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ABSTRACT: Upon irradiation in the presence of a chiral
benzophenone catalyst (S mol %), a racemic mixture of a given
chiral imidazolidine-2,4-dione (hydantoin) can be converted
almost quantitatively into the same compound with high
enantiomeric excess (80—99% ee). The mechanism of this
photochemical deracemization reaction was elucidated by a suite
of mechanistic experiments. It was corroborated by nuclear
magnetic resonance titration that the catalyst binds the two
enantiomers by two-point hydrogen bonding. In one of the
diastereomeric complexes, the hydrogen atom at the stereogenic
carbon atom is ideally positioned for hydrogen atom transfer
(HAT) to the photoexcited benzophenone. Detection of the
protonated ketyl radical by transient absorption revealed hydrogen

Mechanistic Investigation

oA e 5
N-Ph O _ N-Ph 3
HN : HN ;
B v

Key Intermediate

= Preparative Investigations = Excited-State DFT = Transient Absorption Spectroscopy
\

abstraction to occur from only one but not from the other hydantoin enantiomer. Quantum chemical calculations allowed us to
visualize the HAT within this complex and, more importantly, showed that the back HAT does not occur to the carbon atom of the
hydantoin radical but to its oxygen atom. The achiral enol formed in this process could be directly monitored by its characteristic
transient absorption signal at 4 & 330 nm. Subsequent tautomerization leads to both hydantoin enantiomers, but only one of them
returns to the catalytic cycle, thus leading to an enrichment of the other enantiomer. The data are fully consistent with deuterium
labeling experiments and deliver a detailed picture of a synthetically useful photochemical deracemization reaction.

Bl INTRODUCTION

Enantiomerically pure compounds, i.e., chiral compounds sold
as single enantiomers, represent a huge class of chemicals with
sales exceeding 100 billion US-$ per year." The market for
enantiomerically pure drugs displays even higher sales figures.”
Although research in enantioselective (asymmetric) catalysis
has led to remarkably efficient processes for the syntheses of
chiral compounds,’ it is frequently less expensive and more
efficient to prepare chiral compounds as a racemic mixture and
to separate the enantiomers subsequently.” The latter approach
is particularly appealing if both enantiomers of a chiral
compound are required. If this is not the case, e.g, in many
pharmaceutical applications, the unwanted enantiomer is a
waste product, and it is desirable to find ways of proper
recycling or to generate enantiomerically pure compounds
from their racemates. In the latter context, deracemization
reactions have received considerable attention,” and most
methods to perform deracemization have until recently relied
on the stoichiometric conversion of the respective racemate
into an achiral intermediate, which is subsequently or in situ
converted by a chiral reagent to the desired enantiomer. A key
requirement for a deracemization reaction is the existence of
two distinct steps which are not simply the reversal of each
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other. In an equilibrium situation, the racemate is entropically
favored, and this preference cannot be overcome in a closed
catalytic system violating the principle of microscopic
reversibility.” Based on pioneering efforts in the 1960s and
1970s,” photochemical deracemization reactions have been
studied more closely in the last five years.® The key idea is to
decouple a thermal reaction step from a photochemical event,
enabling the enrichment of a single enantiomer (Scheme 1).
Two different approaches may be considered: (1) A chiral
photocatalyst can be used to differentiate between the two
substrate enantiomers and to form an achiral intermediate
from which the respective substrate is formed thermally in an
unselective fashion. If this cycle is continuously repeated, the
enantiomer that is not or only slowly processed in the
photochemical step will be enriched. (2) Alternatively, the
photochemical step can occur unselectively, and a chiral
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Scheme 1. Photochemical Deracemization by a Chiral
Catalyst: Enrichment of a Single Enantiomer Is Possible by
Selective Excitation or by a Selective Reaction of the
Intermediate
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catalyst can be used to form one of the substrate enantiomers
in an enantioselective fashion. In the latter scenario, it is
desirable that the thermal step is compatible with the
photochemical step.” If not, the reaction might be preferably
performed in two separate steps and bears the characteristics of
an enantioselective catalytic reaction but not of a deracemiza-
tion."’

In 2018, our group reported the first photochemical
deracemization reaction that delivered ch1ra1 orgamc com-
pounds in high yields and enantioselectivities."" Chiral allene
lactams were successfully employed as substrates, and a chiral
triplet sensitizer (2.5 mol %) was utilized to differentiate
between the two substrate enantiomers (17 examples, 52—99%
yield, 89—97% ee). Achiral diradical IN1 was postulated as a
triplet intermediate based on analogy to known allene
triplets,'” corroborated by subsequent calculations on the
deracemization of chiral 2,3-butadienamides.”® Since then, we
have studied several reactions in which achiral intermediates
IN are selectively formed from a chiral precursor by triplet
sensitization according to approach (1) mentioned above
(Figure 1). Putative triplet 1ntermed1ates include diradicals
IN2 (sulfomde deracemization),' "IN3 (cyclopropane deracem-
ization),"> and IN4 (alkene deracemization).'® Knowles,
Miller, and co-workers reported in 2019 a dual catalysis
approach, in which radical intermediates like INS were formed
by a selective photocatalytic reaction and further converted to
the cyclic urea substrates by a second enantioselective step on
the ground state (15 examples, 90—99% yield, 62—92% ee).'”
A chiral phosphoric acid (5 mol %) was employed to allow for
differentiation in the first step (radical formation) and a chiral
thiol (5 mol %) for the selective hydrogen atom transfer
(HAT).

More recently, Meggers and co-workers reported on the
formation of chiral enolate intermediates in an unselective

photochemical step which were subsequently protonated
diastereoselectively via chiral-at-metal rhodium (*[Rh])
enolate IN6.'® In a related approach, taken by Luo and co-
workers,'” a chiral amine was used as the catalyst to promote
an enantioselective protonation of (Z)-enamine IN7 which was
diastereoselectively generated by triplet-sensitized E/Z-isomer-
ization.”® Also in this case, the protonation step is responsible
for the preferential formation of a major enantiomer. So far,
only the 1,3-diradical IN3 was observed by transient
absorption spectroscopy,'*” whereas all other intermediates
IN were postulated and their immediate detection has not
been reported.

While all our previous work had focused on the $enerat10n
of achiral intermediates by triplet sensitization,""'*~'® we have
recently started to investigate different modes of action by
which chiral substrates would be differentiated in a photo-
chemical step. In a first study, benzophenone (+)-2 was found
to deliver high enantioselectivities in the photochemical
deracemization of hydantoins rac-1 (Scheme 2).”' A high

Scheme 2. Photochemical Deracemization of Hydantoins
rac-1 Catalyzed by Chiral Benzophenone (+)-2
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preference for the respective (R)-enantiomers (R)-1 was
recorded, and circumstantial evidence was collected, which
suggested that photoexc1ted benzophenone (+)-2 enables a
selective HAT*” from one of the two hydantoins.

Although the first step of the reaction appeared intuitive, the
further fate of the intermediate remained unclear. In particular,
the thermal pathway which leads to the formation of the
hydantoin after HAT required further studies. We have now
undertaken a suite of mechanistic experiments to shed light on
the course of the deracemization reaction. Based on quantum
chemical calculations and supported by the spectroscopic
detection of intermediates, a clear picture of the reaction
pathway has evolved which we present in this manuscript.

B RESULTS AND DISCUSSION

Side Reactions, Association Constants, and Labeling
Experiments. For reasons of compound supply, most studies
of this section and all transient absorption experiments (vide
infra) were performed with benzophenone (—)-2 (Figure 2).

IN1
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Figure 1. Typical intermediates IN1—IN7 invoked in photochemical deracemization reactions: Intermediates IN1—IN4 are generated
predominantly from one substrate enantiomer while intermediates IN6 and IN7 react enantioselectively. For intermediate INS, both modes of

action operate (two chiral catalysts).
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Figure 2. Structure of the chiral catalyst (—)-2 and of hydantoins rac-
1 used in this study. The use of catalyst (—)-2 leads to the preferred
formation of (S)-configured hydantoins (S)-1 in the deracemization
reaction. Enantiomerically pure (R)-hydantoins were used for kinetic
experiments.

Expectedly, the catalyst favors in the photochemical reaction
the opposite enantiomers compared to benzophenone (+)-2,
i.e, not the (R)-hydantoins but the respective (S)-enantiomers
are formed. This was verified by performing the deracemiza-
tion of hydantoin rac-1a as a control experiment. In previous
work, we had isolated the enantiomer (R)-1a with (+)-2 as the
catalyst in 87% yield and with 94% ee.”’ When the same
reaction was conducted under identical conditions with
catalyst (—)-2, the (S)-enantiomer (S)-la was isolated in
86% yield and with 94% ee.

The use of compound rac-1a or its enantiomers for several
of the mechanistic investigations was due to its high solubility
in trifluorotoluene which is the preferred solvent for the
deracemization experiments. To simplify the nature of the
substituent R, the tert-butyl-substituted hydantoin 1b was the
preferred model compound for the computational studies
(vide infra). Further mechanistic experiments were performed
with the valine- and leucine-derived hydantoins 1c and 1d.

A key feature of the deracemization experiments performed
with benzophenone 2 relies on its propensi? for hydrogen
abstraction™ in the excited triplet nz* state.”” A prerequisite
for the HAT to be selective is the formation of the respective
1:1 complex with the individual enantiomers. We therefore
studied these complexes by nuclear magnetic resonance
(NMR) titration in benzene-d,; at ambient temperature (20
°C).” Indeed, it was confirmed that both enantiomers of
hydantoin 1a, (R)-1a and (S)-1a, undergo association to (—)-2
via two hydrogen bonds (for details see the Supporting
Information). The binding constants are not identical,
reflecting the fact that the formation of (—)-2 - (S)-1a is
hampered by Pauli repulsion of the bulky hydantoin
substituent and the benzoyl group of the catalyst. Formation
of (=)-2 - (R)-1a is preferred for steric reasons. Within this
complex, the hydrogen atom at the stereogenic center
(indicated in bold in Figure 3) is close to the carbonyl
group of the benzophenone. In complex (—)-2 - (S)-1a, an
intramolecular HAT at the stereogenic center has too high a
barrier to become kinetically relevant.

Hydrogen abstraction by catalyst (—)-2 was monitored in
kinetic experiments with deuterated and nondeuterated
hydantoins. Since the reaction of enantiopure (R)-enantiomers
leads to a complete inversion of the stereogenic center, the
reaction can be followed kinetically by recording the
enantiomeric purity over time. In separate experiments, the
kinetics were monitored for the reaction of (R)-1 — (S)-1 and
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Figure 3. Complexes of chiral benzophenone (—)-2 with the two
enantiomers of hydantoin 1a: The preferably formed enantiomer (S)-
la displays a smaller binding constant than its antipode (R)-la.
Rotation around single bonds is possible at the benzoxazole core, and
the conformation is depicted, in which the complex of (—)-2 and
substrates (R)-1 has been found to be the most stable (vide infra).

for (R)-1-d,— (S)-1-d;. The rate of conversion was linear
within the first 10 min and a kinetic isotope effect ky/kp = 1.4
was determined (see the Supporting Information for details).
In an intermolecular competition experiment, the inversion of
compounds (R)-1 and (R)-1-d;, was studied. The observed
value was not significantly higher (ky/kp = 1.8), which, at first
sight, suggested that the HAT has little influence on the rate
and selectivity.”® However, the computational results revealed
an equally low kinetic isotope effect (vide infra) which
potentially indicates that the HAT step is turnover limiting.
Previous work with deuterated hydantoins had revealed that
H/D cross-over occurs during deracemization employing
catalyst (+)-2.' With an equimolar mixture of deuterated,
leucine-derived hydantoin 1d-d, and non-deuterated valine-
derived hydantoin 1c, the products also displayed non-
deuterated 1d and deuterated lc-d; in varying amounts. If a
complete inversion was performed, e.g., by going from (S)-1 to
(R)-1, a ca. 50% H/D cross-over was noted. If the starting
materials were racemic, the cross-over was ca. 25%, and if the
starting material already possessed the correct configuration,
there was no cross-over. If one assumes that the deracemiza-
tion occurs via the protonated (or deuterated) ketyl radical
(—)-3 (Figure 4), the results appeared to suggest that the re-
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Figure 4. Structure of putative intermediate (—)-3 and reaction
products 4c and Sc obtained upon irradiation of a sample containing

parent benzophenone (BP) and the valine-derived hydantoin 1c (2
equiv, 4 = 350 nm, PhCF;).

delivery of the hydrogen or deuterium atom occurs not always
to the same molecule it had been abstracted from. Radical-
radical coupling products were not detected, however. In
contrast, when using parent benzophenone (PhCOPh, BP) to
induce a racemization reaction in valine-derived hydantoin
(S)-1c, significant amounts of coupling products 4c and Sc
were observed.

Product 4c is the 1:1 adduct of the protonated ketyl radical
with the hydantoin radical formed by hydrogen abstraction.
Product Sc (isolated as a single diastereoisomer) is the product
of a radical-radical combination between two hydantoin
radicals. The results indicate that upon leaving the solvent

https://doi.org/10.1021/jacs.2c11265
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Figure S. Calculated T, structures for (—)-2 - (R)-1b, TS, and (—)-3 - 6b in the deracemization reaction of rac-1b. Free energies of the
corresponding species are calculated relative to (—)-2 - (R)-1b at the ®B97X-V/def2-QZVP//PBEh-3c level of theory (see the Supporting
Information for details).””?” The hydrogen atom of hydantoin is transferred to the catalyst yielding a complex of the protonated ketyl radical (—)-3

and the hydantoin radical 6b.

cage, the radicals formed via hydrogen abstraction by
photoexcited benzophenone may undergo free radical-radical
recombination. To shed light on this issue, we investigated the
reaction pathway leading to deracemization of compound rac-
1b by quantum chemical calculations.

Quantum Chemical Calculations on the Hydrogen
Atom Transfer. Based on the experimental analyses (NMR
and kinetic studies, vide supra), we restricted the computa-
tional analysis to the configuration inversion of (R)-1b assisted
by catalyst (—)-2. As starting geometry for the HAT in
complex (—)-2 - (R)-1b, we initially used the previously
determined complex structure”' from a conformational analysis
that exhibited the shortest hydrogen—oxygen distance.
However, we identified in this work a second, lower energetic
conformation by conformational sampling of (—)-2 - (R)-1b.
Here, the benzoxazole core has undergone a rotation around
the single bond to the azabicyclo[3.3.1]nonan-2-one backbone.
In the following, we discuss exclusively the results for the
energetically more stable conformer (called min2 in the SI)
but provide results for the other conformer (minl) in the
Supporting Information. The final geometries on the triplet
(T,) state for (—)-2 - (R)-1b and the identified HAT
intermediate, (—)-3 - 6b, were obtained by structure
optimization at the PBEh-3c level, which is a low-cost DFT
composite method.”” Intermediate 6b is the hydantoin radical
obtained by HAT from 1b. The transition state for the HAT
was determined by a nudged elastic band optimization with
subsequent transition state (TS) optimization on the T state
employing the GFN2-xTB method.”® The identified structure
was then re-optimized also at the PBEh-3c level. Details for the
optimization procedure can be found in the Supporting
Information. The obtained T species involved in the forward
HAT are shown in Figure S.

During the HAT, the proximal hydrogen atom of hydantoin
(R)-1b is transferred to the catalyst, leading to the protonated
ketyl radical (—)-3 and the hydantoin radical 6b. The distance
of the involved hydrogen atom to the carbonyl oxygen atom of
the catalyst decreases from 3.6 to 1.0 A during the HAT.
Simultaneously, the distance of the hydrogen atom to the
hydantoin carbon increases from 1.1 to 3.9 A at the chosen
level of theory. At the transition state, the hydrogen atom is
almost located halfway between the carbon atom (1.2 A) and
the oxygen atom (1.4 A). Moreover, the initially chiral,
tetrahedral carbon atom of (R)-1b planarizes as the hybrid-
ization changes from sp® to sp? leading to the achiral radical
intermediate 6b.
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The low barrier of 57.0 k] mol™ (wB97X-V/def2-QZVP//
PBEh-3c level’”*”) found for the HAT confirms the
experimentally observed rapid hydrogen transfer to occur at
the T, state after photoexcitation and intersystem crossing
(ISC). At the T, surface, the HAT toward (—)-3 - 6b is
exergonic by —106.9 k] mol™" relative to (—)-2 - (R)-1b.
Experimentally, a kinetic isotope effect ky/kp = 1.4—1.8 was
observed. To compute the theoretical kinetic isotope effect for
the aforementioned HAT reaction, the nuclear thermal
corrections””™® to (—=)-2 - (R)-1b and TS were recalculated
after changing the mass of the hydrogen involved in the HAT
to 2.00141 u (see the Supporting Information for more
details). For deuterium, the calculated HAT reaction barrier
increases from 57.0 to 58.6 kJ mol™'. This results in a
theoretical kinetic isotope effect of 1.9 in good agreement with
the experimental value (vide supra). It should be noted that for
the higher lying conformer (minl, see SI), a lower barrier of
40.6 k] mol™ was found, which, however, would result in a
kinetic isotope effect around 4.7. Hence, based on the fact that
conformer min2 is more stable and reproduces the
experimental kinetic isotope effect, we conclude that the
photocatalyzed deracemization proceeds via the min2 con-
former and no rotation to the minl conformer occurs during
the lifetime of the triplet state.

Given that (—)-3 - 6b is significantly lower in free energy on
the triplet hypersurface than (—)-2 - (R)-1b, the back HAT
mechanism is expected to proceed in the singlet manifold after
reverse ISC has taken place. The reaction is, hence, expected to
involve a conical intersection between the open shell and
closed shell (S;) singlet state. The preceding ISC from T| to
the open shell singlet is readily feasible, since for (—)-3 - 6b,
the two states are found to be isoenergetic [—106.9 kJ mol™*
relative to (—)-2 - (R)-1b] and structurally indistinguishable.
The energetically lowest S,/S;, minimum energy conical
intersection (MECI) could be identified by a recently
developed sampling algorithm™ (see the Supporting Informa-
tion for details). Remarkably, among all sampled structures, no
precursor geometry could be identified that would correspond
to a direct HAT to the prostereogenic carbon atom of radical
intermediate 6b. In conclusion, a back HAT directly forming
the hydantoin 1b can be ruled out. However, the lowest-lying
complex structure in the ensemble shows a hydrogen bond
between the hydrogen atom of the catalyst and the carbonyl
oxygen atom of 6b. It was found that the identified MECI
structure is structurally very similar to another, lower-lying
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minimum existing both on the open shell singlet and T, surface
(Figure 6).

Figure 6. Left: MECI structure optimized at the FOMO-hhTDA-
BHLYP-D3(BJ)/def2-SV(P) level of theory’’ (gray) and the
proximate minimum structure (—)-3 - 6b in the open shell singlet
(light-blue) optimized at the PBEh-3c*’ level of theory. Right:
Ground state (S,) structure (—)-2 - 7b after the back HAT optimized
at the PBEh-3¢”’ level of theory.

The computed association free energy between (—)-3 and
6b was found to be —38.8 kJ mol™!, rendering the complex
more stable than (—)-2 - (R)-1b (see the Supporting
Information for details). The dissociation into free radicals
and coupling reactions as observed for BP (vide supra) are
therefore avoided. Taken together with the fact that triplet and
open shell singlet minima are isoenergetic for (—)-3 - 6b, ISC
is expected to be easily feasible at this geometry. Once arrived
at the singlet manifold, the reaction proceeds nearly barrierless
through the MECI (see the Supporting Information). The final

minimum structure after the back HAT on the singlet manifold
was obtained by PBEh-3c optimizations’’ on the S, surface,
leading to the noncovalent complex (—)-2 - 7b (Figure 6).
Compound 7b is the (achiral) enol® tautomer of hydantoin
1b. The overall pathway for the deracemization process is
comprehensively summarized in Figure 7.

The calculation delivered a fully coherent explanation for the
abovementioned dichotomy regarding the deuterium scram-
bling and the side reactions observed with an achiral catalyst
(Figure 4). Since the enol form 7 of the hydantoin is the
intermediate via which the racemization occurs, scrambling
does not occur in any of the intermolecular HAT processes but
in the subsequent tautomerization step. The exchange of
protons likely occurs in a bimolecular fashion™ and is thus
responsible for the observed H/D scrambling. From a
stereochemical perspective, intermediate 7 will tautomerize
to both enantiomers (S)-1 and (R)-1 with no preference for
any of the two enantiomers. Enantiomer (R)-1 is further
processed in a catalytic cycle when bound to sensitizer (—)-2
and will lead again via radical 6 to the respective enol 7
(Scheme 3). Enantiomer (S)-1 is enriched because it does not
display a suitable hydrogen atom for HAT and is found as the
prevailing enantiomer if catalyst (—)-2 is employed.

The introduction has already alluded to the fact that very
few intermediates in deracemization reactions have been
detected. With the mechanistic scheme outlined above already
providing a plausible picture, we felt it crucial to experimentally
identify the postulated intermediates by transient absorption
spectroscopy. A key issue to be resolved related to the
hypothesis that enantiomer (S)-1 was not processed by
benzophenone (—)-2. If detection of the protonated ketyl
radical (—)-3 was feasible, this question could be reliably
answered.

Transient Absorption Spectroscopy. As benzophenone
(PhCOPh; BP) is well known to undergo ISC to almost 100%
on a ps time scale,”* ISC will potentially outcompete a
potential HAT and, therefore, the excited singlet S, of BP may
not be relevant for a potential HAT. Accordingly, we focused

57.0 open-shell
50 — T, state singlet state Sy state
_ 0 0.0
T
g 0
© -100 “.-106.9 ISC -106.9
S|
-150
200 198.1
(=)-2:(R)-1b TS (—)-3-6b (—)-3-6b (=)-2:7b
T1 T Ty S So

T, state

S, state S, state

Figure 7. Computed free energy reaction profile for the photocatalytic deracemization of rac-1b. Electronic energies are calculated at the ®B97X-
V/def2-QZVP// PBEh-3¢*”%° level of theory (see the Supporting Information for details on the thermal and solvation contributions). Relative
energies are referenced to the free energy of (—)-2 - (R)-1b in the T state. A possible ISC step is indicated. Alternatively, triplet recombination is
possible, which affords the diradical singlet complex as an intermediate.
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Scheme 3. Mechanistic Scheme for the Photochemical
Deracemization of Hydantoins rac-1 Catalyzed by Chiral
Benzophenone (—)-2

hv, HAT

R (-)2- R)1/_\

HNKN Ph
\/’ (R4
OH

R
o
in this study on the triplet (T,) and subsequent dynamics of
the BP moiety on a ns to ys time scale. For acquiring reference
spectra of the T as well as the protonated ketyl radical, we
initially recorded the transient absorption of BP in PhCF; and
in a PhCF;/cyclohexane (1.65 mM/8.17 M) mixture after
excitation at 355 nm. Under the latter conditions, the radical
formation should be observed after HAT from the aliphatic
cyclohexane to BP.”* In nondegassed PhCF;, the well-known
T, spectrum with its characteristic spectrum of two narrow
absorption bands peaking at 321 and 525 nm and a shoulder at
ca. 450 nm is observed within the duration of the excitation
pulse, and decays monoexponentially with a lifetime of 240 ns
obeying the pseudo-first order kinetics of diffusion-controlled
quenching via energy transfer to molecular oxygen (Figure 8).
With an abundance of an aliphatic molecule in the surrounding
solvent layer, HAT from cyclohexane to the BP T is observed,
as evidenced by a tremendous T lifetime reduction down to

H
Ph

N- H"OY\£O
o,,,”H/N \J
@%

(—)-

—-H

-6

ca. 140 ns accompanied by the formation of a new species
spectrum ascribed to the protonated BP ketyl radical (*BP-
H),24’35 whose species-associated spectrum (SAS) is given in
red in Figure 8d. From spectral (Figure 8d) and temporal
(Figure 8f) decomposition of the data, an almost complete
forward and back HAT for this system may be found (see the
Supporting Information for a more detailed discussion on the
analysis). As HAT occurs in the triplet spin system, the triplet-
born spin-correlated radical pair will be spin-forbidden for back
HAT. Accordingly, it is tempting to speculate that for
cyclohexane the rate-limiting factor will be back ISC prior to
back HAT (vide infra).

In the case of (—)-2 in PhCF;, the photophysical properties
are totally dictated by the benzophenone moiety, as already
seen by a very similar ground state S;«S, transition with
extinction coefficients in the range of 130 M™' cm™
(Supporting Information and Figure 9). Accordingly, after
exciting at 355 nm, (—)-2 also shows very efficient triplet
formation to *(—)-2, which subsequently decays with a lifetime
of 206 ns in nondegassed solution (Figure 9a,d,g). As the
substrate rac-la itself absorbs at 355 nm, we separately
recorded its transient absorption. It turned out that besides
pump—pulse scatter at 355 nm, the fluorescence of rac-la
between 400 and 550 nm with a lifetime shorter than the
instrumental response as well as a very small—barely
detectable—broad absorption band with a lifetime of 470 ns
is observed (Figure S8.1). Since this absorption signal is
significantly smaller than the strong triplet absorption of *(—)-
2, it can be neglected in the transient absorption data obtained
from (—)-2 in the presence of either (R)-1a or (S)-1a.

While the presence of (S)-1a (40 mM) does not result in
any changes of the 3(—)-2 dynamics (Figure 9c¢fi), new
spectral contributions in the transient data become evident in
the presence of (R)-la (40 mM) (Figure 9b). The initial
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Figure 8. Transient absorption data of benzophenone (BP) in PhCF; (panels a,c,e) and in PhCF;/cyclohexane (1.65 mM/8.2 M) mixture (panels
b,d,f) after excitation at 355 nm. Panels a,b: Time-resolved spectra in false color representation. Panels c—f: Species-associated spectra (panels c,d)
and the corresponding mole-fraction over time (together with the global fit shown in cyan) (panels e,f) that contribute to the data in panels a,b.
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Figure 9. Transient absorption data of (—)-2 in PhCF; (panels a,d,g) and in the presence of 40 mM concentration of either (R)-1a (panels b,e,h)
or (S)-1a (panels cfi) after excitation at 355 nm. Panels a—c: Time-resolved spectra in false color representation. Panels d—i: Species-associated
spectra (panels d—f) and the corresponding mole-fraction over time (together with the global fit shown in cyan; panels g—i) that contribute to the
data in panels a—c. Note that ) x; in panel h only includes contributions from 3(—)-2, *(—)-3, and '(—)-2. In panel e, the spectra of the triplet as
well as of the ketyl radical are shown, which were obtained by subtracting 75% of the triplet spectrum (blue spectrum in panels d,f) from the
spectrum at t = 0 (sum of all DADS) and corresponding rescaling of the ketyl spectrum by (1-0.75).

transient spectrum formed within the excitation pulse shows in
addition to the SAS of *(—)-2 further spectral contributions,
and all spectral characteristics simultaneously decay with a
slightly shorter lifetime of 181 ns compared to the pure *(—)-2
decay (compare brown and blue lines in Figure 9e).
Subtraction of the *(—)-2 contribution (blue line) from this
spectrum reveals the SAS of the protonated ketyl radical (—)-3
as an intermediate (compare red lines in Figures 8d and 9e).
The fact that only small signatures of (—)-3 are observable and
that only one lifetime can be determined indicates that the
rather efficient radical pair formation after HAT from (R)-1a
to *(—)-3 with an overall estimated yield of @y, = 1—181 ns/
206 ns = 12% is followed by a faster back HAT so that no
substantial concentration of the radical pair is detected.
Considering the concentration of (R)-1a as [(R)-1a] = 40
mM, the bimolecular rate constant for forward HAT may be
estimated to kyar = [(R)-1a]™ ((181 ns)™' — (206 ns)™!) =
1.68 X 107 M™' s7'. Comparison to the expected fully
diffusion-controlled bimolecular rate constant in the order of

10" M~ s7' demonstrates that a very specific diffusive
encounter configuration is required for a successful HAT. The
spectral features of the counter radical 6 (Scheme 3) are not
observed, likely due to significantly lower extinction
coeflicients, as expected from quantum chemical calculations
(compare panels a and b in Figure $8.3). Furthermore, as the
back HAT is accompanied by a rise of a new absorption
spectrum peaking at ca. 330 nm (orange line in Figure 9), the
hydrogen atom is not transferred to the initially stereogenic
carbon from where it originated. From quantum chemical
calculations, it becomes evident that, on the one hand, the
initially spin-correlated triplet-born radical pair *[(—)-3 * 6a]
first needs to undergo ISC to the singlet radical pair T(=)-3-
6a] prior to back HAT and that subsequent back HAT occurs
rather to the substrate’s carbonyl group, leading to the
formation of the enol form 7a of the initial substrate 1a and
(=)-2 (see Supporting Video on the molecular dynamics
starting from the triplet-born radical pair and Figure S8.3 for
comparing the experimental product spectrum with theoretical
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spectra of putative la-based intermediates and the correspond-
e . . L33
ing discussion). On a s timescale, keto-enol tautomerization
of enol 7a will eventually reform (S)-1a and (R)-1a in equal
amounts. Thus, the feasibility of the deracemization process via
the matching combination of the chiral catalyst and substrate is
directly reflected in the transient absorption data.

Bl CONCLUSIONS

In summary, a conclusive mechanistic picture has evolved for
the photochemical deracemization of hydantoins rac-1. The
reaction is initiated by HAT from the hydantoin to
photoexcited benzophenone-based catalyst (—)-2 or its
enantiomer (+)-2. Transient absorption spectroscopy revealed
unequivocally that HAT occurs only for one but not for the
other enantiomer of rac-1. In the current study, using (—)-2,
only the (R)-enantiomer (R)-1 was processed. Quantum
chemical calculations support the hypothesis that the
abstracted hydrogen atom of (R)-1 is the hydrogen atom at
the stereogenic center, and the calculations delivered a
coherent picture of the HAT within the hydrogen-bonded
complex between (—)-2 and (R)-1. Remarkably, the resulting
radicals, protonated ketyl radical (—)-3 and hydantoin-derived
radical 6, do not dissociate but retain their association via
hydrogen bonds. Radical—radical side reactions, as observed
for achiral benzophenone in the HAT with hydantoins, are
consequently avoided. Instead, a clean back HAT is initiated,
which occurs on the singlet hypersurface and which is not the
reverse of the forward reaction that had occurred on the triplet
hypersurface. Back HAT leads not immediately to the
hydantoin but rather to their achiral enol 7, which
subsequently tautomerizes unselectively to either enantiomer
(R)-1 or (S)-1. Since the latter enantiomer is not processed, it
is enriched and eventually obtained with high enantioselectiv-
ity. In cases where the enantioselectivity is low, the
decomposition of the catalyst is likely responsible, inhibiting
further conversion of (R)-1. Future catalyst design will have to
take this issue into consideration. In general, however, the
reversible HAT at a stereogenic center is an efficient and
economical way to convert racemic mixtures into enantiomeri-
cally pure compounds by the use of a single chiral
photocatalyst.
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