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Abstract: A continuous-flow process was optimised for the perchlorination of p-cresol to the
corresponding 2,4,6-trichloro-cyclohexa-2,5-dienone derivative employing trichloroisocyanuric acid
as a green and safer to handle chlorinating agent. The system could furnish 200 grams of pure
material within 5 hours of operation (throughput =40 g h').
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1. Introduction

2,4,6-trichloro-cyclohexa-2,5-dienone derivatives have been studied as insecticides and
chemotherapeutics [1-4]. These derivatives have also been used as mild active chlorinating agents
for selective para-chlorination of phenols, achieving over 95% selectivity [5-7]. We also anticipated
they may hold promise as mild chlorination sources in several new reactions such as organocatalytic
and photochemical halogenations. However, there availability is currently limited and thus restricts
their wider evaluation and application.

Various preparative procedures have been investigated for their preparation which consist of
perchlorinating phenolic rings utilizing either elemental chlorine or other strong chlorinating agents
such as N-chlorimides [8-10]. In 1883, Benedikt and Schmidt first reported perchlorination employing
chlorine gas as oxidising agent [11]. In 1959, Mukawa et al. isolated a dienone-estradiol employing a
combination of surfuryl chloride and acetic anhydride, subsequently the same group investigated the
alternative usage of trichloroisocyanuric acid (TCCA) [3,12,13]. Later, in 1993, Jacquesy et al. reported
a selective ipso-chlorination of phenols employing antimony pentachloride [14]. More recent
methodologies have also been reported which utilise sodium hypochlorite pentahydrate, 1,3-
dichloro-5,5-dimethylhydantoin (DCDMH), and NaCl/Oxone [15-18].

Our research group is interest in developing efficient environmental-friendly continuous
processes. We have significant experience using the readily available, low cost and easy-to-handle
reagent, TCCA, which is a potential alternative to other more toxic and unstable chlorinating agents.
Furthermore, its active chlorine content of 91.5% per molecule makes TCCA a fantastic candidate for
developing atom-economic processes [19,20]. The apolar characteristics inherited by the three
chlorine atoms allows TCCA to be highly soluble in most common organic solvents such as ethyl
acetate, methanol, acetone, and toluene, whereas its by-product (cyanuric acid) has a much lower
solubility and can often be filtered following precipitation from the mixtures.

Since the beginning of this century, chemists around the world have been searching for new
processing methodologies and tools to perform synthetic organic chemistry more efficiently. Flow
chemistry is one of the tools that has been achieving much attention across the various hierarchies of
the chemical manufacturing industry [21-24]. Performing chemical transformations through flow
streams allows for increased heat and mass transfer as well as a reduced risk of dangerous reactant
accumulation during process scale-ups. Better control of critical process parameters such as
temperature and reaction times generate improved reaction profiles and as such has found good
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uptake in the processing of pharmaceutical active ingredients (API) respecting current Good
Manufacturing Practice (cGMP) legislation.

Combining our interests in TCCA as a chlorinating agent and flow chemistry as a synthesis tool,
we report the first continuous flow perchlorination of p-cresol employing TCCA as the chlorinating
agent.

2. Results

As a preliminary investigation, we decided to evaluate the batch reaction condition for the
perchlorination of p-cresol (1) (Table 1). Our exploratory experiments were performed adding TCCA
portion-wise at 0 °C to a 2 M solution of 1 in ethyl acetate (10 mmol scale). An increasing quantity of
TCCA was investigated to evaluate the best conditions to realise complete conversion to the desired
4-methyl-2,4,6-trichloro-cyclohexa-2,5-dienone (2). As shown in table 1, when 2 or 2.2 equivalents of
TCCA (6 or 6.6 mole equivalent electrophilic chlorine) were employed, perchlorination occurred only
partially and if extended reaction times of more than 30 minutes were used, de-chlorination with the
resultant formation of 3 and 4 was encountered (Entries 1-4). Increasing the equivalents of TCCA to
2.5 afforded the highest conversions of 2 and reducing undesired impurities (3 & 4) (Entry 5). Further
increasing TCCA did not improve the conversion (Entry 6). It should be noted that each process
needed to be carefully cooled at the start as a strong exothermic process was associated with the
chlorination, unchecked this gave rise to a 30-38 °C temperature increase. In addition, the
perchlorination produces copious amounts of white cyanuric acid precipitate which are almost
completely insoluble in the EtOAc solvent system.

Table 1. Screening of reaction conditions to perform an efficient perchlorination of p-cresol (1).

OH 0 OH OH
TCCA Cl Cl Cl Cl Cl
+ +
EtOAc [2 M]
CHs 0°C->rt. H,C™ Cl CH, CH,
1 2 3 4
Entry? TCCA (equiv.) ResidenFe Time GC-MS yield (%)
(min) 2 3 4

1 2 20 57.7 42.3 -
2 2 30 75.0 25.0 -
3 2 60 67.0 20.9 11.9
4 2.2 30 75.0 25.0 -
5 2.5 30 84.9 94 5.7
6 2.7 30 83.7 16.3 -

! The experiments were carried out on a 10 mmol scale.

Having outlined a set of viable reaction conditions, we decided to convert the sequence to a flow
system capable of continuously chlorinating p-cresol (1), taking into account the biphasic nature of
the reaction and notable exotherm. Many techniques have been implemented to avoid solid
accumulation when dealing with slurry in flow [25-29]. High flowrates and ultrasonic radiation have
been employed many times and these can be easily adopted in a chemistry laboratory [30-35].
Furthermore, due to the high surface area of a coiled tubular flow reactor, the heat generated from
the TCCA addition could be easily dissipated without the need for excessive external cooling of the
reaction stream. Finally, the improved mixing, created by the turbulent flow in the reactor, should
lead to an improved control and therefore selectivity reaction.

Based upon our initial batch reaction conditions, and following some scoping runs pertaining to
solubiltiy limits and precipriation (avoidance of reactor blockage) we determined the following


https://doi.org/10.20944/preprints202501.1192.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2025 d0i:10.20944/preprints202501.1192.v1

3 of 7

optimised procedure. A 1.5 M stock solution of p-cresol (1) in EtOAc was merged with a flow stream
comprising a 0.5 M solution of TCCA in the same solvent (Scheme 1, Figure 1). A Y-shaped PEEK
thru mixer (1/4-28 Y mixer .020 in thru) was used to blend the two streams. The unified stream was
subsequently directed through a 10 mL PTFE coil (1.5 mm LD.) placed in an ultrasonic bath
(Ultrawave 50-60 Hz) maintained at 25 °C (Scheme 1, Figure 1). The exiting reaction mixture (69
second residence time) was collected for 5 hours in a Schott bottle and then filtered over celite. We
tested the reaction mixture upon directly exiting the reactor and again sampled after standing for 1,
3 and 5 h but this showed no change in composition (GC peak area 94.6% 2, 4.5% 3 and 0.9% 4). After
filtration and solvent evaporation, an orange liquid was obtained that on standing crystallised. The
final product 2 could be obtained in pure form by recrystallisation (hexane/EtOAc 20:1) isolated in
86% (204 g) yield (throughput = 40 g h-1). The flow system proved robust enabling repeated runs to
be performed at different scales and thus fresh material could be generated on demand in a very
simple set-up.

OH
S o—

1 1.1 min, r.t.
1.5 M in AcOEt PUN
2.5 mL min™! ) ’ .

TCCA j
0.5 M in AcOEt

6.25 mL min™"!

filtration

P 0]
crystallisation Cl \Q/Cl
_—

H,C” “Cl

2
86% lsolated yield

Scheme 1. Setup employed for the preparation of 2 under flow conditions.

Figure 1. Photo of the setup employed for the perchlorination of p-cresol to 2.

3. Materials and Methods

All solvents were purchased from Fisher Scientific and used without further purification.
Substrates, their precursors and reagents were purchased from Fluorochem. 'H-NMR spectra were
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recorded on Bruker Avance-400 instrument and are reported relative to residual solvent: CDCls (6
7.26 ppm). BC-NMR spectra were recorded on the same instruments and are reported relative to
CDCls (0 77.16 ppm). Data for '"H-NMR are reported as follows: chemical shift (6/ ppm) (multiplicity,
coupling constant (Hz), integration). Multiplicities are reported as follows: s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet, s, br = broad singlet, app. = apparent. Data for *C-NMR are
reported in terms of chemical shift (0C/ ppm). IR spectra were obtained using a Perkin Elmer
Spectrum Two UATR Two FT-IR Spectrometer (neat, ATR sampling) with the intensities of the
characteristic signals being reported as weak (w, <20% of tallest signal), medium (m, 21-70% of tallest
signal) or strong (s, >71% of tallest signal).

Low resolution gas chromatography mass spectrometry (GC-MS) was performed on a Shimadzu
QP2010-Ultra equipped with an Rxi-55il MS column (0.15 pm x 10 m x 0.15 mm) in EI mode. Reactions
were conducted in flow using Vapourtec SF-10 as peristaltic pumps, along with 0.5-1.5 mm PTFE
tubing. A PEEK 1/4-28 Y mixer 0.020 in thru was employed. All the connectors tubing were 1/4” OD.
The ultrasonic cleaning bath employed is a Ultrawave U300H.

For TLC, Sigma Aldrich glass-backed plates were used, and visualisation was performed using
UV-irradiation and KMnOs stain. Organic solutions were concentrated under reduced pressure using
a Buchi rotary evaporator and hi-vacuum was achieved using an Edwards RV5 pump and Schlenk
line.

Procedure for the continuous perchlorination of p-cresol (1).

Pumping of the solutions was performed using two independently controlled Vapourtec SF10
Laboratory pumps.

A 1.5 M solution of p-cresol in AcOEt (flow rate = 2.5 mL min"') was merged with a solution 0.5
M of TCCA in AcOEt (flow rate = 6.25 mL min') and progressed into a 0.5 mm PTA coil reactor
(Volume =10 mL) placed into an ultrasonic bath maintained at 25 °C. The heterogenous mixture was
collected in a Schott bottle for a fixed period. The mixture was filtered through celite and the solvent
evaporated under vacuum. The orange liquid residue was solubilised in a 20:1 Hexane:AcOEt
mixture and left at -20 °C overnight to furnish an off white crystalline product.

2,4,6-trichloro-4-methylcyclohexa-2,5-dien-1-one (2): 'TH NMR (400 MHz, CDCls) 6 7.14 (s, 2H),
1.91 (s, 3H). *C NMR (101 MHz, CDCls) d 171.93, 145.48, 131.18, 60.94, 29.98. FT-IR vmax 3058 (CH,
w), 2989 (CH, w), 1681 (C=0, s), 1599 (s), 1446 (m), 1320 (m), 1038 (s), 908 (s), 769 (s), 654 (s). GC-MS
Rt 3.77 min, m/z 176.0 [M-Cl]+. m.p. 110.9-112.8 °C.

X-ray: (CIF: CCDC 2415243): Crystal Data for C’HsCl:O (M = 211.46 g/mol): monoclinic, space
group P21.a=5.3071(5) A, b=10.6875(10) A, c=7.7006(7) A, at/°: 90. B/°:105.038(4). y/°:90. Volume/A3:
421.82(7). Z: 2. gcalcg/cm?: 1.665. y/mm-: 1.019. F(000): 212.0. Crystal size/mm?: 0.246 x 0.152 x 0.078.
Radiation MoKa: (A = 0.71073). 2@ range for data collection/°: 5.478 to 61.044. Index ranges: -7 <h <
7,-15<k <15, -10 <1 < 10. Reflections collected: 8893. Independent reflections: 2571 [Rint = 0.0295,
Rsigma = 0.0305]. Data/restraints/parameters: 2571/1/120. Goodness-of-fit on F2: 1.063. Final R
indexes [[>=20 (I)]: R1 = 0.0238, wR2 = 0.0563. Final R indexes [all data]: R1 = 0.0290, wR2 = 0.0577.
Largest diff. peak/hole / e A3: 0.29/-0.23. Flack parameter: -0.02(3).

The 'H NMR characterization and indicative IR signals for compound 2 match well with those
previous reported via an alternative synthetic procedure.[37] However, the determined melting point
of 89-90 °C [crystallized from petroleum ether (b.p. 30-60 °C)][37] did not match our findings 110.9-
112.8 °C [crystallized from 20:1 Hexane:AcOEt]. Although the additional obtained *C NMR and x-
ray single crystal structure provided further evidence for the authentication of the material obtained.

4. Conclusions

The described procedure is operationally simple and readily scalable offering easy access to
multigram quantities (40 g h-1, 86% isolated yield) of 2,4,6-trichloro-cyclohexa-2,5-dienone (2) for the
first time in a safe and much improved yield compared to the existing literature [9,36]. We also believe
that the general approach should also be readily adaptable to other derivatives.
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