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Abstract: The photoenolization/Diels—Alder strategy offers
straightforward access to synthetically valuable benzannulated
carbocyclic products. This historical light-triggered process has
never before succumbed to efforts to develop an enantioselec-
tive catalytic approach. Herein, we demonstrate how asym-
metric organocatalysis provides simple yet effective catalytic
tools to intercept photochemically generated hydroxy-o-qui-
nodimethanes with high stereoselectivity. We used a chiral
organic catalyst, derived from natural cinchona alkaloids, to
activate maleimides toward highly stereoselective Diels—Alder
reactions. An unconventional mechanism of stereocontrol is
operative, wherein the organocatalyst is actively involved in
both the photochemical pathway, by leveraging the formation
of the reactive photoenol, and the stereoselectivity-defining
event.

The light excitation of 2-alkyl benzophenones 1 to afford
transient hydroxy-o-quinodimethanes A (Figure 1a) is a his-
torical photochemical process established in 1961.) The
unique reactivity of the generated photoenols A, which can
act as dienes in [4+2] cycloaddition reactions with electron-
poor alkenes 2,F! provides a photochemical alternative to
classical Diels—Alder chemistry.”) The resulting chiral ben-
zannulated carbocyclic products 3 are important structural
motifs found in a variety of marketed drugs® and naturally
occurring substances’® (see Figure S1 in the Supporting
Information for examples). It is thus no surprise that the
photoenolization/Diels—Alder (PEDA) strategy, in its non-
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Figure 1. Trapping of photochemically generated hydroxy-o-quinodime-
thanes. a) The classical photoenolization/Diels—Alder (PEDA) strategy
and challenges associated with implementing a catalytic enantioselec-
tive process; EWG = electron-withdrawing group. b) The photoenoliza-
tion mechanism of 2-methylbenzophenone (1a).

enantioselective form, has found widespread application in
chemical synthesis.**l However, an enantioselective catalytic
variant has remained elusive to date.

The mechanism of formation of the key photoenol A
(Figure 1b) has been thoroughly investigated and character-
ized.["! Light absorption by the carbonyl group in 1 generates
a singlet excited state S;-B, which decays to the triplet state
T;-B by intersystem crossing (ISC). Upon 1,5-hydrogen
transfer, which occurs in T;-B, the diradical intermediate
(2)-C undergoes rotation to yield the highly reactive enol
(E)-A. Chemical trapping of A by a dienophile 2 provides
straightforward access to stereochemically dense benzocyclo-
hexanol derivatives 3.

Relative stereocontrol over the formation of the PEDA
products 3 is secured by the inherent stereospecificity of the
Diels-Alder process.[! However, dictating the absolute con-
figuration has proven a more difficult challenge. The only
effective asymmetric method reported so far required a stoi-
chiometric amount of a chiral complexing agent to selectively
bind a purposely designed 2-alkyl carbonyl compound,
properly adorned with a lactam ring that served as a hydro-
gen-bond binding site.’! To date, methods that use substoi-
chiometric stereodifferentiating chiral catalysts remain
unprecedented.”” Two fundamental issues have historically
frustrated the development of enantioselective catalytic
variants: I) the fleeting nature of the hydroxy-o-quinodi-
methane A, which complicates a stereoselective trapping
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event, and II) the difficulty in controlling racemic background
reactions, which occur by direct interception of the highly
reactive intermediate A by the dienophile without the
assistance of the chiral catalyst.

Herein, we report how organocatalysis offers effective
tools for the interception of photogenerated hydroxy-o-
quinodimethanes A with high stereoselectivity. We used
a chiral organic catalyst derived from natural cinchona
alkaloids to activate maleimides toward stereoselective
Diels—Alder reactions to afford stereochemically dense
cyclic products. In the developed methods, simple sources of
illumination and readily available substrates and catalysts
were used, thus avoiding the need for any tailored or
purposely designed reactant.

Our initial explorations focused on the PEDA reaction
between N-tert-butylmaleimide (2a) and 2-methylbenzophe-
none (1a; Table 1). Because of its high reactivity, this type of

Table 1: Exploratory studies on the feasibility of an organocatalytic
asymmetric PEDA process.

(0]
o organocatalyst (20 mol%)
dph . single black LED (365 nm)
. _é
Me solvent, 25 °C, 15 h
[¢]
1a 2a

Ph OH o

@C:H

Entry Catalyst Solvent lllumination Yield [%]¥ ee [%)]
1 none toluene ON 80 0
2 none toluene OFF 0 -
3 4a toluene ON 18 55
4 4b toluene ON 30 80
5 4c toluene ON 35 84
6 4d toluene ON 18 68
78 4c CyH/toluene (3:1) ON 76 90

[a] Yield of isolated 3 a. [b] The reaction was carried out at —5°C for 24 h.

CyH =cyclohexane.
CF, Me
Me\Hy
R= 4c:R=
Me
F;C

l\:/Ie

Me Me 2
4b:R = )F' 4d:R = w
Et Me

process has found application in the light-triggered “click”
conjugation of polymeric building blocks.""! The experiments
were conducted in toluene under irradiation by a single black-
light-emitting diode (black LED, A,,,, =365 nm). The rate of
the background process confirmed the challenge of making
the reaction enantioselective: product 3a was obtained with
complete diastereoselectivity and 80 % yield after 15 h in the
absence of a catalyst (Table 1, entry 1). As expected, a control
experiment revealed that the process was completely inhib-
ited in the dark (Table 1, entry 2).

Our approach relied on the use of a chiral organocatalyst
that could activate the dienophile 2a to trap the transient
photoenol A stereoselectively. We investigated a variety of
chiral catalysts that could use multiple, noncovalent weak
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attractive interactions to bind 2al'!l (see the Supporting
Information for the full results of an extensive study).

We identified the bifunctional thiourea—amine 4a, a deriv-
ative of natural cinchona alkaloids with well-known utility in
thermal asymmetric processes,'? as a promising catalyst
(Table 1, entry 3, 55% ee). The presence of an additional
stereocontrol element on the thiourea moiety was crucial to
increasing the enantioselectivity. Derivative 4¢ was identified
as the catalyst of choice (Tablel1, entry5, 84% ee). A
matched/mismatched combination was observed with catalyst
4d, which has the opposite configuration at the thiourea
stereogenic center (entry 5 vs. entry 6), thus confirming the
influence of this chiral moiety on the stereodefining event. A
final cycle of optimization with catalyst 4¢ revealed that the
adduct 3a could be obtained with excellent results (76 %
yield, d.r.>20:1, 90% ee; Table 1, entry 7) by using a 3:1
mixture of cyclohexane and toluene and stirring the mixture
at —5°C over a 24 h time period.

Aside from providing suitable catalytic conditions for an
enantioselective PEDA reaction, the initial studies high-
lighted that the racemic background process was significantly
faster than the stereoselective reaction with the cinchona-
thiourea catalyst 4¢ (compare entries 1 and 5 in Table 1; see
Figure S3 for more details). Reduction of the rate of the
uncatalyzed pathway is crucial to successfully developing any
photochemical catalytic asymmetric reaction!® and is gen-
erally accomplished through the formation of a chiral catalyst/
substrate complex that absorbs light at longer wavelengths or
with a higher extinction coefficient than the free substrate.
However, optical absorption spectroscopic studies of the
individual components of the model reaction and their
combination (see Figure S7) confirmed that 2-methylbenzo-
phenone (1a) was mainly responsible for the absorption at
365nm (the operative wavelength in our system), thus
excluding the formation of any photoabsorbing substrate/
catalyst 4¢ aggregation. This puzzling observation prompted
us to evaluate other possible pathways available to 4¢ for
minimizing the background process. We studied the evolution
of the formation of product 3a over time to decipher the
effect of the catalyst scaffold on the reactivity of the model
reaction (Figure 2a). Specifically, we investigated the indi-
vidual behavior of the two main fragments of the organo-
catalyst, the quinuclidine and the thiourea moieties. A
catalytic amount of the achiral thiourea 4e accelerated the
reaction (violet line in Figure 2a), in consonance with the
selective activation of the maleimide 2a, which facilitates the
trapping of the photoenol. In contrast, quinuclidine 4 f greatly
inhibited the process (magenta line). The last observation can
be reconciled with the established ability of tertiary amines to
quench the triplet state of benzophenones' the key
precursor intermediate in the formation of hydroxy-o-quino-
dimethanes (T;-B in Figure 1b). It is also known that
geometrically constrained amines, including quinuclidine,
use an electron-transfer quenching mechanism that returns
the benzophenone to the ground state along with the
unaltered tertiary amine (Figure 2b), since stereoelectronic
effects preclude a hydrogen-transfer pathway.” The emerg-
ing picture that the quinuclidine core within catalyst 4¢ could
diminish the formation of the photoenol derived from 1a was
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Figure 2. Elucidation of the origin of enantiocontrol. a) Evolution of the distribution of product 3a during the progress of the model reaction in
the absence of any catalyst (black line), or in the presence of 20 mol % of cinchona-thiourea 4c (blue line), N,N'-dicyclohexylthiourea (4e; violet
line), and quinuclidine (4 f; magenta line). b) Electron-transfer (ET) quenching mechanism of the triplet state of 1a, as mediated by geometrically
constrained tertiary amines. c) Absorption at 450 nm of the transient E photoenol A (black line) generated upon 355 nm laser excitation of 2-
methylbenzophenone (1a; [1a],=5x10"°m in benzene). A logarithmic scale is used for time. Absorption decay (red and blue lines) observed in
the presence of increasing amounts of the cinchona-thiourea 4c. Red line: ratio 1a/4c mimics the reaction conditions. AOD: optical-density
variation. d) Mutualistic relationship between the two chiral fragments in 4c: The formation of a low amount of the photoenol, as controlled by
the tertiary amino moiety, prevents the background reaction to compete with the enantioselective Diels—Alder trap with maleimide 2a, which is

guided by the thiourea moiety. Cy = cyclohexyl.

corroborated by laser flash photolysis studies (Figure 2c¢),
which showed that increasing amounts of 4 ¢ affected both the
absorption at 450 nm and the lifetime[' of the transient
photoenol generated upon laser excitation of 1a.l"”
Although further investigations are needed to better
elucidate the mechanism of stereocontrol, these studies
indicate that the cinchona-thiourea 4¢ plays two opposite
yet cooperative roles when promoting the PEDA reaction
(Figure 2d). On the one hand, the quinuclidine moiety
interferes with the photoenolization mechanism," thus
acting as an inhibitor of the PEDA sequence. By a light-
wasting process (Figure 2b), it lowers the amount of reactive
photoenol available, thus decreasing the possibility that the
background racemic reaction will take place. On the other
hand, 4c¢ uses the thiourea moiety to act as a chiral catalyst,
thus increasing the dienophilic character of the maleimide 2a
upon H-bonding activation, while channeling the Diels—Alder
process toward an enantioselective pathway. Although the
two moieties within 4¢ exert opposite kinetic effects (Fig-
ure 2a), they are both essential for high stereocontrol.’®! In
consonance with this mutualistic relationship, when the model
reaction was conducted under the same conditions as in
entry 5 of Table 1, but in the presence of benzoic acid
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(20 mol %), it proceeded faster but with greatly lowered
enantioselectivity (formation of 3a in 67 % yield with 4% ee;
see Figure S4). This result was observed because the proto-
nation of the tertiary amine in 4c¢ disabled the ET-based
inhibition mechanism, thus allowing the background process
to compete with the enantioselective pathway.

Adopting the optimized conditions described in Table 1,
entry 7, we then demonstrated the generality of the light-
driven method by evaluating a variety of 2-alkyl benzophe-
nones 1 and maleimides 2. As highlighted in Figure 3, there
appears to be significant tolerance for structural and elec-
tronic variation of the benzophenone derivative 1 to enable
access to a variety of complex tetrahydronaphthalenols 3a-1,
which contain three or four stereogenic centers, with exquisite
diastereoselectivity and high enantioselectivity. Different
substituents on the enolizable aromatic ring of 1 were well
tolerated (products 3b—d), and a prochiral center at the ortho-
benzylic position of 1 enabled the formation of stereochem-
ically dense products with high fidelity (products 3e-g).
Crystals from compound 3¢ and the tetracyclic adduct 3g
were suitable for X-ray crystal-structure analysis,"” which
established endo selectivity for the Diels—Alder process while
securing the absolute configuration of the products. Modifi-
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Figure 3. Scope of the Diels—Alder trapping of photochemically generated hydroxy-o-quinodimethanes. Reactions were performed on a 0.2 mmol
scale; yields and ee values of the isolated products 3 are indicated below each entry. CyH = cyclohexane.

cations at the non-enolizable aryl ring in 1 were also possible:
Products 3h-1 with both electron-withdrawing and electron-
donating groups were obtained in high chemical and optical
yields. Also maleimides with different substituents at the
nitrogen atom were competent substrates (products 3m,n).
One limitation of the system is that the N-unprotected
maleimide afforded the [4+2] cycloaddition adduct 30 with
poor enantioselectivity (50 % ee).

In summary, we have demonstrated that a readily avail-
able chiral organic catalyst can activate, under mild con-
ditions, maleimides toward the stereoselective interception of
light-generated hydroxy-o-quinodimethanes, thus addressing
a longstanding and elusive problem in the realm of photo-
mediated enantioselective catalysis. Our investigations indi-
cate that an unconventional mechanism of stereocontrol is
operative, which suggests that this new catalytic blueprint
could find application in other enantioselective catalytic
photoenol-trapping processes.
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