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Abstract: Chromanes are frequently encountered as chiral structure elements in active pharmaceutical ingredients (APIs).
We have now discovered an access to enantiopure chromanes, which employs a 1:1 mixture of their enantiomers (racemate)
in a photochemical deracemization reaction (21 examples, 71%–90% yield, 80%–99% ee). A chiral photocatalyst (10
mol%) acts by selective hydrogen abstraction at one chromane enantiomer and establishes a photostationary state in which
the other enantiomer prevails. A thiol additive (20 mol%) was found to improve the enantioselectivity of the process.
The mechanism of the reaction was investigated by experimental and quantum-chemical studies. The oxygen atom of
the chromane locks the rotation around the exocyclic C─C bond to the amide by forming an intramolecular hydrogen
bond. Forward hydrogen atom transfer (HAT) occurs exclusively in one diastereomeric complex via a readily accessible
transition state. Reasonable pathways for back HAT were identified which are in line with deuterium labeling experiments.
The method was applied to the concise preparation of five chromane-containing drugs (Doxazosin, Fidarestat, Nebivolol,
Repinotan, Sarizotan) as single enantiomers.

The three-dimensional structure of a molecule is responsible
for its biological activity. Proper binding to a given target
requires a perfect positioning of functional groups into a
defined environment.[1] Against this background, it is not
surprising that one enantiomer of a given chiral active
pharmaceutical ingredient (API) is often superior in its
performance when compared to its mirror image. Thus, the
number of chiral drugs which are being administered as single
enantiomers continues to grow at a rapid pace.[2] Beyond
sophisticated methodology for the selective preparation of
an enantiomerically pure compound,[3] its racemic mixture
can potentially serve as an immediate precursor. Among all
methods which promise access to a single enantiomer from a
racemate, photochemical deracemization is the most straight-
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forward and operationally least complicated technique.[4–12]

In a single step, a racemate is converted to either one of the
two possible enantiomers by decoupling the events in which
the existing stereogenic element is broken and re-formed.

In an attempt to make enantiopure APIs accessible by
photochemical deracemization, we identified 3,4-dihydro-
2H-1-benzopyrans (chromanes) as a frequently encountered
motif. The compounds are often substituted in 2-position,
which makes their C2 carbon atom a stereogenic center and
renders them chiral.[13,14] Several APIs are known which
carry either an (R)- or (S)-configured chromane as pharma-
cophore and show an improved biological profile if admin-
istered in enantiomerically pure form. Examples include
Doxazosin,[15] Fidarestat,[16] Nebivolol,[17,18] Repinotan,[19]

and Sarizotan.[20] Synthetic pathways toward enantiomeri-
cally pure chromane-2-carboxylic acids and its derivatives
have so far relied on chemical[21,22] or enzymatic[23–25]

resolution, on enantioselective reduction[26] or addition,[27]

and on ex-chiral-pool synthesis.[28,29] We have now targeted
the compound class by photochemical deracemization and
identified the respective amides rac-1 as suitable, readily
available starting materials (Scheme 1). The goal was to access
either the (R)-enantiomer 1 or its mirror image, the (S)-
enantiomer ent-1, in high yield and with close to perfect
enantiomeric excess (ee).

In prior studies, our group has achieved the photochemical
deracemization of chiral lactams (e.g., rac-L) by the reversible
removal of a hydrogen atom at the stereogenic carbon
atom.[30,31] The chiral photocatalyst[32–34] recognizes one of
the two substrate enantiomers as shown in Scheme 1. Here,
enantiomer ent-L is processed and the photoactive part of
the catalyst, a phenyl ketone,[35,36] abstracts, upon excitation
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Scheme 1. Access to either chromane enantiomer 1 or ent-1 starting from
the racemic mixture rac-1a by a deracemization approach (top).
Photochemical deracemization strategy via reversible hydrogen atom
transfer (middle), and challenges in chromane deracemization
(bottom).

within complex I, a hydrogen atom at the (S)-stereogenic
center. An achiral radical intermediate II is formed at
which the C─H bond is re-created unselectively. The latter
process can occur, for example, via an enol intermediate
(vide infra).[31] Since enantiomer L is not processed by the
catalyst, it prevails in the photostationary state as – in an ideal
scenario – the only enantiomer (>98% ee). Since previous
work had exclusively focused on cyclic amides (lactams)[30]

and primary amides had not yet been used, there were sig-
nificant challenges associated with chromane deracemization
(Scheme 1), particularly related to the rotation around the
C─C bond between the carbon atom, from which C─H bond
abstraction was to occur, and the amide carbonyl carbon
atom.

Preliminary deracemization experiments on parent
chromane-2-carboxamide (rac-1a) started with known chiral
benzophenones that display an azabicyclo[3.3.1]nonan-2-
one backbone as recognition motif.[35,36] Catalyst 2 with
the benzoyl group in 5-position of the benzoxazole linker
showed promising results, and optimization of the conditions
(see the Supplementary Information for details) gave the
desired product 1a in good enantioselectivity (85% ee). The
absolute configuration was assigned by HPLC comparison
with authentic enantiomers of known configuration. To
further improve the selectivity, compounds were added that

could act as HAT catalysts[37,38] facilitating the back HAT
(bHAT) and, thus, increasing the number of turnovers to
be achieved by the photocatalyst. Their performance was
assessed by determining the yield and ee of product 1a.
Among all additives, thiophenol (PhSH) performed best and
was found to be ideally used in catalytic amounts (20 mol%).
Under optimized conditions, product 1a was obtained in 90%
yield and with 94% ee. On a 0.5 mmol scale, the yield was
87% (94% ee) underpinning the scalability of the method
(Scheme 2).

The deracemization was applicable to a broad range of
substrates with little limitations regarding the substitution
pattern and possible functional groups. Substituents placed
in position C6 of the chromane backbone included fluoro
(1b), chloro (1c), bromo (1d), iodo (1e), alkyl (1f, 1i),
methoxy (1g), phenyl (1h), and pyridyl groups (1n). The
methyl group was moved around the benzo group of the
chromane without any indication that placing the substituent
at carbon atoms C5 (1j), C7 (1k), or C8 (1l) would lead
to a significant loss in enantioselectivity. The same applies
to the fluoro substituent, which was also probed at carbon
atoms C7 (1p) and C8 (1q). Only electron-rich substrates
such as the 5,6-dialkylsubstituted chromane 1m and the
methoxy-substituted chromanes 1 g and 1o showed a decline
in the ee, which we tentatively attribute to their more
facile oxidation, possibly compromising the stability of the
catalyst. Catalyst decomposition is known to stall the progress
of the deracemization at lower ee levels.[30] Remarkably,
replacing the methylene group at C4 with an oxygen atom
was tolerated and product 1r, which is a key component
for the Doxazosin synthesis, was isolated in 84% yield and
with 91% ee. In this instance, a scale-up of the reaction with
an increased loading of the additive (40 mol%) led to a
better result than the reaction at small scale (25 µmol), which
had given the product in only 87% ee (81% yield). Methyl
substitution at C3 was compatible with the deracemization
(1s), and even the electron-rich 4-azaderivatives 1t and 1u
(Boc = tert-butoxycarbonyl) of chromanes gave promising
results.

The chromane-2-carboxamides represent ideal starting
materials for the synthesis of the enantiomerically pure
APIs mentioned in the introduction (Scheme 3). By using
catalyst 2, the (R)-configured products became available and
were directly employed in follow-up reactions. The parent
compound 1a was reduced to amine 3, which was alkylated
with bromide 4 to deliver Repinotan in 82% yield. Since
the racemate of the compound was not separable by chiral
HPLC, the specific rotation [α]D of the compound[27] was
taken as a measure of its enantiomeric purity. Sarizotan was
available in 93% yield from amine 3 by reductive amination
with aldehyde 5. Here, the enantiomeric purity could be
determined by chiral HPLC as 99% ee. The synthesis of
Doxazosin commenced with amide 1r which was converted
via its acid into the amide 7 of secondary amine 6. After
removal of the nitrogen protecting group, the nucleophilic
substitution at the 2-position of 2-chloroquinazoline 8 was
achieved thermally (�T) and delivered the desired product
as its hydrochloride. The enantiomeric purity was high as
indicated by its specific rotation.[39]
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Scheme 2. Optimization and scope for the photochemical deracemization of chromane-2-carboxamides rac-1 by chiral photocatalyst 2. [a]The reaction
was run on a 0.5 mmol scale with 40 mol% thiophenol as additive (t = 20 h).

Scheme 3. Synthesis of active pharmaceutical ingredients (APIs) in enantiomerically pure form. Abbreviations: ac = acetone; Bn = benzyl;
EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; HOBt = hydroxybenzotriazole; TFA = trifluoroacetic acid; Ts = 4-methylbenzenesulfonyl.
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Scheme 4. Compounds lacking the chromane oxygen atom fail to deliver
meaningful enantioselectivities under the optimized irradiation
conditions (top). Substrates and products employed in the
determination of the kinetic isotope effect and in deuterium labeling
studies (middle). If an additional stereogenic center is present at carbon
atom C3 of the substrate, there is a match/mismatch situation
preferring the formation of cis-1v (bottom, for details see the narrative
and the Supporting Information).

The deracemization approach offers the advantage that
either one of the two enantiomers is available from the
racemate in high yields. For the synthesis of (S)-configured
chromanes, the enantiomeric catalyst ent-2 was applied and
delivered after recrystallization 6-fluorochromane ent-1b in
enantiomerically pure form (99% ee) and in high yield
(81%). The compound was converted in four steps into
aminoalcohol 9, which was competent to attack epoxide
10 in a nucleophilic ring opening reaction. Since the right-
hand part of Nebivolol required an (R)-configuration at the
chromane, epoxide 10 was prepared from enantiomer 1b in
three steps. After deprotection of the nitrogen atom, the
potent (S,R,R,R)-enantiomer[18] of Nebivolol was obtained
in enantiomerically pure form.[40] The synthesis illustrates
the power of photochemical deracemization with a single
precursor, i.e., racemate rac-1b, serving as substrate for
both chromane enantiomers. Fluorochromane ent-1b was
also used as the precursor of Fidarestat. Here, an oxy-
genation at carbon atom C4 was performed which did not
compromise the enantiopurity of intermediate ketone 11.
The latter compound served as the carbonyl component
in the Bucherer-Bergs reaction[41] that created the desired
hydantoin (d.r. = diastereomeric ratio).

In a first set of mechanistic experiments (Scheme 4),
we interrogated the influence of the chromane oxygen

atom on the enantioselectivity. Under otherwise unchanged
conditions, the carbocyclic analogue of rac-1a, compound
rac-12, resulted in a very limited enantioselectivity as did
the sulfur analogue rac-13. The kinetic isotope effect was
experimentally probed by subjecting the (S)-enantiomers
of carboxamide 1a as undeuterated version ent-1a and as
deuterated version ent-1a-d1 to the standard deracemization
conditions employing catalyst 2. The relative rate was deter-
mined by their conversion into the respective (R)-enantiomer,
i.e., from the decrease in enantiomeric excess. From separate
measurements[42] done in triplicate we obtained a primary
kinetic isotope effect of kH/kD = 2.3 (± 0.1).

The influence of the thiophenol additive was studied by
deuterium labeling experiments. It was found that the use of
deuterated thiophenol (>90% deuterium) led to deuterium
incorporation into the product (1a-d1). Likewise, if deuterated
substrate rac-1a-d1 was subjected to the standard reaction
conditions, a hydrogen incorporation was observed (see the
Supporting Information for details). Given that only 50%
of the racemate, i.e., only the (S)-enantiomer is processed,
the degree of incorporation is in both cases roughly 25%–
30%, indicating that the additive is involved in bHAT.
From the ee values obtained in the labeling studies (43%–
76% ee), it is evident that the catalyst is less efficient in
processing deuterated substrates. Similar observations have
recently been made when a chiral thiol was employed in
a photochemical deracemization reaction.[43] The primary
amide moiety at the chromane is critical for binding to
the catalyst. If the amide lacks hydrogen atoms that can
bind to the lactam carbonyl oxygen atom of the catalyst,
no deracemization was observed. Specifically, the racemic
tertiary amide rac-7 was subjected to the optimized reaction
conditions showing no indication for a deracemization (<1%
ee).

If a substrate rac-1v with an additional stereogenic center
within the chromane ring was subjected to the reaction
conditions, the ee of product cis-1v was high (87% ee and
96% ee), irrespective whether the racemic starting material
was cis- or trans-configured. However, the results reveal that
the enantiomer ent-cis-1v is more readily converted to trans-
1v than ent-trans-1v to product cis-1v, leading to a lower ee
for the trans-diastereoisomer. In addition, the prevalence of
cis-1v suggests that it is not only formed by deracemization at
C2 but also from trans-1v in an editing process at C3 (for more
details, see the Supporting Information).

To further elucidate the deracemization mechanism,
quantum-chemical calculations were conducted. Here, we
focused on rationalizing (a) the beneficial effect of the
neighboring oxygen atom at C2, (b) the mode of action
of the catalyst, and (c) the role of the thiophenol additive
(Scheme 5). Association free energies for complexes ent-1a�2
and 1a�2 revealed an exergonic association in both cases
with −11.6 and −8.4 kJ�mol−1 (Table S2), indicating that
both complexes form in solution. This association involves
two-point hydrogen bonding between substrate and cata-
lyst. Conformer sampling[44] further disclosed a significant
stabilization via the intramolecular N─H�O motif of 18.7
kJ�mol−1 in free substrate 1a or ent-1a (Scheme 5, bottom
left).
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Scheme 5. Computed free energy profile for the photocatalytical deracemization of chromane rac-1a by processing of enantiomer ent-1a (top). Free
energy differences of selected 1a or ent-1a conformers (bottom left). Gray frames indicate conformers that – upon complex formation with 2 – expose
the hydrogen atom at carbon C2 to the benzophenone moiety of 2, thus, enabling fHAT. Tautomerization of product 1a’ with a second ent-1a as final
step of deracemization (bottom right). Geometry optimizations were performed with PBEh-3c[45] + CPCM[46] (CH2Cl2). Free energy single points
were computed with PW6B95-D4/def2-QZVPP//PBEh-3c level[47–49] of theory in the ORCA suite[50,51] while solvation contributions were computed
with GFN2-xTB/ALPB (CH2Cl2).[52,53] Relative energies are referenced to the most stable dimeric species.

The stabilization through the N─H�O motif in 1a and ent-
1a persists even in the complex with catalyst 2 (Scheme 5,
top, and Figure S5), preventing a reorientation of the C─H
bond at the stereogenic center toward the benzophenone
oxygen atom in complex 1a�2, while favoring it in ent-1a�2.
Thus, a suitable reaction coordinate for forward HAT (fHAT)
from the stereogenic carbon atom C2 to the benzophe-
none oxygen atom is only found in the thermodynamically
accessible conformations of the latter. The clear difference
in conformational free energy due to the intramolecular
hydrogen bonds aligns well with the experimentally observed
enantioselectivity for the reaction with rac-1a. In contrast, the
absence of the N─H�O motif in the carbocyclic analogue
rac-12 leads to a noticeably reduced conformational free
energy difference of < 2.2 kJ�mol−1 between fHAT active
and inactive conformers. Hence, both enantiomers display
an accessible fHAT coordinate (Figure S6), which is in
line with the reduced enantioselectivity in the photocatalytic
deracemization (Scheme 4).

In terms of the photocatalytic mechanism, our computa-
tions reveal that photoexcitation to the S1 state of catalyst 2

is the only feasible pathway to facilitate population of elec-
tronically excited states (Figure S7). In analogy to previous
work,[35] we expect intersystem crossing (ISC) to produce
a long-lived triplet T1 state on the benzophenone (see spin
density analysis in Figure S8). From there, we find a feasible
fHAT pathway, with a barrier of 31.3 kJ�mol−1 (Figure S9), in
which the hydrogen atom at the stereogenic C2 carbon atom
of the substrate is transferred to the benzophenone oxygen
atom. The resulting species is a diradical (triplet) species.
From here, the ground state is reached via a minimum energy
crossing point (MECP) between T1 and S0. Unbiased MECP
sampling[54] reveals that the bHAT can proceed via different
conformations from the benzophenone oxygen atom to the
amide oxygen atom of the substrate (Figure S10). This MECP-
mediated bHAT seems energetically feasible (barrier of 7
kJ�mol−1). When considering the additive PhSH, an alterna-
tive bHAT pathway is found with a comparable free energy
barrier (yellow in Scheme 5 top). Despite the entropically
disfavored formation of a trimeric complex, this pathway
remains feasible, as there is less disruption of the two-point
hydrogen bonding between the substrate and catalyst 2. In this
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case, hydrogen atom transfer to the amide oxygen atom occurs
from the thiophenol, which in turn receives the hydrogen
atom from the benzophenone. The pathway, thus, explains the
observations made in the deuterium labeling experiments. In
either pathway, we find the formation of the enol 1a’. To arrive
at the chromane-2-carboxamide, thermal tautomerization of
1a’ back to either 1a or ent-1a is necessary. According to our
calculations, a unimolecular tautomerization is not feasible
(barrier of 121.3 kJ�mol−1, see Figure S11). Instead, this
step is expected to proceed through a bimolecular pathway
involving a second substrate molecule, i.e., ent-1a or 1a
(see Figures S11 and S12). For the tautomerization step, a
barrier of 54.8 kJ�mol−1 is found (Scheme 5 bottom right).
In line with previous data on the dissociation rate constants
from azabicyclo[3.3.1]nonan-2-one scaffolds,[55] it is presently
assumed that tautomerization occurs after dissociation of enol
1a’ from the catalyst. However, there is a chance that the enol
blocks the catalyst and, thus, retards turnover. In this case,
its tautomerization could potentially be the turnover-limiting
step.

In summary, our study has been conceptualized to display
the potential of photochemical deracemization reactions
for the preparation of enantiopure active pharmaceutical
ingredients. Reversible HAT has been demonstrated as a
useful tool that can be extended to substrates with an acyclic
binding site. It is envisioned that further developments in the
architecture of chiral photocatalysts will pave the way for a
general approach towards editing stereogenic centers at will.

Supporting Information

Primary research data are openly available in the repository
RADAR4Chem at DOI: 10.22000/g3b6rp2qk6m4ndf8.
https://radar4chem.radar-service.eu/radar/en/dataset/
g3b6rp2qk6m4ndf8?token=ICgqAKRpnLvMaAKYKyEV.

The authors have cited additional references within the
Supporting Information.[56–106]
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Bacoş, K. de la Vega-Hernández, R. J. Phipps, Science 2024,
386, 42–49.

[13] H. C. Shen, Tetrahedron 2009, 65, 3931–3952, https://doi.org/10.
1016/j.tet.2009.02.002.

[14] A. E. Nibbs, K. A. Scheidt, Eur. J. Org. Chem. 2012, 2012, 449–
462, https://doi.org/10.1002/ejoc.201101228.

[15] S.-p. Ma, L.-m. Ren, D. Zhao, Z.-n. Zhu, M. Wang, H.-g. Lu,
L.-h. Duan, Acta Pharmacol. Sin. 2006, 27, 1423–1430, https://
doi.org/10.1111/j.1745-7254.2006.00443.x.

Angew. Chem. Int. Ed. 2026, 65, e21436 (6 of 8) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202521436 by U

niversitatsbibliothek R
W

T
H

 A
achen U

niversity, W
iley O

nline L
ibrary on [12/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.22000/g3b6rp2qk6m4ndf8
https://radar4chem.radar-service.eu/radar/en/dataset/g3b6rp2qk6m4ndf8?token=ICgqAKRpnLvMaAKYKyEV
https://radar4chem.radar-service.eu/radar/en/dataset/g3b6rp2qk6m4ndf8?token=ICgqAKRpnLvMaAKYKyEV
https://doi.org/10.1016/S0003-9861(03)00169-3
https://doi.org/10.1016/S0003-9861(03)00169-3
https://doi.org/10.1016/j.jpba.2017.07.008
https://doi.org/10.1021/jacs.3c02622
https://doi.org/10.1038/s41586-018-0755-1
https://doi.org/10.1038/s41586-018-0755-1
https://doi.org/10.1126/science.aay2204
https://doi.org/10.1126/science.aay2204
https://doi.org/10.1126/science.abl4922
https://doi.org/10.1038/s41586-023-06407-8
https://doi.org/10.1038/s41586-023-06407-8
https://doi.org/10.1038/s41586-025-08784-8
https://doi.org/10.1016/j.tet.2009.02.002
https://doi.org/10.1016/j.tet.2009.02.002
https://doi.org/10.1002/ejoc.201101228
https://doi.org/10.1111/j.1745-7254.2006.00443.x
https://doi.org/10.1111/j.1745-7254.2006.00443.x


Communication

[16] T. Yamaguchi, K. Miura, T. Usui, R. Unno, Y. Matsumoto,
M. Fukushima, K. Mizuno, Y. Kondo, Y. Baba, M. Kurono,
Arzneim.-Forsch./Drug Res. 1994, 44, 344–348.

[17] A. Veverka, D. S. Nuzum, J. L. Jolly, Ann. Pharmacother. 2006,
40, 1353–1360, https://doi.org/10.1345/aph.1G708.

[18] P. J. Pauwels, W. Gommeren, G. Van Lommen, P. A. Janssen,
J. E. Leysen, Mol. Pharmaceutics 1988, 34, 843–851, https://doi.
org/10.1016/S0026-895X(25)10118-1.

[19] A. C. Berends, P. G. M. Luiten, C. Nyakas, CNS Drug Rev 2005,
11, 379–402, https://doi.org/10.1111/j.1527-3458.2005.tb00055.x.

[20] G. Bartoszyk, H. Russ, C. Seyfried, F. Weber, European Patent
EP1299099, 2003.

[21] T. K. Schaaf, M. R. Johnson, J. W. Constantine, J. S. Bindra, H.
J. Hess, W. Elger, J. Med. Chem. 1983, 26, 328–334, https://doi.
org/10.1021/jm00357a004.

[22] J. L. Gross, Tetrahedron Lett. 2003, 44, 8563–8565, https://doi.
org/10.1016/j.tetlet.2003.09.130.

[23] F. J. Urban, B. S. Moore, J. Heterocycl. Chem. 1992, 29, 431–438,
https://doi.org/10.1002/jhet.5570290223.

[24] A. Czompa, T. Kovács, S. Antus, J. Heterocycl. Chem. 2000, 37,
991–995, https://doi.org/10.1002/jhet.5570370450.

[25] M. Jiang, Y.-J. Liu, G.-S. Liu, W. Zhou, Y.-L. Shen, B. Gao, F.-
Q. Wang, D.-Z. Wei, Green Chem. 2022, 24, 3235–3242, https://
doi.org/10.1039/D1GC04512A.

[26] Z. Nie, S. Liu, T. Wang, Z. Shen, H. Nie, J. Xi, D. Zhang, X.
Zheng, S. Zhang, L. Yao, Chem. Commun. 2022, 58, 5837–5840,
https://doi.org/10.1039/D2CC00589A.

[27] Y. Mo, Q. Chen, J. Li, D. Ye, Y. Zhou, S. Dong, X. Liu, X. Feng,
ACS Catal. 2023, 13, 877–886, https://doi.org/10.1021/acscatal.
2c05509.

[28] H. J. Yuan, S. Qian, L. Hai, Y. Y. Chen, Y. Wu,
Synth. Commun. 2007, 37, 3773–3777, https://doi.org/10.1080/
00397910701569726.

[29] D. W. Kim, M. Maqusood Alam, Y. H. Lee, M. N. A. Khan,
Y. Zhang, Y. S. Lee, Tetrahedron Asymm. 2015, 26, 912–917,
https://doi.org/10.1016/j.tetasy.2015.07.006.

[30] M. Iglhaut, T. Bach, Acc. Chem. Res. 2025, 58, 777–786, https://
doi.org/10.1021/acs.accounts.4c00830.

[31] R. J. Kutta, J. Großkopf, N. van Staalduinen, A. Seitz, P. Pracht,
S. Breitenlechner, C. Bannwarth, P. Nuernberger, T. Bach, J.
Am. Chem. Soc. 2023, 145, 2354–2363, https://doi.org/10.1021/
jacs.2c11265.

[32] C. Prentice, J. Morrisson, A. D. Smith, E. Zysman-Colman,
Beilstein J. Org. Chem. 2020, 16, 2363–2441, https://doi.org/10.
3762/bjoc.16.197.

[33] M. J. Genzink, J. B. Kidd, W. B. Swords, T. P. Yoon, Chem.
Rev. 2022, 122, 1654–1716, https://doi.org/10.1021/acs.chemrev.
1c00467.

[34] E. Studer, S. Mandal, T. Stünkel, R. Gilmour, Angew. Chem.
Int. Ed. 2025, 64, e202513320.

[35] P. Freund, M. Pauls, D. Babushkina, T. Pickl, C. Bannwarth, T.
Bach, J. Am. Chem. Soc. 2025, 147, 1434–1439, https://doi.org/
10.1021/jacs.4c16053.

[36] A. Bauer, F. Westkämper, S. Grimme, T. Bach, Nature 2005,
436, 1139–1140, https://doi.org/10.1038/nature03955.

[37] N. A. Romero, D. A. Nicewicz, J. Am. Chem. Soc. 2014, 136,
17024–17035, https://doi.org/10.1021/ja506228u.

[38] X. Bao, W. Yu, G. Wang, Adv. Synth. Catal. 2023, 365, 2299–
2309, https://doi.org/10.1002/adsc.202300535.

[39] X. Yin, Y. Huang, Z. Chen, Y. Hu, L. Tao, Q. Zhao, X.-Q.
Dong, X. Zhang, Org. Lett. 2018, 20, 4173–4177, https://doi.org/
10.1021/acs.orglett.8b01469.

[40] M. C. Carreño, G. Hernández-Torres, A. Urbano, F. Colobert,
Eur. J. Org. Chem. 2008, 2035–2038, https://doi.org/10.1002/
ejoc.200800201.

[41] H. T. Bucherer, V. A. Lieb, J. Prakt. Chem. 1934, 141, 5–43,
https://doi.org/10.1002/prac.19341410102.

[42] E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51,
3066–3072, https://doi.org/10.1002/anie.201107334.

[43] X. Yan, Y. Pang, Y. Zhou, R. Chang, J. Ye, J. Am.
Chem. Soc. 2025, 147, 1186–1196, https://doi.org/10.1021/
jacs.4c14934.

[44] P. Pracht, S. Grimme, C. Bannwarth, F. Bohle, S. Ehlert,
G. Feldmann, J. Gorges, M. Müller, T. Neudecker, C. Plett,
S. Spicher, P. Steinbach, P. A. Wesołowski, F. Zeller, J.
Chem. Phys. 2024, 160, 114110–114138, https://doi.org/10.1063/
5.0197592.

[45] S. Grimme, J. G. Brandenburg, C. Bannwarth, A. Hansen, J.
Chem. Phys. 2015, 143, 054107–054126, https://doi.org/10.1063/
1.4927476.

[46] V. Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995–2001,
https://doi.org/10.1021/jp9716997.

[47] Y. Zhao, D. G. Truhlar, J. Phys. Chem. A 2005, 109, 5656–5667,
https://doi.org/10.1021/jp050536c.

[48] E. Caldeweyher, S. Ehlert, A. Hansen, H. Neugebauer, S.
Spicher, C. Bannwarth, S. Grimme, J. Chem. Phys. 2019, 150,
154122–154141, https://doi.org/10.1063/1.5090222.

[49] F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7,
3297, https://doi.org/10.1039/b508541a.

[50] F. Neese, WIREs Comput. Mol. Sci. 2012, 2, 73–78, https://doi.
org/10.1002/wcms.81.

[51] F. Neese, WIREs Comput. Mol. Sci. 2025, 15, e70019, https://
doi.org/10.1002/wcms.70019.

[52] C. Bannwarth, S. Ehlert, S. Grimme, J. Chem. Theory Comput.
2019, 15, 1652–1671, https://doi.org/10.1021/acs.jctc.8b01176.

[53] S. Ehlert, M. Stahn, S. Spicher, S. Grimme, J. Chem. Theory
Comput. 2021, 17, 4250–4261, https://doi.org/10.1021/acs.jctc.
1c00471.

[54] P. Pracht, C. Bannwarth, J. Chem. Theory Comput. 2022, 18,
6370–6385, https://doi.org/10.1021/acs.jctc.2c00578.

[55] C. Müller, A. Bauer, M. M. Maturi, M. C. Cuquerella, M. A.
Miranda, T. Bach, J. Am. Chem. Soc. 2011, 133, 16689–16697.

[56] S. K. Sabui, P. Mondal, R. V. Venkateswaran, J.
Chem. Res. 2002, 2002, 428–429, https://doi.org/10.3184/
030823402103172743.

[57] F. Wakita, Y. Ando, K. Ohmori, K. Suzuki, Org. Lett. 2018, 20,
3928–3932, https://doi.org/10.1021/acs.orglett.8b01475.

[58] I. Marco, M. Valhondo, M. Martıń-Fontecha, H. Vazquez-
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