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Abstract   Aromatic heterocycles are omnipresent motifs in pharmaceutical and agrochemical structures. Functionalization of these ring systems is an important part of many synthetic procedures. In this chapter, an overview is given of how microflow technology has been employed as a powerful tool for the diversification of heteroarenes. An emphasis is put on chemical fine synthesis, although reactor design and problem solving will be discussed when relevant, as it comprises an important part of the research field. Pragmatic translations to microflow are reviewed for existing functionalization protocols, and a few elusive reactions are highlighted that cannot be performed satisfyingly in batch mode.
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1. [bookmark: _Toc502832533]Introduction
Flow chemistry has been amply used to install new functionality onto aromatic ring systems. Whether in a multistep synthesis of high value target molecules, or as broad methods for safer and more effective synthesis, chemists have demonstrated some impressive benefits of microflow technology. The reasons for these successes are well known, as flow typically warrants safer manufacturing, more facile heating and pressurization, fast mixing, high reproducibility and potential for scale-up.
In this chapter, an overview is given of protocols to install a new bond onto heteroarenes. Either functional group interconversions or direct C-H modifications are discussed, where a new bond is formed on the ring itself. A subdivision is made based upon the type of bond which is formed, starting with C-C bond formation, then going to C-heteroatom bond formation. 
To date, no review has explicitly covered continuous flow reactions for the diversification of heteroarenes. Some more specific topics have been reviewed, like hazardous and explosive reactions, [1,2] organolithium chemistry,[3-5] cross coupling chemistry[6-8] or flow syntheses of pharmaceutical intermediates.[9-13] Some relevant examples will be reproduced in this chapter, and an update of more recent methods is presented. 

2. [bookmark: _Toc502832534]C(sp2)-C(sp) bond formation

Alkyne fragments are frequently encountered in both natural products and synthetic materials, where they give rise to unique structural and electronic properties as well as distinct reactivity. Therefore, aryl alkynes display diverse synthetic utility and are valued both as intermediates and as final compounds. These materials are most often produced via Castro-Stephens (Cu catalysis, 1963), Heck-Cassar (Pd catalysis, 1975) or Sonogashira (combined Pd and Cu catalysis, 1975) cross-coupling reactions, which, as the products themselves, have attracted considerable attention over the years.[14-18] Several attempts at aryl alkynylation in continuous flow have also been discussed by Noel and Hessel, but the chosen examples were mostly confined to carbocyclic aromatic compounds.[6] Hence, relevant reports discussed therein will be included in this section with the emphasis on heterocyclic substrates.
An early example of flow heterocycle alkynylation comes from Kawanami et al., who showcased the advantages of superior heat transfer and pressure tolerance by conducting the Heck-Cassar reaction in high pressure and high temperature (HPHT) water.[19] To accomplish that, a neat equimolar mixture of aryl iodides and phenylacetylenes was finely dispersed in ambient temperature aqueous PdCl2 (2 mol%) and NaOH (4.5 eq.) by a 0.5 mm I.D. micromixer (Scheme 1). The formed emulsion was then merged with degassed and pressurized high temperature water in a second matching micromixer at the microreactor inlet. The superheated water brought both organic reagents into homogeneous solution and instantaneously heated it to 250 °C. This temperature was further maintained by the microreactor for 0.1 s. Active cooling of the output stream ensured the precise sub-second residence time, therefore allowing nearly quantitative yields of substituted phenylacetylenes to be obtained at a formidable 0.22 mol/h rate. The water-insoluble reaction products, including Pd0, readily separated from the eluted mixture and could be conveniently isolated by phase separation and/or filtration. Unfortunately, only a few substrates were investigated, with 2-iodothiophene being the single heterocyclic example. Even though high performance pumps are necessary to replicate the process, it is attractive from both high production rate and low environmental impact standpoints.
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[bookmark: _Ref495391344]Scheme 1 	Ultrafastast aqueous Heck-Cassar coupling of iodothiophene in HPHT water (ref. [19])
For small scale combinatorial synthesis of unsymmetrical diaryl alkynes, a method of continuous Heck-Cassar coupling followed by decarboxylative coupling is available (Scheme 2).[20] Early batch experiments revealed that, in the presence of Pd(PPh3)2Cl2 (5 mol%), dppf (10 mol%) and DBU (2 eq.), propiolic acid (1 eq.) sequentially reacts with aryl iodides and bromides, simultaneously present in the mixture. To enhance the selectivity even further, both steps were spatially separated in flow. While a single stock solution is unfeasible due to DBU propiolate precipitation at ambient temperature, the first set of reagents can be reliably supplied in two separate streams through a micromixer, installed at the reactor inlet. The produced arylpropiolic acid is then further coupled by introducing an aryl bromide and flowing the resulting mixture through a second 0.6 mm I.D. PTFE coil reactor. With this two-step procedure, multiple asymmetric alkynes were generated in moderate to good yields and only an electron-poor iodoarene gave significant amounts of symmetrical alkyne byproducts. Extremely low throughput and total 8-hour residence times are notable disadvantages, but the method provides convenient access to a multitude of disubstituted alkynes at far greater selectivity than an equivalent batch process.
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[bookmark: _Ref495391372]Scheme 2	Continuous sequential Heck-Cassar coupling followed by decarboxylative coupling. DBU = 1,8-Diazabicyclo(5.4.0)undec-7-ene; dppf = 1,1′-Bis(diphenylphosphino)ferrocene (ref. [20])
A two-stage continuous approach can also be used for fluorinated heteroaromatic alkyne production from terminal alkynes containing a tosylated sidechain (Scheme 3).[21] In the report, a nucleophilic substitution of tosylate group was accomplished using tetrabutylammonium fluoride in a Chemtrix® 10 L microfluidic chip. The internal architecture of the chip provides sufficient mixing, resulting in quantitative fluorination in less than 3 minutes. Simultaneous introduction of aryl halide (1 eq.), Pd(OAc)2 (5 mol%) and tetrabutylammonium acetate (1.5 eq.) into the output stream then allowed to couple the intermediate terminal alkyne in a subsequently installed 0.40 mm I.D. PEEK tube reactor. No microchannel clogging was observed due to high solubility of the produced tetrabutylammonium salts in polar organic solvents. The resulting method is useful for easily automated quick access to 18F labeled alkynes for positron imaging. Unfortunately, the reported substrate scope was narrow and the yield in the case of a single heterocyclic example was inferior to most carbocyclic counterparts. 
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[bookmark: _Ref495391399]Scheme 3	Continuous sequential nucleophilic fluorination of tosylated alkyne followed by Heck-Cassar coupling (ref. [21])
The first general and efficient continuous flow protocol for terminal alkyne coupling with aryl bromides mitigated the substrate scope limitations imposed by scarcity and high price of iodinated counterparts.[22] To achieve sufficiently high reactivity under reasonable catalyst loading, a 2nd generation Buchwald X-Phos palladacycle precatalyst, capable of rapidly providing the catalytically active species, was used. Though 0.25 mol% of both precatalyst and ligand gave satisfactory results in batch, flow conditions required 1 mol% of each for optimal performance. Initial investigations also revealed KOH to be the most effective base, therefore, dioxane-water (4:3) mixture was used to fully solubilize salts. A 60 – 125 m stainless steel bead packed cartridge then provided the necessary mixing of phases, which was insufficient with segmented flow in steel tubing alone.[23] Notably, any other inert filling material, that does not cause excessive backpressure, could have also been used. Under optimized conditions, 1.3 eq. of alkynes were necessary to fully consume the aryl bromides and give good to excellent yields (Scheme 4). This protocol to performed well with both electron-rich and electron-deficient aryl bromides, including ortho-substituted and heteroaromatic examples. Furthermore, the combined reported scope of both batch and flow conditions suggests an exceptionally wide substrate compatibility. 
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[bookmark: _Ref495391418]Scheme 4	Aryl bromide optimized Heck-Cassar coupling. Constant reagent ratios were used for each experiment (ref. [22])
In the previous examples, only liquid and solid terminal alkynes were investigated, while gaseous counterparts remained unexplored. Indeed, the difficulty of handling gasses in a laboratory setting has even led to an almost exclusive use of liquid or solid organometallic, silylated or carboxylated derivatives for C2 – C4 alkyne fragment introduction.[24] While these reagents are easier to handle, they are also more expensive and offer significantly inferior atom efficiency compared to the corresponding gasses. Fortunately, flow setups, such as described above, do facilitate convenient use of gases with only minor modifications, therefore, enabling direct coupling of aromatic compounds to gaseous alkynes.
The effective use of propyne for flow Sonogashira coupling was demonstrated during the synthesis of an intermediate towards Alzheimer’s drug AZD3293 (Scheme 5).[25] The report particularly emphasizes the use of microwave heating for optimization experiments performed in batch to mimic the rapid heating profile of flow methods. It also highlights the headspace effect, which is encountered when volatile reagents evaporate from the mixture and collect in the vacant space of a batch reactor leading to lower availability. Fortunately, flow reactors with a back-pressure regulator can prevent void formation by maintaining a higher in-line pressure than the vapor pressure of the most volatile component at any point. Such systems enable the efficient use of volatile reagents and ensure their predictable ratios throughout the reaction.
To establish a flow protocol, the patented batch conditions of 3,5-dibromopyridine monopropynylation with TMS-propyne were initially adapted for 1-hexyne. Also, CuI loading was reduced from 30 mol% to 10 mol% and toluene was replaced by NMP to afford homogeneous reaction mixtures. The optimized batch conditions were then applied in flow, using propyne stock solution in NMP instead of 1-hexyne, and the product was obtained in 83% yield. In comparison, the aforementioned patented industrial batch process gives only 80% yield after 18 hours at 110 °C and is more expensive to conduct. Furthermore, additional stages could be appended to the discussed system to provide the AZD3293 via subsequent Suzuki-Miyaura coupling in a telescoped manner.
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[bookmark: _Ref495391437]Scheme 5	Monopropynylation of 3,5-dipromopyridine via Sonogashira reaction with propyne in N-methylpyrrolidone (ref. [25])
Acetylene gas was successfully utilized for continuous Sonogashira coupling in a stop-flow micro-tubing reactor (SFMT) system by Jie Wu group (Scheme 6).[26] The described setup is particularly suitable for reaction screening, because the reactor coil can be removed from the line after pausing the flow and closing the shut-off valves at each end of the channel. These valves hermetically seal the reactor and maintain the pressure determined by the shared backpressure regulator. As a result, a single system can quickly fill several reactor coils in sequence so that multiple slow reactions could be conducted in parallel. Formed products are then retrieved by simply reconnecting the coil to the flow system and flushing it with solvent. Although the reactions are conducted like high pressure batch experiments, the conditions mimic those encountered in continuous flow reactors barring decreased mass transfer in segmented regime.[27,28] Furthermore, when applied to lengthy parallel experiments, this method is easy to set up, requires neither multiple high pressure reactors nor multiple flow reactors, but combines the best aspects of both.
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[bookmark: _Ref495391462]Scheme 6	Sonogashira coupling of ethyne in SFMT system with swappable coils. DIPEA = N,N-diisopropylethylamine (ref. [26])
Employing the SFMT apparatus, ethyne was selectively monoarylated in swappable 0.76 mm I.D. HPFA coils after forming 1:1 gas-liquid slugs with a solution containing the substrate, 5 mol% of Pd(PPh3)2Cl2, 2 mol% of CuI and 1.8 eq. of DIPEA at 0.35 bar initial overpressure. The obtained process was readily translated into true continuous flow just by selecting an appropriate flow rate and reactor coil length to match the residence time. In both cases ethyne diarylation was negligible, contrary to the absence of known selective batch processes. Furthermore, in the absence of copper, fulvene derivatives were formed instead of the expected Heck-Cassar products. Under reoptimized conditions, the same system produced the 2-thiophenyl derivative in 48% yield (Scheme 7). 
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[bookmark: _Ref495391483]Scheme 7	Flow fulvene synthesis in the aforementioned SFMT system using stainless steel coils. DIPEA = N,N-diisopropylethylamine (ref. [26])
Instead of using the aryl halide or equivalent coupling partners directly, Teci et al. established a three-step continuous telescoped diazotization/iododediazotization/cross-coupling protocol, that uses anilines as starting material en route to Sonogashira coupling products (Scheme 8).[29] Two major challenges were encountered during development, both of them at the iododediazotization step. The precipitation of solids threatened to clog the reactor, while nitrogen evolution resulted in an randomly segmented flow mode. Therefore, the reactor was ultrasonicated to prevent clogging and to accelerate the reaction, while the effluent was dynamicaly ultrasonicated in an open vessel to reconstitute a continuous liquid stream, which was crucial for further reagent dosing and mixing. This also enabled convenient continuous sampling of the effluent for conversion monitoring.
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[bookmark: _Ref495391508]Scheme 8	Sequential continuous diazotization/iododediazotization/Sonogashira coupling, adaptable for Suzuki-Miyaura coupling by replacing alkynes with boronic acids (ref. [29])
When 3-aminopyridine was used as substrate, the Sonogashira reaction proceeded with good yields at about 0.45 mmol/h production rate using 5 mol% and 10 mol% of Pd and Cu catalysts respectively. Similar performance was attained with the non-heterocyclic counterparts. Notably, the heterocyclic substrates in particular produced minor precipitate in reactor 3, possibly complicating scale-up. The same setup was also compatible with a Suzuki-Miyaura coupling when alkyne was simply replaced with a boronic acid. In that case, the performance of 3-aminopyridine remained essentially unchanged, suggesting that the first two stages could be integrated with the systems described in the next section.

3. [bookmark: _Toc502832535]C(sp2)-C(sp2) bond formation
Binding of aromatic rings to other sp2 carbon atoms in either flow or batch mode is arguably most often accomplished using cross-coupling reactions, catalyzed by homogeneous or heterogeneous transition metal catalysts. These reactions have received extensive attention since their inception and are presently well established both in research and in industry setting.[30,31,7] Out of commonly used procedures, the Suzuki-Miyaura coupling (SMC) stands out as the most widely implemented method for both arylation and vinylation of aromatic rings, including the more challenging heterocyclic counterparts.[32,33] This trend also extends well into flow chemistry where its robustness is utilized to the extent of creating continuous multi-step syntheses without isolation of intermediates.[34] Once again, the examples mentioned in the earlier reviews are also included in this section with the emphasis on heterocyclic substrates.
3.1. [bookmark: _Toc502832536]Heterogeneous catalysis
Heterogeneous catalysts in continuous flow confine the active material to the reaction site, resulting in superb reactivity due to high local concentrations under low overall loading. Furthermore, catalysts containing metallic particles exhibit marked microwave absorption, which facilitates highly focused direct heating and enables greater suppression of catalyst-independent side-reactions in comparison to homogeneous approach.[35,36] Also, though metal leaching from the support material is essentially unavoidable during the oxidative insertion – reductive elimination cycling, product purification is more straightforward, as observed levels are orders of magnitude lower than encountered in homogeneous catalysis. However, the gradual loss of active metal limits the lifetime of the catalyst bed, impairs reproducibility and causes time-dependent performance.[37]
Interestingly, the early reported examples of heterogeneously catalyzed heterocyclic substrate coupling in flow utilized microwave heating, but the trend did not continue further. In one report, a capillary reactor with porous Pd black coated inner walls successfully catalyzed the SMC of multiple substrates, including heteroarylboronic acids (Scheme 9).[35] The reactor was manufactured in house from regular 1.15 mm I.D. glass capillaries by thermal decomposition of 0.1 M Pd(OAc)2 in DMF. Subsequent calcination at 400 °C removed organic materials and increased the surface area of the coating, resulting in porous Pd film of 6 m thickness. The coated capillary was then inserted into a single mode microwave reactor cavity. Passing a solution of substrate, heteroarylboronic acid (1.2 eq.), K2CO3 (1.5 eq.) and CsF (2.4 eq.) through such microwave heated capillaries resulted in good conversion at a 0.12 mmol/h rate. Furthermore, the rate is easily multiplied by installing a mixing head to bundle several capillaries together. 19.2 ppm of Pd was detected in the eluted reaction stream, which is relatively low for an unsupported metal catalyst. Notably, equivalent conventional heating provided inferior results, indicating a discrepancy between the observed bulk temperature and the film temperature under microwave heating. 
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[bookmark: _Ref495994772]Scheme 9	Suzuki-Miyaura coupling in a Pd0 coated glass capillary reactor under microwave heating (ref. [35])
Batch SMC experiments using polyurea supported Pd(OAc)2 catalyst Pd EnCat® 30 under microwave irradiation also showed an up to 10-fold rate increase in comparison to conductive heating.[36] Explanation of this tremendous difference by direct heating of the metallic species gained further ground after introduction of external cooling. With it, the reaction rate was maintained even at 45 °C lower bulk temperature, and previously problematic substrates began providing clean conversions. The investigation culminated with the creation of a Pd EnCat® 30 (180 mg) packed capillary insert, designed to fit in a microwave cavity (Scheme 10). A backpressure regulator and an Amberlyst® resin cartridge was installed downstream to stabilize the flow profile and to purify the product respectively. To avoid the overheating and collapse of the polymer matrix, the reactor was operated under a pulsed protocol of alternating 30 s heating-while-cooling and 18 s cooling cycles. Under these conditions, an equimolar solution of coupling partners with 2 eq. of base gave clean and efficient conversions of most heterocyclic substrates into the corresponding biaryls. Furthermore, a library of 10 products was successfully prepared in sequence using the same catalyst bed without any deterioration of activity. The capacity for scale up was tested by doubling the reagent concentrations and flow rate. This resulted in constant performance of 1.2 mmol/h over 36 hours, which translates into 0.2% Pd loading and highlights the exceptional efficiency. Though low leaching is expected, the authors recommend installing a Quadrapure® scavenger resin cartridge if a completely metal-free product is desired.
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[bookmark: _Ref495994808]Scheme 10	Suzuki-Miyaura coupling in a Pd EnCat® 30 packed glass capillary reactor under simultaneous heating and cooling (ref. [36])
A peculiar capillary reactor was created by deposition of catalytic polymer film at the laminar interface between two immiscible liquid streams (Scheme 11).[38] The film was obtained by simultaneously passing a diphenylphosphine grafted polymer in EtOAc and [PdCl4(NH4)2] in water through a 100 m x 40 m x 140 mm channel under laminar flow. Cross-linking of phosphine sidechains by palladium resulted in reliable and uniform precipitation of 1 m film throughout the whole length of the channel, including the bends. Interestingly, the coupling partners were also passed in two streams, separated by the membrane. One stream contained aryl iodide in iPrOH and the other contained aqueous boronic acid (10 eq.) and the base (20 eq.). Though a large excess of boronic acid had to be used with heterocycles, most products were obtained in quantitative yields. Furthermore, a 60-minute continuous experiment with a carbocyclic substrate pair showed no deterioration of activity, and no leached palladium or phosphorous could be detected in the collected samples (Pd < 0.044 ppm, ICP-AES). Though only a modest rate of 1 mol/h was obtained with a single reactor, the approach is certainly unique and offers quick access to pure, transition metal-free coupling products, albeit in small quantities.
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[bookmark: _Ref495994853]Scheme 11	Rapid Suzuki-Miyaura coupling catalyzed by Pd immobilized on a thin polymer film (ref. [38])
Commercially available CatCart™ heterogeneous palladium catalysts based on phosphine-grafted polymer matrix were investigated for 5-formyl-2-furanylboronic acid coupling with aryl bromides on a ThalesNano X-Cube™ flow system.[39] This particular substrate attracted attention due to numerous encounters of furan biaryl motif in biologically active compounds of various different classes. Out of the tested polypropylene fiber catalyst cartridges, the PPh3PdCl2P(t-Bu)3 grafted FC1032™ showed the most promising results when used with aryl bromides and 3 eq. of TBAF in MeOH. Challenging substrates, such as chloroarenes and electron-rich bromoarenes, prompted a shift to a more active CatCart™ PdCl2(PPh3)2-DVB catalyst and tetrabutylammonium acetate as base. However, the PdCl2(PPh3)2-DVB was also less selective, producing up to 30% of homocoupling products from the most reactive substrates. Analysis of eluted crude mixtures from either cartridge showed palladium levels to be below 1 ppm – low enough for pharmaceutical applications – even under the harsher conditions used with the PdCl2(PPh3)2-DVB polymer. 
Heterogeneous catalysts based on inorganic matrices are known for greater chemical and thermal stability, straightforward functionalization and more attractive price. Pd/C immediately stands out as the first choice since it is one of the most known and least expensive palladium catalysts. An attempt to use it for green SMC in aqueous isopropanol on a ThalesNano H-Cube™ MIDI® system has been reported by Mateos et al.[40] 5% Pd/Al2O3 and Pd black catalysts were also tested, but quickly rejected due to inferior activity. Initial intentions of using purely aqueous media were also abandoned because formed slurries clogged the cartridge. Fortunately, complete reagent dissolution was achieved by adding either methanol or isopropanol. The resulting biphasic liquid was then energetically stirred during uptake into the flow system. When passed through the Pd/C (10%) cartridge, such mixture, containing equimolar amounts of 3-iodopyridine and phenylboronic acid with 3 eq. of K2CO3, afforded the coupling product at a formidable 19 mmol/h rate (Scheme 12). 26 – 44 ppm of palladium were detected with carbocyclic substrates and at least the same levels should be expected for heterocyclic congeners as well. Despite high leaching, more than 400 mmol 2-phenylbenzonitrile were produced with a single cartridge during a scale-out attempt, owing to high metal content of the catalyst.
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[bookmark: _Ref495995830]Scheme 12	High throughput Suzuki-Miyaura coupling catalyzed by 10% Pd/C on a ThalesNano H-Cube™ MIDI® (ref. [40])
Pascanu et al. pioneered the use of functionalized mesoporous metal-organic framework (MOF) supported palladium nanoparticles for SMC in continuous flow mode.[41] The entire investigation was focused primarily on challenging substrates, so this versatile, tunable and extremely porous support material was specifically chosen to circumvent the scope limitations imposed by other common heterogeneous catalysts. MIL-101-NH2, containing 7.29 wt.% Pd, was chosen in particular, because of its good stability and near-optimal palladium level. A wide array heterocyclic halides and heterocyclic boron derivatives coupled exceptionally well during batch testing, prompting further study of the catalyst’s behavior in flow. Good to moderate yields of heterobiaryls were obtained under ambient conditions by passing solutions of substrates and K2CO3 through an Ominfit® glass column (10 x 70 mm), packed with 350 mg of the catalyst (Scheme 13). Furthermore, the whole reported library was generated in a single continuous flow experiment simply by swapping the feed mixtures and collection flasks, therefore proving the endurance and suitability of the catalyst for focused drug candidate set generation under real-life conditions. In this case, the column did not exhibit signs of degradation before 3 mmol of aryl halides were processed. In a separate experiment it was also observed that heavy metal leaching remains insignificant until the collapse of the MOF crystal structure, which is easily identified by sharp decline of catalytic activity. Overall, as evidenced by both flow and batch experiments discussed in the work, this particular catalytic system is remarkably suitable for the synthesis of challenging heterobiaryls and offers a far wider substrate scope than is illustrated by the examples given herein. 
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[bookmark: _Ref495995960]Scheme 13	Suzuki-Miyaura coupling using mesoporous metal-organic framework-supported palladium (ref. [41])
Functionalized silica bound palladium catalysts appear to be the most popular choice for heterocyclic substrates. In an early report, containing heterocyclic examples, a silica bound phosphine/palladium complex, containing 6 wt.% of metal, was examined as catalyst for Hiyama reaction.[42] In its presence, trimethoxysilyl benzene reacted with several carbocyclic aromatic bromides completely and selectively. 2-Bromopyridine and 2-bromothiophene were poor substrates, however, and gave lesser than 50% yields.
Catalysis of heterocycle SMC by a commercially available phosphine tethered silica catalyst SiliaCat® DPP-Pd containing ≥0.20 mmol of active metal per gram was found to be much more successful.[43] The investigation was conducted using 1 g of catalyst on a Vapourtec R2+R4 setup with a 6.6 mm I.D. Omnifit® column (Scheme 14). A biphasic solvent system was chosen for its compatibility with inorganic bases as KOH (2.0 eq.) exhibited the best performance during initial screening. When a slight excess of boron derivatives (1.2 eq.) was used, iodides, bromides, chlorides and triflates reacted equally well to give full conversions. Furthermore, selective coupling at the bromo substituent was achieved with bromochlorobenzene. 
[image: ]
[bookmark: _Ref495995982]Scheme 14	Silia-Cat® DPP-Pd catalyzed Suzuki-Miyaura coupling on a Vapoutec R2+R4 (ref. [43])
Good isolated yields of products were obtained from haloheteroarenes as well as heteroaryl boron derivatives at a 1 mmol scale, reaching up to 1.3 mmol/h production rate with consistent performance for at least 30 consecutive runs. An 8-hour scale-out experiment with 4-methoxyphenylboronic acid and 2-bromotoluene exhibited the same consistency. ICP-MS measurements during the scale-out experiment showed minute leached Pd levels of ≤10 ppb and ≤20 ppb in organic and in aqueous phase respectively. Unfortunately, attempts at further process intensification by increasing the concentration of reagents or reducing the residence time resulted in diminished conversion. Identical overall results were observed when the commercial flow system was replaced with dual syringe pump, re-purposed HPLC column and a resistive column heater setup, illustrating robustness of the method itself. Furthermore, essentially the same setup, as depicted in Scheme 14, has also been used to accomplish aryl-aryl and alkyl-aryl Negishi cross coupling with moderate success.[44]
A supported diphosphine palladium catalyst, prepared in-house by treating silica with triethoxysilane tethered palladium-phosphine complex, has also been used to perform carbonylative chemistry.[45] 1 mm I.D. PTFE tube loaded with 250 mg of this catalyst, containing 1.5 wt.% of palladium, was sufficient to quantitatively aminocarbonylate 50 mmol of 2-bromopyridine in 12 minutes (Scheme 15). Electron deficient carbocyclic congeners performed equally well, but drastic performance loss was observed with electron rich substrates and plain halobenzenes. The flow aminocarbonylation provided notable improvements over a comparable batch process in terms of safety, operational simplicity and performance. Therefore, radiolabeling with 11CO was also investigated, but only with carbocyclic substrates. Moderate yields and a tendency for the catalyst to permanently retain some radioactivity were observed in these experiments.
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[bookmark: _Ref495996084]Scheme 15	Heterogeneously catalyzed flow aminocarbonylation using neat reagents (ref. [45])
Direct C-H activation processes, such as C-H arylation, are obviously the most desired methods of heteroaryl functionalization due to superior atom efficiency in comparison to any other process. Unfortunately, the high energy of C-H bonds makes these transformations more difficult to accomplish, especially in a sufficiently selective manner.[46] Although heterocycles offer greater reactivity and innate regioselectivity even in the absence of directing functional groups, reports on heterocycle C-H activation in flow are scarce. According to the findings of Fabry et al, radical C-H arylation of pyridine, furan and thiophene can be accomplished TiO2 coated microstructured falling film reactor (FFMR) under visible light irradiation (Scheme 16).[47] The key to this transformation, previously reported in batch, is the formation of photoactive azoethers from diazonium reagents on the catalyst’s surface. Contrary to batch reactors, the TiO2 coated microchannel reactor does not suffer from limited penetration depth and poor irradiation time control. Therefore, the detrimental effects of overexposure are minimized and better yields can be expected. Furthermore, the rough oxide surface creates turbulence in the flowing liquid film, ensuring superb mass transfer. In the report, 2-arylation of pyridine gave extremely favorable results, universally superior to batch mode. 2-arylation of thiophene and furan, however, gave similar or inferior yields in comparison to batch. Nevertheless, the calculated specific reactor performance (mol/(L∙min)) was 4 orders of magnitude greater for the flow system, translating to 1.5 mmol/h production rate on a small scale. Also, the catalyst showed no degradation during 180-minute extended run.
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[bookmark: _Ref495996107]Scheme 16	Photocatalyzed direct arylation in a TiO2 coated microchannel reactors (ref. [47])
Attempts at direct C-H arylation using homogeneous catalysis are just as rare as the ones investigating heterogeneous catalysts. In one of the reports a direct intramolecular arylation of aryl bromobenzyl ethers and N-bromobenzylated heteroarenes in an ultrasonicated reactor is described.[48] However, the reaction is performed at a low rate and is of limited applicability.


3.2. [bookmark: _Toc502832537]Homogeneous catalysis
Continuous couplings catalyzed by homogeneous species closely resemble regular batch reactions and benefit from a large selection of available catalysts and ligands. Dissolution of the catalyst in the reagent stream also ensures its consistent availability and performance, particularly important when the catalyst can get poisoned by starting materials or (by)products. Furthermore, absence of packed bed cartridges in the system allows straightforward use of slurries under ultrasonic irradiation. The main drawback of homogeneous catalysis, however, is the relative difficulty of catalyst and ligand recovery, which is often highly desirable due from both scarcity and high environmental impact standpoints.[49] Furthermore, the equal distribution of homogeneous catalyst in the reactant mixture means that only the fraction that is contained in a heated loop of a flow reactor can actively participate at a time. Therefore, unnecessarily high loadings need to be applied to reach good conversions, further exacerbating the already present catalyst and ligand recovery issues.
Unsurprisingly, homogeneous SMC was used in the first reported flow protocol to effect a Csp2-Csp2 bond formation at a heterocyclic ring (Scheme 17).[50] In the report, continuous flow was investigated as a solution towards straightforward scale-up of microwave heated batch reactions. Therefore, previously reported coupling of 2-benzofuranylboronic acid with 4-bromobenzaldehyde in batch was chosen as one of the model processes. The flow reactor consisted of a helical glass tube in a protective glass sheath, fitted within a commercial single-mode microwave reactor cavity. Fortunately, the reactor retained full temperature monitoring and control functions, straightforwardly leading to results similar to the batch experiment, yet without scale limitations imposed by reactor vial size.
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[bookmark: _Ref495996122]Scheme 17	Suzuki-Miyaura coupling under microwave irradiation directly transferred from batch to flow (ref. [50])
Generally inferior reactivity of heterocyclic substrates and the susceptibility of 5-membered 2-heteroarylboronic acids towards protodeboronation under basic conditions prompted the investigation of Buchwald palladacycles as efficient catalytic palladium sources.[51] The then-novel second generation Xphos precatalyst exhibited the best performance thus allowing the reaction to be conducted with as low as 0.5 mol% of precatalyst alone, or an unprecedented 0.05 mol%, if equal amount ligand was also added. Possibility of clogging was eliminated by conducting the reaction in biphasic NMP, toluene and water (4:1:5) system, capable of dissolving all reagents and products. A 60-125 m stainless steel bead packed bed reactor was then used in combination with 10 mol% of phase transfer catalyst to obtain sufficient mass transfer, resulting in a sustained production rate of up to 2.0 mmol/h (Scheme 18). Furthermore, the tetrabutylammonium bromide may also act as a stabilizer for Pd in solution.[52] Both heteroaryl bromides and chlorides effectively coupled at 90 °C to furnish a wide array of biaryls in mostly excellent isolated yields. Reduction of temperature to 60 °C and increase of residence time from 2 to 5 minutes even permitted the effective utilization of 2-furanyl- and 2-thienylboronic acids without increasing their excess. 
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[bookmark: _Ref495996441]Scheme 18	Suzuki-Miyaura coupling in a steel-packed bed reactor (ref. [51])
The aforementioned setup was also integrated into a more complex system, designed to carry out two-step synthesis of biaryls from readily available phenols instead of the more costly and less eco-friendly haloarenes (Scheme 19).[53] This transformation was accomplished by first converting the phenols into corresponding aryl triflates, which display excellent reactivity in the SMC reaction. The triflates were formed by combining a solution of triflic anhydride with a solution of a phenol and TEA in an externally cooled T-mixer, and completing the reaction in a PFA tube reactor at room temperature. Reaction was quenched with 2 M aqueous HCl in segmented flow mode and phases were separated by a selectively wettable thin porous fluoropolymer (Zefluor™) membrane. A backpressure regulator on the aqueous output was vital to stabilize the extraction process. The organic phase was then mixed with the solvents and reagents for the SMC step, conducted in the packed bed reactor, which also doubled as a second backpressure regulator. H2O/EtOAc (1:1) was injected into the exiting stream to terminate the process and facilitate product extraction. Under optimized conditions, most heterocycles provided excellent yields, but, in comparison to the setup in Scheme 18, a more modest productivity of 1.2 mmol/h was achieved by this system. Unfortunately, only carbocyclic hydroxyarenes were tested and all heterocyclic products were formed solely from heterocyclic boronic acids. A similar idea based on in-line aryl iodide generation from corresponding anilines has also been realized by Teci et al (see Scheme 8).[29]
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[bookmark: _Ref495996460]Scheme 19	Sequential triflation/Suzuki-Miyaura coupling (ref. [53])
The 2nd generation Xphos palladacycle precatalyst also excelled at an opposite multi-step approach with in-line generation of the boron reagent, effectively resulting in selective and efficient coupling of two aryl halides (Scheme 20).[54] Boronate reagents were prepared by room-temperature lithium-halogen exchange and sequential quenching with dilute B(OiPr)3 at 60 °C. Owing to outstanding efficiency of preceding reactions in flow, no in-line purification before the SMC step was necessary. However, the resulting boronate displayed poor solubility in every tested solvent, therefore, both borylation and SMC reactions had to be performed under ultasonication. Induced cavitation not only did prevent clogging but also ensured sufficient mass transfer within the triphasic reaction mixture during the coupling step. Several heterocyclic haloarenes, among other substrates, were used as coupling partners to generate a library of heterocyclic biaryls in good to excellent yields at up to 2.4 mmol/h rate. Same conditions were also successfully applied for lithium-hydrogen exchange and further processing of five-membered heterocycles (see Scheme 75). Furthermore, haloarenes bearing reactive electrophilic groups have been successfully lithiated and borylated under ultrafast continuous flow by a different group, thus further expanding the reaction scope.[55]
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[bookmark: _Ref495996504]Scheme 20	Sequential lithiation/borylation/Suzuki-Miyaura coupling (ref. [54])
SMC reaction with heteroaryl halides in flow can also be performed using less exotic catalytic palladium sources. While attempts to use Pd(OAc)2 for 2- and 4-Bromopyridine arylation gave unfavorable results, the reaction was successfully performed under completely homogeneous conditions in dioxane/H2O using 3 eq. of boronic acid,  2.1 mol% of Pd(PPh3)4 and 2 eq. of K2CO3.[56] In this case, a simple 1 mm I.D. PFA tube microreactor wrapped around a heated aluminum block was used (Scheme 21). It was noted, however, that full conversion in flow required 23 minutes compared to 20 minutes in batch under microwave heating, most likely owing to inferior heat transfer from the aluminum block to the flowing liquid. Steel tubing capable of providing better heat transfer negatively impacted the yield and was rejected after initial trials. The negative influence of different reactor material was not further investigated. While 1.2 equivalents of boronic acid were sufficient to obtain a good yield on several instances, most examples did require the full 3 equivalents thus leaving the method open for further improvements.
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[bookmark: _Ref495996533]Scheme 21	Pd(PPh3)4 catalyzed Suzuki-Miyaura coupling (ref. [56])
An efficient Pd(PPh3)4 catalyzed coupling of 2-bromopyridine and 4-formyl-phenylboronic acid was accomplished by carrying the reaction out in a heterogeneous biphasic toluene/EtOH/H2O (8:6:5) system.[57] Contrary to the report presented above, 0.3 mol% of catalyst and 1.2 equivalents of boronic acid were sufficient to achieve excellent yield in a 0.5 mm I.D. stainless steel tube reactor (Scheme 22). The narrow tubing also provided sufficient interfacial mass transfer to make a phase transfer catalyst and/or packed bed reactor completely irrelevant to the reaction outcome. Under optimized conditions, the target compound was obtained at a 1.2 mmol/h rate and satisfactory purity to be used in the subsequent step after phase separation. This homogeneous catalysis procedure, though specifically tailored for a single substrate pair, compares very favorably with each procedure described previously in this section, both in terms of efficiency with regard to each reactant as well as the simplicity of the system itself. Furthermore, in combination with consecutive continuous processing stages, it provided an improvement over the established batch protocol used for the synthesis of HIV protease inhibitor Atazanavir.
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[bookmark: _Ref495996550]Scheme 22	Flow synthesis of Atazanavir’s biaryl fragment (ref. [57])
As was previously mentioned, boron reagent synthesis through lithiated intermediates is the most common route for their preparation. Therefore, Murahashi coupling – a direct, palladium catalyzed coupling of aryllithium with an aryl halide – could be said to provide a more direct and atom efficient access to products than SMC. Unfortunately, improper catalysts often prefer the competing coupling with the in situ generated butyl halide when n-butyllithium is used. However, pyridine stabilized N-heterocyclic carbene palladium precatalysts, dubbed PEPPSI (pyridine enhanced pre-catalyst preparation stabilization and initiation), are of comparable effectiveness to Buchwald palladacycles at difficult couplings[58] and have been used in flow Murahashi coupling with moderate success (Scheme 23).[59] Lithiation and subsequent coupling of unfunctionalized thiophene was also achieved in the same setup after switching to the more aggressive sBuLi. Notably, only aryl bromides were suitable coupling partners as chlorides were insufficiently active and iodides underwent partial halogen-lithium exchange before coupling could be completed.
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[bookmark: _Ref495996578]Scheme 23	PEPPSI-SIPr catalyzed sequential lithiation/Murahashi coupling (ref. [59])
A continuous approach was also used to successfully scale up a temperature dependent Kumada-Corriu reaction using an in-line generated unstable pyridylmagnesium halide (1.19 eq.) as one of the coupling partners and PEPPSI-IPr catalyst (1.19 mol%; Scheme 24).[60] In batch, the cross-coupling gave the best results at 60 °C in spite of significant decomposition rate of the Grignard reagent at that temperature. It was therefore reasoned that the decomposition was less temperature dependent than the coupling reaction. This delicate balance of reactivity led to increasingly lowered and irreproducible yields during transition to 40 kg scale due to increased processing times and inferior heat/mass transfer. As expected, a two-step continuous process, where organomagnesium reagent stream was generated in a cooled tube reactor and then mixed with a stream of preheated coupling partner and catalyst to further react in a heated tube reactor, brought major improvements. Thus, it became possible to obtain consistent yields, comparable to the small scale batch experiments, even at 0.49 kg/h rate. The resulting crude product was pure enough to be used directly in the next steps towards an extracellular signal-regulated kinase inhibitor GDC-0944. In contrast, the same intermediate obtained via less demanding Suzuki-Miyaura coupling required extensive purification to ensure good reactivity.
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[bookmark: _Ref495944302]Scheme 24	Sequential magnesiation/PEPPSI-IPr catalyzed Kumada-Corriu coupling (ref. [60])
Direct lithiation of substituted aromatic rings is another atom-economical path to reactive organometallic cross-coupling reagents, that benefits from enhanced control of reaction conditions in flow.[3] Of course, the presence of a directing/activating group is necessary to accomplish this transformation with sufficient selectivity. As a directing group, fluoride is of particular interest, because it not only exerts adequate directing effect,[61] but is mostly chemically inert and often imparts pharmacologically favorable properties onto biologically active compounds when substituted for hydrogen.[62]
Knochel’s group has reported several heterocycle flow lithiation-zincation-Negishi coupling protocols with extensive substrate scope, but the coupling step was always performed in batch by quenching the eluted organozinc reagent into the solution of the catalyst and the coupling partner.[63,64] Roesner and Buchwald later developed an unprecedented telescoped method, which combines all three stages into a single continuous sequence (Scheme 25).[65] It was found that LDA is sufficiently basic to fully metallate fluoropyridines, whereas fluorobenzenes require Schlosser’s base for the same outcome. Stability of the heterocyclic intermediates was also greater as both metallation and transmetallation worked well at 0 °C. With substituted fluorobenzenes, the zincation proceeded uneventfully, but coupling was plagued by clogging with zinc salt precipitate. The problem was considerably worse when LDA was used, with precipitation during both late steps. However, in either case it was mitigated by ultrasonic irradiation of the tube reactor and fine tuning of concentrations and flow rates. To take full advantage of fast metalation, cross-coupling was facilitated by rapidly activating 3rd generation Buchwald precatalyst. Bromide, chloride and triflate coupling partners were sufficiently effective, independently of their electronic properties, and a vast fluorinated product library, including 27 regioisomericaly pure heterobiaryls, was generated. More than half of the heterocycles were furnished in greater than 75% yield at greater than 1 mmol/h rate, with several pharmacologically relevant products among them.
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[bookmark: _Ref495996619]Scheme 25	Sequential ortho-lithiation/zincation/Negishi coupling (ref. [65])
Biaryl formation via cross-coupling may also be achieved using readily available and stable aromatic carboxylates instead of laboriously prepared organometallic reagents (Scheme 26).[66] In these cases, the reactive organometallic species is intermittently generated in situ by transition metal catalyzed decarboxylation, leaving only the relatively benign CO2 as byproduct. While outgassing of the reaction mixture might raise problems in batch, especially at larger scale, it is well handled in flow systems due to greatly reduced active zone volumes and increased temperature/pressure tolerance.[67] However, many carboxylates are poorly soluble in organic solvents, therefore extra effort is required to develop a suitable solvent-reagent system. Precipitation of salts during the reaction must also be avoided in order to keep the pressurized reactor from clogging. As evidenced by the report, good results are obtained using either pre-formed tetraethylammonium carboxylates or in situ generated potassium carboxylates together with aryl triflate coupling partners and plain Pd(OAc)2 as catalytic Pd source. Under optimized conditions, several carboxylic acids based on five-membered heterocyclic scaffold can be coupled in good to moderate yields. It should be noted that, contrary to flow, extensive protodecarboxylation by tBuOH occurs when tBuOK is used to form the carboxylates in batch mode.
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[bookmark: _Ref495996686]Scheme 26	Decarboxylative coupling under combined Pd (2 mol%) and Cu (5 mol%) catalysis (ref. [66])
A second large group of C-Csp2 bond forming reactions are aryl olefinations, out of which the Mizoroki-Heck coupling has been in the spotlight since its inception.[68] Unfortunately, the examples of heteroaryl olefination in flow are also scarce[6] and only a couple of reports are available at the time of writing. In one of these reports, Ley’s group extensively described a Pd catalyzed aryl vinylation with ethene gas, introduced through a tube-in-tube device, assembled using commercially available Swagelok fittings, gas permeable Teflon AF-2400 inner tubing and regular PTFE outer tubing (Scheme 27).[69] From the start, the catalytic system was tailored specifically towards working in homogeneous solutions and avoiding Pd black formation in order to evade the shortcomings of flow. A couple of 2-iodoheteroarenes did not display any reactivity during optimization and were discarded, but several other iodoheteroarenes were successfully vinylated under optimized conditions. Furthermore, the system was easily supplemented with a telescoped second coupling stage, ending in production of unsymmetrical stilbenes, including several heterocyclic examples. A different second stage, designed for rhodium catalyzed -hydroformylation using CO/H2 mixture was also described, but 2-vinylpyridine gave 2-ethylpyridine, therefore heterocycles were not further investigated. Regrettably, only iodides were reactive enough to give good conversions under indicated retention times.
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[bookmark: _Ref495996724]Scheme 27 	Vinylation and unsymmetrical stilbene synthesis based on the use of tube-in-tube reactor (ref. [69])
Cross-dehydrogenative Heck coupling is a superior modification of the aforementioned reaction, as it bypasses the need of pre-functionalized aromatic coupling partners, greatly enhancing atom efficiency. Furthermore, it allows oxygen to be used for reoxidation of the catalyst, ending up with water as sole byproduct. The two phase liquid-gas system of such reaction naturally points to segmented flow mode for optimal mass transfer and overall safety. Unsurprisingly, this idea has been developed into a 0.75 mm I.D. FEP tube reactor-based system for Pd catalyzed C-3 vinylation of NH-indoles, using DMSO as coordinating solvent to gain superb regioselectivity, and 2 eq. of TFA as catalyst activator/stabilizer (Scheme 28).[70] Under optimized conditions, the reactor works well with acrylates and non-sterically hindered indoles, including N-methylindole. However, 2-methylindoles are problematic, showing sluggish reactivity, and non-activated alkenes afford significantly lower yields as well. Furthermore, a rather high catalyst loading of 10 mol% is necessary for good reactivity, partially negating the benefits of enhanced inherent atom efficiency. Nevertheless, it should be noted, that this method provides access to pharmacologically relevant molecules, including a potential antitumor agent, at up to 2.2 mmol/h rate in an atom efficient manner.
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[bookmark: _Ref495996744]Scheme 28	Pd(OAc)2 catalyzed dexydrogenative Heck coupling using gaseous oxygen for reoxidation of the catalyst (ref. [70])


3.3. [bookmark: _Toc502832538]Uncatalyzed reactions
As demonstrated by Pieber et al (Scheme 29), organometallic intermediates generated by lithiation can be directly used as nucleophiles instead of serving as feedstock to subsequent transmetalation and cross-coupling reactions.[71] According to the report, 1.1 eq. of LDA is sufficient to completely deprotonate thiophene and furan derivatives, giving soluble intermediates in the process. 1-phenylpyrazole, however, is incompatible due to poor solubility of the formed material. The amount of CO2 is also best limited to near-stoichiometric (e.g. 1.1 eq.), as an increase to 1.9 eq. provides only marginal benefits. Interestingly, preheating of the gas may be vital for stable operation of the mass flow controller depending on the exact setup. Finally, quenching with pure water also causes clogging, therefore, H2O/AcOH mixture is preferred. Even then, the dissolution of formed precipitate is not instantaneous and some extra tubing has to be present prior to the backpressure regulator. Up to 40 mmol/h of starting material can be carboxylated using this method, but the reported yields do leave room for further improvements.
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[bookmark: _Ref495993927]Scheme 29	Room temperature sequential direct lithiation/carboxylation (ref. [71])



4. [bookmark: _Toc502832539]C(sp2)-C(sp3) bond formation
By carrying the largest amount of substituents, sp3 hybridized carbon atoms offer the greatest potential for structural variation. Furthermore, the available point chirality unlocks extended avenues for fine tuning of molecular geometry at the expense of more elaborate synthetic methods. Although stereoselective synthesis is rather well established in batch, reactions that asymmetricaly bind heterocycles to form new chiral centers are not well adapted to flow.[72] For non-steroselective synthesis, organometallic compounds have been traditionally used as powerful C-Csp3 bond-forming nucleophilic reagents. Therefore, as microreactor technology lends itself well to energetic reactions,[2] it is not unexpected that a major group of transformations in this section is based on metalation and nucleophilic addition sequence.
Extreme reduction of residence time results in what are known as flash conditions that permit the practical use of intrinsically unstable molecules at otherwise prohibitively high temperatures. For example, 2,3-dibromopyridine can be lithiated and subsequently methylated in acceptable yields at room temperature if sufficiently short residence times are used.[73] Batch conditions, on the other hand, give lower yields even at -78 °C. Eventually these findings evolved into a double sequential Br/Li exchange/electrophile capture protocol for selective disubstitution of dibromopyridines, providing products in moderate to good yields (Scheme 30). More importantly, the small scale system easily surpasses 17 mmol/h production rate without resorting to cryogenic cooling. Notably, the second pyridyllithium intermediate is more prone to side reactions, forcing to cool the second half of the system to a less convenient temperature of -28 °C for optimal results. Even then it remains the major cause of reduced yield, as truncated setup provides monosubstituted products in good to excellent yields. 
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[bookmark: _Ref496102356][bookmark: _Ref496102349]Scheme 30	Double lithiation/electrophile capture for difunctionalization of dibromopyridines in stainless steel microreactors. By ommiting the 3rd and 4th stage, monofunctionalization is achieved (ref. [73])
Application of cryogenic cooling under flash conditions offers further possibilities, such as allowing organolithium reagents to be generated from iodoaryl ketones and subsequently added to carbonyl, silicon or tin electrophiles (Scheme 31).[74] Such iodoarenes can be selectively lithiated with in-line generated mesityllithium, which emerged as the most effective reagent during preliminary studies. It is particularly surprising that mere two equivalents of electrophile are sufficient to quench both the formed organolithium reagent as well as the slight excess of mesityllithium, while still providing the products in up to excellent yields. Unfortunately, only a single heterocyclic substrate was addressed in the study. Later investigations have shown that iodoaryl nitriles and esters can also be successfully lithiated with regular alkyllithium reagents even at higher temperatures.[55]
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[bookmark: _Ref496107745]Scheme 31	Use of carbonyl group-containing substrates in sequential lithiation/electrophile capture in stainless steel microreactors under cryogenic conditions (ref. [74])
Less sensitive substrates permit the use of organometallic reagents at minute-scale residence times as illustrated by a fully automated method dedicated to the synthesis of 3-hydroxyalkylindoles (Scheme 32).[75] To accomplish this transformation, 3-iodoindoles are first quantitatively converted into 3-indolylmagnesium chlorides under non-cryogenic conditions and then quenched with aldehydes. In this case the preference for Grignard reagents is explained by higher stability towards isomerization in comparison to lithiated counterparts. Further flow synthesis of methoxy or allyl derivatives from isolated 3-hydroxyalkylindoles via indolium ion formation under acidic conditions is also demonstrated in the work. In each case, continuous purification is implemented as the last step, either using liquid-liquid extraction chips or scavenger resins. However, only the methoxy derivatives are produced in nearly quantitative yields, while additional purification by column chromatography is mandatory after initial hyroxyalkylation as well as subsequent allylation. Therefore, the 3-hydroxyalkylindole synthesis cannot be directly coupled to either methylation or allylation step in a straightforward manner, preventing the development of a single continuous process.
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[bookmark: _Ref496178463]Scheme 32	Automated sequential magnesiation/hydroxyalkylation and extractive purification of 3-iodoindoles in microchip reactors using Syrris Africa flow system (ref. [75])
Reactive organometallic intermediates can be avoided altogether when sufficiently active heterocycles are used. Illustrating this, several following methodologies are based upon the innate nucleophilicity of indole scaffold, which is often embedded in biologically active products. In one case, Raney Ni catalyzed indole 3-alkylation by alcohols is presented (Scheme 33).[76] Under sufficiently high temperature and pressure, no pre-functionalization or additional substances are required for the direct alkylation, leaving water as the only byproduct. However, temperature dependent N-alkylation and 1,3-dialkylation of unsubstituted indole is also observed. When optimized, the system displays moderate, but nearly constant performance for 24 hours with ethanol as solvent/reagent. Transient N-TMS protection was found to enhance selectivity at the expense of atom economy, while 2-methylindole intrinsically favored 3-alkylation. Furthermore, N-alkylation with concomitant reduction of heterocyclic ring was the dominant reaction pathway for quinolines. Also, the method is limited to primary and secondary alcohols that are susceptible to dehydrogenation.[77]
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[bookmark: _Ref496539762]Scheme 33	Raney Ni catalyzed indole alkylation under high temperature and pressure using combined ThalesNano H-Cube Pro™ and ThalesNano Phoenix™ reactors (ref. [76])
Ishitani et al presented a highly modular system for heterogeneously catalyzed synthesis of various nitro-containing compounds from -nitrostyrenes, which are prepared via prior in-line Henry condensation (Scheme 34).[78] To obtain the target nitro compounds, nitrostyrenes are subjected to conjugate addition without prior purification. The exact reaction at this stage is determined by the substrate and the installed catalyst cartridge, therefore, an array of vastly different products can be generated. For example, aluminum-containing mesoporous silica MCM-41 catalyst enables -addition of indole to -nitrostyrene in excellent yield and selectivity. The whole system retains sufficient performance for 64 hours, generating ≈38 mmol of product in the process. Furthermore, instead of being isolated, the nitroalkane can be further reacted with hydrogen in a downstream Pd/DMPSi-C cartridge to afford an aminoalkane product, also in excellent yield. The scope of conjugate addition reactions was investigated only with -nitrostyrene as the acceptor, but authors have demonstrated successful flow preparation of other nitroalkenes and do not exclude their possible application in this system.
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[bookmark: _Ref496539777]Scheme 34	Sequential Henry condensation/acid catalyzed nucleophilic addition of indole and optional sequential hydrogenation (ref. [78])
Acid catalyzed nucleophilic addition of indole was also investigated for production of 3-indolylmethanamines (Scheme 35).[79] In this case, polystyrene-bound BINOL-derived chiral phosphoric acid catalyst was used to promote an asymmetric attack on aromatic N-sulfonylketimines with marked stereoselectivity. During batch experiments, the resin proved to be highly recyclable and could be reactivated by washing with EtOAc/HCl when a decline in performance was noted. Transfer from batch to flow conditions resulted in 12-fold increase of turnover number, translating into 4.3 mmol/(h∙gresin) productivity. Several substrate combinations encompassing all three possible levels of diversity were investigated, generating a small library of substituted 3-indolylmethanamines. Notably, all flow experiments, including preliminary optimization, library generation and an extended 6-hour run, were performed using the same 360 mg resin cartridge without deterioration of activity. Furthermore, the catalyst contains both Bronsted-acidic and Lewis-basic reaction sites, capable of cooperative action. Therefore, it could be suitable for other transformations as well. 
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[bookmark: _Ref496539797]Scheme 35	Immobilized phosphoric acid-catalyzed stereoselective imine indolylation. Bs = benzenesulfonyl (ref. [79])
Similar reaction coverts aldehydes into bis(indolyl)methanes if two equivalents of indole are available. In the presence of Sc(OTf)2 (5 mol%), this transformation has been shown to work nearly independently of the electronic properties of both substrates, offering target compounds in mostly good to excellent yields at room temperature.[80] The only advantage over previously reported batch conditions, however, is the reduced reaction time that results from increased reagent concentrations and a better optimized solvent.
Out of transition metal-catalyzed cross-coupling reactions the Negishi coupling has been the preferred approach to C-Csp3 bond formation so far.[81,82] This preference also extends to flow chemistry, where the whole organometallic cross-coupling reagent toolbox is virtually reduced to zinc-based coupling partners. In the seminal paper, SiliaCat® DPP-Pd was used to catalyze methylation of haloarenes, including substituted bromo- and chloropyridines, with commercially available diethylzinc, resulting in moderate to good yields with the heterocyclic substrates.[44] The same catalyst was also used for flow zincation/Negishi coupling sequence where several brominated heterocycles, among other substrates, were alkylated with in-line prepared zinc reagents in good yields (Scheme 36).[83] Importantly, the zinc reagents were generated in-line from appropriate halides and metallic zinc after sequential preactivation with TMSCl and 1,2-dibromoethane. In both reports, the coupling step was complete within 3 minutes at 60 °C. Furthermore, 1 gram of the catalyst (Pd ≥0.20 mmol/g) was sufficient to transform at least 43 mmol of starting material over 13-hour interval, indicating the method’s applicability on development scale.
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[bookmark: _Ref496265126]Scheme 36	Direct zincation by metallic zinc and subsequent Negishi coupling (ref. [83])
In a more recent report, in-house prepared, Pd-PEPPSI tethered silica gel was investigated as an alternative catalyst for the Negishi reaction (Scheme 37).[84] As expected, the high intrinsic activity of the free complex was retained in the functionalized material. According to the findings, the catalyst containing 0.21 mmol/g Pd is amply active to couple heteroaromatic chlorides even at room temperature. On the other hand, the highest exhibited productivity under these conditions was about 1/3 of the SiliaCat® DPP-Pd and a steady decline of conversion was observed after processing about 7 mmol of substrate per gram of catalyst. The loss of activity is caused by gradual reduction of palladium content due to leaching, promoted by the excess of organozinc reagents and possibly further exacerbated by coordinating heterocyclic substrates/products. As a consequence, the method is not universal, but rather limited to coupling of unreactive aryl halides that are incompatible with the previously discussed catalyst.
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[bookmark: _Ref496539835]Scheme 37	Structure of the Pd-PEPPSI-IPr tethered silica and selected examples of room temperature Negishi coupling products. tR = 10 min (ref. [84])
Several reports covering lithium-hydrogen exchange and simultaneous transmetalation in the presence of Zn, Mg, Cu or La halides in flow, followed by trapping with electrophile in batch are available.[63,64] In the presented cases, the heterocyclic organometallic reagents are used either as coupling partners for arylation or as carbon nucleophiles for allylation or addition to aldehydes. Closely related method is developed for the synthesis of -organozinc reagent from enantiopure trfluoromethyloxirane and its coupling with haloarenes in good yields and with retention of absolute configuration (Scheme 38).[85] In this case, the steric bulk and poor nucleophilicity of the zinc reagent impedes further transmetalation onto palladium, therefore highly reactive catalysts, such as Buchwald palladacycles, are mandatory. The best performance is offered by the N-arylated 5th generation palladacycle, while the N-methylated 4th generation palladacycles are inferior even to their preceding unsubstituted counterparts. In spite of the best available catalyst, 4 mol% loading together with an additional 2 mol% of ligand is necessary to obtain good yields of heterocyclic products. These can then be further used to generate enantioenriched trifluoromethylated alcohols.
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[bookmark: _Ref496539862]Scheme 38	Sequential flow lithiation/zincation of trifluoromethyloxirane combined with batch Negishi coupling of the organozinc reagent (ref. [85])
Direct trifluoromethylation of heteroarenes has also been investigated in continuous flow. Of all fluorinated pharmaceutical structures, trifluoromethyl groups are the most prevalent functionalities, because of their unique electronic behavior and metabolic stability. The installment of trifluoromethyl groups has been a topic of much attention in the last decade. Among the most common methods to accomplish a new C(sp2)-CF3 bond is the use of a nucleophilic CF3 source in combination with a transition metal catalyst.[86] Common nucleophiles are gaseous reagents like CF3I, trifluoromethylsilanes or preformed organometallics like CuCF3. Although many of these protocols work well, there is still room for improvement with regards to precursor availability, safety and cost. 
Chen and Buchwald addressed this challenge by using the cheap potassium trifluoroacetate salt in a flow set-up to furnish trifluoromethylated arenes in minutes.[87] Although the use of trifluoroacetate for this transformation has precedence, previous methods often required large excesses of the salt and led to product mixtures.[88] Since the decarboxylation step requires high temperature, but also leads to pressure increase, continuous mode synthesis could mitigate these would-be complications at a process scale. During prior batch experiments it was found that at 200 °C two equivalents of both CF3COOK and CuI rapidly delivered the [CuCF3] species which transformed the substrate in good yields. The last obstacle to adapt this protocol to flow was the poor solubility of the CuI salt. Fortunately, addition of pyridine as a ligand worked fruitfully. With this set of conditions a wide variety of heteroarenes were trifluoromethylated including some pharmaceutically relevant scaffolds like trifluoromethylpyrazoles, which are otherwise reluctant to engage in coupling reactions.
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Scheme 39 	Copper-catalyzed trifluoromethylation of iododarenes using trifluoroacetate salt (ref. [87])
The group of Kappe approached the same transformation from a different angle. Inspired by some recent advances in radical trifluoromethylation, like the sulfinato-Minisci reaction, or photocatalytic procedures using trifluoroacetic esters, CF3I or CF3SO2Cl,[89] they set out to use perfluoroalkyl iodides as the source of radicals under Fenton conditions.[90] This approach was not new in itself, since alkyl iodides had been previously shown to deliver alkyl radicals when combined with a peroxide in the presence of Fe(II).[91] However, due to the rapid nature of the reaction, careful dosing had to be performed in batch mode by slow addition of the peroxide. Continuous flow was the element of innovation towards achieving good control over this reaction. By combining a DMSO/MeCN solution of the arene, sulfuric acid and catalytic FeSO4, together with a H2O2 30% solution stream, they found that the desired product was formed in good yields within residence times as low as 100 ms. In-line quench with Na2S2O3 ensured that the reaction did not continue undesirably. The rest of the scope was performed flowing through a ChemTrix microreactor for 22 s, with similar effectiveness. This way, several pyrroles and indoles were functionalized using not only trifluoromethyl iodide, but also nonafluorobutyl iodide, iodoacetonitrile or ethyl iodoacetate as suitable radical precursors.
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Scheme 40 	Radical trifluoromethylation of azoles under Fenton-type conditions (ref. [90])
In an innovative transformation of phenylhydrazones into α-substituted toluenes, Ley and coworkers demonstrate yet further advantages of flow chemistry.[92] Interested in the reactivity of diazo compounds, they exploited their unstable character to generate good yields for nucleophilic attack under mild conditions, which posed a significant challenge. Previous reports had used the safer tosylhydrazones, but these necessitated strongly thermal conditions to generate the diazo structure effectively, which was found to be the limiting step. To address this issue, continuous mode was opted to transform starting hydrazine to the transient diazo intermediate, which was reacted directly at the outlet. The generation was accomplished with a MnO2 cartridge as a means of administering excess oxidant (Scheme 41 	Phenyldiazomethane formation (after prior MnO2 conditioning) and subsequent interception with pyridylboronic acid (ref. [92])Scheme 41). However, initial experiments yielded sluggish diazotation, as was quite accurately monitored with inline IR spectroscopy. Activated MnO2 displayed an improvement, but hydration still remained the major pathway, producing benzaldehyde. Only when the column was preconditioned with a hydrazone solution, was a high conversion to the diazo compound observed. 
With a good generation method in hand, the diazomethane derivative was first captured with an acidic oxygen sources like carboxylic acids or phenols to furnish benzylic esters and ethers. Perhaps more interestingly, treatment of the reactive species with a boronic acid at room temperature yielded insertion of the diazomethane carbon into the C-B bond, which delivered several diarylmethanes and vinylarylmethanes after acidic protodeboronation. 3-pyridineboronic acid also reacted very well, albeit at higher temperature. One load of MnO2 sufficed to produce 2 mmol of the desired product in 40 min reaction time. Moreover, the spent reagent could be regenerated with TBHP as the oxidant. The same authors further exploited this methodology later on by using the pinacol-trapped transient boronic acids and performing sequential interceptions with up to three diazo compounds.[93] 
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[bookmark: _Ref496289118][bookmark: _Ref496289110]Scheme 41 	Phenyldiazomethane formation (after prior MnO2 conditioning) and subsequent interception with pyridylboronic acid (ref. [92])


5. [bookmark: _Toc502832540]C-N bond forming reactions
Heteroaromatic rings bearing nitrogen substituents are extremely prevalent motifs in pharmaceutically active molecules, including some of the body’s own coenzymes and nucleotides. The additional heteroatom on the ring typically enlarges the molecule’s capacity to undergo non-covalent interactions with its host. 
The ability to directly install a new C-N bond onto the ring system, avoiding a de novo synthesis of the corresponding aminated heterocycle, comprises a very important part of the medicinal chemist’s toolbox. 
C-N bond forming reactions described here are categorized in the following classes: nitration reactions, nucleophilic substitutions, C-N bond formation arising from rearrangements and transition metal catalyzed coupling reactions. 

5.1. [bookmark: _Toc502832541]Nitration

The installment of a nitro group onto an aromatic ring is an essential transformation which has been reported as early as 1834. With the discoveries in the 1850s of the nitrobenzene to aniline reduction, and of aniline mauve as a breakthrough synthetic dye, production of nitroarenes skyrocketed. In the 20th century, nitrated heteroarenes such as nitrofurans and other nitroazoles or thiophenes have found their way to the dyestuff or pharmaceutical industry as valuable starting materials. Up to this date, the electrophilic aromatic nitration remains the single most important entry to anilines and other aminoheterocycles.[94] 
The production method has remained relatively unchanged since the 1830s. Fuming nitric acid, typically acquired by mixing nitric and sulfuric acid, still stands as the NO2+ source which undergoes attack from the aromatic ring. Although these conditions are hazardous enough on their own, elevated temperatures are not rarely needed for electron poor systems such as azines. Since nitration reactions are exothermic in nature, tedious precooling of the nitration mixture is usually required, as well as rigorous temperature control of the reaction itself, making it an undesirable process to scale up.
A fully continuous process therefore warrants an almost ideal alternative from a process point of view. Narrow temperature control and superior mixing ensure a fast and chemoselective reaction, whereas the low concentration of actual nitrating acid mixture completely averts runaway events. A continuous manufacturing for simple arenes like benzene[95-98] and toluene[99-101,96,102] has been widely described, as well as salicylic acid[103], phenol[104], benzaldehyde[105] and some other aromatics[106-110]. These processes have been reviewed before,[111,112] and herein we will focus our attention on the flow nitration of heteroarenes.
De Jong et al. indeed describe this predicament in the synthesis of the potent PNP inhibitor CI-972[113]. Not only does the 2-amino-4-chloro-6-hydroxypyrimidine require heating for the nitration to work, they observe a concomitant decomposition of the material starting from 70 °C, with a ferocious exotherm of 2500 K/min at 91 °C. In order not be limited to batches of 20 L, they opted for a continuous process. 
A stream of the pyrimidine in concentrated sulfuric acid was mixed with an inlet of 90% nitric acid, which was run through teflon tubing in a 45°C water bath and eventually quenched in a cold water vessel (Scheme 42). With an optimum reaction time of 2.5 min, they were able to completely suppress the dinitration side product while at the same time having no starting material left. The precipitate was then turned into its diisopropylamine salt in iPrOH. Using these optimised conditions, they were able to produce 77 kg of the desired salt in over 96% purity with a reaction time of only 7 h. 
[image: ]
[bookmark: _Ref493498711]Scheme 42 Large scale continuous nitration of an aminopyrimidine (ref. [113])
A report by Panke et al. describes their experience with a microreactor set-up.[114] The custom designed CYTOS stainless steel flow chip with built-in pressure and temperature sensors allowed excellent control over the relevant parameters.[115] Because of the submillimeter dimensions, mixing and heat exchange become very efficient, thus making it an alluring arrangement for otherwise hazardous and highly exothermic reactions like nitrations. An interesting case study of this type was the pyrazole intermediate in the synthesis of Sildenafil. The electrophilic nitration of the pyrazole 3-carboxylic acid starting material is notoriously delicate: a narrow range around 90 °C is necessary for full conversion and good chemoselectivity. Spontaneous decarboxylation starts from 100 °C onward, posing yet another process hazard due to pressure build-up. These considerations make the batch production of the nitropyrazole a very tedious undertaking, and should therefore turn the operation quite amenable to continuous flow conditions.
By switching optional residence time units (RTU) on or off, the reaction time could be selected which in this case was 35 min (Scheme 43). The temperature was accurately kept at 90 °C, and under unoptimised conditions the desired product was obtained in 73% yield (prior art in batch: 75%). To further prove the usability of the reactor, the electron rich 2-methylindole was nitrated in continuous mode. While the reported batch process requires lengthy precooling of the NaNO3/H2SO4 mixture, a first attempted translation to flow at strictly 3 °C furnished 70% of the nitroindole after only 0.8 min residence time. Lastly, also pyridine N-oxide could be uncomplicatedly nitrated using the HNO3/H2SO4 mixture at 120 °C, with an improved yield of 78%.
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[bookmark: _Ref493499800][bookmark: _Ref496542821]Scheme 43 Nitration of a Sildenafil precursor (ref. [114])

Another microreactor for efficient nitration was developed by Pelleter and Renaud.[116] A carefully chosen stainless steel coil served them well as a corrosion-resistant reactor, but the key innovation was the interslit digital micromixer which was implemented directly before. Herein, micrometer-sized channels realize a highly efficient mixing of the sulfuric acid and nitric acid streams, similar to microfluidic devices but with an overall more modular set-up and higher throughput.
Starting from an in-house need for 4-amino-3-alkylpyrazoles, different 3-alkylpyrazoles were selected as useful substrates for the aromatic nitration (Scheme 44). Having learned from previous work on pyrazole nitration and associated problems (dinitration, exothermic decomposition), it was found that this transformation could be done much more safely and mildly under continuous flow conditions. A mere 65 °C sufficed for complete conversion, while the narrow temperature range ensured an entirely chemoselective mononitration. Excellent conversion was obtained for 3-methylpyrazole when a residence time of 90 min at 0.2 mL/min was sustained, yielding 88% 3-methyl-4-nitropyrazole at a rate of 0.82 g/h. 
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[bookmark: _Ref493499893][bookmark: _Ref496542873]Scheme 44 Continuous nitration of different alkylpyrazoles (ref. [116])
Although microfluidic chips or micromixers have demonstrable benefits for certain challenging nitrations, in other cases they can be omitted without any diminished outcome. A team of Novartis scientists validated this two-pumps-and-some-tubing approach for the large scale synthesis of 8-bromo-6-nitro-1H-quinolin-2-one.[107] The Med Chem route towards this building block comprised a batch nitration in acetic acid/nitric acid mixture at 115 °C. DSC measurements of the reaction mixture showed a strong exotherm from 105 °C onward, partially explained by the explosiveness of acetyl nitrate. Therefore, it was reasoned that this protocol should benefit greatly from a continuous production, especially since the reaction can be manually or automatically stopped when temperature should get out of control. After some initial tests, they found that a 20-fold excess of nitric acid at 90 °C could realize full conversion in only 3 min (Scheme 45). By increasing the reactor coil volume to 40 mL, followed by a 10 mL cooling coil, the flow rate could be raised to 13.3 mL/min, so that 201 g of the desired material was obtained in 86% yield and high purity, in approximately 2 h. 
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[bookmark: _Ref493500247][bookmark: _Ref496542926]Scheme 45 Flow nitration of the useful intermediate 8-bromoquinolin-2-one (ref. [107])
On a similarly large scale, the nitration of 2-acetamido-5-bromo-4-methylpyridine was established by an industrial team from Asymchem.[117] This multisubstituted pyridine could subsequently be engaged in the synthesis of nucleoside analogs as potential antimetabolite pharmacophores.[118] The challenge for this substrate was the decomposition which occurred from 80 °C onward in nitric acid, and the side reaction where the 2-hydroxy species was formed after oxidation. The authors overcame these hurdles by using a continuous flow set-up. The amount of HNO3 proved rather delicate, although with adjustment of the feed rate, the batch yield of 55% could be increased to 61% isolated yield in good purity (Scheme 46). Translating this exact procedure to larger tubing did not give equally good results, unfortunately. Using a N2 pressure on the feed vessels rather than pumps to insert the reactants allowed to handle the somewhat viscous streams at the inlets more reliably. Using this modified protocol, 36.5 kg of the desired nitropyridine could be produced in 2.5 days, in high purity and 50% yield.
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[bookmark: _Ref493523634][bookmark: _Ref496542967]Scheme 46 Flow preparation of a multisubstituted nitropyridine (ref. [117])

Also the synthesis of nitro-containing energetic materials could clearly benefit from a drastically safer continuous manufacturing. In their efforts to investigate the properties of LLM-105 as a useful secondary explosive, the group of Zuckerman preferred a microreactor route for the multigram synthesis of this material.[119] Starting from the pyrazine DAPO, a double nitration was necessary to obtain the desired material. The batch process required the use of pure nitric acid in 10% oleum, since the presence of water was believed to aid several gas-evolving decomposition pathways. However, preferring to work with 90% nitric acid instead, it was found that with the shortened reaction times typical to flow chemistry, these side reactions could be avoided, and switching to 20% oleum ensured sufficient dehydration (Scheme 47Scheme ). These two streams were then combined with an oleum solution of DAPO in a microchip reactor for highly efficient mixing, prolonged with a tubular reactor. With a residence time of only 9 min at 37 °C, they were able to produce 17.2 g of analytically pure LLM-105 (49% yield, comparable to the batch method). A key discovery to attain such high purity was the quenching temperature of 40 °C, which guaranteed the decomposition of any oxamide impurities.
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[bookmark: _Ref493524365][bookmark: _Ref496542996]Scheme 47 Microfluidic dinitration in the synthesis of secondary explosive LLM-105 (ref. [119])

5.2. [bookmark: _Toc502832542]Nucleophilic substitution

Nucleophilic substitution reactions make up another entry to new C-N bonds. The reaction between a nucleophilic amine with a carbon electrophile comprises an often efficient and reagent-economic functionalization. On a first level, the nitrogen from an azole-type heteroarene can act as a nucleophile towards e.g. alkyl halides to form a new C-N bond. The general class of electrophile reactions with amines has been identified as one of the 10 most common synthetic steps found in recent literature, even making it to 5th rank when considering production scale alone.[120] 
Secondly, and perhaps even more prevailing (3rd most commonly employed process step), is the nucleophilic aromatic substitution (SNAr) onto a haloarene. Where this transformation with carbocycles is typically limited to electron-poor fluorobenzenes, the cards are different with e.g. azines, whose diminished aromaticity and generally electron poor character allows C-Cl bonds to be efficiently substituted. 
Also for these omnipresent and thermophilic C-N bond forming reactions, microreactor technology offers some benefits. Following what Kappe and coworkers coined the ‘microwave to flow paradigm’, flow chemistry offers a means to apply heat very locally and efficiently, so that reaction times can typically be shortened and even superheating of solvent becomes possible. Moreover, solubility is usually not an issue since organic bases can often be used, the salts of which being more soluble in the liquid phase. Some examples will be discussed wherein a new C-N bond is attained under continuous flow conditions by means of nucleophilic substitution onto a carbon center, limiting the scope of this overview to new bonds on the heteroaromatic ring itself.
Shieh et al. reported an early example of N-alkylations using flow techniques.[121] In previous work, they disclosed dibenzyl carbonate (DBC) as a low-toxicity alternative to benzyl halides, although the reaction conditions gave very sluggish conversion for some indole-like nitrogen nucleophiles. It was then observed that the addition of ionic liquids like NBu4Cl significantly enhanced reaction rate, although full potential was achieved when the reaction mixture was subjected to a continuous microwave reactor at 160 °C (Scheme 48). Several heteroarenes could be benzylated in under 20 min in good yields, and a reproducible 25 g scale synthesis of 5-bromo-N-benzyl indole was demonstrated. 
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[bookmark: _Ref493525495][bookmark: _Ref496543031]Scheme 48 Benzylation of different heteroarenes in a microwave flow reactor (ref. [121])


The condensation strategy toward imidazo[1,2-a]heterocycles as reported by Herath et al. proves the sometimes unique chemical windows that are enabled by flow chemistry.[122] The shortest route would comprise the C-N bond forming condensation of bromopyruvic acid with 2-aminopyridine. However, the necessity of long reaction times and high temperature elicited spontaneous decarboxylation, so that the batch process required using the ethyl ester with concomitant saponification thereafter. In an effort to nonetheless make the direct route happen, the authors opted for a microreactor set-up. Remarkably, they found that using the right catalyst and solvent, the reaction completed in only 10 min at 125 °C (Scheme 49). Several fused ring systems were produced in good yields, and in-line amide formation proved to be fully compatible. 
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[bookmark: _Ref493525814][bookmark: _Ref496543055]Scheme 49 Microfluidic [3+2] cyclocondensation and subsequent amidation of various imidazo[1,2-a]arenes (ref. [122])


Very recently, the same authors further fine-tuned this method for the synthesis of 1,2,4-oxadiazoles.[123] By performing an inline amidation with hydroxylamine in the presence of a benzonitrile, thermal condensation delivered them the desired teraryl structure (Scheme 50). Working on a 2.0 g scale, continuous liquid-liquid extraction as the last stage completed the elegant and chromatography-free synthesis of these highly functional drug-like scaffolds. 
[image: ]
[bookmark: _Ref493526047][bookmark: _Ref496543078]Scheme 50 Microfluidic [3+2] cyclocondensation and subsequent oxadiazole formation (ref. [123])

Baxendale and Ley used a similar protocol for the synthesis of casein inhibitor analogs.[124] Making use of α-bromobenzyl aryl ketones as the biselectrophile, the polysubstituted imidazo[1,2-b]pyridazines could be obtained in good yields from 3-aminopyridazine, a previously unreliable route (Scheme 51). The optimization of this step was a highly automated process realized by the Vapourtec R2+/R4 and the appropriate software package, requiring the operator’s physical presence less than 5% of the whole time. Further derivatization was achieved by a nucleophilic displacement of the chlorine with a variety of saturated N-containing heterocycles at 177 °C over 100 min. Lastly, they demonstrate that purification could be achieved either by treatment with isocyanide scavenger resin to remove excess base, or with a catch-and release strategy using a sulfonic acid resin, followed by recrystallization.
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[bookmark: _Ref493526422][bookmark: _Ref496543101]Scheme 51 Continuous [3+2] condensation synthesis of imidazo[1,2-b]pyridazines and subsequent amination (ref. [124])

The same team used this knowledge in a recent effort to arrange a fully telescoped assembly line for the production of GABAA antagonists Zolpidem and Alpidem[125]. An unsaturated γ-keto ester was produced and purified in an upstream flow sequence, and thermally condensed with 2-aminopyridine in two steps (Scheme 52). A first dehydrating packed bed column at 50 °C ensured imine formation, whereas the subsequent loop at 120 °C established the second C-N bond formation, furnishing the desired heteroarene. 
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[bookmark: _Ref493527590][bookmark: _Ref496543122]Scheme 52 Microflow [3+2] condensation synthesis of imidazo[1,2-a]pyridines and in-line ester derivatization (ref. [125])
Some recent publications equally describe continuous preparation of imidazo[1,2-a]heterocycles, making use of multi-component reactions (MCR) to assemble the five-membered ring.[126,127] These examples will be discussed more thoroughly in the corresponding chapter of this book.
Another fused ring synthesis in flow was reported by Chen and Buchwald, with the C-N bond formation being a crucial step.[128] Previous entries to N1-functionalized benzotriazoles comprised either of N-alkylation of the bicyclic ring, or cycloaddition of the corresponding azide with benzyne, giving rise to either low regiospecificity or hazardous conditions, respectively. To address this need, a fully streamlined flow protocol was proposed consisting of three subsequent steps: 1) SNAr amination, 2) nitro reduction and 3) diazotation (Scheme 53). The first, C-N bond forming step was achieved by reacting the ortho-chloro nitropyridine in DMA with a second stream of only 1.3 equivalents of amine in n-hexanol at 180 °C for 30 min. Several triazolopyridines or quinolines were thus produced in >60% yield in complete regioselectivity.
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[bookmark: _Ref493529077][bookmark: _Ref496543147]Scheme 53 Continuous amination-reduction-diazotation sequence for the synthesis of benzotriazoles (ref. [128])
The ‘new process windows’ which are uncovered by microreactor technology in terms of temperature and pressure, have also captured the interest of chemists to reinvestigate the classically thermophilic SNAr reactions. Hamper and Tesfu utilize a stainless steel coil reactor at 260 °C and 70 bar to perform the amination of 2-chloropyridines and other azines (Scheme 54).[129] Where the batch process demanded a 2 day reaction time, and where even microwave conditions could not reach over 50% conversion, the coil reactor supplied them with 2-aminopyrdines in good yields. The group of Kappe has developed a similar high-temperature, high-pressure stainless steel flow reactor, and one example of the SNAr reaction between morpholine and 2-chloropyridine gave them similar results.[130]
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[bookmark: _Ref493529267][bookmark: _Ref496543179]Scheme 54 Thermal SNAr amination of chloroazines (ref. [129])

When the former group was initially optimizing the amination reaction in DMF as the solvent, they found observable amounts of 2-dimethylaminopyridine side product. A decomposition of DMF into CO and dimethylamine becomes rather prevalent at this temperature, and Petersen et al. exploited this phenomenon in their study of dimethylamination of heteroarenes in a high-temperature flow reactor.[131] Among a series of additives, aqueous ammonia proved excellent in promoting this decomposition. The first generation of their microreactor design consisted of a haloarene stream reacted together with an ammonia inlet in a coil heated at 250 °C for 30 min (Scheme 55). However, some starting materials decomposed at this temperature and others contained functional groups that did not tolerate the conditions. A second design therefore located the high temperature coil before the mixing T-piece, so that decomposition was realized before the substrate was brought in contact with the dimethylamine. Further SNAr at 30-50 °C sufficed for many substrates and the method could be used to manufacture 8 g of a certain aminated pyrimidine without further modifying the set-up.
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[bookmark: _Ref493529524][bookmark: _Ref496543204]Scheme 55 Dimethylamination of chloroarenes by merit of thermal DMF decomposition (ref. [131])

An alternative heating mode for continuous mode SNAr reactions was invented by the group of Kirschning.[132] By making use of a packed bed of ferromagnetically functionalized silica beads, high frequency inductive heating warranted an extremely rapid and efficient heating. They employed this technique in the multistep synthesis of the antipsychotic Olanzapine. Earlier on in the cascade, steel beads served as inductive heating centers for the Buchwald-Hartwig amination, and a steel capillary reactor was heated to allow the seven-membered ring to be formed. Subsequently, the nucleophilic displacement by the N-methyl piperazine was achieved in a MAGSILICA-filled column, while inductively heating the reactor to 85 °C (Scheme 56).
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[bookmark: _Ref493529736][bookmark: _Ref496543225]Scheme 56 Ti-catalyzed, inductively heated piperazination in the telescoped synthesis of Olanzapine (ref. [132])

Also ultrasonication could represent a viable process intensification technique, complementary to strong heating. More often than not, ultrasound irradiation is invoked in microflow processes to sustain suspensions and avoid clogging. However, there is more to be gained from this unconventional energy source. Lee et al. show how a microtubular reactor set-up which is irradiated by piezoceramic elements can greatly enhance the amination of a substituted 2-chloropyridine with morpholine compared to the previously described method of warming up a coil to 260 °C (Scheme 57).[133] For most of their amine scope, a twofold increase in product formation is observed compared to the thermal method, whilst reacting at a mere 50 °C. The authors motivate that not only efficient mixing but especially the cavitation-induced hotspots are responsible for this improved outcome.
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[bookmark: _Ref493529908][bookmark: _Ref496543247]Scheme 57 Amination of a 2-chloropyridine in an ultrasonically irradiated tubular reactor (ref. [133])

An interesting approach to SNAr reactions in flow was recently proposed by the group of Ley.[134] In an alternative synthesis of the blockbuster leukemia drug Imatinib, they devised a “catch-react-release” strategy to form the 2-aminopyrimidine core. An S-linked thiourea monolith was prepared from polymerization of the styrene-bound functional group and crosslinking with divinylbenzene. These thioureas could be further condensed with an enaminone to form the 2-thiopyrimidine, whereupon the sulfur atom was oxidized to the corresponding sulfone (Scheme 58). This configuration furnished them a resin-bound leaving group as it were, and treatment with a stop-flow amine inlet at 90 °C cleaved the pyrimidine off to deliver the desired Imatinib precursors. 
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[bookmark: _Ref493530155][bookmark: _Ref496543271]Scheme 58 Aminopyrimidine synthesis in a "catch-react-release" strategy from an S-bound thiourea column (ref. [134])

While working on their synthesis of the antibiotic Ciprofloxacin, Lin et al. investigated a nucleophilic piperazine installment in what counts to date as the longest telescoped flow process reported.[135] Starting first from the 6,7-difluoroquinolinone precursor, the selective amination with piperazine was achieved in DMSO in a reactor coil at 150 °C over 7 min. However, viewing that the preceding step consists of a SNAr type intramolecular cyclization, they speculated that both steps could be realized in one reactor. Indeed, the one-pot procedure treating the trifluorobenzene with DBU and piperazine at 180 °C furnished the desired quinolone in 81% yield in only 4 min (Scheme 59). 
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[bookmark: _Ref493530307][bookmark: _Ref496543289]Scheme 59 One-step twofold amination in the streamlined synthesis of Ciprofloxacin (ref. [135])
An impressive example of a fully continuous nucleophilic amination was showcased by a team from Eli Lilly.[136] In their study of the continuous, large-scale synthesis of prexasertib monolactate, an SNAr-type amination was required to couple the 3-amino-5-arylpyrazole fragment with 2-chloro-5-cyanopyrazine. They found that DMSO was the solvent of choice for solubility and reactivity reasons, and both reagents were combined in a 6.35 mm (ID)  91 m plug flow reactor (PFR) for 3 h to afford about 2.9 kg/day of the desired compound (Scheme 60). Addition of MeOH as the antisolvent was sufficient to obtain a high purity solid, and in this way, in total 24 kg of the pure API was prepared. 
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[bookmark: _Ref493531104][bookmark: _Ref496543312]Scheme 60 Amination step in the continuous, large scale synthesis of Prexasertib monolactate (ref. [136])

5.3. [bookmark: _Toc502832543]Rearrangements

Flow chemistry lends itself very well to reactions where sensitive intermediates are formed that would pose a significant hazard in batch production. Organic azides form a classic example of materials that process chemists refuse to work with, owing to their inherent explosion risk.[2] Azide-involving reactions can nonetheless be powerful C-N bond forming routes toward aminated heterocycles. An example of these is the Schmidt reaction between azides and ketones, which affords an amide after homologation due to a denitrogenative 1,2-migration. This hazardous reaction was recently reported in flow conditions, and a variety of acetophenones was thus safely converted to acetamidobenzenes.[137]
Another well-known reaction which employs azides is the Curtius rearrangement. Herein, an in situ formed acyl azide thermally decomposes to the corresponding isocyanate, which can be attacked by an oxygen or nitrogen nucleophile to form carbamates or ureas, respectively. Where the application of heat to a reactive azide would never be considered an option in batch upscaling, flow chemistry offers a different way.
In 2008, Baumann et al. simultaneously published two different approaches to an in-line acyl azide formation and subsequent Curtius rearrangement. The starting point was a publication by the group of Jensen, where a sequence of microfluidic reactors and separator units was used for the divergent synthesis of several carbamates.[138] When using aqueous sodium azide as the azide source, removal of the aqueous stream was necessary to enable the following rearrangement step. Wanting to avoid this prior purification, the Cambridge team opted for an all-organic entry to acyl azides which could then be reacted as such.[139] Diphenylphosphoryl azide (DPPA) proved the reagent of choice, and combining this reagent with a stream of the carboxylic acid, Et3N and the nucleophile into the convection flow coil at 120 °C ensured the azidation and rearrangement in one step (Scheme 61). Further downstream, a supported dimethylamine resin captured the formed diphenylphosphonic acid and the unreacted starting material as well. The subsequent Amberlyst acid resin captured the Et3N. Thus, a wide variety of carbamate-functionalized heteroarenes was obtained in high purity.
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[bookmark: _Ref493531955][bookmark: _Ref496543333]Scheme 61 Curtius rearrangement and in-line purification for the preparation of carbamoylated heteroarenes (ref. [139])

Another strategy proposed by them was composed of a packed-bed column with azide-functionalized monolith.[140] The polymerization and crosslinking of a vinyl-substituted benzyl chloride furnished them the desired macroporous material, which could then be treated with Et3N and NaN3 to get the tetraalkyl ammonium azide monolith. By packing this into a cartridge, 30 mmol of acyl azide per hour could be produced, starting from the acyl chloride (Scheme 62). In a further valorization, a dehydration column and reactor coil at 120 °C were sequentially connected to turn the products into their corresponding isocyanates. Collection of these in a microwave vial together with a proper nucleophile enabled a further microwave synthesis at 100 °C of several carbamates and ureas. 
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[bookmark: _Ref493532505][bookmark: _Ref496543351]Scheme 62 Acyl azide synthesis from azide monolith, subsequent isocyanate formation and off-line nucleophile treatment in microwave vessel (ref. [140])
O’Brien et al. reported yet another ‘forbidden’ reaction in flow.[141] The Hemetsberger-Knittel indole synthesis starts from an aryl vinyl azide, which after heating releases one N2 molecule, so that the remaining, nitrene-like nitrogen performs a C-H bond insertion on the aromatic ring. Especially the safety benefits from microfluidic technology make this reaction very amenable for continuous processing. 
Once the 3-aryl-2-azidoacrylate starting materials were synthesized by a Knoevenagel condensation, the further rearrangement to bicyclic aromatics was optimized in flow. It was found, that under optimum conditions, depending on the substrate, the products were obtained in good yields at 180-220 °C in only 6 s (Scheme 63). 
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[bookmark: _Ref493532640][bookmark: _Ref496543391]Scheme 63 Continuous Hemetsberger-Knittel indole synthesis from azidoacrylates (ref. [141])


5.4. [bookmark: _Toc502832544]Cross coupling

Transition metal catalyzed coupling reactions constitute a last class of transformations for the installment of C-N bonds. Whether quite old methods like the Ullmann coupling, or more modern examples like the Buchwald-Hartwig or Chan-Lam amination, these reactions have been deeply instrumental in medicinal chemistry. In the wake of the vast amount of publications covering Suzuki-Miyaura couplings in microflow, literature has caught on with amination as well. However, it is a transformation with its own difficulties.
The palladium-catalyzed Buchwald-Hartwig amination for example, has proven to be an especially tricky process to translate to microfluidic conditions. From the aryl bromide starting material and the typical tert-alkoxide base, the alkali metal bromide salt is an inevitable side product, which oftentimes causes clogging in the channels or in the BPR in particular. Also the possible degradation to palladium black may cause the same problem. Roughly every publication concerning the Buchwald-Hartwig amination in flow, evolves around precluding this obstruction.
Some prior art comes from Tundel et al., who have successfully devised a microwave protocol for the Buchwald-Hartwig amination of a variety of (hetero)arenes.[142] Aiming to render the reaction mixture entirely homogeneous for improved microwave absorption, they worked with aryl nonaflates and DBU as an organic, soluble base. However, this procedure has not been adapted to continuous flow conditions. Hartwig et al. have found that the well soluble NBu4OAc base may indeed prevent the issue of reactor choking.[132] 
Despite promising results, a thorough investigation by Sunesson et al. pointed out that the organic base DBU could only in limited cases realize the amination, and in no case proved superior to the alkoxide bases in terms of reactivity.[143] Another approach therefore constituted a careful choice of solvent, in order to keep the base and halide salt soluble. Pomella and coworkers found that coupling between bromoxylene and piperazine worked much better in DME than in toluene since KBr precipitation from the former occurred too slow to allow clogging.[144]
In the fully continuous synthesis of Imatinib, Hopkin et al. similarly found a mixture of 1,4-dioxane and tBuOH to be ideal for good reactivity and solubility. The piperazine-decorated benzamide was previously synthesized and captured with a sulfonic acid resin. Elution with DBU in the appropriate solvent mixture and subsequent merging with a stream of the 2-aminopyrimidine, the NaOtBu base and Pd precatalyst, allowed the amination in a reactor coil at 150 °C over the course of 30 min (Scheme 64). NaBr precipitation was not avoided in this way, but a water inlet just before the BPR and a further purification step ensured full solubility. The final product was obtained in 69% yield for the amination step in good purity after in-line Biotage SPI purification.
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[bookmark: _Ref493532912][bookmark: _Ref496543472]Scheme 64 Pd-catalyzed diarylamine synthesis in the telescoped preparation of Imatinib (ref. [145])

Aside from organic solvent mixtures, a biphasic approach has also been successfully employed. Naber et al. found that an aqueous KOH/toluene system could serve as a solution for the solubility problem. Furthermore the help of a PTC and a packed-bed reactor ensured high conversion.[23]
The same packed-bed reactor was later used by the group to significantly expand the scope of this reaction.[146] While still using the KOH/toluene mixture, the PTC was replaced by dimethyloctamide (DMO) as an amphiphilic cosolvent. Amphiphilic solvents, containing a lipophilic and hydrophilic side, have proven their use in batch chemistry as they bring components from immiscible phases together, thus facilitating mass transfer. Also solubility is enhanced and crystallization is diminished. Good results were obtained when this protocol was translated to continuous flow, and reacting over a packed at about 120 °C delivered a wide scope of aminated (hetero)arenes in good yields (Scheme 65). Especially interesting about this approach, was that preceding steps could be performed without demand for a solvent switch for the C-N cross coupling. This was demonstrated for a phenol triflation/amination sequence, and notably for the three-step synthesis of Imatinib which could be performed in a mere 2-MeTHF/H2O mixture in 56% overall yield.
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[bookmark: _Ref493533252][bookmark: _Ref496543492]Scheme 65 Amphiphilic solvent assisted Buchwald-Hartwig amination in continuous flow (ref. [146])
A different approach to this problem consists not of avoiding precipitation, but of making this heterogeneous system workable. Several groups came up with the same strategy: the use of ultrasound irradiation to break up any particles formed.[147-149] By forcing these particles to retain a small diameter, blocking mechanisms do not occur and the reactor can be maintained free of clogging. 
Hartman et al. describe these findings when trying to improve the Pd-catalyzed C-N coupling in flow.[147] They noticed significant clogging in a microfluidic device, due to NaCl crystal bridging or constriction. Using a PFA coil instead, and suspending it in an ultrasonication bath at 80 °C, the amination reaction proceeded smoothly in a rate of 2.6 g/h without clogging. 
Borrowing from this knowledge, the same group later reported a more extended protocol for the synthesis of diarylamines from aryl chlorides, bromides or triflates.[51] With residence times ranging from 20 s to 5 min, good yields were obtained for several (hetero)aryl amines at only 60 °C (Scheme 66). To demonstrate that solids formed no problem, a model reaction was subjected to the microflow reactor over one hour to produce 2.25 g of the desired product. A further innovation comprised a fully assembled microfluidic chip reactor with a built-in piezoceramic element.[150]
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[bookmark: _Ref493533866][bookmark: _Ref496543514]Scheme 66 Pd-catalyzed amination protocol using a sonicated reactor coil to avoid clogging (ref. [151])
DeAngelis et al. reported the hydrazination of aryl chlorides using a similar set-up.[152] The direct Buchwald-Hartwig coupling of hydrazine had previously been disclosed in a single study with several drawbacks; a more general entry was therefore still needed. Combining a THF solution of hydrazine with streams of ArCl, NaOtBu and the Pd catalyst into a sonicated reactor coil at room temperature provided an efficient and chemoselective reaction (Scheme 67). A TFA inlet ensured dissolution of all the products and aided the subsequent trapping with benzaldehyde. They opted for in-line hydrazone formation as a safer alternative for the storage of aryl hydrazines. The trapping step could also be replaced by an immediate pyrazole formation with 1,3-dicarbonyl compounds, or by a Fischer indole synthesis with enolizable ketones. 
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[bookmark: _Ref493534041][bookmark: _Ref496543536]Scheme 67 Continuous Pd-catalyzed hydrazination and subsequent benzaldehyde capture (ref. [152])
Beyond Pd-catalyzed coupling reactions, also copper catalysis represents a viable way to synthesize aminated heterocycles. A classical protocol for copper-catalyzed arylamine formation is the Ullmann reaction. Although this reaction traditionally requires stoichiometric amounts of copper, a good deal of more modern, catalytic variants have been described.[153] 
An adaptation to flow was reported by Zhang et al.[154] They investigated a series of copper catalyzed reactions in a copper tube flow reactor (CTFR), among others the Ullmann amination of aryl bromides and iodides. A single pump injected a MeCN solution of (hetero)aryl halide and an amine into the CTFR for 120 min followed by a subsequent thiourea copper scavenger (Scheme 68). Several arylamines were obtained in good yields.
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[bookmark: _Ref493534451][bookmark: _Ref496543592]Scheme 68 Continuous Ullmann amination using a copper tubing flow reactor 
(ref. [154])


Chen et al. realized the amination of several aryl bromides by first performing the copper-catalyzed aromatic Finkelstein reaction[155] (the iodination is described in the paragraph of C-X bond formation). After exiting the NaI packed bed reactor, the CuI-containing product stream is combined with an inlet of amide into a Cs2CO3 packed bed reactor at 120 °C (Scheme 69). These conditions sufficed to convert the aryl halides fully to their amidated analogs.
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[bookmark: _Ref493534549][bookmark: _Ref496543615]Scheme 69 Telescoped aromatic Finkelstein iodination and subsequent Goldberg amidation (ref. [155])
	
Also the Chan-Lam amination was translated to flow. This cross-nucleophile coupling is apart from being mild and effective, also an often unpredictable reaction, which is still being refined.[156] The groups of Stevens and Van der Eycken reported the first continuous flow example of the Cu-catalyzed coupling between an arylboronic acid and a nucleophilic amine.[157] They employed a CYTOS microreactor assembly, and combined a solution of both coupling partners with a flow of Cu(OAc)2 and the bases at 120 °C in DCM. With this method, they achieved the N-phenylation of a pyrazinone scaffold. 
However, equimolar amounts of copper were still necessary to realize this coupling. In an attempt to transition to a catalytic system, Bao and Tranmer ran their reaction mixture through a copper coil (later through a copper powder filled column) together with TEMPO as an external oxidant, to supply a number of substituted diphenylamines.[158]
The Baxendale group further developed the continuous Chan-Lam amination towards an even more waste-economical process.[159] Making use of a tube-in-tube reactor, they were able to harness oxygen gas as the stoichiometric oxidant. Merging a stream of the substrates with the catalyst/base combination, they found that high conversions were obtained when flowing the mixture through a coil for 2 h at 40 °C, under an optimum O2 pressure of 10 bar (Scheme 70). By connecting a QuadraPure supported dimethylamine column (QP-DMA), the outlet was mostly stripped of remaining boronic acid. In this way, many arylated azoles were prepared in good yields, and a 10 mmol scaled experiment showed an undiminished outcome.
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[bookmark: _Ref493534840][bookmark: _Ref496543637]Scheme 70 Tube-in-tube approach for the aerobic Chan-Lam amination of azoles with phenylboronic acids (ref. [159])
In a streamlined synthesis of highly substituted pyrazoles, Britton and Jamison recently accomplished the N-arylation of a trifluoromethylated pyrazole with phenylboronic acid.[160] Viewing that existing methods were not sufficient for their more demanding substrate, an optimization was necessary. It was found that best results were obtained when performing the reaction in DCM at 90 °C, which posed no problem in a microreactor (Scheme 71). A yield of 66% was obtained for this step, and they proposed this as a viable route to COX-2 inhibitors, which often carry the same N-aryl pyrazole motif.
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[bookmark: _Ref493535263][bookmark: _Ref496543656]Scheme 71 Chan-Lam coupling of a substituted pyrazole and benzeneboronic acid (ref. [160])


6. [bookmark: _Toc502832545]C-O bond forming reactions

C-O bond forming reactions on heteroarenes are less prevalent than amination reactions, although oxo- or hydroxyheterocycles are no less abundant in nature. In synthesis, oxygen substituents bound to the ring often stem from carbonyl motifs already present from the de novo synthesis of the heterocycle. As a consequence, the need for etherification reactions onto the ring is abated, since alkylation or arylation of an already present oxygen functionality is usually the more viable route.
Also in the research field of microflow chemistry, reports of C-O bond forming reactions on heteroarenes have remained scarce. Nonetheless, some useful protocols have emerged, where microfluidic technology offers a unique advantage over batch chemistry. An interesting example was the metal-free, fluoride-catalyzed SNAr-type etherification between silylated phenols and aryl fluorides.[161] The authors found that the reaction occurred most efficiently in supercritical CO2, and a translation to continuous flow proved an effective route to realize the high pressures.
When studying the Ullmann diaryl ether synthesis, Benaskar et al. found that microflow reactors posed a significant improvement. They had found previously that supported copper nanoparticles could serve as excellent catalysts for the etherification of 4-hydroxypyridine with potassium phenolate.[162]  To further increase the reusability potential of their catalyst, they adapted the procedure to a continuous process.[163] After implementing either a fixed bed reactor using a TiO2 support, or a ZnO supported catalyst in a wall-coated millireactor, they further investigated the mode of heating to perform this reaction (Scheme 72). They found that single mode microwave heating proved to be more efficient than multimode irradiation or oil bath heating. The intensity had a maximum of 140 W, above which catalyst decomposition became too significant. Leaching could be avoided by thermal treating of the catalyst after each cycle. In this way, the 4-phenoxypyridine product could be obtained in 60% yield in high productivity.
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[bookmark: _Ref493537287][bookmark: _Ref496543674]Scheme 72 Copper coated wall reactor for the Ullmann etherification (ref. [163])


In another example, He and Jamison reported the hydroxylation of arenes by aerobic treatment of an organomagnesium reagent.[164] Where the oxygenation of alkyl Grignard reagents has been successfully investigated as early as the beginning of the former century, the transformation of arylmagnesium species into its corresponding phenol proved much more prone to side reactions. The authors postulated that a segmented flow approach should overcome this challenge by enhanced mass transfer with the gas phase. Preliminary tests with an O2 tank at ambient conditions furnished the desired phenol in 53% yield. After some optimization, the second generation set-up made use of a 3:1 air/liquid ratio in THF at 17 bar. The arylmagnesium bromide reacted with oxygen in a PFA coil over 3.4 min, supplying a variety of hydroxyheteroarenes in good yields (Scheme 73). They go on to produce o-substituted phenols by magnesiating 1,2-dibromobenzenes and treating the formed benzyne intermediate with a sulfur or nitrogen nucleophile, then applying their aerobic oxidation to the ortho-decorated arylmagnesium species.
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[bookmark: _Ref493537559][bookmark: _Ref496543697]Scheme 73 Aerobic oxidation of aryl Grignard reagents to form phenols (ref. [164])



7. [bookmark: _Toc502832546]C-B bond forming reactions

The importance of borylation on (hetero)aromatic substrates hardly needs any introduction. Research toward improved borylation methods has been incessant since the early days of palladium-catalyzed cross coupling. Most frequently, the boron moiety is installed on a previously functionalized place of the aromatic ring, typically a (pseudo)halide. However, a direct C-H borylation comprises an appealing alternative, on account of its step and atom economy. 
Tagata et al. had achieved some promising results with this concept, using an iridium catalyst.[165] They found that using the optimal ligand, 2,2’-bipyridine-4,4’-dicarboxylic acid (BPDCA), the actual catalyst became insoluble and could be reused several times. Inspired by this observation, they set out to investigate the translation to microflow conditions.[166] The unsupported catalyst was synthesized and packed into a stainless steel column inside the glovebox, but could thereafter be used outside of it. A solution of the arene and B2pin2 in methylcyclohexane (CyMe) or cyclopentyl methyl ether (CPME) was pumped through the packed bed at 80 °C at 0.1 mmol/h to afford a few BPin-functionalized heteroarenes (Scheme 74). Leaching of the Ir catalyst never exceeded the 10 ppm range and the column was used well over one month of experimentation without diminished returns.
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[bookmark: _Ref493539322][bookmark: _Ref496543719]Scheme 74 C-H borylation using an insoluble Ir catalyst (ref. [166])
In 2011, two groups more or less simultaneously reported a sequential lithiation/borylation procedure for the synthesis of aryl boronic acids and esters. Shu et al. from MIT accomplished the lithiation by merging the bromobenzene and nBuLi solutions in a room temperature reaction loop in the range of minutes to seconds, and subsequent quenching with B(OiPr)3 (Scheme 75). By maintaining the quenching solution sufficiently dilute, and with acoustic irradiation, clogging was prevented in the second reactor loop. Interestingly, for substituted thiophenes and furans, it was found that simple C-H lithiation was satisfactory. The authors then continue by using the aryl trialkoxy borate salt in a Suzuki-Miyaura cross coupling with a second haloarene, by merging a KOH stream and a Pd precatalyst.
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[bookmark: _Ref493539568][bookmark: _Ref496543741]Scheme 75 Deprotonation and borate ester quench, followed by immediate Suzuki-Miyaura coupling (ref. [54])
Browne et al. from Cambridge reported a similar strategy.[167] From previous projects involving flow chemistry under cryogenic conditions, they experienced the need for efficient cooling units which do not rely on consumable cooling liquids. Thus, they assembled a cryo unit based on refrigerator technology (aptly named ‘Polar Bear’), which could maintain temperatures as low as -89 °C for prolonged time. With the equipment in hand, they first investigated a segmented flow approach for the halogen/lithium exchange. An inlet of aryl bromide and the boron electrophile (first B(OiPr)3, later PinBOiPr) was run through a precooling loop, and merged with an equally precooled stream of nBuLi in hexanes (Scheme 76). Inside the reactor loop, lithiation was performed at -60 °C over 20 min, and acidic workup delivered the desired arylboronic pinacol esters, including one heterocyclic example. They later explored the possibility of rendering the process fully continuous, with HPLC pumps injecting the reagents (and notably, nBuLi) directly from the stock solution. This was readily achieved without thickening of the reagent stream, by using larger tubing and a more polar solvent system. 
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[bookmark: _Ref493540092][bookmark: _Ref496543785]Scheme 76 Br/Li exchange and subsequent capture with boron electrophile affords boronic acids or esters (ref. [168,167])
The Cambridge group in a following publication expanded this methodology further.[168] A first innovation was the use of wider bore tubing in a second generation of the cryo unit. In this way, a number of arylboronic acids and esters were prepared that previously caused problematic clogging, among others from quinoline and thiophene. The next hurdle to overcome was insufficient purity for some substrates. After considering in-line and off-line purification modules, the solution to their problem consisted of a non-simultaneous lithiation/quench sequence. On a larger scale, wider tubing and longer precooling and reactor loops performed the reaction equally well, and in-line liquid/liquid phase separation provided over 26 g of pure material in 30 min total reaction time.
Despite these significant advances, an important drawback with abovementioned methods is the inability to borylate sensitive group containing arenes. Electrophilic moieties like esters, nitriles or nitro groups were not reported. The presumed incompatibility arised from the strongly nucleophilic character of the aryllithium species. However, Nagaki et al. postulated that a flash chemistry approach should counter this side reaction; owing to the very short residence times, the aryllithium species is not allowed to react with itself before it is quenched with the boron electrophile.[55] In a first reactor, the aryl halide was merged with the lithiating agent under individually optimized conditions (either a butyllithium isomer or phenyllithium) for a duration between 10 and 100 ms at a certain temperature (Scheme 77). In a subsequent mixer piece, the isopropyl pinacolyl borate was joined and a variety of arylboronic pinacol esters was obtained, among others the 2-thiophene variant. They then found that a space integration with the subsequent Suzuki-Miyaura coupling could be achieved. Switching to the arene dimethylboronate derivatives, hydrolysis was found to occur simply by adding base-free water, and a fourth inlet containing aryl halide and the palladium/ligand combination at 50 °C enabled efficient biaryl coupling. The authors performed the same protocol more recently with a monolithic palladium-packed reactor.[169]
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[bookmark: _Ref493540422][bookmark: _Ref496543805]Scheme 77 Borylation and subsequent Suzuki-Miyaura coupling by Br/Li exchange and electrophile capture (ref. [55])
A recent application of the lithiation/borylation procedure was demonstrated by a team from Takeda Pharmaceutical.[170] In their study of the synthesis of PI3Kα inhibitor TAK-117, a problem was the large cost of the palladium catalyst and diboron species needed for the Miyaura borylation of 2-amino-6-bromobenzoxazole. Instead, they opted for a catalyst-free organometallic approach, using the much more affordable B(OiPr)3 as a boron source. As demonstrated before, flow chemistry is often highly desirable for these highly reactive intermediates, and also in their case batch lithiation was tried to no avail. Preliminary tests in flow revealed that prior Boc protection was necessary to accomplish the exchange, and although a narrow operating window was found for 0 °C, a residence time of 0.21 s proved very capable of realizing the transformation. Also on a larger scale, using wider bore tubing (ID 2.17 mm) they were able to maintain a continuous borylation protocol for over 10 h, affording 1.23 kg of the desired boronic acid in excellent purity (Scheme 78). Unfortunately, due to the imperative protection and deprotection steps, the process did not end up being more cost effective, but avoiding the palladium catalyst and potentially mutagenic diboron species made it more attractive nonetheless.
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[bookmark: _Ref493540955][bookmark: _Ref496543823]Scheme 78 Large scale continuous preparation of 2-aminobenzoxazole-6-boronic acid (ref. [170])
An entirely metal-free alternative was recently proposed by Chen and coworkers.[171] Both in batch and in flow, they reported their discovery of the first photochemical borylation of aryl bromides and iodides. When stirring the mixture of an aryl iodide with B2pin2 and tetramethyl diaminomethane (TMDAM) in the bespoke MeCN/H2O/acetone mixture, they found that under UV irradiation good conversion to the corresponding aryl pinacolyl boronate was obtained. Even better results were reported under flow conditions. The homemade flow set-up consisted of a mercury lamp placed inside a jacketed quartz immersion vessel, and transparent tubing wrapped around while cooling at -5 °C (Scheme 79). Flowing for 15 to 30 min furnished several borylated arenes, including the otherwise challenging electron poor benzenes and one example of a pyridine. Interestingly, also bisboronic acid was a capable reaction partner, after which the product was captured by KHF2. 
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[bookmark: _Ref493541514][bookmark: _Ref496543839]Scheme 79 Flow borylation of aryl iodides and bromides under UV irradiation (ref. [171])
Later that year, the same group published a modification that allowed them to transform aryl chlorides, fluorides and mesylates to their boronic counterparts.[172] This mechanistically compelling reaction made use of the same set-up and comparable conditions, and was effective for electron rich arenes after 26 to 52 minutes (Scheme 80). 5-chloroindole was functionalized in this way, and also a high-yielding, gram scale preparation of p-phenolboronic acid pinacol ester was showcased.
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[bookmark: _Ref493541867][bookmark: _Ref496543858]Scheme 80 Continuous, UV-mediated borylation of electron-rich aryl chlorides, fluorides or mesylates (ref. [172]) TMEDA = N,N,N’N’-tetramethyl ethylene diamine; TBAF = tetrabutylammonium fluoride


8. [bookmark: _Toc502832547]C-X bond forming reactions
8.1. [bookmark: _Toc502832548]Fluorination

Of all fluorine-containing pharmaceuticals, 47% possesses an aryl fluoride bond. Several different pathways have been proposed to gain access to these important structural motifs, although these reactions have often not yet reached the same level of feasibility as other carbon-heteroatom bond formations.[173] For example, protocols for an electrophilic aromatic fluorination are often either hazardous or require expensive reagents. Also here, flow chemistry can provide a solution to this problem. The group of Yoshida used their expertise in flash chemistry to develop a sequence of halogen/lithium exchange and treatment with the relatively affordable [F+] source NFSI, to afford a variety of fluorobenzenes.[174] A similar tactic of magnesiation/fluorination was used by the group of Knochel to afford a variety of fluorinated heteroarenes, but was only reported in batch.[175]
Noël et al. proposed a flow through nucleophilic aromatic fluorination[176] based on their previous work on Pd-catalyzed fluorination in batch.[177] Herein, the successful fluorination from nucleophilic fluorine sources is described for the first time, using CsF as F- source and tBuBrettPhos as the bulky ligand to overcome the reductive elimination hurdle. In an effort to translate this process to a continuous system, they borrowed from their previous experience with packed bed reactors to address the perennial clogging issue,[23,53] only this time replacing the packing with the poorly soluble CsF salt. Since they found that large excesses of CsF significantly increased the rate of this reaction, the packed bed approach comprised an optimum between rapid reaction and low amounts of waste. By subjecting a toluene solution of aryl triflate, catalyst and ligand to the column, over 20 min. at 120 °C, they were able to supply a wide scope of (hetero)aryl fluorides in high yields (Scheme 81).
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[bookmark: _Ref493542668][bookmark: _Ref496543877]Scheme 81 Pd-catalyzed continuous fluorination of aryl triflates using a CsF packed bed reactor (ref. [176])

Recently, Park et al. demonstrated how an old fluorination reaction, which would otherwise be considered ‘forbidden chemistry’, becomes more appealing when making use of microflow techniques.[178] The Balz-Schiemann reaction consists of a thermal decomposition of an arenediazonium tetrafluoroborate salt, in a way that the corresponding aryl fluoride is obtained with the expulsion of N2 gas. This remains one of the most important entries to fluoroarenes, because of its relatively wide scope and the accessibility aminoarenes as the feedstock for diazonium salts. However, important drawbacks from a process point of view are subjection of the labile and explosion-prone diazonium salts to harsh conditions, and the modest returns which often accompany it. A fully continuous diazonium salt formation and subsequent Balz-Schiemann reaction had been reported before,[179,180] but the need for intermediate isolation of the salt did not relieve the safety concerns inherent to these products. Where the diazotization step is typically done in water or other polar solvents, the decomposition would lead to undesired side reactions in these conditions and is therefore done in apolar aromatic solvents. The authors sought to overcome this solvent switch hurdle, and a bespoke solvent to perform both steps was found in n-butyl acetate (nBuOAc). A combination of LiBF4 and TFA were found optimal for the first step, and combining these with an inlet of the product and of tBuONO allowed the diazotization at room temperature while flowing for 7 min. in a sonication bath (Scheme 82). For the next step, they opted for a flow-to-stirred-tank set-up. The outlet of the microreactor was connected to a vessel containing a solution of LiBF4 in nBuOAc at 130 °C, so that the Balz-Schiemann fluorination occurred rapidly. In this way, the concentration of hazardous diazonium salt at high temperature was kept low and clogging was avoided. A variety of fluoroarenes was synthesized with this protocol, even more challenging substrates like heteroarenes and sterically hindered benzenes.
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[bookmark: _Ref493542952][bookmark: _Ref496543902]Scheme 82 Continuous flow diazotization and off-line Balz-Schiemann reaction for the synthesis of various fluoroarenes (ref. [178])

8.2. [bookmark: _Toc502832549]Bromination

An early example of continuous electrophilic bromination was reported by Löb and coworkers.[181] In their extensive study of the synthesis of bromothiophenes, they found that a microreactor set-up gave consistently better yields than reported batch procedures. Moreover, since this solvent and catalyst free process required less than 1 second to complete (compared to several hours in batch due to careful reagent addition), the space/time yield was drastically improved. The thiophene and Br2 feeds were first allowed to assume the correct temperature while flowing in a thermostat bath (0-10 °C), and then merged in a well-examined microfluidic mixer (Scheme 83). Quenching in a thiosulfate reservoir furnished the brominated heterocycle. By varying the ratio of bromine to thiophene, especially the 2,5-dibromo and the 2,3,5-tribromo derivative were obtained in high yields (81% and 90%, resp.). 
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[bookmark: _Ref493543028][bookmark: _Ref496543920]Scheme 83 Microfluidic bromination of thiophene using a caterpillar mixing element (ref. [181])

Pelleter et al. likewise found that the bromination of imidazo[1,2-a]pyridine in a continuous system posed a significantly improved alternative to the batch reaction.[116] The safety profile in particular was affected: a previous effort to scale up the batch process proved quite susceptible to eruptive incidents, due to the reaction exotherm. They employed the same system as previously used for nitration studies, with the solvent and NBS inlets combining in the interdigital micromixer and further reacting in the residence loop. The choice for DMF as the solvent ensured full solubility. When elevating the temperature to 70 °C, they noticed that a residence time of 30 s sufficed, and high throughputs of 5-bromoimidazo[1,2-a]pyridine were obtained in this way with excellent purity (Scheme 84). Also two other heteroarenes were successfully brominated with this protocol and even the chlorination of 3-methylpyrazole was attempted, albeit in low yield.
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[bookmark: _Ref493543138][bookmark: _Ref496543937]Scheme 84 Continuous electrophilic bromination with NBS using a micromixer (ref. [116])

8.3. [bookmark: _Toc502832550]Iodination

Although the electrophilic iodination of arenes is in many ways similar to its bromination counterpart, a difference on the level of flow chemistry is the solid nature of molecular iodine. An interesting workaround was shown by Midorikawa and coworkers.[182] Molecular iodine in MeCN was treated electrochemically prior to injection, so that the reactive species CH3CNI+ was merged with an inlet of dimethoxybenzene for further iodination.
D’Attoma et al. recently reported a general continuous synthesis of 3-iodo(aza)indoles.[183] Starting from the heterogeneous batch protocol using KOH and I2 in DMF, they worked toward a completely soluble variant using Et3N as the base. Subsequently, they found that decreasing the residence time to only 1 min. was sufficient to complete the reaction in yields higher than 80% (Scheme 85). Subsequent quenching in Na2S2O5 provided a panel of 3-iodoindoles and 3-iodo-azaindoles. They then proceeded to develop a flow protocol for N-Boc protection and Sonogashira coupling on the 3-position.
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[bookmark: _Ref493543349][bookmark: _Ref496543958]Scheme 85 Coninuous 3-iodination with I2 of several indoles and azaindoles (ref. [183])
This entry to iodoarenes directly from an unsubsituted C-H bond is an attractive pathway. Knochel adopted the same approach to functionalize an array of azines and azoles, using their previously discovered base TMPMgCl·LiCl.[184] In batch mode, they had been successful in the magnesiation of pyridines, albeit at cryogenic conditions (often ≤ -25 °C). Now, they envisaged a microflow protocol, similar to flash lithiation chemistry, which allowed them to do the metalation at room temperature. When the combined streams of an electron-poor pyridine and a near-stoichiometric amount of TMPMgCl·LiCl solution were injected to a microfluidic reactor, the magnesiation was found to be complete after 30 s (Scheme 86). In the same chip, an inlet of I2 was brought and allowed to react in the ensuing reaction loop at room temperature to realize the electrophilic quenching. Also other electrophiles were found to be successful, such as benzaldehyde, acetone, DMF or allyl bromide. Several five and six-membered heteroarenes were functionalized in this way in appreciable yields, and even polymerization-prone acrylates could be efficiently metalated at lower temperatures.
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[bookmark: _Ref493543577][bookmark: _Ref496543980]Scheme 86 Continuous C-H magnesiation and iodination of azines (ref. [184]) TMP = 2,2,6,6-tetramethylpiperidine
Similar to the Balz-Schiemann reaction, Malet-Sanz et al. set out to generate a library of aryl iodides from aminoarenes in a iododeamination reaction.[185] In contract to the classic Sandmeyer reaction, the anhydrous counterpart between an aniline and an alkyl nitrite supposedly runs via a triazene intermediate which releases an aryl radical upon heating, capable of electrophilic quenching and thus not requiring any Cu(I) salt. This approach was used as a continuous, mild and metal-free entry to iodoarenes, which would otherwise comprise an unattractively hazardous batch protocol. Merging a stream of (hetero)arylamine in dry MeCN, with a solution of I2 and tBuONO in MeCN and subsequent heating in a 60 °C coil over 25 min furnished several heteroaryl iodides in good yields (Scheme 87). 
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[bookmark: _Ref493543794][bookmark: _Ref496543999]Scheme 87 Flow iododeamination of several aminoarenes (ref. [185])

A rare example of nucleophilic iodination on heteroarenes is the aromatic Finkelstein reaction, developed by the group of Buchwald. The catalytic system for this batch transformation consisted of CuI and a diamine ligand, and was typically performed in dioxane at 110 °C for 24 h.[186] When revisiting this reaction in order to evaluate its feasibility in microflow, they opted for a packed bed approach, on account of the low solubility of NaI in aprotic solvents.[155] Employing the same reaction conditions, only this time at 180 °C, they found that the reaction reached completion in very high yield after 30 min (Scheme 88). A wide scope of pyridines and (fused) azoles was reported in typically higher than 80% yield. In the same study, they go on to investigate the streamlined SN2 amination of these iodoarenes, as well as the Mg/I exchange followed by addition onto carbonyl electrophiles.
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[bookmark: _Ref493543894][bookmark: _Ref496544023]Scheme 88 Aromatic Cu-catalyzed Finkelstein reaction in continuous mode using a NaI packed bed reactor (ref. [155])





9. [bookmark: _Toc502832551]C-S bond forming reactions

Good examples of the usefulness of flow chemistry can often be found in thermal rearrangements. The Newman-Kwart rearrangement (NKR) is one of those sigmatropic reactions which turns O-aryl thiocarbamates into S-aryl thiocarbamates, and thus constitutes an effective entry to thiophenols from phenols. The reaction has been shown to work for pyridines,[187] and to benefit from flow conditions,[188] but no heteroarenes were functionalised in the latter report. 
The 130 year old Stadler-Ziegler reaction is another classic reaction for the preparation of arylthioethers. An aryldiazonium salt is herein treated with an aryl or alkyl sulfide, and after expulsion of N2 gas, the thioether is afforded - described by the original authors as an explosive event.[189] A more modern version of this ‘forbidden chemistry’ was reported by Wang and coworkers, who used a photocatalytic microflow procedure to generate a variety of (hetero)aryl sulfides[190] (a more elaborate discussion will be provided in the chapter by Dr. Glasnov).
Similarly, the group of Ley proposed a flow chlorosulfonylation of aryldiazonium salts.[191] In their protocol, a solution of an aniline, a chloride salt and SO2 in MeCN was merged with an injection of tBuONO, which after diazotation was treated with CuCl2 to catalyze the denitrogenative chlorosulfonylation. This could further be reacted off-line with an amine to yield different sulfonamides, although no heteroarenes were reported. 
Becker et al. described a direct C-H metalation approach towards functionalized arenes.[63] In a previous report, they showed how TMPLi in the presence of metal salts emerged as a very capable base to abstract the most acidic proton off of several benzenes and heteroarenes.[192] Now, endeavoring to seek alternatives for the expensive 2,2,6,6-tetramethylpiperidine, they found that Cy2NLi in the presence of ZnCl2 or MgCl2 performed at least as effectively, albeit at a 100-fold lower cost. An inlet of e.g. 2-fluoropyridine and MgCl2 in THF was merged with a stream of Cy2NLi, and the formed Grignard reagent was subsequently quenched with S-methyl methanethiosulfonate to afford 3-methylthio-2-fluoropyridine (Scheme 89). 
[image: ]
[bookmark: _Ref493538011][bookmark: _Ref496544045]Scheme 89 Deprotonative magnesiation and off-line methylthiolation of 2-fluoropyridine (ref. [63])
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A single example of direct silylation of the heteroaromatic ring in flow comes from the group of Yoshida.[73] A flash chemistry approach was used to selectively lithiate one bromide on dibrominated pyridines. Even under non-cryogenic conditions (0 °C), treatment with nBuLi combined with a residence time of only 0.06 s with subsequent TMSCl quenching provided good yields of the silylated monobromopyridine (Scheme 90). Also a second lithiation was achieved, when a subsequent unit at -28 °C was coupled. A second equivalent of nBuLi and a residence time of 0.5 - 1 s sufficiently performed Br/Li exchange, whereafter electrophile quenching afforded the disubstituted pyridine. In a later, more elaborate report, they used the same strategy to silylate monobromopyridines.[193]

[image: ]
[bookmark: _Ref493542411][bookmark: _Ref496544062]Scheme 90 Flash lithiation of dibromopyridines ans subsequent trapping with the silicon electrophile (ref. [73]) TMSCl = trimethylsilyl chloride
More recently, Michel and Greaney used a similar lithiation approach for silyl group installment.[194] Starting from several o-bromophenol silyl ethers, the Br/Li exchange with nBuLi spontaneously effected the retro-Brook rearrangement to furnish o-trimethylsilylphenols. Telescoped triflation or nonaflation enabled easy access to a series of benzyne precursors, although no heteroarenes were reported.

11. [bookmark: _Toc502832553]Conclusion
Microflow technology has brought about some intriguing advances for heterocyclic functionalization. In some cases, flow protocols even enabled transformations which are practically unfeasible in batch mode. In many other cases, reaction times are drastically reduced, turnover is improved or safety profiles are much more workable.
From the overview in this chapter, some specific benefits of flow chemistry in the field of heteroarene functionalization can be summarized:
· Process intensification: reactions requiring high temperatures can be heated more efficiently in microchannels, allowing even superheating of a solvent. For this reason, flow reactions can often be conducted significantly faster than their batch counterparts.

· Biphasic procedures: gas/liquid reactions are typically well enhanced by microflow conditions. The ability to pressurize the reagent streams on one hand, and the high contact area due to small channel dimensions on the other, make for much more ideal conditions than can be obtained in batch.

· Catalyst immobilization: making use of packed bed reactors, flow processes may benefit from immobilized metal catalysts that can be reused multiple times. In this way, expensive metals like Pd or Ir need not be added as homogeneous catalysts, rendering the whole process more cost-effective.

· Flash chemistry: the ultrashort reaction times that are attainable in microflow enable some challenging lithiations, in high selectivity at non-cryogenic temperatures, which would otherwise suffer from side reactions.

· Hazardous reagents and intermediates: in continuous mode, the formation of dangerous intermediates like nitration mixtures or organic diazo compounds, form much less of a safety issue. This can be attributed to the fact that only minimal quantities of a certain hazardous structure exist at the same time and also because temperature control is far superior. For this reason, even deliberate, thermal decomposition of explosive compounds is allowed which would otherwise be unthinkable under batch conditions.

Although the handling of solids in microchannels will remain a perennial struggle for flow chemists, some innovations have certainly met this hardship. With the aid of ultrasound irradiation, solids can be prevented from coagulating, and packed bed reactors form a means of reacting the most insoluble of solids. Other advances will also increasingly simplify complete syntheses in flow. In-line purification modules like scavenging resins, chromatography units, membrane separation or continuous extraction are capable of delivering pure products at the end of the production line. 
In recent years, some impressive continuous syntheses on process level have lifted the veil of what could be the future of API manufacturing. The inherent scalability aspect of microflow chemistry has captured interest of increasing numbers of process chemists, and steadily this mode of synthesis is becoming a fixed value in lab benches and pilot plants alike. Our prediction is that the field of heteroarene functionalization in flow will follow this trend. Not only will the multitude of batch transformations become translatable to flow at some point, but it is also conceivable that continuous mode may surpass many batch processes in terms of versatility and reproducibility. Further research could follow up on this path by creating concepts that enable more effective reactions, easier monitoring and practical purification. 
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