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Abstract:

This study shows the importance of resolving catalytic performance in the regeneration of the
reduced form of nicotinamide adenine dinucleotide (NADH) through activity measurements based
on NAD* conversion and the closure of mass balance via by-product quantification. This approach is
applied to assess the performance of supported platinum catalysts with varying points of zero
charge, utilizing H; as a reductant. It was found that Pt/SiO,, which exhibits a net negative charge
under the reaction conditions, outperforms the neutral Pt/C and positively charged Pt/MgO due to
the favorable electrostatic attraction between the catalyst surface and positively charged (+1)

nicotinamide ring. NMR spectroscopy identifies side-products formed during NAD* hydrogenation.
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Oxidoreductases account for one-fourth of all known enzymes and with their exclusive and highly
desirable properties (high activity, enantioselectivity and mild operating conditions), they have been
used in a wide range of biotransformations, including the synthesis of chemicals and
pharmaceuticals, biodegradation and detoxification.*> The majority of oxidoreductases depend on
a nicotinamide adenine dinucleotide cofactor in its reduced form, NAD(P)H, or its oxidized form,
NAD(P)*, to transfer the required reducing or oxidizing equivalent to the substrate.? Despite being
prolific cofactors, the high cost and the stoichiometric amounts required make the consumption of
these cofactors impractical.* This has motivated significant research in recycling NAD(P)H from
NAD(P)* to make the reductive process economically feasible (Scheme 1). Over the last 50 years,
NAD(P)H regeneration using biocatalytic, chemical, electrochemical, photochemical, homogeneous

catalytic and heterogeneous catalytic methods have been investigated.*

It is noteworthy that the reported regeneration studies have almost exclusively used the yield of
NAD(P)H (either validated or unvalidated by enzymatic assays) as a performance indicator.®2? It
would not be an issue for enzymatic regeneration as enzymes are intrinsically selective meaning the
yield is equivalent to conversion. This is, however, not applicable for non-enzymatic regeneration
as it has been frequently reported that unselective products (e.g., the enzymatically inactive 1,6-
NADH, 1,2-NADH, NAD, dimers and cofactor decay products,'’?* Scheme 1) can be formed. In fact,
for any other catalytic reaction system, conversion and selectivity are indeed more fundamental
and typically discussed. A thorough search of the literature did not unearth any studies reporting
experimentally measured NAD(P)* conversion, except when a validated yield approaches ~100% as
convincingly demonstrated by the works of Antonietti (photocatalysis??), Fukuzumi (homogeneous
catalysis?®) and Minteer (electrocatalysis?*). When the yield is lower, as is the case in most studies,
relying on the yield of NAD(P)H alone as a performance indicator provides little information and,

importantly, discloses no information on mass/carbon balance.



In this work, we have examined, for the first time, the conversion, selectivity and mass balance
during the course of NAD* reduction reactions for NADH regeneration, employing supported Pt
catalysts (Pt/SiO2, Pt/C and Pt/MgO) and using H> as a reducing agent. Different by-products have
been characterized with their relative contribution towards the overall NAD* conversion also
investigated. The results have demonstrated a clear contrast to the analysis obtained from a “yield-
only” approach and show fundamentals of the support effect as well as by-product formation that

otherwise would have been missed.

The catalysts employed have been fully characterized (see Figures S1-3 for details), with key results
summarized in Table 1. Pt/SiO, and Pt/MgO exhibit type IV isotherms with a H1 hysteresis loop
characteristic of mesoporous materials. Both catalysts possess spherical Pt nanoparticles that are
well dispersed with narrow size distributions and mean particle sizes of 2.2 and 2.4 nm, respectively.
A commercial Pt/C hydrogenation catalyst was used for comparison purposes. The Pt/C exhibits
typical activated carbon characteristics in terms of surface area and porosity, where the Pt particles
are also well dispersed on the carrier with a narrow size distribution (1-3 nm) and an average size
of 1.6 nm. The point of zero charge (pZC) values of the catalysts were determined by the pH drift
method (Table 1 and Figure S4). For Pt/SiO,, at a pH of 3.0 the surface net charge is zero, meaning
neutral hydroxylation of Si (Si-OH). Deprotonation of the surface can occur if the catalyst pZC is
lower than the working pH, resulting in a negatively charged surface (Si-O’). Protonation occurs
when the pZC is higher than the working pH, resulting in a positively charged surface (Si-OH,*).%
Referring to Figure S4, it can be seen that for Pt/SiO, most of the curve lies in the negative region
(ApH < 0) showing its ability to be negatively charged under biologically relevant conditions that
require a pH higher than 3.0. In the case of Pt/C, the pZC was determined to be 7.5 which gives Pt/C
a nearly neutral surface at pH 7. Pt/MgO exhibits a high pZC (10.3) which shows that it will be

positively charged (due to a protonation process, Mg-OH,*) under a reaction pH that is lower than



10.3. The pZC results are in agreement with the literature where the pZCs of SiO,, activated carbon

and MgO were reported between 2.5 and 3.1,2°2% 7.4 and 7.8,%°*° and 10 and 12.5,%° respectively.

The catalytic results are first shown (Figure S5) by determining the yield based on all products that
exhibit an UV-Vis absorbance at 340 nm (Y340 nm) and applying the absorption coefficient of 1,4-
NADH, which is the most frequent yield determination method used in the literature.®1® We must
note that even though these publications refer to it as a yield of NADH (referring to 1,4-NADH), this
cannot hold unless the 340 nm absorbance is solely due to 1,4-NADH, considering that 1,6-NADH
and the NAD; dimer also exhibit Amax at 345 and ~340 nm, respectively. Importantly it is also well
established that non-specific reduction of NAD* can produce 1,2-, 1,6-NADH and the dimers. Given
this, the results shown in Figure S5 could not lead to any reliable conclusions on activity/selectivity.
We should flag here that the majority of the literature validated only the last experimental sample
in terms of its 1,4-NADH concentration, meaning there has been no time-on-stream measurement
on how such concentrations were reached. With a recently established method for the

31 we have been able to show, for each time-on-stream

quantification of reaction products,
experimental point, that the 340 nm absorbance was due to a mixture of 1,4- and 1,6-NADH
(individual yields provided in Figure S5). There are some variations in terms of Y1,4-naon and Y1,6-napH
over the three catalysts (Figure S5), but knowing already they are unselective from the beginning of
the regeneration, again no meaningful link can be established between the catalyst characteristics
and their performance. Unless a full picture of the reaction profiles (e.g., conversion, selectivity and

mass balance) are presented, the conclusions/interpretations argued could potentially be

misleading.

With the product selectivity and NAD* conversion experimentally determined, the catalytic results
are now presented in Figure 1. Surprisingly, the mass balance was not closed over the entire course

of the reactions, a result that has never been emphasized (or even reported) in the literature. It



appears to be an underlying issue in the development of non-enzymatic regeneration techniques.
Figure 1 shows that for all the catalysts, as the conversion increased with time the selectivity of the
unknown (calculated through mass balance closure) decreased then levelled whereas the selectivity
of 1,4- and 1,6-NADH increased and stabilized. Pt/SiO,, Pt/C and Pt/MgO exhibited a conversion of
80.0%, 84.1% and 56.6% in 2 h, respectively, with corresponding initial TOFs of 1600 h™* for Pt/SiO,
1123 h for Pt/C and 990 h'! for Pt/MgO. The specific activity order matches well with the increasing
pZC values (3.0>7.5->10.3, Figure 1(d)). This can be attributed to the overall catalyst surface
charge, which affects the interactions with the positively charged (+1) nicotinamide ring (where the
reaction occurs3?) via electrostatic forces. At a reaction pH of 7, Pt/SiO; has a strong negatively
charged surface due to the pZC deprotonation mechanism. This increases the local concentration of
nicotinamide ring (+1, Figure S6) around the Pt nanoparticles where Pt-H,qs species®33* are available
for hydrogenation, thus enhancing the probability of reactions. On the other hand, at pH 7, both
ionizable hydroxyl groups (pKa = 2.4 and 6.6) on the diphosphate linkage of NAD* are deprotonated
exhibiting each a charge of -1.3° This side of the molecule (-2) should exhibit an electrostatic
repulsion with the negatively changed surface. Moreover, it is reported that the diphosphate linkage
is highly hydrophilic and typically stays in the bulk aqueous buffer solution away from the catalyst
surface (Figure $6).3%3¢ These all support that a negatively charged catalyst surface is favorable for
NAD* hydrogenation. In the case of the least active Pt/MgO, it has a high pZC of 10.3, corresponding
to a positively charged surface that resulted in unfavorable interaction with the nicotinamide ring
(+1). Pt/C exhibits a pZC between those of Pt/SiO; and Pt/MgO, hence an intermediate activity. The
same activity-pZC relationship was also obtained at pH 10 (Figure S7), consistent with the above
discussions and confirming the surface charge contribution. To this end, Roy and co-workers have
recently reported that interactions via electrostatic forces can also influence NADH vyield in
photocatalytic regeneration.?’ Although the support pZC affected the activity, it had no obvious

influence on the selectivity. For instance, at Xnap* = ~47%, the selectivity of 1,4-NADH were as



follows: 20.2 % for Pt/SiO2, 25.1 % for Pt/C and 17.8 % for Pt/MgO. It is only through the conversion
and mass balance examinations that these observations were obtained. The present results
highlight the importance of carefully validating the mass balance and the respective contributions
to the 340 nm absorbance prior to claiming any selectivity/yield values, and, hence, arriving at

mechanistic assumptions.

In order to shed some light on the unknown product, further experiments on the stability of 1,4-
NADH and NAD* under various conditions have been conducted. When no catalyst was used, almost
20% of the initial 1,4-NADH was consumed by self-decay in 180 min regardless of the nature of the
gas (Figure 2(a)), consistent with first order decay kinetics as reported previously.?%3® 1,4-NADH
undergoes an acid-catalyzed hydration reaction to form the primary decay product, 6-
hydroxytetrahydropyridine adenine dinucleotide (UV-vis at 290-300 nm).>® On the other hand,
Figure 2(b) shows the stability of NAD* after 180 min in the presence of N, and Pt/C as a
representative catalyst. The results of the enzymatic kit (measuring the total concentration of 1,4-
NADH and NAD*)*! as well as the UV-scans (inset of Figure 2(b)) also prove that NAD* stays intact
throughout time. However, it was interesting to see that in the case of 1,4-NADH when H; and Pt/C
were used, the rate of concentration decrease was higher with a loss of 65.4% after 180 min,
suggesting enhanced decay due to the Pt catalyst which provides protons.?*3* The results of the
enzymatic kit match the actual concentration of 1,4-NADH indicating that 1,4-NADH is the only
enzymatically active species present in the reaction medium (i.e., no tautomerization or NAD*
formation). The results of the UV-scans (see inset of Figure 2(a)) conducted at 180 min of each
reaction prove the formation of an enzymatically inactive product with absorbance around 290-300
nm. These results demonstrate that once formed, 1,4-NADH may be subject to enhanced decay by

the catalyst in the reaction medium and conditions, in line with the following *H NMR analysis.



The 'H NMR results obtained from the reduction of NAD* (using Pt/C as a representative catalyst)
are shown in Figure 3. Singlets are single peaks assigned to hydrogen atoms that do not have any
surrounding or neighbor hydrogen. For NAD* (Figure 3(a)), the singlet located at around 9.20 ppm
is characteristic of the hydrogen H-2’ of the nicotinamide moiety.*® The other two singlets located
between 8 and 8.5 ppm are attributed to the hydrogen atoms of the adenine ring.*%*! In the case of
a freshly prepared 1,4-NADH solution (Figure 3(b)), the singlet at 6.85 ppm is attributed to the H-2
of the nicotinamide ring,*?> whereas the other two singlets between 8 and 8.5 ppm are characteristic
of the adenine ring (in the R group, Figure S6).** The 'H NMR results of the products at 2 h (Figure
3(c)) shows a combination of both NAD* and 1,4-NADH. However, two new singlets appear at 7.01
and 7.13 ppm, characteristics of the by-products formed during regeneration (as evident over all
three Pt catalysts, see also Figure S8). Knowing that 1,4-NADH can self-decay with time (Figure
2(a)),*®* a 1,4-NADH sample was left for decay and subsequently *H NMR spectra of the products
were collected (Figure 3(d)). The 1,4-NADH decay product appears through a singlet at 7.13 ppm
which matches one of the peaks in the NADH regeneration products. The other signal should be due
to 1,6-NADH as one of our confirmed products, exhibiting a peak at 7.01 ppm. In order to establish
this, we have synthesized a mixture of 1,6- and 1,4-NADH based on borohydride NAD* reduction.?!
The two isomers exhibit NMR peaks at 7.02 and 6.86, respectively (Figure 3(e)), in good agreement
with our reaction profile confirming the generation of 1,6-NADH. Figure 2(c) summarizes the
possible NADH regeneration pathways over these Pt catalysts under our reaction conditions. The
(catalyzed) decay of 1,4-NADH has often been neglected with prolonged reaction time (e.g., 13h
and 21 h) in the literature and if the produced NADH isomers are not enzymatically validated, 1,6-
NADH would have been missed. Although not detected in our system, we want to flag the potential
formation of 1,2-NADH and/or its decay product. In a nonspecific NAD* reduction system (like
borohydride reduction®! but possibly in other electron transfer processes), 1,2-NADH can be formed

but quickly decay in the medium (e.g., a pH 7 phosphate buffer),3! as evident by the 6.63 ppm peak



in Figure 3(e). Given the “yield-only” approach prevailing in the literature, the NMR profiles should

also be examined in detail.

In summary, the examination of conversion, selectivity and mass balance in NADH regeneration is
proven critical and can provide reliable performance indicators (e.g., TOF based on NAD*
consumption). Accordingly, it is shown that an overall negatively charged catalyst surface (i.e.,
reaction pH higher than pZC) favored the catalytic activity in NADH regeneration while a positively
charged surface inhibited the performance. The electrostatic attraction between the catalyst
surface (at pH 7, Pt/SiO; (negative) > Pt/C (~neutral) > Pt/MgO (positive)) and the positively charged
nicotinamide ring (+1) of the NAD* molecules increases the local concentration of the nicotinamide
ring around Pt and hence the potency of the hydrogenation reaction. In addition to the formation
of 1,6-NADH, a Pt enhanced 1,4-NADH decay reaction was also evident. We hope that these results
may urge future scrutiny on conversion, selectivity and mass balance closure in non-enzymatic

NADH regeneration systems prior to publishing the data.
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Table 1

Table 1: Summary of the physicochemical properties of the Pt/SiO>, Pt/C and Pt/MgO catalysts.

Pt/SiO; Pt/C Pt/MgO
Pt Loading (%) 0.83 0.93 1.52
BET Surface Area (m2g?) 165 938 86
Pore Volume (cm3 g?) 0.9 0.4 0.7
Pore Size (nm) 25.4 5.0 28.3
Particle Size (nm) 2.2 1.6 2.4
pZC (-) 3.0 7.5 10.3
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Figure 1
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Figure 1. Selectivity and conversion as a function of time in the regeneration of NADH over
supported Pt catalysts: Pt/SiO2 (a), Pt/C (b) and Pt/MgO (c); Effect of catalyst point of zero charge
(pZC) on the initial TOF (d). Reaction conditions: [NAD*]p = 1.5 mM, 5 mg catalyst, 10 atm H,, 0.1 M

phosphate buffer pH 7, 37 °C, 1200 rpm.
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Figure 2

(a) (b) —0—260nm X Enzymatic Kit

——N,, no catalyst
0.5+ - @~ H,, no catalyst 1.507 EF———O0— B
i - -A- - H,, with catalyst | 0.8
— —— 0 min
0.4 125_ 1 — = -5min
= . == --60min
= 1 1.0- ~ 1.00 80'6 —-—-180 min
£ i = | €
5 s =< o754 §%
Z0.2-{F0s] 2 1 <,
> 8 & 0504 027
@) < ]
0.1+ N 0.25 - 0.0 ST
0.0 ———————— ' 220 260 300 340 380 420 460 500
O e o - Wavelengh (1m)
00 T T T T T T T T T T T T OOO T T T T T T T T T T T T
0 30 60 90 120 150 180 0O 30 60 90 120 150 180
Time (min) Time (min)
C
O O
H
= NH, | v NH,
) | | 1,4-NADH
l}l | HO ’Tj ’D-ecay
R Il R [ 1,4-NADH R Product
! m Target Product
1
v 0 0
= NH2 \Y} = NH2
| LH TV , | 1:2-NADH Decay H |
N Product N

I H H |
R 1,2-NADH R 1,6-NADH

Figure 2. (a) 1,4-NADH stability test (C1,a-napH as a function of time) under N, and no catalyst, H, and
no catalyst and H; with catalyst (Conditions: [1,4-NADH]o = 0.5 mM, 0.1 M phosphate buffer pH 7, 5
mg of Pt/C (if applicable), 37 °C, 10 atm, 1200 rpm); inset: UV-vis absorbance at 180 min with 0.5
mM of NAD* and 1,4-NADH as references; (b) NAD* stability test (Cnan* as a function of time) with
N2 and Pt/C catalyst (Conditions: [NAD*]o = 1.5 mM, 0.1 M phosphate buffer pH 7, 5 mg of Pt/C, 37
°C, 10 atm, 1200 rpm); inset: UV-vis absorbance in the course of the reaction; (c) Schematic

representation of the Pt promoted NADH regeneration pathways.
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Figure 3. 'H NMR spectra for (a) NAD* (Co = 6 mM in 0.1 M D,0 phosphate buffer pH 7), (b) 1,4-
NADH (Co = 6 mM in 0.1 M D,0 phosphate buffer pH 7), (c) Pt/C catalyzed NADH regeneration
products ([NAD*]o =6 mM in 0.1 M D,0 phosphate buffer pH 7, 20 mg Pt/C, 37 °C, 10 atm H,, 1200
rom, 2 h), (d) 1,4-NADH self-decay ([1,4-NADH]o = 6mM in 0.1 M D,0 phosphate buffer pH 7 at 20
°C) and (e) NAD* Borohydride Reduction Products ([NAD*]o = 15 mM in 0.1 M D,0 phosphate buffer
pH 7 at 20 °C with [NaBHa]o = 75 mM).
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1 Experimental
1.1 Materials

B-Nicotinamide adenine dinucleotide hydrate (NAD*, > 96.5%), B-nicotinamide adenine
dinucleotide reduced disodium salt hydrate (NADH, > 94%), potassium phosphate monobasic
(KH2POa4, = 99%), potassium phosphate dibasic trihydrate (K2HPO4:3H,0, = 99%), sodium nitrate
(NaNOs, = 99%), sodium hydroxide pellets (NaOH, > 97%), deuterium oxide (99.9 atom % D),
platinum on activated carbon (1% w/w loading), hexachloroplatinic acid solution (H2PtCls, 8% w/w
in water), urea (NH2CONHz, = 99.5%), silicon dioxide (SiO;, 99.5%) and magnesium oxide (MgO,
99.5%) were obtained from Sigma-Aldrich. Nitric acid (HNOs, 68% d=1.42) was obtained from Fisher
Scientific. EnzyChrom™ NAD/NADH assay kit was purchased from Universal Biologicals. All the
chemicals were used as received without further purification. The Hz, N2 and O gases of ultrahigh

purity (= 99.99%) were supplied by BOC.

1.2 Catalyst preparation and characterization

Pt/SiO2 (1% w/w) was prepared through conventional impregnation method.
Hexachloroplatinic acid solution (1.25 mL) was added to 50 mL of distilled water under 300 rpm
stirring. SiOz support (4.95 g) was poured gradually to the liquid medium until the formation of a
homogeneous colloidal mixture. The system was heated up to 80 <C until the water was evaporated.
The resulting slurry was then further dried overnight in a static air furnace at 105 <C. The as prepared
catalyst was ground and then reduced in 5% v/v Ha/N> (total flow of 40 mL min™t) at 400 °C (5 °C
min~!) holding for 1 h. Upon cooling to ambient temperature, the reduced catalyst was passivated
in 1% v/v O2/He for offline characterisation and catalysis. Pt/MgO (1.5% w/w) was prepared by
deposition-precipitation method following the procedure reported previously.® The prepared

Pt/MgO was reduced in 5% v/v Ha/N> (total flow of 40 mL min™t) at 450 °C (5 °C min~!) holding for 1
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h and then passivated as described above. The commercial Pt/C was used as supplied without any
pre-treatment.

The Inductively-Coupled-Plasma Optical Emission Spectroscopy (ICP-OES, Vista-MPX) was employed
to determine the Pt loadings. Before the tests, the samples were dissolved in either HF or a
1:1.2:7.2 mixture of HF: HNOs (65 %): HCI (35 %) solution by using the microwave reaction system
(Anton Paar, Multiwave 3000). Temperature programmed reduction (TPR) experiments were
conducted in a TPDRO 1100 (CE instruments) with a TCD detector using 5% v/v H2/Nz. Profiles were
collected for a temperature up to 500 °C at 5 °C min~!. Nitrogen adsorption-desorption isotherms
were obtained using a commercial automated Micromeritics Tristar || 3000 Analyser. Specific
surface area was obtained from the adsorption isotherms using the standard BET method. Pore
volume and pore size were determined by BJH analysis of desorption profiles. Transmission electron
microscopy (TEM) images were taken on FEIl Tecnai G2 F20 equipment. Particle size distribution was
determined from TEM images by counting up to 400 particles. X-ray diffraction (XRD) experiments
were performed on a Panalytical powder X-ray diffractometer. The diffraction patterns were
recorded over an angular range of 10° < 20 < 90° with a step-size of 0.02°. By comparing the XRD
patterns to the ICDD files, the crystalline phases were identified. The pZC of each catalyst was
determined using the pH drift method.? Sodium nitrate solution (NaNOs, 25 mL of 0.1 M) were
added to an Erlenmeyer sitting on a shaker incubator. The pH of the solution was adjusted between
2 and 12 by adding either 0.1 M nitric acid (HNO3z) or 0.1 M sodium hydroxide (NaOH). Upon reaching
the desired pH, catalyst (0.2 g) was added to the solution. 24 hours were allowed for the pH to
stabilize and the final pH was recorded. The difference between the final and initial pH values (ApH
= pHsinai-pHinitial) was then plotted against the initial pH, and the intersection between the curve and

the line ApH = 0 refers to the pZC of the catalyst.
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1.3 Catalysis procedure

The hydrogenation of NAD* for NADH regeneration was conducted in a pressurized batch

PARR reactor. The catalyst (5 to 20 mg) and 50 mL 0.1 M phosphate buffer solution (pH 7 and 10)
containing NAD* (1.5 to 6 mM) were used. The system was flushed (three times) with N, (3 atm) and
the temperature (37 °C) allowed to stabilise. Hydrogen gas was then introduced, the system was
pressurised (10 atm) and stirring (at 1200 rpm considered as optimum stirring rate to avoid mass
transfer limitations) engaged (time t = O for reaction). A non-invasive liquid sampling system via
syringe (and filter) allowed the controlled removal of aliquots from the reactor.
In a series of blank tests, starting with NAD* solution and H; alone in the empty reactor or over the
support alone, i.e. in the absence of Pt, did not result in any detectable conversion. Repeated
reactions (shown by error bars) with different samples from the same batch of catalyst delivered
raw data that were reproducible to within 10%. The activity of the catalysts was assessed using
turnover frequency (TOF), calculated based on the amount of NAD* converted in the initial 6 min of
the reaction (see Eq. (1)):

4y Mmoles of converted NAD* 1
TOF (h™)=

_ X — (1)
moles of active Pt time (h)

where the moles of active Pt were calculated by the dispersion (determined from the TEM analysis).
The amount of NAD* converted (i.e. NAD* conversion defined by X, see Eq. (2)) and selectivity
towards each product (i.e. 1,4-NADH and 1,6-NADH, see Eq. (3)) were determined using the method
developed in our previous work (i.e. by using combined enzymatic assays and UV-vis spectroscopy).?
Selectivity of the unknown (covering all potential by-products) was calculated by closing the mass

balance.

Concentrationyap* initial(MM) - Concentrationyap# jef:(MM) 100 (2)
X

Xnan* (%)= :
ap* (%) Concentrationyap* initial(MM)
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Concentration 4i (MM)
Selectivity, 4 1(%)= — Compound, x100
ompound, i Concentrationge,cted,nap* (MM)

(3)

The supported Pt catalysed hydrogenation of NAD* was also repeated using DO phosphate buffer
solution as solvent and a molecular analysis of the products was conducted via 'H-NMR
spectroscopy to understand the origin of by-products formed in the reaction. The results were
compared with those of the commercial 1,4-NADH and NAD*, a mixture of 1,2-, 1,4- and 1,6-NADH
isomers prepared by sodium borohydride NAD* reduction and a 1,4-NADH sample left to decay for
20 h under ambient conditions. All the analyses were conducted on an Advance Il HD 400 NMR
from Bruker Daltonics (equipped with shielded z-gradient coils for gradient spectroscopy (GRASP))
at room temperature and reported in ppm with respect to deuterium oxide (D;0) as internal

standard.

2 Results and discussion
2.1 Characterization measurements

Figure S1 shows the characterization results for the Pt/SiO catalyst. The TPR profile of Pt/SiO2
shows two main reduction peaks (Figure S1(a)). The first peak is centred at 160 T with a shoulder
at around 205 T, characteristic of the reduction of Pt(IV) of the precursor® and Pt(IV) in the PtO>
phase that is formed during the drying process.> The second peak is a single peak centred at 395 T
attributed to the reduction of Pt(Il) of the PtOxCl, species as reported in the literature.>® A reduction
temperature of 400 T was thus selected to treat the catalyst prior to reactions. The isothermal
nitrogen sorption analysis was used to determine the porous features of the catalyst and the results
are shown in Figure S1(b). The data show type IV isotherms with a H1 hysteresis loop characteristic
of mesoporous materials according to the IUPAC standards. This is also demonstrated by the pore
size distribution (see Figure S1(c)) that shows a broad peak between 2 and 100 nm with a mean
pore size of 25.4 nm. The BET surface area of Pt/SiO2 was evaluated to be 165 m? g*. These results
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are consistent with the literature.” Figure S1(d) shows the diffractogram of the silica support and
reduced Pt/SiO,. The broad peak between 15 and 35 “is attributed to the amorphous silica. The
diffraction peaks of Pt are observed in the reduced catalyst corresponding to the (111), (200), (220)
and (311) planes of the metallic Pt particles (ICDD 00-004-0802). Figure S1(e) shows a representative
TEM image of the reduced catalyst where spherical Pt particles are well dispersed with a mean

particle size of 2.2 nm and narrow size distribution as given in Figure S1(f).
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Figure S1. TPR profile of the as prepared Pt/SiO; catalyst (a), Isothermal N; adsorption-desorption
curves (b) and pore size distribution (c), XRD patterns of the SiO, support and reduced Pt/SiO> (d),
and representative TEM image of the reduced Pt/SiO; (e) with the associated particle size
distribution (f).
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Figure S2(a) shows the TPR profile of the as prepared Pt/MgO catalyst, which exhibits three peaks
centred at 200, 360 and 440 °C. The first one and the shoulder at around 210 < are similar to what
was seen before in the Pt/SiO; catalyst and are attributed to the reduction of Pt(IV) species of the
Pt precursor. The peaks at 360 and 440 <C can be attributed to the reduction of Pt(ll) species,
interacting with the support.® The nitrogen isotherms of the reduced Pt/MgO in Figure S2(b) are of
type IV with a H1 hysteresis loop. The pore volume of the catalyst determined by BJH desorption
method is 0.7 cm?® g which explains why no nitrogen filling occurred at a low relative partial
pressure. The pore size distribution (Figure S2(c)) clearly shows a mesoporous type material with an
average pore size of 28.3 nm. The BET surface area of the catalyst was determined to be 86 m? g*.
As can be seen in Figure S2(d), the MgO support shows a highly crystalline periclase-like structure
(26 = 36.9, 42.9, 62.3, 74.7 and 78.6 ICDD 01-087-0653). A broad and weak peak of Pt was
discernible in the XRD pattern of the reduced catalyst due to the formation of relatively small and
well dispersed Pt particles on the support. The representative TEM image (Figure S2(e)) of the
reduced Pt/MgO shows spherical particles of Pt with an average particle size of 2.4 nm (see Figure
S2(f)). Further representative TEM images of all catalysts employed in this work are provided in

Figure S3.
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Figure S3. Representative TEM images of Pt/SiO; (a,b), Pt/C (c,d) and Pt/MgO (e,f) catalysts.
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Pt/C and Pt/MgO catalysts.
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Figure S5. Yield of all products with 340 nm absorbance (a,c,e) and the true yields of 1,4-NADH and
1,6-NADH (b,d,f). Reaction conditions are the same as Figure 1 in the main text.

Figure S5 shows product yields of listed catalysts based on the absorption at 340 nm (a, ¢, €) and
this work (b, d, f). Notably the former, as the most frequently used approach in existing publications,
gives significantly higher values than the latter, with by-product information being dissimulated.
That is due to the absorption overlap of desired 1,4-NADH with the undesired isomers (1,6-NADH in
this case) at ~340 nm, resulting in an increased intensity as well as reaction yield. Hence it is

important to apply a more considered analysis to distinguish the real yields of overall products.
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Figure S6. (a) NAD* structure and (b) adsorption conformations over Au surfaces. Adapted with
permission from reference 9. Copyright 2007, American Chemical Society.

Damian and Omanovic have studied the interactive adsorption behaviour of NAD* at a gold
electrode surface using polarization modulation infrared reflection absorption spectroscopy (PM-
IRRAS) and attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy.’ Their
conclusions have shown that a negative charged surface is favourable for the nicotinamide moiety
to adsorb in a flat orientation (b-ii), thus lowering the electron tunnelling distance and enabling the
reduction of the molecule.(illustrated in Figure S6). This is consistent with our results on the surface
of heterogeneous Pt/SiO, catalyst at pH 7. Moreover, they have also concluded that the large
distance between the catalyst surface and the electron acceptor site on the nicotinamide ring (b-i)
affects heterogeneous electron-transfer rate (in our case hydrogenation). This also supports our

results on the Pt/MgO catalyst where the nicotinamide ring is relatively far from the surface.

S12



Working pH

2000
o 1
P/SiO 1
i0, ° !
1500+
Pt/C °
- 1 P/MgO
- 1
< 10004 |
L
(@) 1
— 1
5004 1
1
1
O T L] L] L] !

0 2 4 6 8 10 12 14
pZC

Figure S7. Effect of catalyst point of zero charge (pZC) on the initial TOF. Reaction conditions:
[NAD*]o = 1.5 mM, 5 mg catalyst, 10 atm H;, 0.1 M phosphate buffer pH 10, 37 °C, 1200 rpm.
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