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Continuous generation, in-line quantification and
utilization of nitrosyl chloride in photonitrosation
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Herein, we describe a continuous flow protocol for the generation, purification and quantification of nitro-
syl chloride (NOCI). The generation of this useful but hazardous reagent is based on the reaction of aque-
ous NaNO, with HCl as readily available starting materials. The reagent, which is formed immediately upon
mixing of the reactants, is rapidly extracted into a suitable organic phase, such as CHClz or CH,Cl,, and
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separated using a continuous flow liquid-liquid membrane separator. A convenient method for the in-line
monitoring of reagent concentration, based on flow UV/vis analysis, has also been developed and
implemented. The synthetic utility of the nitrosyl chloride generator was demonstrated by integrating a

continuous flow photochemical reactor downstream to perform the synthesis of cyclohexanone oxime

rsc.li/reaction-engineering

Introduction

Nitrosyl chloride (NOCI) is a classic reagent utilized for or-
ganic synthesis mostly during the last century.' This orange
colored gas, with a boiling point of —5.8 °C, was initially iden-
tified as a constituent of aqua regia and isolated and charac-
terized almost 150 years ago.” In early studies, it was utilized
for the structural elucidation of terpenes and other olefin-
containing compounds because its addition to double bonds
often yields crystalline products.’ The nitrosochlorination of
alkenes (Scheme 1a) results in 1-chloro-2-nitroso compounds
which, depending on the substituents on the olefin moiety,
can either dimerize or rearrange to an a-chloro oxime.* Many
other applications of this versatile reagent have been
reported, including the generation of aromatic diazonium
salts from anilines (Scheme 1b),” N-nitrosation of secondary
amines, (Scheme 1c),® or a-oximation of carbonyl compounds
(Scheme 1d).” These oximations are generally considered to
proceed via a nitroso intermediate.”"* Light-induced
oximation of aliphatic CH, groups (Scheme 1e) is arguably
the most important and most widely applied reaction involv-
ing NOCI. The oximation is postulated to proceed via a radi-
cal mechanism initiated by the homolytic cleavage of the CI-
NO bond upon photo-irradiation. This chemistry, pioneered
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from cyclohexane, an important industrial process.

by Lynn and co-workers,® is applied on the industrial scale for
the photonitrosation of cyclohexane (PNC) by Toray
Industries.”"°

Despite its broad applicability, the direct use of nitrosyl
chloride in organic synthesis is generally undesired and
usually avoided, even on a lab scale. This is due to its reac-
tive nature as a toxic and highly corrosive gas. NOCI has
corrosiveness comparable to aqua regia, and hence is in-
compatible with most metals and only a few nickel based
alloys (such as Monel or Inconel) can be used for its stor-
age. Commercial availability is therefore very limited and in
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Scheme 1 Reactions of NOCI with organic compounds.
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situ generation from stable starting materials is the pre-
ferred method of supply. In this context, several methods
for NOCI generation have been reported, such as the reac-
tion between alkali metal chlorides and nitrogen dioxide or
nitric acid."* Gas phase formation of NOCI occurs when ni-
trous gases (NO and NO,) are reacted with elemental chlo-
rine (Cl,) or hydrogen chloride.'”” In the aforementioned
PNC process, NOCI is generated from HCl and nitro-
sylsulfuric acid (NOHSO,), which itself is produced by the
reaction of sulfuric acid with nitrous gases.”*"?

A common approach for the lab-scale generation of NOCI
is based on the reaction of alkyl nitrites (RONO) with hydro-
chloric acid or trialkyl chlorosilanes.”"** Ethyl-, butyl- and
pentyl nitrites, which are the most commonly used reagents
for this reaction, are mainly prepared by the reaction of so-
dium nitrite and sulfuric acid with the corresponding alco-
hol."> NOCI can also, however, be directly generated from
aqueous solutions of NaNO, and HCl,'® circumventing the
preparation of alkyl nitrites and providing a more atom-
efficient procedure.

With this in mind, we envisaged that a continuous flow
protocol for the in situ generation, purification, and utiliza-
tion of NOCI based on the reaction of NaNO, and HCI as in-
expensive and readily available starting materials would be
highly desirable. Continuous flow technology enables the
generation and utilization of hazardous reagents or reaction
intermediates in a confined environment, minimizing any
risks of exposure.'” As these intermediates are generated and
immediately consumed, the amount of hazardous material
present in the reactor at any given time is minimized.'® In
addition, the continuous generation of reagents can be read-
ily combined with purification steps and in-line quantifica-
tion by integrating process analytical technology (PAT)."

Herein, we present the development of a continuous flow
nitrosyl chloride generator and its application to the photo-
chemical synthesis of cyclohexanone oxime from cyclohex-
ane. The continuous flow setup integrates: the generation of
the gaseous reagent utilizing aqueous NaNO, and HCI as sta-
ble and inexpensive starting materials; extraction into a suit-
able organic solvent stream; in-line continuous liquid-liquid
separation of the aqueous and organic phases using mem-
brane technology and in-line reagent quantification by UV/vis
monitoring. Further integration of the NOCI generator with a
photochemical reactor has enabled the generation of cyclo-
hexanone oxime from cyclohexane, whilst bypassing any han-
dling of the hazardous reagent.

Results and discussion
Continuous flow setup for the generation of NOCI

The continuous flow setup consisted of three feeds: two aque-
ous solutions, containing 8 M NaNO, and 6 M HCI, and an
organic solvent extraction stream (Fig. 1). These high concen-
trations, which are near saturation in the case of NaNO,,
were selected to enhance NOCI formation. Higher concentra-
tions of NaNO, were not evaluated (saturation at room tem-
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Fig. 1 Schematic view of the continuous flow setup for NOCI
generation, extraction, and in-line quantification.

perature corresponds to 8.8 M) to prevent any eventual solid
formation. Indeed, contact of the 8 M aqueous solution with
immiscible organic solvents typically resulted in crystalliza-
tion of the salt. HCI concentrations higher than 6 M were not
used for safety reasons. NOCI formation was observed to be
essentially instantaneous using these conditions and no
change was observed upon altering the residence time. The
organic stream was, therefore, added almost immediately af-
ter mixing the aqueous reagent streams in a 250 puL Dolomite
glass microreactor. In this reactor, the initial mixing takes
place within channels of ca. 0.2 mm i.d., promoting fast
mixing. Injection of the third stream, the organic solvent
(methyl tert-butyl ether, diisopropyl ether, trifluorotoluene,
chloroform, toluene or dichloromethane), takes place after a
very short channel path (ca. 0.2 mm). Thus, the estimated
contact time between the aqueous phases prior to addition of
the organic solvent is in the order of milliseconds. Extraction
of NOCI to the organic phase occurs within the microreactor
mixing zone and residence time channel (250 pL). All streams
were introduced into the system using syringe pumps (Syrris).
A transparent PFA tube at the output of the microreactor
allowed for visual inspection of the resulting biphasic seg-
mented stream. Notably, accumulation of NOCI in the or-
ganic phase could be observed by its strong orange colora-
tion, in contrast to the almost colorless appearance of the
water segments.

The solution containing NOCI was separated from the
aqueous phase immediately after the mixture exited the
microreactor in order to minimize hydrolysis of NOCI. For
that purpose, a continuous liquid-liquid membrane separa-
tor (Zaiput), equipped with a hydrophobic PTFE membrane
(0.5 um pore size), was used.”® An adjustable back pressure
regulator (Zaiput) was installed at the end of the setup, to
minimize the formation of gas bubbles. Additionally, in-line
UV/vis monitoring was added to the setup to directly quantify
the NOCI content of the organic stream circumventing the
need for any handling or workup (Fig. 1).

Development of in-line UV/vis NOCI analysis

To obtain a reference spectrum of NOCI, the compound was
generated in an organic solution by reacting isoamyl nitrite
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(CsH;;,0NO) with chlorotrimethylsilane (TMSCI) (see the ESIT
for details).” For the initial set of experiments, chloroform
was selected as the organic solvent since it is completely
unreactive toward NOCI, in contrast to other commonly used
solvents.™? Additionally, chloroform is reported as the most
suitable solvent for some NOCI reactions such as addition to
olefins.*” Upon adding an excess of chlorotrimethylsilane to
a solution of isoamyl nitrite in chloroform (performed in a
UV/vis cuvette at ambient temperature), dark orange colora-
tion could instantly be observed. The UV/vis spectra obtained
using this method were compared with those recorded in the
gas phase by Roehl and co-workers from the reaction be-
tween NO and Cl, (ref. 21) and as expected, analogous ab-
sorption peaks were observed (Fig. 2).

Two local absorption maxima with different intensities
were present at A 472 nm and 4 583 nm (in addition to an
intense peak at 340 nm). We decided to use the absorbance
at 4 583 nm for NOCI quantification. This is a characteristic
absorption peak of NOCI and the possibility of side products
or other compounds absorbing at this wavelength is lower
than that for 1 472 nm. In addition, the absorption coeffi-
cient is relatively low; therefore saturation of the detector,
even at high concentrations, is unlikely (see Fig. S2 ESIf).

In-line UV/vis monitoring of the reaction stream was
implemented by combining a custom-made flow cell (Fig. 3)
with an optical fiber based UV/vis spectrometer (Avantes).
This setup enabled flexible integration into the continuous
flow setup. Despite a number of different available flow cells
for continuous UV/vis spectroscopy,”” we decided to utilize
our own design using PEEK as a chemically resistant material
and ensuring facile connectivity using 1/4-28 threads for both
fluid connectors and optical probe attachment. To avoid any
undesired “dead ends” in the channel that could provoke
concentration gradients or accumulation of small gas bub-
bles (a frequent cause for non-robust measurements in com-
mercial flow cells), the fluidic channel was arranged in a
Z-shape (Fig. 3). The cell channel featured an inner diameter
of 800 um and a total length of 35 mm, including a 10 mm
optical path. The internal volume was approximately 18 pL.
An important consideration during the implementation of
the flow cell was to avoid contact of the fiber optic (mounted
on stainless steel) with the NOCl-containing solution. To

e NOCl in gas
phase (ref. 21)

e NOC| dissolved
in CHCl3

Absorbance [A.U.]

400 450 500 550 600 650 700
Wavelength [nm]

Fig. 2 UV/vis reference spectra of nitrosyl chloride.
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Fig. 3 UV/vis flow cell with indicated protective polymer layers
(green) for in-line measurements.

overcome this problem, transparent disks made of fluori-
nated ethylene propylene (FEP) (0.05 mm thickness) were
installed between the optical fibers and the reaction channel
(green lines in Fig. 3). This gastight and inexpensive material
ensured a wide chemical compatibility alongside a high de-
gree of transparency for wavelengths as short as 250 nm (see
Fig. S3 ESIY). Indeed, the light transmittance of the flow cell
with the FEP protective films was equivalent to a quartz cu-
vette with the same path length (see Fig. S5 in the ESIf). One
disk was installed in each optical fiber connection.

Using this setup, pressures up to 10 bar were tested and
no leakage or damage of the 0.05 mm FEP disks could be vi-
sually observed.

Optimization of NOCI generation in flow

Using the continuous flow setup (shown in Fig. 1) with the
aid of in-line UV/vis monitoring, a series of reaction parame-
ters were optimized for the generation of NOCI. Specifically,
different reagent stoichiometries and concentrations, organic
solvents, and relative flow rates of the organic and aqueous
phases were examined.

The stoichiometry of HCI was evaluated first. Although the
reaction only requires 2 equivalents of the acid, previous re-
ports suggested that an excess can be beneficial.'®
Maintaining a constant flow rate for CHCl; (400 uL min™")
and NaNO, solution (50 uL min'; 8 M), the flow rate of HCI
(6 M) was gradually increased to 12 equivalents. UV/vis in-
line monitoring (see Fig. S6 in the ESI{) revealed that a pla-
teau for the NOCI concentration is reached using 6 equiva-
lents of HCI (corresponding to a flow rate of 6 M HCI of 400
uL min ). A larger excess did not have a significant influence
and therefore this amount (6 equivalents) was chosen for
subsequent experiments. Notably, experiments using less
than 4 equivalents of HCI resulted in large amounts of gas
slugs visible inside the flow system (most likely nitrogen ox-
ides). Despite using a back pressure regulator set to 2 bar,
they were large enough to cause disturbances during the UV/
vis measurements. Under optimal conditions, no gas slugs
were observed inside the organic phase, due to the good solu-
bility of NOCI in the organic solvent.

Next, we turned our attention to the ratio between the
aqueous and organic phases. Our aim was not only to find an
optimal ratio for the extraction of NOCI to the organic phase,

This journal is © The Royal Society of Chemistry 2019
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but also to assess the effect of the total flow rate on the reac-
tion efficiency (by mixing contributions). Thus, both flow
rates were sequentially modified in intervals of 100 L min™"
(300 uL min™* to 600 uL min™" and 350 uL min™" to 650 uL
min " for the organic and aqueous phases, respectively)
resulting in a set of 16 different flow rate combinations. After
each modification of the flow rate, UV/vis data were collected
for 15 min to ensure steady-state conditions (Fig. S7 in the
ESI} contains the raw data obtained). Data suitable for visual-
ization and comparison were obtained by converting the ab-
sorbance values to the relative NOCI yield, taking into ac-
count the dilution factor corresponding to the flow rates
(Fig. 4). Details on the data treatment are collected in the
ESIL} The best results were typically obtained when similar
flow rates for the aqueous and organic phases were applied.
Thus, the lowest values for the NOCI generation
corresponded to the reaction in which the CHCIl; and aque-
ous streams were set to 600 pL min " and 350 uL min™*, and
300 uL min™' and 650 pL min~" (Fig. 4). These effects were
ascribed to a low yield for the extraction process in the case
of lower organic phase flow rates, or poor mixing efficiency
when low flow rates of the aqueous phase were used.

To visualize the variation of the relative yield of NOCI
against the flow rates of both streams, the data in Fig. 4 are
fitted to a 3rd order polynomial function z(x,y) (z - relative
NOCI yield, x - flow rate of the CHCl; phase, and y - flow
rate of the aqueous phase) by non-linear regression (relative
coefficient R* = 0.992, equation data are collected in the
ESIt). A contour map of z(x,y) is plotted as shown in Fig. 5
with arrows indicating the direction of the gradient vector
(Vz(x,y)) at each point on the (x,y) plane. In Fig. 5, the direc-
tion of the gradient vectors converges to a clear ridge line,
proceeding in a diagonal fashion from (360 350) to (600 580).
This ridge line, representing the highest relative NOCI yield,
indicates that a ratio of approximately 1:1 between the re-
spective flow rates (x and y) is favored in the range of this ex-
periment. In addition, keeping the 1:1 ratio between the two
immiscible phases constant, the range of the total flow rate
was extended from 0.65-1.25 mL min* to lower and higher
values ranging from 0.2 mL min™* to 2 mL min~". A constant
NOCI yield (within a 5% deviation) was observed for the
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Fig. 4 Optimization of the flow rates of aqueous and organic phases
for the generation of NOCI. Data are adjusted with a dilution factor to
obtain comparable efficiency values.
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Fig. 5 Contour map z(x,y) for the optimization of aqueous and
organic flow rates, overlaid with the direction of gradient vectors Vz(x,
y), indicated by arrows.

whole range of flow rates (see Fig. S9 in the ESIf{), demon-
strating scalability even in this small reactor system.

Next, several water-immiscible organic solvents were scre-
ened for the extraction of NOCI. Due to the highly reactive
character of NOCI, the evaluated solvents were restricted to
ethers, halogenated hydrocarbons, and toluene. Using the
same set of conditions (6 equivalents of HCI, 1:1.1 ratio or-
ganic/aqueous phase) and varying the organic solvent, the
corresponding UV/vis data for NOCI absorption were col-
lected (Fig. 6). It should be pointed out that no significant
solvatochromic effects that could influence the conclusions
drawn were observed. Identical A,,,x for NOCI were observed
in all solvents within a +5 nm range and no widening of
the absorption peaks, a typical sign of solvent effects on the
extinction coefficient, could be identified. Accordingly, the
results from Fig. 6 should be considered as qualitative, yet
the most suitable solvent can still be selected. The best re-
sults were achieved for dichloromethane and toluene. Lower
amounts of NOCI (ca. 15% lower) were observed in o,0,0-

0.60
0.50
0.40
0.30
0.20

0.10

Abs. 583 nm +5nm [A.U.]

11

MTBE iPr,O PhCF; CHCl; PhMe CH,Cl,

Fig. 6 Organic solvent screening for NOCL extraction. The
experiments were carried out at room temperature, using the
following flow rates: organic solvent (400 pL min™), 6 M HCL (400 pL
min™), 8 M NaNO, (50 pL min™).
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trifluorotoluene and chloroform. Poor results were obtained
for diisopropyl ether and MTBE. In both cases, the typical
strong orange coloration of the solution could not be visu-
ally observed in either the aqueous or the organic segments
before the liquid-liquid separator. NOCI is most likely
poorly soluble in these ethers and the extended contact with
the aqueous phase results in significant decomposition of
the reagent. This hypothesis was supported by the forma-
tion of large amounts of gases (most likely nitric oxide)
within the tubing.

The amount of NOCI generated using the optimal condi-
tions (i.e. 6 equivalents of HCl, 1:1 ratio organic/aqueous
streams, and CH,Cl, as the extraction solvent) was ultimately
determined by redox titration using the KI/I,-Na,S,0; system
(see the ESI for experimental details). The determined yield
of NOCI was 86% with respect to NaNO,.

Integration of NOCI generation with photochemical
oximation of cyclohexane

The synthetic applicability of the optimized NOCI generator
was then showcased in the light-induced oximation of cyclo-
hexane, which provides cyclohexanone oxime in a single
transformation. The key-step of this well-known reaction is
the radical photonitrosation of cyclohexane,'*** initialized by
the homolytic cleavage of NOCL>* The nitroso intermediate
then rearranges to the oxime under acidic conditions.’®"?
This process has been extensively studied and developed on
the commercial scale by Toray Industries as a convenient
route for the preparation of e-caprolactam, the precursor of
nylon 6."°

Alternative photochemical methods using alkyl nitrites as
nitrosyl radical sources have also been reported using UV
light>® and 365 nm or 405 nm LEDs.>*

The continuous flow setup consisted of the NOCI genera-
tor (described above), an additional reaction stream
containing neat cyclohexane, and a continuous photo-
chemical reactor (Fig. 7). A simple flow photoreactor, made
of PFA tubing coiled around a beaker, was used for prelimi-
nary examination of reaction parameters such as temperature
and to evaluate the possibility of solid formation (cyclohexa-
none oxime is poorly soluble in many organic solvents).

solvent — >—
L v reactor liquid-liquid
) chip separator
. 3

Herem () 1 [””””]» —_—
| —
— 250 ul aqueous
NaNO, 8 M —@— waste

@

Integrated continuous setup for NOCI generation, purification and quantification, and its downstream utilization for the photonitrosation of

Fig. 7
cyclohexane.
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Transparent PFA tubing (0.8 mm i.d., 5 mL) and a tempering
beaker connected to a thermostat (Huber) for accurate tem-
perature control were utilized. The reactor was irradiated
from the inside of the beaker using a 50 W LED array (Amax =
455 nm), composed of 50 individual LEDs. The reactor was
covered with aluminum foil and a thermal insulator (see Fig.
S10 in the ESI{). To prevent freezing of the cyclohexane
within the tubing at temperatures below 6 °C, it was mixed
with the organic phase containing NOCI using a T-mixer im-
mediately before entering the cooled zone (without
precooling). This served not only to minimize the contact be-
tween the reactants in an uncontrolled temperature regime at
the beginning of the cooled reactor but also to avoid clogging
of the reactor by solidification of the substrate.

An initial set of continuous flow reactions at different tem-
peratures was performed in CHCI; (Table 1) before switching
the solvent to CH,Cl,. A residence time of 5 min for the
photochemical step was utilized in all cases. Cyclohexane was
used in excess (9.5 equivalents), with NOCI as the limiting re-
actant. Such conditions are typically used for the photo-
nitrosation of cyclohexane.”®® This strategy simplified the
subsequent isolation of the product, as excess cyclohexane
can be easily removed by evaporation. As the temperature
was gradually decreased from 20 °C to -30 °C, improvement
of both the yield and the selectivity of the reaction was ob-
served until -20 °C (Table 1, entries 1-5). The further de-
crease of the temperature to -30 °C did not improve the re-
sults. This temperature effect is in agreement with previous
reports on this photochemical reaction.”® Notably, the target
cyclohexanone oxime separated from the reaction mixture as
an oil from the cyclohexane/DCM solvent mixture, in contrast
with the solid precipitate described for the reaction in the ab-
sence of the chlorinated solvent.”® This complicated the anal-
ysis of the crude reaction mixture, which had to be diluted
and vigorously stirred in the collection flask for the prepara-
tion of samples for GC analysis. Substitution of CHCI; by
CH,CI, as the solvent for the extraction of NOCI and the
photochemical reaction medium proved beneficial (Table 1,
entry 7). A significant increase in both the selectivity and the
yield of the reaction was observed. This solvent effect could
potentially be ascribed to the presence of the stabilizer (0.6%
ethanol) in CHCl;, which could quench some of the

in-line UV/Vis

jal

455 nm LED
BPR
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Table 1 Initial temperature screening for the photonitrosation of cyclo-
hexane using chloroform as the extraction solvent for NOCL*

Entry Temp. [°C] Selectivity [%]” Yield‘ [%]
1 20 40 16
2 10 48 24
3 0 48 24
4 -10 56 27
5 -20 59 30
6 -30 56 28
7¢ -10 83 49

% Reactions carried out in a PFA-tubing based reactor with an inter-
nal volume of 5.0 mL, using the following flow rates: CHCl; (563 pL
min'), 6 M HCI (500 uL min'), 8 M NaNO, (62.5 pL min"), cyclo-
hexane (433 pL min™"). A 50 W LED with a /. of 455 nm was used.
b Determined by GC-FID peak area integration. ¢ Determined by GC-
FID with diphenyl ether as the internal standard. Calculated with re-
spect to NOCI. 4 CH,Cl, instead of CHCl; was used.

photolytically formed radicals, in addition to the better ex-
traction performance observed for CH,Cl, (Fig. 6).

Once the presence of solids in the reaction mixture could
be excluded, we moved to a scalable Corning® Advanced-
Flow Photo Reactor™ to conduct further optimization stud-
ies. This system features a glass plate with an internal mixing
structure (2.77 mL volume), jacketed by heat transfer fluid
and irradiated by LED panels from both sides.>” The photo-
chemical reactor was integrated at the outlet of the NOCI
generator (Fig. 8) analogous to the PFA tubing reactor
(Fig. 7). Based on the results obtained in the preliminary ex-
periments (Table 1), all reactions in this unit were carried
out in CH,Cl, at -10 °C. Several irradiation wavelengths,
ranging from 340 nm to 540 nm, were evaluated (Table 2)
with a 10 minute irradiation time. Notably, the best results
were achieved under irradiation using 375 nm and 395 nm
LEDs (Table 2, entries 2 and 3). The UV/vis band correspond-
ing to the homolytic cleavage of NOCI is likely the peak with
Amax = 340 nm.*® However, using this irradiation wavelength,
only a low yield was obtained (entry 1). This is presumably
due to the low radiant flux (2.9 W) of the 340 nm LEDs: a
known challenge in current UV LED technology.>® Thus, al-
though absorption of 375-395 nm light is 2.5-3 times less ef-
ficient, the higher yields can be rationalized by the high radi-
ant flux of those LEDs (46 W and 54 W, respectively, Table 2).
As expected, no reaction occurred in the absence of light (en-
try 7). Decreasing the excess of cyclohexane (under 395 nm ir-

®

NOC
generator
(CH.Clp)

LED array

/*\\ /”\\ *\ BPR

YRV VIR -10 °C
KRN on

Fig. 8 Downstream integration of a Corning Lab photo reactor.
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radiation) was unproductive, since both the yield and selec-
tivity of the photonitrosation decreased (see Fig. S13 ESIT).

We next investigated the effect of the residence time on
the formation of cyclohexanone oxime. During these experi-
ments, a total flow rate of 180 pL min™' was initially applied
(15 min residence time) and then gradually incremented to 2
mL min~". Notably, the reaction yield and selectivity reached
a plateau after a residence time of only 2.5 min (Fig. 9).
Higher residence times did not increase the yield nor affect
the selectivity. In fact, the yield slightly decreased with resi-
dence times longer than 5 min, likely due to partial decom-
position of the product under the applied reaction
conditions.

Under optimal conditions (-10 °C, 9.5 equivalents of cyclo-
hexane, LED /. of 395 nm, 2.5 min), the crude reaction
mixture was collected from the reactor output for 1.5 hours.
The product could be isolated by simple evaporation of all
volatiles. The side products of the reaction, chloro-
cyclohexane and cyclohexanone (identities proposed by GC-
MS), could also be readily removed by evaporation. Cyclohex-
anone oxime (4.1 g) was isolated using this methodology as
its hydrochloride salt as an off-white solid. This amount cor-
responds to a 66% yield for the photochemical step (with re-
spect to NOCI), which agrees well with other methods pub-
lished in the literature.”® The overall yield of the process,
using NaNO, as the limiting reagent, was 57%. '"H NMR anal-
ysis of the product, with trichloroethylene as the internal
standard, confirmed that the isolated solid was the hydro-
chloride salt of the oxime (see Fig. S14 in the ESIt), with a
purity of 95% according to GC-FID.

Conclusions

In summary, we have developed a continuous flow method
that enables the safe generation and utilization of nitrosyl
chloride for organic synthesis. This useful reagent is seldom
utilized in organic chemistry laboratories due to its highly
corrosive and toxic nature. Generation in situ from inexpen-
sive NaNO, and HCI in a confined environment within a
microreactor permitted its utilization in a safe and controlla-
ble manner. Following formation in aqueous solution, the re-
agent was rapidly extracted into an organic solvent and sepa-
rated using a continuous liquid-liquid separator. Several
reaction parameters, namely the reagent stoichiometry and
aqueous/organic phase ratio, have been optimized to arrive at
6 equivalents of HCl and a 1:1 water solution/organic solvent
ratio. The most suitable solvents for the extraction were
found to be CHCI; or the more appropriate CH,Cl,, toluene
and o,0,a-trifluorotoluene. Convenient in-line monitoring of
the NOCI concentration was implemented in the continuous
flow setup. For this, a custom-built UV/vis flow cell and moni-
toring of the absorbance at 1 583 nm were found to be opti-
mal. To showcase the synthetic utility of the NOCI generator,
the light-induced photonitrosation of cyclohexane was used
as a model reaction. This process is an important route for
the synthesis of cyclohexanone oxime. Thus, the NOCI
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Table 2 Influence of different LEDs on the photonitrosation of cyclohexane®

Entry LED Zmax [Nm] LED radiant flux [W] Selectivity” [%] Yield® [%]
1 340 2.9 n.d. 2

2 375 46 85 47

3 395 54 87 55

4 422 36 84 39

5 455 48 86 29

6 530 19 81 40

7 Dark — n.d. 2

“ Reactions carried out at =10 °C in a lab photo reactor with an internal volume of 2.77 mL, using the following flow rates: CH,Cl, (152 uL
min™"), 6 M HCI (135 uL min'), 8 M NaNO, (16.9 uL min?), cyclohexane (117 uL min™"). ” Determined by GC-FID peak area integration.
¢ Determined by GC-FID with diphenyl ether as the internal standard. Calculated with respect to NOCI.

generator was telescoped to a continuous photochemical re-
actor with an additional reaction stream containing cyclohex-
ane. Optimal conditions for the photochemical step resulted
in a good yield (57% overall yield with respect to NaNO,) for
the desired oxime. The integrated continuous flow setup was
run for 1.5 h, producing 4.1 g of the target compound as hy-
drochloride with 95% purity.

Experimental
General information

Solvents and chemicals were obtained from commercial sup-
pliers and were used without any further purification unless
otherwise noted. GC-FID analysis was performed on a
ThermoFisher Focus GC with a flame ionization detector,
using a TR-5MS column (30 m x 0.25 mm ID x 0.25 um) and
helium as the carrier gas (1 mL min™ constant flow). The in-
jector temperature was set to 280 °C. After 1 min at 50 °C,
the temperature was increased by 25 °C min™" to 300 °C and
kept constant at 300 °C for 4 min. The detector gases for
flame ionization were hydrogen and synthetic air (5.0 qual-
ity). GC-MS spectra were recorded using a ThermoFisher Fo-
cus GC coupled with a DSQ II (EI, 70 eV). A TR-5MS column
(30 m x 0.25 mm x 0.25 um) was used, with helium as the
carrier gas (1 mL min™ constant flow). The injector tempera-

100
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Fig. 9 Residence time screening for PNC in a Corning reactor at -10
°C with an internal volume of 2.77 mL, using variable flow rates.
@Determined by GC-FID peak area integration. *Determined by GC-FID
with diphenyl ether as the internal standard. Calculated with respect to
NOCL
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ture was set to 280 °C. After 1 min at 50 °C, the temperature
was increased by 25 °C min™ to 300 °C and kept at 300 °C
for 3 min. NMR spectra were recorded on a Bruker 300 MHz
instrument. "H and '*C spectra were recorded at 300 MHz
and 75 MHz, respectively, with a chemical shift relative to
TMS expressed in parts per million. Chemical shifts () are
reported in ppm downfield from TMS as the internal stan-
dard. The abbreviations bs and m are used to indicate a
broad signal and a multiplet signal. UV/vis absorption was
measured using an optical fiber based Avantes AvaSpec-
ULS2048 spectrometer and the corresponding AvaLight-DHc
light source including both a deuterium lamp and a halogen
lamp. Absorption spectra were recorded between 199 nm and
769 nm with an integration time of 30 ms using an average
of 100 measurements.

CAUTION: Nitrosyl chloride (NOCI) should be treated with
extreme caution. Because of the high toxicity of the product, all
reactions should be carried out in a fume hood with sufficient
air flow. Laboratory personnel working with NOCI MUST famil-
iarize themselves with the potential hazards and preventative
measures. Excess NOCI should be destroyed by hydrolysis using
saturated aqueous NaHCOj3.

General procedure for the generation of NOCI in flow

For the optimization of the NOCI generator, three feed solu-
tions (organic solvent, 6 M HCl and 8 M aq. NaNO,) were
pumped using Syrris Asia syringe pumps. To establish effi-
cient mixing between the aqueous and the organic phase, a
250 pL microreactor chip from Dolomite was used. The inter-
nal structure of this glass chip consists of an inlet/output
zone in which up to three feeds are mixed almost simulta-
neously, a static mixing element with a volume of a few pL (i.
d. = ca. 0.2 mm), and a residence time section with an inner
diameter of approximately 0.5 mm. The solutions were com-
bined in the following order: 1) NaNO,, 2) HCl, and 3) or-
ganic solvent. For continuous separation, a liquid-liquid sep-
arator (SEP-10) from Zaiput Flow Technologies equipped with
a 0.5 um pore size PTFE membrane was used. Via a six-port
valve (installed to allow for easy purging), the organic stream
was fed through a 10 mm UV/vis flow cell featuring two trans-
parent FEP films with a thickness of 0.05 mm to protect the

This journal is © The Royal Society of Chemistry 2019
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optical fibers of the UV/vis spectrometer. The absorbance at 4
583 nm + 5 nm was monitored continuously and the
obtained graphs (for example see Fig. S7 in the ESI}) were
used to determine the steady state plateaus, and the corre-
sponding absorbance. To avoid disturbances of the UV/vis
measurements by gas slugs, a back pressure regulator from
Zaiput Flow Technologies adjusted to a pressure of 2 bar was
installed after the flow cell. When NOCI was not consumed
by a subsequent reaction, it was quenched using saturated
aqueous NaHCO;.

General procedure for optimizing the PNC reaction

The optimization of the photonitrosation of cyclohexane
was carried out in a Corning Advanced Flow photo reactor.
Whereas both aqueous solutions (HCl and NaNO,) were
pumped by a Syrris Asia syringe pump, HPLC type pumps
provided by the Corning system were used for CH,Cl, and
cyclohexane. After separation of the CH,Cl, phase
containing NOCI, it was mixed with cyclohexane by a PEEK
Y-mixer immediately before the photoreaction at —10 °C. A
back pressure regulator from Zaiput Flow Technologies in-
cluded in the Corning system was set to 2 bar to avoid dif-
ferences in residence time, caused by gas slugs. The reac-
tion solution was collected for a defined time in a 20 mL
test tube containing diphenyl ether (0.50 mmol) in CH,Cl,
(2.5 mL) to serve as the internal standard for GC-FID (cali-
bration data are collected in Fig. S12}). Subsequent to the
collection, the reaction mixture was neutralized by saturated
aq. NaHCOs;, and extracted with CH,Cl,. Based on GC-FID,
cyclohexanone oxime (5.56 min) was quantified via the
amount of diphenyl ether (7.56 min) according to the cali-
bration shown in the ESL}

General procedure for the isolation of cyclohexanone oxime

For the isolation of cyclohexanone oxime under optimized
conditions, 9.5 equivalents of cyclohexane were employed
and the reaction was irradiated with an LED (4.x = 395 nm)
for 2.5 min within the Corning photo reactor. The following
flow rates were used: CH,Cl, (608 puL min™"), 6 M HCI (540 uL
min~'), 8 M NaNO, (67.5 pL min~') and cyclohexane (468 pL
min'). The output stream of the photo reactor was collected
in a 250 mL round bottom flask for 90 min, and was purged
with N, to remove excess NOCI. The reaction mixture was
concentrated under reduced pressure maintaining a tempera-
ture below 30 °C, until 4.11 g of cyclohexanone oxime hydro-
chloride were obtained as a hygroscopic off-white solid (66%
yield based on NOCI). dy (300 MHz, DMSO-d;) 10.79 (2H, bs),
2.45-2.36 (2H, m), 2.23-2.15 (2H, m), 1.63-1.48 (6H, m). Jc
(75 MHz, DMSO-d) 159.8, 31.2, 26.5, 25.2, 25.2, 24.2.
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