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2-Hydroxycarbazole and 4-hydroxycarbazole are important chemicals with extensive applications in op-
toelectronic materials and pharmaceutical field. State of the art yield of 2-hydroxycarbazole is ~30% and
the reaction time is typically in hours or days. Herein, we developed a green route for the continuous and
high-throughput synthesis of 2-hydroxycarbazole and 4-hydroxycarbazole via photochemical intramolecu-
lar cyclization of 3-hydroxy-2’-chloro-diphenylamine using a self-designed millimeter scale photoreactor,
which was designed based on sizing-up and numbering-up strategies for a decent liquid holdup (6.8 mL)
and fabricated via femtosecond laser engraving technique. The photochemical synthesis was carried out
continuously under the illumination of 365 nm UV-LED with dimethyl sulfoxide as solvent and potassium
t-butoxide as catalyst. It was found that under optimized conditions a 2-hydroxycarbazole yield of 31.6%
and a 4-hydroxycarbazole yield of 11.1% were obtained with a residence time of 1 min. Compared to semi-
batch operations, the reaction time was shortened by 1-2 orders of magnitude. As a result, a throughput
of 11.3 g/day 2-hydroxycarbazole and 4.0 g/day 4-hydroxycarbazole can be achieved from the photoreac-
tor. It was proposed that the short reaction time and high product yield are resulted from higher photon
transfer rates and more uniform photon distribution provided by the millimeter scale photoreactor, which
enhances the reaction rates and mitigates overreaction.
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Carbazoles and their derivatives are important nitrogen-
containing heterocyclic chemicals. Their special structures endow
distinct functions, properties and biological activities, and there-
fore have wide applications in the field of photoelectrical materi-
als, dyes, medicinal agents, and supramolecular recognition [1-4].
Among them, 2-hydroxycarbazole and 4-hydroxycarbazole are ver-
satile chemicals which can be easily modified via functionalization
of the carbazole ring and/or the hydroxyl group and thus broadly
used in organic electroluminescent materials, hole transport ma-
terials, and pharmaceutical field [5-8]. Synthesis methods of 2-
hydroxycarbazole consist of thermochemical route and photochem-
ical route. The former mainly includes palladium-catalyzed oxida-
tion of 2-hydroxy-tetrahydrocarbazole [9], Diels-Alder reaction of
2-nitroindoles [10], reductive cyclization of 3-nitro-4-phenylphenol
[11], and catalytic cyclization of biphenyl halides [4,12], which
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often requires harsh reaction conditions, multiple reaction steps,
and the use of expensive reagents. State of the art yield of 2-
hydroxycarbazole is ~30% and the reaction time is typically in
hours or even days. On the contrary, the photochemical route
is more environmentally friendly and can be operated at milder
reaction conditions [13-15]. The photochemical synthesis of 2-
hydroxycarbazole has been carried out in semi-batch reactors, re-
sulting in a similar level of product yield as the one from ther-
mochemical route. However, the reported reaction time was still
long, e.g., several hours. In addition, the reaction volume for the
semi-batch operation is typically limited to less than 1 mL. When
the batch photoreactors are scaled-up, photon transfer efficiency
and its even distribution within the reaction medium can hardly be
maintained [16-18] due to the attenuation effect of photon trans-
port according to Bouguer-Lambert-Beer law, causing longer reac-
tion time, over irradiation of the reaction mixture, and lower selec-
tivity [19-23]. On the other hand, continuous-flow photomicrore-
actors have advantages of larger specific surface area, faster pho-
ton transfer rates, and ease of scale-up via numbering-up [24-27].
Nevertheless, the small liquid holdup of typical photomicroreac-
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Scheme 1. Photochemical synthesis of 2-hydroxycarbazole and 4-hydroxycarbazole
by intramolecular arylation of 3-hydroxy-2’'-chloro-diphenylamine under the il-
lumination of 365nm UV-LED. DMSO, dimethyl sulfoxide; t-BuOK, potassium t-
butoxide.

tor severely limited its throughput and hindered its potential for
industrial-scale applications [28-30].

Herein, we developed a green route for the continuous and
high-throughput synthesis of 2-hydroxycarbazole and its isomer,
4-hydroxycarbazole, via photochemical intramolecular cyclization
of 3-hydroxy-2’-chloro-diphenylamine using a self-designed mil-
limeter scale photoreactor (Scheme 1). Firstly, high-yield (73%) syn-
thesis of 3-hydroxy-2’-chloro-diphenylamine, the feedstock for 2-
hydroxycarbazole and 4-hydroxycarbazole, was realized using 2-
chloroaniline and resorcinol as reactants and phosphoric acid as
catalyst in m-xylene solvent. Then, a millimeter scale photoreactor
with a decent liquid holdup (6.8 mL) was designed based on col-
lective efforts of sizing-up and numbering-up strategies by means
of contraction and expansion of the reaction channel consisting
of multiple mixing units in series. Femtosecond laser engraving
technique was applied to realize high-precision manufacturing of
the glass photoreactor. Then, the photochemical synthesis of 2-
hydroxycarbazole and 4-hydroxycarbazole was studied in the mil-
limeter scale photoreactor under the illumination of 365nm UV-
LED with dimethyl sulfoxide as photochemical solvent and potas-
sium t-butoxide as base catalyst. It was found that under opti-
mized conditions a 2-hydroxycarbazole yield of 31.6% and a 4-
hydroxycarbazole yield of 11.1% could be obtained with a residence
time of only 1min. Compared to semi-batch operations, the re-
action time was shortened by 1-2 orders of magnitude. As a re-
sult, a throughput of 11.3 g/day 2-hydroxycarbazole and 4.0 g/day
4-hydroxycarbazole can be achieved from the millimeter scale pho-
toreactor with a size of 145 mm x 122 mm x 5mm. Its characteris-
tic size of 1.2 mm proved to contribute to the decent liquid holdup
without compromising the photon transfer efficiency. To the best
of our knowledge, this work demonstrates, for the first time, the
use of a millimeter scale photoreactor system for rapid, high-
throughput, and green production of 2-hydroxycarbazole and 4-
hydroxycarbazole, which reveals a new avenue to boost the com-
mercial development of these carbazoles.

A millimeter scale butterfly-shaped photoreactor was designed
based on sizing-up and numbering-up strategies. Glass with high
chemical stability and high light transmittance was used as the
material for the reactor. During the machining, a glass plate with a
size of 145 mm x 122 mm x 5 mm was used as the substrate, which
underwent femtosecond laser engraving to construct photoreac-
tors with a characteristic length of 1.2 mm (Fig. 1a). The reaction
channel consists of 51 mixing units in series, and the size of each
unit was 15mm x 8.8 mm x 1.2 mm with a liquid holdup of 112 pL.
As a result, a total liquid holdup of 6.8 mL was achieved through
connection of these mixing units. A butterfly-shaped obstacle was
placed in the middle of each mixing unit, and rhombus internals
were arranged on both sides of each mixing unit [31,32]. Photo-
chemical synthesis of 2-hydroxycarbazole and 4-hydroxycarbazole
involves electron transfer among radical intermediates, the effi-
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Fig. 1. Experimental equipment: (a) Photo and illustration of the butterfly-shaped
photoreactor; (b) Experimental setup for the photochemical intra-molecular cy-
clization of 3-hydroxy-2’-chloro-diphenylamine to produce 2-hydroxycarbazole and
4-hydroxycarbazole; (c) Schematic diagram of the continuous synthesis of 2-
hydroxycarbazole via photochemical route.

cient mixing of which can promote the formation of target prod-
ucts [33]. High mixing performance was reported for the butterfly-
shaped photoreactor as a >99% mixing index was realized for
ethanol/water (1:1, v/v) system after passing the 3rd mixing unit
at a total flow of ~10mL/min, attributed to the contraction and
expansion design of the reaction channel [31]. Moreover, its char-
acteristic size of 1.2 mm would be beneficial to the photon transfer
efficiency. Therefore, the use of millimeter scale butterfly-shaped
photoreactor may facilitate both the mixing efficiency among radi-
cal intermediates and the photon transfer rates, thereby enhancing
the reaction rates.

In the current work, reactants and products analysis was
performed by high performance liquid chromatography (HPLC;
1260; Agilent Technologies). For analysis of 3-hydroxy-2’-chloro-
diphenylamine synthesis, the HPLC conditions were as follow:
flowing phase methanol:water (7:3), Eclipse Plus C18 column
(4.6 mm x 250 mm x 5um; Agilent Technologies) and 250+ 4nm.
For the analysis of 2-hydroxycarbazole and 4-hydroxycarbazole
synthesis, the HPLC conditions were as follow: flowing phase
methanol and acetonitrile mixture:water (7:3), Eclipse Plus C18
column (4.6 mm x 250 mm x 5 um; Agilent Technologies) and 250 +
4nm. The characterization of reactants and products is shown in
Fig. 2.

In this work, the feedstock for photochemical synthesis of 2-
hydroxycarbazole and 4-hydroxycarbazole is 3-hydroxy-2’-chloro-
diphenylamine, which was prepared via thermochemical route us-
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Fig. 2. Characterization of products using HPLC.

ing 2-chloroaniline and resorcinol as reactants and phosphoric acid
as catalyst. In a typical experiment, resorcinol, m-xylene and phos-
phoric acid were added to a three-necked flask equipped with a
water separator and heated up to 139°C while stirring in an oil
bath. Then, a mixture of 2-chloroaniline and m-xylene solution
was fed into the flask using a constant pressure dropping funnel
within 60 min, followed by heating to 180°C and reacting for 10h
at 180°C. Afterwards, the reaction medium cooled to room tem-
perature. The oil layer was separated by a separatory funnel and
washed three times with ultrapure water. The obtained oil solu-
tion was then concentrated using a rotary evaporator to remove
m-xylene and 2-chloroaniline, after which 3-hydroxy-2’-chloro-
diphenylamine solid was obtained. The solid was qualitatively ana-
lyzed by liquid chromatography (LC, G6230B, Agilent Technologies)
equipped with time-of-flight mass spectrometer (MS), the result of
which was provided in the Supporting Information (Fig. S1 in Sup-
porting information).

For the preparation of 3-hydroxy-2’-chloro-diphenylamine, a
dramatic solvent effect was observed as m-xylene led to a 3-
hydroxy-2’-chloro-diphenylamine yield of 73.0% while the use of
methanol, acetonitrile, or 1,4-dioxane did not generate the target
product (Table 1). The undesired solvents may facilitate the re-
action between phosphoric acid and 2-chloroaniline, and thereby
inhibit the target reaction (entries 2-4, Table 1). Solid formation
was observed when m-xylene was used as the solvent, which is
resulted from the low solubility of resorcinol in m-xylene and un-
desired reaction between phosphoric acid and 2-chloroaniline to
generate insoluble solids. To prevent the solid formation, p-toluene
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Table 1
Thermochemical synthesis of 3-hydroxy-2’-chloro-diphenylamine.
Entry Catalyst Solvent Temp (°C) Time (h) Yield (%)
1ab H3PO, m-Xylene 180 10 73.0 ¢
22 H3PO4 Methanol 180 10 0
32 H3PO,4 Acetonitrile 180 10 0
42 H3PO4 1,4-Dioxane 180 10 0
5 TsOH Acetonitrile 180 5 0
6 TsOH 1,4-Dioxane 180 5 115

Abbreviations: TsOH, p-toluene sulfonic acid.

4 2-Chloroaniline was added dropwise at 139 °C for 1h and then the timing
reaction started.

b The reaction was heated to reflux in the water splitting unit.

¢ Isolated yield calculated by weighing method, where the purity of 3-hydroxy-
2'-chloro-diphenylamine was approximated using the peak area percentage ob-
tained from the liquid chromatography.

Table 2
Photochemical synthesis of 2-hydroxycarbazole (I) and 4-hydroxycarbazole (II) via
intramolecular arylation of 3-hydroxy-2’-chloro-diphenylamine 2.

Entry Catalyst Time (min) Conversion (%)  Yield (%)

I Il
Batch
1b t-BuOK 60 96.5 9.4 0.6
2b¢ t-BuOK 120 5 0 0
3 K3P04-3H,0 600 54.1 7.8 34
Flow reactor
44d. e CH3;0Na 90 84.1 3.7 3.2
54 t-BuOK 30 97.8 12.8 0.9
64 t-BuOK 60 97.8 10.4 0.4
7 t-BuOK 6.8 96.8 14.3 2.9
8 t-BuOK 2 78.7 14.0 44
9 t-BuOK 1 65.6 24.1 11.7
10 P t-BuOK 1 82.1 31.6 11.1

Abbreviations: t-BuOK, potassium t-butoxide.

2 The reactions were performed in dimethyl sulfoxide with 1 equiv. of 3-
hydroxy-2’-chloro-diphenylamine and 0.5 equiv. of K3PO4-3H,0 or 2 equiv. of
CH30Na or 2 equiv. of t-BuOK, and irradiated with a 300-W UV-LED emitting max-
imally at 365 nm unless otherwise indicated.

b The reaction with 1 equiv. of 3-hydroxy-2’-chloro-diphenylamine and 3 equiv.
of t-BuOK.

¢ The reaction was performed in dark.

4 The 30mL of reaction solution was circulated in butterfly-shaped photoreactor
(liquid holdup: 6.8 mL) through a constant-flow pump.

¢ Anhydrous methanol was used as solvents.

sulfonic acid was chosen as the catalyst instead of phosphoric acid
which did not react with 2-chloroaniline at room temperature.
However, a much lower yield (11.5%) was obtained (entry 6, Table
1) during the homogeneous preparation of 3-hydroxy-2’-chloro-
diphenylamine.

For photochemical synthesis of 2-hydroxycarbazole and 4-
hydroxycarbazole in a batch reactor, 2-hydroxycarbazole yield of
7.8% and a 4-hydroxycarbazole yield of 3.4% (Table 2, entry 3)
were obtained at 3-hydroxy-2’-chloro-diphenylamine conversion
of 54.1% after 600 min reaction under argon protection and 365 nm
UV-LED irradiation with K3PO4-3H,0 as catalyst and anhydrous
dimethyl sulfoxide as photochemical solvent. When using potas-
sium t-butoxide as catalyst, a 2-hydroxycarbazole yield of 9.4% and
a 4-hydroxycarbazole yield of 0.6% were obtained at a conversion
of 96.5% after 60 min reaction (Table 2, entry 1). In a control ex-
periment, the reaction hardly occurred in a dark environment after
120 min under the same conditions (Table 2, entry 2). Therefore,
the semi-batch operation requires reaction time of hours without
achieving high yields for target products.

For the continuous photochemical synthesis of 2-
hydroxycarbazole and 4-hydroxycarbazole, the experimental
setup is shown in Figs. 1b and c. Firstly, the butterfly-shaped
photoreactor and three flasks were vacuumed and filled with
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argon by a circulating water multipurpose vacuum pump. Then,
the anhydrous solvent was purged and deoxygenated with argon
in a dark environment, and the alkali catalyst was added into
the solvent. After 5min, 3-hydroxy-2’-chlorodiphenylamine was
added into the alkali solution, and then transferred to a disposable
syringe wrapped with aluminum foil. The reactant solution was
then fed into the butterfly-shaped photoreactor by a syringe
pump. The tubes that outside of the reactor were wrapped with
aluminum foil to prevent the influence of environmental light,
which were not counted as reaction volume. The reaction medium
in the butterfly-shaped photoreactor was irradiated by a 300W
flat plate UV-LED with a maximum emitting wavelength of 365 nm
at room temperature. Once reaching the steady state, the product
was collected in brown vials.

The results of the continuous photochemical synthesis show
that potassium t-butoxide (Table 2, entry 5) is a better base
catalyst compared to sodium methoxide (Table 2, entry 4)
and dimethyl sulfoxide is a better photochemical solvent than
methanol. The lower oxygen content of dimethyl sulfoxide than
that of methanol may reduce the oxygen derived quenching of
photochemical radical reaction and thus enhance the conversion
of 3-hydroxy-2’-chloro-diphenylamine [33,34]. The major byprod-
uct is 3-hydroxydiphenylamine (Table S1 in Supporting informa-
tion), which was formed by fragmentation of the C-Cl bond of 3-
hydroxy-2’-chloro-diphenylamine. The mole balance of the photo-
chemical synthesis (Table 2 and Table S1) suggests the formation
of other byproducts that were not detected by the current HPLC
method. These byproducts may be formed by chlorination on the
ortho and/or para hydrogens on the benzene ring which become
active due to the presence of phenolic hydroxyl groups.

The following experiment used dimethyl sulfoxide as the
photochemical solvent, and under optimized conditions a 2-
hydroxycarbazole yield of 31.6% and a 4-hydroxycarbazole yield of
11.1% were obtained (Table 2, entry 10). Increasing the residence
time did not increase the yield of target products at the expense
of the reactant due to formation of byproducts (entries 7-9, Table
2 and Table S1). It was also found that higher dosage of potassium
t-butoxide is beneficial to the formation of 2-hydroxycarbazole
(Table 2, entries 9 and 10), which may be due to the alkali pro-
moted deprotonation of 3-hydroxy-2’-chloro-diphenylamine that
leading to its higher conversion rates [33]. Therefore, the higher
conversion of entry 10 as compared to entry 8 is due to a higher
dosage of t-BuOK for the former despite its shorter residence time.
Under the same conversion or equivalent conditions, the contin-
uous synthesis of 2-hydroxycarbazoleand and 4-hydroxycarbazole
using the butterfly-shaped photoreactor (Table 2, entries 7 and
10) resulted in much shorter reaction time compared to the semi-
batch operation (Table 2, entry 1) and higher selectivity to target
products. The promotion effects are resulted from the high photon
transfer rates and uniformity given the larger specific surface area
and smaller characteristic length of the millimeter scale butterfly-
shaped photoreactor compared to the batch reactor. Further im-
provement of the yield of target products may involve optimizing
LED light sources (e.g., wavelength, photon flux, illumination area)
and/or screening for other alkaline catalysts.

In summary, we explored an efficient route for the continuous
synthesis of 2-hydroxycarbazole and 4-hydroxycarbazole through
photochemical intramolecular cyclization of 3-hydroxy-2’-chloro-
diphenylamine. A millimeter scale butterfly-shaped photoreactor
with a decent liquid holdup and high specific surface area was de-
signed and fabricated via femtosecond laser engraving technique.
3-Hydroxy-2’-chloro-diphenylamine was used as the feedstock for
the photochemical synthesis, the high-yield (73.0%) production of
which was realized using 2-chloroaniline and resorcinol as reac-
tants and phosphoric acid as catalyst. Then, the millimeter scale
photoreactor was used for the synthesis of 2-hydroxycarbazole
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and 4-hydroxycarbazole under the illumination of 365nm UV-
LED with dimethyl sulfoxide as photochemical solvent and potas-
sium t-butoxide as base catalyst. Under optimized conditions, a
2-hydroxycarbazole yield of 31.6% and a 4-hydroxycarbazole yield
of 11.1% were obtained via the continuous photosynthesis with
a residence time of only 1min, while semi-batch operations un-
der similar conditions required hours of reaction. Compared to the
semi-batch operations, the higher production efficiency and yield
of target products from the continuous photochemical synthesis
are resulted from the higher photon transfer rates and more uni-
form photon distribution provided by the specific surface area and
characteristic size of the millimeter scale photoreactor, which en-
hances the reaction rates and mitigates overreaction. The current
photoreactor (145 mm x 122 mm x 5 mm) can provide a throughput
of 11.3 g/day 2-hydroxycarbazole and 4.0 g/day 4-hydroxycarbazole.
This work reveals a new avenue for green and efficient synthesis
of carbazole derivatives.
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