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Photooxygenation of 1,5-dihydroxynaphthalene to Juglone was studied in a falling film microreactor. Moderate con-
version rates of up to 31% were achieved after just 160 s of exposure to visible light. In contrast, batch reactions
gave much lower conversions of up to 14% after a prolonged time period of 10 min. The difference in performance is
explained by the superior light penetration in the microfilm and the large gas—liquid contact area.
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1. Introduction

Microflow photochemistry has recently emerged as a new
synthesis concept, and numerous examples of selective pho-
tochemical transformations have been described [1]. The main
advantage of microreactors is the narrow reaction channel that
allows for complete penetration of light even at high concentra-
tions of the chromophoric reagent (as expressed in the Beer—
Lambert law) [2]. The flow mode additionally removes the
photoproduct from the irradiation zone, thus minimizing sec-
ondary photoreactions and decompositions. Most reactions so
far have been performed in homogeneous solution phase [3];
however, examples of heterogeneous gas—liquid reactions have
also been described [4]. Among these, dye-sensitized photo-
oxygenations are especially interesting since they give oxy-
genated products under mild and green conditions [S]. These
transformations also allow for the application of natural sun-
light [6]. Owing to its importance as a natural product and key
intermediate in organic synthesis [7,8], the photooxygenation to
5-hydroxy-1,4-naphthoquinone (juglone, 2) from the commer-
cially available 1,5-dihydroxynaphthalene (1) has been inten-
sively studied over the last few years (Scheme 1) [9]. We have
consequently investigated this important transformation under
microflow conditions and have compared the results with those
achieved using a conventional Schlenk flask setup. Rose ben-
gal was chosen as a sensitizer because of its industrial impor-
tance and easy availability [5]. Air was used as oxygen source
to avoid potentially hazardous exhaust fumes from the falling
film reactor. In addition, previous studies have shown that air
gives similar results to pure oxygen [6d].

2. Results and Discussion

2.1. Microflow Experiments. A commercially available fall-
ing film microreactor (FFMR-Standard by IMM, Mainz) was
used for the present study [10]. This reactor has been success-
fully used for the photooxygenation of cyclopentadiene [4f,g].
The experimental setup and a close-up of the reactor are shown
in Figure 1. The reactor itself contained a reagent gas chamber
with the reaction plate and an integrated heat exchanger. The
reaction plate had 16 parallel microchannels of 1200 pwm width,
400 pwm depth, and 78 mm length each. The reaction mixture
formed individual falling films by gravity in the channels. Air
was blown over the liquid films at a rate of 26.5 mL/min using a
common electrical air pump in combination with a flow meter.
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The large interfacial area within the reactor ensured effective
saturation of the liquid film with oxygen. The front window of
the reactor (dimensions: 55 x 28 mm; H x W) was made of
quartz glass (A > 200 nm). A conventional 18 W compact fluo-
rescent lamp was installed in front of the falling film reactor
at a distance of 10 cm from the reactor window. Alternatively,
an array of 60 white LEDs with a total optical power of 3 W
was used [11]. The setup was enclosed in a light-tight box that
was cooled using a small fan. The reaction temperature inside
the box was monitored using a standard laboratory thermometer
and did not exceed 25 °C. The reactor was cooled with chilled
water.

The reaction mixture containing the diol 1, rose bengal, and
(aqueous) isopropanol was drawn from an amber round-bottom
flask by a programmable rotary pump, whereas a second pump
removed the product mixture from the reactor. All polytetra-
fluoroethylene (PTFE) tubing was wrapped with black masking
tape to avoid any photoreaction with ambient light. Two flow
rates were chosen, 0.08 mL/min and 0.16 mL/min. Residence
times (7), film volumes (Vg ), film thicknesses (8), and inter-
facial areas (a) were subsequently calculated for both values
using Eqs (1-4) [10, 12] and the results are compiled in Table 1:

Vf'l
= film 1
= (1)

where Vgim = volume of the film and V= flow rate of the liquid.

Vi =08 XX B (2)

where 6 = film thickness, / = length of the channel, and B =
film width.
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where V= flow rate of the liquid, n = viscosity of the liquid,
p = density of the liquid, B = width of film, and g = acceleration
due to gravity.

Scheme 1. Photooxygenation of 1,5-dihydroxynaphthalene (1)
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Figure 1. (a) Experimental setup in flow-through mode and (b) close-up of reactor with parallel falling films (the red color of the sensitizer can be

clearly seen in each channel)

Table 1. Calculated residence times, film thicknesses, and film volumes

Entry Flow rate Residence Film volume Film thickness Interfacial
(mL/min) time (s) (mL)b (pum)“‘b area (m*/m°)
1 0.08 32 0.043 41 24,438
2 0.16 20 0.054 52 19,396

“Calculated using the viscosity and density of pure isopropanol at
20 °C.

PReaction plate with 16 microchannels of 1200 wm width, 400 pum depth,
and 78 mm length each.

a=—— 4)
Vﬁlm

where 4 = surface area of the film and V5, = volume of the

film.
Owing to the lowest possible residence time of just 32 s/cycle,

the reaction mixture was pumped in a closed loop in order to reach
reasonable conversion rates. This was achieved by connecting
the pumps via PTFE tubing once the reaction mixture was drawn
completely into the reactor. Five cycles were initially chosen to
keep operation time reasonable with 80 min. The product mix-
ture was released into an amber flask and evaporated to dryness.
The conversion rates were subsequently determined by "H-NMR
spectroscopy (Table 2). Owing to the small amounts of material
(total volume of 6 mL), isolation of 2 was not attempted.
Initially, pure isopropanol was used as an environmentally
benign solvent [13], and irradiations were conducted using an
energy-saving fluorescent lamp [14]. After five cycles and a
total residence time of 160 s, a conversion of 10% of diol 1 was
achieved (entry 1). Doubling the concentration of rose bengal
gave a somewhat higher amount of 2 of 21% (entry 2), but the
sensitizer remained partially undissolved and threatened to clog
the narrow microstructures. When the concentrations of both
starting materials were halved, 1 was converted to juglone (2) in
an amount of 18% (entry 3). In all three cases, the reaction mix-
ture showed a low transparency due to the poor solubility of rose
bengal in neat isopropanol. When 10 vol % of water was applied
as co-solvent, a fully transparent solution was obtained instead.

Table 2. Experimental data for the photooxygenation of 1 in the FFMR

The highest conversion to 2 of 31% was subsequently achieved
in aqueous isopropanol after 160 s (entry 4). Owing to its lower
power output, the LED array gave significantly lower conversion
rates of 9% and 8% (entries 5 and 6), respectively. The small drop
in conversion for the reaction conducted at a higher flow rate
(entry 6) might be explained by the reduction in interfacial area
(Table 1), which overcompensated the slightly longer irradiation
time. All reactions proceeded with high selectivity and no other
products could be detected by NMR analysis. Preparative batch
reactions performed for comparison supported this assumption,
and isolated yields were similar to conversion rates (see below).
Stability tests performed with pure 2 under irradiation conditions
also gave high recoveries of >80%. A thin brownish coating was,
however, formed on the reaction plate. The film most reasonably
resulted from impurities present in diol 1 or from partial decom-
position of the sensitizer rose bengal [15].

2.2. Batch Experiments. Analogue batch reactions were
subsequently conducted on preparative 50 mL scales in Pyrex
Schlenk flasks (inner-@: 32 mm) equipped with a cold finger
(outer-&J: 24 mm). The interfacial area of the flask was calcu-
lated to be 16.1 m?/m>. The tubes were inserted into a Rayonet
chamber reactor, which was operated with 16 x 8 W visible
lamps. Air was purged into the solution via PTFE tubing with
a suitable nozzle head at a rate of 26.5 mL/min. Samples were
taken after 160 s and 5 min of light exposure, evaporated, and
analyzed by "H-NMR spectroscopy. After a total reaction time
of 10 min, the experiments were stopped, conversion values
were determined, and juglone (2) was isolated by column chro-
matography (Table 3).

Irradiation in neat isopropanol furnished low conversions of
6% after 160 s, 8% after 5 min, and 13% after 10 min (entry
1), respectively. At the end of the experimental run, the isolated
yield of product 2 was established to be 12%, suggesting that
photodecomposition did not take place. Similar conversion rates
of diol 1 of 6%, 8%, and 14% were obtained when aqueous iso-
propanol was utilized as the solvent system (entry 2). The final
isolated yield of juglone (2) was slightly lower with 10%.

Entry Solvent Light source 1 (mmol/L) Rose bengal (mmol/L) Residence time (s) Conversion of 1 (%)
1 i-PrOH Fluorescent bulb (18 W) 10 0.49 32 x 5% (160°) 10
2 i-PrOH Fluorescent bulb (18 W) 10 0.98 32 x 5% (160°) 21
3 i-PrOH Fluorescent bulb (18 W) 5 0.25 32 x 5% (160°) 18
4 i-PrOH/H,0 (9:1) Fluorescent bulb (18 W) 10 0.49 32 x 52 (160 31
5 i-PrOH/H,0 (9:1) LED array (3 W) 10 0.49 32 x 5 (160°) 9
6 i-PrOH/H,0 (9:1) LED array (3 W) 10 0.49 20 x 10° (200°) 8

“Determined by 'H-NMR spectroscopic analysis of the crude product (+2%).

bNumber of cycles.
“Total residence time.
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Table 3. Experimental data for the photooxygenation of 1 using Schlenk and 6.55% W' h™' cm ™2 (entry 2). This somewhat unexpected

flasks finding may result from the superior coverage of the LED

Entry Solvent Conversion of 1 (%)” Yields of 2 (%)” emission across the whole absorption spectrum of the sen-

After  After After sitizer (Figure 2a). Despite its lower energy efficiencies of

160 s 5 min (%)” 10 min (%)° 38.8% W 'h™'and 3.67% W~ 'h™' cm™? (entry 1), the compact

1 i-PrOH 6 8 13 12 fluorescent lamp furnished juglone (2) in a more convenient

2 PrOH/H0 O:1) 6 8 14 10 overall time frame of 80 min. After an extended time period of

(+2‘;P)ete““ined by 'H-NMR spectroscopic analysis of the crude product 10 min, the Rayonet reactor gave the lowest energy efficiency
-+ 0).

ofjust 1.1% W™ "h ™' 0r0.013% W~ 'h~' cm™? (entry 3), which is
caused by the large nonirradiated area within its chamber and
its small interfacial area.

"Final isolated yield after 10 min.

2.3. Reactor Comparison. The absorption spectrum of rose
bengal in isopropanol was recorded and compared with the
emission spectra of the three light sources applied (Figure 2a). 3. Conclusion
The main emission band of both fluorescent lamps (bulb and . .
tube) at 546 nm matched well with the main absorption of In Copclu510n, we have demonstrated thf“ Juglor}e (2) can
the sensitizer (\max = 548 nm). Although the white LED panel b‘? obtained from the cheap and cqmmer01ally available 1,5-
showed a broader coverage, its main emissions did not corre- dihydroxynaphthalene (1) in a falling film microreactor. The
spond well with the maximum absorption of rose bengal. The conversion rates of up to 31% after just .160 s of 1rrad1at1§)p far
penetration profile of light was subsequently calculated at exceeded those achieved under conventional batch conditions.

548 nm and compared to the path lengths of the falling films and The naturally small reaction scale reduced the amounts of mate-

the Schlenk tube (Figure 2b). Owing to the cold finger and the cir- ﬁalg and consequently produced less waste [.17]. The transfor-
cular arrangement of the lamps in the Rayonet chamber reactor, mation fgrthermore made use of energy saving light sources,
the effective path length of the Schlenk flask was reduced to 4 mm. aqueous isopropanol as solvent, and air as oxidant, thus contrib-
At the given standard concentration of rose bengal (0.49 mM), uting to the growing field of “green photochemistry™ [18].

the falling film reactor allowed for optimal transmission of light
through the microfilm. This feature, in combination with the

high interfacial areas of ~20,000 m*/m’, explains the superior 4. Experimental

performance of the microsystem over the batch system. Within 4.1. General. All starting materials and solvents were pur-
the Schlenk flask, complete absorption of light was achieved chased from Sigma-Aldrich and were used without further puri-
below 1 mm, which corresponded to % of the effective path fication unless otherwise noted. NMR spectra were recorded on
length. The turbulent bubble flow within the flask may have a Bruker 400 Ultrashield™ (‘H 400 MHz and '*C 100 MHz) or
somewhat compensated for this disadvantage. a Varian Mercury 300 ("H 300 MHz) using the residual solvent
On the basis of the conversion rates alone, the falling film signal as internal standard. Preparative chromatography was
reactor equipped with the compact fluorescent lamp gave the carried out using Merck silica gel 60 and pure chloroform (dis-
best overall results. However, when the energy efficiencies (by tilled prior to usage) as eluent.
Ryu et al. [16]) and energy efficiencies based on irradiated area 4.2. Irradiations
(by Oelgemoller et al. [3a]) of the different setups were calcu- 4.2.1. Typical Irradiation Procedure for FFMR. 1,5-
lated for transformations under identical conditions (Table 4), Dihydroxynaphthalene (10 mg; 60 wmol) and rose bengal (3 mg;
the LED array gave significantly larger values of 69.2% W' h™" 3 wmol) were dissolved in isopropanol (6 mL) or an isopropanol/
(a) 1251 rone bengal in -PrOH (b) 100 =
o] —wetzo 3 R et
] fluorescent tube (Rayonet) || | 804 1 Eyuare ® 112,818 L mol 'em
T | £ i £
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L) i j
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Figure 2. (a) UV-Vis spectra of rose bengal matched with the emission spectra of the light sources used (18-W compact fluorescent bulb; 3-W white
LED panel; single 8-W fluorescent tube) and (b) light penetration profile. The vertical lines represent the path lengths of the falling films (broken)
and the Schlenk flask (dotted)

Table 4. Selected energy efficiencies of the irradiation setups (aqueous i-PrOH; rose bengal: 0.49 mM)

Entry Reactor Power (W) Conversion (%)* Residence time Wh? Energy efficiency Energy efficiency on irradiated area
% W™ 'hTh % W 'hTem ™y
1 Falling film 18 (bulb) 31 160 s 0.8 38.8 3.67
2 Falling film 3 (LEDs) 9 160 s 0.13 69.2 6.55
3 Batch 128 (Rayonet) 14 10 min 12.8 1.1 0.013

“Determined by "H-NMR spectroscopic analysis of the crude product (+2%).

Lamp power X irradiation time.

“Irradiated areas: 10.56 cm?” for falling film (reaction plate with 16 microchannels behind quartz window) and 85.41 cm? for Schlenk flask (assuming a
cylindrical shape).
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water mixture (9:1; 6 mL) and sonicated for 30 min. The prepared
reaction mixture was irradiated in a falling film microreactor
(FFMR-Standard by IMM, Mainz) using a fluorescent lamp
(Philips GENIE Warm White; 18 W) or a white LED array
(Powerfix®, 60 LEDs, 3 W total). Two identical programma-
ble rotary pumps (ISMATEC Reglo-CPF Digital) were used
for influent and effluent transportation. During operation, the
reactor was cooled with chilled water. Air was continuously
blown over the falling films (26.5 mL/min). The product mix-
ture was collected in an amber round-bottom flask after five or
ten cycles, respectively. Following evaporation of the solvent,
the conversion rate was determined by 1H-NMR spectroscopy
of the crude product. The integration area for the quinonoid pro-
tons of juglone 2 (two doublets with an integration of 2) was
compared to the integration area of two aromatic protons of
1,5-dihydroxynaphthalene 1 (most upfield doublet with an inte-
gration of 2).

4.2.2. Typical Irradiation Procedure for Batch Reactions
1,5-Dihydroxynaphthalene (80 mg; 0.5 wmol) and rose bengal
(25 mg; 25 pmol) were dissolved in isopropanol (50 mL) or
an isopropanol/water mixture (9:1; 50 mL) in a Pyrex Schlenk
flask and sonicated for 30 min. A cold finger was inserted into
the flask and the setup was placed in a Rayonet RPR-200 cham-
ber reactor (Southern New England) equipped with 16 visible
lamps (Philips TL 8 W/33-640; 8 W). Two milliliters of samples
were taken after 160 s and 5 min, evaporated, and analyzed by
1H-NMR to determine conversions. After completed irradiation
of 10 min, the remaining solution was evaporated to dryness,
the final conversion rate was determined by 1H-NMR spectros-
copy, and the crude product was purified by column chromatog-
raphy (Si02, chloroform).

5-Hydroxy-1,4-naphthoquinone (2). Orange needles; mp
152°C (Lit.: 151-154°C [9f]). "H-NMR (400 MHz, acetone-d;)
8 7.04 (d, 1H, °J = 104 Hz, H,,), 7.08 (d, 1H, °J = 104 Hz,
Ha), 7.33 (dd, 1H, °J = 8.4, *J = 1.2 Hz, H,,,,), 7.58 (dd, 1H,
3J =176, % =12 Hz, H,,,), 7.78 (dd, 1H, °J = 8.4, 7.6 Hz,
Haom), 11.92 (s, 1H, OH) ppm; '>*C-NMR (100 MHz, acetone-d;)
6 114.0, 118.1, 123.5, 130.8, 135.5, 137.6, 138.6, 160.6, 183.2,
189.3 ppm; caled for C,HsO; (%): C 68.97, H 3.47, found:
C 68.25, H 3.70.
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