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Abstract Nicotinamide adenine dinucleotide (NADH)
and nicotinamide adenine dinucleotide phosphate consti-
tute a major cost factor in preparative biotransformations.
The development of efficient methods for their regenera-
tion with cheap reducing equivalents has been an area of
intense research in the last decades. Methods explored
include chemical, electrochemical, and photochemical
approaches. None of the methods to regenerate NADH has
reached an efficiency comparable with enzymatic regen-
eration (e.g. formate dehydrogenase) which remains the
method of choice for most applications. In this review, we
summarize primarily organometallic-based approaches for
NADH regeneration methods which include non-enzymatic
steps, before moving on to the most recent developments in
synthetic NADH related transformations. We highlight the
frequent problem of mutual inactivation between the
organometallic catalyst for NADH regeneration and the
corresponding NADH dependent downstream enzyme.
Potential remedies are discussed, such as the compart-
mentalization of the organometallic complex.
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Abbreviations
NADH Nicotinamide adenine dinucleotide (reduced
form)

NAD* Nicotinamide adenine dinucleotide

NAD(P)H Nicotinamide adenine dinucleotide phosphate
(reduced form)

NAD(P)"  Nicotinamide adenine dinucleotide phosphate

TEA Triethylamine

TEOA Triethanolamine

TON Turn over number (mol of product/mol of
catalyst)

TOF Turn over frequency (mol of product/(mol of
catalyst x time))

Cp* 1,2,3,4,5-Pentamethylcyclopentadienyl
(CsMes)

Bpy 2,2'-Bipyridine

1 Introduction

Ever since the groundbreaking work by Abril and White-
sides [1] and Steckhan and colleagues [2] on metal
mediated nicotinamide adenine dinucleotide (NAD™)
regeneration, the field has blossomed and has been
reviewed extensively [3—12]. While numerous metal-cata-
lysts have been reported for the efficient reduction of the
pyridinium moiety, several studies to date were performed
on NAD™ (or analogs thereof) in the absence of the nico-
tinamide adenine dinucleotide (NADH) dependent enzyme.
Indeed, combining both enzyme and organometallic cata-
lyst often lead to deactivation of one or both catalytic
systems. In this context and following a selection of his-
torically relevant abiotic NADH regeneration systems, we

@ Springer



322

Top Catal (2014) 57:321-331

present the most promising means to overcome the mutual
inhibition challenge.

2 Pioneering Non-enzymatic Approaches
for the Regeneration of Nicotinamide Adenine
Dinucleotide Phosphate [NAD(P)H]

The first electro-enzymatic regeneration of NAD(P)H was
reported by the group of Whitesides. For this purpose, they
relied on a tungsten cathode to reduce either a disulfide to
the corresponding dithiol [13] or methyl viologen [14] to
provide the reducing equivalents for the enzymatic reduc-
tion of NAD" or nicotinamide adenine dinucleotide
phosphate (NADP™) with either lipoamide dehydrogenase
or ferredoxin NADP reductase, respectively. This indirect
approach allowed to overcome problems encountered in
the direct electrochemical reduction, such as insufficient
regioselectivity and radical dimerization [15]. The NADH
produced served for the concurrent reduction of pyruvate
with lactate dehydrogenase. The methyl viologen mediated
NADPH regeneration was coupled to the glutamic dehy-
drogenase catalysed formation of glutamate from o-
ketoglutarate.

The first example of indirect chemical regeneration of
NADH, was also reported by Whitesides’ group in 1981.
They employed a water soluble organometallic diphos-
phine rhodium(I) catalyst, to convert pyruvate to lactic acid
using H, (2.72 atm) as reducing agent. In the presence of
lactate dehydrogenase, NAD™ was reduced to NADH, thus
enabling the stereoselective reduction of (1R,4S)-Norcam-
phor with horse liver alcohol dehydrogenase (Fig. 1) [1].
They note that the efficiency of the system is limited by the
modest activity [turn over frequency (TOF)] of the rho-
dium complex in the pyruvate reduction [TOF ~10 h™',
turn over number (TON) = 1,500], which nevertheless
enables high productivity (TON). The deactivation of the
rhodium complex by free thiol groups present on the
enzymes was hypothesized. The addition of a fresh batch of
the complex was required to complete the reaction.

One of the first attempts to regenerate NADH by a
photochemical reduction was reported by Kiwi in 1981.
Here, [Ru(bpy);]*" was activated by irradiation with visi-
ble light, in the presence of triethylamine which served as
the electron donor (Fig. 2) [16]. In contrast to their pro-
posed final disproportionation step of the NAD radicals to
NAD™ and NADH [17], Steckhan subsequently showed
that the radical dimerises practically exclusively to yield
the non-active (NAD), [18].

Steckhan was the first to report an indirect electro-
chemical NADH regeneration method. In this system, a
[Rh(bpy);]*" catalyst is reduced electrochemically to
[Rh(bpy),]" which subsequently reduces NAD™" in buffered
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aqueous medium which serves as a proton source (Fig. 3).
The system was coupled to horse liver alcohol dehydroge-
nase (HLAD) catalyzed ketone reduction [19]. The use of a
[Rh(bpy)s;]>" mediator prevents the formation of NAD
radicals. Indeed, the direct electrochemical reduction of
NAD™, requires a potential of >—1.1 V versus the Ag/AgCl
electrode, potentially leading to side-products, including the
NAD dimer. In the presence of the redox-mediator, the
potential can be reduced to —850 mV versus Ag/AgCl
electrode. The authors identified a passivation of the cath-
ode due to the deposition of [Rh(bpy),(H,0),]CIl or
[Rh(bpy),(OH),]Cl leading to low TONs with respect to Rh
(TON = 2.2). Lacking enzyme activity as a possible cause
for the low productivity was excluded.

Subsequently, Steckhan reported a photochemical sys-
tem similar to Kiwi’s whereby [Ru(bpy);]*" (used as
sensitizer) is activated by visible light [18]. In the presence
of triethanolamine (TEOA), [Rh(bpy);]°" is converted to
[Rh(bpy),]" and reduces NAD™. In subsequent work, they
reported an improved version of the electrochemical
regeneration. The improvement was mainly achieved by
tuning the ligand: substituting the bipyridine by bipyridyl-
5-sulfonic acid, allowed to reduce the reduction potential to
—730 mV versus Ag/AgCl thereby overcoming the for-
mation of NAD radicals. A TOF of 0.5 h~' and a TON of
19 with respect to Rh were achieved in the coupled
reduction of cyclohexanone to cyclohexanol by HLADH
[20].

Importantly, Steckhan introduced [Cp*Rh(bpy)CI]* to
the arena of NADH regeneration. Compared to previous
systems, the coupling of this catalyst with LDH shows 20
times higher reduction rates (TOF = 5 h™!, TON = 14 in
respect to Rh) in the conversion of pyruvate [2].

In the latter system, the hydride [Cp*Rh(bpy)H]" is the
species responsible for NAD" and NAD(P)* reduction.
Instead of using electrochemical means of production from
[Cp*Rh(bpy)CI]™, it can be generated by ligand substitu-
tion using sodium formate as hydride source in a purely
chemical regeneration system (Fig. 4) [21]. For NADH and
NADPH regeneration at 38 °C the reported TOF is 82. It
should be noted that sodium formate had been introduced
previously by Shaked and Whitesides [22] as a preparative
stoichiometric reagent for the enzymatic regeneration of
NAD™ with formate dehydrogenase.

3 Recent Developments for NAD(P)H and NAD(P)™*
Regeneration

The initial examples of NAD(P)H regeneration involving
non-enzymatic steps, rely largely on rhodium—and ruthe-
nium-based catalysts. Numerous other studies have been
published in the past 20 years. Metals investigated for the
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Fig. 1 The first example of
NADH regeneration involving a
metal-catalysed step [1]
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ation using an organometallic mediator [19]
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Fig. 4 Regeneration of NAD(P)H with [Cp"‘Rh(bpy)]2+ using formate as chemical hydride source [21]

reduction and oxidation of NAD"/NADH or analogues (in
solution or as electrode materials) include Co [23-25], Mn
[26], Fe [27], Pd—Au [28], Pt—C [29], Ni—C [29], Cu, Au,
Pt—Au [30] Re [31, 32], Cu—Hg [33].

Recent reports feature increasingly iridium as the active
metal center and address additionally the reverse reac-
tion—the catalytic non-enzymatic oxidation of NAD(P)H
under the simultaneous formation of metal hydrides.

Fukuzumi and co-workers [34] reported an efficient
system where a [C-N] cyclometalated complex [Cp*Ir(4-
(1H-pyrazol-1-yl)benzoic acid)H,O]SO, can regenerate
NADH under mild conditions (pH 6-8) utilizing H, as the
hydride source at room temperature and ambient pressure
(Fig. 5). A TON of 9.3 at pD 8.0 was reported for an NMR
experiment at high conversion after 90 min. Under mod-
erately acidic conditions, the same complex catalyzes the
oxidation of NADH (i.e. the microscopic reverse reaction).

Neutral Conditions
Hy, + NAD* /“’\HZO
/N\ O
Cn
=
O(H)

Acidic Conditions

NADH + H*

Fig. 5 NAD" reduction (neutral conditions) and NADH oxidation
(acidic conditions) with a cyclometallated pianostool complex [34]

0
NADH \H)kOH
o)

aorb
\\ o
NAD* %OH
OH

The TON was determined with 6.3 after 20 min at a pD of
4.6 and at high conversion. This offers interesting oppor-
tunities for catalysis in a biological environment since the
hydride is transferred to the metal complex, before com-
bining with a proton from the solvent to release H,. It is
believed that the change in pH leads to protonation of the
carboxylate group on the ligand, which modifies the elec-
tronic properties of the ligand and alters the total charge of
the complex. Regeneration of NADH with this complex can
also be accomplished with alcohols as reductants under
basic aqueous conditions (pH 8.5-10) yielding the corre-
sponding carbonyl compounds as ‘byproducts’ [35].
Shortly thereafter, Sadler showed that an organometallic
ruthenium- or iridium catalyst can be employed for the
reduction of pyruvate with NADH as the hydride source, thus
mimicking the activity of lactate dehydrogenase [36]. In par-
ticular, the organometallic complexes [(#°-hmb)Ru(bmp)
CI]PFs (hmb = hexamethylbenzene, bpm = 2,2'-bipyrimi-
dine) and [Cp™Ir(phen)CI|PFs (xph = 1°-CsMesCeHs,
phen = 1,10-phenanthroline) are two functional mimics of
lactate dehydrogenase (for the iridium complex, a TON of 75
was reached) (Fig. 6). The complex [Cp*Ir(phen)CI]PFs was
employed to catalyze the reduction of quinones in a biomi-
metic reaction of ubiquinone oxidoreductase [37]. Sadler
analyzed the influence of the nature of the arene cap and the
N,N-bidentate ligand for Noyori type ruthenium complexes.
The activity of the complex for NADH oxidation was partic-
ularly high when benzene was used as an arene cap and
the chelating aminosulfonamide ligand carried electron poor
sulfonamides [38]. The oxidation of NADH to NAD"' was

Fig. 6 NADH oxidation coupled with pyruvate reduction. The resulting systems present lactate dehydrogenase activity [36]
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Fig. 7 a NAD(P)H oxidation by a biomimetic organometallic complex; b water soluble iron(IIl) porphyrin for NAD(P)H oxidation [41]
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Fig. 8 Chemical NADH regeneration using phosphite as hydride
source, coupled with enzymatic alcohol dehydrogenase [42]

further performed in aqueous solution with the osmium con-
taining pianostool complex [(1°-p-cym)Os(Impy-NMe,)CI]PFj
(p-cym = para-cymene, Impy = iminopyridine) [39]. In
preceding work, Sadler and co-workers [40] reported the
application of different ruthenium complexes for the generation
of NADH under physiological conditions using formate as
reducing agent.

An iron(IIl) porphyrin complex was introduced by
Groger for the oxidation of NAD(P)H [41]. This water
soluble organometallic catalyst is able to oxidize both
NADH and NAD(P)H with molecular O, from air as the
electron acceptor reaching a TON of 48-50 (Fig. 7). Effi-
cient alcohol oxidation was achieved in conjunction with
an alcohol dehydrogenase. Tests for H;O, were negative,
which accordingly did not need to be decomposed by the
addition of a catalase. No mutual deactivation of metallo-
porphyrin and enzyme was reported.

Hollmann has been very active in the field of cofactor
regeneration. He recently reported on coupling the well-
established [Cp*Rh(Bpy)(H,0)]*" catalyst for NADH
regeneration with cyclohexanone reduction catalysed by
alcohol dehydrogenase from thermophile Thermus sp.
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ATNI1 (TADH) (Fig. 8). Instead of formate, he relied on
phosphite as the stoichiometric reducing agent reaching a
TOF of 21 h™' [42]. Phosphite had previously been
reported for enzymatic NADH regeneration with phosphite
dehydrogenase [43]. While the authors observe product
inhibition for the enzyme, no inactivation of the rhodium
complex or of the enzyme was mentioned.

Hollmann and co-workers [44] also reported the use of a
Noyori-type rhodium catalyst [Cp*Rh(TsDPEN)CI], immo-
bilized on polyethylene solid support, for the regeneration of
NADH with a TOF of 2.5 h™".

A photochemical approach employing flavin as photosen-
sitizer for the regeneration of NADH was reported by Park.
Electrons are provided by TEOA and [Cp*Rh(bpy)(H,0)]*"
serves once again as organometallic mediator. The NADH
regeneration system was coupled to an enzymatic reaction for
the formation of L-glutamate from o-ketoglutarate with GDH
(L-glutamate dehydrogenase) (Fig. 9) [45]. No inactivation of
enzyme or mediator was reported.

hv (visible light)

[Cp*Rh(bpy)(H20)I*

[Cp*Rh(bpy)H]*
TEOA TEOA.,
[Cp*Rh(bpy)(H,0)]** =

In a successive investigations, they used different photo-
sensitizers such as Eosin-Y or dot-coated silica beads, the
former also in conjunction with NAD " analogues [46, 47]. A
related photochemical regeneration of NADPH was recently
coupled with cytochrome P450 catalyzed the O-dealkyla-
tion. In this case, the author mention the inactivation of the
cytochrome P-450 by [Cp*Rh(bpy)(H,0)]** [48].

4 Mutual Inactivation of the Organometallic Catalyst
and the Enzyme

A challenge, often encountered in combining transition
metal-based NAD(P)H regeneration with enzymatic
NAD(P)H-dependent processes is the mutual deactivation
of the organometallic catalyst and the enzyme.

Some of the publications summarized above, mention
low TONs and suggest that this may be due to the limited
compatibility of organometallic and enzymatic catalysts.

o) o)
HOWJ\OH

NADH
0
H
0 0
HOWOH
NH,

X
Proflavine = _
H,N N NH,

GDH = L-Glutamate deydrogenase

Fig. 9 NADH regeneration induced by visible light, mediate from organometallic rhodium catalyst, coupled with an enzymatic L-glutamate

dehydrogenase [45]

@ Springer



Top Catal (2014) 57:321-331

327

We present below a selection of studies aimed at
addressing this problem specifically.

To the best of our knowledge, Schmid and Fish were the
first to highlight the mutual inactivation between
[Cp*Rh(bpy)(HzO)]2+ and an NADH dependent enzyme
[49]. The model system they investigated was the
[Cp*Rh(bpy)(HzO)]2+ mediated regeneration of an NADH
mimic with the enzymatic hydroxylation of 2-hydroxybi-
phenyl to the corresponding catechol catalysed by 2-hydro-
xybiphenyl-3-monooxygenase (HbpA) (Fig. 10).

Upon combining the organometallic cofactor regenera-
tion system with the monooxygenase, no product formation
was detected. The authors suggest that the interaction
between the accessible nucleophilic amino acid residues
(i.e. lysine (-NH;) and cysteine (-SH)) of the enzyme
(HbpA) and the soft metal center of the organometallic
catalyst causes deactivation of the rhodium catalyst.

To overcome the problem, they immobilized the enzyme
on a polymer support flanked with epoxide moieties which
react with exposed nucleophilic amino acid residues. The
resulting coupled system enabled substantial hydroxylation
when natural NAD' was employed.

Liitz and coworkers investigated in detail the problem of
mutual inactivation between the organometallic mediator
[Cp*Rh(bpy)(H,0)]*" and an alcohol dehydrogenase from
Lactobacillus brevis (Lb-ADH) and proposed a compart-
mentalization of the two entities [50].

For this purpose, they scrutinized the interaction of the
piano stool complex with isolated amino acids to evaluate
their influence. Interestingly, he identified tryptophan, in
addition to the traditional suspects histidine and cysteine,

Fig. 10 Organometallic
regeneration of an mimic
NADH coupled with enzymatic

that lead to strong deactivation of the pianostool moiety.
Compartmentalization was achieved by immobilizing the
organometallic mediator used for the electrochemical
regeneration as part of a water-soluble polymer and the
enzyme on Sephabeads®. Additionally, a cellulose mem-
brane, permeable only to NADH and substrate, was intro-
duced to physically separate both catalysts (Fig. 11). Based
on recovered mediator after the reaction they calculated a
feasible turnover number of >200.

Building on previous observations, Hollmann and
coworkers investigated the inactivation of various enzymes
upon addition of [Cp*Rh(bpy)(Hzo)]H. In addition to the
spatial separation described above, they scrutinized the use
of coordinating buffers as a potential remedy to mutual
inactivation. They found that addition of (NH4),SO, leads
to an increased compatibility between the enzyme and the
pianostool catalyst [Cp*Rh(bpy)(HQO)]Z“L. Unfortunately,
the catalytic NADH regeneration using formate was ero-
ded. In stark contrast, the electrochemical regeneration in
the presence of (NH4),SO, remained satisfying [51].

More recently, Bergman, Raymond and Toste presented
an original supramolecular compartmentalization strategy to
prevent mutual inactivation. For this purpose, they encap-
sulated the pianostool moiety [CpRu(NCMe),PMes]™
(Cp = cyclopentadiene) within a supramolecular tetrahe-
dral host cage. As a proof of principle, they developed a
tandem catalytic process where the organometallic guest
[CpPRu(NCMe),PMe;]t catalyses the isomerization of
allylic alcohol to the corresponding aldehyde which is sub-
sequently reduced by an alcohol dehydrogenase to the sat-
urated alcohol. A formate dehydrogenase provides the

%%)OL 0, OH
M ‘;.
~ TN

monooxygenase [49] CO,
[Cp*Rh(bpy)(H,0)** Hbpa
/\ o OH
A NH, OH
HCO, | o
N
L H,0 O
Ph
[Cp*Rh(bpy)(H,0)]*"=
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Fig. 11 Electroenzymatic
reactor with separation of
electrochemical NADH-
regeneration and enzymatic
reaction for the production of p-
chloro-(R)-phenylethanol with
Lb-ADH [50]

@ Springer

Cellulose Membrane

Electrochemical cell

Pump

Immobilized enzyme on polymer

Ccr

[Cp*Rh(bpy)H]* NAD(P)* Y cl

2e”
[Cp*Rh(bpy)CIl* NADPH - /(j)k
Cl

H*

cathode
~
4
>
o
I
(e}

[Cp*Rh(bpy)CI]*=

Lb-ADH = Lactobacillus brevis alcohol dehydrogenase



Top Catal (2014) 57:321-331

329

Fig. 12 Encapsulation of a
ruthenium piano-stool catalyst
in a supramolecular cage allows
to combine a metal-catalyzed
allylic isomerization with an
enzyme cascade consisting of an
NADPH-dependent alcohol
dehydrogenase (ADH) and
formate dehydrogenase (FDH)
[52]

/\/OH

Fig. 13 An artificial
metalloenzyme for the NADH
regeneration fully compatible
with hydroxybiphenyl
monooxygenase (HbpA) [53]
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this system does not constitute an artificial NADH regener-
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[Cp*Ir(biot-p-L)CI] =

o

_J\N
O /\/\[(

// \\

organometallic catalyst with enzymes upon incorporation
into a supramolecular host, to avoid the interaction with free
amino acid residues from enzyme.
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An alternative approach to address the problem of
mutual inactivation was reported by Hollmann, Turner and
Ward. They incorporated an Ir-piano stool complex for
NAD™ regeneration into streptavidin, thereby creating an
artificial metalloenzyme and efficiently compartmentaliz-
ing the NADH dependent downstream enzyme and the
Ir-complex [53]. The incorporation was realized by exploit-
ing the biotin (strept)avidin technology [54].

In the same study it was observed that the catalyst
[Cp*Ir(biot-p-L)CI] is significantly more active in NADH
regeneration than the well-established [Cp*Rh(bpy)(HZO)]2+.
By incorporation of the iridum catalyst into a streptavidin
mutant S112A, the system was coupled to the hydroxybiphe-
nyl monooxygenase (HbpA) catalysed hydroxylation; efficient
hydroxylation was achieved under relevant biological condi-
tions (pH 7.5, 30 °C, open air) (Fig. 13) witha TON of >100 in
respect to[Cp*Ir(biot-p-L)CI].

5 Outlook

Having identified the underlying principles of mutual inhibi-
tion, several complementary compartmentalization strategies
have been developed in recent years: polymer immobilization,
selective membranes, supramolecular encapsulation and
anchoring within a macromolecular scaffold. Thus far how-
ever, the most promising organometallic regeneration systems
rely on precious metals: rhodium and iridium occupying a
place of choice. The next step will be to implement the above
strategies to base-metals.
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