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DESCRIPTION

[0001] The invention relates to a multi-step process for the preparation of compounds via 

hazardous intermediates. The invention also relates to a reaction system comprising at least 

two continuous microreactors.

[0002] Many syntheses in the fine chemical and pharmaceutical industry involve the production 

of compounds via intermediates such as azides and peroxo compounds, which intermediates 

are hazardous and are therefore not very attractive from a safety point of view.

[0003] Organic amines are versatile organic compounds, and can be readily made chemically 

from the corresponding azides (e.g. by hydrogenation). Formation of azides as well as the 

handling of azides creates significant safety issues. Moreover, the organic azides itself, 

especially those with a high N to C ration, are intrinsically unsafe having the potential for highly 

exothermic decomposition (see for instance H.C. Kolb; M.G. Finn; K.B. Sharpless, Angew. 

Chem (2001), 40, 2021 (reference note 77) or Μ. Peer in Spec. Chem. (1998) 18, 256-263). 

During this decomposition the enormous amounts of energy liberated can cause explosions.

[0004] Organic peroxo compounds, like hydroperoxides, endoperoxides, ozonides, peroxo 

acids are also hazardous compounds. Organic peroxo compounds are frequently very 

unstable compounds, which can decompose spontaneously under explosion due to thermal or 

mechanical stress; for example by shock, impact, friction or by catalytic effect of impurities, 

which decomposition causes a(n) (large) explosion.

[0005] Although hazardous, such compounds are very interesting intermediates in the 

production of for example alcohols, aldehydes and acids.

[0006] So, although desired from a syntheses point of view, production, isolation and storage 

of hazardous intermediates such as organic peroxo compounds and organic azides is less 

desirable from a safety point of view.

[0007] For this reason it was the aim of the present invention to find a process for the 

production of compounds such as amines, alcohols, aldehydes and acids via hazardous 

intermediates and/or hazardous reaction conditions, which reduces safety concerns and the 

existence of hazardous conditions, avoiding the danger of explosions while maintaining 

efficiency and ease of operations.

[0008] This aim was solved according to the invention by a multi-step process, where a 

reactive intermediate - e.g. an organic azide or peroxo compound - is produced in a 

microreactor and then without isolation converted in a subsequent microreactor into the stabile 

product, optionally with additional intermediate conversions on the reactive intermediate.

[0009] Subject matter of the application is therefore a multi-step process for the preparation of
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compounds via hazardous intermediates comprising the steps of

1. a) preparing in a microreactor a hazardous intermediate and

2. b) optionally performing one or more reaction steps on the hazardous intermediate in 

one or more additional microreactors and

3. c) further converting the hazardous intermediate with a suitable agent in a subsequent 

microreactor until a stable end product is formed, wherein the hazardous intermediates 

are selected from the group consisting of organic azides and peroxo compounds and 

wherein the stable end product is selected from the group consisting of an amine, stable 

alcohol, or a stable aldehyde or ketone, optionally protected as the hydrate, hemiacetal 

or acetal.

[0010] The conversion in step c) may for example be a reduction reaction of the hazardous 

intermediate whereby the hazardous intermediate is reduced using a reducing agent.

[0011] With the process of the present invention, the hazardous intermediate is directly 

converted, without isolation, into a stable and hence less dangerous product. Therefore, the 

process of the present invention reduces safety concerns and minimizes the existence of 

hazardous conditions. So with the process of the invention, the danger of explosion is 

eliminated or at least the risks of explosions are drastically reduced. An additional advantage of 

the process of the invention is that it is an efficient process that is easy to operate. 

W02004076470 discloses a multi-step process where a lithiated aromatic compound is 

prepared in a first microreactor and this lithiated compound is further reacted to form a stable 

end product in a second microreactor.

1· Azide intermediates:

[0012] For preparing an organic azide as hazardous intermediate an organic compound 

suitable to react with N3‘, is used as starting compound and reacted with N3‘

The introduction of the azido function can take place for example by addition of the azide 

reagent to a suitable unsaturated organic compound, or by substitution of a leaving group, e.g. 

a halogen atom, a hydroxy-group, optionally activated in situ with diethyl azodicarboxylate/ 

triphenylphosphine (Mitsunobu conditions), an acyloxy-group, or a sulfonyloxy function in an 

organic compound suitable for reaction with N3‘, or by ring opening of optionally substituted 

oxiranes or aziridines.

Azide reagents:

[0013] N3‘ may be used in any form known to the person skilled in the art. 
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For example, the azido function may be introduced using an azide reagent selected from the 

group consisting of HN3; alkali azides like NaNß, L1N3 and KN3; quaternary ammonium azide, 

like tetrabutylammonium azide; azido-trimethyl-silan; halogen azides, like chloro-, bromo- or 

iodo azide; and the like. Optionally, also a proton source is present during the reaction with N3'. 

Examples of proton sources include ammonium chloride.

[0014] Preferred azide reagents are alkali azides like NaN3, LiN3 and KN3, which may 

optionally be combined with ammonium chloride.

Substrates:

[0015] Suitable substrates for the introduction of the azide function by substitution are organic 

compounds of the general formula R-L, wherein R stands for an optionally substituted alkyl 

group and L is a leaving group.

[0016] The alkyl group may be linear, branched or cyclic and preferably has 1 to 20 C-atoms. 

The chain may also include one or more heteroatoms selected from the group consisting of N, 

S and 0.

[0017] Suitable examples of a leaving group L include a halogen atom, like Cl, Br or I; a 

hydroxy-group, optionally activated in situ with diethyl azodicarboxylate/ triphenylphosphine 

(Mitsunobu conditions); an acyloxy-group; or a sulfonyloxy-group, like 

trifluoromethansulfonyloxy, methanesulfonyloxy, benzenesulfonyloxy, p-toluenesulfonyloxy or 

m-nitrobenzenesulfonyloxy. Preferably the leaving groups L in R-L are halogen, for example Cl 

or Br, or sulfonyloxy-groups.

[0018] Suitable substrates for the introduction of the azide function by ring-opening are 

optionally substituted organic compounds containing an oxirane or aziridine.

[0019] Especially interesting are enantiomerically enriched substrates in which a halogen 

atom, a hydroxy-group or a sulfonyloxy-group can be substituted by azide with inversion of 

configuration, or enantiomerically enriched substrates in which an oxirane or aziridine that can 

be stereoselective and regioselective ring-opened by azide. For example, the stereo- and 

regioselective oxirane ring-opening of ethyl (3R,4S,5S)-4,5-epoxy-3-(1-ethylpropoxy)-cyclohex- 

1-ene-1-carboxylate with sodium azide.

[0020] Suitable substrates for the introduction of the azide function by addition reaction are 

optionally substituted unsaturated organic compounds, for example optionally substituted 

alkenes or alkynes. A specific class of alkenes are those having an electron-withdrawing 

substituent, like a nitrile, carboxylic acid ester, nitro, ketone or aldehyde group, susceptible for 

1,4-addition of alkali azides.



DK/EP 2019818 T3

[0021] These organic compounds may be linear, branched or cyclic with 2 to 30 C-atoms in the 

chain, may contain a combination of reactive functions and may also include one or more 

heteroatoms selected from the group consisting of N, S and O.

Substituents:

[0022] The organic compounds may optionally be substituted with one or more substituents 

preferably selected from the group consisting of an optionally substituted C-|-C6-(cyclo)alkyl, 

C-|-C6-(cyclo)alkenyl, C-|-C6-(cyclo)alkynyl, an optionally substituted C-|-C-|Q-(hetero)aryl, an 

amine, acylamido, nitro, carboxylic acid, carboxylic acid ester, carboxamide, nitrile, an oxo 

group, like an aldehyde or a ketone, a hydroxy, an alkoxy group, and the like.

[0023] The organic compounds may further be fused with an optionally substituted alkane ring, 

C5-C20-aryl or C4-C2o-heteroaryl compounds.

[0024] Examples of suitable substituents for the alkenyl, alkynyl and/or (hetero)aryl groups 

include the above mentioned substituents and halogen atoms.

[0025] Examples of suitable organic compounds include 4-methyl-pent-3-en-2-one, acrolein, 

2-methyl-2-pentene, cyclohexen-2-enone, 5-cholestene, 2-isopropenyl-5-methyl-cyclohexanol, 

cyclohexene-epoxide, styrene epoxide, ethyl (3R,4S,5S)-4,5-epoxy-3-(1-ethylpropoxy)- 

cyclohex-1-ene-1-carboxylate, ethyl (3R,4R,5R)-4,5-imino-3-(1-ethylpropoxy)-cyclohex-1-ene- 

1-carboxylate, 1-phenylethanol, 1-phenylethanol p-tosylate ester, 3-phenylpropan-1 ol- 

mesylate ester, 4-phenylbutan-2-ol mesylate ester, (l-bromoethyl)benzene, (1-chloro- 

ethylbenzene.

Reaction conditions:

[0026] The addition reaction may be performed in a single solvent such as water; DMF; NMP; 

DMSO; DMA; alcohols, for example methanol, ethanol, iso-propanol; hydrocarbons, for 

example heptane; toluene; ethers, for example tetra hydrofuran, dioxan, methyl-tert.-butyl ether 

(MTBE) or ethyl-tert.butyl ether (ETBE); ketons, for example methyl ethyl keton (MEK) or 

methyl-isobutyl keton (MIBK); chlorinated solvents, for example chloroform or 

methylenechloride; acetonitrile; or may be performed in a combination of miscible solvents 

from the list above, for example water-methanol or the like; or in a two phase combination of a 

water-immiscible organic solvent mentioned above and water, optionally combined with a 

suitable phase transfer catalyst, like tetraalkylammonium or tetraalklyphosphonium halides.

[0027] The reaction temperature depends on the selected substrates, solvents and azide 

reagents and can vary from 0 to 200°C. Preferably the azidation reaction is performed at 

higher temperatures between 50-150°C.
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[0028] Surprisingly, high reaction temperatures can be use for the azide substitution reaction 

that are significantly close to the decomposition temperature. Similar conditions in a batch or 

semi-batch process may lead to considerable side-product formation or uncontrolled 

decomposition leading to explosion.

[0029] To the ring-opening reaction of epoxides or aziridines with azide a suitable proton 

source can be added, such as ammonium chloride.

[0030] The addition reaction to alkenes and alkynes and ring-opening reaction of epoxides or 

aziridines can be accelerated by adding a Lewis acid to the reaction system.

[0031] Suitable Lewis acids preferably are for example trifluoroborane, aluminum-, zinc and 

titanium(IV)-chloride.

[0032] Further examples of suitable azide donors, substrates, leaving groups and reaction 

conditions (solvents, temperature, catalysts and the like) are described for example by E.F.C. 

Scriven and K. Turnbull in Chem. Rev. (1988), 88, 297-368.

[0033] The so produced azide intermediates need not be isolated in pure form and can be 

directly transferred from the crude form to the desired stable end product in one or more 

subsequent microreactor systems, optionally with additional intermediate transformation 

reactions.

[0034] Optionally, additional transformations on the hazardous intermediates can be done in 

one or more intermediate microreactor systems (step b) before the hazardous intermediate is 

reduced to a stable end product (step c).

[0035] For example, additional transformations on a hazardous intermediate can be found for 

the preparation of oseltamivir phosphate (Tamiflu®) as described by J.C. Rohloff et al., in J. 

Org. Chem. (1998), 63, 4545-4550. By reaction of ethyl (3R,4R,5R)-4,5-imino-3-(1- 

ethylpropoxy)-cyclohex-1-ene-1-carboxylate with sodium azide the hazardous intermediate 

ethyl (3R,4R,5S)-4-amino-5-azido-3-(1-ethylpropoxy)-cyclohex-1-ene-1-carboxylate is formed 

which is first acylated with acetic acid anhydride to the 4-acetamido analogue before reduction 

of the azido functionality.

2· Peroxo intermediates:

[0036] In a second embodiment, the reactive and explosive intermediate is a peroxo 

compound, like an organic peroxide R-OO-R or organic hydroperoxide R-OOH.

[0037] In the first process step the intermediate organic peroxide or hydroperoxide can be 

prepared for example by the following reactions:
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• reaction of an alkyl halide, alkyl sulfate or alkyl sulfonate with hydrogen peroxide under 

basic conditions

• reaction of an alkyl halide, alkyl sulfate or alkyl sulfonate with sodium peroxide (R-OO-R)

• reaction of an organometallic compound (for example, R-MgX, R-Li) with oxygen

• reaction of an alkane having a reactive C-H with oxygen (autoxidation)

• reaction of an alkene with singlet oxygen

• reaction of a diene with singlet oxygen (cyclic peroxide)

• reaction of an alkene or aromatic compound with ozone in a solvent

[0038] Preferred reaction types are the reaction of an alkene or aromatic compound with 

ozone in a solvent, the reaction of an alkane having a reactive C-H with oxygen, or the reaction 

of an alkene with singlet oxygen.

[0039] Suitable alkenes or aromatic compounds for the reaction with ozone or with singlet 

oxygen are optionally substituted unsaturated organic compounds. These organic compounds 

may be linear, branched or cyclic with 2 to 30 C-atoms in the chain, may contain a combination 

of reactive functions and may also include one or more heteroatoms selected from the group 

consisting of N, S and O.

Substituents:

[0040] The organic compounds may be optionally substituted with one or more substituents 

selected from the group consisting of optionally substituted C-|-C6-(cyclo)alkyl, C-|-C6- 

(cyclo)alkenyl, C-|-C6-(cyclo)alkynyl, an optionally substituted C-|-C-|Q-(hetero)aryl, an amine, 

acylamido, nitro, carboxylic acid, carboxylic acid ester, carboxamide, nitrile, an oxo group, an 

aldehyde, a hydroxy, an alkoxy group, and the like.

[0041] Examples of suitable substrates include naphthalene, furan, butadiene, cyclohexene, 

cyclooctene, cyclooctadiene, vinyl pyridine, methyl methacrylate, maleic acid anhydride, 

pinene, α-terpinene, citronellol, isopropylbenzene.

[0042] Singlet oxygen can be generated in a photochemical method by irradiation of molecular 

oxygen in the presence of a photosensitizer. Singlet oxygen can also be generated by non­

photochemical methods as for example from hydrogen peroxide and NaOCI or sodium 

molybdate, or from ozone and (PhOjsP.

[0043] Ozone can be generated by electric discharge, photochemically (UV) or electrolysis as 

described in Kirk-Othmer Encyclopedia of Chemical technology, Wiley&Sons, 2005, vol 17, 

793-801.
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[0044] Surprisingly ozonolysis can also be performed in combustible solvents and in solvent 

mixtures like for example an alcohol/acetate mixture.

[0045] Examples for further suitable substrates, reagents and reaction conditions (solvents, 

temperature, catalysts and the like) are described for example R. Hiatt in: Organic Peroxides, 

Vol 2, D. Swern (Ed.), Wiley-lnterscience, New York, 1971, page 1-151 or Houben-Weyl, 

Methoden der Organischen Chemie, 4. Auflage, E13.

[0046] The so produced peroxo intermediates need not be isolated or purified and can be 

directly transferred from the crude form to the desired stable end product in one or more 

subsequent microreactor systems, optionally with additional intermediate transformation 

reactions.

[0047] Optionally, additional transformations on the hazardous intermediates can be done in 

one or more intermediate microreactor systems (step b) before the hazardous intermediate is 

reduced to a stable end product (step c).

[0048] In step c) the formed hazardous intermediate is reduced with a suitable reducing agent 

in a subsequent microreactor system.

[0049] In case of an azide intermediate this is done by reducing the formed organic azide by 

catalytic hydrogenation or by reduction with a suitable reducing agent into a stable amine.

[0050] Suitable reducing agents include hydrogen gas or formic acid, optionally as mixtures 

with substituted amines like triethylamine or hydrazine in the presence of a preferably 

immobilized heterogeneous hydrogenation catalyst, hydride reducing reagents like NaBH4, 

L1AIH4, or reduction with diimide, or reduction with a suitable trialkyl- or triarylphosphine, like 

trimethylphosphine or triphenylphosphine (Staudinger reaction).

[0051] Suitable heterogeneous hydrogenation catalysts include for example Pd (Pd(OH)2, 

Pd/C, Pd/BaSO4, Pd/CaCO3, Pd/AI2O3, etc), Pt, Raney Ni, Ru, and the like.

[0052] The reduction is preferably performed in the organic solvent used in the first step, or in 

case of a two-phase system in the organic solvent phase containing the organic azide 

intermediate.

[0053] The hydrogenation pressure is 0.05 - 10MPa, preferably 0.1 - 0.5 MPa, the reaction 

temperature is in a range from 10 to 100°C, preferably 15 to 60°C.

[0054] Further examples for reaction conditions (solvents, temperature, catalysts and the like) 

are described for example in E.F.C. Scriven and K. Turnbull, Chem. Rev. (1988), 88, 297-368.

[0055] In case of a peroxo intermediate the organic peroxide or hydroperoxide may be
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reduced into a stable end product (alcohol, aldehyde or ketone) preferably by:

• hydrogenation in the presence of a suitable heterogeneous catalyst (Raney Ni, Pd-C, 

Pd-BaCO3, Pt, PtO2, etc.)

• hydride reduction using NaBH4 of LiAIH4 or the like

• by metal reduction (for example: Na/ROH, Zn/AcOH)

• reduction with phosphine (for example: Ph3P, Et3P, n-Bu3P) or trialkylphosphite (for 

example: (MeO)3P, (EtO)3P)

• reduction with hydrazine (N2H4 or N2H4.H2O)

• reduction with diimide (HN=NH)

• bisethanolsulfid

[0056] The reduction is preferably performed in the organic solvent used in the preceding step 

a) and/or b), or in case of a two-phase system in the organic solvent phase containing the 

organic peroxo intermediate.

[0057] In case of hydrogenation the reaction pressure is for example 0.05 - 10MPa, preferably 

0.1 - 0.5MPa, the reaction temperature is in a range from 10 to 100°C, preferably 15 to 60°C.

[0058] Further examples for reaction conditions (solvents, temperature, catalysts and the like) 

are described for example Houben-Weyl, Methoden der Organischen Chemie, 4. Auflage, E13.

[0059] Examples of hydroperoxide reduction are given for instance in the book Comprehensive 

Organic Transformations (second edition) by R.C. Larock, Wiley-VCH, New York, 1999, page 

1073-1075.

[0060] Preferably, all steps of the process of the invention are done in subsequent 

microreactors so that the process can be performed in a safe way because of low hold-up of 

the reactive/hazardous intermediate. Further advantage of such a process is the increased 

productivity/yield as a result of the direct conversion of unstable intermediates.

[0061] In a preferred embodiment, the invention relates to a process for the preparation of 

compounds via hazardous intermediates comprising the steps of

1. a) reacting in a first continuous microreactor an organic compound suitable for reacting 

with N3‘, with N3‘ under formation of the corresponding organic azides

2. b) optionally performing one or more reaction steps on the organic azide in one or more 

additional microreactors and

3. c) further reducing the formed organic azide with a suitable reducing agent in a second 

continuous microreactor to form an amine.
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[0062] This preferred embodiment of the process of the invention is preferably used for the 

preparation of R-NH2, wherein the reactive and explosive intermediate R-N3 is directly 

converted into the desired product.

[0063] This has as the main advantage that there is no build-up of R-N3 during the process 

and no storage of organic azides is needed, which is highly advantageous from a safety point 

of view.

[0064] In another preferred embodiment, the invention relates to a process for the preparation 

of compounds via hazardous intermediates comprising the steps of

1. a) reacting in a first continuous microreactor an organic compound suitable for reacting 

with hydrogen peroxide, ozone or (singlet) oxygen, with hydrogen peroxide, ozone or 

(singlet) oxygen under formation of the corresponding organic peroxide or 

hydroperoxide and

2. b) optionally performing one or more reaction steps on the organic peroxide or 

hydroperoxide in one or more additional microreactors and

3. c) further reducing the formed peroxides with a suitable reducing agent in a second 

continuous microreactor to form a stable alcohol, or a stable aldehyde or ketone, 

optionally protected as the hydrate, hemiacetal or acetal.

[0065] This second preferred embodiment of the process of the invention, is a process for the 

preparation of alcohols (R-OH), aldehydes (R-CHO) or ketones, optionally protected as the 

hydrate, hemiacetal or acetal, wherein the reactive and explosive intermediate organic 

peroxides R-OO-R or organic hydroperoxides R-OOH are preferably directly converted into the 

desired product. This has as the main advantage that there is no build-up of R-OO-R or R- 

OOH, which is highly advantageous from a safety point of view. All steps of the process of the 

invention are performed in a microreactor.

[0066] Most preferably step c) for both cases consists of a hydrogenation step.

[0067] Figure 1 shows the general reaction of suitable substrates with azide or ozone and 

subsequent hydrogenation of the hazardous intermediates, with optional additional 

intermediate transformation reactions, but is not meant to limit the invention in any way.

[0068] Step a), optional step b) and step c) are all performed in microreactors, which means 

that a micro structured reactor is applied in subsequent reaction steps until a safe product or 

intermediary is obtained.

[0069] The phase containing the reactants for each reaction step may be multi-phasic 

(liquid/liquid immiscible or gas/liquid) or homogeneous liquids (miscible) or gases. The choice 

of micro structured reactors can be adapted to the specific situation per reaction step.
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[0070] As used herein, microreactor means micro- and mini-reactors, which differ only form 

conventional size reactors by reason of the dimensions and constructions of the reaction 

channel structures.

[0071] A microreactor is generally defined as a miniaturized reactor with characteristic 

dimensions (channel or plate width) in micrometers to millimeters (preferably from 0,01mm to 

10,0mm). A number of microreactors may be combined in parallel to form a micro-structured 

reactor. Thus, the volume available for reaction depends on the diameter and length of the 

microreactor, or in case a micro-structured reactor is used on the dimension of the parallel 

channels and the number of parallel channels,. The volume of micro-reactors or micro­

structured reactors typically lies in the range of 1 ml to 1 m3, preferably from 10ml to 50 Itr. 

Preferably, a microreactor is defined as a reactor having a channel with a hydraulic diameter of 

20 mm or less. The hydraulic diameter Dh is defined as 4A/U, wherein A is the cross-sectional 

area of the reactor channel and U is the perimeter of said cross section.

[0072] For a round tube, the hydraulic diameter Dh equals the diameter of the tube. For a 

rectangular duct, that has a cross section with a rectangular shape, the hydraulic diameter 

equals 4LW/2(L+W), wherein L is the length of the longest side of the rectangle and W is the 

width of the rectangle. For the special case of a square duct, the hydraulic diameter Dh equals 

L.

[0073] For an annulus, the hydraulic diameter is Dh = (4. 0.25TT(Do2-Dj2))/(TT(Do-Dj)= D0-Dj, 

wherein Do is the outer diameter of the annulus and Dj is the inner diameter.

[0074] However, it should be noted that the general formula 4A/U, wherein A is the cross- 

sectional area of the reactor channel and U is the perimeter of said cross section, allows 

calculation of the hydraulic diameter for any shape of reactor channel.

[0075] The microreactor used in the process according to the invention, are suitable for 

continuous processes.

[0076] In the context of this invention, a continuous microreactor is defined as a microreactor 

suitable for use in a continuous process. A continuous process is defined as a method of 

manufacturing in which new materials are added and products removed continuously at a rate 

that maintains the reaction volume at a specific level. In other words, continuous reactors are 

reactors that may be used to carry out steady state operations.

[0077] The reaction set-up to be used in the process according to the invention comprises two 

or more miniaturized reactors with discrete flow passages for receiving liquid and/or gaseous 

chemical reactants (pure or diluted).

[0078] The micro reactor consists of a device allowing the reactants (gaseous or liquid) to 
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enter and continuously flow through. The reactants are contacted with each other in the 

device, allowing a chemical reaction to take place in a narrow-confined space like a channel or 

between two plates. One (in the case of plates) or two (in case of channels or grooves) 

dimensions of the micro reactor are chosen in such a way that the characteristic times for heat 

transfer and/or mass transfer are very low. Herewith high rates of reaction and heat transfer 

can be handled in a controlled fashion. The heat is transferred to or from a heat transfer fluid 

that does not come into contact with the reactants or the products. The walls of the micro 

reactor may contain catalytic activity. A (bio)catalyst may be deposited, immobilized or coated 

on the wall.

[0079] A number of micro reactors may be combined in parallel to form a micro structured 

reactor. Entering reactants are distributed over manifold systems or other distribution systems 

to the individual micro reactors.

[0080] Each micro-structured reactor may include mixing zones to mix the entering reactants 

and/or the reaction medium.

[0081] Each micro-structured reactor may contain residence zones to allow the reaction 

medium to obtain sufficient conversion.

[0082] The micro-structured reactor may be constructed of, or may contain, a number of 

parallel sub-units (mixing zones with residence zones) in a numbering-up concept to obtain 

sufficient production capacity. Such as in a multi channel monolith reactor for example.

[0083] Suitable devices (microreactors, micromixers, micro-heat-exchangers and the like) 

have been developed for example in Germany (i.e.: IMM, Mainz, and Forschungszentrum 

Karlsruhe) and in the USA (i.e.: MIT and DuPont).

[0084] The invention also related to a reaction system comprising at least two continuous 

microreactors, wherein the first microreactor is suitable for liquid/liquid or gas/liquid reactions 

and wherein a second microreactor is suitable for gas/liquid reactions.

[0085] It will be understood that the reaction system can also comprise instead of a first and 

second continuous microreactor, a first and second continuous micro-structured reactor, 

wherein the first micro structured reactor is suitable for liquid/liquid or gas/liquid reactions and 

wherein a second microreactor is suitable for gas/liquid reactions.

[0086] Liquid/liquid or gas/gas reactions are preferably performed in multi channel micro 

structured reactors, such as for example a monolith reactor, a HEX reactor or a printed circuit 

heat exchange reactor. The channel hydraulic diameter is preferably between 0.01 and 10 

mm, more preferably between 0.1-1 mm. The liquid flow may be a one phase or a multi phase 

system. The length of the channels depends on the desired residence time, which may vary for 

example from 0.01 sec to 1000 sec, and is preferably between 1 sec and 100 sec.
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[0087] Liquid/gas reactions may be performed in several types of micro structured reactors 

that provide sufficient mass transfer area between the two phases. Examples of such reactors 

include multi channel reactors, micro falling film reactors, micro bubble column reactors.

[0088] In another preferred embodiment of the invention, the process comprises the steps of

1. a) reacting in a first continuous micro reactor system an organic compound suitable for 

reacting with N3‘, with N3‘ under formation of the corresponding organic azides and

2. b) directly further reducing the formed organic azide with a suitable reducing agent 

(more preferably by catalytic hydrogenation) in a second continuous micro reactor 

system to form a stable amine, wherein

step a) can be preferably performed in a continuous micro reactor suitable for 

homogeneous solution or two-phase liquid/liquid flow, as for example a multi channel 

micro reactor.

and step b) can be preferably performed in a continuous gas/liquid micro reactor.

[0089] The gas/liquid micro reactor for step b) is preferably used with an immobilized catalyst.

[0090] As for example the walls of the gas/liquid micro reactor may contain catalytic activity, 

with the catalyst for example be deposited, immobilized or coated on the wall.

[0091] In yet another aspect of the invention, the process comprises the steps of

1. a) reacting in a first continuous micro reactor system an organic compound, suitable for 

reacting with hydrogen peroxide, ozone or (singlet) oxygen, with hydrogen peroxide, 

ozone or (singlet) oxygen under formation of the corresponding organic an organic 

peroxide or hydroperoxide and

2. b) directly further reducing these hazardous intermediates with a suitable reducing agent 

in a second continuous microreactor system to form a stable alcohol, or a stable 

aldehyde or ketone, optionally protected as the hydrate, hemiacetal or acetal, wherein

step a) can be preferably performed in a continuous gas/liquid microreactor (ozone, 

singlet oxygen) as for example a multi channel reactor, micro falling film reactor or a 

micro bubble column reactor or in a continuous homogeneous solution or two-phase 

liquid/liquid microreactor (hydrogen peroxide) as for example a multi channel reactor.

Step b) can be done analogous to the reduction to the amine.

[0092] Due to the improved heat and mass transfer the reaction rate will be much faster in the 

micro (structured) reactor, therefore the process conditions vary from the normally applied
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conditions.

Example 1:

[0093]
P and T range preferred P and T range possible

Azidation 1 - 50 bar 0.5-300
50-150 °C 0 -200°C

Azide hydrogenation 1 - 50 bar 0.5-300
50-150 °C 0 -200°C

Ozonolysis 0.5 - 50 bar 0.1 -100 bar
-30 - 50°C -40 - 200°C

Hydroperoxide hydrogenation 1 - 50 bar 0.5-300
50-150 °C 0 -200°C

Example 1: step a) azidation

[0094] Sodium azide was dissolved in water at room temperature to give an azide solution 

containing 3.45%w/w NaNß (density 1.017). 3-Phenylpropan-1-ol mesylate ester (95% pure) 

was dissolved in N-methylpyrrolidone at room temperature to give a substrate solution 

containing 6,33%w/w (GC analysis) 3-phenylpropan-1-ol mesylate ester (density 1.033).

[0095] The reactor set-up comprised of a T-mixer and a subsequent mini tube-reactor with an 

internal diameter of 0.35mm and a length of 21.6m (volume 2.07 ml). The T-mixer and 

reactant pumps were at room temperature. The mini tube-reactor was placed in an oil bath. 

The product coming out of the reactor was cooled and collected. Samples were analysed with 

GC and HPLC.

[0096] See Figure 2

At the start of the experiment the azide pump and substrate pump were started. Molar ratio 

sodium azide:substrate = 1.02 (slight excess azide). The oil bath temperature was 111-113 °C 

during the experiment.

0.301 ml/min azide solution
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0.519 ml/min substrate solution

Residence time 2.5 min

[0097] After 30 minutes the sample collection started, after 60 minutes the sample collection 

was stopped. The sample contained 0.22m% unconverted 3-phenylpropan-1-ol mesylate ester 

and 2.2%w/w 3-phenyl-1-propylazide.

Conversion J 95%
Selectivity [76%

Example 2: step b) hydrogenation

[0098] The reaction product of the continuous azidation was diluted with N-methyl pyrrolidone 

from 2.2%w/w to a 0.93%w/w 3-phenyl-1-propylazide solution, as substrate solution for the 

hydrogenation.

[0099] The reactor set-up comprised of a T-mixer and a subsequent capillary-reactor with an 

internal diameter of 0.53mm and a length of 0.50m. The capillary reactor had a fused silica 

wall that was coated with a 6 micron porous alumina layer. This alumina layer contained 

palladium crystallites (11nm) as catalytic active material. The T-mixer and reactant pump were 

at room temperature. The capillary-reactor was placed in a water bath at 26°C.

[0100] Substrate solution was pumped into the T-mixer with a flow of 0.20 ml/min. Hydrogen 

gas was fed into the T-mixer with a flow of 0.50 ml/min (1bar). The T-mixer produced a taylor 

flow regime (liquid slugs). The product coming out of the reactor was collected. Samples were 

analysed with GC and HPLC.

[0101] See Figure 3.

[0102] The collected product contained 0.48%w/w 3-phenyl-1-propylazide and 0.42%w/w 3- 

phenyl-1-propylamine. Conversion 48%, selectivity 100%.

Example 3: Ozonolysis

[0103] A falling film microreactor, as detailed in the table 2, was used for the ozonolysis of 

naphthalene. The liquid layer consisted in a 2%w/w naphthalene solution. Mainly methanol, 

butyl acetate or mixtures of them were used as solvent (table 1). The gas stream for the 

ozonolysis was oxygen gas enriched with ozone (03-content: 130 g/NL, flow rate: 1NL/min). 

(normal-liter: 11tr at 1 bar20°C)

[0104] At the beginning of the experiment the naphthalene solution was pumped with a flow 
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rate of 2 g/min into the reactor under nitrogen atmosphere. After switching to oxygen, the gas 

was compressed up to 4 bar with a compressor, which was especially designed for ozone 

compression. Finally the ozone generator is switched on and the 03-content is regulated. After 

10 min all parameters showed constant values and the produced peroxides could be collected. 

To obtain analytic samples, small amounts of the reaction mixture were directly reduced with a 

solution, containing 30%w/wof bis(2-ethanol)-sulfide in ethyl acetate. Quantitative GC-analysis 

showed the following results.

Table 1:

The stable end product is o-phthalaldehyde (OPA)

Table 2:

Solvent Conversion of 
naphthalene [%]

Yield of OPA 
[%]

Selectivity 
[%]

methanol 53.6 32.3 60.3
butyl acetate 68.3 38.1 55.8
5% methanol in 
butylacetate 52.1 49.9 95.8

Data of the falling film micro reactor:
Headspace Width [mm] 26

Height [mm]
Length [mm] 75
Hold-up [ml] 13.6

Micro structured plate Channel Width [mm] 0.6
Channel depth [mm] 0.2
Channel length [mm] 75
Number of channels 32

Example 4: hydrogenation of organic hydroperoxide

[0105] Cumene hydroperoxide was dissolved in ethanol at room temperature to give a solution 

containing 1.035%w/w hydroperoxide. The reactor set-up comprised of a T-mixer and a 

subsequent capillary-reactor with an internal diameter of 0.53mm and a length of 0.50m. The 

capillary reactor had a fused silica wall that was coated with a 6 micron porous alumina layer. 

This alumina layer contained palladium crystallites (11nm) as catalytic active material. The T- 

mixer and reactant pump were at room temperature. The capillary-reactor was placed in a 

water bath at 22°C.

[0106] Cumene hydroperoxide solution was pumped into the T-mixer with a flow of 0.250 

ml/min. Hydrogen gas was fed into the T-mixer with a flow of 0.600 ml/min (1 bar). The T-mixer 
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produced a taylor flow regime (liquid slugs). The product coming out of the reactor was 

collected. Samples were analysed with GC and HPLC. A conversion of 73% with >99% 

selectivity was obtained towards 2-phenyl-2-propanol.

[0107] See Figure 4.
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PATENTKRAV

1. Flertrinsfremgangsmåde til fremstilling af forbindelser via farlige mellemprodukter 

omfattende følgende trin

a) fremstilling i en mikroreaktor af et farligt mellemproduktet og

b) eventuel udførelse af ét eller flere omsætningstrin på det farlige mellemprodukt i én 

eller flere supplerende mikroreaktorer og

c) yderligere omdannelse af det farlige mellemprodukt med et egnet omsætningsmiddel 

i en efterfølgende mikroreaktor, indtil der er dannet et stabilt slutprodukt,

hvor de farlige mellemprodukter er udvalgt fra gruppen bestående af organiske azider og 

peroxo-forbindelser, og hvor det stabile slutprodukt er udvalgt fra gruppen bestående af et 

amin, en stabil alkohol, eller et stabilt aldehyd eller keton, eventuelt beskyttet som hydratet, 

hemiacetal eller acetal.

2. Flertrinsfremgangsmåde til fremstilling af forbindelser via farlige mellemprodukter ifølge 

krav 1 omfattende følgende trin

a) omsætning i en kontinuerlig mikroreaktor af en organisk forbindelse, der er egnet til 

omsætning med N3’, med N3’ under dannelse af de tilsvarende organiske azider og

b) eventuel udførelse af ét eller flere omsætningstrin på det organiske azid i én eller 

flere supplerende mikroreaktorer og

c) yderligere reduktion af det organiske azid med et egnet reduktionsmiddel i en 

efterfølgende kontinuerlig mikroreaktor for at danne et amin.

3. Flertrinsfremgangsmåde til fremstilling af forbindelser via farlige mellemprodukter ifølge et 

hvilket som helst af kravene 1 til 2 omfattende følgende trin

a) omsætning i en første kontinuerlig mikroreaktor af en organisk forbindelse, der er 

egnet til omsætning med N3’, med N3’ under dannelse af de tilsvarende organiske azider 

og
b) direkte yderligere reduktion af det dannede organiske azid med et egnet 

reduktionsmiddel i en anden kontinuerlig mikroreaktor for at danne et amin.

4. Flertrinsfremgangsmåde til fremstilling af forbindelser via farlige mellemprodukter ifølge 

krav 1 omfattende følgende trin

a) omsætning i en kontinuerlig mikroreaktor af en organisk forbindelse, der er egnet til 

omsætning med hydrogenperoxid, ozon eller (singlet) oxygen, med hydrogenperoxid, 
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ozon eller (singlet) oxygen under dannelse af det tilsvarende organiske peroxid eller 

hydroperoxid og

b) eventuel udførelse af ét eller flere omsætningstrin på det organiske peroxid eller 

hydroperoxid i én eller flere supplerende mikroreaktorer og

c) yderligere reduktion af disse farlige mellemprodukter med et egnet reduktionsmiddel 

i en efterfølgende kontinuerlig mikroreaktor for at danne en stabil alkohol, eller et 

stabilt aldehyd eller keton, eventuelt beskyttet som hydratet, hemiacetal eller acetal.

5. Flertrinsfremgangsmåde til fremstilling af forbindelser via farlige mellemprodukter ifølge 

kravs 1 eller 4 omfattende følgende trin

a) omsætning i en første kontinuerlig mikroreaktor af en organisk forbindelse, der er 

egnet til omsætning med hydrogenperoxid, ozon eller (singlet) oxygen, med 

hydrogenperoxid, ozon eller (singlet) oxygen under dannelse af det tilsvarende 

organiske peroxid eller hydroperoxid og

b) direkte yderligere reduktion af disse farlige mellemprodukter med et egnet 

reduktionsmiddel i en anden kontinuerlig mikroreaktor for at danne en stabil alkohol, 

eller et stabilt aldehyd eller keton, eventuelt beskyttet som hydratet, hemiacetal eller 

acetal.

6. Flertrinsfremgangsmåde ifølge et hvilket som helst af kravene 5, hvor det sidste trin er et 

hydrogenering strin.

7. Flertrinsfremgangsmåde ifølge krav 2, hvor trin a) og b) udføres i en kontinuerlig 

mikroreaktor i en homogen opløsning eller i en kontinuerlig væske/væske-mikroreaktor og 

hvor trin c) udføres i en gas/væske-mikroreaktor.

8. Flertrinsfremgangsmåde ifølge krav 3, hvor trin a) udføres i en kontinuerlig mikroreaktor i 

en homogen opløsning eller i en kontinuerlig væske/væske-mikroreaktor og hvor trin b) 

udføres i en gas/væske-mikroreaktor.

9. Flertrinsfremgangsmåde ifølge krav 4, hvor trin a) og b) udføres i en kontinuerlig 

mikroreaktor i en homogen opløsning, i en kontinuerlig væske/væske-mikroreaktor eller i en 

kontinuerlig gas/væske-mikroreaktor og hvor trin c) udføres i en gas/væske-mikroreaktor.
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10. Flertrinsfremgangsmåde ifølge krav 5, hvor trin a) udføres i en kontinuerlig mikroreaktor i 

en homogen opløsning, i en kontinuerlig gas/væske- eller i en kontinuerlig væske/væske- 

mikroreaktor og hvor trin b) udføres i en gas/væske-mikroreaktor.

5 11. Flertrinsfremgangsmåde ifølge krav 5, hvor trin a) og trin b) udføres i en gas/væske-

mikroreaktor.

12. Flertrinsfremgangsmåde ifølge et hvilket som helst af kravene 1-11, hvor det sidste trin, der 

enten er b) eller c) udføres i en gas/væske-mikroreaktor med en immobiliseret katalysator.

10

13. Flertrinsfremgangsmåde ifølge krav 5, hvor i trin a) omsætningen af naphthalen med ozon 

udføres i en gas/væske-mikroreaktor, efterfulgt af trin b), hvor reduktionen af det farlige 

peroxo-mellemprodukt til o-phthalaldehyd udføres i en anden mikroreaktor.

15 14. Flertrinsfremgangsmåde ifølge krav 13, hvor reduktionen udføres ved hydrogenering i en

gas/væske-mikroreaktor med en immobiliseret katalysator.

15. Flertrinsfremgangsmåde ifølge et hvilket som helst af kravene 4, 5 eller 14, hvor 

omsætningen fra trin a) udføres i et brandbart opløsningsmiddel.
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Figure 1/4
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Figure 2/4
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Figure 3/4

Cumene hydroperoxid 

solution _____
Capillary hydrogenation reactor 

diameter 0,53mm

length 0,50 m

T-mixer

heatingbath

Product

Hydrogen gas

Figure 4/4


