
Photochemical Deracemization of a Medicinally-Relevant
Benzopyran using an Oscillatory Flow Reactor
Jason D. Williams,[a, b] Peter Pöchlauer,[c] Yoshiyuki Okumura,[d] Yukari Inami,[d] and
C. Oliver Kappe*[a, b]

Abstract: Dynamic deracemization processes, such as crystal-
lization-induced diastereomer transformations (CIDTs), offer
the opportunity to combine racemization and resolution
processes, to provide high yields of enantiomerically pure
compounds. To date, few of these processes have incorpo-
rated photochemical racemization. By combining batch
crystallization with a flow photoreactor for efficient irradi-
ation, it is possible to perform such deracemization in an

effective, scalable and high yielding manner. After applying
design of experiment (DoE) principles and mathematical
modelling, the most efficient parameter set could be
identified, leading to excellent results in just 4 h reaction
time: isolated yield of 82% and assay ee of 96%. Such
photochemical racemization methods can serve to open new
avenues for preparation of enantiomerically pure functional
molecules on both small and industrially-relevant scales.

The preparation of enantiomerically pure compounds has
provided a challenge within the pharmaceutical industry
(amongst others) over the past half century. Stereogenic centers
can be problematic in organic synthesis, particularly for
medicinally-relevant molecules, whose different enantiomers
can have greatly varied biological properties.[1] In particular,
chiral compound AAT-076 (Scheme 1) has been demonstrated
to be a potent COX-2 (cyclooxygenase-2) inhibitor and has
been investigated as a treatment for inflammation and pain.[2]

Although there has been a significant increase in synthetic
methods available for the introduction of stereocenters,[3] many
compounds still rely upon separation/resolution to produce
optically pure material.[4] Indeed, AAT-076 has previously been
prepared using chiral chromatography,[5] or resolution by
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Scheme 1. a) Previously proposed mechanism of photochemical racemiza-
tion, via retro-Claisen.[10] b) A schematic view of the CIDT process described
in this work. l-Phenylalaninol (2) acts as a resolving agent, causing the
desired enantiomer to favorably precipitate as its less soluble diastereomeric
salt. In the meantime, the soluble fraction of (R)-1 and (S)-1 are continuously
photochemically racemized, leading to further enriched solid, (S)-1·2. c)
Structure of racemic API (rac)-1 and deracemization process (this work),
leading to enantiomerically pure material as a diastereomeric salt.
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selective diastereomer crystallization with l-phenylalaninol.[6]

Such classical separation methods are inherently wasteful, yet
there are numerous situations where active racemization can be
combined with diastereoselective crystallization, which allows
enantiomeric enhancement without any requirement for loss of
material. This method, known as crystallization-induced diaster-
eomer transformation (CIDT), has been well-utilized in a large
number of applications.[7] However, such an approach requires
an equilibrating stereocenter, limiting the number of compat-
ible molecules, most often to those with a stereocenter
adjacent to a carbonyl group.

An additional possible mechanism for stereocenter equili-
bration is via a light-induced transformation. This is more
commonly utilized for E/Z-type isomerization,[8] but some
racemization examples are also known.[9] Specifically, it has
been reported that benzopyran derivatives, such as AAT-076
((S)-1), can undergo racemization via a retro-Claisen pathway
(Scheme 1a).[10]

For such a CIDT process to be effective and scalable,
efficient racemization is a prerequisite. This may be expedited
using flow reactor technology for improved light intensity and
irradiation homogeneity.[11] Recent reports have seen success
utilizing flow reactors to recirculate a reaction mixture, spatially
separating the racemization and crystallization aspects of CIDT
processes.[12] To our knowledge, though, this approach has not
before been described for CIDT in which racemization is
photochemically induced (Scheme 1b). Herein we present CIDT
of (rac)-1, to its desired diastereomeric salt (S)-1·2 in high yield
(>80%) and ee (>95%). By recirculating through a flow
photoreactor, the efficiency of the photochemical racemization
step is significantly improved, whilst maintaining effective
crystallization in a batch vessel.

By combining the previously reported l-phenylalaninol
resolution process[6] with UVA irradiation, it is possible to
convert (rac)-1 to the desired (S)-1, for isolation as the
diastereomeric salt in high yield and good ee (Scheme 1c).[13]

Such a process shows great promise for the production of
enantiopure AAT-076, compared to previous classical resolution
approach (30% yield reported).[6] For small scale processing, up
to a few grams, this procedure is a good option, but provides
no suitable scale-up route and already shows very different
behavior when operated on 15 mmol scale. Accordingly, a study
was commenced to improve its efficiency and scalability.

Initial analysis considered the extinction coefficient of the
substrate, which was found experimentally to be 3728 M� 1 cm� 1

at the desired irradiation wavelength (365 nm). This value is
exceptionally high for a directly irradiated species, at the
desired concentration of 0.1 M. Indeed, it can be calculated that
>95% of light is absorbed within just 0.04 mm distance from
the reactor vessel wall (see Supporting Information for details
of UV/vis measurements and Beer-Lambert calculations). Ac-
cordingly, the efficiency of such a transformation will decrease
exponentially with increasing reaction scale, as the irradiated
surface area to volume ratio decreases.

A useful solution to this can be to use a flow reactor to
efficiently irradiate the resolution mixture.[11] This will drastically
increase the irradiated surface area and can be scaled in a more

linear fashion, particularly when considering the concept of
“numbering up” (i. e. using multiple flow reactors in parallel).[14]

In such a way, the irradiated surface area can remain high,
guaranteeing a constant rate of racemization, independent of
reaction scale.

In order to examine this effect experimentally, the pure (R)-
enantiomer (R)-1 was racemized using UVA irradiation (365 nm
LEDs) in two different reaction setups. On small scale (1.5 mmol,
15 mL), a good level of racemization was achieved in 1 h.
However, upon increasing the scale (15 mmol, 150 mL), almost
4 h was required to reach the same level. To improve this
racemization rate, a comparison was made against recirculation
through a high surface area flow reactor (Figure 1). The batch
setup featured a round-bottomed flask with external irradiation,
whereas flow irradiation was achieved by recirculated through a
15 mL flow reactor (HANU HX 15, Creaflow, irradiated surface
area=66 cm2, channel depth=2 mm).[15]

As expected, racemization of the enantiomerically pure
material (R)-1 to (rac)-1 occurred significantly faster within the
flow reactor. This rate of racemization was anticipated to be the
limiting factor in the CIDT resolution process for production of
chirally pure (S)-1, therefore maximizing its rate is vital for
effective processing.

Whilst the batch reaction contains a slurry of the diastereo-
meric salt, recirculation through a flow reactor also presents an
opportunity to filter the irradiated fraction of the resolution
mixture. This will further enhance light penetration, for
improved racemization efficiency. Accordingly the flow reactor
was set up with a filter at its inlet, confining solids to the stirred
batch vessel. An oscillatory pump[16] was also used, in order to
ensure that any solids formed within the flow reactor would be
effectively suspended and not settle or cause blockages
(Figure 2a).

In comparison to the standard batch setup, this resulted in
a significantly faster resolution process, whereby the ee of the
solid phase reached >95% within ~5 h, whilst the batch
equivalent reached only 56% ee in the same reaction time.
Since the rate of CIDT follows an exponential function, 23 h was
required in batch to reach acceptable ee (>95%). After the
initial success achieved with the flow irradiation setup, addi-

Figure 1. Comparison of time required to racemize pure (R)-1 in a classical
batch setup, versus recirculation through a flow reactor. Chiral purity
determined at each time point by chiral HPLC. Reactions were performed on
15 mmol scale.
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tional experiments were performed to further improve the rate
of CIDT and to improve the isolation procedure for the desired
diastereomeric salt.

A CIDT attempt was also made with a modified reactor
setup, whereby the inlet filter in the holdup vessel was
removed. Due to the nature of the reactor and the use of an
oscillatory pump, it was feasible to convey the slurry directly
through the reactor. However, the resolution process was
observed to be slower, likely because of poorer irradiation of
the slurry, compared with the monophasic reaction mixture
(see Supporting Information for details).

Additional insight to the state of the process could be
drawn, by also analyzing the liquid phase throughout the
course of the reaction. Whilst the resolution process was
ongoing, an excess of ~40% (R)-1 was present in the liquor,
confirming that the photochemical step is, in this case, rate-
limiting. As the resolution process came to an end, the liquid
phase was observed to tend toward a racemic mixture, implying
that no further selective crystallization will occur. By adding the
amine 2 in portions, the excess of (R)-1 in the liquors was lower,
whilst maintaining a fast CIDT rate. This implies that improved
results could be achieved by modulating this addition rate (see
Supporting Information for further details and data).

With the aim of optimizing this process for further scale-up
and production applications, a design of experiments (DoE)
study was carried out.[17] By using this approach, as opposed to
classical one-factor-at-a-time optimization, it was envisaged
that a more thorough understanding of the relationship

between reaction parameters (factors) and outcomes (re-
sponses) could be drawn. Furthermore, predictive mathematical
models can be parameterized, facilitating process predictions
toward optimal conditions.

Based on initial experiments, four factors were identified to
be of interest: 1) light intensity; 2) amine 2 equivalents; 3)
amine 2 addition rate; 4) reaction scale. To examine the
influence of these factors, and their interactions with one
another, a full factorial design was utilized, consisting of 16
experiments and two center-points (as a measure of reproduci-
bility). During these experiments, 6 responses were measured:
yield and ee of isolated material, as well as ee measured at 0.5,
2, 4 and 6 h. These different time points were anticipated to
serve as a view of the ee evolution over time, allowing the
fastest CIDT conditions to be identified.

Statistical analysis of the results of this study showed that,
surprisingly, varying the light intensity (from 6–10, where 10 is
the maximum) had no effect on any of the measured variables.
This unexpected outcome can be rationalized by the previously
discussed poor light penetration. It follows that the more
important parameter in this example is the irradiated surface
area, which can be maximized by careful reactor design and a
sound scale-up strategy.

By far the most influential factors were found to be the
equivalents and addition rate of l-phenylalaninol (2). The
surface plots of isolated yield and ee at 4 h (Figure 3a and
Figure 3b, respectively) against these two factors contain
several interesting features. Amine 2 (equiv, shown on the x

Figure 2. a) Schematic view of the reactor setup used for CIDT of (rac)-1,
based on a batch vessel with an inlet filter, recirculating through an
irradiated flow reactor. b) Comparison of resolution efficiency in batch vs.
recirculated flow reactor, showing the evolution of ee of the solid phase over
time.

Figure 3. Surfaces generated from reaction models, depicting a) Isolated
yield of the desired diastereomeric intermediate after 6 h reaction; b) ee of
the solid phase, measured after 4 h. General conditions: 15 mmol scale, light
intensity=6 (of 10).
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axis) shows significant curvature, with both responses at a
maximum in the center (or slightly lower, around 1.10, for ee at
4 h). The addition rate (y axis) shows a more complex picture,
since higher yield is favored by more amine portions (i. e.
extended addition period), whilst the ee at 4 h is highest with
faster amine addition. See the Supporting Information for all
DoE results and developed models.

External validation of the models with a separate experi-
ment was performed, showing responses within the interquar-
tile prediction ranges (see Supporting Information). Therefore,
using these models as a guide, reaction conditions were chosen
to provide the best tradeoff of yield vs. ee within 4 h reaction
time. An experiment was carried out with the suggested factor
settings (Scheme 2): light intensity=6; 1.15 equiv 2; moderate
addition rate (3 portions); 20 mmol scale; 4 h reaction time.
Despite problems with batch reactor agitation, the reaction
yielded 7.97 g (82% yield) of the desired salt (S)-1·2, and the
material sampled at 4 h was found to have 96% ee. It is
envisaged that the ee will be further upgraded in a crystalliza-
tion following the acidification of (S)-1·2, to remove the amine
counterion.

In conclusion, we have described the first photochemical
CIDT process using recirculation through a flow photoreactor.
The process is capable of achieving a high yield (~80%) and
high ee (>95%) in a short reaction time of only 4 h. Through a
DoE study, the influence of reaction parameters have been well
understood, resulting in mathematical models to target the
most suitable conditions. The identified conditions are expected
to provide an industrially-relevant process for production of
enantiopure AAT-076, with an effective scale-up route identi-
fied. This work will serve to open the door to related photo-
chemical CIDT processes for other APIs and functional mole-
cules, whereby chiral purity will no longer serve as a barrier to
efficient synthesis routes.

Acknowledgements

The Research Center Pharmaceutical Engineering (RCPE) is
funded within the framework of COMET - Competence Centers
for Excellent Technologies by BMK, BMDW, Land Steiermark and
SFG. The COMET program is managed by the FFG.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: chiral resolution · crystallization-induced
diastereomer transformation · deracemization · flow chemistry ·
photochemistry

[1] a) I. Agranat, H. Caner, J. Caldwell, Nat. Rev. Drug Discovery 2002, 1, 753–
768; b) W. H. Brooks, W. C. Guida, K. G. Daniel, Curr. Top. Med. Chem.
2011, 11, 760–770.

[2] a) J. Gierse, M. Nickols, K. Leahy, J. Warner, Y. Zhang, L. Cortes-Burgos, J.
Carter, K. Seibert, J. Masferrer, Eur. J. Pharmacol. 2008, 588, 93–98;
b) J. L. Wang, D. Limburg, M. J. Graneto, J. Springer, J. R. B. Hamper, S.
Liao, J. L. Pawlitz, R. G. Kurumbail, T. Maziasz, J. J. Talley, et al., Bioorg.
Med. Chem. Lett. 2010, 20, 7159–7163.

[3] For selected recent reviews of enantioselective synthesis methods, see:
a) P. Etayo, A. Vidal-Ferran, Chem. Soc. Rev. 2013, 42, 728–754; b) S.
Mondal, F. Dumur, D. Gigmes, M. P. Sibi, M. P. Bertrand, M. Nechab,
Chem. Rev. 2022, 122, 5842–597; c) T. Hashimoto, K. Maruoka, Chem.
Rev. 2007, 107, 5656–5682; d) T. B. Wright, P. A. Evans, Chem. Rev. 2021,
121, 9196–9242.

[4] H. Lorenz, A. Seidel-Morgenstern, Angew. Chem. Int. Ed. 2014, 53, 1218–
1250; Angew. Chem. 2014, 126, 1240–1274.

[5] B. P. Chekal, E. Freund, C. M. Grill, E. Huthmann, M. Juza, V.
Leshchinskaya, M. T. Maloney, L. M. Miller, Y. Wang, M. Zeng, PCT Intl.
Appl. WO 2006011047, 2006.

[6] J. S. Carter, M. G. Obukowicz, B. Devadas, J. J. Talley, D. L. Brown, M. J.
Graneto, S. R. Bertenshaw, D. J. Rogier, S. R. Nagarajan, C. E. Hanau,
et al., PCT Intl. Appl. WO 1998047890, 1998.

[7] For reviews of crystallization-induced diastereomeric transformations,
see: a) K. M. J. Brands, A. J. Davies, Chem. Rev. 2006, 106, 2711–2733;
b) A. Kolarovič, P. Jakubec, Adv. Synth. Catal. 2021, 363, 4110–4158.

[8] T. Neveselý, M. Wienhold, J. J. Molloy, R. Gilmour, Chem. Rev. 2022, 122,
2650–2694.

[9] For selected reports featuring photochemical racemization, see: a) H.
Ishikawa, N. Uemura, F. Yagishita, N. Baba, Y. Yoshida, T. Mino, Y.
Kasashima, M. Sakamoto, Eur. J. Org. Chem. 2017, 6878–6881; b) G.
Belletti, C. Tortora, I. D. Mellema, P. Tinnemans, H. Meekes, F. P. J. T.
Rutjes, S. B. Tsogoeva, E. Vlieg, Chem. Eur. J. 2020, 26, 839–844; c) S.
Di Stefano, M. Mazzonna, E. Bodo, L. Mandolini, O. Lanzalunga, Org. Lett.
2011, 13, 142–145.

[10] P. Wipf, W. S. Weiner, J. Org. Chem. 1999, 64, 5321–5324.
[11] For selected reviews of flow photochemistry, see: a) C. Sambiagio, T.

Noël, Trends Chem. 2020, 2, 92–106; b) M. B. Plutschack, B. Pieber, K.
Gilmore, P. H. Seeberger, Chem. Rev. 2017, 117, 11796–11893; c) L.
Buglioni, F. Raymenants, A. Slattery, S. D. A. Zondag, T. Noël, Chem. Rev.
2022, 122, 2752–2906; d) J. D. Williams, C. O. Kappe, Curr. Opin. Green
Sustain. Chem. 2020, 25, 100351; e) D. Cambié, C. Bottecchia, N. J. W.
Straathof, V. Hessel, T. Noël, Chem. Rev. 2016, 116, 10276–10341.

[12] a) G. Valenti, P. Tinnemans, I. Baglai, W. L. Noorduin, B. Kaptein, M.
Leeman, J. H. ter Horst, R. M. Kellogg, Angew. Chem. Int. Ed. 2021, 60,
5279–5282; Angew. Chem. 2021, 133, 5339–5342; b) M. H. T. Kwan, J.
Breen, M. Bowden, L. Conway, B. Crossley, M. F. Jones, R. Munday,
N. P. B. Pokar, T. Screen, A. J. Blacker, J. Org. Chem. 2021, 86, 2458–2473.

[13] The patent application of this batch process has recently been
published: Y. Okumura, Y. Inami, B. Dros, M. S. Leeman, PCT Intl. Appl.
WO 2020153279, 2020.

[14] For discussion of scale-up for flow processes, see: a) Z. Dong, Z. Wen, F.
Zhao, S. Kuhn, T. Noël, Chem. Eng. Sci. X 2021, 10, 100097; b) N. G.
Anderson, Org. Process Res. Dev. 2012, 16, 852–869.

[15] For selected examples of photochemistry performed using this reactor,
see: a) C. Rosso, S. Gisbertz, J. D. Williams, H. Gemoets, W. Debrouwer, B.
Pieber, C. O. Kappe, React. Chem. Eng. 2020, 5, 597–604; b) W.

Scheme 2. Final conditions used to produce (S)-1 as a diastereomeric salt
with l-phenylalaninol (2) in a recirculated flow setup.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202200741

Chem. Eur. J. 2022, 28, e202200741 (4 of 5) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 19.05.2022

2229 / 244025 [S. 134/135] 1

https://doi.org/10.1038/nrd915
https://doi.org/10.1038/nrd915
https://doi.org/10.1016/j.ejphar.2008.03.057
https://doi.org/10.1016/j.bmcl.2010.07.054
https://doi.org/10.1016/j.bmcl.2010.07.054
https://doi.org/10.1039/C2CS35410A
https://doi.org/10.1021/acs.chemrev.1c00582
https://doi.org/10.1021/cr068368n
https://doi.org/10.1021/cr068368n
https://doi.org/10.1021/acs.chemrev.0c00564
https://doi.org/10.1021/acs.chemrev.0c00564
https://doi.org/10.1002/anie.201302823
https://doi.org/10.1002/anie.201302823
https://doi.org/10.1002/ange.201302823
https://doi.org/10.1021/cr0406864
https://doi.org/10.1021/acs.chemrev.1c00324
https://doi.org/10.1021/acs.chemrev.1c00324
https://doi.org/10.1002/ejoc.201701457
https://doi.org/10.1002/chem.201904382
https://doi.org/10.1021/ol102715p
https://doi.org/10.1021/ol102715p
https://doi.org/10.1021/jo990352s
https://doi.org/10.1016/j.trechm.2019.09.003
https://doi.org/10.1021/acs.chemrev.7b00183
https://doi.org/10.1021/acs.chemrev.1c00332
https://doi.org/10.1021/acs.chemrev.1c00332
https://doi.org/10.1016/j.cogsc.2020.05.001
https://doi.org/10.1016/j.cogsc.2020.05.001
https://doi.org/10.1021/acs.chemrev.5b00707
https://doi.org/10.1002/anie.202013502
https://doi.org/10.1002/anie.202013502
https://doi.org/10.1002/ange.202013502
https://doi.org/10.1021/acs.joc.0c02617
https://doi.org/10.1021/op200347k
https://doi.org/10.1039/D0RE00036A


Debrouwer, W. Kimpe, R. Dangreau, K. Huvaere, H. P. L. Gemoets, M.
Mottaghi, S. Kuhn, K. Van Aken, Org. Process Res. Dev. 2020, 24, 2319–
2325; c) P. Bianchi, J. D. Williams, C. O. Kappe, Green Chem. 2021, 23,
2685–2693.

[16] For reviews of oscillatory flow reactors, see: a) T. McGlone, N. E. B.
Briggs, C. A. Clark, C. J. Brown, J. Sefcik, A. J. Florence, Org. Process Res.
Dev. 2015, 19, 1186–1202; b) P. Bianchi, J. D. Williams, C. O. Kappe, J.
Flow Chem. 2020, 10, 475–490.

[17] For selected reviews of DoE in chemistry, see: a) R. Leardi, Anal. Chim.
Acta 2009, 652, 161–172; b) D. Lendrem, M. Owen, S. Godbert, Org.

Process Res. Dev. 2001, 5, 324–327; c) S. A. Weissman, N. G. Anderson,
Org. Process Res. Dev. 2015, 19, 1605–16.

Manuscript received: March 8, 2022
Accepted manuscript online: March 16, 2022
Version of record online: April 5, 2022

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202200741

Chem. Eur. J. 2022, 28, e202200741 (5 of 5) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 19.05.2022

2229 / 244025 [S. 135/135] 1

https://doi.org/10.1021/acs.oprd.0c00150
https://doi.org/10.1021/acs.oprd.0c00150
https://doi.org/10.1039/D0GC03070H
https://doi.org/10.1039/D0GC03070H
https://doi.org/10.1021/acs.oprd.5b00225
https://doi.org/10.1021/acs.oprd.5b00225
https://doi.org/10.1007/s41981-020-00105-6
https://doi.org/10.1007/s41981-020-00105-6
https://doi.org/10.1016/j.aca.2009.06.015
https://doi.org/10.1016/j.aca.2009.06.015
https://doi.org/10.1021/op000025i
https://doi.org/10.1021/op000025i
https://doi.org/10.1021/op500169m

