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Abstract 

 

Deuterium is an important natural isotope; its unique properties can impart significant 

effects on molecules with emerging applications across electronics and medicinal industries. 

Aromatic hydrocarbons or arenes are one example of such compounds where deuterium proves 

advantageous, breaching limitations in commercial organic-based electronics. Current methods 

introduce deuterium into molecules through direct hydrogen/deuterium (H/D) exchange reactions 

which depend on a reliable and high supply of deuterium that has been slowly dwindling in recent 

years. To continue the exploration of deuterium-enriched compounds and their applications, new 

methods that use deuterium conservatively to achieve efficient H/D exchange are needed. The 

Canadian company deutraMed™ has responded to this demand by developing a D2O refinery 

capable of recycling deuterium waste. Working in partnership, the work herein will discuss the 

development of an H/D exchange procedure to deuterate benzene that is compatible with the D2O 

refinery. Benzene is a simple arene that is a common motif in compounds related to organic 

electronics and pharmaceuticals. The large-scale production of deuterated benzene fuels the 

demand for a versatile building block to access an assortment of compounds relevant to these 

industries. The development of the H/D exchange procedure found success using hydrothermal 

conditions to achieve 96% deuteration of benzene at laboratory scale. The results of this work will 

be beneficial in the further development of this process on an industrial scale. 
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Chapter 1: Deuterium 

1.1 Background 

 

Hydrogen (H) is the most abundant element in the universe, making up approximately 75% of all 

matter. Naturally occurring hydrogen exists in two stable isotopes, hydrogen or sometimes referred to as 

protium, and deuterium (D). Protium contains one proton and one electron. Deuterium differs from 

hydrogen as it possesses a neutron in its nucleus. In natural waters, deuterium comprises approximately 

0.0312% by weight of earth’s ocean waters in the form of deuterium oxide (D2O) or hydrogen-deuterium 

oxide (HDO).1 Due to its presence in aqueous sources, deuterium can be found in virtually all naturally 

occurring hydrogen-containing compounds, both organic and inorganic. Deuterium is proposed to have 

been formed in the early universe through big bang nucleosynthesis, where lighter elements hydrogen, 

helium, and their respective isotopes were created.2,3 Deuterium is a necessary precursor in the synthesis of 

helium, requiring the temperature of the early universe to cool enough to allow deuterium generation to 

occur before initiating helium creation.2,3 However, as the fusion of helium took place, the universe cooled 

further and had insufficient heat for helium to continue fusion to make the heavier elements, with the 

exception of some lithium. This resulted in a consistent ratio of deuterium to hydrogen within the universe 

and is believed to be evidence supporting the Big Bang theory.2 

 

 

 

 

 

Figure 1-1: A fusion process forming deuterium and helium-3. 
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Deuterium’s existence was first confirmed in 1931 by Harold C. Urey. In the decades prior, anomalies 

pertaining the mass of hydrogen and density of water emerged.4 Additionally, exploration into isotopes was 

growing in interest at this time, with the discovery of oxygen-17 and oxygen-18 by Nobel laureate William 

Giauque and Herrick Johnston in 1929.5 These events motivated Urey to investigate the presence of 

deuterium. Liquid hydrogen samples were concentrated through low-temperature distillation and 

electrolysis methods, which were examined spectroscopically via the Balmer series.6 For his work, Urey 

was awarded the Nobel prize in 1934. Hundreds of papers pertaining to deuterium were published in its 

wake, including the isolation of pure D2O by Gilbert Lewis shortly after Urey’s discovery.7 Today, D2O 

and D2 gas are applied in a variety of fields ranging from chemical manufacturing to nuclear energy 

production. 

 

Figure 1-2: Deuterated forms of water and hydrogen gas, common industrial sources of deuterium. 

Deuterium oxide, known colloquially as heavy water, is the most common source of deuterium on 

earth. Heavy water can be harvested from natural water sources, this is performed industrially through 

thermodynamic exchange processes using gases like hydrogen sulfide (H2S) or ammonia (NH3).8 Hydrogen 

sulfide is used in the eponymous Girdler sulfide / Geib-Spevack (GS) process, invented by Karl-Hermann 

Geib and Jerome Spevack in 1943 (Figure 1-3).8,9 Enrichment occurs by thermodynamic equilibrium 

between hydrogen sulfide and water. The affinity of deuterium towards H2S or H2O is manipulated by the 

temperature of two columns, a “cold” column at 30 ℃, and respective “hot” column at 130 ℃. Water is 

fed into the hot column, where deuterium has marginal affinity for hydrogen sulfide, and the opposite is 

true for the cold column. Deuterium enriched water can be extracted while traveling from the cold column 

to the hot column, reaching upwards of 20 percent deuterium content (% D) after 3 stages.9 Distillation is 

used to further enrich the heavy water to >99% D, often used for nuclear reactors and research purposes. 

The Girdler sulfide process is the most prevalent method used for heavy water refinement globally, with 

some of the largest production facilities located in India. Ammonia gas can be implemented with the GS 

process but is more notably used in the mono-thermal ammonia-hydrogen process.10,11 Here, the feedstock 

is an ammonia synthesis gas, a mixture of hydrogen and nitrogen. Deuterium, which is naturally present in 

the hydrogen feed gas, is stripped by use of a catalyst (e.g. potassium amide) and transferred to liquid 
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ammonia. The isotopically enriched ammonia is transferred to a cracking furnace, obtaining the HD gas. 

The gas can be further refined by distillation and converted to heavy water by combustion.1 

 

1.2 Physicochemical Properties of Deuterium and Associated Applications 

 

Primary Kinetic Isotope Effect 

Deuterium differs from protium by the addition of one neutron which increases its mass from 1.008 

Daltons (Da) to 2.014 Da. While additional neutrons are a defining characteristic of isotopes generally, 

deuterium is unique as the mass difference is nearly double that of protium, the largest change in mass of 

any isotope. Organic reactions implementing isotopes are subject to the phenomenon known as the kinetic 

isotope effect (KIE) and is utilized in a variety of academic and industrial applications. The KIE stems from 

the differing zero-point energies of bonds between atoms (typically carbon) and deuterium. Zero-point 

energy (ZPE) can be described analogously to two masses connected by a spring, where the atoms are 

viewed as the masses and the spring is the bond between them. One attribute that dictates the bond strength 

is the vibrational energy of the bond in its lowest energy, this energy level is the ZPE.12 Since deuterium is 

much heavier than protium, the zero-point energy of a bond to deuterium is lower than protium and creates 

a relatively stronger bond, implying that bonds to deuterium require more energy to cleave. The difference 

in bond energy can have a remarkable impact on the rate of a reaction due to a higher bond-breaking energy 

in the transition state compared to when protium is present, when this occurs it is noted as the primary KIE 

 
† Girdler sulfide process © Roland Mattern, CC by 3.0 

Figure 1-3: Schematic of the Girdler sulfide 

process. † 

https://upload.wikimedia.org/wikipedia/commons/thumb/4/45/Girdler.svg/800px-Girdler.svg.png
https://creativecommons.org/licenses/by/3.0/
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(Figure 1-4). This difference in rates is used routinely in academic research to aid in the elucidation of 

reaction mechanisms.12,13 By selectively replacing hydrogen atoms for deuterium, the changes seen in rate 

can reveal the bonds that are broken or formed in a reaction and which steps in a reaction contribute 

significantly to its progression. Exploitation of the primary KIE has been explored across a variety of 

applications over the years and opened new strategies for modern industrial practices. 

 

Deuterium kinetic isotope effects in pharmacology 

`Mechanistic investigations using KIEs are widely used in academic research, but also provide 

insight into the pharmacokinetics (PK) of drug metabolism to better understand a drug’s pharmacology and 

improve future drug development. The first written case of KIE in metabolic study was in 1961 by Elison 

et al. where the potency of morphine was probed by the deuteration of the N-methyl group.14 The observed 

enzymatic binding and the rate of oxidative N-demethylation were reduced, causing the potency of 

deuteriomorphine to be less than the unlabelled drug (Figure 1-5). Over time, this work and others 

contribute to the study of drug metabolism by cytochromes P450 (P450), and the effect deuterium has on 

these reactions. This family of enzymes is involved in approximately 75% of all drug metabolism, drawing 

focus from the pharmaceutical industry for drug development. 15 

 

Figure 1-5: KIE of morphine N-demethylation to normorphine.14 

Figure 1-4: Isotopic effects of heterolytic bond cleavage 

through difference in zero-point energy. Adapted from 

ref.13 
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In the past ten years, two new drugs containing deuterium have come into the market along with 

several potential drugs entering various phases of clinical trials. Deutetrabenazine (Austedo®) is a vesicular 

monoamine transporter 2 (VMAT2) inhibitor used in the treatment of involuntary movement disorders or 

dyskinesia in patients with Huntington’s disease.16 Deuterium is used to extend the presence of the active 

metabolites by slowing the O-demethylation, doubling the drug’s half-life, and reducing the dose frequency. 

Deucravacitinib (Sotyktu™) uses deuterium in a similar manner, utilizing deuterium on the amide-methyl 

moiety to slow N-demethylation.17 Attenuating demethylation maintains the inhibitory selectivity in 

addition to metabolic stability. 

Slowing metabolism is not the only role deuterium plays in drug design, as chirality can also induce 

minor to severe side effects in biological molecules.18 The most common example is seen in the infamous 

thalidomide scandal, where the R-enantiomer provides the intended sedative effect, but the S-enantiomer is 

a teratogen. Thalidomide was provided as a racemic mixture, but even in enantiopure administration, can 

undergo chiral inversion to create the toxic enantiomer.19 Introducing deuterium into these chiral centers 

reduces isomerization and preserve the desired stereochemistry.20 One example of this is PXL065, a 

deuterated analogue of pioglitazone (Actos®) which is currently in phase 2 clinical trials.21–23 Pioglitazone 

is used to treat a form of non-alcohol fatty liver disease, and is administered as a racemic mixture. While 

both enantiomers are effective in treatment, the S-enantiomer is an agonist to the peroxisome proliferator-

activated receptor-γ (PPARγ), causing off-target effects like edema, fluid retention, and loss in bone 

density.22 PXL065 is R-pioglitazone that is stereochemically retained by deuterium, changing the R:S ratio 

from 1:1 to 4:1. In the trial, liver fat content dropped comparably between both drug analogues and none 

of the adverse effects were observed from the PXL065 patients.21 

 

Figure 1-6: Examples of deuterated drugs. 
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Improvement of opto-electronic devices 

 The diminished ZPE of carbon-deuterium bonds is recognized to enhance the bond strength, but 

the change in the harmonics finds use in a wide array of electronic devices. The increase in vibrational 

frequency that a carbon-deuterium (C-D) bond provides will impact photoluminescent and 

electroluminescent properties of related organic compounds. Deuterium was noted to improve the 

phosphorescent lifespan of naphthalene when all hydrogen atoms were exchanged for deuterium.24 More 

recently, the advantages and potential solutions that deuterium can bring are being explored on organic 

light-emitting diodes (OLEDs). OLEDs have a diverse array of technologies, being developed for 

commercial electronic displays as an alternative to liquid-crystal displays. Different methods of 

luminescence are being experimented to find the most appropriate solution like fluorescence, 

phosphorescence, and radical fluorescence.25–30 The adoption of OLED devices is bottlenecked by the 

stability of the devices at high voltage and the overall lifespan of the displays. To combat these obstacles, 

maximizing the quantum efficiency (QE) of the organic emitters and improving their resistance to 

degradation is necessary. All forms of OLED devices have seen remarkable improvement with deuterium 

incorporation. The host material carbazolyl benzodifuran (CZBDF) is a green phosphorescing molecule, 

and increased in device lifespan by a factor of 5 when the furan methyl group was replaced by a tri-

deuteromethyl group (-CD3) (Figure 1-7).31 Increased stability is proposed to be from the minimization of 

oxidative degradation of the methyl group, where a cationic radical allows for the removal of hydrogen 

through radical heterolysis or ionic cleavage. The quantum efficiency of these devices, a key measurement 

of a device’s performance, the ratio of charges output by the devices relative to those going in. Maximizing 

the QE allows for higher display brightness and contrast with minimal electricity usage. Due to the lower 

bond stretching frequency of deuterium, less energy is lost from non-radiative processes, which increases 

the QE across all types of OLEDs. 

 

Figure 1-7: Deuterated analogue of 

green OLED host material (left) and 

plausible mechanism of degradation 

(right).31 
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 The adoption of organic-based electronics extends further into energy conversion devices using 

organic solar cells (OSCs) and more broadly, organic photovoltaics (OPVs). Taking inspiration from 

deuterated OLED efforts, Yamamoto and co-workers tested the effect of deuterium on benzyl fullerenes.32 

An improvement of solar cell efficiency was noted for one of the deuterated derivates, when comparing 

performance to similar fullerenes used in commercial OSCs. Deuteration of molecules can alter their 

solubility due to reduced polarizability induced by the shorter C-D bond, but this is an insignificant 

difference in most cases.33 Deuterium labelling of acceptor polymer side chains can improve the 

crystallinity and separation of acceptor and donor phases in the final cell, which is known to dramatically 

enhance the efficiency of solar cells through π–π stacking.34–37 These changes in morphology can be 

influenced by deuterium even without direct introduction into the material. Previous studies show that 

deuterated solvents in polymer-solvent systems can have reduced miscibility, this allows for better π–π 

interactions between the conjugated systems (Figure 1-8).38 In turn, crystallization proceeds more readily, 

creating thin films with closer molecular stacking with greater stability, optimal for efficient charge 

transport. Solar cell efficiency degrades with age, and the time needed for the efficiency to drop by 20% as 

referred to as T80.39 Several solar cell materials were constructed with crystallization in deuterated and non-

deuterated solvent, three of the cells were projected to have T80 values 8x greater when crystallized in 

deuterated solvent comparatively. However, adding deuterium to electron donor materials can impart 

deleterious attributes. One study examined the effects of site-specific deuteration on poly(3-

hexylthiophene) (P3HT), affixing deuterium to either the alkyl side chain or the heterocycle.36 They found 

deuterium could increase the occurrence of non-radiative processes, creating a drop in efficiency as large 

as 50% in both cases. Additionally, they found that deuteration of the thiophene lowered the absorptivity, 

inhibiting photon-induced charge transfer and further worsening device performance.36 While the exact 

advantages of deuterium usage in OPVs are variable, the explanation of deuterium’s impacts on OSC 

performance is ongoing. 

 

Figure 1-8: Impact of crystallization in deuterated solvents (left) versus non-deuterated solvent (right) post-annealing, imparting 

better stacking. 
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Spin properties and Nuclear Magnetic Resonance 

The nucleus of a deuterium atom is referred to as a deuteron and differs from protium by the 

additional neutron. Neutrons, while possessing no charge do provide additional spin to nuclei. Neutrons 

can have spin states of either -½ or ½, and therefore gives the overall spin of the deuteron either integers 1 

or 0 spin (Figure 1-9).40 Deuterons rarely achieve a zero-spin state, due to a remarkably high thermal energy 

barrier (1011 kJ/mol) and are considered to always be in ground state spin of 1.40 This gives the deuteron a 

quadrupole magnetic moment, which can increase the resonance broadening.40,41 However, the quadrupole 

magnetic moment of deuterons are relatively small in comparison to that of larger isotopes (6Li, 14N). This 

factored with the compositional masses of deuterons versus protium make their gyromagnetic ratios 

significantly different.40 This property dictates its usefulness in modern spectroscopic applications. 

 

Figure 1-9: Spin states of 2H nuclei. 

 

 Nuclear magnetic resonance (NMR) spectroscopy is a common analytical tool used in science and 

engineering to investigate the structure of various compounds. Deuterium is often used as a standard to 

minimize changes in the magnetic field of NMR instruments which cause broadening of peaks. As such, 

deuterium enriched solvents are often employed for preparation of NMR samples. Since the gyromagnetic 

ratio of deuterium is distinct from other nuclides, the signal falls under a different frequency and is not seen 

in acquired spectra. This is particularly important in proton (1H) NMR, where the signal of the solvent 

would otherwise overpower signals from the compound of interest. Another way proton signals are 

modified is by a common technique known as “D2O shake”. This involves adding small quantities of D2O 

to a sample for 1H NMR, causing any exchangeable protons (-OH, -NH, etc.) to be swapped with deuterium 

where their respective signals will be lost in the spectrum. Exchanging protons for deuterium atoms imparts 

other artifacts in 1H NMR. Deuterium atoms will undergo spin-spin coupling with other nuclei and have 

differing J value constants than proton coupling. In both 1H and 13C NMR, these values can be calculated 
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using common ratios between the proton and deuterium coupling constants (6.5 x JX-D).40 Each of these 

phenomena provide powerful tools in NMR to accomplish structural analysis or mechanistic investigation. 

 Deuterium (2H) NMR is also an available technique for structural analysis but is used infrequently 

due to the low natural abundance of deuterium in un-enriched molecules. Deuterium labelled biomolecules 

are employed routinely in metabolic studies in addition to proteomics. This idea is being taken further in 

the field of medical imaging with Deuterium Metabolic Imaging (DMI), which combines Magnetic 

Resonance Imaging (MRI) with 2H NMR to deduce metabolic activity.42 DMI poses as an alternative to 

techniques like Positron Emission Tomography (PET) as the deuterium labelled tracers can be identified 

after metabolism. This additional capability has aided in distinguishing pancreatic cancer from pancreatitis 

by monitoring glucose metabolites (Figure 1-10).43 PET methods cannot distinguish these diseases as only 

the uptake of glucose is observed. Consequently, inflammation can increase glucose uptake similar to 

pancreatic cancer, giving inconclusive diagnoses. Increased metabolism of glucose into lactate has been 

noted in human cases of pancreatic cancer different to pancreatitis.44,45 Tracking and identifying this inflated 

lactate production can discern the diagnosis. 

 

1.3 Metal-catalyzed Deuteration Methods 

 

Not much time passed between deuterium’s discovery and chemists’ attempts to introduce deuterium 

into organic compounds. One of the earliest accounts of deuterating an organic compound is by Halford et 

al. in 1934, where a mixture of acetone, potassium carbonate, and heavy water were combined to deuterate 

acetone (Figure 1-11).46 Reports of metal-catalyzed deuteration also appeared at this time to deuterate gases 

like methane, ammonia, and ethylene.47–51 Much of the work done at this time revolved around well-known 

Figure 1-10: DMI images of [6,6’]-2H2-glucose uptake and metabolism over time, identifying pancreatic cancer based on 

increased [3,3’]-2H2-lactate production.43 
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chemistry such as hydrogenations, reductions, acid-base reactions, and aromatic substitutions.52–56 These 

techniques can still be found today to insert deuterium into compounds, with newer methodology and 

synthetic strategies being attempted. 

 

Figure 1-11: Catalytic deuteration of acetone.46 

 

 Metals can act as Lewis acids to aid in H/D exchange on select substrates. Earlier transition metals 

like cobalt (Co) and chromium (Cr) are typically recognized as hard acids and can coordinate with hard 

bases to aid in basic hydrogen/deuterium exchange with groups like amines and carboxylic acids.57,58 Later 

transition metals like silver (Ag), mercury (Hg), and platinum (Pt) salts are soft, and can coordinate to 

compatible sites like unsaturated carbon and nitrogen bonds. This coordination has shown to increase the 

acidity of neighbouring hydrogens to permit faster exchange with deuterium in the presence of base 

(Scheme 1-1).59–63 This effect varies based on the metal-substrate bond character and can accelerate the 

exchange process by several orders of magnitude.  

  

  
Scheme 1-1: Lewis-acid catalyzed deuteration of N-methylimidazole (MeIm) via Pt(II) species.62 

Substrate C2-H 

Relative rate 

C4-H C5-H 

MeIm 1 1 1 

enPt2+(MeIm)2 6.3 x 102 4.8 x 101 4.8 x 101 

 

Table 1-1: Impact of Pt(II) Lewis acid on relative rate of N-methylimidazole H/D exchange. 
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 Metal catalysts based on the late transition metals have further utility as C-H activation catalysts, 

providing a direct and highly efficient method for functionalizing molecules. Metals with high d-orbital 

electron occupancy like those found in groups 8-10 can activate the C-H bond of saturated and unsaturated 

compounds.64 The versatility that C-H activation can provide proves to be a powerful strategy, making it 

an attractive approach to H/D exchange reactivity. Metal complexes in homogeneous conditions can be 

modified extensively with different ligands, permitting mild and highly selective H/D exchange.65–68 A 

simple example of this change in selectivity can be seen when comparing the regioselectivity of two 

ruthenium (Ru) catalysts deuterating 2-phenylethyl alcohol (Scheme 1-2).69 It was observed that hydrogens 

at the α-position to the hydroxyl group would not exchange with tetrahedral catalyst 1 but would readily 

exchange with the octahedral catalyst 2. The proposed rationale behind the selectivity is due to the 

octahedral complex exchanging hydride ligands with deuteride ligands more readily than the tetrahedral 

hydride complex.69 Because the hydride ligand of tetrahedral complex 1 does not exchange for deuterium 

(Scheme 1-3), the hydrogenation step of the aldehyde intermediate does not install a deuterium atom in the 

α-position. While this is one case of directing regiospecific deuteration, selective deuteration can also be 

achieved using directing groups on substrates akin to directed ortho-metalation (DoM). 

 

Scheme 1-2: Reduction of the aldehyde intermediate affords α-deuteration in the 6-membered transition state of 2 due to H/D 

exchange of the hydride ligand. 

 

Scheme 1-3: Control experiments supported by energy profile calculations show that the energy barrier for hydride H/D 

exchange is too great in the tetrahedral Ru complex.69 
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Direct C-H activation typically proceeds through oxidative addition with the late transition metals 

and is assisted by agostic interactions with the C-H bond (known as a σ-complex). A σ-complex involves 

donation of 2 electrons to the metal center through a 3-center 2-electron (3c-2e) bond, forming a stabilized 

intermediate as indicated by the strong interaction (5-10 kcal/mol).64,70 Once formed, the C-H bond is 

cleaved and may partake in H/D exchange with a deuterium source before the reverse process of reductive 

elimination turns over the deuterated product. In most cases of C-H activation catalysis, H/D exchange has 

demonstrated a faster rate of exchange with deuterium over protium in alkanes, marked as an instance of 

inverse kinetic isotope effect.70 Rationale for this effect is based on the discreet rates of oxidation (kOC) and 

reduction (kRC) in the first transition state, which interconvert between a σ-complex and alkyl-hydride 

complex. Metal-hydride/deuteride bond stretching frequencies are weaker than the bond between carbon 

and hydrogen/deuterium, suggesting a smaller ZPE. From this, two possible events would permit an inverse 

KIE (Figure 1-12). The first has the transition state energies of protium and deuterium to differ, causing 

the reduction of the alkyl-hydride complex to a σ-complex to proceed faster with deuterium, and the overall 

equilibrium would appear to have an inverse KIE.70 The second scenario poses that the C-H/D bond is 

broken during oxidative coupling and therefore, ZPE has no role in distinguishing protium and deuterium 

energy levels in the transition state. This would make the oxidative coupling from a σ-complex to alkyl 

hydride significantly faster with protium than deuterium (kOC
H > kOC

D), thus the overall equilibrium of the 

forward and reverse reactions would also show apparent inverse KIE.70 Homogeneous C-H activation can 

take place through other mechanisms, such as σ-bond metathesis or electrophilic activation however their 

exploration in H/D exchange are limited.71,72 

 

Figure 1-12: Possible reaction kinetic profiles describing instances of inverse KIE state distinguished by the first transition 

state being influenced by ZPE (left) or having no influence (right). Adapted from ref.70 
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 The aforementioned late transition metals, particularly the noble metals like platinum (Pt), 

palladium (Pd), nickel (Ni), cobalt (Co), ruthenium (Ru) and rhodium (Rh) have also been established in 

performing H/D exchange as heterogeneous catalysts.73–77 These metals are known for their robustness, 

resilience to oxidation, and their easy removal from reaction mixtures as heterogeneous mixtures, making 

them desirable catalysts. However, the advantages of tuneable selectivity and milder reaction conditions 

are lost when using heterogeneous catalysts. Reaction conditions are specific to each substrate and may 

require higher temperatures, limiting the tolerance of functional groups and stereochemistry of substrates. 

While these caveats pose restrictions on their synthetic utility, their ease of use and recyclability make 

heterogeneous catalysis a useful strategy when complete deuteration of molecules are needed. 

Heterogeneous catalysts are often affixed to a support media, maximizing surface area and in some cases 

providing additional electronic effects which enhance reactivity.78 Activated carbon is a common support 

material with palladium-on-carbon (Pd/C) and platinum-on-carbon (Pt/C) being used routinely as catalysts 

in hydrogenation reactions.  

The solid phase nature of these catalysts distinguishes their reactivity from their homogeneous 

counterparts, and as such their mechanisms of catalysis differ. Garnett and co-workers remarked on 

aromatic and unsaturated substrates being feasible for high deuterium incorporation through heterogeneous 

catalysis.77,79,80 Through their investigation, they proposed two possible pathways that H/D exchange 

operates. The initial conditions require substrate to form a π-complex with the metal, while deuterium atoms 

dissociated from the deuterium source (D2O, D2, etc.) have been chemisorbed to the metal surface. From 

this point, exchange can take place via an associative or dissociative mechanism.79 The associative path 

involves the chemisorbed deuterium to attack nearby substrate and performs H/D exchange analogous to 

nucleophilic aromatic substitution (SNAr) with the charged intermediate stabilized by the substrate-metal 

π-complex (Scheme 1-4). For the dissociative mechanism, the π-complexed substrate is rotated and 

attacked by a metal radical to form a σ-bound C-sp2 radical species where the abstracted hydrogen is 

chemisorbed to another metal atom (Scheme 1-5).79 A chemisorbed deuterium atom may then substitute 

the metal that is bound to the substrate, forming the C-D bond and returning the substrate to its initial π-

complex. The careful distinction between these two mechanisms hinges on the σ-bond formed in the 

dissociative pathway.79,80 Since hydrogen atoms can dissociate more easily from the substrate, this implies 

that deuterium atoms which are chemisorbed onto the catalytic surface may source from the deuterated 

substrate as well as a secondary deuterium source. The associative mechanism does not relinquish a 

hydrogen atom without the nearby presence of a pre-existing chemisorbed deuterium, meaning that 

deuterium may only come from a secondary source like heavy water or deuterium gas.80 Therefore, the 

dissociative and associative mechanism can be elucidated by examining the deuterium scrambling of 

deuterated and non-deuterated substrate in absence of heavy water. Under these conditions, the dissociative 
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mechanism will pre-dominate if the catalyst is suitable. From these studies, it is recognized that within the 

noble metals exists some bias between the associative and dissociative pathway for each metal. Weitkamp 

supported this idea while examining how naphthalene reacts with each of these metals under a supply of 

deuterium. Products of these reactions were resultant of π-bond saturation and H/D exchange, conclusions 

postulated that the associative mechanism could conduct H/D exchange and hydrogenation while the 

dissociative pathway would tend towards deuterium exchange exclusively.81 Through this lens, platinum 

and iridium are classified as mainly following a dissociative mechanism, palladium tending toward the 

associative mechanism, leaving ruthenium and rhodium falling somewhere in between.81 

 

Scheme 1-4: The associative mechanism of H/D exchange through heterogeneous metal catalysis. It is crucial for the 

chemisorption of benzene to be in proximity to a pre-chemisorbed deuterium for exchange to occur. 
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Scheme 1-5: The dissociative mechanism involves a metal-arene bond to liberate hydrogen, where deuterium can exchange on 

the metal surface and perform subsequent addition onto the arene ring. 

 

1.4 Summary 

 

 The discovery of deuterium has been a powerful discovery in the scientific community as a 

natural isotope. Today, many countries worldwide partake in strenuous industrial processes to extract and 

purify it from natural sources, lending to its value as a precious resource chemical. The unique mass and 

spin properties of deuterium contribute to advanced applications across numerous industries. These 

advances are largely due to changing the intrinsic properties of molecules when deuterium is incorporated 

into them, prompting the development of a wide array of strategies over the decades to do so. Because of 

this, the focus of deuterium has largely shifted away from D2O towards finding new ways of deuterating 

compounds to further potential applications. 
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Chapter 2: Arene C-H Activated H/D Exchange 

2.1 Background 

 

 Benzene is a six-member carbocyclic compound and is a common isolate from petroleum. It is a 

clear, non-polar liquid used extensively as a solvent and is often functionalized to produce a multitude of 

derivatives for commercial use. Benzene and its derivatives are common motifs seen across several 

industrial fields, including pharmaceuticals and organic electronics (Figure 2-1). Incorporation of benzene 

rings into drug molecules can be crucial for drug binding through π-π interactions with biological 

compounds like tyrosine, phenylalanine, and tryptamine.82 Likewise, benzene and larger aromatic 

compounds create the backbone for organic-based electronic devices. The aromatic nature of benzene can 

be utilized to accomplish electrical conductivity and photoemission, giving rise to organic solar cells 

(OSCs) and light emitting diodes (OLEDs). In the advancement of these industries, the incorporation of 

deuterium has been long studied with advantageous effects because of its adoption. And while 

implementing deuterated benzene is already seen in some industries, seen with host materials used in OLED 

production, other sectors like the pharmaceutical industry have been slower to explore its potential. With 

benzene as a versatile building block, incorporating deuterium directly into benzene creates easy access to 

synthetically useful derivatives for these industries (Figure 2-2).83,84 Deuterating benzene directly 

simplifies this by avoiding developing methodology to accompany various functional groups that may 

otherwise be incompatible with current H/D exchange methods. 

 

Figure 2-13: Examples of an OLED host material (left) and pharmaceutical drug (right) containing derivatized benzene rings 

with deuterated motifs.  
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Figure 2-14: Functionalization of benzene-d6 allows for versatile introduction of deuterated phenyl groups for organic electronics 

(left) and pharmaceuticals (right). 

As mentioned previously, many of the early investigations of deuterium exchange were performed 

on simple gaseous compounds of aliphatic and unsaturated nature. Therefore, it is unsurprising that 

aromatic substrates would soon follow suit. Benzene, being the simplest of aromatic compounds was a 

prime candidate for testing reactivity of aromatic substrates. Horiuti and Polanyi, pioneers of hydrogenation 

chemistry, were keen to explore the behaviour of deuterium under hydrogenation conditions.85 Using nickel 

and platinum catalysts they demonstrated the first report of deuterium exchange between benzene and 

deuterium enriched hydrogen gas (Figure 2-3, equation 1). This was shortly followed by an account of 

H/D exchange from the same authors, this time using D2O as the deuterium source.86 They found that a 

solution of water containing 3% deuterium could H/D exchange with benzene or ethylene over a nickel 

catalyst, achieving 1.3% deuterium incorporation into ethylene after 24 hours and 1.5% deuterium content 

in benzene after 2 hours.86 These findings prompted further studies, with reports made in the years following 

offering different approaches and refining the initial conditions.87–89 Most notably, Ingold, Raisin, and 

Wilson illustrated a homogeneous process using sulfuric acid to perform H/D exchange through 

electrophilic aromatic substitution.87 Exchange was found to occur readily, but at high concentration of 

sulfuric acid induced substitution with sulfur trioxide (generated in situ) to form benzene sulfonic acid as a 

side product. Further tuning of their conditions allowed for quantitative production of deuterated benzene 

with enrichment as high as 99.8% D (Figure 2-3, equation 2).90 While this was the highest degree of 

enrichment obtained at that time, the ease of heterogeneous-catalyzed deuteration motivated the work of 

Leitch 20 years later.91 Re-investigating platinum-catalyzed exchange, he was able to successfully generate 

benzene-d6 by repetitive hydrothermal reactions. Over 4 cycles, samples of benzene were isolated near-

quantitatively, yielding a final product containing approximately 98.5% D (Figure 2-3, equation 3).91 This 
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procedure had remarkable improvement as the reaction proceeded at lower temperatures relative to the 

nickel-catalyzed methods, and arduous preparation of deuterated sulfuric acid was eliminated. 

 

Figure 2-15: Early examples of benzene H/D exchange reactions by Horiuti and Polanyi (1), Ingold, Raisin, and Wilson (2), and 

Leitch (3). 

 In the years following Leitch’s publication, further studies were conducted by Garnett and others 

to explore the behaviour and capabilities of the Pt-catalyzed reaction. The substrate scope was expanded 

beyond benzene to evaluate the impact of electronic and steric effects.79,92 Reactivity was tolerated across 

some electron-donating and withdrawing substituents (Table 2-1) with little to no effect on exchange. If 

the reaction does proceed through a radical substitution mechanism as noted in the dissociative pathway, 

resistance to electronic effects would be an observed feature as radical intermediates are stabilized by either 

electron donating or withdrawing groups.93 Despite this tolerance, other substrates with electron donating 

or withdrawing groups did not participate in H/D exchange as expected. To explain deviations in reactivity, 

steric interactions and side reactions were suggested. This was supported in a later study by Fraser et al., 

where benzene derivatives with high deuterium content were subjected to reverse H/D exchange with 

protons, probing steric effects and regioselectivity of exchange (Table 2-2).94 Hindrance of ortho and meta 

exchange were apparent across nearly all substrates, consistent with steric repulsion inhibiting adsorption 

with nearby carbons. Observations of high ortho-selectivity were seen in derivatives with heteroatoms like 

aniline and phenol. One possible reason for this effect could come from lone-pair interactions with the metal 

surface, preferentially orienting the ring such that exchange occurs with adjacent carbons. Conversely, such 

lone-pair interactions can be detrimental to the catalytic surface. Compounds that contain heteroatoms like 

sulfur, oxygen, and nitrogen can strongly interact with the metal surface, effectively shutting down the 

active sites from the desired exchange reaction.95 This is known commonly as catalyst poisoning and occurs 

across all transition metals of group 8 through 11.96 Other ways H/D exchange can be hindered under C-H 
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activation conditions is from competing side reactions such as hydrogenolysis or reductions, creating 

undesirable products that can potentially poison the catalyst.94  

 

Table 2-1: Pt-catalyzed H/D exchange of substituted arenes using D2O.79,92 

Substituent Temp. (°C) Reaction time (hrs) %D 

-COONa 

130 

24 91% 

-COOH 12 73.1% 

-NH2 24 78.7% 

-Br 24 0% 

-NO2 24 0% 

-Me 

120 

4 35.1% 

-Et 4 58.5% 

-iPr 4 42.9% 

-tBu 4 1.74% 

-Me 2 16% 

-CF3 2 14% 
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Table 2-2: Effect of sterics and side reactions in reverse H/D exchange with mono-substituted benzene.94 

Substituent 

(R) 

 Position of H 

%H in total  ortho meta para 

-F A1 0.56 0.56 0.28 1.4 

B2 1.99 6.27 3.14 11.4 

-Cl A 0.48 0.48 0.24 1.2 

B 0.41 7.08 4.21 11.7 

-OMe A 0.20 0.20 0.10 0.5 

B 0.20 4.05 4.05 8.3 

-OEt A 0.20 0.20 0.10 0.5 

B 0.20 5.50 6.00 11.7 

-CN A 0.48 0.48 0.24 1.2 

B 1.68 5.76 6.42 13.9 

-COOMe A 0.40 0.40 0.20 1.0 

B 0.51 1.17 1.14 2.8 

-NH2 A 0.48 0.48 0.24 1.2 

B 10.48 0.98 0.70 12.1 

-OH A 0.20 0.20 0.10 0.5 

B 8.50 2.32 0.77 11.6 

-NMe2 A 1.70 0.82 0.88 3.4 

B 1.87 2.50 2.94 7.3 

1 Deuterium enriched starting material. 2 Product after reverse H/D exchange. 

While platinum was a prime catalyst during many of these investigations, attention to the other 

metals within the platinum group was warranted to compare their respective utility. Work done by Sagert 

and coworkers gives insight to this when looking at each of these metals’ activity on graphitized carbon 

black support exchanging deuterium from water to hydrogen gas.97 Of the 6 noble metals, platinum had not 

only the fastest rate but the lowest activation energy. Incidentally, platinum also ranks highest for catalytic 

activity in kinetic studies with the fastest rate of H/D exchange between D2O and benzene.98 However, an 

important consideration for benzene is that hydrogens on aromatic motifs can exchange with deuterium 
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more readily than aliphatic protons due to π-complex formation. Empirically, the chemoselectivity of these 

metals is demonstrated when comparing their reactivity on different molecular motifs. Iridium and platinum 

exchange hydrogens more readily on sp2 carbons than the other Pt group metals, while palladium and nickel 

will predominately deuterate aliphatic carbons.99–102 Precise rationale for these affinities has not been 

extensively studied, though it is argued that the nature of the π-complex between metal and substrate is 

key.98 This rationale is based on Mulliken’s charge-transfer theory, where the π-complex can be viewed as 

a transfer between the donor (substrate) and the acceptor (metal).103 Substrates with compatible ionization 

potential to the electron affinity of the metal would have better tendency to form a π-complex. Additionally, 

the symmetries of the substrate bonding orbital and metal anti-bonding orbital impact charge-transfer, thus 

having an additional effect on metal-substrate π-complex ability. Therefore, the combination of these 

properties can give some insight to the observed chemoselectivity of benzene and other aromatic substrates 

with platinum group catalysts. 

2.2 Proposal 

 

 Organic compounds like benzene and its higher-order polycyclic aromatic hydrocarbon (PAH) 

derivatives are routinely employed in well-established organic electronics industries. The aromaticity of 

these compounds creates large, delocalized networks of π-bonds, allowing for efficient transfer of charge 

and photoactive properties. These features are capitalized in organic electronic devices like organic solar 

cells (OSCs) and organic light emitting diodes (OLEDs). However, the widespread adoption of organic 

electronics is limited by the decreased lifespan and lower operating efficiency of the resulting devices that 

are derived from materials containing benzene and PAHs. In recent years, the incorporation of deuterium 

into molecules that are the foundation of such devices has proven to be a novel, highly effective approach 

to greatly diminishing these devices’ limitations. Exchanging hydrogen with its heavier isotope deuterium 

utilizes KIE to impart greater stability to such compounds. In both OLED and OSC devices, incorporating 

deuterium greatly reduced their tendency to undergo decomposition and other unwanted processes, 

resulting in better device efficiency and longevity.26,30,31 To support these advances further and better 

facilitate similar new discoveries in deuterium science, new synthetic techniques must be established that 

efficiently and effectively incorporate deuterium into a host of diverse molecular classes. 

Recently, the Murphy group involved itself in a 5-year collaboration with deutraMed Inc., an 

emerging Canadian retailer of deuterated small organic molecules. The goal of this collaboration is to 

develop chemical techniques that incorporate deuterium into company-specified molecular targets for their 

immediate production and commercialization. deutraMed Inc. has an exclusive license to commercialize 

Canada’s vast deuterium gas (D2) and D2O resources, which forms the basis of their business plan. This 
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comes as a response to the emerging shift in D2O supply worldwide. In 1997, Canada’s production of heavy 

water had shutdown but continued to sell from its large stockpile in the years following. Despite a lack of 

production means to replenish this supply, the vast quantities of D2O in inventory was sufficient to maintain 

the market demand until 2012 when Ontario Power Generation announced it would stop selling D2O.104 

With such abundance of D2O in the time preceding, the widespread use of deuterium in routine analysis 

and commercial applications made deuterium appear ubiquitous and trivial. Due to this dependency, 

identifying and purveying new and existing resources is needed to continue access to D2O and the 

derivatives made from it. While many strategies for introducing deuterium into molecules exist, often these 

methods are designed with the intent of transferring as much of the deuterium from the source into the 

compound as possible to minimize production costs. However, deutraMed Inc. has developed a D2O 

refinery (D2X™) which enriches depleted D2O waste streams to high deuterium content (99+ %D).104,105 

With this refining process, it is economically most efficient when the degraded D2O streams contain no less 

than 90% D. To amalgamate this novel provision of deuterium, methods must be developed to deuterate 

compounds which complement the capabilities of the refinery. Therefore, the processes developed in this 

research are centralized around the constraint of degrading D2O by no greater than 10%. Benzene-d6 was 

the first molecule targeted for development, as it is a versatile building block used in a multitude of 

industrial and commercial applications, and as such is in high demand. Furthermore, with larger arenes 

having important uses in the electronics industry it is important that the procedures for benzene be suitable 

for PAHs to accommodate this. Having a unified process to deuterate aromatics not only simplifies the 

production but ensures that waste streams are congruent to suit the integral refining process. In full, the 

result of this work herein will take high-purity D2O to perform H/D exchange on benzene to furnish 

benzene-d6, with waste streams collected and recycled through the refinery to create a circular economy. 
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Figure 2-16: Schematic of circular H/D exchange industrial process incorporating the deutraMed Inc. D2X™ refining process 

for D2O. 

2.3 Synthesis of Benzene-d6 

 

 Beginning the development of this synthesis, it was uncertain how the chemistry would behave. 

Variations in reaction conditions (temperature, catalyst, time, etc.) and less obvious variables (reaction 

vessel, atmosphere, pressure, etc.) can affect how the reactions proceed, and adjusting these without 

understanding their impact can complicate the method development significantly. With this in mind, it was 

logical to apply pre-existing procedures to evaluate and fix initial problems as they arose. Following 

literature precedent, the preliminary work would be to design the process around maximal transfer of 

deuterium from D2O to benzene. Since D2O is a costly and limited reagent, designing around exhaustive 

depletion would require smaller quantities of D2O to be used in each trial. With many variables to consider 

and test, preserving D2O at this stage would allow for the greatest number of experiments to be performed 

to determine the best conditions for optimization. Once the optimal conditions are found, adjusting the 

amount of D2O is the simplest way to reduce its degradation in the exchange process, and any effects that 

arise could be attributed to this factor alone. The starting ratios of benzene to D2O were reasoned based on 

the following, for each mole of benzene will be 6 moles of hydrogen atoms belonging to said benzene, and 

D2O has 2 moles of deuterium atoms per molecule. Therefore, if we use 3 molar equivalents of D2O per 1 

molar equivalent of benzene, there will be an equimolar mixture of deuterium atoms to hydrogen atoms in 

each reaction. With all the deuterium atoms belonging to D2O at the start of the reaction, all deuterium 

atoms would be exchanged with hydrogen from the benzene ring if complete degradation of D2O occurred. 

The next factor to determine is the catalyst for H/D exchange. For the choice of catalyst, existing processes 

cite Pd and Pt as catalysts of choice as they are known to exhibit high activity and robustness. Considering 

This work: 

• Unified arene H/D exchange 

procedure with <10% D2O 

degradation. 

• Consistent waste streams for 

refinement. 
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the industrial nature of this project, it was most suitable to choose heterogeneous Pd and Pt catalysts for 

testing first. Heterogeneous catalysts are easily separable from the reaction mixture, which minimizes 

purification of benzene and the waste D2O that would be otherwise labour intensive and costly on a large-

scale industrial process. Most procedures of deuteration with heterogeneous catalysts occur at high 

temperatures and given the volatile nature of benzene these reactions must be performed in sealed vessels. 

Preliminary reactions were performed in glass pressure vessels, equipped with Teflon screw caps and 

chemically resistant O-rings to seal the reaction mixture (Figure 2-5). For catalysts, commercially available 

palladium-on-carbon (Pd/C) and platinum-on-carbon (Pt/C) were used as the carbon support increases 

catalytic surface area and requires no preparation. Screening both catalysts, the Pt/C catalyst was observed 

to deuterate more benzene than the Pd/C trial (Figure 2-6), with platinum installing deuterium six-fold 

greater in a four-hour span (Table 2-3). This was anticipated as previous reports show palladium catalysts 

are more proficient at aliphatic deuteration, while platinum catalysts exchange aromatic hydrogens more 

readily.100,102 With this knowledge, the Pt/C catalyst was used in all further experiments. Taking 

measurement of H/D exchange was performed using a developed gas chromatograph-mass spectrometry 

(GC-MS) method, which the distribution of isotopologues and total % D is calculated from (see Appendix 

1 for further details). 

  

Figure 2-17: Glass pressure vessels (left) used for preliminary reactions with heterogeneous catalyst stirred as a slurry at high 

temperature (right).  
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Figure 2-18: Mass spectra of benzene products from Pd/C (left) and Pt/C (right) show that a greater abundance of benzene-d1 

(79 m/z) product is present using Pt/C. 

 

 

Table 2-3: Catalyst screening results in glass pressure vessels calculated from mass spectra. 

Entry Catalyst 

Isotopic Distribution Total 

%D D0 D1 D2 D3 D4 D5 D6 

1 5% Pd/C 94% 6% 0% 0% 0% 0% 0% 1% 

2 5% Pt/C 62% 38% 0% 0% 0% 0% 0% 6% 

  

Having chosen the catalyst, vessel, and molar ratios, the first trials were attempted on small scale 

using previous patent literature as a guide.106 Reactions were prepared by adding reagents to the pressure 

vessel stirring as a slurry with the catalyst under heat. 180 ℃ was tried first but would prove to be unreliable 

due to pressures occasionally exceeding the O-ring’s ability to seal the flask. The extent of deuteration at 

this temperature ranged from 3-6% in a 24-hour period. Extending the reaction to three days permitted 15% 

deuterated product but was deemed insignificant as 25% D could be reached in less time through two 

successive 24-hour cycles. Besides vessel stability, performing reactions at 180 ℃ proved to be deleterious 

to the catalyst activity when recycling was employed. Several reactions would be performed with the same 

catalyst, where the H/D exchange performance proved to be weaker when repeating the same conditions 

compared to fresh catalyst (Table 2-4). This was believed to be sintering of the support under such high 

temperatures, where the catalyst support shrinks under high heat to cause reduction in surface area.96,107 

Samples of this catalyst were sent for determining catalytic surface activity, yielding the monolayer uptake 
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volume. The monolayer uptake volume is a measurement of gas that is adsorbed onto the catalyst, which 

can be used to calculate the surface area of the total catalyst and catalyst active sites. These are used to 

determine the dispersion, a factor presenting the percentage of the active sites in the sample relative to the 

theoretical number of active sites the sample should have. The change in dispersion factor between the fresh 

and used catalyst showed that the number of active sites had decreased by over 93% and catalytic surface 

area had shrunk tremendously (Table 2-5). The change in catalyst morphology was visually noticeable 

compared to fresh catalyst, where the fresh catalyst is a fine dispersed powder whereas degraded catalyst 

appeared clumped despite moisture removal. 

 

Table 2-4: Benchmark reactions of a single batch of Pt/C catalyst after repeated use. The catalyst was re-used under the above 

conditions using fresh benzene and D2O for each repetition to show that the reaction performance is reduced dramatically after as 

little as 3 uses. Noting that the reaction after 6 uses continues to the same detriment suggests that the catalyst has undergone a 

critical change. 

Entry 

 Isotopic Distribution 

Total %D 

Catalyst 

condition 
D0 D1 D2 D3 D4 D5 D6 

1 Fresh 8% 21% 29% 24% 14% 13% 0% 38% 

2 3 Uses 70% 24% 4% 1% 0% 0% 0% 6% 

3 6 Uses 74% 22% 4% 1% 0% 0% 0% 5% 

 

Table 2-5: Results of pulse titration analysis, revealing the catalytic surface area had been reduced under the high reaction 

temperature. 

Entry 

Catalyst  

Trial 

Monolayer  

Uptake  

Volume 

(μmol/g) 

Active Metal 

Surface Area 

(m2/g) 

Metal Surface 

Area 

(m2/g) 

Dispersion 

(%) 

1 Fresh Catalyst 27.93 2.69 26.55 10.90 

2 After 6 uses 1.77 0.17 1.70 0.69 

 

These complications prompted inspection of the reaction temperature to determine if milder 

temperatures could achieve similar or improved results. Temperatures ranging from 110 – 140 ℃ were 

chosen to test as the activation barrier of Pt/C has been noted at temperatures above 100 ℃, with 
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temperatures at 140 ℃ being the limit that reactions could be performed reproducibly under the pressure 

limits of the flasks.97  Improved exchange was observed starting as low as 110 ℃, showing progressive 

growth with each increase in temperature (Table 2-6). Of these, the best results were obtained at 140 ℃ 

with good reproducibility. To fully understand the limits of H/D exchange at this temperature, the timescale 

of the reaction and subsequent impact of catalyst loading were the next objectives. If the exchange was not 

complete within the 24-hour period, extending the reaction time would show if more deuterium could 

exchange with benzene per reaction cycle. To this end, a reaction time of five days dramatically raised the 

degree of exchange and could reach upwards of 80% D after three reaction cycles (Table 2-7, entries 1-3). 

While this was a promising result, the total time needed to achieve 80% D was 15 days under these 

conditions. One way for the reaction time to be reduced is by increasing the amount of catalyst used. 

Therefore, the catalytic loading was doubled and tripled to address this while simultaneously evaluating the 

rate-dependence of the catalyst (Table 2-8). In doing so, a first reaction cycle could deuterate benzene to 

45% D, demonstrating that the same result using 0.5 mol% catalyst could be achieved in almost half the 

time when twice the amount of catalyst was used. The benefit of using even greater amounts of catalyst 

was minimal, as it had a diminishing impact on the rate. This correlation was corroborated when the time 

needed to synthesize 80% deuterated benzene was reduced from 15 days to 9 days over three cycles (Table 

2-7, entries 4-6). Problems arose again going beyond this stage as the 4th cycle performs subpar, even when 

the ratio of water to benzene is changed, a plateau begins to appear around 85% D (Table 2-7, entry 7). In 

a final attempt to push the extent of 4th cycle exchange, one improvement was made which telescoped the 

reaction by doubling the quantity of D2O. It was found that using 6 molar equivalents of D2O in the first 

cycle could afford nearly the same amount of deuterobenzene as two successive cycles with 3 equivalents 

(Table 2-9). However, even with the additional supply of D2O the progress of deuteration on benzene was 

little changed, as the plateau effect seemed to persevere. And further increasing the amount of D2O to 

remedy this was practically difficult as the total volume of the reaction would quickly exceed the capacity 

of the pressure vessels. Going beyond the capacity of the vessels creates a severe safety hazard since the 

diminished headspace above the reaction mixture would raise the pressure generated during the reaction 

and perpetuate the already existing pressure limitations. 
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Table 2-6: Gradual increase in temperature promotes reactivity but cannot exceed 140 ℃ to stay within the pressure limits of the 

vessel. 

Entry 

 Isotopic Distribution 

Total 

%D 

Temp. 

(℃) 
D0 D1 D2 D3 D4 D5 D6 

1 110 75% 15% 4% 3% 1.5% 1.5% 0% 8% 

2 120 72% 16% 6% 3% 1% 1% 1% 9% 

3 130 68% 20% 5% 3% 2% 1% 1% 10% 

4 140 60% 24% 8% 4% 2.5% 1% 0.5% 12% 

 

 

Table 2-7: Time optimization and correlation of reaction time with catalyst loading. 

Entry 

Cat. 

Loading 

(mol%) 

Cycle 

Time 

(days) 

Cycle 

# 

Isotopic Distribution 

Total 

%D 
D0 D1 D2 D3 D4 D5 D6 

1 

0.5% 5 

1 4% 14% 25% 30% 20% 6% 1% 45% 

2 2 1% 3% 8% 18% 28% 30% 12% 68% 

3 3 0% 2% 4% 8% 21% 33% 32% 79% 

4 

1% 3 

1 4% 13% 25% 31% 21% 6% 1% 45% 

5 2 1% 3% 8% 18% 28% 30% 12% 68% 

6 3 0% 2% 4% 8% 21% 33% 32% 79% 

7 4 0% 0% 4% 5% 16% 29% 46% 85% 
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Table 2-8: Pt/C catalyst loading screening. 

Entry 

Cat. 

Loading 

(mol%) 

Time 

(days) 

Isotopic Distribution 

Total 

%D 
D0 D1 D2 D3 D4 D5 D6 

1 
0.5% 

3 7% 23% 30% 25% 12% 3% 0% 37% 

2 5 4% 14% 25% 30% 20% 6% 1% 45% 

3 1% 3 3% 12% 24% 30% 23% 8% 1% 47% 

4 1.5% 1 19% 38% 25% 15% 3% 1% 0% 24% 

 

 

Table 2-9: Using 6 molar equivalents of D2O relative to benzene deuterates nearly the same extent as 2 cycles using 3 

equivalents. 

Entry 

D2O 

(equiv.) 

Time 

(days) 

 Isotopic Distribution 

Total 

%D 

Cycle 

# 
D0 D1 D2 D3 D4 D5 D6 

1 3 3 2 1% 3% 8% 18% 28% 30% 12% 68% 

2 6 6 1 1% 4% 8% 22% 33% 24% 8% 64% 

 

At this point, the scope of modifications that could be made was limited primarily due to the 

pressure vessel. Serendipitously, a recommendation was made by colleagues in the department to 

implement hydrothermal autoclave reactors to solve some of these problems. These reactors are made of 

stainless steel designed for high-temperature synthesis and can withstand pressures orders of magnitude 

higher than the glass pressure vessels (Figure 2-7). Additionally, the reactor jackets are equipped with 

Teflon containers making the entire vessel hydrophobic. With the new reactors, a different approach to 

introduce the catalyst was imagined. Since both reagents were volatilized under the reaction conditions if 

the catalyst was suspended above the liquid phase the reaction may still be able to proceed in the vapour 

phase. Separation of the catalyst from the reaction mixture would be advantageous both in laboratory 

practice and in the industrial process as it would remove a separation step during workup, further 

simplifying the production. To test this, the Pt/C catalyst was affixed to commercial filter paper and was 
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raised above the reaction liquid using a Teflon stand. Initial trials proved very successful, with many of the 

trends previously seen in the pressure vessels mimicked. And when the amount of catalyst was reduced 

back to 0.5 mol%, it was possible to achieve 60% D in a single reaction in half the time that would be 

needed in the glass pressure vessels (Table 2-10, entry 1). Considering the improvement in catalytic 

activity when vapour phase exchange was used instead of the catalyst slurry medium, indicated that the 

changes in catalyst-reagent interactions were crucial for the efficiency of the exchange process. This could 

be linked to the changes in diffusion of benzene and D2O in the vapour phase and subsequently affect how 

the active catalyst is populated by each component. Similarly, when the catalyst loadings were increased in 

the pressure vessel reactions, a tapering effect occurred where exchange rate would not increase 

significantly, despite faster exchange seen in the steel reactors under like conditions. If volatilization of 

benzene and water is important to exchange, one could reason that exchange in the catalyst slurry would be 

optimal with catalyst exposed on the surface of the liquid. As such, the amount of catalyst loaded into the 

reaction would be beneficial until the surface area of the liquid phase was maximally occupied with catalyst, 

and any additional catalyst would be submerged under the liquid surface. Furthermore, the hydrophilicity 

of the pressure vessels’ glass walls allows the heavy water vapour to condense and cling to the flask surface 

more readily, hindering the concentration of D2O in the vapour phase. A combination of these factors could 

contribute to the observed loss in reaction performance in the pressure vessels, each one being remedied 

with vapour phase exchange in full Teflon containment. The next step was to continue modifying the ratios 

of D2O to benzene as some improvement was seen in prior tests but had still been largely unexplored. 

Scaling the molar quantities of D2O had markedly improved the performance of the first cycle, obtaining 

as high as 80% deuterium content by mass spectrometry (Table 2-10). Interestingly, the rate of exchange 

was seemingly unchanged by the increase in D2O, as the timescale of these reactions scaled proportionally 

with insignificant benefit to prolonging the reaction time (Table 2-10, entries 3-4). Conveniently, this 

correlation indicated that the number of days needed for the reaction to complete would be half the molar 

equivalents of D2O used in said reaction (i.e. A reaction using 18 molar equivalents of D2O would need no 

more than 9 days to complete). From this, it was observed that the same degree of H/D exchange could be 

met using both 18 equivalents and 24 equivalents of D2O with their respective reaction times. While it may 

seem obvious that the former of these two conditions would be best as it is all around the most efficient, 

one must keep in mind that degradation of the D2O is a consideration of equal importance. Beginning each 

reaction with 99.9% enriched D2O, the final D2O deuterium content after the reactions can be calculated as 

87% and 90% D respectively. Therefore, the conditions using 24 equivalents should be used. Alternatively, 

since such a high enrichment is made in the first cycle, the extent of D2O degradation in further cycles will 

be significantly less. If the waste streams from the first and second cycle were combined, the isotopic purity 
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of the waste would fit within the 90% margin. Considering this alternative and the conservation of D2O 

consumption throughout testing, it was opted to continue using 18 equivalents. 

  

Figure 2-19: The catalyst medium is prepared by dispensing Pt/C as a slurry on filter paper under vacuum suction and dried 

before using (left). The filter paper is placed inside the Teflon liner on a stand to keep it above the liquid surface (right), folding 

the filter paper allows for larger filter papers to fit inside and does not impact reactivity. 

 

 

Table 2-10: Screening of D2O addition in autoclave reactions. 

Entry 

D2O 

(equiv.) 

Reaction 

Time 

(days) 

Isotopic Distribution 

Total 

%D† 
D0 D1 D2 D3 D4 D5 D6 

1 6 3 1% 8% 12% 23% 30% 21% 6% 60% 

2 12 6 1% 3% 6% 15% 28% 32% 15% 71% 

3 18 9 0% 1% 4% 9% 22% 36% 29% 79% 

4 18 12 0% 1% 4% 9% 21% 36% 30% 80% 

5 24 12 0% 1% 4% 8% 20% 34% 33% 64% 

† Deuterium content measured by GC-MS. 

It was around this time that the method of analyzing the deuterium content of benzene had shifted. 

Up to this stage, the measurement of deuterium incorporated into benzene was measured exclusively using 

(GC-MS). From here on in, the measurement of deuterium in benzene is performed by quantitative NMR 

(qNMR). The reason for this change is discussed in Appendix 1. With this new method, it was revealed 

that the results of the first cycle using 18 equivalents were inaccurate, enriching benzene to a deuterium 



32 
 

content of 72-75% D rather than the previously reported 80% D. Despite this new information, the 

conclusions regarding D2O degradation and the similarities between using 24 and 18 equivalents of D2O 

were largely unaltered. Seeing that one cycle acquires such high deuteration, it would seem possible that 

one could accomplish full deuterium exchange of benzene within 2 cycles. Hence, a second cycle under 

identical conditions was performed. Curiously, the reaction only increased the amount of deuterium by 20-

23% (Table 2-11, entries 2-4). In attempts to push this further, all variables were increased independently 

including temperature, D2O, and time. Of these, only increasing the quantity of D2O in the second reaction 

permitted greater H/D exchange. Using 24 equivalents provided an additional 5% D versus an 18-equivalent 

cycle, but the benefit was deleterious beyond this as 30 equivalents gave a similar level of incorporation 

(Table 2-11, entries 5-7). Having reached this point, discussions with the industrial partner communicated 

that on a laboratory scale the efficacy of this process would be viable to proceed to an industrial scale where 

the finality of the conditions would be determined. This redirected attention to the refinement of the current 

procedure and running control experiments to ensure that the foundational work was indeed complete. 

 

Table 2-11: Optimization of second cycle to attempt full H/D exchange. 

Entry 

Cat. Loading 

(mol%) 

D2O 

(equiv.) 

Temp. 

(℃) 

Reaction 

Time 

(days) Cycle # Total %D† 

1 

0.5% 18 140 

7 1 73% 

2 7 2 93% 

3 10 2 93% 

4 14 2 96% 

5 
0.5% 24 140 

7 2 98% 

6 14 2 98% 

7 0.5% 30 140 7 2 98% 

8 
0.5% 18 160 

7 1 75% 

9 7 2 91%‡ 

10 1% 18 160 5 3 95% 

† Measured by qNMR; ‡ Measured by GC-MS. 

Finalizing this investigation, two main questions were identified that should be answered. First was 

whether the catalytic loading in the reactions was at its minimum efficiency. Secondly, is the plateauing 
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effect of H/D exchange a result of some energetic barrier? Exploring the first inquiry, reactions were set up 

at lower catalyst loadings with incremental changes (Table 2-12). Surprisingly, charging the reaction with 

as little as 0.2 mol% exceeded all prior tests in both deuteration and efficiency. Repeating these conditions 

for a second cycle proceed readily but suffered the same plateau to yield deuterobenzene at 95% D. 

Rationale for this behaviour could be explained through the dissociative mechanism of exchange. As it’s 

been stated, a chemisorbed deuterium atom must be in proximity to the phenyl ring to exchange. By 

decreasing the catalytic loading, the corresponding catalytic surface shrinks with it. With fewer active sites, 

there is a higher probability of deuterium neighbouring a chemisorbed phenyl ring. The observation of 

exchange decreasing linearly with catalyst loadings below 0.2 mol% supports that this could be the 

threshold of its optimal catalytic surface area. This reason alone does not explain why the same efficiency 

is seen when catalyst is used between 0.2 – 0.4 mol%, but for the intentions of this research is not of priority. 

To shine some light on the plateau of exchange regularly seen in these experiments, a sample of 99.5% D 

benzene was acquired and subjected to the reaction conditions for 7 days (Scheme 2-1). If the exchange of 

deuterium with benzene has an energy barrier increasing with isotopic purity, one should expect very little 

to no exchange during this period. If the energy barrier of H/D exchange is degenerate across all 

isotopologues of benzene, one should see further deuteration occur in the sample. After this period, the 

benzene sample was analyzed and measured to be 99% D. One possible conclusion from this result is the 

concentration of deuterium on benzene creates a shift in equilibrium, driving deuterium to any present HDO 

in the system. Alternatively, with such highly deuterated benzene, any small changes in the composition of 

its isotopologues can change the overall deuterium content dramatically. In other words, if the relative 

amount of benzene-d5 present in the sample increased during the reaction, the result observed could also 

occur. This change could be caused by loss of the benzene-d6 isotopologue through evaporation. 

Elucidating the exact cause of this event requires more scrutinous experiments in a highly controlled setting. 

Ultimately the change in deuterated benzene is very small over a long period and is inconclusive that the 

observed plateau effect is precluded by energetics. A simpler cause of this plateau with higher deuterium-

enriched benzene could be from exchange probability, where the likelihood of a protium-to-deuterium 

exchange event becomes less probable as fewer benzene molecules exist with protium attached. Under these 

circumstances, exhaustive reaction times would afford higher isotopic purity. 
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Table 2-12: Catalyst loading control reactions, revealing 0.2 mol% to be most efficient overall. 

Entry 

Cat. Loading 

(mol%) 

Reaction 

Time 

(days) Cycle # Total %D 

1 0.05% 3 1 18% 

2 0.1% 3 1 40% 

3 

0.2% 

1 1 13% 

4 3.5 1 86% 

5 3.5 2 95% 

6 7 1 84% 

7 
0.3% 

3.5 
1 

84% 

8 7 84% 

9 
0.4% 

3.5 
1 

81% 

10 7 82% 

 

 

Scheme 2-1: Reverse H/D exchange control. 
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2.3 Conclusions and Future Work 

 

 Because the product of this work is intended for commercialization, many aspects of the 

investigations undergone are directed by the goals and objectives of the industrial collaborator. The efforts 

of this work were concentrated on the target molecule benzene-d6, with an initial laboratory scale process 

to be developed under D2O-conservative criteria. In summary, it has been demonstrated that benzene-d6 

can be acquired using hydrothermal conditions with a 96% isotopic purity of deuterium through 2 

successive cycles using D2O as the isotope source provided by the industrial partner. With a limit of D2O 

degradation being no greater than 10%, this is accomplished through means of excess use per cycle or 

consolidation of waste streams from the 2 reaction cycles. The resulting procedure can be used by the 

industrial partner in the further process development of benzene-d6 synthesis on large scale. 

 The efforts of this work can be expanded further in the scope of this collaboration. Firstly, the 

methods described to perform H/D exchange on benzene can be tested on other substrates of interest, such 

as PAHs, heterocyclic compounds, and other substituted aromatics. Identifying the strengths and pitfalls of 

this methodology on these substrates would provide insight into the versatility of the finished process, and 

from this understanding would contribute to the design of the finished reactor to maximize its utility. 

Additionally, the Smith group of the Chemistry department has joined the collaboration with deutraMed 

Inc. to develop novel catalysts with one of the intentions being the development of catalyst(s) that will 

perform H/D exchange on target molecules assigned to our lab. The implementation of these catalysts will 

become pertinent to the research described here in addition to any future projects. 

2.4 Experimental and Spectral Data 

 

General Experimental Details 

Reactions were carried out in sealed vessels as described in General Procedure A and B. All 

reagents were purchased from Sigma-Aldrich and used without any further purification. Transfer of D2O 

was performed inside a glovebag under dry N2 atmosphere via syringe. All NMR spectra are reported in 

chemical shifts (δ) in parts per million (ppm) relative to reference compounds and/or residual solvent 

peaks. The following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = 

triplet, q = quartet, br. s = broad singlet. Proton NMR spectra (1H NMR) were recorded at 300 MHz and 

are reported relative to the residual methanol-d4 (3.31 ppm) peak reported. 
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Important Safety Note 

 Benzene is recognized as a known carcinogen.108 All handling of benzene and its isotopically 

labelled forms must always be performed in a fume hood with good ventilation. Platinum is also a known 

oxidant in the presence of alcohols, generating explosive hydrogen gas. Keeping alcohols and other 

susceptible materials away from platinum is important when handling. Gloves must be worn at all times 

when handling all materials. The reactions described are performed under closed systems under elevated 

temperature, creating high pressure environments that pose an explosion risk. All reaction vessels used in 

this work were equipped with pressure relief measures and surrounded by blast shields to mitigate this 

risk. Careful consideration must be used before engaging in these reactions including but not limited to 

the volatility and vapour pressures of chemicals used and the total volume and pressure limits of the 

reaction vessel. 

General Procedure A: Glass pressure vessel synthesis of benzene-d6 

 

To a dry, heavy-walled glass pressure vessel with a magnetic stir bar was added benzene (1.0 

equiv.), Pt/C (5-10% metal by weight, 0.5-1 mol%, 0.549-1.09 g), and D2O (3-6 equiv.). The vessel was 

secured tightly by Teflon screw cap and placed in an oil bath set to 140 ℃ and left to stir. Once complete, 

the reaction is removed from the oil bath and left to cool. Once cooled, the Teflon screw cap is replaced by 

a ground glass joint adaptor and the liquid products are isolated by short path distillation at 150 ℃. The 

organic phase is separated and is subjected to GC-MS analysis, where deuterium incorporation is measured 

by isotopic abundance. 
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General Procedure B: Steel autoclave reactor synthesis of benzene-d6 

 

To a dry, Teflon cup insert was added benzene (1.0 equiv.), D2O (18 equiv.), and Pt/C (10% metal 

by weight, 0.5 mol%, 0.55 grams) which is dispersed on Whatman #1 filter paper. The Teflon cup is closed 

and sealed inside the stainless-steel jacket (Figure 2-8). The reactor is placed inside an oven set to 140 ℃ 

and left for the duration of the reaction. The reactor is then removed from the oven and left to cool before 

opening. Once cooled, the reactor jacket and Teflon cup are opened, and the catalyst is removed before 

transferring the contents to a separatory funnel. The organic phase is collected and is subjected to GC-MS 

analysis along with 1H and 2H NMR analysis using maleic acid and methanol-d4 as the 1H and 2H internal 

standards, respectively. 

1H NMR (300 MHz, CD3OD): δ 7.34 (s) 

  

Figure 2-20: Teflon cup insert and disassembled stainless steel jacket of hydrothermal autoclave reactor (left) and sealed reactor 

(right). 
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Appendices 

Appendix 1: Analytical Methods of Benzene H/D Exchange 

A1.1 Gas-Chromatography Mass Spectrometry 
 

 The analysis of deuterium had a wide array of strategies and methods can vary based on the 

intention and molecular properties of the analyte. The goals of analysis can pertain to isotope tracking, used 

commonly in proteomics for structure elucidation and mechanistic/kinetic investigation,15,109,110 or isotopic 

quantitation, important for characterization in geochemistry and medicinal chemistry.15,111 The latter is of 

interest to this research. Naturally, the measure of deuterium in molecules is the most direct way of 

assessing the efficacy of H/D exchange reactions. Utilizing the differences in properties between protium 

and deuterium is key to achieving a robust analytical procedure. The most obvious property to exploit is 

the difference in mass between the isotopes, and it is no surprise that mass spectrometry is used routinely 

for quantifying H/D exchange processes. However, with numerous types of mass spectrometry it is 

necessary to understand the strengths and weaknesses of each. Considering benzene and its isotopologues 

as the analyte of interest, mass spectrometry techniques compatible with low mass, volatile, non-polar 

compounds are required. Of the current methods, electron impact (EI), atmospheric-pressure chemical 

ionization (APCI), and photo-ionization (APPI) fit these criteria (Figure A1-1).112 Based on the facilities 

available in the chemistry department, GC-MS and APCI were the best candidates. The solvent 

dichloromethane is known to have the best ionization efficiency with benzene, but in the ionization process 

an adduct forms upon the addition of a chloromethyl cation. The adduct undergoes an elimination reaction 

to produce the more stable tropylium ion and releasing hydrochloric acid as a by-product. During this 

elimination deuterium atoms can be removed from the benzene ring to form deuterium chloride, resulting 

in an inaccurate measurement of deuterium incorporated from the H/D exchange reaction (Scheme A1-1). 

113 Because of this, GC-MS coupled with EI was more suitable for benzene analysis. Having selected the 

instrument, the instrument method was next to be established. 
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Figure A1-1: Compatibility of different mass spectrometry ionization methods across polarity and analyte mass. 

 

 

Scheme A1-1: Chemical ionization of benzene-d6 eliminates deuterium atom via addition-elimination with dichloromethane 

reagent gas. 

 While benzene is a prime analyte for GC-MS as a volatile compound, its low mass and boiling 

point must be carefully considered for sample preparation and method development. Standard methods 

involve fast temperature ramps to high temperatures which would cause the analyte to elute with solvent 

(Figure A1-2). An isothermal process solves this, holding a constant oven temperature of 35℃ allows 

benzene and its deuterated forms to elute slowly enough for solvent to precede. For this to be true, the 

solvent needed to dissolve benzene, have a boiling point lower than benzene, and possess no ions within 

the mass range of benzene and its isotopologues (78 - 84 m/z). Of the compatible solvents, ethanol and 

acetone were found to be suitable for this analysis. Benzene and benzene-d6 elute at ~3-4 minutes (Figure 

A1-3). With benzene and deuterated product being observable, measurement of deuterium content could be 

obtained from the resulting mass spectrum. Since mass spectra present ion peaks as a histogram, one must 

deconvolute the spectrum to acquire the true abundances. From the spectral data, the distribution of 

isotopologues could be determined by the following equation: 

%𝐷𝑛 =
𝑒− 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑠𝑜𝑡𝑜𝑝𝑜𝑙𝑜𝑔𝑢𝑒 ′𝑛′

𝑇𝑜𝑡𝑎𝑙 𝑒− 𝑐𝑜𝑢𝑛𝑡
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Knowing the quantities of each isotopologue generated (%Dn), the total deuterium content can be calculated 

using the following formula: 

∑ %𝐷𝑛 ∙
𝑛

6
= %𝐷 𝑡𝑜𝑡𝑎𝑙

6

𝑛=1

 

Example calculation of %D from the following reaction product: 

 

Table A1-1: Ion abundance values from GC-MS spectrum, with benzene isotopologue distribution of sample extracted from data. 

 Mass-to-charge ratio (m/z) 

 78 (D0) 79 (D1) 80 (D2) 81 (D3) 82 (D4) 83 (D5) 84 (D6) Total 

e- 

count 

6.936 

x 108 

4.770 

x 108 

2.229 

x 107 

2.411 

x 106 

8.250 

x 105 

4.261 

x 105 

2.689 

x 105 

1.197 

x 109 

%Dn 58% 40% 2% 0% 0% 0% 0% 100% 

 

%𝐷1 =
639612416

1196855821
= 58% 

∑ %𝐷𝑛 ∙
𝑛

6
= 0.58 ∙

0

6
+ 0.40 ∙

1

6
+ 0.02 ∙

2

6
= 6% 𝑡𝑜𝑡𝑎𝑙 𝐷

6

𝑛=1

 

The abundance of each isotopologue contain ‘n’ number of deuterium atoms of its 6 total hydrogens. The 

amount of deuterium in each isotopologue is then determined by the amount of that isotopologue multiplied 

by the ratio of deuterium to hydrogen in that isotopologue. The sum of all 6 isotopologues deuterium 

contribution yields the total deuterium content in the sample. Using GC-MS as the analytical tool worked 

well for most of this project. However, it would be later revealed that the accuracy of mass spectrometry is 

flawed as benzene becomes more isotopically enriched. As referenced in Chapter 2, the analysis of 

deuterated benzene shifted from GC-MS to a qNMR process. It was discovered through the qNMR method 

that the calculated values of deuterium incorporation were incongruent with the GC-MS method and would 

skew above or below the qNMR determined value throughout the progression of deuterium introduced into 

benzene (Figure A1-4). The was discovered when optimization of the second reaction repeatedly produced 
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a plateau, comparison of the GC-MS value and the qNMR value revealed a discrepancy in the measured 

value. To assess the breadth of this, several previously made samples were subjected to the same evaluation. 

In the most extreme case, a GC-MS value measured benzene to be 49% D but would correspond to 34% D 

by qNMR, a difference of 15%. A trend was observed where the GC-MS would produce a deuterium 

measurement greater than the qNMR measurement, until approximately 85% D where the GC-MS value 

would fall below that of the qNMR. To confirm the accuracy of both methods, a standard of benzene-d6 

(99.7% D) was analyzed using both methods. From this, the deuterium content was measured at 99.6% ± 

0.2 D via qNMR while the GC-MS reported 92% D. The divergence in values at high isotopic purity is 

determined to be from fragmentation of the parent ion, obscuring the true abundance of lower isotopologues 

(Figure A1-5). With this knowledge, all further analysis was performed exclusively by qNMR. 

 

Figure A1-2: Using the standard GC conditions (80 – 200 ℃) causes benzene to elute too quickly with the solvent front, leaving 

a blank result. 
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Figure A1-3: Isothermal GC column temperature of a 1:1 mixture of benzene and benzene-d6 elutes in ~3.75 min. Due to 

benzene-d6 having a slightly lower boiling point, the peak is instead a coalescence of two unresolved peaks. 
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Figure A1-4: Above 85% D, fragmentation of the benzene ring deflates the calculated %D with no way of discerning cause 

between fragmentation and presence of an isotopologue. Reasons for inflated %D values below 85% are unclear, accounting for 

13C peaks and possible [M+H] adducts contribute ~1% difference, which does not equate with the 10+% increase in values 

observed. 
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Figure A1-5: A benzene-d6 standard (99.7% D) shows fragmentation peaks which would coincidentally correspond with 

isotopologues benzene-d2, -d4, and -d5, resulting in an inaccurate calculated value of 92% D. 

A1.2 Quantitative 1H + 2H Nuclear Magnetic Resonance Spectroscopy 
 

During the course of this project, a publication was released demonstrating a qNMR method which 

determines the deuterium content of compounds with high accuracy and reproducibility.114 The method 

involves preparation of the deuterated sample with an appropriate proton internal standard and deuterated 

solvent. The sample is then run for 1H NMR using the proton internal standard as reference (Figure A1-6), 

then 2H NMR is followed where the deuterated solvent serves as the deuterated internal standard (Figure 

A1-7). By using the deuterated solvent as a second internal standard, both NMR spectra can be obtained 

from the same sample and removes the need to prepare samples for each NMR analysis. Consolidation of 

the samples prevents additional error through sample preparation, ensuring that both NMR spectra are 

correlative to the same quantities of sample and standard. For the analysis of benzene, maleic acid was 

chosen as the proton standard as both compounds possess sp2 hydrogens. Despite similar hybridization, T1 

relaxation times can still vary due to the differences in electronic effects between benzene aromaticity and 

carboxylic acids on a non-cyclic alkene. This issue was addressed in the paper as well, increasing the 

relaxation delay to 50 seconds encompasses many common standards and reagents used in qNMR.114 

Methanol-d4 was chosen as the solvent due to its compatibility with benzene and is readily accessible from 
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the industrial partner. Once the spectra are obtained, the deuterium abundance can be calculated by the 

following equation: 

𝐶𝐷

𝐶𝐷 + 𝐶𝐻
∙ 100 = % 𝐷 𝑡𝑜𝑡𝑎𝑙 

Where CD and CH are the isotopic purity of deuterium and protium, respectively. These values are 

calculated by the general formula below: 

𝐶𝐴 =
𝑚𝑠 ∙ 𝑁𝑠 ∙ 𝑀𝑊𝐴 ∙ 𝐼𝐴

𝑚𝐴 ∙ 𝑁𝐴 ∙ 𝑀𝑊𝑠 ∙ 𝐼𝑠
∙ 𝑃𝑠 

=

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒
# 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑝𝑟𝑜𝑡𝑜𝑛𝑠

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
# 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑝𝑟𝑜𝑡𝑜𝑛𝑠

∙ 𝑃𝑢𝑟𝑖𝑡𝑦 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 

Where m, N, MW, and I are the mass, molar mass, number of protons, and integration of the 

standard (s) and analyte (A) with Ps representing the purity of the standard. 

 

Figure A1-6: 1H NMR spectrum of deuterated benzene (88.9% D, δ 7.3 ppm) with maleic acid as standard (δ 6.3 ppm). 

Benzene 

Maleic acid 

HOD 
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Figure A1-7: Full 2H NMR spectrum of deuterated benzene (88.9% D, δ 7.3 ppm) with methanol-d4 (δ 3.24 ppm) as the internal 

standard (top). Zoomed to show benzene peak. 

Sample calculation using data from above spectra: 

 

Table A1-2: Weighed quantities of standards and sample, with representative integration values from NMR spectra. 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

Int. 

benzene 

Int. 

deutero-

benzene 

Int. 

maleic 

acid 

Int. 

methanol-

d4 

14.5 0.125 588.4 16.31 18 1.000 1.000 2.1216 55.8447 

 

𝐶𝐻 =
𝑚𝑠 ∙ 𝑁𝑠 ∙ 𝑀𝑊𝐴 ∙ 𝐼𝐴

𝑚𝐴 ∙ 𝑁𝐴 ∙ 𝑀𝑊𝑠 ∙ 𝐼𝑠
∙ 𝑃𝑠 =

0.125 ∙ 2 ∙ 78.11 ∙ 1

18 ∙ 6 ∙ 116.072 ∙ 2.1216
∙ 99% = 0.08432 

 

𝐶𝐷 =
𝑚𝑠 ∙ 𝑁𝑠 ∙ 𝑀𝑊𝐴 ∙ 𝐼𝐴

𝑚𝐴 ∙ 𝑁𝐴 ∙ 𝑀𝑊𝑠 ∙ 𝐼𝑠
∙ 𝑃𝑠 =

16.31 ∙ 3 ∙ 84.15 ∙ 1

18 ∙ 6 ∙ 36.066 ∙ 55.8447
∙ 99% = 0.6760 

 

𝐶𝐷

𝐶𝐷 + 𝐶𝐻
∙ 100 =

0.6760

0.6760 + 0.08432
∙ 100 = 88.9% 𝐷 𝑡𝑜𝑡𝑎𝑙 

Methanol-d4 

HOD 

Deuterobenzene 
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Appendix 2: Spectral Data 
 

Table 2-3 

Entry 1 
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Entry 2 
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Table 2-4 

Entry 1 
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Entry 2 
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Entry 3 
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Table 2-6 

Entry 1 
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Entry 2 
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Entry 3 
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Entry 4 
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Table 2-7 

Entry 1 
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Entry 2 
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Entry 3 

 

  



68 
 

Entry 4 
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Entry 5 
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Entry 6 

 

  



71 
 

Entry 7 
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Table 2-8 

Entry 1 
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Entry 2 

 

  



74 
 

Entry 3 
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Entry 4 
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Table 2-9 

Entry 1 
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Entry 2 
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Table 2-10 

Entry 1 
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Entry 2 
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Entry 3 
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Entry 4 
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Entry 5 
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Table 2-11 

Entry 1 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

13.7 0.118 611 16.9 16 
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Entry 2 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

13.5 0.116 590 16.3 17.6 
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Entry 3 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

13.6 0.117 585 16.2 16.7 
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Entry 4 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

14.8 0.127 574.7 15.9 23.4 
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Entry 5 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

14.6 0.126 592.9 16.4 18.1 
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Entry 6 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

20 0.172 599 16.6 13.4 
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Entry 7 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

18 0.155 582 16.1 14.2 

 



90 
 

Entry 8 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

14 0.121 569 15.8 16 
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Entry 9 
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Entry 10 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

15.5 0.133 596.5 16.5 15 
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Table 2-12 

Entry 1 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

11 0.0948 588 16.3 20 



94 
 

Entry 2 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

13.2 0.114 590 16.3 20 
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Entry 3 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

11.1 0.0956 596 16.5 17 
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Entry 4 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

12.9 0.111 604 16.7 16 
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Entry 5 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

13.5 0.116 596 16.5 16 
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Entry 6 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

17.8 0.153 617 17.1 15 
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Entry 7 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

12.4 0.107 596 16.5 16 
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Entry 8 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

17.8 0.153 588 16.3 16 
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Entry 9 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

16.5 0.142 593 16.4 13 
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Entry 10 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

15.7 0.135 579 16.0 14 
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Scheme 2-1 

 

 

 

Mass 

maleic 

acid 

(mg) 

mmol 

maleic 

acid 

Mass 

methanol-

d4 (mg) 

mmol 

methanol-

d4 

Mass 

benzene 

(mg) 

13.8 0.119 600 16.6 17 

 


