UNIVERSITY OF

EXETER

<

Subscriber access provided by the University of Exeter

Extremely Fast NADH-Regeneration Using Phosphonic Acid as
Hydride Source and Iridium-Pyridin-2-Sulfonamidate Catalysts
Leonardo Tensi, and Alceo Macchioni

ACS Catal., Just Accepted Manuscript « DOI: 10.1021/acscatal.0c02261 « Publication Date (Web): 29 Jun 2020
Downloaded from pubs.acs.org on July 2, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 7 ACS Catalysis

oNOYTULT D WN =

Extremely Fast NADH-Regeneration Using Phosphonic Acid as
Hydride Source and Iridium-Pyridin-2-Sulfonamidate Catalysts

Leonardo Tensi? and Alceo Macchioni*:2

2 Dipartimento di Chimica, Biologia e Biotecnologie and CIRCC, Universita degli Studi di Perugia, Via Elce di Sotto,
8-06123 Perugia, Italy
KEYWORDS NADH regeneration, iridium, homogeneous catalysis, transfer hydrogenation, bioinorganic chemistry.

ABSTRACT: NADH is a very well known, high-energy, electron and proton carrier, successfully employed as cofactor in
many large-scale biotransformation processes catalyzed by oxidoreductase enzymes. Owing to its high cost, NADH has
to be necessarily regenerated from cheap and affordable raw materials. Herein, we show that the combination of the
[CpIr(R-pysa)NOs] (pysa = O2-pyridine-2-sulfonamidate; R = H, 4-CF;, and 6-NH,) complexes and H-P(O)(OH), as
hydride source constitutes a top performing system for the chemical regeneration of NADH. Particularly, the enhanced
metal acidity induced by the electron-withdrawing -S(O),—- bridge, between the -NH amide functionality and the
pyridine-ring, and the presence of the -NH, substituent in proximity to the metal are the key factors for obtaining the
highest activity ever reported for the chemical regeneration of NADH (TOF up to 3731 h'}, T = 313 K, pH = 6.58 by 0.4
M phosphite buffer), approaching that of enzymes.

NADH (Nicotinammide Adenine Dinucleotide in the B-NAD*+ HP(Q)(OH), + 2H20ﬂ>1,4.ﬁ-NADH+p(o)(o|-|)3+ HO*
reduced form) is an essential and ubiquitous coenzyme
that plays a central role in several energy conversion
processes of living organisms and in a large variety of
redox reactions, where it acts as intracellular electron and
hydrogen carrier. It is also used in many biocatalytic =~ Complexes 1-9 were synthesized by the reaction of the
processes for the large-scale production of biofuels,  iridium precursors [Cp*IrCl(u-Cl)l; (1-2*° 4, 5'° 6) or
chemicals and pharmaceuticals.}2 [Cp’Ir(H,0);][NOs]; (3, 7-9) with 1 eq. of the appropriate
ligand per Ir atom, in methanol at room temperature, in
presence of 1 eq. of KOH (details are reported in the
Supporting Information, SI). They were characterized in
solution by multinuclear and multidimensional NMR
techniques and by mass spectrometry (SI). Crystals of
good quality for X-Ray diffractometric studies were
obtained for complex 7 by slow diffusion of pentane into
a saturated solution of 7 in dichloromethane (Scheme 1,
SI).

To the best of our knowledge, this is also the first
example of hydrogenation of NAD* using phosphonic acid
as reducing agent mediated by an organometallic catalyst.

Due to its high cost,? the utilization of NADH for industrial
applications is necessarily related to the possibility of its
catalytic regeneration from the oxidized form, NAD+*4>6
by the reaction with easily affordable reducing agents,
such as formic acid [HC(O)OH]” or phosphonic acid
[HP(O)(OH),].8° Usually, the regeneration of NADH is
mediated by enzymes, which exhibit remarkable efficiency
and selectivity, but suffer from being not very stable and
operating only under limited experimental conditions.
Organometallic complexes, in combination with HC(O)OH,
have been also proposed as robust and versatile catalysts
for NADH regeneration?011121314 hyt, unfortunately, their
performances in term of efficiency and selectivity are
much lower than those of enzymes so far.

Herein we report on a class of half-sandwich iridium(Il)
catalysts (CAT, Scheme 1) able to selectively regenerate
the cofactor NADH with top activity (7-9, Scheme 1),
approaching that of enzymes, when combined as H—
P(O)(OH), as hydride source, according to the following
equation:
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:X=ClLZ=C,n=1,Y¥=0,R=H.
:X=0NO,Z=C,n=1,Y=0, R=H.
:X=0NO,Z=C, n=1,Y=0, R=5-NO,.
:X=Cl,Z=C,n=1,Y=0,R=4NH,
:X=CLZ=C,n=1,Y=NH R=H.
:X=ClLZ=C,n=1,Y=0,R=6NH,
:X=0NO,Z=5n=2Y=NH R=H.
:X=0NO,Z=5,n=2Y=NH,R=4CF,
*X=0NO,Z=5n=2Y=NH, R=6NH,

W 00~ Um B WN =

Scheme 1. List of catalysts used in this work and
ORTEP drawing of complex 7 (ellipsoid are drawn at
50% of probability, hydrogen atoms are omitted for
clarity). Relevant distances (A) and angles (°): Ir-Cp* =
1.776, Ir-O = 2.140 (2), Ir-N1 = 2.124 (2), Ir-N2 =
2.109 (2), N1-Ir-N2 = 81.28 (9), Cp*-Ir-N2 = 130.23
and Cp*-Ir-O = 128.30.

The catalytic activity of 1-9 in the regeneration of NADH
was evaluated at 313 K and pH = 6.58 (by 0.4 M H,PO5
/HPO;2  buffer), following the appearance of the
diagnostic UV-Vis band at 340 nm of NADH (Figure 1, SI).

The activity of carboxylate complexes (Z = C, Scheme 1)
was critically affected by the nature and position of the R-
substituent leading to following order:

3(R=5-N0O;) >6 (R =6-NH;) >2 R =H)>>4(R = 4-
NHy)

It can be explained assuming that: 1) an electron-
withdrawing substituent, as 5-NO,, has a beneficial effect
in the catalytic activity, since it enhances the acidity of the
complexes (the turnover frequency, TOF, evaluated as
indicated in SI, passed from 94 h-1for 2 up to 291 h-lfor 3,
Figure 1), as previously observed by Yoon and co-workers
investigating ~ Cp*Rh  catalysts  bearing = CH,OH-
disubstituted bipyridine;'” 2) the presence of a base in
proximity to iridium, as NH, in 6 (but not in 4), facilitates
the catalytic process; 3) the nature of the X-anion plays a
marginal role, as indicated by the similar catalytic activity
of 1 (TOF = 70 h'}, X = Cl) and 2 (TOF = 94 h%, X = NO3).
Perhaps, point 2) is the least expected and, probably, the
most intriguing because it allows rationalizing the
observation that 4 (TOF = 7 h'l) and 6 (TOF = 102 h1),
reasonably having the same electron density at the metal,
markedly differ in their catalytic activity because the -NH,
functionality is near iridium in 6. A confirmation of the
positive role exerted by a basic functionality close to Ir
comes from a comparison of the catalytic activity of
complex 5 (TOF = 133 h-1), which is significantly higher
than that of the carboxylate analogue 1 (TOF = 70 h-).
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Figure 1. Below: TOF values for the studied catalysts under
the following experimental conditions: [Cat] = 10 pM,
[NAD*] = 0.77 mM, [H,PO;/HPO;%] = 0.4 M, pH = 6.58,
313K. Above: Initial kinetics of the growth of the UV-Vis
band at 340 nm typical of NADH.

Guided by those findings we searched for ligands that
could impart higher acidity at the metal center, possibly
decorated with a base near iridium. Our choice fell on
pyridine-2-sulfonamide ligands.181%20 Particularly, three
half-sandwich iridium(Ill) complexes, bearing R-pyridine-
2-sulfonamidate  ligands  (R-pysa) with different
substituents (7, R = H; 8, R = 4-CF3; 9, R = 6-NH,; Scheme
1), were synthesized and tested as potential catalysts for
NADH regeneration with HP(O)(OH); (SI).

A ca. 4 times enhancement of activity was obtained by the
introduction of the more electron withdrawing bridge
between the pyridine and amide functionalities, i. e.
passing from —C(O)- (5, TOF = 133 h) to -S(0),— (7, TOF
= 542 h1). A further depletion of electron density in the
pyridine ring, due to the presence of a slightly electron
withdrawing substituent, such as CF; in para position, was
also beneficial (8, TOF = 718 hl). Nevertheless, the
cooperative effect of the enhanced acidity at the metal
center, induced by the pysa-ligands, and the presence of a
dandling base functionality close to the metal appears to
be the key for having top performing catalysts. This can be
clearly appreciated by the jump of activity passing from 6
(TOF = 102 h'}) to 9 (TOF = 2321 h1), ca. 22 times, which
is much higher than that observed passing from 1 (TOF =
70 hl) to 6 (TOF = 542 h), which is “only” ca. 8 times
(Figure 1). In addition to this remarkable catalytic activity,
[CpIr(R-pysa)NOs] complexes were also found to be
chemoselective. This was demonstrated by monitoring the
catalytic reaction by *H NMR spectroscopy ([INAD*] = 10.1
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mM, [9] = 100 uM, buffer phosphite 0.4 M, pH = 6.58, T =
313 K). The disappearance of NAD* resonances and the
concomitant and exclusive appearance of the resonances
of 1,4-B-NADH were observed (SI, Figure S21). The
reaction went to completion [yield = 100 %, TON (moles
of NADH/moles of 9) = 101].

For the fastest catalyst 9, a comparative experiment,
aimed at investigating the effect of changing the
hydrogen donor on the activity, was performed.
Particularly, two kinetics of NAD* hydrogenation, using
alternatively H-COOH or H-P(O)(OH), (0.1 M) as source of
hydrogen, under the same experimental conditions ([9] =
5 uM, [NAD*] = 0.77 mM, and pH 7, by 0.2 M phosphate
buffer, T = 40 °C), were carried out. Interestingly, a four
times higher TOF was obtained by using H-P(O)(OH),
(TOF = 1030 h1) instead of H-COOH (TOF = 266 h'Y),
indicating that phosphonic acid is a superior source of
hydrogen, at least for the investigated class of
compounds.

In order to shed some light on the reaction mechanism of
NADH regeneration with 7-9 catalysts, using H-P(O)(OH),
as hydride source, UV-Vis kinetic experiments were
performed at various NAD* concentrations (0.25 mM - 10
mM). It was found that after an initial beneficial effect of
increasing NAD* concentration on the reaction rate
(rnapn), suggesting NAD* hydrogenation as the turnover
limiting step, a further increase of NAD* concentration
caused a decrease of ryapw, likely due to the NAD+*
inhibitory effect related to its interaction with the catalyst
(Figure 2, vide infra for further mechanistic
considerations).’® It is important to notice that the
maximum ryapy occurs at higher NAD* concentration for
9, with respect to 7 and 8. Furthermore, a less accentuated
decrease of ryapn With [NAD*] is observed for 9, after the
maximum (Figure 2).
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Figure 2. Plots ryapn (M s1) vs. [NAD*] of catalysts 7 (up-
left), 8 (up-right), 9 (down-left) and TOF vs. [NAD*] for
catalysts 7-9 (down-right), under the following
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experimental conditions: [CAT] = 5 uM, [H,PO3/HPO3%] =
0.4 M, pH = 6.58, 313K.

From previous studies is known?1222316 that two chemical
steps are the heart of NADH regeneration: 1) the
formation of the metal hydride species (C_H) from the
interaction of the pre-catalysts (C) with the hydride donor,
H—P(O)(OH); (P_H) in our case, and 2) the hydride transfer
to NAD* (Scheme 2). C_H was intercepted for 8 and 9 by
dissolving the catalysts in a H,PO37/HPOs% buffered water
solution in the absence of NAD*, which caused the
instantaneous precipitation of C_H as a orange (8_H) and
pale yellow (9_H) solid. The latter was dissolved in DMSO-
de and completely characterized by NMR (SI). It is also well
known that the interaction between € and NAD* might
lead to a reversible and inhibiting out-of-cycle process,
generating the C_NAD* adduct (Scheme 2).1¢
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Scheme 2. Proposed mechanism of hydrogenation of
NAD* with phosphonic acid with catalysts 7-9.

Under the assumption that the reaction mechanism
illustrated in Scheme 2 is operative, the mathematical
equation relating ryapn (d[NADH]/dt) to [NAD*] was
obtained (Equation 1), imposing the steady state
concentration to C_H and C_NAD* (as detailed in SI).

kji,[P_HIC,, [NAD"]

rooo=
NADH k3[NAD+] + kz[P,H] + K1Mk3[NAD+]2 (1)

Fitting the trends ryapn versus [NAD*] with Eq. 1 (Figure 2),
ky, ks and the binding constant Ky (ki/k.;) were derived
(Table 1). The results are reported in Table 1. They confirm
that at low [NAD*] values the hydrogenation of NAD* is
always the turnover-limiting step since its velocity
(ryocks[NAD*]) is lower than that C_H formation
(rpocky[P_H]), due to fact that [P_H]/[NAD+*] > 100. At
higher [NAD*] values, instead, the formation of C_H
becomes the turnover-limiting step (r; > ry). At the same
time, the coordination of NAD* at the metal center, causes
a decrease of ryapp- As far as a comparative analysis of the
7-9 performances is concerned, the data in Table 1
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suggest that catalyst 9 superiority is mainly due to its
higher ability to form C_H (k; is nine and three times
larger than for 7 and 8, respectively, Table 1) and to the
lower tendency to generate the C_NAD* out-of-cycle
species (Ky is two times smaller than for 7 and 8, Table 1,
and more than one order of magnitude smaller than that
previously determined for 51¢). As for the hydride transfer
to NAD* (k; in Table 1), 9 is still more active than other
catalysts but the difference is less accentuated (ks is 1.4
and two times higher than for 7 and 8, respectively, Table
1).

Table 1. Kinetic constants obtained by the fitting of

the experimental data of catalysts 7-9 with Equation

(1).

7R=H) 8 (R =4-CFy) 9 (R =6-NH,)
k;(M1s?) 687 +68 473 + 23 970 £ 40
k>(M1s1) 0.70 + 0.06 1.90 £ 0.24 6.40 £ 0.83
Kn (M) 414 + 57 474 + 81 191 + 44

It can be speculated that the presence of the -NH,
functionality in six position of pyridine might properly
orient H-P(O)(OH), in a way of facilitating hydride transfer
to iridium (high k), analogously to what occurs with
Arg237 and His292 in PTDH (phosphite dehydrogenase)
mediated NADH regeneration.?* At the same time, the —
NH, functionality might compete with the amide
functionality of NAD* for the occupancy of a coordination
position at iridium, thus avoiding C_NAD* formation (low
Knm).

A remarkable TOF = 3731 hl was measured in the
experiment with [NAD*] = 3 mM for catalyst 9 (Figure 2,
down-right, and SI). This value is the highest ever-
reported TOF value for the catalytic regeneration of NADH
carried out with a molecular organometallic catalyst as
shown in Table 2. Despite the comparisons have to be
taken with caution because of the different nature of the
hydride source and different experimental conditions,
Table 2 indicates that 9 (Table 2, entry 6) is by far much
faster than all previously reported catalysts.?> Only
[Cp*Rh(phen)Cl]* has a comparable TOF (2000 h?, Table 2,
entry 5), even if it was measured at 60 °C, whereas that of
9 (3731 h'1) at 40 °C. As shown in Table 2 (entries 7 and 8),
enzymes still remain the fastest catalysts for NADH
regeneration, nevertheless organometallic catalysts herein
reported, having all the positive aspects of simple
molecular catalysts in terms of stability and versatility of
utilization, are approaching their performances.

Table 2. TOF values of some representative fast
catalysts for the regeneration of NADH.

Entry TOF (h'!)  Exp. Conditions

[CAT] = 28 uM
INAD*] = 0.17 mM

‘
! NQ"“;? @ v, 99% [HCOONa] = 34 mM
°° T=37°C,pH =72
[CAT] = 80 uM
, Q/ Ve . [NAD*] = 8mM
\ o, HCOONa] = 350 mM
- T=38°C, pH =7
e CAT] = 15 uM
|

[

INAD*] = 0.77 mM
[HCOOK] = 120 mM
T=25°CpH=7

[CAT] =7.5uM
[NAD*] = 0.77 mM
[HCOOK] = 125 mM
T=25°C,pH =7

4 R N 14316

—p [CAT] = 8 uM
; Q/ o oo NADT=8mM
\ [HCOONa] = 350 mM
- T=60°C, pH = 7
[CAT] = 5 uM
3*7(% . 31 NAD = 3 mM
° one” 3L This [H,PO5/HPOS?] = 0.4 M

HaN NO °© Work
G T=40°C, pH = 6.58

[NAD*] = 1.62 mM

7 FDH? 90007 [HCOONa] = 162 mM
T=30°C,pH=75
[NAD*] = 1.00 mM

8 PHDP 26280° [H5PO;] = 1.00 mM

T=30°C, pH = 7.25

aFDH = phosphate dehydrogenase. °PTDH = phosphite
dehydrogenase.

In conclusion, the system constituted by [Cp'Ir(R-
pysa)NOs] (especially when R = 6-NH,) catalysts and H-
P(O)(OH), as hydride source appears to be extremely
promising for the regeneration of NADH from its oxidized
form NAD-; it approaches the catalytic activity of the most
efficient enzymatic systems,®® with additional advantages
in terms of simplicity of preparation and stability. The
compatibility of utilization of 7-9 regeneration catalysts
together with oxidoreductase enzymes,?® in order to
implement biocatalytic processes of industrial relevance, is
under investigation in our laboratory. The results will be
reported in the due course.
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