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A site- and stereoselective deuterium labelling method for
carbohydrates has been developed using a Ru/C catalyst under
continuous flow conditions. It has been demonstrated that
enhancing the void fraction of the catalyst cartridge leads to
improved incorporation, while maintaining high selectivity over
150 h. This scalable, sustainable approach has the potential to
reduce energy use, waste and Ru consumption, thus broadening
continuous-flow applications in organic synthesis.

Deuterium-labelled compounds find application in a variety of
fields, including NMR spectroscopy, pharmacokinetic studies,
and environmental analysis.! Carbohydrates, in particular, are
indispensable building blocks in the synthesis of bioactive
molecules.® Deuterated carbohydrates serve as key materials for
deuterium metabolic imaging, a non-invasive method combining
non-radioactive deuterium-labelled substrates with deuterium
magnetic resonance imaging.”~!! This approach can create three-
dimensional metabolic maps,” aid in distinguishing tumour
tissues,> and investigate hepatic fructose and glucose
metabolism.? Scalable synthesis methodologies for deuterated
carbohydrates are therefore essential in these fields.

Enzymatic synthesis methods!? and ketone reduction in oxidised
carbohydrates using LiAID, or NaBD,'*'* have been effective for
preparing deuterated carbohydrates, but they are costly, time-
consuming, and generate by-products. Direct deuteration
techniques employing Raney Ni as a catalyst in D,O under a
hydrogen atmosphere have limited applicability and yield
relatively low deuterium incorporation efficiencies.?>®
Furthermore, stringent and extended refluxing conditions have
been shown to readily facilitate hydrolysis, racemisation, and
epimerisation.’® Alternatively, we have developed a practical
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method for deuterium labelling of organic molecules under a
hydrogen atmosphere in D,0O using heterogeneous platinum-
group catalysts.>¥=20 |t is important to note that this method
involves a site- and stereoselective deuterium labelling strategy
for carbohydrates. This strategy employs Ru/C as the catalyst,
which has recently attracted attention due to its high activity and
ongoing development efforts (Figure 1a).17:1%21.22

Continuous flow reactions using catalyst-packed cartridges
enhance the efficiency, safety, operational simplicity, and
scalability of organic synthesis. Such methods have been shown
to enhance interaction with catalysts, thereby facilitating large-
scale synthesis by extending reaction duration.?-%> Significant
advances have been made in methodologies employing
continuous flow systems with packed heterogeneous catalysts,
including flow-based H-D exchange strategies for deuterium
labelling and site-selective synthesis of deuterium-labelled B-
nitroalcohols.?026-3¢  Furthermore, related catalytic work
performed under continuous flow conditions emphasises the
innovation and extensive applicability of the proposed approach,
highlighting how meticulously optimised catalyst systems can
substantially enhance overall performance.3® Unlike batch
methods, the deuterium-labelled product generated by the
reaction isimmediately flushed out of the catalyst cartridge in the
continuous flow method. By limiting the contact time between
the product and catalyst, undesired side reactions can be
prevented.

In this method, a minute quantity of Ru/C is charged in
proportion to the volume of the 3-mm diameter catalyst
cartridge, thereby creating a substantial void (space) within the
cartridge that is not occupied by Ru/C. Hydrogen gas is
introduced into the cartridge in an upward direction, along with
a D,0 solution of carbohydrates. This allows the D,0 solution to
fill much of the unoccupied space within the catalyst cartridge.
The higher flow rate of hydrogen compared to the reaction
solution facilitates agitation of the Ru/C layer in the accumulated
flow reaction solution within the cartridge, resulting in uniform
dispersion of Ru/C. The D,0 solution replaces a conventional solid
diluent typically employed in flow reactions, thereby forming a
catalytic reaction zone in which Ru/C is almost uniformly
dispersed. This facilitates efficient interaction between the
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substrate and the Ru-D,O interface. This enables site- and
stereoselective H-D exchange at the carbon atoms adjacent to
hydroxyl groups (Figure 1b). Increasing the cartridge void fraction
improves the deuterium labelling rate whilst maintaining both
site- and stereoselectivity. This approach achieves >90%
deuterium incorporation, maintains stable catalytic performance
over 150 h and minimises resource consumption. This highlights
the importance of catalyst dispersion in optimising H-D exchange
efficiency under continuous flow conditions.
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Figure 1. Ru/C-catalysed deuterium labelling method for

carbohydrates. (a) Batch reaction. (b) Continuous flow reaction.

The investigation commenced by evaluating the impact of the
catalyst cartridge temperature and the quantity of 10% Ru/C on
the deuterium labelling efficiency of methyl-a-D-glucopyranoside
(1a) (Figure 2). Initially, 10% Ru/C (130 mg) mixed with Celite (300
mg) as a diluent was packed into a cartridge (®: 3.0 mm, L: 200
mm) to examine the deuteration of 1a under various continuous
flow conditions. However, this configuration resulted in flow
interruptions caused by cartridge clogging. To address this, a
solution of 1a in D,0 (0.125 M, flow rate: 0.05 mL min~") and
hydrogen gas (flow rate: 0.8 mL min~") were introduced in up-
flow into a cartridge containing only 10% Ru/C (130 mg) at 80 °C
for 4 h. Under optimised conditions, deuterium atoms were
selectively incorporated at the C2, C3, C4, and C6 positions
adjacent to the hydroxyl groups, yielding multi-deuterated
methylglycoside 1a[Ds] without clogging. The product was
isolated as its tetraacetate derivative 2a. The chirality of 2a was
preserved under these reaction conditions, as confirmed by 'H
NMR analysis, and its deuterium content ranged from 51% to 92%
after 4 h (Figure 2a). The deuterium incorporation efficiency
improved as the reaction temperature was raised from 80 to 100
°C, reaching 72-95% D after 4 h (Figure 2b). Similarly, increasing
the amount of 10% Ru/C catalyst from 130 mg to 250 mg further
enhanced the labelling efficiency to 90-97% after 4 h (Figure 2c).
Conversely, shortening the catalyst cartridge from 200 mm to 50
mm or increasing the substrate solution concentration to 0.25 M
diminished the deuterium content of 2a.
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Figure 2. Optimisation of conditions for continuous flow deuteration
of methyl-a-D-glucopyranoside. (a) Conducted at 80 °C using 130 mg
of 10% Ru/C. (b) Conducted at 100 °C using 130 mg of 10% Ru/C. (c)
Conducted at 100 °C using 250 mg of 10% Ru/C.

Subsequently, we investigated the deuterium labelling efficiency
using a new substrate, methyl-a-D-mannopyranoside (1b) (Figure
3). A solution of 1b in D,0 (0.125 M, flow rate: 0.05 mL min™") and
hydrogen gas (flow rate: 0.8 mL min™") were introduced into a
cartridge (®: 3.0 mm, L: 200 mm) containing 10% Ru/C (250 mg)
at 100 °Cfor 4 h. Under these conditions, the deuterium labelling
efficiency was moderate, with a D content of 73-79% (Figure 3a).
Increasing the catalyst amount from 250 mg to 400 mg did not
enhance labelling efficiency, as the D content remained at 69—
73% (Figure 3b). By contrast, a marked improvement was
observed when two catalyst cartridges (®: 3.0 mm, L: 200 mm
each), connected in series, were each packed with 10% Ru/C (125
mg). Under these conditions, the D content remained at 90-97%
for 4 h (Figure 3c). These findings suggest that increasing the void
fraction within the catalyst cartridge, alongside the high
dispersion conditions of 10% Ru/C, promotes efficient mixing of
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the substrate solution, H, gas, and 10% Ru/C, thereby enabling a
highly efficient H-D exchange reaction.
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Figure 3. Optimisation of conditions for continuous flow deuteration
of methyl-a-D-mannopyranoside using (a) a cartridge containing 250
mg of 10% Ru/C, (b) a cartridge containing 400 mg of 10% Ru/C, and
(c) two cartridges, each containing 125 mg of 10% Ru/C.

Further investigations explored the deuteration of additional
carbohydrates (Figure 4). Products formed during the first hour
of the continuous flow reaction were discarded, and vyields, as
well as deuteration efficiency, were determined from the
products collected in each position over the subsequent 3 h.
During the initial hour of the experiment, it was observed that the
catalyst cartridge had not been adequately saturated with a
mixture of H, and the D,O—substrate solution. Consequently, the
effective substrate concentration within the cartridge did not
attain the designated level of 0.125 M. These observations were
identified as the fundamental cause of the decline in yield and
deuteration efficiency. Notably, the D content of 2a, derived from
1a, remained stable between 92% and 95% for three hours. The
partial decomposition of methyl-a-L-fucopyranoside (1c) and
methyl-8-D-ribofuranoside (1d) was mitigated by the addition of
LiOH (see ESI%). A solution of the substrate and LiOH (2 equiv) in
D,0 (0.125 M, flow rate: 0.05 mL min~") and H, gas (flow rate: 0.8
mL min~") was passed through a cartridge (®: 3.0 mm, L: 200 mm)

This journal is © The Royal Society of Chemistry 20xx
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containing 10% Ru/C (250 mg) at 100 °C for 4 h. Under the
optimised conditions, 2c exceeded 95% D content for three
hours, whilst 2d reached 70-95% over 5 h using two 5.0 mm
catalyst cartridges. These findings suggest that this continuous
flow method effectively introduces deuterium into
carbohydrates, which are crucial for pharmaceuticals and
bioactive compounds.

Product (1[Dy])
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100 °C
®: 3 mm, L: 200 mm
up flow Ac0 (5eq)

pyridine (10 eq.)
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Figure 4. Ru/C-catalysed site- and stereoselective H-D exchange
reaction of various carbohydrates. Italicised numbers indicate the
deuterium efficiencies. [a] 2 equiv of LiOH was used. [b] The
apparatus consisted of two catalyst cartridges, each with an inner
diameter of 5.0 mm and a length of 200 mm, connected in series.

To assess the performance of the system over prolonged
continuous flow conditions, a D,O solution of 1a (0.125 M, flow
rate: 0.05 mL min™") and H, gas (flow rate: 0.8 mL min™") were
continuously passed through two cartridges (®: 3.0 mm, L: 200
mm) packed with 125 mg of 10% Ru/C at 100 °C, connected in
series (Figure 5). The deuterium labelling efficiency was
monitored at 24-hour intervals. The reaction proceeded
continuously for at least 150 h without any discernible loss in
catalytic activity. The deuterium incorporation rate for 2a
remained consistently between 91% and 95%, yielding 19.5 g
(95%) of isolated 2a. Moreover, a turnover number (TON) of 1021,
aturnover frequency (TOF) of 6.8 h™, and a space-time yield (STY)
of 4.5 mol Lcat™ h™" were achieved, demonstrating the system’s
robustness and efficiency for continuous applications. Analysis of
the eluate by inductively coupled plasma atomic emission
spectrometry (ICP-AES, detection limit: 1.5 ppb) confirmed that
no ruthenium species were present.
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Figure 5. Long-term continuous flow deuterium labelling of 1a using
a 10% Ru/C-packed catalyst cartridge.

Conclusions

In conclusion, a highly efficient continuous flow method for the
site- and stereoselective deuteration of carbohydrates was
developed using a Ru/C catalyst under mild conditions. The
deuterium labelling efficiency was markedly improved by
increasing the void fraction within the catalyst cartridge, whilst
maintaining high selectivity. This underscores the vital role of
effective mixing and extended reagent contact time. Notably, the
catalytic activity was sustained over 150 h of continuous
deuteration of 1a, achieving >90% deuterium incorporation for
2a and a TON of 1021. Compared with conventional batch
processes, this method offers significant benefits, including
enhanced sustainability by reducing energy, chemicals, labour,
and material waste, whilst conserving Ru, a precious metal
resource. It provides a scalable and cost-effective approach for
synthesising deuterated carbohydrates, valuable for diverse
applications. The findings highlight the potential of continuous-
flow methodologies in organic synthesis to improve the
efficiency, scalability, and sustainability of isotope labelling
processes.
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