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Abstract: Scheme 1. Singlet oxygen addition too-terpinene
Singlet oxygen was effectively and safely generated in a

nanoscale reactor and used for the synthesis of ascaridole. The Rose Bengal o
technique allows for the generation of singlet oxygen without Oy, hv o

the inherent dangers of large quantities of oxygenated solvents.

The methodology allows for facile scale-out of the process.
o-terpinene ascaridole

interest to the chemical communfyl.he term “nanoreactor”
denotes reactors with an instantaneous reaction volume most
conveniently measured in nanolitres. Because of increased
efficiencies of mixing and separation combined with high
rates of thermal and mass transfer, nanoreactors are ideal
for processing valuable or hazardous reaction components
and in many instances for improving reaction selectivities.
Moreover, the low-Reynolds-number environments encoun-
tered within most nanofluidic devices afford a high degree
of control over processes performed in continuous-flow
formats? Importantly, continuous-flow alternatives to tradi-
tional batch processes can be scaled with facility by the use

Introduction

The use of photosensitisers to effect the singlet oxygen
oxidation of terpenes and conjugated dienes has a long
history, particularly in the perfume industtyDespite the
utility of the functionality introduced by this transformation
there are inherent difficulties in adapting the process for
large-scale production. These include the difficulty of
introducing adequate intensities of the required wavelength
of light into the reactor and achieving sufficient oxygen
saturation. The challenge for the process chemist in achieving
adequate illumination is made more difficult by the strong
absorption of sensitiser dyes. This leads to a shortened f I llel le-out &h
effective path length even under quite powerful irradiation of a multiparallel (or scale-out) approath.

and also the formation of dimers and higher aggregates, manya I\/Ili(():g\tli?)tr?((j)fbr?a::)erZZc?g;/?engﬁggﬁ; Wetodtisecggfee hsfrf?(;ir;rt::e
of which are insolublé. Furthermore, the use of tungsten PP 9y : '

lamps or sunlight in this regard brings with it difficulties continuous-flow synthesis of ascaridole framterpinene,

for scale-up and unwanted sample heating, necessitating th(%szg%Vgca'gtascgimﬁel'sx;ﬂ'?;zntsr']ni;?:s r:r?gtﬁir Logg:fr;rlte_
use of collimators or refrigeration. The explosive nature of g 9 9

oxygenated organic liquidss well-known and can lead to to-volume ratios of microfabricated devices, and since the

significant health and safety issuekven aerated organic LnéZrOﬂru;g:Zti(;hnazgﬁlz;zﬁ) ”Cifsgt;rti ?ﬁr%rlfxmﬁ;egrﬁ? oty of
solvents can be extraordinarily hazardous on a Iaboratorythe fe,action environmentylr?1 ortantly. the tgechni e aIIo)\//vs
scale and more so on an industrial scale. Recent develop-for the generation of sin. Ietpox er):’Without thg inherent
ments in this area have addressed the problem of adequat% 9 £l i 9 f Y9 ted solvent
illumination but still leave the safety issues associated with angers ot large quantities ot oxygenated solvents.
large quantities of oxygenated organic solvents unsolved. ForNanoreac tor Fabrication
example, most “small tube” flow devices involve recirculat- The al . hio (footorint 5 5 q
ing feedstock from a large reservoir through an illuminated . € glass microchip (. ootprint 5 €M\ cm) was ma €
tube, leaving large guantities of aerated solvents in reservoir. m-f;}quse u?jmt? d:jrgct-wnf I.aser I|thography, vlvetdchegwtl)c?jl
Yields for this type of synthesis are as high as 90% for etg INg and bonding tec niques as previously deschbed.
terpene oxidation, but the problems posed by accidental pipeBr'eTﬂy’ a positive photoresist (S 1818, Shipley Corporation,
rupture are still of concern. Whitehall, PA) was spun onto the surface of a glass supstrate,
The application of nanoreactor technology to address and the (_:hann_el design transferred to the substraﬁte into the
difficulties in synthetic chemistry is an area of increasing photoresist using a DWL system (DWL2.0, He|de_lberg
Instruments, Heidelberg, Germany). After the photoresist was
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for use. It should be noted that oxygen and air are considered
interchangeable for many (although not all) singlet oxygen
preparations, although an adjustment in flow rate would have
to be made to compensate for the lower partial pressure of
oxygen in air. Rose Bengal is readily recyclable, so that
relatively high concentrations of sensitiser are not necessarily
a cost issue. Furthermore, since the effective optical path
length is 5Qum, a high sensitiser concentration does not pose
any experimental problems. The molar extinction coefficient
of Rose Bengal in methanol is 99 800 chiM~* at 550 nm.
Despite this high value a concentration 050~ M Rose
Bengal yields a total absorbance of 0.025 (equating to a

plate, with holes drilled for external access, was cleaned in transmittance of approximately 95%). This means that
H,SOy/H,0, and aligned before contact with the etched glass Molecules at any position within the irradiation zone will
substrate. To form enclosed channels, the plates were€Xperience a broadly similar photon flux. Consequently, the
thermally bonded in an oven. use of a microfabricated reactor actually facilitates the use
The reactor channel pattern is schematically described in o_f high sensitiser concentrations, which is desirable in most
Figure 1. The chip consists of a divergent inlet channel (A), clrcumstances.
a secondary inlet channel (B), a serpentine irradiation sector, In addition, it should be noted that the small cross section
and an outlet channel (C). The etched channels have arPf the reactor channels results in effective irradiation even

Figure 1. Schematic of reactor chip for singlet oxygen
reactions.

average depth of 5m and an average width of 150m. from relatively low-intensity light sources. This leads to

The serpentine section has a total length of 50 mm. reduced sample heating and therefore reduced radical
recombination. Efficient transformatiorr 80% conversion

Results and Discussion of feedstock by GC area analysis as described) can be

Under the reaction conditions optimised for the reactor achieved with an irradiation (reaction) time of less than 5 s.
chip no presaturation of the-terpinene solution with oxygen ~ Figure 2 shows typical GC traces of the chip feedstock
was necessary, meaning that at any given instant the totaS0lution and the chip product after work-up. Although the
volume of oxygenated solvent could be measured in picoli- method of analysis is crude, the identification of the product
tres. This small volume of oxygenated solvent present at anyPeak by separately synthesised authentic ascaridole renders
one time minimises the risks involved in the synthesis. It €SS ambiguous. o _ o . _
Furthermore, nitrogen degassing of chip effluent can be It is likely than the majority of microfluidic devices will
undertaken as soon as the effluent is collected. to avoid €ventually be structured from polymeric materials (rather than
accumulation of oxygenated solvents or the elevation of silicon or glass) due to the wide availability of base materials,
oxygen saturation in the reactor surroundings. commercial chip manufacturers, and highly cost-effective

To effect the synthesis of ascaridole freaterpinene the  fabrication methods (such as injection molding and hot-
delay section was irradiated using an unfiltered, 20-W, 6-v €mbossing). This means that the reactor chips described
overhead tungsten lamp on an inverted microscope stagd'€"€in may be “printed” and bondeh masset low unit
(Leica DMIL, Milton Keynes, UK). A solution of sensitiser cost!® Furthermore, since light can penetrate the substrate
dye and terpinene in methanol was introduced through A, material from any direction and the chips function perfectly
and a stream of oxygen was introduced through B. The in any orientation, large arrays of chips can be linked together
effluent was collected at C and worked up by diluting 10:1 to form three-dimensional structures surrounding light sources.
with diethyl ether, passing through a silica plug, and Altering the size of the serpentine section will also allow
evaporating off the excess solvent with a stream of nitrogen. for faster flow rates with similar irradiation times.
Transformation was monitored using capillary gas chroma- !N conclusion the use of a microfabricated nanoreactor
tography (GC), utilising a HP Innowax stationary phase. GC tc_) effect the safe, continuous generation and rc_eactlon (_)f
samples were introduced using an autosampler and a HpSinglet oxygen has peen dempnstrated. The technique avoids
68190 autoinjector array to avoid operator errors. Samplesth® major dangers inherent in the method and allows for
were compared to a sample of ascaridole prepared byrellable reaction even with relatively low-intensity light
standard methods that had been characterised by spectrai®u’ces.
comparison to literature dataSamples thus prepared co- . ]
ran in GC analysis with chip-produced products. Crude Experimental Section _ _
material from the microchip effluent was submitted to NMR ~ Réagents and solvents were obtained from commercial
analysis and demonstrated ascaridole present as the majoritgources and used as received. _ _
product. Continuous Flow Synthesis of AscaridoleA solution

In common with laboratory-scale procedures pure oxygen Of o-terpinene (85%, 0.6 mL) and Rose Bengal (certified,

and a relatively concentrated sensitiser solution were choserP-1 9) in methanol (20 mL) was prepared. This solution was
introduced into inlet A of the reactor chip at a flow rate of

(9) Backhouse, J. R.; Lowe, H. M.; Sinn, E.; Suzuki, S.; Woodward].S.
Chem. Soc., Dalton Tran4995 9, 1489. (10) Becker, H.; Gartner, (Electrophoresi00Q 21, 12.
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Figure 2. GC traces of (a) chip feedstock solution, (b) chip effluent.

1 uL/min. Pure oxygen was introduced into inlet B of the \ur (Bruker 250 MH2)0 0.99 (6H, dJ = 6 Hz), 1.37 (3H, s),
reactor chip at a flow rate of 1mL/min. Both were 1.49-1.56 (2H, m), 2.01 (1H, hepd,= 6 Hz), 2.02-2.05
introduced using a Hamilton PHD 2000 syringe pump. The ¢ Eéﬁi."}?ﬁi‘iﬁigmzdfgz ?J@ﬁfiéé%ﬁ; 8 Hz) ppm.
serpentine section of the chip was irradiated at full power 152, 135, 121, 109, 93

using the microscope overhead lamp as described at aGC  HP Innowax capillary GC column, 30 min length.
Helium carrier gas operating at a flow rate of 1.3 mL/min

distance of 10 cm from the reactor surface and the product inlet temperature 300°C

collected in a brown glass vial. The product was diluted 10:1 C?I;Sng /tempterature6_0°c, mfaizrgg(i?ed fprt3_mig,fthe{10ramped
. . i al °C/min to a maximum o , maintained Tor min

with diethyl ether and passed throth a short silica pluQ' retention times o-terpinene 6.30 min, ascaridole 10.26 min

and the solvent was evaporated using a nitrogen stream. The

product was analysed by GC giving a conversion by area Acknowledgment
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