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Abstract: Efficient mixing, temperature control and small environ-
mental exposures allow reactions carried out in microfluidic de-
vices to perform superior to their batch-type counterparts in
conventional flasks. The Ritter reaction has been optimised for flow
conditions leading to short reaction times and higher yields and also
is more feasible with regards to safety, productivity and tolerance
towards substrate functionalities.
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One of the foremost advantages of microflow procedures
in synthetic chemistry is the superior kinetic and thermo-
dynamic control over the course of a reaction when com-
pared to the batch process. Microfluidic mixing has been
proven to be much more efficient and quicker than even
rapid stirring in a flask. Additionally, the dimensions of
the microstructured devices together with the flow rate
can allow very short and very accurately adjusted reaction
times. Thermodynamic control is facilitated as the large
surface to volume ratio of the microreactor leads to opti-
mal temperature exchange between the surrounding heat/
cold source and the reactor. Constant reaction temperature
can be easily implemented and the development of un-
wanted hotspots, which might occur in a flask, is sup-
pressed. Therefore microreactors can help to gain better
control over the avoidance or promotion of parallel and
consecutive reactions, and recent publications have sum-
marised these efforts.1

The Ritter reaction involves the nucleophilic attack of a
nitrile or cyanide onto a carbenium ion and a subsequent
hydrolysis resulting in the formation of amides.2 Carbeni-
um ions can be generated either from alkyl alcohols or
alkenes by protonation. The generation of primary carbe-
nium ions is difficult except for benzylic alcohols. The use
of other primary alcohols is very limited and requires rig-
orous reaction conditions.3 Secondary and tertiary alco-
hols are best suited as starting materials in the Ritter
reaction, which serves as an excellent tool for the oxygen-
to-nitrogen conversion. Very strong acidic conditions,
hazards such as toxicity, especially for the use of cya-
nides, and the large exothermic character of the reaction
are of concern especially when operating on a large scale,
where the latter aspect allows the occurrence of hot-spots

or even thermodynamic runaways. The problems appear
to rise significantly with increasing batch size.4 Several
interesting protocols have been published recently that
demonstrate strategies to improve and optimise the pro-
cess, such as the use of mild Lewis acids or microwave
irradiation5 and diastereoselective Ritter reactions using
trifluoromethanesulfonic acid in dichloromethane have
been described6 as well as fluoro Ritter reactions in mi-
croreactors.7 Best conversions are achieved with excess of
concentrated sulfuric acid, i.e. the conditions of the origi-
nal work.8 The Ritter reaction is therefore a challenging
subject for microreactor technology9 and we report herein
that this approach is advantageous with regards to safety,
productivity and tolerance towards substrate functional-
ities.

Secondary and tertiary alcohols are protonated relatively
easily under strongly acidic conditions and the resulting
carbocations can then be attacked by nucleophiles. Ni-
triles and cyanides are very good nucleophiles under these
conditions and quickly form resonance-stabilised nitrili-
um ions which, after hydrolysis, result in the correspond-
ing amides. The direct synthesis of tertiary amines from
their corresponding alcohols is one of the less accessible
conversions in modern organic chemistry despite the fact
that tertiary amines are very important building blocks in
the fine chemical and polymer industry.10

Initial optimisations were performed by reacting cyclo-
hexanol (1) with acetonitrile to afford N-cyclohexylacet-
amide (2; Scheme 1). Solvents that have been described in
the literature to be useful for Ritter reactions are nitroben-
zene, dioxane, and acetic acid.

Scheme 1 Ritter reaction of cyclohexanol (1) with acetonitrile

The reaction was performed at 90 °C and with a residence
time of about ten minutes. The results were analysed qual-
itatively with GC–MS. Use of nitrobenzene as solvent
gave traces of the desired product, dioxane led to approx-
imately 5–10% conversion to the desired amide with
mainly cyclohexanol being recovered and acetic acid
showed 2 as the main product with some cyclohexyl-
amine. Dioxane and acetic acid both led to clean conver-
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sion without notable side products but it appeared that
dioxane would require much longer reaction times;
whereas the occurrence of cyclohexylamine in the acetic
acid mixture indicates that shorter reaction times should
be possible using this solvent. Therefore, all subsequent
reactions were carried out in acetic acid as fast reactions
can profit most from microreactor technology (Figure 1).

Figure 1 Set-up of a Ritter reaction in flow

Concentrated sulfuric acid is the most effective acid for
Ritter reactions (Figure 1). Lewis acids such as BF3 led to
the exclusive formation of acetic acid cyclohexyl ester
and not 2. A protocol with short reaction times leading to
reasonable yields (Table 1) was established based on the
original findings that included reaction times of only two
to ten minutes with heating to 45 °C for tertiary and 85 °C
for secondary alcohols (benzyl alcohol showed distinctly
lower selectivity and was not found to be effective). Un-
der these conditions very clean products were obtained,
usually without the need for further purification, although
crystallisation from hexane–dichloromethane was per-
formed in some cases. As concentrated sulfuric acid is
used, PEEK tubing and mixers were not compatible. Te-
flon micromixers11 were shown to be much more reliable
for these reaction conditions12 and they show long-term
reliability as well.

The combination of simple alcohols and nitriles resulted
in the synthesis of the corresponding amides in good
yields (Table 1, entries 1–10). The very short reaction
times allowed a departure from the classical substrates for
Ritter reaction and some unexpected functional groups
were tolerated, such as esters (Table 2, entry 1), ethers
(Table 2, entry 2) as well as aryl and alkyl halides
(Table 2, entries 3–5) and the amide products were
formed in good yields. The use of cyanide salts under
acidic conditions is often avoided and the development of
one-pot protocols to enable such reactions is important.13

The use of cyanides appears to be particularly promising
in microreactor chemistry because they offer a safe alter-
native to the hazards in the large-scale batch use of hydro-
gen cyanide and heat. The formamides produced in these
reactions are of high value as they can easily be cleaved
and several publications report mild reaction conditions
for such conversions.14 The established protocol was
slightly altered for this purpose. Sufficient water was add-
ed to the solution of starting materials to allow the sodium
cyanide to dissolve completely and to ensure that sodium
sulfate, which has a lower solubility, does not precipitate

in the reactor and cause a blockage. Tertiary alcohols re-
acted readily and cleanly under the optimised conditions
and afforded the corresponding formamides in reasonable
yields with fast reaction times and more safely than in a
batch process (Table 2, entries 6–8). Secondary alcohols
only give the corresponding acetates. This is surprising
because with nitriles conversions were comparable to
those when using tertiary alcohols. Other solvent systems
did not improve the situation.

The reaction of 2-methyl-2-butanol (21) with acetonitrile
under the optimised reaction conditions produced amide
22 in 61% yield. If the same reaction was performed at

Table 1 Simple Ritter Reactions in Flow

Entry Nitrile 
(1 equiv)

Alcohol 
(1 equiv)

Product Yield 
(%)

1 MeCN cyclohexanol

2

69

2 MeCN cyclopentanol

3

65

3 MeCN t-BuOH

4

62

4 acrylonitrile cyclohexanol

5

76

5 acrylonitrile cyclopentanol

6

79

6 acrylonitrile t-BuOH

7

74

7 propionitrile cyclohexanol

8

62

8 propionitrile cyclopentanol

9

58

9 propionitrile t-ButOH

10

64

10 benzonitrile t-BuOH

11

66
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higher temperatures, a side product was observed (up to
8%, Scheme 2). This side product was identified to be 4
and apparently resulting from Ritter reaction of acetoni-
trile with a tert-butyl cation.

We found this partial degradation of substrate 21 in reac-
tions with several nitriles. However, the transfer of these

reaction conditions (85 ºC) to a batch process resulted,
only in decomposition and polymerisation.

This unusual loss of a methylene group is not easily ex-
plained. The driving force for this side reaction is most
likely the high stability of the tert-butyl cation intermedi-
ate.15 We assume that the cleavage of the terminal carbon–
carbon bond in the ethyl moiety leads to the formation of
the tert-butyl cation as cleavage of any other carbon–
carbon bond would require a subsequent rearrangement or
migration.

To find proof for this assumption, we synthesised the deu-
terated compound 21-d6 by addition of ethylmagnesium
iodide to acetone-d6. However, Ritter reaction of 21-d6

with acetonitrile generated reaction products 22 and 4
with zero to six deuterated positions due to scrambling un-
der the strong acidic conditions. The 13C-labelled com-

Table 2 Advanced Ritter Reactions in Flow

Entry Nitrile (1 equiv) Alcohol (1 equiv) Product Yield (%)

1 Methyl 2-cyanoacetate t-BuOH

12

64

2 bis(2-cyanoethyl)ether t-BuOH (2 equiv)

13

36

3 2-iodophenyl acetonitrile t-BuOH

14

80

4 chloroacetonitrile t-BuOH

15

73

5 iodoacetonitrile t-BuOH

16

61

6 NaCN (1.5 equiv) t-BuOH

17

81

7 NaCN (1.5 equiv) 2-methyl-2-pentanol

18

68

8 NaCN (1.5 equiv) 3-ethyl-3-pentanol

19

64

9 NaCN (1.5 equiv) cyclohexanol

20

63
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Scheme 2 Ritter reaction of 2-methyl-2-butanol (21) with aceto-
nitrile
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pound 21-13C2 was prepared by addition of 13C-
methylmagnesium iodide to methyl propanoate. Ritter re-
action of this furnished 22 and 4 with either no or two 13C
labels.

Additional evidence came from the reaction using 2-me-
thyl-2-butene (23) as a starting material (Scheme 3). Sim-
ilar product ratios were obtained using the microreactor
setup, whereas only product 22 was formed in 66% yield
when the reaction was performed as a batch process.

Scheme 3 Ritter reaction of 2-methyl-2-butene (23) with acetonitrile

It has been reported that methane and methyl radicals
eliminate from small radical cations of alkanes when
formed in a mass spectrometer, but a considerable amount
of energy is required for the initial formation of the radical
cation.16 A more conclusive explanation could be an acid-
catalysed cracking. This can occur via either a carbenium
or a carbonium ion. In the first case, classical bimolecular
cracking occurs via a hydride transfer from the adduct al-
kane to a smaller carbenium ion or a Lewis acid followed
by b-scission. The latter case has been observed in super-
acids at low temperatures or with solid Lewis acid cata-
lysts (zeolites) at very high temperatures.17 The
temperature difference is normally associated with the ne-
cessity to compensate for the lower pH levels of the solid
acids. We cannot be sure that our reaction conditions of
heated and rather concentrated sulfuric acid are sufficient
to allow the formation of carbonium ions.

The dominance of any of these mechanisms in a certain
process has been found to be highly dependent upon the
set-up conditions and parameters. However, often several
mechanisms can be assumed to occur concurrently.18 The
classic pathway via the carbenium ion would involve the
b-scission directly after the dehydroxylation and would
give one equivalent of isobutene and a methyl cation.
Isobutene would be immediately protonated and give 4
(Scheme 4), but the existence of methyl cations in the re-
action mixture should lead to the formation of the corre-
sponding amide which has not been detected. The
existence of a carbonium transition state would imply the
protonation of the tert-pentyl cation to form a dication.
This species is considered to be surprisingly stable in the
gas phase as described in a recent and detailed theoretical
investigation.19 Additionally, the stabilisation of the cat-
ion with a hydrogen sulfate ion is possible and could, in
this case, improve charge separation and stabilise the tran-
sition state. The decomposition of the dication would
most likely result in the elimination of a methane equiva-
lent. This would coincide with our observation of gas for-
mation in the microreactor under these conditions,
however, two positive charges would remain on the tert-

butyl moiety and it is not clear how a necessary hydride
transfer to form the tert-butyl cation could be sustained
under these conditions. Considering the very harsh condi-
tions, the selectivity of this process is high as only the side
product 4 and the main product 22 are formed. However,
a definitive mechanistic description of the side reaction
still eludes us.

In conclusion, we have described the fast synthesis of
amides and formamides as important building blocks in
synthesis by minimising the hazards involved in the clas-
sical Ritter reaction under microfluidic conditions.
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