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min minutes  

mL millilitre  
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MS mass spectrometry/molecular sieves  
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PFA perfluoro alkoxy  

ppm parts per million  
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butylimino)-2-diethylamino-1,3-

dimethyl-perhydro-1,3,2-

diazaphosphorine  

PTFE polytetrafluoroethylene 

PVP poly(N-vinyl-2-pyrrolidone) 

PVSZ polyvinylsilazane 

Py pyridine 

q quartet signal (NMR spectroscopy)  

QP-DMA Quadrapure dimethylamine 

resin  

QP-SA Quadrapure sulfonic acid resin  

QP-TU Quadrapure thiourea resin  

R alkyl substituent 

R dextrorotary enantiomer  

r radius 

rt room temperature  

Rt retention time  

s singlet signal, or strong absorbance  

S levorotary enantiomer  

scCO2 supercritical carbon dioxide  
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modern research facilities. The holding capacity of most microwave vials is however a 

limiting factor when considering scaling up reactions.  

Design of Experiments (DOE) is a method by which a designed experiment is performed 

to aid in explaining the variation of information obtained under the conditions used. 

When just one factor influences the output, it is relatively easy to vary that factor and 

monitor the response. However, when more than one factor is affecting the response, as 

is the case, in most real-life situations, changing just one factor at a time is inefficient. 

The use of DOE allows for the investigation of how factors jointly affect the response. 

This is generally done through the use of dedicated software (such as JMP) to analyse 

data obtained and model the pattern of responses to identify active factors, which can 

then be used to predict trends. Although, such analysis can be used to achieve well 

optimised systems, it is generally accepted that this comes with a considerable 

expenditure of resources and time. For some industries such optimised conditions may 

offer a cheaper, more efficient way of producing a product/intermediate, which on large 

scales offer a significant savings. However, for chemists that do not need to scale up 

reactions, the effort required to optimise a reaction through DOE might not be sufficiently 

beneficial when considering the resources and time required.      

In this thesis, emphasis is given to gas-liquid chemistry, an area that still has several 

bottlenecks associated with both safe use and scale up. This thesis mainly aims to 

investigate classes of reactions that use toxic and/or dangerous gases to produce useful 

intermediates, using flow methodology to overcome the aforementioned bottlenecks. The 

next section will thus be dedicated to illustrating examples of gas-liquid flow chemistry 

from the literature, covering carbon monoxide, carbon dioxide and oxygen. There are 

other gases that are used in flow chemistry that will not be covered in this thesis, however, 

a comprehensive review detailing these can be found in our publication.4    
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1.1 The Use of Flow Chemistry in Aiding Gas-Liquid Chemistry  
The use of toxic and dangerous gases is highly restricted and controlled in modern 

synthetic laboratories. Increased safety considerations, including precautionary 

limitations on their use at scale, are often mandated for gas processing operations. 

Understandably, for something as ethereal as a gas, which cannot be easily contained, 

leakages are very difficult to prevent when conventional synthetic equipment is used. 

Consequently, dedicated high pressure facility rooms are normally built specifically to 

enable access to gas based transformations. Pressurised gas reactions are normally 

continually monitored for leakage using specialised gas and/or pressure detectors, with 

personnel using such facilities having to undergo specialised training. Furthermore, 

restrictions on the scales of high pressure reactions are also put in place to mitigate risks, 

making the scale up of these reactions challenging. 

1.1.1 Alternative Approaches 
The use of gas surrogates has been developed to circumvent the direct use of certain 

gases, with the in situ liberation of the required gas being the most common method. 

Several carbon monoxide precursors exists such as those derived from aldehydes,5 formyl 

saccharine6 and various metal carbonyls, such as Ni(CO)4,7 W(CO)68 and Mo(CO)6.9 

Similarly, the use of transfer hydrogenation is often applied as a substitute for gaseous 

hydrogen, which can be delivered through a donor such as formic acid via a metal 

complex (e.g. Ru),10 often in association with diamine or phosphine ligands. It is also 

possible to use metal free hydrogen gas substitutes such as Hantzsch esters often 

promoted by the addition of an auxiliary organocatalyst.11 Additional gas substitutes for 

less common species have also been developed such as Selectfluor® (which acts as a F 

donor)12 and DABSO as a gaseous sulfur dioxide substitute.13 Even though these gas 

substitutes are useful for small scale chemistry, they often tend to be either too toxic,14 

atom inefficient or too expensive to be used at larger scales. 

1.1.2 Application of Gases 
One of the main limiting factors when pursuing a transformation using a gaseous 

component is establishing the required stoichiometry by solubilising sufficient quantities 

of the gas into the reaction media. The low solubility of certain gases like carbon 

monoxide (Table 1),15 often deems that high pressures are required, with the 

concentration of the dissolved gas also showing a rapid decrease with an increase in 
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especially microchannel reactors (a = 3400-18000 m2m-3), with a maximum interfacial 

value of 18000 m2m-3 for a 300 µm x 100 µm microchannel.17 

 

Figure 1: Qualitative measure of interfacial area (a) for typical round bottom flasks when the 
liquid is static. 

Table 2: Published interfacial area for different gas liquid contactors.17 

Type of contactor a (m2m-3) 
Bubble columns 50-600 

Couette-Tylor flow reactor 200-1200 
Impinging jet absorbers 90-2050 

Packed columns, concurrent 10-1700 
Packed columns, counter current 10-350 

Spray column 75-170 
Static mixers 100-1000 
Stirred tank 100-2000 

Tube reactors, horizontal and coiled 50-700 
Tube reactors, vertical 100-2000 

Gas-liquid microchannel contactor 3400-18000 
 

A significant increase in the interfacial contact area can permit reactions that are not 

normally feasible under conventional batch synthesis conditions to be promoted in flow. 

In general, gases are easier to use in flow as their delivery can be regulated by dosing 

controlled flow volumes and using the higher internal pressures within the flow system 

to aid dissolution. Since flow technology also allows for coupling multiple connected 
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reactors, the storing of chemicals is reduced together with shipping costs as intermediates 

needed for the desired product can potentially be synthesised and used directly in the next 

step without the need of isolation. Also hazardous chemicals, such as pyrophoric or air 

sensitive chemicals are much easier to use without the need for complicated precautions. 

Scale-up to production levels is potentially easily achieved by replicating the same 

reactor used for pilot plant experiments via a numbering-up approach or through 

prolonged running of the same reactor in a continuous manufacture scenario without any 

redesign in the set-up. Both approaches drastically reduce the transition time moving to 

scale and are thus financially beneficial. 

1.1.3  Approaches Used in Micro and Meso Gas-L iquid Flow Reactions 
Microchannel reactors have been extensively used employing a biphasic flow regime 

most commonly segmented flow, where bubbles of a gas are separated by slugs of a liquid 

(Figure 2). The toroidal currents formed in both the liquid and gas segments enhance the 

mixing and increase mass transfer.18 Another approach, which also involves a gas and a 

liquid stream concurrently flowing together, is created by the introduction of a fast 

flowing gas stream injected at high pressures into a slower liquid flow (Figure 2). The 

velocity of the gas creates an annular flow (pipe flow) with the liquid being pushed 

against the boundary walls of the microchannels. The thin liquid layer again allows for a 

high interfacial contact area, with a decrease in the diffusion length.  

A further reactor design based upon this same principle is the falling film microreactor, 

in which the liquid phase flows through microchannels under gravity to form a thin liquid 

layer.19 The gas input then flows co-currently or counter-currently to the liquid (Figure 

3). 
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Figure 2: Gas-Liquid flow regimes: Segmented Flow and Annular Flow. 

 

 

 

Figure 3: Falling film reactor with liquid flow falling downwards and gas flowing either upwards 
(left) or downwards (right) above the liquid flow. 

Mesh microreactors have also used for gas-liquid flow reactions. This design makes use 

of a fine metal or ceramic mesh separating the liquid flow in the microchannels. The gas 

component is passed into the reactor and flows through the mesh to enter the liquid 

stream.20 The fine openings in the mesh (average pore size of 76 µm) allows for an 

increase in the gas-liquid interfacial contact area and the small gap separating the mesh 

and the microchannel allows for a very short diffusion length. 
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Table 4: Radical carbonylation in micro-flow system. 

 

Entry  Substrate Conditions Substrate/Yield 
(%) 

1 
 

0.02 M in toluene, 
Bu3SnH (1.2 equiv.), 

V-65 (10 mol%), 
CO 83 atm, 12 min 

 
 

2 
 

0.02 M in toluene, 
Bu3SnH (1.2 equiv.), 

V-65 (10 mol%), 
CO 85 atm, 12 min 

 
 

3 
 

0.02 M in toluene, 
Bu3SnH (1.2 equiv.), 

V-65 (10 mol%), 
CO 85 atm, 12 min 

 
 

4 
 

0.05 M in toluene, 
Bu3SnH (1.1 equiv.), 

V-65 (10 mol%), 
CO 79 atm, 27 min 

  

5 
 

0.017 M in toluene, 
Bu3SnH (1.5 equiv.), 

H2C=CH-COCH3 (4 equiv.) 
V-65 (10 mol%), 

CO 85 atm, 29 min 
 

 

6 
 

0.02 M in toluene, 
(TMS)3SiH (1.5 equiv.), 

H2C=CH-COCH3 (1.2 equiv.) 
V-65 (30 mol%), 

CO 20 atm, 30 min 
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0.02 M in toluene, 
(TMS)3SiH (1.5 equiv.), 
H2C=CH-CN (1.2 equiv.) 

V-65 (30 mol%), 
CO 20 atm, 30 min 
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The de Mello group and collaborators reported a comparison between the use of annular 

flow and plug flow for amino-carbonylation reactions (Scheme 2).33 Even though the 

annular flow method was shown to be efficient, it was limited to short residence times 

(2-5 min). The plug flow method could enable longer residence times and had a reduced 

tendency to block the reactor due to formation of Pd black particulates during 

carbonylation. It was reported that the use of the Pd dimer [Pd2(µ-I)2(PtBu3)2] served as 

an excellent pre-catalyst for aminocarbonylation being far superior to many other 

previously reported catalysts. 

 

Scheme 2: Comparison between annular and segmented flow in amino-carbonylation system. 

The amino-carbonylation of halogenated aryl carboxylic acids with various amines has 

also been reported by Csajági et al. using a commercial pressurised continuous flow 

reactor (Scheme 3).34 The substrates were passed through a phosphine immobilised 

version of Pd(PPh3)4 to generate moderate to good yields of a variety of amide products 

(27-39) which were prepared in very short residence times (~2 min).  
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process was more efficient and very straightforward to run (Scheme 10). The flow 

protocol was subsequently expanded to a wider selection of alkylsilanes and electrophiles 

all of which gave good to excellent yields and selectivities (77-88% yields, 91:9-97:3 

(E/Z), 5 examples). 

 

Scheme 9: Heck-carbonylation of bromide 45 in continuous flow. 

 

Scheme 10: Formation, carbonylation and quenching of 1-silylallyllithium intermediate to give 
the dienol silyl ether in flow, also showing the comparison with the batch protocol. 

A synthesis of a phenyl isocyanate starting from nitrobenzene (57) in flow was reported 

by Takebayashi and co-workers using carbon monoxide as a reductant (Scheme 11).43 

The carbon monoxide was delivered at a 90° angle to the liquid flow through a T-piece 

connector, resulting in a segmented flow system, which was directed into a tubular reactor 

heated at 220 °C. The direct comparison of the corresponding batch protocol 

demonstrated that the flow procedure gave a higher yield, although the authors did not 
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Scheme 12: Flow carboxylation of Grignard substrates using carbon dioxide. 

The flow synthesis of Amitriptyline (60) using carbon dioxide in flow was reported by 

the Kirschning group.46 As part of the process development it was noted that excess 

carbon dioxide was possibly reacting with the n-BuLi required for the second stage 

Parham cyclisation (Scheme 13). Ultimately, the excess carbon dioxide was removed by 

passing the liquid stream through a Teflon AF-2400 tube acting to degas the pressurised 

flow stream prior to adding the n-BuLi and yielding the product in an isolated yield of 

76%.  

 

Scheme 13: The synthesis of Amitriptyline using carbon dioxide in flow. 
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A related transformation was performed by the Yoshida group, using in situ generated 

organilithium species (Scheme 14).47 The organolithium intermediate formed by lithium 

halogen exchange was immediately trapped with carbon dioxide in an annular flow set-

up. A stream of MeOH quenched the excess n-BuLi prior to collection of the product into 

a saturated sodium bicarbonate solution. Beneficially, the flow protocol did not yield any 

benzophenone or triphenyl MeOH derivatives which are normally observed in the 

corresponding batch reactions. Using this set-up (Scheme 14), a selection of carboxylic 

acids were synthesised in good yields (59-89% yield, 13 examples) representing a range 

of different electronics which appear not to influence the carboxylic acid yield. 

 

Scheme 14: Flow carbonylation of organolithiums using carbon dioxide. 

A similar concept was later demonstrated by the Kappe group using lithium 

bis(trimethylsilyl)amide (LiHMDS) or  lithium diisopropylamide (LDA) solutions to 

achieve the lithiation of terminal alkynes or heterocycles.48 The lithiation was shown to 

happen very rapidly (~0.5 seconds at room temperature) but they opted for a ~3 second 

residence time after which the lithiated substrate was carboxylated with carbon dioxide 

through a T-mixer. In order to stabilize the CO2 flow, the gas was preheated at 65 °C 

before going through the mass flow controller (Scheme 15). Additionally a water quench 

was introduced before the back pressure regulator to dissolve any small amounts of 

precipitate formed during the reaction. Using the optimised conditions a number of 

alkynes were carboxylated generally giving very good yields (66-90% yields, 8 

examples). A couple of examples gave no results due to problems encountered with the 

reactor clogging. The carboxylation of some additional heterocycle substrates was also 

demonstrated using the same set-up with LDA giving moderate to good yields (43-86% 
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yields, 6 examples). Clogging issues were also observed despite the water quench but 

were overcome by changing to a dilution mixture of water and acetic acid (10:1).  

 

Scheme 15: Flow set-up for the carboxylation of lithiated species using CO2 gas. 

The Jamison group have taken this approach a step further and shown the feasibility of 

quenching the intermediate lithium carboxylate with another organolithium to form 

unsymmetric ketones (Scheme 16).49 Peristaltic pumps were used to pump the 

organolithium species (kept between 0 and 20 °C due to their instability) at a low 

concentration (0.1 M in THF) to prevent issues of precipitation and potential reactor 

clogging. For some substrates, a degasser was used to remove the excess CO2 before the 

organolithium quench to prevent symmetric ketone by-product formation. The sequence 

was shown to be general for most substrates giving good to excellent yields (40-92% 

yields, 18 examples). 

 

Scheme 16: Flow set-up for the synthesis of unsymmetric ketones using CO2 gas. 
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Another interesting transformation reported by the Jamison group involves the synthesis 

of cyclic carbonates through a bromine-catalysed conversion of CO2 and epoxides in 

continuous annular flow (Scheme 17).50 A mixture of N-bromosuccinimide (NBS) and 

benzoyl peroxide (BPO) was used to form bromine, which activates the epoxide to 

nucleophilic attack. Substrates with aliphatic and aromatic substituents generally resulted 

in good to excellent yields (72-90% yields, 7 examples) with moderate yields being 

achieved for substrates with olefinic substituents (51-58% yields, 3 examples). Even 

though the authors postulate that the pendant alkene group might be interfering with the 

active catalyst, they do not report any bromination occurring on the alkene. 

 

Scheme 17: Micro-flow synthesis of cyclic carbonates through bromine-catalysed conversion of 
CO2 and epoxides. 

Recently the continuous flow synthesis of 2,4,5-trifluorobenzoic acid (62) was reported 

through the Grignard reaction of  2,4,5-trifluorobromobenzene (61) and subsequent CO2 

trapping (Scheme 18) using a falling film microreactor (FFMR) (Figure 3).51 The use of 

ethylmagnesium bromide as a Grignard exchange reagent was used due to the stability of 

the reagent, allowing the authors to conduct the reaction at 30 °C. As part of the study, 

the size of the T-mixer was investigated to avoid blockage of the system due to 

precipitation. An inner diameter of 1200 µm was found to be optimal which prevents 

clogging and still allows for efficient mixing. Although the authors describe an efficient 

way of forming the carboxylic acid through this set-up, the FFMR used has one 

drawback; the maximum flow rate was 0.83 mL/min and thus achieving high space-time 

yields was challenging.   
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aldehydes goes through a free radical chain reaction to form the corresponding peracid 

which reacts with the remaining aldehyde to produce a tetrahedral adduct (similar to the 

Criegee intermediate in the Baeyer-Villiger reaction). The tetrahedral adduct then 

rearranges, through a migration of hydrogen or alkyl group from the aldehyde to give the 

corresponding carboxylate. The authors also described how through the use of EPR 

spectroscopy and spin trap methodology,59 they could show that their process goes 

through a free radical auto-oxidation pathway which was initiated by a trace amount of 

carboxylic acid present in the starting materials at ppm levels.  

 

Scheme 24: Metal free oxidation of aldehydes to form carboxylic acids using oxygen in flow.  

The synthesis of functionalised phenols using aerobic oxidation of Grignard substrates 

has been reported as a continuous flow procedure again using a plug flow system to 

deliver the oxygen.60 The effect of temperature and system pressure were studied for the 

oxidation of phenylmagnesium bromide. Ultimately, a combination of 14 bar pressure 

and -25 °C was used to deliver a near quantitative conversion to the corresponding phenol 

in 3.4 min. These conditions were then applied to a wider range of Grignard reagents with 

electron-rich systems forming the corresponding phenols in moderate to good yields (57-

87%, 13 examples). The corresponding electron-deficient substrates required elevated 

temperatures (-10 °C to 25 °C) but also gave comparable yields (53-81%). Some 

heteroaryl magnesium reagents were also tested, with thiophene and benzothiophene 

giving the ketone derivatives (24% and 32% yields respectively). Other heteroaryl 

magnesium reagents gave the expected phenol products (47-86% yields, 3 examples). 

This transformation was also utilised for the preparation of ortho-functionalised phenols 

in an integrated three-step continuous process using compressed air instead of pure 

oxygen (Scheme 25). A number of substrates were prepared within a residence time of 

14 min in overall yields of 33-55% for the 8 examples studied. 
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Scheme 25: Integrated flow system for the synthesis of ortho-functionalised phenols using air in 
flow. 

The C-H activation of indoles via a cross-dehydrogenative coupling was reported in a 

segmented flow reactor (Scheme 26).61 The oxygen has a similar role as in the earlier 

example of the oxidative Heck reaction reported in a dual-channel microreactor.62 During 

the optimisation phase the authors reported that better conversions were obtained when 

the reactor size was doubled and the flow rate was maintained rather increasing the 

residence time by decreasing the flow rates. This was highlighted as being due to better 

mixing in the segmented flow path when higher flow rates were applied, ensuring 

efficient palladium reoxidation. Using optimised conditions a number of vinyl indoles 

were synthesised in moderate to excellent yields (27-92%, 15 examples). The choice of 

solvent, DMSO, was based on the solubility of the palladium catalyst and its propensity 

to decrease palladium black formation which could ultimately block the tubular reactor. 

Although practical at these small lab scales the use of DMSO is not ideal for scale-up due 

to the difficulty of its removal and so this process would require reaction reengineering 

before being more widely applicable. Additionally, the authors did not mention any use 

of back pressure regulators/pressure control, which would be essential to maintain a 

stabilised flow when scale up is required. 
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Scheme 37: Previously used routes for the synthesis of 2-chloro-6-methylbenzoic acid 99. 

The team at Roche decided to explore on two new routes targeting high quality 99 in an 

economical manner. Route one involved the use of direct nucleophilic aromatic 

substitution and the other made use of a carbonylation reaction (Scheme 38). The 

nucleophilic aromatic substitution route starts from the cheap starting material 104 giving 

the desired product in 81% overall yield with a very high purity. The second route, 

involving the carbonylation step on four m-chlorotoluene derivatives (106a-d), could not 

be directly executed as attempts to prepare the hydroxy-carbonylation with water as the 

nucleophile proved to be problematic, with the undesired 3-chlorotoluene obtained as the 

main product (50-80%). Also, the metalation of 106a (via Grignard or lithiation) followed 

by trapping with CO2 did not give any product, possibly due to benzyne formation (route 

E, Scheme 38). Product formation was only achieved when very high pressures of CO 

were used and water was replaced by MeOH to give the methylester which had to be 

hydrolysed in a separate step (route F, Scheme 38).  
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Scheme 39: Attempted routes for the synthesis of 2,4,5-trifluorobenzoic acid 62. 
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Scheme 43: Synthesis of substrates 122 and 128. 

2.1.2.3 Library f ormation 

No significant change to the yield was observed upon altering the ortho-substituent to a 

bromo, fluoro or trifluoromethyl group. However, a slight decrease occurred with the 

bromo and trifluoromethyl groups due to their larger sizes (Scheme 44, 129-131). A more 

pronounced decrease in yield was obtained for 132 and 133 (Scheme 44, 63% and 60% 

respectively) probably due to the larger size associated with these groups as well as 

electronic effects. Indeed, the more electron withdrawing trifluoromethyl group of 131 

gave a better yield (71% yield) than both 132 and 133. For comparisons of the sizes of 

the ortho-substituents used, A-values can be used as a guide (Cl: 0.43 kcal/mol, Br: 0.38 

kcal/mol, F: 0.15 kcal/mol, OMe: 0.60 kcal/mol, CF3: 2.10 kcal/mol and Me: 1.70 

kcal/mol).93  
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Scheme 44: Structures of ortho-substituted carboxylic acids prepared via a continuous flow 
hydroxy-carbonylation method. 

Using pyridine as a heteroaromatic substrate also gave an acceptable yield of 134 but 

lower than the phenyl equivalent (103). Substitution at the 4-position of the aryl gave 

moderate to good yields (Scheme 44, 135-139) with weakly electron withdrawing 

substituents or electron donating groups giving better yields (Scheme 44, compounds 

135, 137-139) than the more electro-withdrawing CF3 group (Scheme 44, compound 

136). In the case of 140 the attached aromatic ring introduces both the ortho substituted 

sterics and the electronic effects from the additional aromatic ring attached. For 

comparison 2-iodonaphthalene (149) was carboxylated under the same conditions to give 

2-naphthoic acid (150) showing that reducing the steric encumbrance at the ortho position 

improves the yield by 10% for this substrate (Scheme 45).  
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Scheme 45: Flow carbonylation of 2-iodonaphtalene. 

Moderate yields were obtained with 5-substituted substrates (Scheme 44, compounds 

141-146). Both electron withdrawing groups (Scheme 44, compounds 141-144) and 

electron donating groups gave similar yields (Scheme 44, compounds 145-146) 

indicating that inductive effects were not affecting the yield. Comparing the yield 

obtained for 145-146 also indicates that sterics at the 5-position do not have an influence 

including the large group at the 5-position of substrate 146 (see X-ray structure of 

substrate 128, Figure 9). 

 

Figure 9: X-ray structure of substrate 128. 
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The lowest yields of the array were obtained for compounds 147 and 148, demonstrating 

the importance of sterics and electronics adjacent to the leaving group. In both cases, the 

carbon monoxide insertion is assumed to be slow as both axial positions of the aryl 

complex would be hindered, meaning the competing proton-dehalogenation pathway 

becomes preferred, giving 1,3-dimethoxybenzene as the main product, which was 

isolated in 31% yield in the case of 147 and 3-chlorotoluene in the case of 148 which was 

isolated in 52% yield (Scheme 44). 

To exemplify the scalability of the reaction conditions, the synthesis of 138 was repeated 

at 16 mmol scale, a factor of twelve times the original 1.3 mmol test scale (Scheme 46). 

The yield obtained for the larger scale was 85% which is consistent with the original 89% 

obtained at the 1.30 mmol scale, indicating that the processes is robust and reliable 

delivering 1.19 g h-1 of 138 at 85% isolated yield. 

 

Scheme 46: Scale up synthesis of 2-chloro-4-fluorobenzoic acid (138).  

2.1.2.2 Synthesis of 2-(methylthio)-4-(trifluoromethyl)benzoic acid intermediate 

The synthesis of a range of 2,4-disubstituted aromatic amides was the focus of an 

extended evaluation being explored by our collaborative partner, Syngenta. This array 

relates to a biologically active set of 2-cyano-1,3-diones, possessing a 2-(methylthio)-4-

(trifluoromethyl)benzene scaffold, that protect maize as a surface active herbicide.94 Prior 

to this work, researchers at Syngenta attempted to use a CO surrogate as part of a Heck-

aminocarbonylation reaction from the starting material 152 for their synthesis (Scheme 

47).  
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Scheme 47: Initial synthetic approach of 2,4-disubstituted aromatic amides. 

The process involved manually loading the starting material 152 in a 2-5 mL microwave 

tube, then carefully layering DMF on top of the starting material making sure the two 

liquids did not mix. This was followed by the careful addition of palladium acetate, 1,4-

bis(diphenylphosphino)butane (DPPB), N-formylsaccharin and the required amine (153). 

The vial would then be quickly sealed to avoid loss of CO. The need for carefully layering 

of the different liquids was to prevent premature CO release from the N-formylsaccharin 

CO surrogate. In the original publication, Mannabe reported that the in situ formation of 

CO ensues in a few min.6 The reaction would then be heated using a microwave for the 

appropriate time and worked up to obtain the desired amides (155). As a large set of 

amides were needed and therefore an automated system would ideally be used 

(Chemspeed® Technologies). However, automation was not possible here due to the 

careful manual addition of the different components. Additionally, the reactions gave 

very low yields (not specified by the company). A more efficient approach was thus 

needed for the amide formation.   

In an effort to find an alternative, efficient synthetic route for this amide collection, we 

decided to avoid the use of carbon monoxide in the amide formation step. Instead, it was 

decided that the benzoic acid intermediate 157 would be synthesised and subjected to 

thioether group oxidation to give the air stable compound 156. This intermediate could 

then be fed into an automated system (such as the Chemspeed® Technologies used at 

Syngenta) to form the amides needed in a fast and efficient way (Scheme 48).  

Scheme 48: Retrosynthetic approach for the synthesis of the amide library. 

Using the optimised conditions for the hydroxy-carbonylation of ortho-substituted iodo 

arenes in flow (Table 6), 152 did not yield any of the desired product 157 (Scheme 49). 

This was ascribed to a slow rate of the oxidative addition as observed with bromo arenes 
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Scheme 53: Lithiation of 152 followed by hydroxy-carbonylation in batch (top) and in continuous 
flow (bottom).  

The subsequent oxidation of the thioether product 157 to the desired sulfone 156 has been 

reported for similar thioether products using different oxidants such as Oxone®,95 

hydrogen peroxide94 and HOF-MeCN solution.96 Using Oxone®, the sulfoxide 161 was 

obtained as the main product (71%) with only minor amounts (5%) of the desired sulfone 

156 (Scheme 54). The work up (involving dilution with brine and extracting with EtOAc) 

of this reaction was also prone to forming persistent emulsions. Using hydrogen peroxide 

(27%) with acetic anhydride (Ac2O) in acetic acid, formed the desired sulfone 156 in 

63% yield with no sulfoxide intermediate present (Scheme 54).  

Using sub-stoichiometric amounts of sulfonic acid bound reagent (QP-SA) as an acid 

catalyst with hydrogen peroxide in acetic acid gave 55% yield in batch and when the 
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Scheme 54: Different methods explored for the oxidation of 157 to obtain the desired sulfone 
156. 

Having explored a number of different ways to form the intermediate 157, the batch 

lithiation procedure was the most promising for this step (Scheme 53) followed by either 

hydrogen peroxide oxidation with acetic anhydride in batch or hydrogen peroxide with 

QP-SA in flow. The latter, although it gave better yields, needed careful monitoring to 

avoid blockage of the system. The batch sequence was used to produce 20 g of the 
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Scheme 56: Amide formation through different coupling routes. 
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was preferred. If larger quantitates had been required, the batch process would suffer 

from scalability issues, however, for larger quantities the transformation itself would 

probably be avoided due to the low temperatures needed. The oxidation of the thioether 

intermediate worked best in flow although it was prone to precipitation, which if left 

unsupervised, could lead to blockage of the back pressure regulator. Better engineering 

of the flow system should make this process more favourable than the batch oxidation, 

however, the batch process was again chosen as it was more viable with regards to 

producing the required amount of material under the given time constraints.   




























































































































































































































































