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ABSTRACT: A series of water-soluble half-sandwich
[Cp*Rh™(NAN)CI]* (Cp* = pentamethylcyclopentadiene, NAN-
substituted 2,2-bipyridine) complexes containing electron-donating
substituents around the 2,2'-bipyridyl ligand were synthesized and
fully characterized for the regioselective reduction of nicotinamide
coenzyme (NAD"). The influence of the positional effect of the
substituents on the structural, electrochemical, and catalytic proper-
ties of the catalyst was systematically studied in detail. The catalytic
efficiency of the substituted bipyridine Cp*Rh™ complexes are
inversely correlated with their redox potentials. The 5,5-substituted
bipyridine Cp"‘RhIII complex, which had the lowest reduction
potential, most effectively regenerated NADH with a turnover
frequency of 1100 h™". Detailed kinetic studies on the generation
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of intermediate(s) provide valuable mechanistic insight into this catalytic cycle and help to direct the future design strategy of

corresponding catalysts.

1. INTRODUCTION

Biotransformations are evolving as key industrial processes for
the production of fine chemicals, especially in the pharmaceut-
ical industry, where chemo-, enantio-, and regioselective
syntheses are very critical.' It has been predicted that by
2050 biocatalysis and bioconversions may account for more
than 30% of industrial production.”” Among the enzymes used
in biotransformations, oxidoreductase is involved in a diverse
range of applications; currently many commercially applied
processes involve oxidoreductases.”™® In this context, oxidor-
eductase-mediated asymmetric biotransformations are of
significant importance because they are utilized in the synthesis
of amino acids, chiral compounds, steroids, and other
pharmaceutically important entities. Furthermore, applications
of oxidoreductases can also be seen in diverse areas such as
biomass transformation, polymer synthesis, environmental
protection, the food industry, organic synthesis, oxidation of
hydrocarbons, and biosensors.”* Nevertheless, oxidoreductases
mostly operate in tandem with nicotinamide coenzymes
(NADH) or its phosphorylated form (NAD(P)H; Scheme
1), which limits its commercial applicability given the high cost,
stoichiometric usage, and physical instability of NAD(P)H. If a
suitable NAD(P)H regeneration system is developed, it may
lead to an easy route for biocatalysis, which may replace the
complicated, hazardous, and expensive chemical catalytic route
of many industrial intermediates and chemicals.”

In terms of the regeneration of a coenzyme, there are two
major catalytic regeneration methods available: enzymatic
regeneration and nonenzymatic regeneration.'® Although the
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Scheme 1. Schematic Diagram for Oxidoreductase Usage in
Biotransformations in Tandem with NAD(P)H

Regeneration by
Chemical/Enzymatic
Methods

Oxidoreductases

NAD(P)* Substrate

enzymatic method is promising because of its mild conditions
and high total turnover number (TTN)), its disadvantages, such
as high enzyme cost, enzyme instability, requirement of buffers
to maintain the pH, and costly downstream processes for
product separation fuel the need for other regeneration
approaches. °~'* Conversely, nonenzymatic approaches, i.e.,
the chemical, electrochemical (direct and indirect), and
photochemical methodologies, suffer from a low TTN, a low
product selectivity, a deleterious NAD, dimer formation, and
the requirement for a sacrificial electron donor, mediator,
photosensitizer, etc.'””"” Despite the fact that the chemical
regeneration method has these limitations, the rapid develop-
ment of organometallic chemistry offers strategies for designing
catalysts with high activity and specificity, along with the usage
of dihydrogen or formate as a cheap hydride source. Many
chemical regeneration catalysts consisting of organometallic
complexes have been reported using ruthenium, rhodium, and
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iridium metals."*™*° Of these, rhodium complexes are of

particular importance owing to their high activity, 1,4-
regioselectivity, and high stability across a wide range of
experimental conditions.'”~>* The cationic pentamethylcyclo-
pentadienyl (Cp*) rhodium bipyridine complex [Cp*Rh(bpy)-
Cl]* is the most widely used catalyst owing to its versatile range
of applications and its chemical and electrochemical regener-
ation flexibility and regiospecific activity.'’~>' Notwithstanding
the foregoing, the system also suffers from low TTN, which
leads to the use of a large amount of catalyst compared to the
amount of enzymes in the biotransformation system.
Consequently, poor stability and mutual inactivation of the
catalyst and enzymes are major drawbacks when chemical
regeneration is combined with reductase enzymes.”*”** There-
fore, a highly active catalyst could reduce the deleterious
interaction between the catalyst and enzyme by minimal usage
of organometallic catalysts.

Previous experimental evidence suggests that the catalytic
activity is mainly dependent on the electron density of the
central metal cation, which is a result of the nature of the
substituents on the bipyridine (bpy) ring.'”'** It is also
believed that the catalytic efficiency of catalysts can be tuned
based on both the kind and position of the substituents in the
bpy ligands. Although there have been scattered reports on how
the different functional groups influence the properties of the
ligands and complexes for NAD(P)H re§eneration, a detailed
systematic study is not yet available.'”'”~*" To design a catalyst
with high activity and selectivity, it is necessary to understand
how the structure and functional groups influence the activity
of the catalytic systems of NAD(P)H regeneration.

As our first attempt in this direction, we have designed
catalysts with electron-donating substituents around the bpy
ligand. Herein, we report on a series of water-soluble rhodium
complexes with hydroxymethyl functional groups at different
positions of the bpy ring that can catalyze NAD(P)H
regeneration with various activities. Results of the structure,
redox behavior, and activity of the catalysts, together with
kinetic studies provide valuable insight into the unprecedented
relationship between the structure and activity of the
synthesized rhodium catalysts for NADH regeneration.

2. EXPERIMENTAL SECTION

2.1. General Procedure and Physical Measurements. All
chemicals purchased were of analytical grade from Sigma-Aldrich
Chemical Co. and were used without further purification unless
mentioned otherwise. The rhodium dimer {(5>-Cp*)Rh(u-Cl)Cl},
was prepared using a reported procedure.”’ UV—vis spectra were
recorded using a SCINCO S-3100 spectrophotometer with a
photodiode array (PDA) detector. '"H and *C NMR spectra were
recorded on Bruker 400 MHz and Bruker 125 MHz instruments,
respectively.

2.2. Cyclic Voltammetry. Cyclic voltammetry studies were carried
out using a ZAHNER-elektrik IM6 potentiostat. The cell was a
standard three-electrode system with a platinum wire as the counter
electrode, a glassy carbon or platinum electrode as the working
electrode, and Ag/AgCl as the reference electrode. Tris-
(hydroxymethyl)aminomethane (Tris)/HCI (0.100 M, pH 7.5) was
used as an electrolyte. The electrochemical system was calibrated with
2.03 mM K, Fe(CN),.

2.3. Single-Crystal X-ray Structural Analysis. A single crystal
was mounted at room temperature on the tips of quartz fibers, coated
with Paratone-N oil, and cooled under a stream of cold nitrogen.
Intensity data were collected on a Bruker CCD area diffractometer
running the SMART software package, with Mo Ka radiation (4 =
0.71073 A). The structure was solved by direct methods and refined

on F? using the SHELXTL software package.’® Multiscan absorption
correction was applied with SADABS,*" part of the SHELXTL program
package. The structure was checked for higher symmetry by the
program PLATON.** All non-hydrogen atoms were refined anisotropi-
cally. In general, hydrogen atoms were assigned idealized positions and
given thermal parameters equivalent to 1.5 times (methyl hydrogen
atoms) and 1.2 times (all other hydrogen atoms) the thermal
parameter of the carbon atom to which they were attached. Complex 2
has a disorder due to the steric hindrance of the substituents. Complex
S contains one methanol molecule in the crystal lattice.

2.4. Kinetic Measurements. The kinetic experiments were carried
out in a SCINCO S-3100 UV—vis spectrophotometer with a PDA
detector, attached to a Peltier temperature controller. A stock solution
of catalysts (1.14 mM, 2.00 mL) and sodium formate (0.350 M) was
made for kinetic experiments in an argon-saturated phosphate buffer
(pH 7.2). A solution of NAD* (1.05 X 10™* M) in a sodium formate
stock solution was made in a volumetric flask. A 2.42 mL aliquot of
this solution was transferred to a thermostated airtight quartz UV—vis
cell of 1 cm path length using a micropipette and purged with argon
for 5 min. The sample was then brought to 27 + 0.1 °C in the UV—vis
spectrometer temperature controller before the required volume of a
catalyst stock solution (77.0 uL, 17.5 uM in 2.50 mL) was added via
an argon-purged syringe under argon positive pressure and mixed
quickly. The absorbance increase was monitored until all of the
starting material was converted.

2.5. Catalytic NADH Regeneration. The catalytic conversion of
NAD" to NADH by catalysts 1-5 (3.50 M) was carried out in a
phosphate buffer (5.00 mL) of pH 7.2 containing sodium formate
(HCO,Na; 0.350 M) as a reducing agent and NAD* (3.50 mM) at 60
°C. The conversion was determined by the UV—vis absorption of
generated NADH at 340 nm. Turnover frequencies (TOFs) were
calculated from the conversion observed after 30 min of catalytic
reaction,'”'*°

3. RESULTS AND DISCUSSION

3.1. Preparation and Structural Characterization of
the Complexes. To understand how the positions of the
substituents influence the structure, redox behavior, and
catalytic activity of the complexes for the NAD(P)H cofactor
regeneration, systematic variation of the bpy ligand with the
—CH,OH substitutional group was performed (Chart 1). To

Chart 1. Structure of [Cp*Rh™(NAN)CI]CI Complexes

3 1:R,R'=H
N le(\ { : 2:R,R' = 3,3-CH,0H
R 2], 3:R,R'=4,4-CH,0H
o’ Ny 4:R,R'=5,5"-CH,0H
¢ 5:R,R'=6,6'-CH,0H
5 R

synthesize complexes 2—5, the dihydroxymethyl-substituted
2,2"-bpy ligands were synthesized according to a literature
procedure.” This was followed by reaction with [Cp*Rh(u-
CI)Cl], to yield the corresponding water-soluble yellowish-
orange cationic complexes in excellent yield (detailed synthetic
procedures are shown in the Supporting Information). Air-
stable reddish-orange crystals of complexes 2 and § that were
suitable for X-ray diffraction were obtained in a methanol/
diethyl ether system by the vapor diffusion method. The crystal
structures of complexes 2 and § are shown in Figure 1, and the
selected bond distances and bond angles are given in Table S1.
The crystallographic data of complexes 1 ([Cp*Rh(bpy)Cl]Cl)
and 3 ([Cp*Rh(4,4'-CH,OH-bpy)Cl|Cl) were previously
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Figure 1. ORTEP diagrams of complexes (a) 1,** (b) 2, (c) 3, and (d) 5 showing 50% probability of the thermal ellipsoids. (e—h) Side views of
the catalysts in the same order. Hydrogen atoms and counteranions are omitted for clarity.

reported,34’35’20 and the crystallization of complex 4 was not
successful despite repeated attempts.

The structures of complexes 2 and 5 contain a rhodium(III)
center with piano-stool-like half-sandwich geometry that is
surrounded by a Cp* ring, a substituted bpy, and one anionic
chloride ligand. Rhodium(III), being bound to the Cp* anion
in an 77 fashion, two nitrogen atoms of the substituted bpy, and
one chloride anion, generates a monocationic [(17>-Cp*)-
Rh™(CH,OH-bpy)(CI)]* species. One chloride counteranion
is located in the crystal lattice to balance the charge neutrality,
which confirms that the rhodium is in the 3+ formal oxidation
state. It is worth noting that the two pyridine rings in
complexes 2 and $ are not in one plane, which is different from
the configuration of the rings in complexes 1 and 3 (which are
in one plane). This may originate from the steric hindrance
posed by two adjacent bulk substituent groups (—CH,OH).

In complex 2, the bond distances between Rhl and the
coordinated N1 and N2 of the substituted bpy are 2.114(5) and
2.103(S) A, respectively. The Rh1—N1 bond is longer than the
reported value of 2.100(5) A for complex 1.*** Similarly, in
complex 5, the Rh1—N1 and Rh1—N2 bonds have a distance of
2.126(5) A, which is longer than the reported values for
complexes 1 and 3.°%***° The observed elongation of the
Rh1-N bond may originate from the twisted bpy ring
configurations by substitution at the 3,3’ or 6,6' positions,
resulting in a different electronic effect in the formation of
coordination bonds between rhodium and the chelating bpy
ligand.

The biting angles within N1—Rh1—N2 for complexes 2 and
S are 77.1° and 76.7°, respectively, which are higher than the
reported value of 75.3° for complex 1.°*** The bond distances
between the rhodium cation and anionic chloride ligand are
2.397(2) and 2.387(2) A for complexes 2 and 5, respectively.
This is relatively long compared with the reported Rh—Cl bond
length of 2.363(3) A for complex 3, indicating their ease of

ionization in an aqueous medium to readily form the dicationic
rhodium aqua complex.

3.2. Catalysts in Solution. The patterns of the electronic
spectra of complexes 2—S5, depicted in Figure S1 (selected
information in Table S3), are similar to that of 1, indicating that
the rhodium(II) metal center in complexes 2—35 has distorted
octahedral geometry similar to that of 1. The electronic spectra
of 2—5 show strong UV—vis absorption bands at 230—236 nm
for ligand-centered transitions. The absorption maxima
observed in the range 309—327 nm can be assigned to metal-
to-bpy ligand charge-transfer (MLCT) transitions, and the
broad shoulder bands observed around 350—400 nm may be
attributed to ligand-to-metal charge-transfer (LMCT) [#-
(Cp*)-to-d(Rh™)] bands.**~*

To understand the configuration of complexes 2 and $ in
solution, which may differ from that in the solid state, "H NMR
spectra were measured for the complexes. The 'H NMR
spectra of the complexes are shown in Figures S2—S5 and
Table S4. The downfield shift of ligand protons upon
coordination indicates the shift of the electron density toward
the cationic rhodium(III) metal center after coordination. The
Cp* protons of complex S resonate upfield at 1.48 ppm; this
can be compared with complex 2, which resonates at 1.6 ppm,
and complexes 3 and 4, which both have the Cp* peak at ~1.7
ppm. The upfield shift of the Cp* peaks on complexes 2 and §
indicates that more electron density is localized on the anionic
Cp* ring of these complexes compared with complexes 3 and
4. This confirms that the long bond distance between the Cp*
ring and rhodium metal center found in the crystal structure of
complexes 2 and S. It may originate from the steric effect of the
substituents in the bpy ligand.

3.3. Electrochemical Properties of Catalysts. To
evaluate the electronic effect of the substituent’s position on
the metal center, the redox behavior of complexes 2—5 was
studied by cyclic voltammetry in aqueous solutions containing
Tris/HCl as a supporting electrolyte (0.100 M Tris/HCl of pH
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7.5). The redox potentials of the complexes are listed in Table
1, and the cyclic voltammograms are shown in Figures S6 and

Table 1. Summary of the Redox Potential and NADH
Regeneration Activity of Catalysts 1—-5

redox potential of

complex vs Ag/AgCl hydride generation rate activity”
catalyst (mV) constant” k; (107 s7')  (TOF h™")
1 —760 6.41 875°
2 —960 3.29 120 + 2
3 =770 6.76 7107
4 =730 7.04 1100 + 20
S —900 3.35 100 + 2

“Reaction conditions: 35.0 uM catalyst, 0.35 M HCO,Na in a
degassed phosphate buffer of pH 7.2. bRegeneration of NADH
(chemical method): NAD*-to-catalyst ratio = 1000 using 0.350 M
HCOONa in a phosphate buffer (pH 7.2) at 60 °C. TOF was
calculated based on the UV—vis absorbance of NADH at 340 nm.
“Reference 19. “Reference 20.

S7. Because these redox mediator complexes readily form
water-ligated complexes in aqueous solutions, the redox-active
form may be the [#°-Cp*)Rh(CH,OH-bpy)(H,0)]*" species.
All of the complexes showed irreversible double-reduction
peaks (Rh™ to Rh') in the range of —0.730 to —0.960 mV
versus Ag/AgCl at a scan rate of 100 mV s~'. Complexes 2 and
5 had the highest reduction potentials (—0.960 and —0.900 mV,
respectively) among all of the complexes as a result of the
electron-donating substituents at the 3,3’ and 6,6’ positions,
respectively. The 4,4'-substituted complex 3 had a reduction
potential of —0.770 mV, as reported.”” Complex 4 had a
reduction potential of —0.730 mV, as the 5,5 substitution could
only increase the bpy basicity, rather than the electron density
on the metal center.'” The reduction process and irreversible
character of the reduction peak are explained by the following
mechanism (Scheme 2). As reported previously, the short-lived

Scheme 2. Electrochemical Reduction of the Metal
Complexes in a Tris/HCI Buffer of pH 7.5 (Cp* =
Pentamethylcyclopentadiene and NAN = substituted 2,2’-
bpy; L = H,0)

[Cp*RhM(NAN)LJ?* [Cp*Rh(NAN)L]*
+L L -L
[Cp*RhMH(NAN)]Z* [Cp*Rh(NAN)T

reduced form of the complex [;°-Cp*)Rh!(CH,OH-bpy)-
(H,O)] takes up a proton in its ligand sphere, forming the
corresponding hydride complex [7°-Cp*)Rh(CH,OH-bpy)-
(H)]* of the rhodium(IIl) cation.'” Therefore, the reduced
rthodium(I) complex is no longer available for a reverse
potential sweep to become oxidized. As revealed by the redox
potential, the electron-donating CH,OH substituent present at
the 3,3’ and 6,6’ positions strongly increases the electron
density at the metal center for complexes 2 and S, and it has
less effect if the substitution is at the 4,4 position in complex 3.
Conversely, in comparison to complex 1, the redox potential
was positively shifted in the 5,5'-substituted complex 4.

3.4. Rates of Intermediate (Metal Hydride) Gener-
ation. Because regeneration of the cofactor [NAD(P)H] is
dependent on the rate of metal hydride generation, the kinetics
of metal hydride generation using catalysts 2—5 were studied in

detail using HCO,Na as a hydride source,””*" in the aqueous

phosphate buffer solution at pH 7.2. (see the Supporting
Information, p S17, for the detailed procedure). Interestingly,
the reaction progress was clearly seen with an absorbance
increment in the UV region, and discernible, but rather broad,
absorption bands were observed in the visible regions. A set of
three isosbestic points observed in the series of kinetic UV—vis
spectra indicates the quantitative conversion of [17°-Cp*Rh-
(CH,OH-bpy)(H,0)]* to a single species. The reaction was
studied with the absorbance versus time plot at a wavelength of
287 nm for complexes 2 and §, 286 nm for complex 4, and 281
nm for complex 3, which was attributed to the intermediate
species of the corresponding parent complexes,®®*%*0~*
Figure 2 shows the UV—vis spectral changes during the
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Figure 2. UV—vis kinetic traces of catalyst 3 in a reaction with
HCO,Na. Inset: Exponential curve fitting of the absorbance (at 281
nm) versus time plot.

reaction of complex 3 with HCO,Na (see Figures S8—S11 for
complexes 1, 2, 4, and 5, respectively). The absorption growth
curve was fitted with a pseudo-first-order kinetic equation
versus the concentration of the catalysts, and the rate constants
(k) were determined. The observed rate constants are shown
in Table 1 and follow the order 4 > 3 > 5§ & 2. It is worth
noting that catalysts with lower redox potential generate the
intermediate faster than catalysts with higher redox potential
(inverse trend). However, the hydride generation activity trend
is contrary to the previously observed trend, where the
increased electron density on the rhodium center led to
increased activity.'”'* %!

3.5. Electrochemical Regeneration of NADH. The
conversion of NAD* to NADH by direct and indirect
electrochemical methods has been studied; the direct electro-
chemical reduction of NAD" requires high overpotential;
meanwhile, the indirect one requires an elaborated redox
mediator, such as ferrodoxin-NAD" reductase® or the cationic
(bipyridine)rhodium complex.'” To test that the complexes 3—
5 could indirectly mediate electrochemical NADH regener-
ation, electrochemical studies of the equimolar concentrations
of NAD" and the corresponding compounds were performed,
resulting in reduction peaks at —814, —985, and —915 mV,
respectively [Figure 3 (dotted lines)]; because deleterious
dimeric NADH inactivation by direct electron transfer occurs at
—942 mV versus Ag/AgCl through the first reduction of
NAD*,** indirect electrochemical generation of NADH was not
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Figure 3. Cyclic voltammograms of complexes 3 (a), 4 (b), and § (c) (solid lines) with NAD"* (dotted lines).

performed with complex 2, which has a redox potential at —960
mV. The reduction current that was produced from these
systems was much higher than that from the corresponding
complex alone. It indicated the combined reduction of
rhodium(I11) /rhodium(I) and the fast reduction of NAD* to
NADH by rhodium(I) species regenerating rhodium(III)
species, which demonstrates the successful mediation of
indirect electrochemical regeneration of NADH by compounds
3—S. It is worth noting that these compounds with hydroxyl
end groups (potential anchoring groups) can be attached to the
electrode to ensure the long-term stability of the system.

3.6. Chemical Regeneration of NADH. Many synthetic
applications of enzymatic reactions are restricted by their
dependence on NADH or its NAD(P)H as cofactors. Steckhan
and Fish et al. introduced [1°-Cp*)Rh(bpy)(H,0)]*" as a
catalyst for NAD(P)H regeneration and studied it exten-
sively.'”'#3%%54¢ To determine the influence of a substituent’s
position on the catalytic activity for the regioselective reduction
of NAD" with formate anions as a sacrificial hydride source in a
phosphate bufter solution, the catalytic activity of complexes 2—
S was studied under the same conditions as those of catalyst 1.
The regeneration of NADH was monitored and quantified by
the increase in the absorbance peak at 340 nm using UV—vis
spectrometry. Catalysts 2—S were effective at promoting the
regeneration of NADH in a phosphate buffer solution of pH
7.2. To check the maximum TOF, the substrate-to-catalyst ratio
was maintained at 1000 and the temperature was maintained at
60 °C. The results obtained are shown in Table 1. The best
catalytic activity was obtained with complexes 3 and 4, with
TOFs of 710 and 1100 h™’, respectively. In comparison with
catalyst 1 (875 h™'; the commonly used catalyst for cofactor
regeneration), catalyst 4 showed the best TOF value, and the
catalyst 3 TOF value was close to that of complex 1."”
However, complexes 2 and § have very low TOFs of 120 and
100 h™!, respectively. As reported, this NADH regeneration
activity trend is proportional to the rhodium hydride species
generation trend, as shown in Table 1.

3.7. Effect of the Catalyst Structure on the NADH
Regeneration Activity. The coordination geometry of
complexes 2 and § is different from that of unsubstituted bpy
complex 1 and 4,4'-substituted bpy complex 3. Interestingly, as
shown in Figure 1, the Rh1, N1, C1, C6, and N2 atoms of the
five-membered rhodacycle of complexes 2 and § do not lie in
one plane and give the rhodacycle a puckered shape, although
the same atoms of complexes 1 and 3 lie in almost the same
plane.””**** The shape of the rhodacycle is like an open mail
envelope for complex S, whereas it is a twisted paddle shape for
complex 2. This unusual coordination mode of complexes 2
and $ is caused by the sterical congestion of the ligand, as
depicted by the space-filling model of the crystal structure
(Figure S13). In complex 2, the intrinsic sterical repulsion

between two adjacent hydroxymethyl groups (gauche-type
effect) twists the pyridine rings of the bpy ligand into a twisted
paddle shape. Conversely, the steric repulsion between the Cp*
ring and hydroxymethyl groups puckers the rhodacycle of
complex . In complex §, the elongated bond distance (from
2.100 to 2.126 A) between the rhodium metal and nitrogen
atoms of the bpy ring is the evidence of the consequence of this
steric effect. A similar unusual coordination mode (as a
consequence of the sterical behavior of 6,6'-substituted bpy
complexes) was also observed by Fukuzumi et al.**° As a
result of this unusual metallacycle shape, the bond distances
between the rhodium center and carbon atoms of the Cp* ring
are elongated for complexes 2 and § (in comparison with
complexes 1 and 3; Table S1). The dihedral angle between the
planes of two pyridine rings of complex 2 is 31.6°, whereas in
complex §, the dihedral angle formed between the planes of
N1-C5—C6-N2 and Rh1-NI1-N2 is 154.5°. The same
dihedral angle for the already reported complexes 1 and 2,
and for complex 3, is close to 172—177° (~180°, almost in a
plane). This unusual coordination mode, and the dihedral angle
change induced by the sterical effects of the ligands, plays a role
in the low catalytic activity of complexes 2 and 5. Previous
studies'” also explain the low catalytic activity of [Cp*Rh(6,6'-
CH,;-bpy)(Cl)]* due to its sterical interference of methyl
groups with formate ions to slow down rhodium hydride
formation. The higher dihedral angle change caused by the
weird metallacycle also has an important role that cannot be
ignored. Hence, complex 2 does not have any sterical influence
around the metal center; rather, it has only a puckered
metallacycle with low catalytic efficiency similar to that of
complex S.

3.8. Regeneration Mechanism. To unravel how a
substituent’s position affects the rate-determining step of the
regeneration mechanism, it is important to understand the
reaction pathways and regeneration mechanism in detail. In the
past, all cofactor regeneration methods that involved an
organometallic mediator strongly indicated that the regener-
ation proceeds through the metal hydride intermediate
([Cp*Rh(NAN)(H)]*), which was reported as the rate-
determinin§ step of the overall reaction (Scheme 3, Route-
A)."771*%% However, recently there were two reports that
stated that the intermediate obtained for catalyst 1, [Cp*Rh-
(bpy)Cl]*, is not a Rh—H species but rather formed from
reductive elimination of the proposed rhodium hydride and
bears [17*-Cp*-H] as the active hydride-transfer species ([(n*
Cp*-H)Rh(NAN)]*; Scheme 3, Route-B).""** As evidenced
from the rate constant (k;) values of hydride intermediate
generation and the TOF values in Table 1, the catalytic order is
4 >3 > 5~ 2 and it is clear that the activity is in direct
relation with intermediate generation and is greatly affected by
the substituent’s position. Among catalysts 2—S$, catalysts 2 and
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Scheme 3. Proposed Kinetic Routes for NADH
Regeneration by [Cp*Rh™(NAN)L]* Catalyst Involving
Both Rhodium Hydride (Route-A) and a Cp*-H
Intermediate (Route-B)“

Route-A

[CP*RA(NAN)(L)]Z* + HCOO" +> [Co*Rh(NAN)(H)I* + CO,

[CP*Rh(NAN)(H)]* + NAD* f—i» [(Cp*)Rh(N"N)(L)]Z*+ NADH

Route-B

[CP*RA(NAN)(L)2* + HCOO" L—Z’Oz> [CoRANANHIT* — 3 [(Cp*H)RANAN)T
[(Cp*H)Rh(NAN)]* } + NAD* —fi» [(Cp*)Rh(NAN)(L)?* + NADH

“Cp* = pentamethylcyclopentadiene, NAN = (2,2"-bpy); L = H,O.

S have shown much less activity; this is due to their slower
intermediate generation step, as shown by their k; values. The
UV—vis kinetic traces of catalysts 1—4 are similar in the visible
region (Figures S8—S11), however, the UV—vis kinetic traces
of catalyst § (which are dissimilar to catalysts 2—4 in the visible
region; Figures S8—S12) suggest that S can have a different
intermediate species in comparison with catalysts 2—4. To gain
some insight about the formed intermediate species, complexes
2—S§ were treated with HCO,Na in D,O at room temperature
(Figure 4). 'H NMR spectra of the resultant intermediate
species from complexes 2—4 did not show any peaks in the
negative region; however, the Cp* peak was partially split into
four peaks with a ratio of 6:6:3:1, which suggests that catalysts
2—4 could have [(7*-Cp*-H)Rh(NAN)]* as an intermediate
species similar to that of catalyst 1 (indicated as asterisks in
Figure 4a—c). Conversely, observation of the typical Rh—H

peak at —7.21 ppm in the "H NMR spectra of complex 5 with a
formate salt confirms that it does not undergo a reductive
elimination reaction (k’;) to generate the [(7*-Cp*-H)Rh-
(NAN)]*) species. The elongated bond distance between the
rhodium metal and Cp* carbon atoms of 5, caused by the
sterical effect of the substituent, could be the reason for the
absence of the k'; step in the catalytic process. Therefore,
catalyst 5 could be seen to reduce NAD' through the
[Cp*Rh(NAN)(H)]* intermediate.

On the basis of our observed experimental results and earlier
reports,’’ 7% 7% we postulate a plausible mechanism
(Scheme 4) for the regeneration of NAD(P)H in aqueous
solution using catalysts 2—S. In an aqueous medium, the
cationic rhodium complex readily formed the water-coordi-
nated aqua complex [7°-Cp*Rh(NAN)(H,0)]*", which reacts
with the formate anion (HCOO™) via f-hydride elimination to
produce CO, and the intermediate rhodium hydride complex
[7°-Cp*Rh(NAN)(H)]*. Then, catalysts 2—4 follow Route-B,
where the subsequent reductive elimination produces the [(*-
Cp*-H)Rh(N~N)]* intermediate complex. NAD" is coordi-
nated through amide functionality, and the endo orientation of
the C—H bond ideally transfers the hydride while maintaining
1,4 regioselectivity.41 In Route-A, which involves only catalyst
5, NAD" is coordinated to the [7>-Cp*Rh(NAN)(H)]*
complex through amide functionality, and the hydride is
concertedly transferred via a kinetically favored six-membered
transition state to give the 1,4-regioselective product. Finally, in
both pathways, the water molecule displaces the 1,4-dihydro
product to complete the catalytic cycle.

All of the studies previously reported using (substituted
bpy)Cp*-Rh complexes showed a direct relationship between
the redox potential and rhodium hydride generation, the
NAD(P)H regeneration activity. However, our detailed study

)4* I .. (b)

1l @

N Y L

8.5 7.5 6.5 5.5 4.5 3.5
f1 (ppm)

1.5 0.5 -6.5 -8.0

Figure 4. "H NMR spectra of generated intermediates upon the treatment of complexes 2 (a), 3 (b), 4 (c), and 5 (d) with HCO,Na, respectively.

(Full spectra of complexes 2—S5 are given in Figures S14—S17.)
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Scheme 4. Plausible Mechanism for the Regeneration of NADH Using Catalysts 2—5

H H

NH,
[NADH] ||

N
|
R4
H,0 NADH]

-

[(n*-Cp*~H)Rh(N"N)[*

(Catalysts 2-4)

Route-B

[Cp*Rh(N*N)(H)[*

on the positional effect of the substituents in the bpy ring
shows an inverse relationship between the redox potential and
intermediate generation. Sterical implications of the substitu-
ent’s position restrict the rate of intermediate generation even
though the metal center has a higher redox potential. Moreover,
our studies show that the position of the substituent is very
important in deciding the catalyst structure, redox potential,
and activity for the regeneration of NADH.

4. CONCLUSION

In conclusion, we have synthesized hydroxymethyl-substituted
half-sandwich rhodium(III) complexes for NADH regener-
ation. Spectroscopic, crystallographic, electrochemical, and
kinetic studies showed how the positional changes of the
substituents influence the structure, redox behavior, and
catalytic activity for NADH regeneration. Substitution at the
3,3 and 6,6’ positions of the bpy ligand renders a greater
electron density at the metal center and also gives the
metallacycle a puckered shape due to the steric effect. An
inverse relationship observed between the catalyst redox
potential and activity was explained by the sterical effect of
the substituents and the kinetic studies of intermediate
generation. The kinetic studies of intermediate generation
provide valuable mechanistic insight into this catalytic cycle and
future design strategy.
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