)
kobs = kl/kS (14) 27
where [Ru(II)] represents [Ru'(terpy)(en) (HCOO)]*. These 0.9 1 wt/
rate expressions are in line with the saturation effect observed in 3
Figure 7a, for which the initial slope k,'k;Q; = (3.8 + 0.6) X 10° 0.6 A
M~ h™! and the limiting rate constant k,k; = (8.1 +£0.3) X 107>
h™.
In the case of the higher formate concentration under which 03
zero-order kinetics was observed, the results in Figure 7b show a o
linear dependence on the Ru(Il) concentration. Under these 0 j ) 5 4 5
conditions, the rate expression is given by eq 15: 104 [NAD*], M
d[NADH] k,k3Q,Q,[HCOO ][Ru(11)]
r — — — b
dt (1 + Q,[HCOO 1)(1 + Q,[Ru(IN)]) nl ®
(1)
which, at a particular formate concentration, simplifies to eq 16 09 1
with k,” defined in eq 17: 3
0.6
d[NADH]  k,"k;Q;[Ru(ID)]
r = =
dt 1 + Q,[Ru(IN)] (16) 03 -
, kQHCOOT] 0 , , , ,
2 1+ QHCOO ] (17) 0 1 2 3 4

For the linear concentration dependence presented in Figure 7b,
eq 16 reduces to eq 18:

d[NADH]
= —
dt
for which k,"k;Q; = 0.36 + 0.01 h™" at 36.8 °C.
5. Kinetic Data as a Function of [NAD']. Kinetic
experiments were performed as a function of the NAD"

concentration at low and high formate concentrations, as
summarized in Table 2. The absorbance change (AA) as a

= k,"k;Q,[Ru(1D)] (18)

Table 2. First- and Zero-Order Rate Constants Measured at
Low and High Formate Concentrations as a Function of the
NAD* Concentration for the Catalyzed Reduction of NAD*
to 1,4-NADH“

[HCOO™], M
0.0011 0.022

10*[NAD*], M 107k h7! 10, M h™!

0.5 221 +0.03

1.0 1.85 + 0.02

1.5 6.62 + 0.02

2.0 6.19 + 0.07 1.87 + 0.01

3.1 6.80 + 0.09 1.97 +0.01

4.0 5.44 + 0.07

“Experimental conditions: [Ru(I)] = 5.3 X 107° M, T = 36.8 °C, and
a H,O/EtOH (1:9, v/v) solution.

function of the NAD* concentration is shown in Figure 8 for low
and high formate concentrations. The results summarized in
Table 2 indicate that both the observed first- and zero-order rate
constants at low and high formate concentrations, respectively,
are independent of [NAD*]. Furthermore, the results shown in
Figure 8 clearly indicate that the NAD" concentration does not
affect the absorbance change during the first-order kinetics at
low formate concentration, but at higher formate concentration
where zero-order kinetics are observed, the absorbance change

10* [NAD*], M

Figure 8. Dependence of the absorbance increase (AA) on [NAD"] for
the catalyzed reduction reaction of NAD" to 1,4-NADH in the presence
of formate in a H,O/EtOH (1:9, v/v) solution. Experimental
conditions: (a) [HCOO™] = 0.0011 M, (b) [HCOO™] = 0.022 M;
[Ru(I)] = 5.3 X 1075 M; T = 36.8 °C.

increases with increasing NAD" concentration, however, with
the same zero-order rate constant. Thus, NAD" is converted to
NADH independent of the NAD" concentration. This means
that NAD™ is not part of the rate-determining step, which is in
line with our mechanistic understanding of the two-step reaction
mechanism (see further discussion).

A reviewer kindly suggested that we should measure the
kinetic isotope effect (KIE) for deuterated sodium formate
because that should show the crucial role of formation of the Ru-
H™ complex in the catalytic cycle. A typical kinetic trace for the
reaction with deuterated sodium formate is shown in Figure 9.
The observed reaction rate was found to be (0.81 +0.01) X 10~°
Mh™"at 36.8 °C. A duplicate experiment showed a reaction rate
of (0.90 + 0.02) X 107> M h™'; thus, an average value of (0.86 +
0.08) X 10> M h™" was found, compared to (2.05 + 0.01) X
107 M h™" measured for normal sodium formate (see Figure 6).
This results in a KIE of 2.05/0.86 = 2.4. In a recent paper by
Wang et al.*” on the dehydrogenation of formic acid catalyzed by
a bioinspired Ir(III) complex, a KIE of between 1.4 and 2.3 was
reported, which is close to that found in the present study.

Finally, we studied the temperature dependence of the overall
reaction rate at a high formate concentration selected from
Figure 6 to determine the activation parameters in order to
reveal further mechanistic information. The results are reported
in Figure S9 and Table S2, from which AHF and AS* have the
values 82 + 3 k] mol™" and —139 + 8 mol ™" K™/, respectively,
based on the reaction rate data, i.e., the zero-order rate constant.
Table S2 also contains the activation parameters for the
converted first- and second-order rate constants. The values of
AH¥ remain constant for all three rate constants, but the values
of AS* become more positive because of their increase in

https://dx.doi.org/10.1021/acs.inorgchem.0c01613
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Figure 9. Spectral changes observed during the catalyzed reduction of
NAD" to 1,4-NADH in the presence of deuterated formate in a H,0/
EtOH (1:9, v/v) solution. Experimental conditions: [DCOO~] = 0.029
M, [Ru] = 53 X 1075 M, [NAD*] =3.1 X 107* M, T = 36.8 °C, and
spectrarecorded every 15 min. Inset: Kinetic traces recorded at 340 nm.

absolute number. All in all, the rate-determining step of the
reaction is characterized by a very negative activation entropy
(see further discussion).

6. Kinetic Data as a Function of the Solvent
Composition. Upon a change of the solvent composition
from 1:9 to 5:5 (v/v) H,O/EtOH, the observed reaction slowed
considerably and changed from a zero-order to a first-order
process in the presence of a high formate concentration (Table
3). These results demonstrate that increasing the H,O

Table 3. Kinetic Data for the Catalyzed Reduction of NAD" to
1,4-NADH in the Presence of Formate in a H,0/EtOH
Medium of Varying Composition®

H,O/EtOH (v/v) 10%, M h™! 10%k e h™" 105, M h™!
1:9 1.97 + 0.01
3.7 1.10 + 0.01
5:5 22 +0.1 0.49 + 0.06

“Experimental conditions: [Ru(Il)] = 5.3 x 10~ M, [HCOO™] =
0.0435 M, [NAD'] = 3.1 X 10°* M, and T = 36.8 °C. "Initial rate.

concentration to ca. 50% decreases the reaction rate by
approximately a factor of 4. This must be associated with the
increase in the polarity of the solvent upon going to higher H,O
concentrations (the dielectric constant for EtOH is 24.3

compared to 78.4 for H,0).* For the 1:9 (v/v) H,O/EtOH
solvent mixture used in most of the reported work, the polarity
of the solvent is expected to be low, which will support ion-pair
formation, i.e., formation of the catalytic intermediate ion-pair
complex (see eq 4), which accelerates the overall catalytic
process.

7. Reaction Mechanism Proposed on the Basis of the
Reported Kinetic Data. On the basis of the reported kinetic
results, we suggest the reaction mechanism presented in Scheme
1, which can account for all of the observed kinetic trends.

The reaction cycle starts with reaction @, during which the
Ru'-solv complex is rapidly converted reversibly to the formato
complex Ru-OC(O)H in a clockwise direction. In reaction @,
the formato complex undergoes a partial hydride ring-closure
reaction from an end-on-bonded to an O,H-bonded chelate to
form the Ru"-O(H)CO complex, as suggested by Sadler et al.
based on DFT calculations.”® For the subsequent slow reaction
®, we found evidence for formate-catalyzed decarboxylation
(Figure 6) to form the Ru"-(H) hydrido complex under the
release of formate and CO,, which is the rate-determining step @
of the catalytic cycle. The hydrido complex formed reacts rapidly
with NAD" to produce NADH and to regenerate Ru'-solv in
step ®, by which the catalytic cycle is completed. The KIE of 2.4
can be accounted for in terms of cleavage of the C—H bond
during formation of the Ru"-(H) hydrido complex in the rate-
determining step @. The very negative activation entropy of
—139 + 8 J mol™" K™ found for the rate-determining step @
could be associated with a highly structured transition state that
involves the formate-catalyzed decarboxylation reaction to form
the Ru"-(H) hydrido complex.
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Figures S1—S8 reporting '"H NMR spectra, UV—vis
spectra of the hydrido complex, spectral changes observed
during the reaction of NAD* with NaBH,, dependence of
ko,s on [NaBH,] for the reduction of NAD*, spectral
changes observed during the reaction of NAD* and
[Ru(terpy)(en)(H,O/EtOH)]" in the absence of for-
mate, spectral changes observed during the reaction of
NAD* and formate in the absence of [Ru(terpy)(en)-
(H,O/EtOH)]*, spectral changes observed during the
catalyzed reduction of NAD" to 1,4-NADH in a MES
buffer, and spectral changes observed during the catalyzed
reduction of NAD" to 1,4-NADH in a TRIS buffer, and

Scheme 1. Proposed Reaction Scheme Based on the Obtained Kinetic Data, Where Solvent (solv) Represents the 1:9 (v/v) H,0/

EtOH Solvent Mixture
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summaries of the kinetic data (Table S1) and temper-
ature-dependent kinetic data (Table S2) (PDF)
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