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Regulatory Mechanism of the Enantioselective Intramolecular Enone
[24-2] Photocycloaddition Reaction Mediated by a Chiral Lewis Acid

Catalyst Containing Heavy Atoms

Hongjuan Wang, Xiaoyan Cao, Xuebo Chen,* Weihai Fang, and Michael Dolg*

Abstract: The asymmetric catalysis of the intramolecular
enone [2+42] photocycloaddition has been subject of extensive
experimental studies, however theoretical insight to its regu-
latory mechanism is still sparse. Accurate quantum chemical
calculations at the CASPT2//CASSCEF level of theory associ-
ated with energy-consistent relativistic pseudopotentials pro-
vide a basis for the first regulation theory that the enantiose-
lective reaction is predominantly controlled by the presence of
relativistic effects, that is, spin—orbit coupling resulting from
heavy atoms in the chiral Lewis acid catalyst.

The [242] photocycloaddition (PCA) reaction has under-
gone extensive investigations for more than one hundred
years, because it can be widely applied in organic synthesis for
the preparation of natural and non-natural products.!! To
extend its application to biologically interesting compounds,
substantial efforts have been undertaken to develop practical
techniques for the preparation of enantiomers with a high
enantiomeric excess (ee).'**? In contrast to the traditional
chiral-auxiliary-based approach,” a direct strategy was
recently developed and it employs different chiral templates
through a noncovalent linking between the catalyst and its
substrate. The approach shows an excellent performance in
both enantioselectivity and yield, and has the advantage that
it is not necessary to first add and then remove the auxiliary.”
In 2010, the first chiral oxazaborolidine/AlBr;-based Lewis
acid catalyst (1; Scheme 1) was identified by Bach and co-
workers to initiate enantioselective photoreactions of cou-
marins,””! although it was originally synthesized and applied by
Corey and co-workers to catalyze thermal cycloaddition
reactions.!

Three years later, interesting advances and even break-
throughs were achieved in the group of Bach by using the
same chiral Lewis acid (1) to enable the enantioselective
intramolecular [2+2] PCA of a typical enone substrate, that is,
5,6-dihydro-4-pyridones.” As shown in Scheme 1, the PCA
product 3 of 1-(pent-4-enoyl)-2,3-dihydropyridin-4-one (2)
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Scheme 1. Enantioselective intramolecular [2+2] photocycloaddition
reaction for 2, mediated by the chiral Lewis acid 1.

has been obtained in 84 % yield and with 88 % ee when the
unselective background reaction was noticeably suppressed at
high catalyst loadings. However, in Bach’s complementary
experiments, an uncatalyzed [242] PCA in the triplet state
was found to take place even faster than that with the
catalyst—substrate complex upon photoexcitation at A=
366 nm.”®! This result indicates a complicated regulatory
mechanism mediated by the chiral Lewis acid and the
challenge of suppressing the unselective background reac-
tion.”>”! In contrast to the wealth of experimental investiga-
tions, extensive theoretical mechanistic studies elucidating
the effect of the Lewis acid on the reaction course have not
yet been performed and many questions are still open.”*"! In
this work, we therefore employed a multi-configurational
quantum chemical approach associated with relativistic
energy-adjusted ab initio pseudopotentials” (see the Sup-
porting Information). The aim is to investigate 2 and its
coordinated complexes with different Lewis acid catalysts as
the first example to elucidate a photocatalytic regulation
theory for the enantioselective intramolecular enone [2+2]
PCA reaction and the associated mechanism-based design
principle for highly selective catalysts.

All absorption maxima of the S,—Sc(‘mn*) transitions
for 2, 2/BCl;, and 2/1 exhibit a significant feature of charge
transfer with the largest oscillator strength, f=0.57-0.66 (see
Table 1 and Table S2 in the Supporting Information), as
compared with other excitation patterns. According to the
population analyses and charge translocation calculations
(see Section S2), the photoinitiated charge translocation
(PICT) from the C3=C4 moiety to the C2=0O1 carbonyl
group (see Scheme 1 for atom numbering) has a noticeable
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increase from 0.34 e for 2 to 0.43-0.48 e for the 2/BCl; and 2/
1 complexes. The electron deficiency of boron imposes an
electron-withdrawing effect on the carbonyl moiety (C2=01),
and it facilitates charge transfer from the C3=C4 bond to the
carbonyl group. Our computational results show that this
enhanced charge transfer leads to a considerable bathochro-
mic shift of the absorption maximum of the 'szt* bright state
from 4 =275 nm for 2 to A =344-347 nm for 2/BCl; and 2/1.
Consistently, a more than 50 nm red-shifted absorption was
observed in the high-cross-section transition of 2 in the
presence of the Lewis acid.”® In addition, both the present
calculations (Table 1) and the previous experiments reveal
that the maximum absorption of a versatile class of enones are

Table 1: Data for 2, 2/BCl;, and 2/1.

mol ). As a result, the energy level of the Syp('nm*) state is
considerably shifted up and eventually intersects with the
Scr('mm®) state at the conical intersection (CI) of Scr/Syp
Following the initial decay associated with C4—H10 twisting,
an additional C3—H9 twisting [O1-C2-C3-H9 dihedral angle:
—4.2(FC)—68.8°] is further imposed in the structural defor-
mation of the Sqp('mm*) state along a downhill path. This
combined torsion of the two C—H bonds leads to another CI
between Scr('mir*) and the ground state, that is, Sc1/S,, which
is located at 17.2 kcalmol™" below the FC of the Sc('mm*)
state. Passing through the S¢1/S, funnel, 2 relaxes to its high
vibrational states of the electronic ground state (i.e., hot
ground state, Sy*) by the recovery of its geometric structure.
Although such excess vibrational
energies may be used to surmount
the maxima of the racemic cyclo-

Aab, max f ELnp Aem soc Barrier(3/4)  addition reaction pathway in the
(Exp.) (Exp.) (Exp.) SwelTer Ser/Ter ground state, an extremely low yield
2 275 (291) 0.64 84.8 (79.4) - 66.1 - 3.5/5.4 is expected for this process, since
2/BCl; 344 (348)  0.66  105.1 422.0 - 0.7 5.0/6.1 the considerably high barriers (48.1/
2/1 347 (346) 0.57 102.9 437 (419) - 37.4 5.2/15.8 472 kcalmol’l) have to be over

Maximum absorption (4, mae NM), oscillator strengths (f), vertical excitation energy of n—m* transition
(E.,np, kcalmol™), wavelengths of fluorescence emission (A, nm), and spin—orbit coupling (SOC,
cm™') for 2, 2/BCl;, and 2/1 enone—catalyst complexes. The experimental values (Refs. [7,8]) are shown
within parentheses for comparison. The barriers (in kcal mol™) for cycloaddition in the triplet state are
given along two reaction pathways towards the product of enantiomer 3 and 4.

red-shifted to the same wavelength region no matter what
kinds of Lewis acid catalysts were used, for example, EtAICl,
(A=343nm), BCl3(A=348 nm), and 1 (1=346nm)."* As
a result, the modification of the PCA reaction allows mild
reaction conditions with low excitation energy because of the
participation of Lewis acids."#1

Besides the 'mm* bright state, the dark spectroscopic
Syp('nm®) state, originating from the promotion of one
electron of the O1 lone pair to a m* orbital of the whole
conjugated ring, is also modified by the Lewis acid coordina-
tion. The vertical excitation energy to the Syp('nm*) state of 2
is computed to be 84.8 kcalmol'. The value for the 2/
1 complex goes up to 102.9 kcalmol ' and is even about
20.0 kcalmol ! higher than that for the bright S (‘m*) state,
peaking at 4 =347 nm (82.3 kcalmol '). A similar inversion
trend of the 'mrw*/'nm* energy levels was also found in 2/BCl,
upon complexation with a nonchiral Lewis acid (see Table 1).
Obviously, the O1-B coordination makes considerable use of
the O1 lone pair, thus resulting in a significant energy increase
of the 'nm* state. As an important consequence, the 'ny* state
population becomes inaccessible energetically and the PCA
reaction is therefore solely regulated by the bright Scr('mor*)
state upon photoexcitation of the enone—catalyst complexes
at long wavelength (1 => 350 nm).

Upon high energy excitation (A <300 nm) 2 is populated
in the Frank—-Condon (FC) region of the Scp(‘mm*) state
followed by a fast decay to its minimum, So-Min, with the
concomitant structural changes of weakened O1=C2 (1.21—
1.24 A) and C3=C4 (1.35—1.46 A) bonds (see Section S5).
The removal of the C3=C4 bond constraint in the geometry
causes a significant C4—H10 twisting (C2-C3-C4-H10 dihedral
angle: 176.1—106.5°) by overcoming a small barrier (3.9 kcal

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

come along the paths of the cyclo-
butane formation towards the two
enantiomers (Figure 1a).

The aforementioned CI (S¢r/
Sxp) provides a bypass channel to
funnel the free enone 2 to its dark
Syp('na*) state from the bright Scp('mm*) state. The initial
decay in the Syp('nm*) state is characterized by the structural
recovery of two twisted C—H bonds caused by the relaxation
in the 'mor* state, thus producing a quasi-planar arrangement
in the pyridone ring moiety. This deformation results in
a sharp decrease in the energy level of the Syp('nm*) state,
thus enhancing the mutual interaction between 'nz* and the
charge-transfer triplet state, that is, Ter(Pma*). Passing
through a downhill path, the spin—orbit coupling (SOC)
between the Syp('nm*) and Tep(Cmm*) states gradually
increases and reaches the maximum value (66.1 cm™') at the
singlet-triplet crossing of STC(Syp/T¢r). Such strong SOC and
the degeneracy of energy levels enable intersystem crossing
(ISC) to take place effectively through STC(Syp/Tcr). Thus,
the nonadiabatic transition of Scr('ma*)—Te(Prat®) for 2 is
smoothly completed through an El-Sayed-typel'!l singlet—
triplet crossing and the 'nm* intermediate state. Once 2 is
populated in the triplet state, the [2+2] PCA reaction is
immediately triggered to proceed in a stepwise manner. With
the initial formation of the C4—C6 bond in the triplet state
overcoming the small barriers (3.5/5.4 kcalmol ™), the energy
level in the ground state rapidly increases and approaches the
Tor(Crm*) state. This leads to another singlet—triplet crossing
between Tor(nmm*) and the ground state, referred to as
STC(T1/Sy), that is verified to have a diradical configuration
distributing the unpaired electrons around the C3 and C7
atoms. The existence of STC(T¢/S,) facilitates the occur-
rence of spin inversion of the diradical with high efficiency,
thus giving rise to an excellent precursor for the subsequent
cyclization reaction. Finally, the C3—C7 bond is generated by
an ultrafast combination of the diradical in the ground state,
thus producing 3 and its enantiomer 4.
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state. This difference indicates that
the 'nz* state has no opportunity to
regulate the relaxation in the sin-
glet-excited state of the Lewis acid
catalyzed enone. Therefore, the
deactivation channel in the singlet
state is completely closed upon
Lewis acid coordination and the
triplet manifold may serve as
a potential reaction precursor to
deliver the enantioselective prod-
uct. Consistently, convincing evi-
dence based on experimental obser-
vations supports that the Lewis acid
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Figure 1. Minimum-energy profiles of the [2+2] photocycloaddition for 2 (a) and the 2/1 (b), obtained
at the CASPT2//IRC//CASSCF(12e/100) level of theory. The related [2+2] cycloaddition barriers are
given in kcalmol™". The structures at the highlighted characteristic points of the reaction path are

given with their key bond distances in the Supporting Information.

Upon the coordination of 2 with chiral 1 and nonchiral
(BCl,) catalysts, the low-energy excitation (4 ~350 nm) leads
to the ultrafast relaxation of enone—catalyst complexes from
the FC region of the Sqp('mor*) state to their minima (S¢-Min)
with a significant decrease in energy. The adiabatic excitation
energies of the Sc('mm*) state were calculated to red-shift
from 97.4 kcalmol ' for 2 to 66.3 and 72.9 kcalmol " for 2/
1 and 2/BCl;, respectively. This shift is even about 20.0 kcal
mol~!' lower than the conical intersection of Sc/S, for 2
caused by C—H twisting in a high energy level. All these
findings suggest that the bright-state decay of enone—catalyst
complexes is unlikely to trigger the structural deformation of
C—H twisting, but results in an extremely stable minimum of
the Scr(‘mm*) state with a noticeably weakened C2-O1
(129 A) bond and a reinforced crosslinking between the
enone and catalyst (O1-B: 1.59 A). In addition, the energy
level of the 'nm* state is always 20.0-30.0 kcalmol ' higher
than S¢r('nir*) from FC to the minimum in the bright excited
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catalyzed [242] PCA reactions pro-
ceed on the triplet hypersurface for
the complexed coumarin and dihy-
dropyridone.*¢#10]

2/1 and 2/BCl; complexes are
trapped in deep potential wells
once they populate the minima of
the Scr('mor*) state. There are two
competitive deactivation channels
from Sc-Min, that is, ISC to its
triplet state or radiative transition
to its ground state by fluorescence
emission. Closer energy analyses
show that So-Min of the 2/1 com-
plex has an exceptionally small
singlet—triplet gap (2.1 kcalmol ™),
which is therefore considered to be
the crossing between the Sep('mtm*)
and Ter(Cri*) states, referred to as
STC(Scr/Ter). In addition, a broad
and flat path is determined to relay
the following triplet state decay
(Figure 1b). Most importantly,
a large SOC of 37.4cm™! is found
over an extended region of STC-
(Scr/Ter), thus allowing an effective
ISC between singlet and triplet
states with the same charge-transfer nature as the mw—m*
transition. This finding suggests that there exists an anti-El-
Sayed-type crossing in the presence of 1, having heavy
bromine atoms, as derived by Shaik et al. as well as Su, and
articulated in a two-state reactivity in C—H activation.!'! In
contrast, SOC considerably decreases to 0.7 cm™" with a sig-
nificant singlet—triplet energy splitting (ca., 7.0 kcalmol ') in
the near-degeneracy region of the 2/BCl; complex when 2 is
coordinated with the same boron-based catalyst, but without
bromine atoms (see Table 1 and Figure S2). All this evidence
implies that relativistic effects which result from the presence
of heavy atoms play a decisive role in the improvement of the
ISCrate and the increase of the PCA yield. This finding is also
supported by experimental tests of the Lewis acid catalyzed
PCA reaction of coumarin, in which a high yield of 97 % was
observed when using AlBr; as catalyst, whereas BF;-OEt,
gave only a 33% yield.”)

www.angewandte.org

die

Chemie

14297


http://www.angewandte.org

14298 www.angewandte.org

Angewandte

Communications

It should be pointed out that the increased ISC rate of the
!mm*—3ma* transition induced by the relativistic effects of
heavy atoms still cannot compete with that of the El-Sayed
rule of an allowed 'nst*—>mm* conversion in 2, since the SOC
of the 2/1 complex (37.4cm™) is computed to be much
smaller than that of the free enone 2 (66.1 cm™'). This
discrepancy of the ISC rates is the reason why the reaction
rate for 2/1 in the presence of a chiral Lewis acid is slower
than that of 2 in the absence of the Lewis acid.’! For the
former case, the strong absorption of the Scp('mm*) state is
initially populated and the ISC of the 'sm* —’mz* transition is
the rate-determining step since the 'nm* state population
becomes inaccessible energetically. For the latter one, photo-
excitation at 1 =366 nm promotes 2 to its spectroscopic 'nm*
state with low oscillator strength (< 10™*) and the fast ISC of
the 'nm*—’mw* transition regulates the PCA reaction. Con-
sidering that fluorescence emission is a slow process with
a nanosecond timescale, it cannot compete with the PCA
reaction mediated by relativistic effects of the Lewis acid, thus
suggesting that fluorescence emission is minor with a low
yield."! Like the case for 2, the PCA reaction of the 2/
1 complex is characterized by a low barrier (5.2 kcalmol ') in
the triplet state and then passes through STC(T/S,) relay
towards the major product of 3 in the ground state. However,
because of the presence of steric hindrance of 1, a sizeable
barrier (15.8 kcalmol ') is encountered when the PCA
reaction occurs in the opposite direction, thus producing the
minor product of 4, which is the enantiomer of 3. As an
important consequence, a high enantioselectivity is achieved
for the PCA reaction.

In summary, extensive theoretical investigations have
been performed to provide the first regulatory theory for the
influence of a Lewis acid on an enantioselective intramolec-
ular enone [242] PCA reaction. The racemic background
reaction of the free enone substrate was found to mainly
occur in the triplet m* state, which is regulated by the nsm*
intermediate state by a fast ISC, thus benefiting from an El-
Sayed-type singlet—triplet crossing. This unselective back-
ground reaction is largely suppressed in the Lewis acid
catalyzed reaction by a noticeable energy inversion of the
nrt*/n* states and the regulatory elimination of the nm*
state. The enantioselective PCA reaction has been revealed to
be predominantly controlled through an enhanced spin—orbit
coupling, caused by relativistic effects resulting from heavy
atoms in the chiral Lewis acid catalyst. These mechanistic
insights provide useful benchmarks for further studies of PCA
reactions mediated by Lewis acids or other catalysts and also
may facilitate mechanism-based design for enantioselective
catalysts.
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