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Abstract 

Frustrated Lewis pairs (FLPs) are sterically precluded combinations of Lewis acids and Lewis bases that are 

unable to form a Lewis adduct. The FLPs presented in this thesis are targeted towards the development 

of novel hydrogenation methods for the reductive coupling of CO2 to amines.  

Firstly, we present FLPs based on R3SnX Lewis acids (R = alkyl and X = Cl-, OTf-, NTf2
- or ClO4

-) for 

the reductive coupling of CO2 and amines in the presence of H2 gas for the synthesis of N-formamides. 

R3SnX Lewis acids with larger R groups (e.g. cyclohexyl) and weakly coordinating X group (e.g. OTf-, NTf2
- 

or ClO4
-) presented larger activity than Lewis acids with smaller R substituents (e.g. isopropyl) and strongly 

coordinating X group (Cl-). Among the tested catalysts, Cy3SnOTf demonstrated the highest activity (TON 

> 300), stability in the presence of water and selectivity for CO2 reduction. In turn, a variety of 

functionalised amines was selectively N-formylated without the concomitant reduction of unsaturated 

groups present in the substrate molecule.  

Secondly, we present the solvent assisted synthesis of azoles from ortho-substituted anilines, CO2 

and H2 gas. Amine based solvents are N-formylated via the R3SnX FLP catalysed N-formylation reaction 

with CO2 and H2. Subsequent R3SnX Lewis acid catalysed transfer of the formyl group to the otherwise 

unreactive ortho-substituted aniline substrate and cyclization of N-formylated intermediate yields the 

desired azole product. Solvent mixtures of polyethyleneimine and N-methylmorpholine (1:1) were the 

most effective and allowed for a 70-times increase in catalytic activity of the system compared to simple 

R3SnX Lewis acid promoted N-formylations in sulfolane. The recorded activities are in line with the best 

transition metal catalysts for the reaction. Consequently, various functionalised ortho-substituted anilines 

were successfully transformed into the corresponding azoles at low catalyst loadings (<1 mol%).  

Thirdly, we replaced the tetravalent R3SnX Lewis acids by hexa-coordinate tin (IV) salen and 

salophen complexes, which allows for greater variation in steric and electronic properties of the Lewis 

acids and their FLPs. The complexes can activate H2 gas at room temperature and act as hydrogenation 

catalysts at temperatures >150 °C. The novel LA hydrogenated various imine substrates and acted as CO2 

hydrogenation catalysts in the N-formylation reaction. Lastly, the operating temperatures and pressures 

of the N-formylations were reduced using transfer hydrogenations with γ-terpinene instead of H2. The 

reactions are catalysed by metal triflates and proceed at 130°C and 4 bar of CO2 instead of 180°C and 

>100 bar with H2 and R3SnX based FLPs.  

Keywords: FLPs, Lewis acids, Lewis bases, catalysis, carbon dioxide, hydrogenation, N-formylamines,   



7 
 

Shrnutí 

Frustrované Lewisovy páry (FLPs) jsou kombinace Lewisových kyselin a Lewisových bází, které 

nejsou ze sterických důvodů schopny vytvořit Lewisův adukt. FLPs představené v této práci jsou zaměřeny 

na vývoj nových hydrogenačních metod, zejména pro reduktivně kondenzační reakce CO2 s aminy. 

Nejprve představujeme FLPs založené na Lewisových kyselinách R3SnX (R = alkyl a X = Cl-, OTf-, 

NTf2
- nebo ClO4

-) pro reduktivně kondenzační reakce CO2 a aminů v přítomnosti H2 plynu pro syntézu N-

formamidů. Lewisovy kyseliny R3SnX s většími R skupinami (např. cyklohexyl) a slabě koordinujícími X 

skupinami (např. OTf-, NTf2
- nebo ClO4

-) vykazují vyšší aktivitu než Lewisovy kyseliny s menšími R 

substituenty (např. isopropyl) a silně koordinujícími X skupinami (Cl-). Mezi testovanými katalyzátory 

Cy3SnOTf vykázal nejvyšší aktivitu (TON > 300), stabilitu v přítomnosti vody a selektivitu pro redukci CO2. 

Různé funkčně substituované aminy byly selektivně N-formylovány bez současné redukce nenasycených 

skupin přítomných v molekule substrátu. 

Dále představujeme syntézu azolů asistovanou rozpouštědlem z ortho-substituovaných anilinů, 

CO2 a H2 plynu. Aminové rozpouštědla jsou N-formylovány reakcí katalyzovanou R3SnX FLP CO2 a H2. 

Následný přenos formylové skupiny katalyzovaný Lewisovou kyselinou R3SnX na jinak nereaktivní ortho-

substituovaný anilinový substrát a cyklizace N-formylovaného meziproduktu vede k požadovanému azolu. 

Směsi rozpouštědel polyethyleniminu a N-methylmorfolinu (1:1) byly nejúčinnější a umožnily 70-násobné 

zvýšení katalytické aktivity systému ve srovnání s jednoduchými N-formylacemi podporovanými 

Lewisovými kyselinami R3SnX v sulfolanu. Zaznamenané aktivity jsou srovnatelné s nejlepšími katalyzátory 

přechodných kovů pro tuto reakci. Následně byly různé funkčně substituované ortho-aniliny úspěšně 

přeměněny na odpovídající azoly při nízkém zatížení katalyzátorem (<1 mol%). 

Dále jsme nahradili čtyřmocné Lewisovy kyseliny R3SnX hexa-koordinovanými komplexy cínu se 

salenovými a salofenovými ligandy, což umožňuje větší variabilitu ve sterických a elektronických 

vlastnostech Lewisových kyselin a jejich FLPs. Komplexy mohou aktivovat H2 plyn při pokojové teplotě a 

působí jako katalyzátory hydrogenací při teplotách nad 150 °C. Tyto nové Lewisovy kyseliny hydrogenovaly 

různé iminy a působily jako katalyzátory hydrogenace CO2 v N-formylačních reakcích. Nakonec byly 

provozní teploty a tlaky N-formylací sníženy použitím přenosových hydrogenací s γ-terpinenem místo H2. 

Reakce jsou katalyzovány kovovými trifláty a probíhají při 130°C a 4 barů CO2 místo 180°C a >100 barů s 

H2 a FLPs na bázi R3SnX. 

Klíčová slova: FLP, Lewisovy kyseliny, Lewisovy báze, katalýza, hydrogenace, oxid uhličitý, formamidy   
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1. Introduction 

1.0  ‘Frustrated Lewis Pair’? 

Gilbert N. Lewis proposed the theory of Lewis acids, Lewis bases and Lewis adducts in the early 20th 

century. Accordingly, Lewis adducts are composed of an electron acceptor (EA or Lewis acid (LA)) and an 

electron donator (ED or Lewis Base (LB)) which have formed a pairing. The pair is formed due to the 

donation of an electron pair from the LB to the LA forming a dative covalent bond (Figure 1A). In contrast, 

FLPs are combinations of LA and LB that are sterically, energetically, or electronically precluded from 

forming a dative covalent bond (Figure 1B). Both Lewis adducts and FLPs can either be formed inter- or 

intra-molecularly. 1 

 

 
Figure 1: A) General scheme of intermolecular Lewis adduct formation and an example reaction of 2,6-lutidine with BF3 (left); B) 

General reaction scheme of an intermolecular ‘Frustrated Lewis pair’ (FLP) interaction and an example of such interaction 
between 2,6-lutidine and B(CH3)3 (right). 

In 1942 Brown showed that upon exposing 2,6-lutidine to BF3 a typical Lewis adduct was formed. However, 

upon exposure of 2,6-lutidine to the bulkier BMe3 no such adduct was formed (Figure 1 and 2).2 In 1959 

Wittig found that when BPh3 and PPh3 are exposed to 1-bromo-2-fluorobenzene and magnesium, which 

generates benzyne in situ, a zwitterionic product was formed by 1,2- addition as opposed to the expected 

classic Lewis adduct (Figure 2).3 Similar reaction occurs between trityl anion and BPh3, which undergo 1,2- 

and 1,4- additions when exposed to butadiene instead of forming the Lewis adduct. First catalytic reaction 

with an ‘FLP’ was completed in 1996 when Piers reported the B(C6F5)3 catalysed hydrosilylation of ketones. 

Two years later it was shown that B(C6F5)3 and the ylide Ph3PC(H)P undergo thermal rearrangement from 

a classic Lewis adduct to a zwitterionic salt (Figure 2). 4 
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Figure 2: Timeline of important discoveries in the lead-up to the modern FLP. This figure was adapted from reference X. 

Following on from these early examples of Lewis acid and Lewis base cooperative catalysis, in 2006 the 

Stephan group published the first example of reversible dihydrogen activation by a phosphaborane FLP 

(Figure 2). This challenged the notion that transition metals are needed for the activation of dihydrogen 

and hydrogenation catalysis.1  

1.1 FLPs in catalysis.  

1.1.1 Activation of small molecules by FLPs 

Hydrogenations using dihydrogen allow for atom economic reduction reactions for the synthesis of 

molecules important in the petrochemical, pharmaceutical and food industries.5–8 Both FLPs and 

transition metals activate dihydrogen and other small molecules.9–11 The mechanism that transition 

metals activate dihydrogen and the mechanism that FLPs activate dihydrogen are theorized to be 

similar.12,13 Both can use orbitals of σ and σ* symmetry to donate electron density into the σ* orbital and 

accept electron density from the σ orbital of dihydrogen respectively.12 Although, the research on the 

activation of dihydrogen with FLPs is still ongoing and there are different interpretations as to the exact 

mechanism but in many interpretations, it is believed that the orbital interactions between dihydrogen 

and an FLP occur via an ‘encounter complex’ leading to heterolytic splitting of H2 (Figure 3A).14,15 The main 

difference between FLPs and transition metals is that transition metals can act as both the Lewis base and 

as the Lewis acid leading to the homolytic splitting of dihydrogen.12 In contrast, FLPs are multi-component 

systems where the Lewis basic moiety and Lewis acidic moiety are located on different atoms and thus 

requires the formation of an encounter complex.1,15 The encounter complex is hypothesized to 

incorporate a ‘guest’ molecule which then is split by either polarization of the electric field between the 
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Lewis acid and Lewis base or by a donator acceptor interaction between FLP and the substrate, which 

allows FLPs to split H2 and to act as hydrogenation catalysts. 15,16 

Figure 3: A) General mechanism of small molecule activation by FLP via an “encounter complex”; B) Example of H2 activation by 
an intermolecular FLP [B(C6F5)3 : dioxane] 

1.1.2 FLP catalysed hydrogenations 

FLPs catalyse the hydrogenation of imines, enamines, N-heterocyclic compounds, ketones, esters, silyl 

ethers, oxime ethers, alkenes, alkynes, aromatics and other unsaturated molecules (Figure 4).9,14,17 

 
Figure 4: Examples of products that can be synthesized by FLP using H2 gas (names of starting materials are stated below 

products) 
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The archetypical hydrogenation of imines in the presence of dihydrogen gas proceeds without an added 

base for sufficiently basic imines, which may act as the Lewis basic counterpart of the FLP catalyst. 

18,19Encounter complex forms, which heterolytically splits hydrogen gas (Figure 5, steps I and II). This 

results in a LA-hydride and a conjugate acid of the Lewis base. The LA-hydride then inserts the imine (or 

iminium cation) reducing the imine to an amine- LA complex (Figure 5, step III). The resulting amine-LA 

complex then dissociates liberating the amine product (Figure 5, step IV) completing the reduction of the 

imine to an amine (Figure 5). 18 

 
Figure 5: 1) Reaction scheme for the FLP catalysed hydrogenation of imines with H2 as the hydride source. 2) General mechanism 

for FLP catalysed imine hydrogenation with substrate as the Lewis base 

The reaction is mostly catalysed by boron-based Lewis acids. However, recently it has been shown that 

heavier p-block based Lewis acids, including Sn, can hydrogenate imines and therefore can be compared 

with boranes. The motivation to switch from boron-based acids to other main group acids was driven by 

the need for catalysts with greater water and functional group tolerance in particular alcohols. Boranes 

strongly interact with –hydroxyl groups, which leads to LA-HOR adducts that are strongly acidic [cf. H2O 

pKa = 8.4 (MeCN); H2O-B(C6F5)3 pKa <1 (H2O, est.)] which, in turn, when deprotonated by a Lewis base 

leads to catalyst inactivity. 18,20,21 

The most notable class of heavy p-block Lewis acids used in FLP chemistry are R3SnOTf Lewis acids. 

R3SnOTf Lewis acids are surrogates for the stannylium cation “R3Sn+” which is isolobal with R3B Lewis acids 
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(Figure 6) and has been calculated to possess similar hydride ion affinities (ΔGHydride in MeCN = 65.83 and 

64.95 kcal mol-1 for nBu3Sn-H and [H-B(C6F5)3]- respectively). 18,20 

 
Figure 6: Diagram showing the isolbolity between R3B species and R3Sn+ cations. 

Notably, the adduct of nBu3Sn+ with water is weaker than the adduct of B(C6F5)3 which results in higher 

water and alcohol tolerance of this Lewis acid. However, nBu3SnX does not form FLPs instead tending to 

form a classical Lewis adduct as the nBu groups do not provide enough steric hinderance to the tin Lewis 

acidic centre. This led to the replacement of the nBu groups with iPr with the greater steric bulk precluding 

adduct formation. 
iPr3SnOTf and 2,4,6- collidine (FLP1) is hence a known Sn/N FLP.18 FLP1 has been shown 

to efficiently hydrogenate imines, aldehydes and ketones.18,20 However, it failed in the direct reduction of 

CO2, which is a prominent target for FLP catalysed hydrogenations due to its promise as a renewable C1 

source. Nevertheless, due to the formation of water as a byproduct upon 4e- and 6e- reductions of CO2 

and the products of CO2 reduction forming strong adducts with LAs, FLP catalysed CO2 reductions with H2 

remained challenging.22 

1.1.3 FLP catalysed hydrogenations of CO2 

Carbon dioxide is a promising renewable C1 source for the synthesis of fine chemicals (Figure 7), fuels, 

and polymers, however, most of these syntheses require the reduction of CO2.23 Using CO2 as a C1 

feedstock would allow reduced reliance on fossil fuels as a feedstock and therefore contribute to 

decreasing emissions by turning the focus to CCSU (Carbon Capture Sequestration and Utilisation). 23,24 
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Figure 7: Examples of useful products produced from the hydrogenation of CO2(g) using H2(g). RWGS = Reverse Water Gas Shift, 

FTS = Fischer Tropsch Synthesis. 

CO2 may be used to produce formic acid (Figure 7), which is used as an H2 storage medium, in rubber 

production and as a chemical precursor in various organic transformations.23,25–27 Further hydrogenations 

lead to formaldehyde and methanol, which has value as a fuel source and in chemical synthesis.28–30 

Reverse water gas shift and Fischer Tropsch type synthesis generate carbon monoxide, C2-C4 olefins and 

long chain hydrocarbons.23,29,31 Carbon dioxide may also be reduced and incorporated into aromatic rings, 

various carbocycles or coupled to nucleophiles such as amines, thiols or alcohols allowing for the synthesis 

of complex molecular scaffolds from CO2 via partial or complete CO2 deoxygenation (Figure 7). 23,24,31 

However, the valorisation of CO2 often requires a high energy and a catalyst, due to thermodynamic 

stability of CO2 (ΔGf = −396 kJ mol−1).32 The catalysts are most often based on transition metals, in 

particular, the platinum group metals Ru33,34, Rh35,36, Pt37,38, Pd38,39, Ir40,41. Platinum group metals are rare 

and expensive therefore there has been a push to develop CO2 hydrogenation with H2(g) methods using 

earth abundant metals and non-metals including FLPs.22 Early examples of FLP catalysed CO2 reductions 

focused on stoichiometric reaction using boron based FLPs (Figure 8). 22 
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Figure 8: Examples of hydroborations of CO2 catalysed by FLPs comprising boron Lewis acids and P/N Lewis bases. 

B/P FLPs have been shown to efficiently activate CO2 both inter- and intramolecularly (Figure 8). However, 

these FLPs required stoichiometric reducing agents such as BH3-SMe2 or NH3-BH3 instead of H2(g) for 

catalytic reductions.22 Strong Lewis adduct formation with formic acid, methanol and water produced by 

direct hydrogenation of CO2 using H2 gas hindered or completely inhibited catalytic turnover.42 Notably, 

this was observed by Fontaine and colleagues upon CO2 hydrogenation with H2 and 1-BR2-2-NMe2-C6H4 (R 

= (2,4,6-Me3C6H2 1, 2,4,5Me3C6H2)2) catalysts that resulted in stoichiometric hydrogenation of CO2 to a 

mixture of formyl, acetal and methoxy derivatives of the FLP Lewis acids (Figure 9).43 

 
Figure 9: Example of stoichiometric reduction of CO2 with H2 catalysed by B/N FLP. 

Elimination of methanol from [TMP-H][MeO-B(C6F5)] (TMP = 2,2,6,6-tetramethylpiperidine) was 

demonstrated by O’Hare and colleagues together with the sequential reduction of CO2 with H2 to the 

methoxide level.42 The reaction was promoted by [B(C6F5) : TMP] FLP leading to the formation of [TMP-

H][MeO-B(C6F5)] over 6 days at 160 °C in a yield of 25% (Figure 10). 42 
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Figure 10: Simplified sheme for the synthesis of [TMP-H][MeO-B(C6F5)] from CO2 and H2 promoted by [B(C6F5) : TMP] FLP 

In the reaction, [HB(C6F5)]- was able to effectively hydrogenate CO2 to formate at pressures as low as 1 bar 

and at temperatures of 110 °C. This demonstrated the relative ease of 2e- CO2 reductions by main group 

hydrides. However, to achieve further reductions of CO2 increased temperatures were required, which 

lead to LA decomposition by protodearylation. Water produced in the reaction binds the LA B(C6F5), 

prototanes the aryl ring and eliminates it in the form ArylH. The resulting HOB(C6F5)2 further decomposes 

into the inactive boroxin (OB(C6F5)) (Figure 11). As a result, it was not possible to liberate MeOH from 

[TMP-H][MeO-B(C6F5)] without the protodearylation, which precluded catalytic turnovers. 42 

 
Figure 11: Mechanism for the decomposition of boranes during the synthesis of MeOH from H2 and CO2. 
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To overcome the issue of cleaving the formate and methoxy from the formatoborate and methoxyborate 

products respectively Stephan and colleagues employed the use of silyl halides.44 This was able to 

efficiently cleave the formato- and methoxy- groups from the boron center acting as an ‘oxygen sponge’, 

in the [B(C6F5)3 : 2,6- lutidine] FLP, allowing for turnover (Figure 12). Moreover, the silyl halides promoted 

the reaction at lower temperatures (100 °C vs 160°C for O’Hare and colleagues). Therefore, mitigating the 

temperature induced decomposition of the borane, which was further inhibited by the silyl halide acting 

as a drying agent preventing water-assisted decomposition (Figure 11). The system achieved up to 8 

turnovers of Me3OSiMe3 at 2 bars of CO2 and 4 bars of H2 in 40 hours. 44 

 
Figure 12: Mechanism for the synthesis of various C1 products from CO2 and H2 catalysed by an FLP and assisted by a silyl halide. 

Zhang and colleagues employed a similar approach in which B(C6F5)3 was found to form a Lewis pair with 

M2CO3 (M= Na, K, Cs), where the group 1 metal ion assisted in cleavage of the formate from the boron 

center thus allowing for turnover (Figure 13).45 Zhang and co-workers also found that addition of 

potassium metal to the reaction greatly increased the turnover of the reaction (653 (without) vs. 3941 

(with)) wherein the potassium metal likely dried the reaction in situ, prevented LA decomposition and 

assisted in formate cleavage. However, both these systems share the need of an additional sacrificial Lewis 

acid or other additive to cleave the desired product and dry the reaction, which decreases the overall 

atom economy of the reaction by producing waste such as K and Si oxides.45 

 

Figure 13: Hydrogenation of CO2 catalysed by a K2CO3 and B(C6F5) Lewis pair 
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2.0 Reductive coupling reactions of CO2 and amines. 

2.1 N-formylation of amines from CO2. 

Reductive coupling of amines and CO2 represents an alternative pathway to utilize CO2 in synthesis, which 

contrasts to the synthesis of formic acid, methanol or methane. Formic acid, methanol and methane are 

potentially viable ways to turn CO2 into fuels, but the prices of these chemicals are set by the 

petrochemical industry as they are commonly produced from natural gas.46,47 Therefore, prize competitive 

synthesis of these fuels from CO2 hydrogenation remains a challenge. The reductive coupling of amines 

and CO2 may be able to circumvent this issue by producing valuable products, which can offset some of 

the costs of CCU technologies used to isolate CO2.48 N-formylation of amines with CO2 and H2(g) is one 

example of a CO2 reductive coupling reaction by way of CO2 hydrogenation to the formate level and then 

condensation of the formate with an amine substrate (Figure 14).49,50 The produced N-formylamines are 

useful as fine chemicals, solvents, pharmaceuticals and as precursors in organic synthesis. 49–51 

 
Figure 14: General reaction scheme of the N-formylation of amines with H2 and CO2 

2.1.1 N-Formylation of amines from CO2 and H2 catalysed by transition metal complexes. 

The N-formylation of amines with CO2 and H2 is catalysed by various transition metal containing species 

including but not limited to complexes (Figure 15) and materials49,51–54. Most notable are ruthenium 

complexes which, while using supercritical CO2 (scCO2) as the solvent were shown to achieve up to 7.4 x 

105 turnovers.55 Initial studies by Jessop et al found that RuCl2(PMe3)4 is was able to formylate a variety of 

secondary amines, a variety of carbamates of secondary amines and of ammonium carbamate at 100 °C 

and 130 atm partial pressure (pp) of CO2 and 80 atm ppH2.56 The reaction has since been completed by a 

variety of metals including, but not limited to, Rh,57 Ir,52 Fe,58 Co54 and Pd.59  

 
Figure 15: Examples of transition metal catalysts, which can complete the hydrogenation of CO2 and its reductive coupling to 

amines. 
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The N-formylation is hypothesized to proceed via the production of a dialkylammonium 

dialkylcarbamate,56 which forms a salt with the amine substrate and subsequently condenses in the 

presence of formic acid into the formamide product liberating water as a byproduct (Figure 16). Jessop et 

al. have also reported the N-formylation of aniline using [RuCl2(PMe3)4] and 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU).60 The nature of the phosphine ligand attached to the Ru center has also been shown to have 

a major effect on the activity moving from PMe3 to Ph2PCH2CH2PPh2 (dppe) lead to an increase of the TON 

from 3.7 x 105 to 7.4 x 1055,56 turnovers demonstrating the facile tuning of the Ru catalysts for the reaction. 

The current most active catalyst for the N-formylation of amines with CO2 and H2 is [(PhPMeNP)RuClH(CO) 

which has demonstrated turnovers of up to 1.85 x 106 at 70 bar CO2/H2 (1:1) at 120 °C.53 However, this 

activity comes at the cost of chemoselectivty as the ruthenium complexes mentioned above are unable 

to selectively reduce CO2 over other reducible functional groups.34,53,55 Functional tolerance is imperative 

for the syntheisis of complex pharmaceutically relative formamides, possibly containing many other 

functional groups. 49,50,58 

 
Figure 16: Proposed mechanism of the N-formylation of amines with H2 and CO2 catalysed by transition metal-pincer complex 

(the catalyst activation step is omitted for clarity). R = phosphine and M = Ru, Co, Fe. 

Despite the success of noble metals and Ru in particular, there has been a notable improvement in the 

number of systems, which involve non-precious metals, most notably Fe,58 Co54 and Cu.49 Nevertheless, 

much like the platinum group metals Fe & Co are not fully chemoselective for the reduction of CO2 in the 

presence of other functional groups. 54,58 
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Uniquely, one of the only examples that is selective is Cu(OAc)2. Cu(OAc)2 in combination with DMAP (4-

Dimethylaminopyridine) has been shown to selectively hydrogenate CO2 over other reducible functional 

groups in the N-formylation reaction leading to the ability to functionalise amines containing alkenes, 

esters, amides, nitriles and halides (Figure 17). 49 

 
Figure 17: General scheme for the N-formylation of amines catalysed by Cu(OAc)2 (top). Examples of substrates containing 

unsaturated groups which were tolerated by Cu(OAc)2 in the presence of H2 gas and CO2 (bottom). 

Nevertheless, Cu(OAc)2 in combination with DMAP remains a rare example of chemoselectivity among 

transition metal catalysts utilizing H2 as the reductant.  

2.1.2 N-Formylation of amines from CO2 catalysed by main group catalysts and hydrosilanes. 

In contrast to transition metals, selective N-formylation of amines with CO2 is frequently observed with 

main group hydrides instead of H2.61–63 More specifically hydrosilanes or boranes, and a main group 

catalyst (Figure 18) such as Lewis base or ionic liquid.64–69 Sacrificial hydrides provide many advantages: 1) 

they tend to be far more selective for the hydrogenation of CO2 over other functional groups61,66,70 2) they 

tend to run at lower temperatures and pressures 61–63,71,72and 3) they tend to be easier to store and handle 

than H2 gas.73 For the N-formylation of amines with CO2, hydrosilanes, like PhSiH3, are the most ubiquitous 

sacrificial reductants used.  
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Figure 18: Examples of organocatalysts and inorganic salts, which catalyse the reaction of N-formylation of amines with CO2 

and hydrosilanes. 

Organic superbases such as DBU have been shown to activate CO2 to form a DBU-CO2 adduct which is 

hypothesized to allow hydrosilane reduction.69 Organic superbases have also been hypothesized to 

activate Si-H bonds via a Sn2-type interaction, which increases the hydride donor ability of the hydrosilane, 

and promotes CO2 reduction (Figure 19). Other superbases bases such as triazabicyclo[4.4.0]dec-5-ene 

(TBD) are known to form carbamates with CO2 [TBD-COO] or in combination with the substrate amine 

[TBDH][RR′N-COO].70,74 In such cases it has been calculated that the activation of the hydrosilane for CO2 

reduction occurs via the carbamate and not the free Lewis base.69,70,74 Carbenes are another well-known 

class of catalysts for the N-formylation of CO2 with hydrosilanes.75 They are hypothesized to activate CO2 

much in the same way as the organic bases described above; they form a complex with the substrate 

amine and activate the hydrosilane via a carbamate Sn2 type interaction.75 Organic salts and ionic liquids 

are the third well established class of catalysts for the N-formylation of amines with CO2 and hydrosilanes. 

Like carbenes and organic superbases they are hypothesized to act as nucleophiles to activate 

hydrosilanes for CO2 reduction.66–68 Their activity is attributed mainly to the anion, where the cation have 

a minor effect based on its pairing energy.69 The reaction is then favoured with cations that have minimal 

pairing energy with the anion. To assess the effect of the anion [TBA][X] (X = F, Cl, Br and I) were tested 

and a trend of activity was established with [TBA]F being most active and [TBA]I being least.61,76 

Interestingly Lewis acids such as B(C6F5)3 can also catalyse the N-formylation of amines with CO2 and 

hydrosilanes. B(C6F5)3 is hypothesized to interact with the hydrosilane by activating the hydride via µ1-

coordination. B(C6F5)3 is also hypothesized to activate CO2 via the ‘CO2-phillic fluorine atom of the aryl ring. 

Moreover, B(C6F5)3 may also activate the amine via a donor acceptor interaction between the LAs boron 

centre and the substrate nitrogen.77 
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Figure 19: Examples of how organocatalysts activate hydrosilanes via carbamates for the reduction of CO2. 

In contrast to transition metal (TM) complexes described in section 2.1.1, hydrosilanes tend to be far more 

selective for the reduction of CO2.52,55,61 This is believed to be due to the high affinity for CO2 insertion into 

main group hydride bonds over the reaction with other functional groups. Whilst TM complexes often 

require high CO2 pressures to proceed, hydrosilanes and boranes often run under ambient pressure and 

temperature. As such, hydrosilanes and boranes have been shown to tolerate a wide range of functional 

groups including but not limited to ketones, ethers, esters, alkenes, halides, and imines etc (Figure 

20).61,70,74,75  

 
Figure 20: Examples of amines containing other reducible functional groups that are tolerated in the presence of hydrosilanes 

for the N-formylation of amines with CO2 
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Moreover, hydrosilanes in combination with base catalyst demonstrate increased reactivity towards 

aromatic amines over aliphatic ones.53,56,60,61 In contrast, TM complexes react primarily with alkyl amines 

and examples of aromatic amine functionalization remain rare.56 This difference is explained by the 

different reaction mechanisms. The mechanism of hydrosilylation of CO2 for the N-formylation of amines 

differs depending on the basicity of the amine substrate.78 For amines of low basicity such as aromatic 

amines, the substrate forms a carbamate with CO2 only in the presence of a base catalyst. The resulting 

carbamate then activates the hydrosilane towards CO2 reduction to a formoxysilane, which is then cleaved 

by the substrate forming the desired formamide product and liberating a silanol (R3SiOH). For amines of 

high basicity, the initial carbamate formation is spontaneous, and an external base is not required. Due to 

higher stability of carbamates formed from highly basic amines, the second step involves protonation of 

the hydrosilane, formation of silyl-carbamate and liberation of H2. The silyl-carbamate is then 

hydrogenated by another equivalent of hydrosilane leading to the formation of the formamide product 

(Figure 21).78 

 
Figure 21: Proposed mechanisms for the reduction of CO2 by hydrosilanes. 

Interestingly while carbamates activate hydrosilanes for CO2 hydrogenation via an Sn2 type mechanism 

(Figure 22) carbamates inhibit transition metal catalysts by ligating to free coordination site(s) on the 

metal, which is required for H2 activation, and protonation of metal hydrides leading to the reversibility 

of H2 activation. 55 
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Figure 22: Carbmates used in the activation of hydrosilanbes (left) and in the inhibition of transition metal catalyst (right) 

Aromatic amines and other amines of low basicity react sluggishly with formic acid, which is the main 

reaction pathway for N-formylation of amines catalysed by TMs.52,53,55 However, in the case of 

hydrosilanes the aromatic amine instead reacts with a formylsiloxane, which unlike formic acid readily 

reacts with amines of low basicity. This allows systems utilizing hydrosilanes to N-formylation aromatic 

amines with CO2. 78 

The ability to N-formylate aromatic amines and the high selectivity of main group hydrides towards CO2 

hydrogenation over other functional groups (Figure 20) makes them the reductant of choice in small 

laboratory scale reactions of fine chemicals, where selectivity is key. However, since hydrosilanes are 

sacrificial reagents, they produce a lot of unnecessary waste in the form of silanols and siloxanes, which 

decreases the atom efficiency of the reaction and complicates product purification.78 In contrast, TMs in 

combination with H2 produce only water as the reaction byproduct. Therefore, there is an interest in 

developing main group catalysts that can form selective main group hydrides in situ from H2 thereby 

combining the high chemoselectivity of main group hydrides with the mitigation of waste by using H2 as 

the hydride source.  
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3.0 Aims of thesis. 

The research presented in this thesis was conducted with the goal of developing novel FLPs for catalytic 

hydrogenations of CO2 and reductive coupling reactions of CO2 with amines. This work was motivated by 

the lack of efficient water tolerant main group catalysts for the N-formylation of amines with CO2 utilizing 

H2 gas or other atom efficient hydride source and by the lack of selectivity for CO2 reduction over other 

reducible functional groups presented by transition metal catalysts developed for the reactions.  

The lack of water tolerant FLPs has hindered the use of FLPs in CO2 reductive coupling reactions 

with H2 as water is the main byproduct of the reaction. In general, main group catalysts rely on the use of 

an auxiliary hydride source such as hydrosilanes or boranes but there are no examples of main group 

catalysts that can conduct the N-formylation of amines with molecular hydrogen as the reductant. FLPs 

can generate main group hydrides in situ from H2 gas and due to the facile insertion of CO2 into main 

group hydride bonds. FLPs may provide a pathway towards selective N-formylation of amines utilizing CO2 

and H2 without the concomitant reduction of other reducible functional groups. This may provide an 

advantage over transition metal complexes, which usually require high CO2 pressures and demonstrate 

low chemoselectivity towards reduction of other reducible functional groups. 

We aim to use tin based FLPs to generate tin hydrides, via splitting of hydrogen gas. Tin hydrides 

have been shown previously to insert CO2 into the tin-hydride bond. Therefore, we aim to use these 

generated tin hydrides to reduce CO2 in situ to generate tin formates, which like formoxysilanes can react 

with amines to produce N-formamides. As tin hydrides are heavier congeners of known reducing agents 

such as hydrosilanes, which preferentially reduce CO2 over other functional groups, we believe they will 

behave similarly leading to the ability to synthesise variously functionalized N-formamides from CO2 and 

H2. 

A secondary goal of this thesis is to expand the scope of Lewis acids that can act as part of FLP 

hydrogenation catalysts. Generally, FLPs are based on simple Lewis acids such as boranes, alanes or 

stannanes, however there are many complexes of main group metals which exceed the standard valence 

of group 13 and 14 Lewis acids. Main group metal complexes may provide a way to expand the electronic 

and steric properties of Lewis acids used in FLPs, which is required to expand FLP hydrogenation chemistry 

as it has been hypothesized that commonly applied Lewis acids, particularly boranes, have reached an 

impasse in terms of the modulation of their steric and electronic properties. Therefore, we sought to use 

Schiff base complexes of tin to expand the scope of FLP Lewis acids. We aim to synthesize various 
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hexacoordinated tin(IV) salen and salophen complexes. We aim to modify these hexacoordinated tin(IV) 

complexes by varying the X ligand and the aromatic substituents and we aim to test their ability to act as 

hydrogenation catalysts by hydrogenating polar functional groups such as imines. 

Main group Lewis acids also catalyse transfer hydrogenations using an organic molecule such as 

isopropanol or glycerol. Transfer hydrogenations are often run at lower temperatures and pressures than 

their counterparts utilizing H2 gas. Therefore, we aim to develop an efficient synthetic method in which 

simple Lewis acids, such as commercially available metal triflates can utilize γ-terpinene as a H2 surrogate 

to reduce CO2 and reductively coupling it to amines. This method will allow the reactions to run at lower 

temperatures and pressures than known CO2 coupling methodologies while simultaneously generating 

only value added products.  
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4.0 Summary of the results 

4.1 Tin catalysed reductive coupling of amines with CO2 and H2 

Carbon dioxide has promise as a renewable C1 source to produce fuels, pharmacologically active 

compounds and fine chemicals.23 However oftentimes this process requires the reduction of CO2 and to 

that effect H2 gas is the most atom economical reductant.23 Transition metals have been known for many 

decades to reduce CO2 using hydrogen gas. One notable reaction in the field of CO2 reduction with H2 gas 

is the N-formylation of amines in which CO2 is reduced to formate and coupled to an amine (primary or 

secondary) liberating water as the by product. Many transition metal complexes, such as those based on 

Ru,53 Rh,57 Ir,52 Pd,38 Fe,58 and Co54 have been shown to efficiently complete this reaction (Figure 2.1). 

However, despite their high activity very few of these metal complexes can selectively hydrogenate CO2 

over other reducible functional groups, which vastly limits the scope of substrates that can undergo N-

formylation.49 One alternative to transition metal complexes and H2 gas is to use a stoichiometric 

reductant such as a hydrosilane or borane along with a catalyst often comprising a basic component.69 

Examples include amines, metal salts, carbenes and solvents like DMSO or γ-valerolactone. Hydrosilanes 

and boranes are often able to selectively hydrogenate CO2 over other functional groups which is one 

notable advantage of using main group hydrides over transition metal hydrides.66,69,74,75 To that effect, we 

decided to study ‘Frustrated Lewis Pairs’ (FLPs), which are a Lewis acid and base pair whose reactivity is 

unquenched in solution.1 FLPs are mostly comprised of a main group Lewis acid like a borane or stannane, 

which along with an N/P based Lewis base have been shown to activate small molecules including H2 gas. 

18Most FLPs, however, do not hydrogenate CO2 and the FLPs which have demonstrated efficient CO2 

reduction often use an additive like a silyl halide or potassium metal to achieve turnover.44,45 This is the 

result of the Lewis acids propensity to strongly bind the resulting formate and therefore requires an 

exogenous acid to assist in formate cleavage. FLPs are also often intolerant to water, which as the 

byproduct of the N-formylation reaction, has hampered their use in this reaction thus far.20,21  
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Scheme 2.1: A: General scheme for the N-formylation of amines using H2 and CO2. B: Examples of transition metals which can 
complete the N-formylation of amines using H2 and CO2. C: Lewis acids used in this study. 

One promising set of FLPs are those comprising Sn Lewis acids and N Lewis bases. Sn/N FLPs have been 

shown to efficiently hydrogenate imines and carbonyls as well as catalysing the reductive amination of a 

wide array of ketones and aldehydes in the presence of H2 gas of which water is the by-product.18,21 

Therefore, we used [iPr3SnOTf: 2,4,6-collidine] (FLP1) as the starting point from which to study the N-

formylation reaction. To model the reaction morpholine was chosen as the substrate as morpholine is the 

model substrate of choice for transition metal systems.53,55 Initial reactions were run at 180°C, 30 bar H2 

and 4 bar CO2. FLP catalysed hydrogenations are most often run in aromatic or ethereal solvents, however, 

due to the temperature constraints solvents like THF and Diethyl ether were unsuitable. Aromatic solvents 

were also tested such as toluene and 1,3-dichlorobenzene and whilst their boiling points were appropriate 

their ability to solubilize the morpholinium carbamate, which results from CO2 capture by morpholine, 

was limited thus creating a mass transfer problem that hindered the desired reaction.79 To this effect we 

screened high boiling and dipolar aprotic solvents and found that among them sulfolane was the best for 

the reaction which is line with DMSO and DMF being efficient solvents in the case of CO2 reduction with 

hydrosilanes.50,62 

Optimising the reaction conditions disclosed that upon increasing the temperature from 160°C to 

180°C, increased the N-formylmorpholine yield from 25% to 57% but in the temperature regime of 180°C 

- 200°C the yield slightly decreased (Figure 2.2). This is the result of the energetic benefit of increased 

temperature being outweighed by the decomposition of the LA component as evidenced by GC presence 

of iPr4Sn, produced by high temperature disproportiation of iPr3SnOTf, after the reaction. Increase of H2 

pressure had a positive effect on the reaction in the regime of 20 bar to 100 bar and plateaued between 

100 bar and 120 bar. We attribute this to the hydrogen binding or activation being rate limiting in this 
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process as is common with FLPs.9,80 Changes in the pressure of CO2 from 1 bar to 4 bar increased the yield. 

However, at pressures above 4 bar the reactivity of the system decreased. Investigation of the system 

disclosed that it is due to higher partial pressures of CO2 favouring carbamic acid formation, which 

protonates the R3Sn-H and therefore reversing hydrogen activation and decreasing the overall activity. 

The large disparity in partial pressures of H2 and CO2 (molar ratio >12.5) again suggests that hydrogen 

activation is slow and is possibly rate limiting. 

Figure 2.2: Optimization of reaction conditions: morpholine (0.5 mmol), FLP1 (10 mol%), sulfolane (5 mL), 24 h and unless 
otherwise specified H2 (100 bar), CO2 (4 bar), temperature (453 K); a) Effect of CO2 partial pressure at a constant partial pressure 
of H2 (30 bar); b) Effect of H2 partial pressure; c) Effect of reaction temperature. All reactions were repeated in triplicate, and the 
reaction product was quantified by 1H NMR with DCM as the internal standard. Error bars represent one standard deviation. 

Under the optimized reaction conditions, FLP1 yielded N-formylmorpholine in 57% yield with a turnover 

frequency of 0.25 h-1 (Table 2.1). The Lewis acid ability to cleave H2 gas and stability is related to the nature 

of the R and X groups. In order to expand the scope of water-tolerant tin Lewis acids we synthesized a 

series or R3SnX Lewis acids (Figure 2.3), where we varied the nature of the R and X groups. Only Lewis 

acids with large R groups were prepared as smaller R groups could preclude FLP catalysis due Lewis adduct 

formation and larger R groups may assist in hydrolytic stability (Table 2.1).  

 
Scheme 2.3: General syntheses of R3SnX LAs starting via 1) alkylation of SnCl4 with Grignard reagents; 2) protodealkylation using 

triflic acid and 3) metal-halogen exchange using an AgX salt. 
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By running the R3SnX Lewis acids under optimised conditions, we were able to establish Cy3SnOTf as the 

most efficient Lewis acid (Table 2.1). We believe this is the case due to the increased bulk of cyclohexyl 

compared to the isopropyl group mitigating the formation of the tetra-alkyl R4Sn species thus increasing 

the stability of the catalyst as demonstrated by increase in the maximum turnover number from 162 with 

[iPr3SnOTf : 2,4,6-collidine] to >300 with [Cy3SnOTf : 2,4,6-collidine] FLP.  

Entry Lewis Acid Loading (mol%) Yield (%) TOF [h-1]b 

1 iPr3SnOTf 10 57 0.25 

2 sBu3SnOTf 10 43 0.17 

3 Nph3SnOTf 10 39 0.17 

4 Cy3SnOTf 10 95d - 

5 Cy3SnClO4 10 83d - 

6 Cy3SnNTf2 10 82d - 

7 Cy3SnCl 10 70 0.29 

8 Cy3SnOTf 1 28 1.16 

9 Cy3SnClO4 1 17 0.71 

10 Cy3SnNTf2 1 16 0.67 

11 - 0 0 0 

12 iPr2Sn(OTf)2 10 28 0.13 

13a iPr3SnOTf 10 95 - 

 Table 2.1: Optimisation of Lewis acid component of FLP by varying alkyl and X substituents (left).Reaction conditions: 
morpholine (1 mmol), sulfolane (4 mL), LA: 2,4,6-collidine (1-10 mol%), CO2 (4 bar), H2 (100 bar), 453 K, 24 h, average yield after 

three runs. Yield was determined by 1H NMR with an internal standard. 

Triflate (OTf-) was found to be the best X group for Cy3SnX Lewis acids when compared to the more 

coordinating Cl- as the increased acidity aids in hydrogen activation. Triflate was also found to outperform 

both triflimide (NTf2
-) and perchlorate (ClO4

-) despite their increased acidity, which, was confirmed by the 

Guttman-Beckett method. The decreased activity is likely due to a decrease in water tolerance or stability. 

Varying the Lewis base component of the FLP found that [Cy3SnOTf : 2,4,6-collidine] was the most efficient 

Lewis acid/base pair (Table 2.2).   
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Entry Lewis acid Lewis basec Yield (%) TOF [h-1]c 

1 iPr3SnOTfa Collidinea 57 0.25 

2 iPr3SnOTfa - 44 0.21 

3 Cy3SnOTfb Collidineb 28 1.16 

4 Cy3SnOTfb - 15 0.63 

5 Cy3SnOTfb TMP-Hb 20 0.73 

6 Cy3SnOTfb TMP-Meb 17 0.71 

Table 2.2: Optimisation of Lewis base in R3SnX: LB FLPs. Reaction conditions: morpholine (1 mmol), sulfolane (4 mL), LA: 2,4,6-
collidine (1-10 mol%), CO2 (4 bar), H2 (100 bar), 453 K, 24 h, average yield after three runs. Yield was determined by 1H NMR 

with an internal standard. 

With an efficient system at hand, we conducted a substrate scope focusing on substrates containing other 

reducible functional groups (Figure 2.3). 

Figure 2.3: Substrate scope for the N-formylation reaction with CO2, H2 and Cy3SnOTf catalyst. Reaction conditions: amine (1 
mmol), sulfolane (4 mL), LA : 2,4,6-collidine (2 mol%), CO2 (4 bars), H2 (100 bars), 453 K, 24 h. Yields were determined by 1H NMR 

with DCM as internal standards and structures confirmed by GC-MS. 

In order to highlight kinetic differences and reactivity between substrates the reactions were run at 2 

mol% catalyst loadings to achieve low to moderate conversions. We found that secondary amines 

containing no other reducible functional groups such as substrates 1-3 were efficiently formylated, 

however 3 proceeded at a much slower rate due to the increased steric hinderance of the isopropyl groups 

on the amine. Substrate 4, which contains an alcohol functionality, was also efficiently formylated 

demonstrating the alcohol tolerance of catalyst. Unsaturated groups such as the alkene, amide and 
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carboxylic acid on substrates 5, 6 and 7 respectively were tolerated with no concomitant hydrogenation. 

However, the ester functionality of substrate 8 partially decomposed to a mixture of ethyl 1-

formylpiperidine-2-carboxylate and N-formylpiperidine in the ratio of 7 to 3. The ester functionality 

positioned one carbon atom away from the nitrogen also reduced the reaction rate compared with 

morpholine and this may be due to steric hindrance. Ultimately the ability to formylate amines containing 

other functional groups is of the utmost importance for formamides with biological applications as 

pharmacological structure activity relationships are very sensitive. Substrates 9 and 10, containing 

aromatic rings, were found to be unreactive which may be due to aromatic amines low nucleophilicity. 

Benzylamine (10) undergoes a side reaction to form a mixture of N-benzyl-1-phenylmethanimine and 

dibenzylamine in the 24-h test. Most substrates were found to scale with catalyst loading (2 mol% vs 10 

mol%), however, substrates 3, 5, and 6 did not scale directly with catalyst loading. In the case of N-

allylmethylamine (5) showed significant over reduction of CO2 to the N-methylation product as confirmed 

by GC-MS. Whereas in the reaction of substrate 6 there was a build-up of Cy3Sn(OCOH) suggesting slow 

formate transfer is concomitant with a decrease in activity. 

 
Figure 2.4: Proposed reaction mechanism for the N-formylation reaction with CO2, H2 and Cy3SnOTf catalyst. 

Based on our results, synthesis of postulated reaction intermediates and previous literature we propose 

the mechanism shown above (Figure 2.4). First, we posit that H2 is split heterolytically into a R3Sn-H and 

an ammonium triflate salt (Step I) with 2,4,6-collidine as the base. Despite morpholine also being a 

suitable base for the activation of CO2, morpholine tends to react with CO2 forming a carbamate lowering 
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the in-situ basicity of morpholine. This is supported by the addition of 2,4,6-collidine increasing the activity 

(see table 2.2). Secondly, CO2 is reduced by insertion into the Sn-H bond forming R3Sn-OCHO as is also the 

case for hydrosilanes. Facile insertion of CO2 into tin hydrides has been previously demonstrated.81 

However, attempted reduction of CO2 to tin formate without the amine substrate resulted in the 

hydrogenation of the aromatic ring of 2,4,6- collidine indicating that the CO2 reduction is base assisted as 

is the case for hydrosilane reductants. Synthesis and direct reaction of tin formate with morpholine was 

fast and efficiently produced the formamide product. Formate transfer was found to even proceed under 

high partial pressures of CO2 and was uninhibited at 6 bar or 30 bar. This suggests that the lower partial 

pressures required for the overall reaction may be due to higher partial pressures of CO2 affecting the 

hydrogen activation step. This may proceed via the carbamic acid, that is formed, rendering hydrogen 

activation reversible via protonation of the Sn-H bond. The formation of the formamide product may be 

formed in one of two ways; 1) as described above the substrate interacts with the tin formate generating 

the formamide and a tin hydroxide which can be protonated by the ammonium triflate eliminating water 

and regenerating the catalyst (Steps IIIa and IVa). To test if step IVa is possible we synthesised Cy3SnOH 

and morpholinium triflate (added in catalytic amounts (10 mol%)) to replicate this step. Within 24hrs the 

reaction did occur, however, it was 9x slower than starting the reaction from Cy3SnOTf suggesting that 

while this step is possible it may not be the main pathway. Alternatively, pathway 2) (steps IIIb and IVb) 

the formate group may be eliminated by hydrogenation from the tin centre leading to the direct reaction 

of morpholine and formate, which is a known pathway for transition metal catalyst (Scheme 3 steps IIIb 

and IVb). Starting the reaction from Cy3SnOCOH and morpholinium triflate results in the same rate as 

starting from Cy3SnOH and morpholinium triflate suggesting that this reaction may proceed via the slow 

R3SnOH cycle. On the other hand, starting the reaction with [Cy3SnOCOH : 2,4,6-collidine] results in twice 

the activity in the N-formylation of morpholine compared to when morpholinium triflate is included 

suggesting that very little morpholinium triflate is formed during the overall reaction.  

In conclusion, we have developed an efficient system in which Sn/N FLPs can catalytically reduce 

CO2 in the presence of amines and H2 gas to form formamides. We found that R3SnX LAs and 2,4,6- 

collidine can efficiently catalyse the N-formylation of morpholine with a max TON > 300 and a TOF ofd 

1.16h-1. We also found that Sn/N FLPs are selective for the reduction of CO2 over other reducible functional 

groups leading to the synthesis of various functionalized amides. Catalyst optimization showed that upon 

varying the R groups from iPr to Cy resulted in an increased in a 2-time increase in stability and a 4-time 

increase in activity. With these improvements in mind, we have shown that FLPs have the potential to 
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replace the very selective main group hydrides for the valorization of CO2 to amides while maintaining 

functional tolerance. 

4.2 Frustrated Lewis Pairs Catalyse the Solvent-Assisted Synthesis of Azoles from ortho-

Substituted Anilines, CO2 and H2 

While the [R3SnX : 2,4,6-collidine] FLPs catalyse the selective N-formylation of secondary aliphatic amines, 

the system was completely unreactive towards aromatic amines.79 To address the issues, we undertook a 

study on the synthesis of azoles from ortho-subtituted anilines. Ortho-substituted anilines, in contrast to 

aniline, form heterocyclic products upon N-formylation and cyclization (Figure 3.1), which acts as a 

thermodynamic driving force for the reaction. The N-formylation of ortho-substituted anilines can be 

achieved using CO2 and H2 in the presence of a transition metal complex of Pd,59 Ru,59 Co82 and with Au83 

nanoparticles, however high catalyst loadings (of 5-10 mol%) are a prerequisite for high activity. 

Therefore, new strategies are required for the synthesis of azoles from ortho-substituted anilines utilizing 

CO2 and H2. 

 

Figure 3.1: A) formation of azoles from ortho-substituted anilines using a formamide as a C1 source catalyst by a Lewis acid. B) 
Reductive coupling of CO2 to ortho-substituted anilines in the presence of H2 for the synthesis of azoles. C) Formylation of aliphatic 
amines and in situ transfer to an ortho-substituted aniline to form azoles catalysed by an FLP. 



34 
 

Frustrated Lewis pairs (FLPs) are a potential alternative to transition metal complexes for catalytic N-

formylation of ortho-substituted anilines as they can hydrogenate CO2 in the presence of H2 for the 

reductive coupling of CO2 and aliphatic amines.79 Due to the ability of FLPs to complete the N-formylation 

reaction, we propose a method in which an aliphatic amine is N-formylated and then transfers the formyl 

group in situ to ortho-substituted aniline. The transfer simultaneously recycles the amine and since it is a 

LA catalysed reaction it would be effective with an FLP catalyst (figure 3.1C). Initially the reaction to 

convert ortho-phenylenediamine to benzimidazole was attempted using R3SnX-based FLPs in combination 

with N-methylmorpholine (0.05 mol%) (NMM) as a Lewis base in pure sulfolane at 180°C, H2 (96 bar) and 

CO2 (4 bar), which resulted in a TOF of only 0.22 h-1. Upon increasing the amount of NMM to promote 

‘encounter complex’ formation the activity increased to 0.48 h-1 at 1000 mol% of NMM. The increase in 

rate was only observed for high concentrations of NMM and not at 100 mol% which may suggest that an 

increase in NMM may assist the reaction in ways other than assisting H2 activation. Increased 

concentrations of NMM may also activate ortho-phenylenediamine via deprotonation, increasing its 

nucleophilicity and its reactivity with Cy3Sn(OCOH), the formylation agent. Therefore, we posited the use 

of aliphatic amines as a surrogate, which would be preferentially formylated and transfer formylate ortho-

phenylenediamine in situ as is the case with hydrosilanes and DMF. 84,85 

Polyethyleneimine (600 MW, PEI) was selected as the surrogate amine due to its ability to act as 

a LB and its ability to be N-formylated. Upon addition of 0.1 mL of PEI to the reaction the activity increased 

10-fold to 2.23 h-1 which further increased to 11.8 h-1 in a 1:1 mixture of PEI : sulfolane. The activity 

increase further to 16.8 h-1 upon replacement of the sulfolane for NMM (1:1 mix of NMM : PEI) likely due 

to amines, like NMM, being able to solubilise CO2 well as well as increasing the likelihood of ‘encounter 

complex’ formation. The TOF of 16.8 h-1 matches the activity of the best ruthenium catalyst for the 

reaction (12.1 h-1) under equivalent pressures. Morpholine was also found to act as an N-formylation 

surrogate and transfer formylation agent leading to similar activity as PEI.  

To understand the reaction pathway, we attempted several control experiments (Figure 3.2). 

Firstly, we attempted to hydrogenate the product of CO2 capture by ortho-phenylenediamine, 2-

hydroxybenzimidazole, which proved unsuccessful ruling out the possibility of urea’s involvement and its 

hydrogenation in the reaction mechanism. In the case of the reaction without PEI, to test whether 

[Cy3SnNTf2 : NMM] was able to cyclise the formylated ortho-phenylenediamine, 2-aminoacetanilide was 

added to the reaction and was quantitatively cyclised. The synthesis of benzimidazole under the same 

conditions resulted in 65% yield suggesting the cyclisation is not rate determining. To test whether the 
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formylated PEI could act as a formate transfer agent, PEI was formylated without the presence of ortho-

phenylene diamine, isolated ex-situ and then reacted directly with ortho-phenylenediamine, which 

resulted in the formation of benzimidazole at temperatures above 140°C (Figure 3.2C).  

 
Figure 3.2: Possible pathways for benzimidazole synthesis from ortho-phenylenediamine, CO2 and H2 catalysed by FLPs. 

With an efficient system in place, a substrate scope was conducted with various ortho-substituted 

anilines (Figure 3.3). The substrate scope was conducted at catalyst loading of 0.2 – 1.0 mol% and in 

mixtures of 1:1 or 4:1 NMM:PEI. Primary diamines with alkyl ring substituents, 1-3, were efficient 

formylated and cyclised. Substrates containing methoxy (4) and halides (5&6) were also converted to their 

respective azoles. Interesting substrates 5 and 6 also resulted in some benzimidazole. This is the result of 

catalytic dehalogenation by the FLP and may be the reason for poor product yield. Substrate 7 containing 

the ester functionality was found to be unreactive. Substrates with N-subtituents (8 and 9) were both 

converted to the desired azole with minimal loss in activity. Indicating increased N bulk does not hinder 

the reaction. Substrate 10 resulted in the selective synthesis of two different products depending on CO2 

partial pressure (Figure 3.4). At higher partial pressures 10b was formed with the imine functionality intact 

and at lower partial pressures the imine functionality was also hydrogenated forming 10c. Interstingly 

both molecules are drug precursors with 10c being a precursor to quinethazone (antihypertensive and 

diuretic), fenquizone (diuretic) and methaqualone (sedative and hypnotic). 86 
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Figure 3.3: Substrate scope for the tandem synthesis of azoles with CO2, H2 and [Cy3SnNTf2: NMM] catalyst. Reaction conditions: 
amine (10 mmol), NMM (4 mL), LA (0.01 mmol), 1 mL PEI, CO2 (4 bars), H2 (96 bars), 180 ºC, 22 hrs; the yields were determined 
by 1H NMR with an internal standard, and the structures were confirmed by GC-MS. Yield in brackets indicates isolated yield. 
Superscripts indicate catalyst loading. *DBU instead of NMM. **10 bars CO2 instead of 4 bars CO2. 

 
Figure 3.4: Pressure controlled synthesis of 10b or 10c starting from 2-aminobenzamide. 

Lastly, substrates containing a non-nitrogen ortho-heteroatom (11 & 12) were tested. Whilst 

benzothiazole was efficiently formed in the presence of DBU (replacing NMM) benzoxazole did not form 

as observed with transition metal catalysts.  
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In conclusion, we were able to develop an efficient solvent-assisted synthesis of azoles from CO2 

using H2 as the reductant. Secondary amines increase the reaction rate in several ways, most importantly 

by acting as a scaffold, which is preferentially formylated and then transfers the formate to the substrate, 

which then cyclises forming the desired product. For this purpose, mixtures of NMM: PEI lead to the 

highest increase in activity compared to pure sulfolane. As a result, the TOF of 16.8 h-1 is on par with the 

best transition metals for this reaction. This strategy of producing a transfer formylation source in-situ and 

recycling the amine may provide a way to increase the number of efficient systems for the synthesis of 

azoles form CO2 and H2.  

4.3 Hexacoordinated tin complexes catalyse imine hydrogenation with H2 

The use of Sn-based Lewis acids in FLP catalysed hydrogenations are so far limited to the use of R3SnX 

LAs,18,21,79,87 which are limited in scope and hence steric and electronic properties. Equally, triaryl Lewis 

acid of boron, aluminium, gallium and indium have a narrow margin of maneuverability for electronic and 

steric tuning while maintaining stability of the LA.88,89 Particularly, they lack the structural diversity of 

transition metal complexes, which use ligands to fine-tune the properties of the complexes. 

Therefore, we sought to use coordination complexes of tin, namely Schiff base complexes, to expand upon 

the LAs that can achieve FLP catalysed hydrogenations of functional groups. Schiff bases were chosen as 

ligands as they can stabilise various oxidation states of tin and tin salen complexes are known Lewis acid 

catalysts.89,90 Moreover, their ability to act as hydrogenation catalysts was tested on the FLP model 

reaction of imine hydrogenation (Figure 4.1). 

 

Figure 4.1: Hydrogenation of imines with H2 catalysed by FLP catalysts. 
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Figure 4.2: Structures of Schiff base complexes of tin used in this study for the hydrogenation of imines. 

In this study we used complexes of the L4SnX2 type where L= salen, tbusalen, salophen and tbusalophen and 

X= Cl or OTf for the hydrogenation of imines (Figure 4.2). A crystal structure of [2- Cl2] is shown below 

(Figure 4.3) and the DFT calculated structure of its FLP with N-tert-butyl-1-phenylmethanimine. 

 

Figure 4.3: (A) X-ray structure of [2-Cl2] and (B) calculated FLP structure at the DSD-PBEB86-D3BJ/def2-QZVP level. 

Initial studies on the hydrogenation activity of the complexes elucidated that the ability to activate 

hydrogen gas was directly linked to coordination strength of the X group where 1-(OTf)2 > 1-Cl(OTf)  > 1-
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Cl2. Hydrogen activation was tested via HD scrambling and 1- (OTf)2 and 1-Cl(OTf) scrambled HD (10 bar) 

at 25 °C and 60 °C respectively. Whereas 1-Cl2 showed no ability to scramble HD gas under the conditions 

tested. This trend was further affirmed by the acceptor numbers (AN) of the complexes as calculated by 

the Guttman-Beckett method where 1-(OTf)2 > 1-Cl(OTf)  > 1-Cl2. Incidentally 1-Cl2 had an AN = 0 due to 

the lack of a free binding site due to the strong coordination of the Cl-. Indicating a free binding site via a 

labile ligand is required as a prerequisite of H2 activation. Interestingly neither complex 1-(OTf)2 or 1-

Cl(OTf) displayed any ability to hydrogenate N-tert-butyl-1-phenylmethanimine at the temperatures 

required for hydrogen activation. This is in line with the high hydrogen ion affinity (HIA) of the complexes, 

1-(OTf)2 or 1-Cl(OTf), being high at 1170 and 660 kJ mol-1 respectively and associated low hydride donor 

ability. Hydrogenation of imine, N-tert-butyl-1-phenylmethanimine, proceeded at 180 °C and at 50 bars 

of H2. Under these conditions, 1-Cl2 was also an efficient catalyst suggesting that chloride becomes a 

sufficient leaving group under these reaction conditions (Table 4.1). Removing the bulk by replacing the 

tert-butyl groups (complex 2-Cl2) lead to an increase in yield from 23% to 53%. 

 

ENTRY CATALYST SOLVENT TEMPERATURE (°C) YIELD (%) 

1 1-(OTf)2 sulfolane 180 10 

2 1-Cl(OTf) sulfolane 180 49 

3 1-Cl2 sulfolane 180 29 

4 2-Cl2 sulfolane 180 53 

5 3-Cl2 sulfolane 180 42 

6 4-Cl2 sulfolane 180 28 

7 1-(OTf)2 toluene 180 30 

8 1-Cl(OTf) toluene 180 86 

9 1-Cl2 toluene 180 84 

10 2-Cl2 toluene 180 98 

11 1-Cl2 toluene 150 NR 

12 2-Cl2 toluene 150 27 

13 2-Cl2 collidine 180 85 

Table 4.1: Optimisation of the hydrogenation of N-tert-butyl-1-phenylmethanimine by tin Schiff base complexes by varying the 
temperature, solvent and H2 pressure of the reaction. 
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This suggests that the tert-butyl groups hinder the reaction and that increased steric hinderance decreases 

hydrogenation performance. Moving from salen to salophen there was a decrease in yield to 42% and 

28% from 3-Cl2 and 4-Cl2 respectively.  

With 2-Cl2 we varied the solvent and found that toluene gave a quantitative yield of the desired 

amine and that it is a more suitable solvent for the reaction than sulfolane or collidine, which can also act 

as a Lewis base. Toluene also increased the performance of 1-(OTf)2 and 1-Cl(OTf) likely as a result of the 

increased solubility of H2 compared to sulfolane. Temperature also had a large effect on the reaction 

where a decrease in temperature lead to a decrease in yield with 2-Cl2 from 98% to 28% at 180 °C and 150 

°C respectively.  

 

Figure 4.4: Substrate scope for the hydrogenation of imines by 2-Cl2. Reaction conditions: imine (1 mmol), toluene (4 mL) and LA 
(5 mol%), H2 (50 bars), 180 °C, 17 h. All yields were determined by 1H NMR with CH2Br2 as the internal standard, and all structures 
were confirmed by ESI-MS. a) 70 bar b) Extended reaction time to 48 h. 

With an efficient system at hand a series of imines were tested in the hydrogenation reaction 

catalysed by 2-Cl2 at 180 °C, 50 bar of H2 and in toluene (Figure 4.4). Substrate 1 was quantitatively 

hydrogenated under the reaction conditions. Substrates containing electron-withdrawing groups, 2-4, 

decreased the activity of the system, and in the case of the nitro group, completely pacified the reactivity. 

This can be attributed to the Lewis base of the reaction, which is also the substrate, being less basic and 

therefore less likely to activate H2 with 2-Cl2. Substrates containing methoxy groups (5) also lead to a 
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decrease in activity. Substrates containing hydroxy groups (6 & 7) ortho to the imine functionality 

completely stopped the reaction. This hydroxy substituent is Brönsted acidic and therefore the inhibition 

may be attributed to reversible hydrogen activation by protonation of the tin hydride. Varying the alkyl 

substituents (8 to 17) form tert-butyl to -Hex, -Cy, –Ph, –Bn resulted in the formation of the target amine, 

with the notable tolerance of the ortho-methyl substituent (11).  

 
Figure 4.4: Proposed catalytic cycle for the hydrogenation of imines catalysed by tin (IV) salen complexes. 

The substrate acts as the LB in both sulfolane and toluene as the tin(IV) salen complexes and the 

solvent lack the ability to do so by themselves. As mentioned, previously a free binding site must be 

available to activate H2 gas and in accordance with previous literature the following catalytic cycle was 

proposed (Figure 4.4). Initially the X ligand dissociates from the tin centre (step I) after which an 

‘encounter’ complex is formed by the newly generated L4SnX+ species and the substrate. This then 

activates H2 gas generating a tin hydride and an iminium salt (steps II & III). The tin hydride species inserts 

the iminium cation generating an amine L4SnX complex, which dissociates regenerating the active catalyst 

L4SnX+.  

In conclusion, we have developed a series of tin(IV) Schiff base complexes that expands the 

current library of Lewis acids used in FLP that can scramble HD gas and be used in catalytic hydrogenations. 

The hexacoordinated tin(IV) salen and salophen complexes are easily sterically and electronically modified 

for further fine tuning of reactivity. Optimization of reaction conditions for imine hydrogenation revealed 

optimal reaction conditions of 180 °C and 50 bar H2 gas in toluene. Interestingly the catalyst, which 

displayed the lowest ability to activate hydrogen gas, was the most efficient catalyst for imine 
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hydrogenation suggesting that hydrogen activation is not rate limiting, which is rare for FLP mediated 

hydrogenations. We believe that the use of main group metal complexes will allow access to new 

chemoselectivity and reactivity accessible with FLP hydrogenation catalysts. 

4.4 Unpublished results – Indium(III) triflate catalyses the transfer-hydrogenation of CO2 to 

formate for the N-formylation of amines. 

Transition metals catalyse the N-formylation of amines with CO2 and H2 but are oftentimes not 

chemoselective for CO2 reduction over other reducible functional groups.49,52,60 Similarly, FLPs also 

catalyse the N-formylation of amines with CO2 and H2 but, unlike the TM catalysts, are chemoselective for 

CO2 hydrogenation.79,87 However, the operating pressures required reach 100 bar of total pressure of 

which 96 bar is hydrogen gas and only 4 bars is CO2. Whilst H2 is the most atom economic hydride source 

there are issues with its generation, high storage and compression costs.91,92 Moreover, high-pressure 

plants and specialized equipment are needed for its practical and safe utilization. One alternative to using 

hydrogen gas is auxiliary hydride sources or H2 surrogates such as hydrosilanes. However, there are also 

disadvantages to using hydrosilanes or boranes. One notable disadvantage is that hydrosilanes or boranes 

generate undesirable reaction waste in the form of silanols, boronic acids and oxides of both boron and 

silicon. 63,78 

Potential alternatives are so called ‘transfer hydrogenation sources’, which are organic molecules 

that can have a hydride abstracted by a Lewis acid and transferred to the desired substrate such as CO2. 

A major advantage of transfer hydrogenation sources is that useful byproducts are produced as part of 

these reactions, for example, p-cymene (from oxidation of γ-terpinene) is an important flavouring agent, 

it also has medicinal uses, and it is a common ligand in transition metal chemistry.93,94 Other common by-

products from transfer hydrogenation are acetone (from oxidation of isopropanol), which is a common 

laboratory solvent and lactic acid (from glycerol oxidation) is a common preservative and flavouring agent 

in food production. 95–98 

Transfer hydrogenation sources have been used in conjunction with a wide variety of metals such 

as Ru99, Ir,100 Co,101 Mn,102 Fe,103 Al,104 Ga105 and In106 to hydrogenate nitriles,107,108 ketones109 and 

alkenes105 amongst other functional groups.102,103,106 Ru99 and Ir,100 are also known to transfer hydrogenate 

CO2 to both formic acid and methanol with the aid of a sacrificial base and an alcohol hydride source 

(Scheme 5.1A). The requirement of sacrificial base decreases the overall atom economy and, along with 
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the use of high pressures, represents an area for improvement within CO2 transfer hydrogenation 

reactions (CO2TH). 

 

Scheme 5.1: A) General scheme of transfer hydrogenation of CO2 to formate catalysed by transition metal complexes (cations are 
omitted for clarity) B) Indium catalysed Transfer hydrogenation of 2-Alkynyl Enones for the reductive cyclisation towards 
trisubstituted furans C) Indium catalysed transfer hydrogenation of CO2 and reductive coupling to amines and Indium catalysed 
hydrogenation of CO2 to formate. 

Successful CO2TH reductive coupling reactions could open an avenue to upcycle CO2 and simultaneously 

form useful by-products, which would increase the economic efficiency of the process. InX3 Lewis acids 

have been shown to effectively catalyse transfer hydrogenations using γ-terpinene106 (Scheme 5.1B) 

suggesting that they are a compatible hydride/LA combination hence they were selected as the starting 

point for main group LA catalysed CO2TH towards reductive coupling of CO2 to amines in this study.  

 In this study we demonstrate that commercially available Indium triflate catalyses CO2TH with γ-

terpinene to [DBUH][formate] and p-cymene as the co-product, when DBU is employed as a base (Scheme 

5.1C), and reductive coupling of CO2 to amines to yield N-formyl amines and p-cymene as the co-product 

(Scheme 5.1C and 5.2).   
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Scheme 5.2: Transfer hydrogenation reactions of CO2 and reductive coupling to morpholine catalysed by indium tritriflate. 

Solvent: DMSO (2 mL), N-methylmorpholine (1 mL) and γ-terpinene (1 mL). 

To study the reaction, morpholine was selected as the model substrate. Initial optimization disclosed that 

Indium triflate is the most efficient and suitable catalyst when compared to other metal triflates due to 

its high acidity, hydrolytic stability and low toxicity (Table 5.1).110,111 

Entry LA LB Temp 

(°C) 

CO2  

Pressure (bar) 

Time (hours) Yield (%) 

1 GaOTf3 NMM 130 4 48 56  

2 InOTf3   NMM 130 4 48 65 

3 YbOTf3 NMM 130 4 48 30 

4 AlOTf3 NMM 130 4 48 32 

5 InCl3   NMM 130 4 48 31 

6 InOTf3   DBU 130 4 48 26* 

7 InOTf3   2,4,6 -col 130 4 48 31 

8 InOTf3   NMM 130 4 48 26** 

Table 5.1: Optimisation of Lewis acid for the CO2TH reaction and subsequent reductive coupling to morpholine. DMSO 
(2 mL), N-methylmorpholine (1 mL), γ-terpinene (1 mL), catalyst (10 mol%) * Formation of 0.6 mmol formic acid 
(equivalent to 13 turnovers) ** Run with 0.5mol% of InOTf3 which achieved 52 turnovers 

The initial reaction pressure, solvent, catalyst loading, and Lewis bases were selected based on the results 

of our previously reported N-formylation reactions.79,87 Temperature and quantity of transfer hydride 

source were selected based on other main group Lewis acid catalysed transfer hydrogenation reactions. 

The optimization of the solvent revealed that a large excess of γ-terpinene is required for the reaction to 

proceed efficiently but above 1 mL (ca. 6-time excess) there was no perceived increase in activity (Table 

5.2). This is in line with other transfer hydrogenation reactions, where the hydride source is usually used 

in excess.103,106,108,112,113 The removal of either DMSO or N-methylmorpholine (NMM) decreased the 

activity likely due to N-methylmorpholine’s role as the Lewis base required for deprotonation of a 
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Wheland intermediate, which is the proposed intermediate after hydride abstraction from γ-terpinene. 

Other bases such as DBU and 2,4,6-collidine were tested and the N-formylation reaction did not proceed 

efficiently (see appendix 4 table S1). DMSO is necessary to solubilise all reactants in particularly carbamate 

salts formed from the reaction of morpholine with CO2. The reaction was found to be temperature 

dependent with increasing yields from 90 °C to 150 °C (19% to 49% over 22 hrs). Full conversion was 

achieved upon running the reaction for 48 hrs at 150 °C and 4 bars of CO2. 

Entry DMSO / NMM / γ-
terp (mL) 

Temperature (°C) InOTF3(mol%) Yield (%) 

1 2.0 / 1.0/ 0.5 90 10 15 

2 2.0 / 1.0 / 1.0 90 10 19 

3 2.0 / 1.0 / 1.5 90 10 17 

4 2.5/ 0.5 / 1.0 90 10 12 

5 1.5/ 1.5 / 1.0 90 10 11 

6 2.0 / 1.0 / 1.0 110 10 29 

7 2.0 / 1.0 / 1.0 130 10 35 

8 2.0 / 1.0 / 1.0 150 10 49 

9a 2.0 / 1.0 / 1.0 130 5 65 

10a 2.0 / 1.0 / 1.0 150 10 91 

11 2.0 / 1.0 / 1.0 130 0 0 

Table 5.2: Effect of solvent and of temperature on the InOTf3 catalysed transfer hydrogenation of CO2 and its reductive coupling 
to amines. Reaction conditions: Morpholine (1 mmol), LA = InOTf3, CO2 (4 bar), 22 hrs, average yield after three runs. Yields were 
determined by 1H NMR with an internal standard. a) 48 hrs. NMM, γ-terpinene and DMSO were both used as received without 
further drying or purification. 

With an efficient system at hand, we investigated the substrate scope (Figure 5.1) of the reaction. The 

substrate scope was initially investigated with 10 mol% catalyst loading and reaction times of 48hrs to 

achieve high conversions. However, at 150 °C and at 10 mol% catalyst loading some substrates did not 

proceed efficiently, likely due to the elevated temperatures and the catalyst promoting the decomposition 

of the product and/or formate, which is known to occur at these temperatures. To test whether or not 

In(OTf)3 catalyses the decomposition of formic acid we added formic acid and In(OTf)3 to an NMR tube 

containing DMSO and NMM and heated it to 130 °C. At 130 °C the formic acid decomposed into hydrogen 

gas overnight. Therefore, the remainder of the scope was run at 130 °C and with 5 mol% catalyst loading. 
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Figure 5.1: Substrate scope for the N-formylation reaction with CO2, γ-terpinene and InOTf3 catalyst. Reaction conditions: amine 
(1 mmol), DMSO (2 mL), NMM (1 mL), γ-terpinene (1 mL), LA (5 mol%), CO2 (4 bars), 130 °C, 48 h. Yields were determined by 1H 
NMR and structures confirmed by GC-MS.* Reaction run at 150 °C ** reaction run for 24 h at 130 °C and with 6 bars CO2. *** 
reaction run with 6 bars CO2. **** 0.1 mL of polyethyleneimine (MW = 1200) added. 

Alkyl amines such as morpholine (1), dimethylammonium dimethyl carbamate (2) N-methylpiperazine (3) 

and pyrrolidine (4) were all successfully formylated. The system was found to be functionally tolerant 

towards the presence of alcohols (5) and alkenes (6) with no evidence of concomitant reduction of the 

unsaturated bond. InOTf3 was able to formylate primary amines like 7. 7 showed evidence of N-cyclohexyl-

N-methylformamide as well in 10% yield. Interestingly there was no evidence of N-formylation of acetyl-

piperazine (8), instead the reaction furnished only the N-methylated product. DMSO is also a known C1 

synthon for the N-methylation of amines. The reaction is catalysed by formic acid, which is formed by 

CO2TH in situ prior to the N-formylation. To test whether the carbon source in the N-methylation reaction 

was CO2 or DMSO the reaction was run with DMSO-d6 as a solvent, which showed that the carbon source 
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was DMSO, as evidenced by the GC-MS giving a spectrum in which each of the species’ mass increased by 

2 mass units (see appendix 4 section 8.2). Substrate 3 demonstrated some N-methylated products as well 

which were detected by GC-MS. To achieve N-formylation of 3 and 8 the reactions were performed at a 

lower temperature and at an increased CO2 pressure to disfavour the DMSO decomposition pathway and 

favour CO2 hydrogenation. This resulted in a yield of 57% and 64% for 3b and 8b respectively. The ester 

functionality of substrate 9 was partially removed during the reaction resulting in only 10% yield of 9b. 

This is likely due to the high acidity of In(OTf)3. 10 was found to be selectively mono-formylated unlike 11 

which under the standard conditions resulted in a mixture of products including mono-formylated product 

and trace amounts of the bis-formaylated product and dimethylated product as detected by GC-MS. This 

system can also successfully formylate and cyclise ortho-substituted anilines and convert them to azoles 

as evidenced by substrates 12 and 13 with 12 being particularly active. This reactivity was achieved by 

utilising polyethyleneimine as a scaffold which is preferentially N-formylated and after transfer of the 

formate to an ortho-substituted aniline yields the desired products 12b, 13b, 14b and 13b after 

cyclisation. This procedure was adapted from our previous work on solvent assisted FLP catalysed CO2 

hydrogenations. Aniline (16) was found to be unreactive to N-formylation or N-methylation. 

 
Scheme 5.3: Control experiments for the N-methylation of 8 catalysed by InOTf3 

In conclusion we have developed a mild and chemoselective approach for the synthesis of N-formamides 

from CO2 and γ-terpinene catalysed by metal triflates producing p-cymene as a co-product. In contrast to 

our previous work this synthesis proceeds at 50 °C lower temperature and at 25x lower starting pressure. 

Indium(III) triflate is the most efficient catalyst for the reaction over other group 13 triflates. This is 

believed to be a result of the increased water tolerance of In(OTf)3 over Ga(OTf)3 and Al(OTf)3. DFT 

calculations are ongoing to elucidate the mechanism of the reaction. 
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5.0 Conclusions 

In conclusion we developed 7 new R3SnX LAs that in combination with nitrogenous LBs were able to 

selectively hydrogenate CO2 and reductively couple the resulting formate to amines, containing various 

other reducible functional groups, to selectively form formamides and water as the only byproduct. This 

marks a major advance in water tolerant FLP hydrogenations of CO2 as previous FLP catalysed CO2 

hydrogenations involved a sacrificial component to both dry the reaction in situ and cleave the resulting 

C1 products.  

We then expanded the catalytic activity of R3SnX-based FLPs to the synthesis of azoles from CO2, 

H2 and ortho-substituted anilines. In this study we found that R3SnX were able to reductively couple CO2 

to ortho-substituted anilines, which are both aromatic and primary, yielding the desired azole products 

after spontaneous cyclisation. To increase the activity of our R3SnX catalysed system we employed the 

use of polyethyleneimine as a co-catalyst. Polyethyleneimine, in the presence of the FLP catalyst and CO2, 

is preferentially formylated and then transfers the formate to the ortho-substituted anilines, which then 

cyclized yielding the desired products. By this method catalytic activity on par with the best TM catalysts 

for this synthesis of azoles were achieved. 

Thirdly, to expand the scope of LAs that can be used in FLPs we developed various Schiff base 

complexes of tin. The activity of the complexes was probed using imine hydrogenation as a target reaction. 

We found that tin(IV) salen and salophen complexes were easily sterically and electronically tuned by 

varying the nature of the ligand’s aromatic substituents, the nature of the moiety which bridged the two 

halves of the ligand and of the X groups attached to the metal center. Interestingly the catalyst with the 

lowest activity in hydrogen activation had the highest activity for the imine hydrogenation. This challenges 

the well accepted notion that H2 activation is the rate limiting step in FLP hydrogenation catalysis. 

 Lastly, we sought to develop a catalytic system for the N-formylation reaction, which operated at 

lower pressures and temperatures. Employing transfer hydrogenation of CO2 with γ-terpinene as the 

hydride source as opposed to H2 in combination with In(OTf)3 allowed the reductive coupling of CO2 to 

amines to form formamides. The temperature and pressure of this reaction was 50°C and 94 bar lower 

respectively than our previous reductive coupling reactions with CO2. In(OTf)3 and γ-terpinene also 

promoted the formation of azoles using the solvent assisted method from ortho-substituted anilies and 

CO2 demonstrating the generality of the method. Ultimately this work will assist in the development of 
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main group systems which can reductively valorize CO2 and allow for an alternative to the widespread use 

of transition metal catalysts. 
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List of abbreviations 

FLP   Frustrated Lewis Pair 

LA   Lewis acid 

LB   Lewis base 

EA   Electron acceptor  

ED  Electron donor 

Cy   Cyclohexyl 

iPr   iso-propyl 

NPh   neophyl 

Me   Methyl 

Et   Ethyl 

EtO   Ethoxy 

sBu   sec-butyl 

nBu   n-butyl 

tBu   tertiary-butyl 

Ph   phenyl  

Hex   n-hexyl 

Bn   Benzyl 

dppe   1,2-Bis(diphenylphosphino)ethane 

R   alkyl 

MeCN   acetonitrile 

OTf   Trifluormethanesulfonate  

NTf2   bis(trifluoromethane)sulfonimide 
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OAc   acetate 

X   halide or heteroatom containing substituent 

Salen   N,N′-Ethylenebis(salicylimine) 

Salophen  6,6'-dimethyl-2,2'-[1,2-phenylenebis(nitrilomethylidyne)]diphenol 

TON   Turnover number 

TOF   Turnover frequency 

NMM   N-methyl morpholine 

DBU   1,8-Diazabicyclo[5.4.0]undec-7-ene 

RWGS   reverse water gas shift 

FTS   Fischer tropsch synthesis 

TMP   tetramethylpiperidine 

MeOH   Methanol 

CCU   carbon capture and utilization 

sc   supercritical 

DMAP   4-(dimethylamino)pyridine 

IL   ionic liquid 

PEI   polyethylene imine 

TH   transfer hydrogenation 

TBD   triazabicyclo[4.4.0]dec-5-ene 

TBA   tertbutylammonium 

GC   gas chromatography 

MS   Mass spectrometry 
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Appendix 4 Unpublished results 

1. General procedures 

All reagents and solvents were purchased from commercial suppliers (Sigma-Aldrich, Merck, 

Alpha-Aesar, TCI, Across, abcr, Thermo scientific, Linde gas a.s. and Lach:ner). Specifically, 

Indium triflate was purchased from sigma aldrich. Synthetic reagents were used as received and 

without further purification including hydrogen gas (99.90%) and carbon dioxide for food industry 

(99.90%) purchased from Linde gas a.s. All solvents were used as received. Unless otherwise 

specified 1H NMRs were taken on a Bruker AVANCE-III (400 MHz) at 298 K spectrometer and 

reported in ppm (δ). Deuterated solvents were purchased from abcr and used as received. NMR 

spectroscopy abbreviations: s, singlet; d, doublet; t, triplet; m, multiplet. All the products of 

catalytic tests were identified by 1H NMR data in comparison with literature, by GC coupled to 

mass spectrometry on a Shimadzu QP-2010 GC-MS with a Supelcowax 10 column and where 

necessary by comparison with genuine samples of the targeted compounds.  

 
 

2. Catalytic tests 

2.1 General Procedure:  

In air In(OTf)3 (0.05 mmol) and morpholine (1 mmol) were dissolved in the solvent mixture (4 

mL) in a stainless-steel autoclave. The autoclave was then sealed and purged 5 times with the 

desired pressure of CO2. The temperature and stirring rate were set using the Specview program 

on Parr 5000 series multi reactor system. T = 0 was defined as the time the heating starts. The 

heating was turned off at T = end of the stated reaction time and immediately cooled down i.e., for 

a reaction time of 24 hours the heating was turned off after 24 hours, removed from the heating 

mantel and cooled immediately. After which, Dibromomethane (1 mmol) was added to the reactor, 

stirred and an aliquot was taken for 1H NMR analysis in CDCl3 or DMSO-d6. The conversion of 

morpholine and the yield of N-formylmorpholine were quantified by 1H NMR analysis with the 

added Dibromomethane as the internal standard. Other reaction products were quantified by their 

respective C1 hydrogen signal in 1H NMR and structures confirmed by GC-MS on a Shimadzu 

QP-2010 GC-MS with a Supelcowax 10 column. 
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2.2 Typical result(s) of synthesis of: 

 

 

 

Figure S4: 1H NMR of a reaction mixture at the end of a catalytic test. 

 

N-formylmorpholine:  

 

 
1H NMR (400 MHz, CDCl3) δ:  8.02 (s, 1H), 3.66 – 3.62 (m, 4H), 3.56 – 3.53 (m, 2H), 3.39 – 3.36 

(m, 2H) GC retention time 13.1 minutes to 13.2 minutes; EI-MS (m/z) calculated: 115.1, found 

115 
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Figure S5: GC-MS analysis of a reaction mixture at the end of a catalytic test of synthesis of N-

formylmorpholine. 
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2.4 Example of reproducibility between runs: 

 

Figure S3a: 1H NMR analysis of a reaction mixture at the end of a first run catalytic test of the 

transfer hydrogenation of CO2 reductive coupling to morpholine at 130°C for 48hrs (table 1 entry 

9). 
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Figure S3b: 1H NMR analysis of a reaction mixture at the end of a second run of a catalytic test 

of CO2 reductive coupling to morpholine at 130°C for 48hrs (table 1 entry 9). 
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Figure S3c: 1H NMR analysis of a reaction mixture at the end of a third run of a catalytic test of 

CO2 reductive coupling to morpholine at 130°C for 48hrs (table 1 entry 9). 
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3. Catalyst optimization 

 

Entry LA LB Temp 

(°C) 

CO2 

Pressure 

(bar) 

Time 

(hours) 

Yield (%) 

1 GaOTf3 NMM 130 4 48 56  

2 InOTf3   NMM 130 4 48 65 

3 YbOTf3 NMM 130 4 48 30 

4 AlOTf3 NMM 130 4 48 32 

5 InCl3   NMM 130 4 48 31 

6 InOTf3   DBU 130 4 48 26* 

7 InOTf3   2,4,6 -col 130 4 48 31 

8 InOTf3   NMM 130 4 48 26** 

• *Formation of 0.6 mmol formic acid (equivalent to 13 turnovers) 

• ** Run with 0.5mol% of InOTf3 which achieved 52 turnovers 
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4. Substrate scope 

4.1 Dimethyl formamide 

 

 
Figure S4: 1H NMR analysis of the reaction product of dimethylammonium dimethyl carbamate.  

1H NMR (400 MHz, CDCl3) δ: 8.00 (s, 1H), 2.95 (s, 3H), 2.87 (s, 3H) GC retention time 7.9 

minutes to 8.1 minutes; EI-MS (m/z) calculated:73.1, found 73 
 

 
Figure S4b: EI-MS analysis of the reaction product of dimethylammonium dimethyl carbamate. 
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4.2 4-methylpiperazine-1-carbaldehyde 

 
 

 

Figure S5: 1H NMR analysis of the reaction product of N-methylpiperazine 

1H NMR (400 MHz, CDCl3) δ: 8.01 (s, 1H), 3.73 – 3.68 (m, 2H), 3.59 – 3.54 (m, 2H), 3.41 – 3.37 

(m, 2H), 2.90 – 2.86 (m, 2H). all other peaks were obscured by the reaction solvent. GC retention 

time 8.00 minutes to 8.2 minutes; EI-MS (m/z) calculated: 128.1, found 128 

 

 

Figure S5b: EI-MS analysis of the reaction product of N-methylpiperazine 
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4.3 Pyrrolidine-1-carbaldehyde 

 

 

  

Figure S6: 1H NMR analysis of the reaction product of pyrollidine 

1H NMR (400 MHz, CDCl3) δ: 8.10 (s, 1H), 3.40 – 3.34 (m, 2H), 3.29 – 3.24 (m, 2H). All other 

peaks were obscured by the reaction solvent. GC retention time 11.9 minutes to 12.1 minutes; EI-

MS (m/z) calculated: 99.1, found 99 

 

 
Figure S6b: ESI-MS analysis of the reaction product of pyrollidine 

 



260 
 

4.4 4-(hydroxymethyl)piperidine-1-carbaldehyde 

 

 

 

  

Figure S7: 1H NMR analysis of the reaction product of piperidin-4-ylmethanol. 
 

1H NMR (400 MHz, CDCl3) δ: 7.96 (s, 1H), 3.43 – 3.39 (m, 2H). All other peaks were obscured 

by the reaction solvent. GC retention time 21.1 minutes to 21.4 minutes; EI-MS (m/z) calculated: 

143.2, found 143 

 

 

Figure S7b: EI-MS analysis of the reaction product of Piperidin-4-ylmethanol.  
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4.5 N-allyl-N-methylformamide 

 

 

  

Figure S8: 1H NMR analysis of the reaction product of N-allylmethylamine. 

1H NMR (400 MHz, CDCl3) δ: 8.02 (s, 1H), 3.97 -3.93 (m, 1H), 3.86 – 3.82 (m, 1H). All other 

peaks were obscured by the reaction solvent. GC retention time minutes 9.5 to 9.7minutes; EI-MS 

(m/z) calculated: 99.1, found 99 

 

Figure S8b: EI-MS analysis of the reaction product of N-allylmethylamine. 
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4.6 N-cyclohexylformamide 

 

 

  

Figure S9: 1H NMR analysis of the reaction product of cyclohexylamine 
 

1H NMR (400 MHz, CDCl3) δ: 8.07 (s, 1H), 5.80 (br s, 1H). All other peaks were obscured by the 

reaction solvent. GC retention time 14.8 minutes to 15.1 minutes; EI-MS (m/z) calculated: 127.2, 

found 127 

 

 

Figure S9b: EI-MS analysis of the reaction product of cyclohexylamine.  
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4.7 4-acetylpiperazine-1-carbaldehyde 

 

 
 

Figure S10: 1H NMR analysis of the reaction product of 4-acetylpiperizine 

 

 1H NMR (400 MHz, CDCl3) δ: 8.09 (s, 1H), 3.50 – 3.44 (m, 2H), 3.42 – 3.36 (m, 2H). All other peaks 

were obscured by the reaction solvent. GC retention time 25.2 minutes to 25.5 minutes; EI-MS 

(m z) calculated:156.1, found 156 

 

 

Figure S10b: EI-MS analysis of the reaction product of 4-acetylpiperizine. 
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4.8 n-hexylformamide 

 

 
 

Figure S11: 1H NMR analysis of the reaction product of n-hexylamine.  

1H NMR (400 MHz, CDCl3) δ: 8.09 (s, 0.8H), 7.98 (d, 0.2H) All other peaks were obscured by the 

reaction solvent. GC retention time 14.0 minutes to 14.3 minutes; EI-MS (m/z) calculated:, 129.1 

found 129 

 

Figure S11b: EI-MS analysis of the reaction product of n-hexylamine. 
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4.9 N-benzylformamide 

 

 
 

Figure S12b: 1H NMR analysis of the reaction product of benzylamine. 
 

1H NMR (400 MHz, CDCl3) δ: 8.36 (s, 0.8H), 8.24 (d, 0.2H). All other peaks were obscured by 

the reaction solvent. GC retention time minutes 7.8 to 8.0 minutes; EI-MS (m/z) 

calculated:135.1, found 135 

 

Figure S12: EI-MS analysis of the reaction product of Benzylamine. 

 



266 
 

4.10 Benzimidazole 

 

 

Figure S13: 1H NMR analysis of the reaction product of o-phenylenediamine. 
 

1H NMR (400 MHz, CDCl3) δ: 8.07 (s, 1H) 7.82 – 7. 48 (m, 4H). GC retention time 28.2 

minutes to 28.7 minutes; EI-MS (m/z) calculated: 118, found 118 all other peaks were obscured 

due to NMR solvent 

 

 

Figure S13b: EI-MS analysis of the reaction product of o-phenylenediamine. 
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4.11 Benzothiazole 

 

 
 

Figure S14: 1H NMR analysis of the reaction product of 2-aminobenzenethiol. 
 

1H NMR (400 MHz, CDCl3) δ: 9.01 (s, 1H), 8.21 – 8.15 (m, 2H), 8.06 – 7.99 (m, 2H). 

GC retention time 13.4 minutes to 13.7 minutes; EI-MS (m/z) calculated: 135, found 135 all 

other peaks were obscured due to NMR solvent 

 

Figure S14b: EI-MS analysis of the reaction product of 2-aminobenzenethiol. 
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4.12 4-methylbenzimidazole 

 

 

Figure S15: 1H NMR analysis of the reaction product of 3-methyl-1,2-benzenediamine. 

 
1H NMR (400 MHz, CDCl3) δ: 8.00 (s, 1H), 7.17 -7.12 (m, 1H), 7.10 – 7.08 (m, 1H), 7.07 – 7.02 

(m, 1H) All other peaks were obscured by the reaction solvent. GC retention time 28.4 minutes 

to 28.8 minutes; EI-MS (m/z) calculated: 132.2, found 132 

 

 

Figure S15b: EI-MS analysis of the reaction product of 3-methyl-1,2-benzenediamine. 
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4.13 N-phenylbenzimidazole 

 

 

 

Figure S16: 1H NMR analysis of the reaction product of 2-aminodiphenylamine. 

 
1H NMR (400 MHz, CDCl3) δ:8.10 (s, 1H), 7.87 – 7.81 (m, 1H), 7.56 – 7.40 (m, 6H), 7.36 – 

7.27 (m, 2H) GC retention time 27.8 minutes to 28.1 minutes; EI-MS (m/z) calculated: 194, 

found 194 all other peaks were obscured due to NMR solvent 

 

 

 

 
Figure S16b: EI-MS analysis of the reaction product of 2-aminodiphenylamine. 
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5. Direct formylation of morpholine using DBU formate and N-methyl 
morpholinium formate. 

5.1 General Procedure:  

  

In an NMR tube Lewis base (1 mmol of either N-methylmorpholine or DBU) and formic acid (1mmol) 

were dissolved in 1 mL of DMSO. The NMR tube was shaken vigorously and allowed to sit for 10 minutes. 

After which morpholine (1 mmol) was added and the NMR tube was heated to 130 ºC for 24 hrs after which 

the sample was measured by NMR.  

 

Figure S17: Result of the direct reaction between DBU formate and morpholine.  

 

1H NMR (400 MHz, CDCl3) δ: 8.53 (s, 1H (dbu formate)), 8.02 (s, 1H (N-formylmorpholine), 

3.57 (m, 2H), 3.52 (m, 2H) all other peaks of N-formylmorpholine are covered by DBU formate 
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Figure S18: Result of the direct reaction between NMM formate and morpholine. 

 

1H NMR (400 MHz, CDCl3) δ: 8.27 (s, 1H (NMM formate)), 8.02 (s, 1H (N-formylmorpholine), 

3.59- 3.54(m, 4H), 3.54- 3.51 (m, 2H) all other peaks of N-formylmorpholine are covered by NMM 

formate 
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6. Synthesis of DBU formate. 

6.1 General Procedure:  

 

In air In(OTf)3 (0.05 mmol) was dissolved in the solvent mixture (4 mL (1 mL DBU, 1 mL γ-

terpinene and 2 mL DMSO) in a stainless-steel autoclave. The autoclave was then sealed and 

purged 5 times with 4 bars of CO2. The temperature and stirring rate were set using the Specview 

program on Parr 5000 series multi reactor system. T = 0 was defined as the time the heating starts. 

The heating was turned off at T = end of the stated reaction time and immediately cooled down 

i.e., for a reaction time of 22 hours the heating was turned off after 22 hours, removed from the 

heating mantel and cooled immediately. After which, Dibromomethane (1 mmol) was added to the 

reactor, stirred and an aliquot was taken for 1H NMR analysis in CDCl3 or DMSO-d6. The 

conversion of morpholine and the yield of N-formylmorpholine were quantified by 1H NMR 

analysis with the added Dibromomethane as the internal standard. Other reaction products were 

quantified by their respective C1 hydrogen signal in 1H NMR. 
 

 

Figure S19: Result of the formation of DBU formate from CO2. 
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1H NMR (400 MHz, CDCl3) δ: 8.16 (s, 1H). Peaks corresponding to the formate salt are covered 

by free DBU. 
 

6.1: Effect of CO2 pressure on synthesis of DBU formate 

 

Entry LA LB Temp 

(°C) 

CO2 

Pressure 

(bar) 

Time 

(hours) 

Mmol of 

formate 

produced 

1 InOTf3 DBU 130 4 48 0.95 

2 InOTf3 DBU 130 6 48 1.94 

3 InOTf3 DBU 130 10 24 0.88 

4 InOTf3 DBU 130 4 72 1.45 
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7. Formic acid decomposition. 

7.1 General Procedure:  

 

In an NMR tube In(OTF)3 (0.05mmol), NMM (200 μL) and formic acid (1mmol) were dissolved in 1 mL 

of DMSO. The NMR tube was heated to 130 ºC for 24 hrs after which the sample was measured by NMR.  

The yield of H2 gas was 50 % and was calculated by the ratio between the peak of H2 and the formate peak 

of formic acid. 

 

 

Figure S20: Result of the decomposition of formic acid by In(OTf)3. 

1H NMR (400 MHz, CDCl3) δ: 8.01 (s, 1H, formic acid), 4.81 (s, 2H, H2).  

 

 

 

H2(g) 

Formic acid 
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8. Formation of partially deuterated amines. 

8.1 General Procedure:  

In air In(OTf)3 (0.05 mmol) and morpholine (1 mmol) were dissolved in the solvent mixture (4 

mL, including DMSO-d6) in a stainless-steel autoclave. The autoclave was then sealed and purged 

5 times with the desired pressure of CO2. The temperature and stirring rate were set using the 

Specview program on Parr 5000 series multi reactor system. T = 0 was defined as the time the 

heating starts. The heating was turned off at T = end of the stated reaction time and immediately 

cooled down i.e., for a reaction time of 24 hours the heating was turned off after 24 hours, removed 

from the heating mantel and cooled immediately. After which, Dibromomethane (1 mmol) was 

added to the reactor, stirred and an aliquot was taken for 1H NMR analysis in CDCl3 or DMSO-d6. 

The conversion of morpholine and the yield of N-formylmorpholine were quantified by 1H NMR 

analysis with the added Dibromomethane as the internal standard. Other reaction products were 

quantified by their respective C1 hydrogen signal in 1H NMR and structures confirmed by GC-

MS on a Shimadzu QP-2010 GC-MS with a Supelcowax 10 column. 
 

8.2 Results:  

 

 

 

Figure S21: EI-MS analysis of the reaction product of 4-acetylpiperizine and DMSO-d6 

 

 


