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Abstract

The comparison of an improved conventional batch mode synthesis of the nonsteroidal anti-
inflammatory COX-2 inhibitor celecoxib with its flow chemistry alternative is reported. The
stepwise and continuous flow synthesis of celecoxib was achieved by means of a Claisen
condensation to access 4,4,4-trifluoro-1-(4-methyl-phenyl)-butane-1,3-dione followed by a
cyclo-condensation reaction with 4-sulfamidophenylhydrazine hydrochloride to obtain the
pyrazole moiety. A batch process was developed with improved work-up and purification
(90% yield). This was successfully translated to flow in yields of 90-96% with greatly
shortened reaction times (20 h vs. 1 h) and reduced chemical exposure.

Introduction

Celecoxib [1] is a nonsteroidal anti-inflammatory drug (NSAID) that is used in the treatment
of arthritis and is often prescribed for acute pain.! It has also been shown to possess anti-
cancer properties.> Typically NSAIDs work by inhibition of the cyclooxygenase (COX)
enzymes,> which are involved in arachidonic acid metabolism leading to the synthesis of
thromboxanes® and prostaglandins (PGs) — the major mediators of pain.>® Conventional
NSAIDs inhibit both COX-1 and COX-2, with COX-1 being inhibited to a greater extent,
leading to undesirable side effects such as gastrointestinal bleeding and ulcers with long term
use.>*> The selective inhibition of COX-2, however, results in anti-inflammatory effects
without the undesirable gastrotoxic side effects.’ Two major classes of compounds have been
developed as selective COX-2 inhibitors; the “coxibs” of which celecoxib [1] is a classic
example and the methanesulfonamide type compounds such as nimesulide [2] (Fig. 1).1:>7
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Fig. 1 Structures of celecoxib [1] and nimesulide [2].



Celecoxib (1) was first prepared by Penning and co-workers® by means of a Claisen
condensation between 4-methylacetophenone (4-MAP, 3) and ethyl trifluoroacetate (ETFA,
4) in methanol to obtain dione [5] followed by a cyclo-condensation reaction with (4-
sulfamoylphenyl)hydrazine hydrochloride [6] to obtain celecoxib [1] in a yield of 46%
(Scheme 1). The same group determined that using the hydrochloride salt of the hydrazine in
the cyclo-condensation reaction resulted in the regioselective formation of the 1,5-
diarylpyrazole. This approach is still used industrially,” however, several optimizations
primarily focusing on the use of more appropriate solvents for both the Claisen, the cyclo-
condensation as well as improved work-up and product isolation have resulted in more
acceptable yields in the range of 73-89%.!%14 In addition, several alternative approaches
using different synthetic routes have been reported with yields in the range of 35-80%.%15-18
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Scheme 1 Claisen condensation and cyclo-condensation synthesis route for celecoxib [1].

Currently, our research group has interests in the utilization of modern manufacturing
technologies such as flow chemistry to improved process routes to pharmaceuticals.
Regionally, in South Africa, where we are based, celecoxib [1] represents an attractive target
for manufacturing as high costs associated with the drug mean that it is currently only
available through the private sector.'”® Furthermore, due to an imbalanced two-tier market
structure in South Africa this translates into only 16% of the total population having access to
the drug,'%? despite it currently being one of the safest options available for the treatment of
inflammatory diseases and pain.'*"

We believed that the original process reported by Penning and co-workers,® was well suited
for flow translation and as such we embarked on developing an improved flow-based
synthesis of celecoxib [1]. The synthesis of structurally related pyrazoles have previously
been reported under flow conditions,?*2” with the Ley group recently having reported a four-
step flow synthesis of several pyrazoles including the first flow synthesis of celecoxib [1] in
48% yield via a metal-free amine-redox process.?’

Herein, we describe an improved batch and continuous flow processes for the synthesis of
celecoxib [1], which could potentially be modified to access a range of pyrazoles. We
demonstrate an efficient Claisen condensation to obtain the required 1,3-dicarbonyl adduct
followed by cyclo-condensation with the appropriate hydrazine across two steps and we
evaluate the advantages of the flow synthesis when compared to the conventional batch
processes.



Results and discussion

The preferred synthetic route to access celecoxib [1] (Scheme 1) involved a Claisen
condensation between 4-methylacetophenone [3] and ethyl trifluoroacetate [4] to form dione
[5] (stage 1). This was followed by a cyclo-condensation with 4-sulfamidophenylhydrazine
hydrochloride [6] to obtain celecoxib [1] (stage 2). Batch optimizations were performed to
both assess the suitability of the reactions for flow translation as well as investigate if there
were any improvements to be made to the reported protocols.

Batch optimization of stage 1

The majority of published procedures report heating 4-MAP [3] and ETFA [4] in the
presence of a base at about 80 °C for a period of 10-20 hours resulting in yields ranging from
40% pure to 95% crude.®?8 It was decided that a more consistent first stage would be
beneficial to the overall synthesis, thus the reaction was optimized in terms of solvent,
temperature, duration and concentration. The work-up procedures were also critically
evaluated as this appeared to be a phase where product loss occurred. Initially a basic solvent
screen using low molecular weight protic solvents was performed, with the base source
derived from the in situ generation of the corresponding sodium salts (Table 1). The selection
of low molecular weight protic solvents was driven by their routine use in Claisen
condensations and their ease of use and storage on industrial scale. In addition, their
compatibility with the second stage of the process was also a deciding factor as it would
negate the need for a solvent swop between stages when translating the process to flow.
Furthermore, the inherent greenness of these solvents was also seen as being attractive.

Table 1 Solvent optimization using previously reported approaches®**

Solvent Temperature (°C) Yield (%)
1 MeOH 80 15
2 EtOH 80 5
3 i-PrOH? 80 —
4 MeOH" 80 72

Standard conditions: 4-MAP [3] (1.28 M), ETFA [4] (1.1 equiv.), Na (1.6 equiv.), 16 h. a Reaction
abandoned due to extensive time taken to form the sodium salt of iso-propanol. b Purification by
trituration. Isolated yields reported.

The Claisen condensation proceeded satisfactorily as monitored by TLC, however, the
isolated yields (entries 1 and 2, Table 1) were disappointingly low. It was speculated that the
poor yields obtained were a result of the work-up and purification protocols adapted from
literature.®?® An improved and simplified protocol was developed which involved the simple
removal of the protic solvent in vacuo followed by trituration of the resulting solid residue in
hexane. This afforded dione [5] as a fine, light brown solid which could be isolated by
vacuum filtration. When performed in methanol, the modified work-up and purification
allowed the isolation of [S] in 72% yield (entry 4, Table 1).

A temperature screen was then performed using methanol as solvent. When utilizing the new
work-up and purification protocol, dione [S] was isolated in quantitative yield in the range of
25-50 °C, above which temperature, the yield began to steadily decrease (Fig. 2). The
process was rescreened in absolute ethanol at room temperature affording a lower yield of
83%, although with a notable reduction in reaction time (17 h vs. 5.5 h). The improved rate of



reaction and lower toxicity profile of ethanol when compared to methanol prompted us to
proceed with the batch optimizations using absolute ethanol despite the slightly lower yield.
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Fig. 2 Study of the effect of reaction temperature on formation of [5]. Standard conditions: 4-MAP [3]
(1.28 M), ETFA [4] (1.1 equiv.), Na (1.6 equiv.), MeOH, 16 h. Isolated yields reported.

Thereafter, an assessment of the reaction time in ethanol (Fig. 3) showed an almost
quantitative yield (97%) for [5] after 3 hours reaction time. Notably, the isolated yields then
steadily decreased as the reaction time increased ultimately affording only a 5% isolated yield
when left to react for 24 h.
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Fig. 3 Study of the effect of reaction duration on formation of [S]. Standard conditions: 4-MAP [3]
(1.28 M), ETFA [4] (1.1 equiv.), Na (1.6 equiv.), EtOH, RT. Isolated yields reported.

Finally, in a lead up to translating the reaction to flow an assessment was performed to
determine the lowest stoichiometric amount of base that could be used (entries 1-4, Table 2)
and the highest concentration that the reaction could be performed at relative to 4-MAP (3)
(entries 57, Table 2).



Table 2 Concentration and base stoichiometry optimization
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Entry Equiv. 4-MAP [3] Equiv. ETFA [4] Equiv. NaOEt [4-MAP] (M) Yield (%)

1 1.0 1.1 1.6 0.71 46
2 1.0 1.1 1.4 0.71 100
3 1.0 1.1 1.3 0.71 80
4 1.0 1.1 1.1 0.71 78
5 1.0 1.1 1.4 0.76 100
6 1.0 1.1 1.4 0.85 98
7 1.0 1.1 1.4 0.94 97

Standard conditions: 1.0 equiv. 4-MAP [3][0.71-0.94 M], 1.1 equiv. [4], 1-1-1.6 equiv. NaOEt,
EtOH, RT, 3 h. Isolated yields reported.

The lowest stoichiometric amount of base that could be used without compromising the yield
was found to be 1.4 equivalents relative to 4-MAP [3] (entry 2, Table 2). This information
was then used to determine the concentration of 4-MAP [3] at which the reaction could be
performed without reduced yields and loss of homogeneity.

The final optimized batch conditions for the Claisen condensation involved a reaction time of
3 hours at 25 °C using 1.0 equiv. 4-MAP [3], 1.1 equiv. ETFA [4] and 1.4 equiv. NaOEt in
absolute ethanol at a concentration between 0.71-0.94 M relative to 4-MAP [3]. This was
followed by a work-up/purification involving concentration, trituration in hexane and vacuum
filtration to obtain a quantitative yield of [5] which was of adequate purity to be carried
forward into stage 2.

Batch optimization of stage 2

The current literature procedures available generally reflux [5] and [6] together for extended
periods of time (>20 h) in various solvents followed by an extractive work-up and
crystallization resulting in reported yields ranging from 46-84%.%10-14 We again assessed the
reaction in terms of solvent, temperature, duration and concentration. The work-up procedure
was also evaluated as this again appeared to be an area which could benefit from
improvement. The solvents chosen were based on compatibility with the stage 1 Claisen
condensation.

The most promising procedures reported, made use of either ethanol or 50% ethyl
acetate/water as a solvent system.®!3 Unfortunately, in our hands we were only able to obtain
low yields of 8-12% when following the reported protocols. The yields obtained were a
concern, especially since TLC analysis indicated good reaction progression and it was again
speculated that the extractive work-up and subsequent recrystallization was the problem. The
solubility of celecoxib was examined in various solvents and then compared to the solubility
of [5] and [6] in the same solvents. Celecoxib was found to be soluble in ethyl acetate while
[5] and [6] were insoluble. As such the work-up was adjusted by simply removing the
reaction solvent in vacuo, re-dissolving the resulting residue in ethyl acetate and removing
the unreacted [5] and [6] by vacuum filtration. The filtrate was then concentrated in vacuo
affording celecoxib [1] as a pure solid. This method resulted in substantial improvement in
the isolated yields (50-60%) of celecoxib [1]. As absolute ethanol matched the solvent



utilised for stage 1 it was decided to continue with batch optimizations using the same
solvent.

A temperature screen was performed in the range of 25-100 °C (Fig. 4) identifying an
optimal temperature for conversion between 70—-80 °C affording yields of 81-82%. As in the
case of stage 1 a sharp decrease in the yields was observed at higher temperatures together
with noticeable darkening of the reaction mixture and precipitation of an unidentified brown
solid. A subsequent optimization of the reaction time afforded a yield of 90% after 17 h (Fig.
5). The darkening and brown precipitates were also observed with longer reaction times,
again with significantly lower isolated yields, suggesting possible loss of product due to
decomposition with extended heating.
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Fig. 4 Study of the effect of reaction temperature on the formation of [1]. Standard conditions: 1.1 equiv. [3],
1.0 equiv. [4], EtOH, 17 h. Isolated yields reported.
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Fig. 5 Study of the effect of the reaction duration on formation of [1]. Standard conditions: 1.1 equiv. 3, 1.0
equiv. 4, EtOH, 80 °C. Isolated yields reported.

Unfortunately, the low solubility of hydrazine [6] in absolute ethanol necessitated that the
reaction be performed under dilute conditions (0.08 M) to both avoid the formation of
unwanted precipitates and a drop-off in the yield. (Fig. 6).
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Fig. 6 Study of the effect of concentration of [S] on formation of [1]. Isolated yields reported.

The optimised batch conditions for the cyclo-condensation reaction were found to be 17
hours at 80 °C using 1.1 equiv. of [5] and 1.0 equiv. of [6], at a concentration of 0.08 M in
absolute ethanol relative to [S]. This was followed by a work-up involving concentration,

suspension in ethyl acetate, vacuum filtration and concentration of the filtrate to obtain [1] in
a yield of 90%.

Flow translation and optimization of stage 1

All flow experiments were performed using a Unigsis FlowSyn stainless steel platform.? The
reactor set-up for stage 1 had reservoirs of 4-MAP (3, 2.68 M) in absolute ethanol and ETFA
(4, 2.99 M) and sodium ethoxide (3.82 M) in absolute ethanol connected to two HPLC
pumps. The HPLC pumps fed the reagent streams through a 2 mL mixing chip with a 100 psi
back pressure regulator (BPR) fitted at the output of the flow stream.

An initial assessment of residence time was performed at 50 °C (Table 3) which afforded a
best isolated yield of 43% with a residence time of 4 minutes (entry 2, Table 3). A subsequent
temperature screen in the range of 30 to 150 °C with the same residence time showed no
further improvement in the yield (Fig. 7). It was observed that reaction temperatures below
50 °C were inefficient with yields <5%, as with the batch process route, the isolated yields
also decreased steadily when increasing the temperature above 50 °C.

Table 3 Optimisation of the stoichiometric ratios of 4-MAP [3] and ETFA [4]/NaOEt

Entry Flow rate? (mL min™) Residence time (min) Yield (%)
1 0.25 8 35
2 0.50 4 43
3 1.00 2 29

a Flow rate refers to the combined flow rates of both pumps set at a 1 : 1 ratio. Standard
conditions: [3] (2.68 M), [4] (2.99 M), NaOEt (3.82 M), 50 °C. Isolated yields reported.
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Fig. 7 Study of the effect of reaction temperature on formation of dione [5] standard conditions: [3]
(2.68 M), [4] (2.99 M), NaOEt (3.82 M), 0.50 mL min"', pump ratio 1 : 1. Isolated yields reported.

In an attempt to increase the reaction yield the stoichiometric ratio of ETFA [4]/NaOEt
relative to 4-MAP [3] was increased (Table 4) with the flow rate maintained at 0.50 mL
min~! at 50 °C. A stoichiometric ratio of 2.5: 1 ETFA [4]/NaOEt: 4-MAP [3] corresponding
to 2.8 and 3.5 equivalents of ETFA [4] and NaOEt respectively, and a concentration of 0.75
M with respect to 4-MAP [3] showed complete conversion by TLC and afforded a 93%
isolated yield of dione [5] (Scheme 2).

Table 4 Optimisation of the stoichiometric ratios of 4-MAP [3] and ETFA [4]/NaOEt

Ratio A: B Solution A (M) Solution B (M) Yield (%)
4-MAP [3] ETFA [4] NaOEt
1:1 2.68 2.99 3.82 43
1:1.5 2.68 4.49 5.73 83
1:2.5 2.68 7.48 9.55 93
1:3 2.68 8.97 11.46 89

Standard conditions: 2 mL mixing chip, stock solutions of [3] (2.68 M), [4] (2.99 M), NaOEt (3.82
M), 50 °C, 0.50 mL min "', new work-up. Isolated yields reported.
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Scheme 2 Stage 1 flow schematic with optimised conditions.



Flow translation and optimization of stage 2

The second stage reactor setup made use of two HPLC pumps, a 2 mL mixing chip, a 14 mL
HT PTFE coil reactor and a 100 psi back-pressure regulator fitted at the output flow stream.
It was found that a 2 mL mixing chip at RT was beneficial to improve mixing of the reagents
before reaction in the heated coil reactor. Under flow conditions it was necessary to solubilise
the hydrazine [6] stock solution by dissolution in a 75% EtOH/H20 solvent mix. This
allowed the preparation of a homogeneous 0.15 M stock solution of hydrazine [6] which
upon mixing with the stock solution of dione [5] allowed the reaction to be performed at
0.075 M.

As the batch optimizations showed that temperature plays a crucial role in the formation of
celecoxib [1] an initial temperature screen was performed in the range of 50-140 °C with a
residence time of 32 min (Fig. 8). An isolated yield of 52—53% was obtained between 90 and
100 °C, once again, as observed in the batch optimizations there is a rapid decrease in
isolated yields at higher temperatures. Finally, optimization of residence time was performed
at 90 °C (Table 5), affording a quantitative conversion of dione [5] to celecoxib [1] with a
residence time of 64 min (entry 2, Table 5) (Scheme 3).

Fig. 8 Study of the effect of reaction temperature on formation of [1] standard conditions: 0.17 M [5]
in EtOH (0.14 mL min™"), 0.15 M [6] in EtOH (0.36 mL min"). Isolated yields reported.

Table S Optimization of flow rate for formation of [1]

Entry Flow rate (mL Chip residence time Coil residence time Yield (%)
min~") (min) (min)
1 0.20 10 70 88
2 0.25 8 56 100
3 0.50 4 28 58

Standard conditions: 2 mL mixing chip, 14 mL HT PTFE coil, standard solutions of [5] (0.17 M) in
EtOH, [6] (0.15 M) in EtOH, 90 °C. Isolated yields reported.
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Scheme 3 Stage 2 flow schematic showing optimised conditions.



Telescoped process

Ideally, we desired a continuous synthesis of [1], that did not require manual work-up,
purification or physical isolation of [S]. To realise this, we needed to neutralize the excess
base from the Claisen condensation prior to passage into stage 2. In addition, we also needed
to remove any unreacted ETFA [4] and adjust the concentration of the product stream of [5]
to ~0.16-0.17 M.

The base was neutralized by passage through an OmniFit® column housing Amberlyst-15
(hydrogen-form). Conveniently, passage across the Amberlyst-15 column resulted in
dispersion of the reagent stream resulting in a solution of [5] which was only slightly lower in
concentration than the 0.17 M required for stage 2. As a result, we elected to employ a simple
in-line concentration step which involved passing the product stream into a pre-calibrated
beaker heated at 80 °C with a stream of air blowing across the surface of the solution. In
doing so, unreacted ETFA [4] (bp 60—62 °C) was effectively removed and a concentrated
solution of [5] could then be pumped directly into stage 2. The reactor set-up for the second
stage was modified slightly by replacing the 2 mL mixing chip with a T-piece mixer prior to
passage through the 14 mL PTFE coil and 100 psi BPR (Scheme 4).

NHNH; « HCI

e

|
-
SO,NH,
6

0.14 mL.min"! 75% E1OH/H,0 (0.15 M)

o g

3 EtOH (2.68 M)

o]

14 mL PTFE

0.125 mL.min™ SO,NH,

(:pJ'L‘(;F3 + NaOEt @

4(2.99M) (3.82M)
in EtOH 0.36 mL.min"

o o
| - JL\/J\CFS
P
5
EtOH (0.17 M)

Scheme 4 Flow schematic for the telescoped flow synthesis of [1].

The telescoped process was successfully validated on a 1 g scale affording celecoxib [1] in an
isolated yield of 90% after employing the work-up/purification developed during the batch
optimization of stage 2.

We next wished to scale-up the process to produce 10 g of [1], unfortunately, we did not have
access to a suitably sized column reactor to house the Amberlyst-15 (hydrogen-form). As
such, we elected to split the process into two distinct stages with a manual concentration
adjustment. In the case of stage 1 we collected the reaction stream in a beaker containing the
Amberlyst 15. The resin was then removed by filtration and the concentration of the filtrate
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was manually adjusted to 0.17 M before being fed into stage 2 and processed as described for
the telescoped process above. Interestingly, when performed in this manner we were able to
produce celecoxib [1] in a 96% isolated yield.

The improvement in the yield suggests that the in-line concentration step utilized in the 1 g
telescoped process may not be as efficient as required to afford [5] at the desired
concentration of 0.17 M. It is conceivable that on large scale the concentration of the stream
of [5] in the telescoped process could be more accurately controlled and automated through
the integration of an inline FlowIR or a Liqui-Sonic sensor.?! Furthermore, it is also
conceivable that the final off-line work-up and purification could be integrated through the
use of an in-line triturator and the direct trituration of the reaction stream.3?

Conclusion

We have successfully demonstrated an improved batch process and a high yielding
continuous flow alternative for the synthesis of celecoxib [1]. In the case of the former, we
were able to isolate [1] in 90% yield with a total reaction time of 20 h. Notably, we simplified
the previously reported downstream work-up and purification of both stages using simple
triturating techniques.

In the case of the flow translation, we were able to demonstrate a telescoped process
affording [1] in 90% yield, which did not require the handling of intermediates, was
conducted in a green solvent system and has a greatly reduced residence time relative to
existing batch processes (64 min residence time vS. 20 h reaction time). When run as two
standalone stages, the yield was improved to 96%, the increase arguably being due to more
accurate manual concentration adjustment between stages 1 and 2.

Finally, the flow approach developed could also conceivably be used for the rapid synthesis
of libraries of pyrazole analogues if required.

Experimental section

All reagents were purchased from Sigma-Aldrich. 'H and '*C NMR data were recorded on a
Bruker AVANCE-III 400 MHz spectrometer with the residual solvent peak as an internal
reference (ds-DMSO = 2.54 and 40.45 ppm for 'H and '*C NMR respectively). Automated
flow reactions were performed using a Unigsis FlowSyn stainless steel platform. All yields
quoted represent isolated yields.

Batch syntheses
4,4 4-Trifluoro-1-(4-methyl-phenyl)-butane-1,3-dione [5]

A solution of sodium (0.12 g, 5.3 mmol, 1.4 equiv.) was dissolved in absolute ethanol (3.9
mL) followed by the dropwise addition of ethyl trifluoroacetate (4, 0.5 mL, 4.2 mmol, 1.1
equiv.). Thereafter, 4-methyl acetophenone (3, 0.50 ml, 3.8 mmol, 1.0 equiv.) in absolute
ethanol (1.4 mL) was added dropwise over 15 minutes. The reaction mixture was stirred at
room temperature for 3 hours. The mixture was concentrated in vacuo and the solid obtained
suspended in hexane (15 mL) with vigorous stirring followed by vacuum filtration and
washing with hexane (2 x 20 mL) to obtain a cream coloured solid (0.86 g, 3.7 mmol, 100%).
Rr=0.23 (25% ethyl acetate/hexane). 'H NMR (400 MHz ds-DMSO) 7.69 (d, 2H, J 7.69,

11



Ar-H); 7.19 (d, 2H, J 7.18, Ar-H); 5.92 (s, 1H, COCE2CO); 2.31 (s, 3H, CH3). *C NMR
(100 MHz de-DMSO) 185.62, 169.27*, 168.99%, 168.71%*, 168.44*, 139.89, 138.96, 128.70,
126.66, 123.78", 120.88, 117.987, 115.077, 86.84, 20.91. 1°F NMR (377 MHz, ds-DMSO)
~74.42. *TSignals exhibit splitting due to coupling with fluorine.

4-Sulfamidophenylhydrazine hydrochloride [6] *°

Sulfanilamide (5.01 g, 29.1 mmol, 1.0 equiv.) was cooled to 0 °C followed by the addition of
ice (29.11 g, 1.6 mol, 55.5 equiv.) and aqueous hydrochloric acid (32%, 14.5 ml, 0.2 mol, 5.1
equiv.). A solution of sodium nitrite (2.01 g, 29.1 mmol, 1.0 equiv.) in water (4.0 ml, 0.2 mol,
6.9 eq) was added in a dropwise fashion and the solution was allowed to stir until all the
sulfanilamide had dissolved. This mixture was rapidly added to a pre-cooled 0 °C solution of
tin (II) chloride (14.38 g, 75.7 mmol, 2.6 equiv.) in aqueous hydrochloric acid (32%, 21.7 ml,
0.2 mol, 7.6 equiv.) with vigorous stirring. The reaction mixture was placed in the fridge at
0—4 °C overnight. The solid formed was collected by vacuum filtration followed by washing
with cold ethanol (3 x 20 mL) to obtain 4-sulfamidophenylhydrazine hydrochloride as a
pearlescent white solid (5.37 g, 24 mmol, 83%). Rr= 0.16 (20% hexane/ethyl acetate). 'H
NMR (400 MHz de-DMSO) 10.60 (s, 2H, SO.NH2); 8.96 (s, 1H, NENH>); 7.74 (d, 2H, J
12.00, Ar-H); 7.24 (s, 2H, NHNH2); 7.11 (d, 2H, J 8.00, Ar-H). '3*C NMR (100 MHz ds-
DMSO) 149.41, 137.05, 127.89, 114.31.

Celecoxib [1]

4,4 A-Trifluoro-1-(4-methyl-phenyl)-butane-1,3-dione [5] (0.31 g, 1.3 mmol, 1.1 equiv.) was
added to a solution of 4-sulfamidophenylhydrazine hydrochloride [6] (0.27 g, 1.2 mmol, 1.0
equiv.) in absolute ethanol (16.3 mL) followed by reaction at 80 °C for 17 hours. The mixture
was concentrated in vacuo and the solid obtained suspended in ethyl acetate (30 mL)
followed by vacuum filtration. The filtrate was concentrated to obtain celecoxib [1] as a pale
yellow solid (0.41 g, 1.1 mmol, 90%). Rr= 0.33 (20% methanol/dichloromethane). "H NMR
(400 MHz de-DMSO) 7.87 (d, 2H, J 7.86, Ar-H); 7.53 (d, 2H, J 7.53, Ar—H); 7.51 (s, 2H, N
H2);7.21-7.19 (m, 4H, Ar-H); 7.18 (s, 1H, CH); 2.31 (s, 3H, CH3). 3*C NMR (100 MHz
de-DMSO) 154.77, 153.49, 152.237, 151.85%, 151.497, 151.107, 150.61, 148.61, 138.92,
138.28, 136.30, 135.50, 134.86, 135.06*, 132.13*, 129.46*, 126.79*, 115.65, 30.29. I°F
NMR (377 MHz, de-DMSO) —60.86. HRMS m/z (ESI) C17H14F3N30:S 382.094 ([M + H]*
requires 382.0837) T*signals exhibit splitting due to coupling with fluorine.

Flow syntheses
General methods for the preparation of stock solutions
4-Methyl acetophenone in ethanol

A stock solution of 4-methyl acetophenone [3] was prepared by dissolving [3] (14.3 mL, 107
mmol) in absolute ethanol (40 mL).

Ethyl trifluoroacetate 4/sodium ethoxide in ethanol

A stock solution of ethyl trifluoroacetate [4] and sodium ethoxide was prepared by dissolving
sodium metal (4.39 g, 191 mmol) in absolute ethanol (50 mL) followed by the addition of [4]
(17.8 mL, 150 mmol).

12



4-Sulfamidophenylhydrazine hydrochloride in ethanol

A stock solution of 4-sulfamidophenylhydrazine hydrochloride [6] was prepared by
dissolving [6] (1.32 g, 5.9 mmol) in 75% ethanol/water (40 mL).

Flow synthesis of 4,4,4-trifluoro-1-(4-methyl-phenyl)-butane-1,3-dione [5]

The 4-methyl acetophenone [3] stock solution (1.48 mL) and the ethyl trifluoroacetate
[4]/sodium ethoxide stock solution (3.70 mL) were pumped at flow rates of 0.14 mL min~
and 0.36 mL min~' respectively through a 2 mL glass mixing chip heated to 50 °C (Scheme
2). The output of the reactor was collected until no further product was eluted and the solvent
removed in vacuo. The solid obtained was suspended in hexane (15 mL) with vigorous
stirring followed by vacuum filtration and washing with hexane (2 x 2 mL) to obtain [5] as a
pure cream coloured solid (0.84 g, 3.7 mmol, 93%).

1

Flow synthesis of celecoxib [1] from [5]

A 4,4 4-trifluoro-1-(4-methyl-phenyl)-butane-1,3-dione [5] stock solution (7 mL) and 4-
sulfamidophenylhydrazine hydrochloride [6] stock solution (7 mL) were each pumped at a
flow rate of 0.125 mL min! through a 2 mL glass mixing chip at room temperature followed
by a 14 mL PTFE coil heated to 90 °C (Scheme 3). The output of the reactor was collected
until no further product was eluted and the solvent removed in vacuo. The solid obtained was
suspended in ethyl acetate (30 mL) followed by vacuum filtration. The filtrate was
concentrated to obtain a pale yellow solid (0.393 g, 1.0 mmol, 99%). R¢=0.33 (20%
methanol/dichloromethane).

Telescoped flow synthesis of celecoxib [1]

A 4-methyl acetophenone [3] (1.48 mL) stock solution and the ethyl trifluoroacetate
[4]/sodium ethoxide (3.70 mL) stock solution were pumped at flow rates of 0.14 mL min~
and 0.36 mL min~' respectively through a 2 mL glass mixing chip heated to 50 °C followed
by an Omnifit ® column packed with Amberlyst-15 resin hydrogen form (1.25 g, 5.9 mmol).
The output (4,4,4-trifluoro-1-(4-methyl-phenyl)-butane-1,3-dione 5) of the reaction was
collected in a pre-calibrated beaker held at 80 °C with an air stream blowing over the surface
to concentrate the solution down to 16.4 mL (0.17 M relative to 5). The concentrated solution
of 5 (15.0 mL) and a 4-sulfamidophenylhydrazine hydrochloride 6 stock solution (15.0 mL)
were both pumped at flow rates of 0.125 mL min~! and mixed via a stainless-steel T-piece
followed by reaction in a 14 mL HT PTFE coil reactor heated to 90 °C (Scheme 4). The
output of the reactor was collected until no further product was eluted and the solvent
removed under vacuum. The solid obtained was suspended in ethyl acetate (30 mL) followed
by vacuum filtration. The filtrate was concentrated in vacuo to obtain a pale yellow solid
(0.76 g, 2.0 mmol, 90%).

1

Flow synthesis of celecoxib [1] with manual concentration adjustment between steps one and
two

A 4-methyl acetophenone [3] (12 mL) stock solution and the ethyl trifluoroacetate [4]/sodium
ethoxide (30 mL) stock solution were pumped at flow rates of 0.14 mL min™! and 0.36 mL
min~! respectively through a 2 mL glass mixing chip heated to 50 °C. The output stream was
then passed through a 100 psi back pressure regulator into a beaker containing Amberlyst-15
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resin hydrogen form (14 g, 66.1 mmol) until no further product was eluted. The Amberlyst-
15 was then removed by filtration and the volume of the filtrate adjusted to 200 mL affording
a 0.17 M stock solution of [5]. The stock solution of [5] (176 mL) and a 4-
sulfamidophenylhydrazine hydrochloride [6] stock solution (176 mL) were then both pumped
at flow rates of 0.125 mL min~' and mixed via a stainless steel T-piece followed by reaction
in a 14 mL HT PTFE coil reactor heated to 90 °C. The output of the reactor was collected
until no further product was eluted and the solvent removed under vacuum. The solid
obtained was suspended in ethyl acetate (300 mL) followed by vacuum filtration. The filtrate
was concentrated In vacuo to obtain a pale yellow solid (9.60 g, 25.3 mmol, 96%).
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