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Abstract: The concept of flow “fine” synthesis, that is, high

yielding and selective organic synthesis by flow methods, is

described. Some examples of flow “fine” synthesis of natural

products and APIs are discussed. Flow methods have several

advantages over batch methods in terms of environmental

compatibility, efficiency, and safety. However, synthesis by

flow methods is more difficult than synthesis by batch meth-

ods. Indeed, it has been considered that synthesis by flow

methods can be applicable for the production of simple

gasses but that it is difficult to apply to the synthesis of

complex molecules such as natural products and APIs.

Therefore, organic synthesis of such complex molecules has

been conducted by batch methods. On the other hand, syn-

theses and reactions that attain high yields and high selec-

tivities by flow methods are increasingly reported. Flow

methods are leading candidates for the next generation of

manufacturing methods that can mitigate environmental

concerns toward sustainable society.

1. Introduction

Batch Method and Flow Method

Chemical synthesis is mainly carried out by either a batch or

a flow method (Figure 1). In the batch method, all starting ma-

terials, additives, solvents, etc. are charged into a flask or a reac-

tion vessel before the start of a reaction and they are dis-

charged, together with the product, after the reaction, usually

by conducting a work-up procedure including purification. This

approach is currently by far the most common method in

most laboratories of organic chemistry and synthetic organic

chemistry, and the production of fine chemicals such as active

pharmaceutical ingredients (APIs), agrochemicals, electronic

chemicals, fragrances, etc. has mostly been performed by re-

peating batch methods. In contrast, in flow methods, materials

are simultaneously charged and discharged. Starting materials

are continuously introduced at one end of a column or

a hollow loop, and the product is continuously eluted from

the other end of the column or the loop. Flow methods have

been used in the large-scale synthesis of basic chemicals by re-

actions of gas molecules; the synthesis of ammonia through

the Haber–Bosch process[1] is a typical example. Recently, most

reactions using microreactors have been conducted by using

flow methods.[2] .

As synthetic procedures, flow methods have several advan-

tages over batch methods in terms of environmental compati-

bility, efficiency, and safety.[3] However, in general synthesis by

using flow methods is more difficult than by using batch

methods. Indeed, it has generally been considered that synthe-

sis by using flow methods can be applicable for the produc-

tion of simple gasses but that it is difficult to apply to the syn-

thesis of complex molecules such as APIs.[4] Another aspect is

more complicated purification methods of complex molecules

than simple distillations that are encountered in petrochemical

industry.

2. Modern Organic Synthesis and Organic Syn-
thesis by Flow Methods

Modern organic synthesis is used for the synthesis of a wide

range of useful compounds, and many synthetic reactions can

be used to achieve high yields and high selectivities. Although

the phrase “fine organic synthesis”[5] is used occasionally, the

word “fine” is often omitted because modern organic synthesis

has developed to the stage that only reactions that proceed

with high levels of control and efficiency are used routinely.

On the other hand, according to classifications of synthetic

methods, conventional organic syntheses involve almost exclu-

sively batch methods, and the term “modern organic synthe-

sis” is actually an abbreviation of “organic synthesis by batch

methods.”[6] Again, because “by batch methods” is self-evident,

it is typically not necessary to include the clarification.

However, syntheses and reactions that attain high yields and

high selectivities by using flow methods have also been in-

creasingly reported.[7] These methods are properly classified as

organic synthesis, however, as mentioned above, because

modern organic synthesis is “organic synthesis by batch meth-

ods,” it seems inappropriate to call these methods simply or-

ganic synthesis. It may be termed “organic synthesis by flow

methods;” however, at this moment, the quality and quantity

of organic synthesis may be different between “organic synthe-

sis by batch methods” and “organic synthesis by flow meth-

Figure 1. Batch method (a) and flow method (b).
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ods.” Therefore, instead of “organic synthesis by flow methods”

we may use the term “flow fine synthesis,” which is “fine or-

ganic synthesis by flow methods,” wherein “fine” is the goal of

flow synthesis (Figure 2).[8]

3. Flow “Fine” Synthesis and its Characteristics

Flow “fine” synthesis should be “reactions and synthesis that

attain high yields and high selectivities by a flow method.” Fur-

thermore, because a characteristic of the flow method is that it

is continuous, flow “fine” synthesis should construct multistep

flow systems[9] by combining individual flow reactions to syn-

thesize structurally complex molecules (Figure 3).

Flow “fine” synthesis has several advantages over conven-

tional organic synthesis. (1) High energy productivity and

energy saving compared with batch methods can be realized.

(2) The compact nature of a reactor means that space saving

can be realized in addition to energy saving. (3) The low-

volume reaction space means that it is possible to suppress

damage caused in the event of leakage even when high-risk

substances are used; therefore, flow “fine” synthesis ensures

high safety. (4) It is possible to adjust the quantity of produc-

tion by controlling the rate of introduction of starting materi-

als ; such “just-in-time”[10] production can reduce the amount of

waste generated, which can lead to lower costs. (5) Automa-

tion is easier, and it is possible to minimize the exposure of op-

erators to hazardous chemicals. (6) As discussed below, by

using columns packed with suitable catalysts, the separation of

catalyst from the product is not required.

4. Types of Reactions of Flow “Fine” Synthesis

Reactions of flow “fine” synthesis can be divided into types I–

IV (Figure 4).[11]

Type I: Substrates (A and B) are passed through a column or

hollow loop, etc. during which reactions occur. Although the

product is obtained continuously, unreacted A or B or any by-

product(s) are also eluted as contaminants.

Type II: One of the substrates (B) is supported in a column.

If an excess amount of B is used, the second substrate (A) is

consumed. Although contamination of the product by unreact-

ed A or B may be avoided, overreaction(s) may occur. In addi-

tion, once supported B is consumed, the column must be

changed.

Type III : Substrate A reacts with B in the presence of a ho-

mogeneous catalyst. Although catalysis proceeds smoothly,

the catalyst cannot be easily separated and it elutes as a con-

taminant in the product.

Type IV: Substrate A reacts with B in the presence of a heter-

ogeneous catalyst. If catalysis proceeds smoothly, no separa-

tion of the catalyst from the product is required.

Based on the recent regulations on green sustainable

chemistry,[12] synthesis with catalysts is preferred to synthesis
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Figure 2. Conventional organic synthesis and flow “fine” synthesis.

Figure 3. Characteristics of flow “fine” synthesis.

Figure 4. Classification of reactions for flow “fine” synthesis.[11]
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without catalysts because the latter can lead to energy saving

and waste reduction. From this point, flow systems of types III

and IV are recommended.[13] Furthermore, whereas the prod-

ucts are contaminated by catalysts in type III flow systems, no

contamination of catalysts is expected under ideal conditions

in type IV systems. Therefore, type IV flow systems may have

some advantages over other types of flow reactions.

5. Actual Flow “Fine” Synthesis: Synthesis of
Natural Products and Active Pharmaceutical
Ingredients (APIs) by Multistep Flow Systems

Selected examples of flow “fine” synthesis for the preparation

of natural products and APIs are described.

rac-Oxomaritidine (2006)[14]

Rac-Oxomaritidine (1) is a cytotoxic alkaloid of the Amaryllida-

ceae family of natural products.[15] The multistep flow synthesis

of 1 is shown in Figure 5. The starting materials, 4-(2-bromoe-

thyl)phenol (2) and 3,4-dimethoxybenzyl alcohol (4), are both

commercially available. In the first step, 2 was converted into

the corresponding azide 3 quantitatively by using an immobi-

lized azide exchange resin. The newly generated alkyl azide 3

was then treated with a polymer-supported phosphine, fur-

nishing the corresponding aza-ylide, which was trapped on the

supported material. In a separate line, 4 was oxidized to afford

the aldehyde coupling partner 5 by using a prepacked column

of tetra-N-alkylammonium perruthenate.[16] The aldehyde was

then passed through the column containing the immobilized

aza-ylide, producing the desired imine 6. The latter imine was

then subjected to continuous-flow hydrogenation using 10%

palladium on carbon to afford secondary amine 7. For the sub-

sequent transformations, a solvent switch from tetrahydrofuran

(THF) to dichloromethane (DCM) was required. After the sol-

vent switch, secondary amine 7 and trifluoroacetic anhydride

(TFAA, 5 equivalents) in DCM were passed onto a microfluidic

reaction chip at 80 8C, which resulted in trifluoroacetylation of

amine 7 to give amide 8. Although the temperature (80 8C)

was above the usual boiling point of DCM, the system was

controlled by using a backpressure regulator. The crude amide

8 was then passed through a short scavenging column con-

taining a silica-supported primary amine, which removed

excess TFAA or residual trifluoroacetic acid (TFA). This reaction

stream was then directed into a column containing polymer-

supported (ditrifluoroacetoxyiodo)benzene (PS-PIFA),[17] which

led to oxidative phenolic coupling and to the generation of

seven-membered tricyclic intermediate 9. The resulting prod-

uct was then passed directly into a column that contained

a polymer-supported base, which promoted cleavage of the

amide bond, allowing 1,4-conju-

gate addition to take place

spontaneously, generating the

target compound 1.

Six columns and one micro-

fluidic chip (microchannel) were

used for the synthesis, and the

seven-step synthesis resulted in

more than 40% overall yield;

pure 1 (20 mg) was obtained

after separation by preparative

HPLC.

The types of flow reactions

used were Type I: 1; Type II : 5;

Type III : 0; and Type IV: 1.

The synthesis described

above, which was reported in

2006, is an outstanding piece of

work that was developed at an

early stage of flow “fine” synthe-

sis.[18] The synthesis was com-

pleted without the need for

column chromatography or the

use of aqueous work-ups at any

stage. The natural product was

synthesized in an automated se-

quence from readily available

starting materials in less than

a day. Some four days were

needed for the synthesis of 1 by

using a batch method.[19]

Figure 5. Flow synthesis of rac-oxomaritidine (1).
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N,N-Diethyl-4-(3-fluorophenylpiperidin-4-ylidenemethyl)-

benzamide (d-Opioid Receptor Agonist) (2010)[20]

N,N-Diethyl-4-(3-fluorophenylpiperidin-4-ylidenemethyl)benz-

amide (10) is a potent d-opioid receptor agonist that was de-

veloped by AstraZeneca.[21] The four-step flow synthesis of 10

is shown in Figure 6. A solution of iPrMgCl·LiCl in THF and

a mixture of 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidi-

none (DMPU), diethylamine, and ester 11 in THF were com-

bined, and the resulting mixture was passed through a convec-

tion flow coil (CFC) reactor (10 mL, 25 8C) before being merged

with a third flow of 1-Boc-4-piperidone (12). The reaction

stream was then directed through a second CFC (10 mL, 25 8C),

followed by three scavenger columns containing, in order, sup-

ported-sulfonic acid, supported-TsNHNH2, and silica gel to give

tertiary alcohol 13. The supported-sulfonic acid scavenged the

residual amine starting material and the base, and the support-

ed-TsNHNH2 removed all the remaining piperidone 12 ; the

silica gel column trapped the magnesium salts generated

during the process. The exiting flow then entered into a ReactIR

flow cell, and as soon as the indicative fingerprint signal of 13

was detected (i.e. , IR stretching frequency 1690–1700 cm¢1),

the fourth input stream was started, allowing the Burgess re-

agent (14) to join the main reaction stream of 13. The reaction

mixture was then pumped through a third CFC (10 mL, 60 8C)

before entering into a column loaded with a mixture of sup-

ported-sulfonic acid and supported benzylamine to sequester

the excess Burgess reagent and associated by-products, pro-

viding N-Boc-protected 15. Final-

ly, a heated column (60 8C) of

supported-sulfonic acid was

used to deprotect and catch the

target molecule. Elution of the

acidic column by using a solution

of NH3 in MeOH completed the

synthesis in a continuous fash-

ion, and gave the product 10.

Four CFCs and one column

were used, and the four-step

synthesis resulted in 35% overall

yield of pure 10 (74 mg).

The types of flow reactions

used were: Type I: 3; Type II : 1;

Type III : 0; Type IV: 0.

The chief characteristic of this

synthesis is the combined use of

type I flow reactions (Figure 4)

and scavenger resins. The flow

syntheses are carried out by

using CFC reactors followed by

scavenger resins, which removed

unreacted starting materials,

coproducts, and by-products ef-

ficiently. The use of microreac-

tors has advantages associated

with mixing and heating but has

suffered from problems of block-

ing, which was addressed by dilution of the reagents and

through the judicious choice of solvents. The integrated purifi-

cation employing solid-supported reagents and in-line IR ana-

lytical protocols using a newly developed ReactIR flow cell are

remarkable.[22]

Artemisinin (2012, 2013)[23,24]

Artemisinin (16) is a sesquiterpene endoperoxide that is highly

effective against the protozoan parasite, Plasmodium falcipa-

rum, which is responsible for malaria.[25] The semisynthesis of

16 was conducted by using a continuous-flow method starting

from dihydroartemisinic acid (DHAA, 17), which was derived

from artemisinic acid by hydrogenation[26] or produced by fer-

mentation in engineered yeast.[27] Artemisinic acid can be

either extracted from the plant Artemisia annua (sweet worm-

wood) in high yields, or produced in engineered yeast.[28]

A continuous-flow conversion of 17 into artemisinin (16) is

outlined in Figure 7. The key challenge was developing a con-

tinuous photochemical transformation[29] involving a singlet-

oxygen-induced ene reaction of 17 to afford tertiary allylic hy-

droperoxide 18,[30] acid-mediated cleavage of the oxygen–

oxygen bond (Hock cleavage) of 18 to provide 19,[31] and oxi-

dation of 19 with triplet oxygen to form 20 and finally 16.[32]

A single, fully integrated continuous-flow synthesis to con-

vert 17 into 16 required a reactor that receives as input, 17,

oxygen gas, and tetraphenylporphyrin (TPP) as photosensitizer.

For this purpose, a commercially available continuous-flow

Figure 6. Flow synthesis of d-Opioid Receptor Agonist (10).
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system that included HPLC pumps was combined with an in-

house photochemical flow setup, as well as an additional

mixer and thermal reactor.[23] In this reactor, a solution of 17

and the photosensitizer TPP in DCM were mixed at a flow rate

of 2.5 mLmin¢1 with a stream of oxygen gas (7.5 mLmin¢1),

and the solution was passed through the photoreactor. The

residence time in the reactor was approximately 2 min. By

using an acid-resistant pump, a solution of TFA in DCM was

added at a flow rate of 0.5 mLmin¢1 to the outlet stream of

the photoreactor, which contained mainly 18, to induce the

acid-catalyzed Hock cleavage. The acid was added just after

the completion of the singlet-oxygen reaction.

Hock cleavage took place in a PTFE reactor (26 mL volume

total, with 16 mL maintained at room temperature and 10 mL

heated at 60 8C). A residence time of approximately 2.5 min

was required for the Hock cleavage (from 18 to 19), oxidation

with triplet oxygen (from 19 to

20), and further condensation

(from 20 to 16). After a total res-

idence time of 4.5 min, a product

flow that was comprised mainly

of 16, was obtained. Purification

by chromatography gave 16 in

39% yield from DHAA (17).

Three flow coil reactors were

used, and the four-step synthesis

resulted in 39% overall yield of

pure 15 (1.36 g). The total resi-

dence time was 4.5 min.

The types of flow reactions

used were: Type I: 1; Type II : 0;

Type III : 2; Type IV: 0.

The synthesis was subse-

quently improved for large-scale

preparation.[24] To attain maxi-

mum yield and efficiency, dicyanoanthracene (DCA) was used

in place of TPP as photosensitizer, and toluene was selected as

solvent. DHH (17), DCA, TFA, and O2 were flowed into the pho-

toreactor, which was cooled at ¢20 8C. After passing through

the photoreactor, the solution was heated to 10 8C in a reaction

line of 10 mL volume and a second reaction line of 30 mL

volume at room temperature. Crude 16 was obtained in 65%

yield, which was purified to give a 48% yield (16.08 g) of 15 in

11.5 min residence time.

The elegant setup of the flow reactors enabled very efficient

control of the reaction, and demonstrated the clear advantag-

es of the flow method over the batch method.

Neurolepticum Olanzapine (Zyprexa) (2013)[33]

Olanzapine (21) is one of the best-selling drugs worldwide. It

exerts antagonistic activity toward the dopamine receptor type

4 (D4 receptor) and the serotonin receptor type 2 (5HT2 recep-

tor),[34] and it is used for the treatment of bipolar disorder and

schizophrenia.[35] The multistep flow synthesis of 21 was estab-

lished according to the synthetic route shown in Figure 8.

The continuous, three-step synthesis of thieno[1,5]benzodia-

zepine 26 was started from Pd-catalyzed amination,[36] of thio-

phene 22 and aryl iodide 23. A solution of 22, 23, Pd2(dba)3,

Xantphos, and nBu4NOAc in ethyl acetate was flowed into a re-

actor filled with steel beads at 50 8C (high-frequency inductive

heating,[37] was used). The reaction stream moved to an in-line

extraction, followed by passage through a cartridge filled with

silica to remove traces of Pd. Other materials such as Al2O3 and

sulfur were less effective. Subsequent reduction of the nitro

group was conducted by flowing a solution of 24 and Et3SiH

in ethyl acetate through a column packed with Pd/C and

cotton wool.[38] The reaction mixture containing aromatic

amine 25, after reduction of the nitro group, was collected in

a glass vessel, where remaining hydrogen gas was liberated, al-

lowing for constant flow rates. At this point, a stream of HCl in

MeOH (0.6 m) was added and the solution of 25 was injected

into a tubular reactor at 140 8C with high-frequency inductive

Figure 7. Flow synthesis of artemisinin (16).

Figure 8. Flow synthesis of olanzapine (21).
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heating to afford thieno[1,5]benzodiazepine 26. It was possible

to conduct the three steps continuously for 30 h without chro-

matographic purification to obtain 313 mg (88% yield) of 26.

Notably, the overall reactor volume was approximately 8 mL

for all three steps and no solvent switch was conducted. The

formation of olanzapine (21) was achieved with an additional

reactor (3 mL volume), which contained a silica-supported tita-

nium Lewis acid, to promote the substitution reaction at 85 8C

with high-frequency inductive heating. Olanzapine (21) was

obtained in 83% yield (293 mg). The patent describes a produc-

tivity of 1.88 mmol/LR·h (LR= reaction volume in liters) in a dis-

continuous batch system, whereas this flow method has a pro-

ductivity of 3.97 mmol/LR·h.

The synthesis of olanzapine (21) was conducted in a four-

step flow “fine” synthesis in 88% yield in the first three steps

and in 83% yield in the fourth step. Compound 21 was ob-

tained in a total amount of 293 mg in 15 h. Three column reac-

tors and one loop reactor were employed.

The types of flow reactions used were: Type I: 1, Type II : 0,

Type III : 1, Type IV: 2.

One of the key technologies for this synthesis is the ad-

vanced heating system.[37] The rapid heating of reactants inside

the flow device is an important issue when syntheses are con-

ducted in mesofluidic reactors at high flow rates. The elegant

heating technology was used in three flow systems in the syn-

thesis.

Ibuprofen (2009, 2015)[39,40]

Ibuprofen (27) is a high-volume, nonsteroidal anti-inflammato-

ry drug (NSAID). Two continuous-flow syntheses of 27 have

been reported: the first example, reported in 2009,[38] is a fun-

damental, laboratory-scale synthesis ; the second, reported in

2015,[40] is a scale-up synthesis including chemical engineering

technologies.

The first three-step, continuous-flow synthesis of 27 was

conducted using a simplified microreactor that eliminated the

need for purification and isolation steps. To achieve this contin-

uous-flow synthesis, a careful retrosynthetic analysis of 27 was

performed. Reactions therefore had to be designed such that

by-products and excess reagents from one reaction were com-

patible with downstream reactions. The general three-step syn-

thesis of 27 is outlined in Figure 9.

The first step was Friedel–Crafts acylation,[41] for which

mixing isobutylbenzene (IBB) and propionic acid with triflic

acid (TfOH) proved to be an effective method to synthesize

28.[42] It is considered that the reaction of ThOH with propionic

acid leads to the formation of a protonated mixed anhydride,

which is a very reactive acylation reagent. This TfOH/propionic

acid system was not only effective with the first step but was

also compatible with the second step. To run acylation experi-

ments under continuous-flow conditions, a solution of IBB and

propionic acid was mixed with a stream of TfOH, resulting in

plug flow. Heating the reactor at 150 8C for 5 min gave the

highest conversion and yield. The next step was the 1,2-aryl

migration.[43] An efficient mixing of the outlet stream from the

first step with the PhI(OAc)2/trimethyl orthoformate (TMOF) re-

agent stream for the second step was conducted at 0 8C. It

was necessary to cool here due to significant off-gassing that

occurred when the mixing was conducted at room tempera-

ture. In this system, no additional acid was required, because

the TfOH from the Friedel–Crafts acylation also facilitated the

1,2-aryl migration. The mixture was heated at 50 8C and the

residence time was 2 min. The final step was achieved by sapo-

nification of methyl ester 29 with KOH. The outlet stream from

the second step was combined with a stream of 5m KOH and

heated at 65 8C for 3 min. The excellent heat transfer of the mi-

croreactor allowed the acidic stream to be mixed with the

basic stream without danger from the exotherm. Sampling the

outlet stream showed only the presence of residual IBB, iodo-

benzene, and trace amounts of methyl ester 29. After acidic

work-up, ibuprofen (27) was obtained in 68% crude yield and

51% yield after recrystallization.

Three coil reactors were used in this synthesis, and the total

residence time was 10 min. Ibuprofen (27) was obtained at

9 mgmin¢1 with an overall yield of 51%.

The types of flow reactions used were: Type I: 1, Type II : 0;

Type III : 2, Type IV: 0.

This laboratory-scale, continuous-flow synthesis was subse-

quently applied to large-scale production.[40] The basic synthet-

ic scheme was the same, but several improvements were un-

dertaken to achieve higher throughput (Figure 10). The Frie-

del–Crafts acylation was conducted using AlCl3,
[41] and the

starting material was not a carboxylic acid but an acid chloride.

The reaction proceeded under neat conditions, and it was pos-

sible to conduct an exothermic in-line quench of high concen-

trations of precipitation-prone AlCl3 as well as liquid–liquid

separations, which were run to provide solvent-free prod-

uct 28. The second step was carried out by using iodine mono-

chloride (ICl).[44] Highly corrosive ICl was pumped neat for sev-

eral hours without pump failure, enabling very rapid formation

of methyl ester 29 in the oxidative 1,2-aryl rearrangement.

Final ester hydrolysis was conducted by using NaOH.

In a total residence time of 3 min, ibuprofen (27) was assem-

bled from its elementary building blocks with an average yield

of more than 90% for each step. A scale-up of this five-stage

process (three bond-forming steps, one work-up, and one in-

Figure 9. Flow synthesis of ibuprofen (27) ; Part 1.
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line liquid–liquid separation) provided 27 at a rate of 8.09 gh¢1

using a system with an overall footprint of half the size of

a standard laboratory fume hood.

Three coil reactors were used in this synthesis, and the total

residence time was 3 min. Ibuprofen was obtained at

8.09 gh¢1 with an overall yield of 83%. The types of flow reac-

tions used were: Type I: 1, Type II : 0; Type III : 2, Type IV: 0.

In multistep continuous synthesis, by-products, excess re-

agents, and promoters or catalysts from one reaction have to

be compatible with downstream reactions. In this context, the

first synthesis is well designed based on modern organic syn-

thesis. The first Friedel–Crafts acylation is conducted using

a carboxylic acid as the starting material.[45] Most Friedel–Crafts

acylation reactions are conducted with acid chlorides or acid

anhydrides as the starting materials. The first reaction has

some advantages over the conventional reaction, because acid

chlorides or acid anhydrides are usually prepared from carbox-

ylic acids. Only water forms in the first reaction, whereas HCl

or a carboxylic acid is generated in the second reaction. More-

over, in the first synthesis, TfOH promotes the Friedel–Crafts

acylation and it also mediates 1,2-aryl migration in the second

step. On the other hand, in the second synthesis, the use of

very reactive reagents AlCl3 and ICl makes it possible to pro-

mote rapid reactions; although these reagents or their decom-

position compounds often influence other reactions, in this

system they are successfully quenched before the next steps.

These considerations clearly demonstrate the excellent con-

trasting approaches to such syntheses.

(R)-Rolipram (2015)[11]

The anti-inflammatory drug rolipram (28) is a member of the

g-aminobutyric acid (GABA) family ;[46] it is a selective phospho-

diesterase 4 (PDE4) inhibitor that is particularly effective for the

PDE4B subtype of PDE4.[47–49] Moreover, rolipram is known as

a possible antidepressant and has been reported to have anti-

inflammatory, immunosuppressive, and antitumor effects.[47,48]

Rolipram has also been proposed as a treatment for multiple

sclerosis, and has been suggested to have antipsychotic ef-

fects.[50] Furthermore, it has been reported that (R)-rolipram

has anti-inflammatory activity, whereas (S)-rolipram does not.[49]

Both (R)- and (S)-rolipram were selected as targets for con-

tinuous-flow synthesis not only because rolipram itself is

a very interesting and promising drug for several targets, as

noted above, but also because the completed flow synthesis

may be applicable to the synthesis of other GABA derivatives.

The synthesis of (R)- and (S)-rolipram was planned from com-

mercially available starting materials using continuous-flow sys-

tems (Figure 11). The key characteristic here is that only type IV

reactions (Figure 4) are used in this synthesis. Commercially

available aldehyde 29 and nitromethane 30 are converted into

nitroalkene 31. Catalytic asymmetric 1,4-addition of malonate

32 to 31 affords enantiomerically enriched g-nitro ester 33.

The nitro group of 33 is reduced selectively to afford g-lactam

34 after cyclization. Finally, the ester group of 34 is removed

to afford 28.

First, the flow synthesis of 31 from 29 and 30 by using a het-

erogeneous catalyst was examined (Figure 12).[51] Toluene was

selected as a solvent because the following step, the asymmet-

ric 1,4-addition, proceeded smoothly in toluene. It was found

that a silica-supported amine with anhydrous calcium chloride

gave a high yield of 31 when almost equimolar amounts of 29

and 30 were applied at 75 8C. The solution of 29 and 30 in tol-

uene was introduced from the bottom of the column, and the

desired product 31 was obtained in more than 90% yield. The

system was found to be stable for at least one week. The

asymmetric 1,4-addition of malonate 32 to 31 by using a chiral

heterogeneous catalyst was then examined. Catalytic asym-

metric reactions provide one of the most efficient routes to

enantiomerically enriched products.[52] A column was filled

with a supported calcium catalyst (PS-(S)-Pybox-calcium chlo-

ride).[53] A stream of nitroalkene 31 synthesized in the first

column and a solution of malonate 32 and triethylamine in tol-

Figure 10. Flow synthesis of ibuprofen (27): Part 2.

Figure 11. Retrosynthesis of rolipram (28) by a flow method.
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uene was mixed and introduced into the column. It was found

that when the reaction was conducted at 0 8C, the desired g-

nitro ester 33 was obtained in high yield and with high enan-

tioselectivity. Under the optimized conditions, the mixture of

the stream from the first column and 32 was precooled at 0 8C

by using a loop, and the second column was separated into

two columns. The crude product solution in receiver 2 was col-

lected. It was confirmed to contain mainly 33, with small

amounts of 30 and 32, and triethylamine.

The next step involved the reduction of the nitro group of

33 to the corresponding amino group.[54] Experimental condi-

tions required the stream of the toluene solution obtained

from the second column to be under atmospheric pressure. A

newly developed polysilane-supported palladium/carbon (Pd/

PMPSi-C) catalyst[55] worked well for the reduction. The mixed

solution (crude 33 in toluene) and hydrogen gas (3 mLmin¢1)

were introduced into the column (filled with Pd/PMPSi-C and

Celite) at 100 8C by downflow. Under these conditions, the de-

sired reduction proceeded smoothly to afford g-lactam 34. The

final stage in the synthesis of rolipram (28) involved the hy-

drolysis and decarboxylation of the ester part of 34. It was

found that the desired transformations proceeded in the pres-

ence of a silica-supported carboxylic acid. Small columns of

Amberlyst 15Dry (Y) and Celite (Z) were then added, and o-

xylene was introduced. The main stream from the previous

column was combined with o-xylene and water, and the total

flow was passed through the column from the top down at

120 8C. Finally, (S)-rolipram was obtained ((S)-28, 50% yield

from 29 after preparative TLC, 997.8 mg 24 h¢1, 96% ee). The

flow system was found to be stable for at least one week. Re-

crystallization from water/methanol gave optically pure (S)-roli-

pram (>99% ee). Direct recrystallization of the crude product

afforded chemically and enantiomerically pure (S)-rolipram

without chromatography. The antipole (R)-rolipram was also

synthesized by continuous flow by simply replacing the

second column packed with PS-(S)-Pybox-calcium chloride

with another column bearing PS-(R)-Pybox-calcium chloride

(the opposite enantiomer). The procedure remained the same

and similar productivity was ob-

tained ((R)-1, 50% yield from 2,

96% ee).

Thus, the synthesis of (R)- and

(S)-rolipram was completed.

Commercially available starting

materials were successively

passed through the columns

containing heterogeneous achi-

ral and chiral catalysts to directly

afford the drug with high enan-

tioselectivity. Eight chemical

transformation steps were con-

ducted smoothly during the

flow, without isolation of any in-

termediates and without the

separation of any catalysts, cop-

roducts, by-products, or excess

reagents. In the flow system,

each step can be monitored by using receivers (real-time anal-

ysis is possible). It is noteworthy that all four columns em-

ployed are of the desirable type IV flow system, and that the

product does not contain any metal (palladium, <0.01 ppm),

as confirmed by inductively coupled plasma analysis. Moreover,

this is the first example of the successful use of a chiral catalyst

in multistep continuous-flow synthesis of drugs or biologically

important compounds.

Four column reactors were employed in the four-step syn-

thesis. (R)- or (S)-Rolipram (28) was obtained in 50% yield, and

a total amount of 1 g was obtained in 24 h.

The types of flow reactions used were: Type I: 0, Type II : 0,

Type III : 0, Type IV: 4.

The present multistep continuous-flow synthesis has been

developed for use on the laboratory scale, and the drugs were

obtained on a gram-scale. It has been confirmed that the

system is stable and that the flow continues at steady state

during the synthesis. Indeed, the system is stable for at least

one week, and the same yields and enantioselectivities are ob-

tained for the syntheses of (R)- and (S)-rolipram. Furthermore,

it has also been confirmed that heterogeneous catalysts used

in this flow system are robust, air stable, and have a long life-

time. For example, the chiral calcium catalyst can be used for

more than several months without loss of any catalytic activity

or enantioselectivity.

6. Conclusions and Perspectives

The concept of flow “fine” synthesis and some examples of its

use for the flow “fine” synthesis of natural products and APIs

have been described.[56] The future direction of flow “fine” syn-

thesis has much in common with that of modern synthetic or-

ganic chemistry. Similar to the development of synthetic or-

ganic chemistry, which has been pursuing “efficiency” in many

ways, the first objective of flow “fine” synthesis is also to im-

prove efficiency. In synthetic organic chemistry, it goes without

saying that higher yields are desired. However, in flow “fine”

synthesis, even if the product is obtained in high yield, reac-

Figure 12. Flow synthesis of (R)- and (S)-rolipram (28).
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tions that produce a coproduct, such as the Wittig reaction,[57]

are not suitable. When used in multistep flow synthesis, the

flow of the coproduct downstream is not desirable. However,

reactions such as the Wittig reaction are also not necessarily

ideal from the viewpoint of atom economy,[58] and improved

approaches in this area are increasingly demanded in synthetic

organic chemistry.[59] While we encourage the use of immobi-

lized and solid catalysts in flow “fine” synthesis,[60] the use of

a catalyst is also encouraged in synthetic organic chemistry

from the point of view of green chemistry ;[12] there is clearly

also a common point in this respect.

In addition, it is clear that organic synthesis by flow methods

is not limited to reactions that cannot be conducted in a batch

method.[61] Flow reactions have been developed that produce

products that can also be synthesized in a batch method. This

is because flow methods have a number of methodological ad-

vantages compared with batch methods, as noted previously.

Currently, very few organic reactions by flow methods are

available compared with the overwhelming number of batch

reactions that can be used; however, such flow reactions are

under development. A sufficient number of organic reactions

by flow methods will become available and flow methods will

be developed further to realize high yields and high selectivi-

ties in the future. At present, because almost all organic reac-

tions are carried out by using batch methods, it is not necessa-

ry to specify organic synthesis “by a batch method.” However,

if organic synthesis by flow methods becomes more common-

place, it may become necessary to specify whether a synthesis

has been conducted by “a batch method” or “a flow method”

in the future.

Finally, the ripple effects and future prospects of flow “fine”

synthesis are discussed. Herein, examples of the synthesis of

natural products and APIs by flow “fine” synthesis have been

demonstrated. Similarly, a range of other APIs as well as other

fine chemicals including flavors, agrochemicals, electronic ma-

terials, etc. are expected to be synthesized by using similar

flow methods in the future. A key feature of a flow method

compared with a batch method is that the former approach

can be used to prepare compounds on demand from small

scale to large scale, which enables fine chemicals to be pro-

duced on a just-in-time basis. If, for example, the flow total

synthesis of anti-influenza drugs could be achieved, the stock-

piling of such drugs that is currently necessary,[62] may no

longer be required. This example may suffice to demonstrate

the significance of the study of organic synthesis by flow

methods.

It is important to approach the study of organic synthesis by

flow methods from the perspective of both basic research and

applied research. In basic research, the development of cata-

lysts for organic synthesis by flow methods, in particular the

development of heterogeneous catalysts and chiral catalysts, is

crucial, as is the development of reactions for organic synthesis

by flow methods. Moreover, synthetic plans and retrosynthetic

analyses for organic synthesis by flow methods, and research

into continuous-flow synthesis of fine chemicals including APIs

based on them, are also essential. Basic research in these areas

will allow a new chapter in conventional organic chemistry

and synthetic organic chemistry to be started.

With respect to applied research, which is beyond the scope

of this article, one of the features of organic synthesis by flow

methods is that the distance between basic research and ap-

plied research is not great. Successful flow synthesis on a sever-

al-gram scale system developed as a result of basic research in

a university may be readily applicable to actual fine chemical

manufacturing by simply increasing the scale.

Due to methodological excellence, flow methods are leading

candidates for the next generation of manufacturing methods

that can mitigate environmental concerns. In particular, regard-

ing pharmaceutical manufacturing, the prediction made by the

FDA in 2011—“it is predicted that manufacturing will change

in the next 25 years as current manufacturing practices are

abandoned in favor of cleaner, flexible, more efficient continu-

ous manufacturing”[63]—will become a powerful tail wind that

is expected to drive the development of organic synthesis by

flow methods.
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