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CONSPECTUS: Asymmetric synthesis has posed a significant

challenge to organic chemists for over a century. Several strategies M

have been developed to synthesize enantiomerically enriched o WAF R

compounds, which are ubiquitous in the pharmaceutical and X'® > B—0

agrochemical industries. While many organometallic and organic of H Photochemical
c g g \ Reactions

catalysts have been found to mediate thermal enantioselective K \/\

reactions, the field of photochemistry lacks similar depth. Recently, -

chiral 1,3,2-oxazaborolidines have made the transition from Lewis Chiral Oxazaborolidine

Catalyst

acids that were exclusively applied to thermal reactions to catalysts
for enantioselective photochemical reactions. Due to their modular
structure, various 1,3,2-oxazaborolidines are readily available and
can be easily fitted to a given chemical transformation. Their use holds great promise for future developments in photochemistry.
This Account gives an overview of the substrate classes that are known to undergo enantioselective photochemical transformations
in the presence of chiral 1,3,2-oxazaborolidines and touches on the catalytic mode of action, on the proposed enantiodifferentiation
mechanism, as well as on recent computational studies.

Based on the discovery that the presence of Lewis acids enhances the efficiency of coumarin [2 + 2] photocycloadditions, chiral
1,3,2-oxazaborolidines were applied in 2010 for the first time to prepare enantiomerically enriched photoproducts. These Lewis acids
were then successfully used in intramolecular [2 + 2] photocycloaddition reactions of 1-alkenoyl-S,6-dihydro-4-pyridones and 3-
alkenyloxy-2-cycloalkenones. In the course of this work, it became evident that the chiral 1,3,2-oxazaborolidine must be tailored to
the specific reaction; it was shown that both inter- and intramolecular [2 + 2] photocycloadditions of cyclic enones can be
conducted enantioselectively, but the aryl rings of the chiral Lewis acids require different substitution patterns. In all [2 + 2]
photocycloaddition reactions in which chiral 1,3,2-oxazaborolidines were used as catalysts, the catalyst loading could not be
decreased below 50 mol % without sacrificing enantioselectivity due to competitive racemic background reactions. To overcome this
constraint, substrates that reacted exclusively when bound to an oxazaborolidine were tested, notably phenanthrene-9-
carboxaldehydes and cyclohexa-2,4-dienones. The former substrate class underwent an ortho photocycloaddition, the latter an
oxadi-7z-methane rearrangement. Several new 1,3,2-oxazaborolidines were designed, and the products were obtained in high
enantioselectivity with only 10 mol % of catalyst. Recently, an iridium-based triplet sensitizer was employed to facilitate
enantioselective [2 + 2] photocycloadditions of cinnamates with 25 mol % of chiral 1,3,2-oxazaborolidine. In this case, the relatively
low catalyst loading was possible because the oxazaborolidine—substrate complex exhibits a lower triplet energy and an improved
electronic coupling compared to the uncomplexed substrate, allowing for a selective energy transfer.

By synthetic and theoretical studies, it has become evident that chiral 1,3,2-oxazaborolidines are multifaceted catalysts: they change
absorption behavior, alter energetic states, and induce chirality. While a diverse set of substrates has been shown to undergo
enantioselective photochemical transformations in the presence of chiral 1,3,2-oxazaborolidines either through direct excitation or
through triplet sensitization, these catalysts took on different roles for different substrates. Based on the studies presented in this
Account, it can be assumed that there are still more photochemical reactions and substrate classes that could profit from chiral 1,3,2-
oxazaborolidines.
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mechanistic study revealed the major differences between
two enantioselective [2 + 2] photocycloadditions
discovered in prior work and helped to elucidate the
mode of action of the chiral 1,3,2-oxazaborolidine Lewis
acids.

Poplata, S.; Bach, T. Enantioselective Intermolecular [2 +
2] Photocycloaddition Reaction of Cyclic Enones and Its
Application in a Synthesis of (—)-Grandisol. J. Am. Chem.
Soc. 2018, 140, 3228—3231.> Cyclic alkenones represent
the most frequently used substrate class of [2 + 2]
photocycloaddition chemistry. In this paper, a general
solution was presented how these cycloaddition reactions
can be performed enantioselectively.

Stegbauer, S.; Jandl, C.; Bach, T. Enantioselective Lewis
Acid Catalyzed ortho Photocycloaddition of Olefins to
Phenanthrene-9- carboxaldehydes Angew. Chem. Int. Ed.
2018, 57, 14593—14596.” The study revealed that catalyst
loadings in Lewis acid-mediated photocycloaddition
reactions can be significantly lowered when securing
that Lewis acid coordination leads to an extensive
bathochromic shift. Aldehydes were for the first time
employed in a photochemical reaction catalyzed by a
chiral 1,3,2-oxazaborolidine Lewis acid.

Leverenz, M.; Merten, C.; Dreuw, A.; Bach, T. Lewis Acid
Catalyzed Enantioselective Photochemical Rearrange-
ments on the Singlet Potential Energy Surface. J. Am.
Chem. Soc. 2019, 141, 20053—20057.* This work revealed
that enantioselective photochemical reactions catalyzed
by chiral Lewis acids are also feasible on the singlet
hypersurface and that the application of Lewis acid
catalysis in photochemistry goes beyond photocycloaddi-
tion chemistry.

1. INTRODUCTION

Five-membered heterocyclic compounds that consist of a
consecutive set of oxygen, boron, nitrogen, and two carbon
atoms are named 1,3,2-oxazaboroles. The history of 2,3-
dihydro-1,3,2-oxazaboroles and tetrahydro-1,3,2-oxazaboroles
(1,3,2-oxazaborolidines) dates back to the 1950s when the first
representatives of this compound class were prepared. The
synthesis of compound 1 (Figure 1) from ortho-aminophenol
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R

Figure 1. Structures of some historically relevant 1,3,2-oxazaboroli-
dines 1—4.

was descrlbed in 1958 by Sugihara and Bowman® and by Dewar
et al.® The former authors performed the condensation with
phenylboronic acid (reflux in acetone), and the latter authors
used dichlorophenylboron as the boron source (reflux in
benzene). To this day, the condensation of 1,2-aminoalcohols
with alkyl- or arylboronic acids has remained the preferred
method for the preparation of 1,3,2-oxazaborolidines. Com-
pound 2 likely represents the first chiral 1,3,2-oxazaborolidine
ever reported and was obtained by the condensation of
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(—)-ephedrine and phenylboronic acid in refluxing toluene.”
One of the first 2,3-dihydro-1,3,2-oxazaboroles in which a
hydrogen atom was the substituent on the boron was compound
3, which was prepared by the reaction of 8-hydroxyquinoline
with borane.”

The interest of synthetic organic chemists in dihydro- and
tetrahydro-1,3,2-oxazaboroles was kindled by the report of
Corey, Bakshi, and Shibata who discovered that the reductive
power of a mixture of a (S)-diphenylprolinol and borane was
linked to the intermediacy of 1,3,2-oxazaborolidine 4 (R = H).”
Prior work by Itsuno and coworkers had already revealed that
chiral 1,2-aminoalcohols, like (S)-2-amino-3-methyl-1,1-diphe-
nylbutan-1-ol, in combination with borane, can be used for the
stoichiometric enantioselective reduction of aromatic ke-
tones.'”'" A 1,3,2-oxazaborolidine had been proposed for the
reaction of two equivalents of borane with (S)-valinol.'> Catalyst
4 (R = H, Me, Bu, aryl), which is known as the CBS (Corey—
Bakshi—Shibata) catalyst, furnishes an enantioselective reduc-
tion of many prochiral ketones and has become one of the most
frequently used catalysts for this transformation."*~"”

Studies of the mechanistic mode of action of the CBS catalyst
suggest that borane (BH;) coordinates to the nitrogen atom of
the heterocyclic ring and thus increases the Lewis acidity of the
1,3,2-oxazaborolidine boron atom. Based on this insight, Corey
and coworkers used 1,3,2-oxazaborolidines as chiral Lewis acidic
catalysts upon activation by an appropriate acid. The Diels—
Alder reaction of cyclopentadiene with methacrolein to product
exo-5 served as one of the test reactions (Scheme 1). Initial work

Scheme 1. Activation of Oxazaborolidines by Bronsted or
Lewis Acids and the Use of Catalysts 6—8 in an
Enantioselective Diels—Alder Reaction

(0]
@ WHL (CH20|2 MH
7
exo-5
cond.: 6 (6 mol%), -95 °C 97%, d.r. =91:9, 96% ee
7 (1 mol%), -78 °C 99%, d.r. = 68:32, 95% ee
8 (4 mol%), -78 °C 99%, d.r. =92:8, 93% ee

Nﬁﬁ. oio

\_
ClsSn @ BrsAl - @
8
Corey 2002 Yamamoto 2005 Corey 2007

focused on the activation of L-proline-derived, triaryl-substituted
1,3,2-oxazaborolidines by trifluoromethanesulfonic acid
(HOTY), and catalyst 6 was found to be the most active and
selective Lewis acid furnishing the product exo-$ in a
diastereomeric ratio (d.r. = exo:endo) of 91:9 and in 96% ee
(enantiomeric excess).18

Futatsugi and Yamamoto showed that not only Brensted but
also Lewis acids can increase the Lewis acidity of 1,3,2-
oxazaborolidines and render them useful chiral catalysts. Their
preferred catalyst 7 was prepared from L-valine (Np = 1-
naphthyl) and was activated by tin tetrachloride. In the Diels—
Alder reaction to produce exo-$, the catalyst performed with

https://dx.doi.org/10.1021/acs.accounts.0c00379
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high enantioselectivity but with reduced diastereoselectivity
compared to 6."” A final key discovery that is highly relevant for
the work presented in this Account relates to the use of
aluminum tribromide as the activating Lewis acid. Corey and
coworkers presented catalyst 8 in which the boron atom of the
1,3,2-oxazaborolidine is more efficiently activated with Lewis
than with Brensted acid, making it a powerful catalyst for many
enantioselective Diels—Alder reactions.”’ Development of acid-
activated 1,3,2-oxazaborolidines as chiral catalysts in thermal
reactions has continued over the last ten years, and it is beyond
the scope of this Account to summarize all the details. Excellent
reviews are available that cover the developments in the
field>'™>* Here, we focus on enantioselective reactions in
photochemistry which pose the major challenge to unlock
selective reaction pathways at electronically excited states more
than 300 kJ mol ™' above the ground state. Given the extensive
amount of energy a photon provides, enantioselective catalysis
cannot rely on lowering transition states in a similar fashion as in
thermal reactions.”

2. DISCOVERY AND INITIAL APPLICATIONS
2.1. Coumarin [2 + 2] Photocycloaddition

Early examples of Lewis acid catalysis in photochemistry”® were
reported by Lewis and coworkers. They studied, for example, the
effects on the photochemical behavior of coumarin (9) in the
presence of an acid.””*® While the [2 + 2] photocycloaddition of
an olefin to coumarin is inefficient in the absence of a catalyst,
Lewis and Barancyk showed that upon addition of BF;-OEt,,

photoproduct rac-10 was obtained in moderate yield (Scheme
2).28

Scheme 2. Lewis-Acid-Catalyzed [2 + 2] Photocycloaddition
of 2,3-Dimethyl-2-butene and Coumarin 9, Furnishing rac-10

L
O "0 O

9 rac-10

BF3-OEt, (50 mol%)
hv (A > 280 nm)
(CH,Cly) 0 °C

57% o

They attributed this observed increase in reactivity to a
change of orbital energies in the coumarin—Lewis acid complex,
which is made apparent by a bathochromic shift of the
absorption band in UV/vis spectroscopy and an increased
fluorescence of coumarin in the presence of Lewis acid. It was
suggested that the energies of frontier orbitals, most profoundly
the energy of the oxygen n-orbital (ng), are decreased.
Consequently, the energy gap between the lowest unoccupied
molecular orbital (LUMO) and the ng-orbital increases more
than the energy gaps between the LUMO and the other
occupied molecular orbitals. With a larger gap, the perturbation
of z* and nzr* singlet states is reduced, which diminishes decay
pathways and increases the lifetime of the singlet states. The
increased lifetime explains the observed fluorescence of the
coumarin—Lewis acid complex and presumably contributes to
the increased quantum yield of the cycloaddition reaction that
was suggested to occur via a triplet pathway. Upon sensitization
with benzophenone, cycloaddition product rac-10 was also
formed, but in the presence of BF;, higher conversions were
achieved, and no side products were identified.

This finding inspired our group in 2010 to study the
intramolecular [2 + 2] photocycloaddition of 4-(pent-4-
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enyl)coumarin (11a) with different chiral Lewis acids with the
hope to achieve enantioselectivity through an unprecedented
mode of enantiodifferentiation in photochemistry.”” After
extensive screening, chiral 1,3,2-oxazaborolidine Lewis acids
were the preferred catalysts (Scheme 3) for the desired

Scheme 3. Generation of Oxazaborolidine-Based Lewis Acid
8a by Condensation of L-Prolinol Derivative 12 and Boronic
Acid 13 and Subsequent Activation of 14 by AlBr; to Prepare

Lewis Acid 8b
O\Nﬁ

~ /o
B
©/CF3

Dean-Stark
(PhMe) reflux

HO..;-OH
NH OH CF,
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13 14
o, 0y |
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BrsAl, B RS E
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transformation. Catalyst 8a and analogues like 8b were easily
available from an L-prolinol derivative 12 and an arylboronic
acid 13 through a condensation—activation procedure (via 14)
as depicted in Scheme 3. Under the final reaction conditions,
coumarin 11a underwent the desired photocycloaddition in the
presence of oxazaborolidine catalyst 8a in high yield and high
enantioselectivity (Scheme 4).

Scheme 4. First Example of an Enantioselective [2 + 2]
Photocycloaddition with a Chiral 1,3,2-Oxazaborolidine as
Catalyst
8a (50 mol%)
hv (A = 366 nm)
(CH,Clp) ~75 °C

84%, 82% ee

After screening multiple 1,3,2-oxazaborolidine catalysts, it
became apparent that the substitution pattern on the aryl rings
has a significant impact on the enantiomeric excess of 15a. The
observed enantioselectivity was explained by a two-point
binding of the 1,3,2-oxazaborolidine catalyst to the coumarin
substrate, as had been suggested by Corey and others.”**
Figure 2a shows the potential structure of the coumarin—Lewis
acid complex 11a*8a with a classical Lewis acid binding pattern
of the boron atom to the carbonyl oxygen atom and a
nonclassical binding of the oxazaborolidine oxygen atom to
the olefinic a-hydrogen atom of the coumarin. An aryl ring of the
prolinol backbone was proposed to shield one side of the
coumarin, successfully differentiating the enantiotopic sides for a

https://dx.doi.org/10.1021/acs.accounts.0c00379
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Figure 2. (a) Proposed conformation of the oxazaborolidine—substrate
complex 1l1a-8a. (b) Intermediate 16b of the [2 + 2] photo-
cycloaddition of 11b.

selective attack of the olefin tether upon irradiation. With the
best catalyst 8a in hand, (E)- and (Z)-4-(hex-4-enyl)-coumarin
(11b) were tested as substrates to investigate whether the
reaction proceeds on the singlet or triplet hypersurface. Singlet
reactions are expected to be concerted and so should be
stereospecific. Because both (E)- and (Z)-11b gave predom-
inantly the trans-product (15b, trans:cis = 77:23 and 62:38,
respectively), it was suggested that the reaction likely proceeds
via a triplet 1,4-diradical 16b that can undergo rotation around
the C—C bond of the tether so that the favored conformation
(Figure 2b) leads after ISC and ring closure to the major
product.

In a follow-up study, the established enantioselective [2 + 2]
photocycloaddition was expanded to additional substrates.*'
Representative photoproducts can be found in Figure 3. The

NS

Boc

15f
81%, 90% ee

15¢c
96%, 74% ee

72%, 88% ee 22%, 42% ee

Figure 3. Representative products 15 obtained by enantioselective [2 +
2] photocycloaddition of 4-substituted coumarins.

products were obtained in very good yield and enantioselectiv-
ity, except for 15e, which bears a sulfur atom in its tether and
likely underwent a cleavage reaction in the presence of the Lewis
acid.

To understand the influence of Lewis acids on the coumarin
[2 + 2] photocycloaddition, Brimioulle et al. conducted UV /vis
and fluorescence spectroscopic studies.”’ Upon addition of BF;,
EtAICl,, or AlBr; as Lewis acids, the absorption maximum of
substrate 11a was shifted bathochromically (A4 < 10 nm),
which favors the absorption at the chosen wavelength of 4 =
366 nm but cannot explain the difference in reactivity of
coumarins in the presence of Lewis acids. A notable difference,
however, could be seen in fluorescence experiments. While there
was no significant fluorescence without Lewis acid, an emission
at A, & 400 nm was observed in the presence of BF; (A, = 300
nm). This phenomenon can be explained by a reduced rate of
internal conversion, i.e. radiation-less transition to the ground
state, and an increased lifetime of the excited singlet state.””*
Even though intersystem crossing (ISC) to the triplet state is
slow, a significant number of molecules will undergo ISC when
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more molecules occupy the excited singlet state. Moreover, the
presence of a Lewis acid favors the ISC to the reactive excited
triplet state in comparison with the uncatalyzed pathway. In
accordance with the previous findings of Lewis and Barancyk,*®
the molecules can undergo a productive [2 + 2] photo-
cycloaddition from the triplet state.

2.2. Intramolecular [2 + 2] Photocycloaddition of Enones

Once the enantioselective [2 + 2] photocycloaddition of
coumarins was successfully established, cyclic enones were
investigated as potential substrates. Not only do they undergo
the reaction, but they also represent the most versatile and most
useful substrate class of [2 + 2] photocycloaddition chemistry.
Unlike coumarins, cyclic enones react very efficiently by direct
excitation even at long wavelengths by nz* excitation to their
singlet state followed by rapid ISC to the triplet state. It was
therefore surprising to note that oxazaborolidine 8a enabled the
formation of photoproduct 18a from $,6-dihydro-4-pyridone
17a in very good yield and enantioselectivity (Scheme 5).*”

Scheme 5. Intramolecular [2 + 2] Photocycloaddition of $,6-
Dihydro-4-pyridones 17 in the Presence of Lewis Acid 8a

8a (50 mol%)
hv (A = 366 nm)
(CH,Cly) -70 °C

84%, 88% ee

o}
H

18b
81%, 88% ee

18¢c
87%, 80% ee

18d
84%, 90% ee

18e
83%, 82% ee

Other products were formed in equally good yield and
selectivity, among them 18b—e, and the method was applied
to the total synthesis of (+)-lupinine and the formal synthesis of
(+)-thermopsine. The enantioface differentiation can be
explained by an analogous transition state to that of the
coumarins (cf. Figure 2a).

Notable differences between the $,6-dihydro-4-pyridone
substrates and the coumarin substrates (e.g, 17a vs 11a) are
the absorption behavior and the mode of action.' Upon addition
of EtAICl,, 5,6-dihydro-4-pyridones exhibit a significant bath-
ochromic shift of A4 > 50 nm of the allowed 7z* transition due
to the coordination of the Lewis acid to the enone carbonyl
moiety (Figure 4). After addition of Lewis acid, a new species
was observed by *C NMR spectroscopy. The signals related to
the enone carbon atoms were significantly shifted, compared to
the signal of the amide carbon atom, indicating coordination to
the enone moiety. Because the extinction coefficient of the Lewis
acid—substrate complex is more than 2 orders of magnitude
higher (¢ = 10 500 M~ cm™") than the extinction coefficient of
the substrate (¢ = 70 M™' cm™) at the chosen irradiation
wavelength (4 = 366 nm), the racemic background reaction of
the uncomplexed substrate is suppressed. Nevertheless, because
the rate of intersystem crossing is reduced compared to the

https://dx.doi.org/10.1021/acs.accounts.0c00379
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Figure 4. UV/vis spectra of 17a in the absence and presence of EtAICl,
as the Lewis acid and corresponding species with selected *C NMR
signals. Reproduced with permission from ref 1. Copyright 2015
American Chemical Society.

uncomplexed substrate due to the coordination of the Lewis
acid, lowering the amount of catalyst diminishes the
enantioselectivity as the background reaction becomes com-
petitive.

After the S5,6-dihydro-4-pyridones, 3-alkenyloxy-2-cycloalke-
nones (19) were studied. It became apparent that they also
undergo a [2 + 2] photocycloaddition in an enantioselective
fashion in the presence of an 1,3,2-oxazaborolidine catalyst
(Scheme 6).*® By screening different oxazaborolidines with 19a

Scheme 6. Intramolecular [2 + 2] Photocycloaddition of 3-

Alkenyloxy-2-cycloalkenones 19 in the Presence of Lewis
Acid 8b

8b (50 mol%)

o hv (% = 300 nm)  H
(CH,Clp) =70 °C ii[:]‘
90%, 80% ee ——H
o) o~
19a 20a
o o ¢ o} H
= = F = = =
- - - - F - - < < Me
o/ o~ o~ o 7
20b 20c 20d 20e

93%, 82% ee  91%, 76% ee 93%, 75% ee 93%, 94% ee

as substrate, Brimioulle et al. found that a 2,4,6-trifluoro-
substituted boronic acid moiety resulted in a higher enantio-
meric excess of photoproduct 20a. Multiple substrates yielded
the corresponding products in good enantioselectivity with
catalyst 8b; some of them are shown in Scheme 6. Similar to the
5,6-dihydro-4-pyridones, 3-alkenyloxy-2-cycloalkenones exhibit
a bathochromic shift of AA & 40 nm in the presence of Lewis
acid, which explains the effectiveness of catalyst 8b. Products 20
are useful compounds that can undergo cyclobutane ring
expansion reactions with Brensted or Lewis acids.

The success of the 1,3,2-oxazaborolidines as Lewis acid
catalysts in the [2 + 2] photocycloadditions warranted an in-
depth mechanistic study, which was conducted by Brimioulle et
al. and focused on coumarin and $,6-dihydro-4-pyridone
substrates." In kinetic studies on the standard coumarin
substrate 11a, the reaction proceeded substantially faster in
the presence of catalyst 8a (5S0% conversion after 25 min)
compared to the noncatalyzed reaction (11% after 5.0 h). In the
case of 5,6-dihydro-4-pyridones substrate 17a, the opposite held
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true. The enantioselective reaction (50% conversion after 10 h)
proceeded significantly slower than the reaction in the absence
of a Lewis acid (full conversion within 1.0 h). While the catalyst
helps to populate the triplet state and accelerate the photo-
cycloaddition in the case of the coumarins by reducing the rate
of internal conversion from the excited singlet state (vide supra),
the catalyst reduces the rate of ISC in the case of the enones. The
rate of ISC is high without Lewis acid ('nz* — 3z7*),>* whereby
the effective rate of the enone [2 + 2] photocycloaddition is
slowed. To corroborate the hypothesis that the reactions
proceed on the triplet hypersurface, photocycloadditions with
E- and Z-configured alkene tethers were conducted. A
stereoconvergent reaction pathway indicates a triplet inter-
mediate (see Figure 2b). For coumarins, the relative
configuration of the tether in (E)- and (Z)-4-(hex-4-en-1-yl)-
coumarin translated into the corresponding trans- and cis-
photoproducts without catalyst 8a (stereospecific singlet
reaction). When the reaction was performed with 8a, stereo-
convergence was observed to give predominantly the trans-
product. The studied (E)- and (Z)-1-(hex-4-enoyl)-S,6-
dihydro-4-pyridones, on the other hand, yielded the correspond-
ing photoproducts always in excellent diastereoselectivity of
trans:cis = >95:5, irrespective of whether the reaction was
catalyzed with 8a or not, indicating that they always react on the
triplet hypersurface.

3. BEYOND CONVENTIONAL OXAZABOROLIDINES:
NEW CATALYSTS AND REACTIONS

3.1. [2 + 2] Photocycloaddition of Cycloalkenones

Coumarins, 5,6-dihydro-4-pyridones, and 3-alkenyloxy-2-cyclo-
alkenones are not the only substrates suitable for enantiose-
lective photochemical reactions with 1,3,2-oxazaborolidine
Lewis acids. As discussed below, other substrates and reaction
classes were investigated. This led to the discovery of new 1,3,2-
oxazaborolidine catalysts 8c—8e (Figure S), with which high
enantioselectivities could be achieved in a variety of asymmetric
photochemical transformations.

8d

Figure S. Structures of 1,3,2-oxazaborolidine Lewis acid catalysts 8c—
8e.

In 2018, Poplata and Bach demonstrated that cyclic alkenones
such as 2-cyclohexenone (21a) and simple olefins reacted
intermolecularly with high enantioselectivity (Scheme 7).”
While screening reaction conditions with 21a, it became evident
that a different substitution pattern on the aryl groups of the L-
prolinol backbone was needed to achieve high enantioselectiv-
ity. They presumed that in the case of 8b, a methyl substituent at
the aryl group is oriented in a way that enables hydrogen
abstraction of the excited enone from the catalyst, leading to its
decomposition. By positioning the methyl groups differently, the
design of catalyst 8c avoided any side reaction and allowed for a
clean reaction and high enantioselectivity. The utility of the
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Scheme 7. Enantioselective Intermolecular [2 + 2]
Photocycloadditions of Cyclic Enones with Simple Olefins,
Catalyzed by Oxazaborolidine 8c

8¢ (50 mol%)

hv ( = 366 nm) o] H
. )L (CH,Cl,) -75 °C H
Et” Et 60%, 91% ee it
H Et
21a 22a
o] o} o] H O H
< Cl ij—j i B
- y H
3 H Cl Me
22b 22¢ 22d 22e

59%, 82% ee 81%, 87% ee 71%, 86% ee 46%, 90% ee

method was demonstrated by a short and enantioselective total
synthesis of (—)-grandisol.

Like the S,6-dihydro-4-pyridone 17a, 2-cyclohexenone (21a)
exhibits a bathochromic shift of the intense zz* band in the
presence of EtAICl,, which explains the selective irradiation of
substrate—8c complexes. The method provides a general access
to cyclobutanes derived from cyclic alkenones, which in turn
represent the most frequently used substrate class of [2 + 2]
photocycloaddition chemistry.

The intramolecular variant of the same [2 + 2] photo-
cycloaddition was successfully performed by Poplata et al. with
catalyst 8c (Scheme 8).* All products were isolated in good
enantioselectivity, except for 24d, in which the terminal methyl
groups presumably clashed with the oxazaborolidine catalyst.

Scheme 8. Enantioselective Intramolecular [2 + 2]
Photocycloadditions of Cyclic 3-Substituted 2-Alkenones,
Catalyzed by Oxazaborolidine 8c

8c (50 mol%)

o | hv (A = 366 nm) H
(CH,Cly) -75 °C T
LaH
80%, 83% ee Tz
4 N
23a 24a

24b
68%, 82% ee

24c
84%, 96% ee

24e

16%, 55% ee 61%, 76% ee

In contrast to the intermolecular case, the first C—C bond
formation after excitation in the intramolecular case proceeds via
a f-attack, as this furnishes the five-membered ring. The
enantioselectivity is enabled through the proposed coordination
of the oxazaborolidine, which was corroborated by density
functional theory (DFT) calculations. Because both (E)- and
(Z)-3-(hex-4-enyl)-cyclohex-2-enone gave predominantly the
trans-configured product (vide supra), the intramolecular [2 +
2] photocycloaddition is also likely to proceed on the triplet
hypersurface.
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3.2. Overcoming the Constraints of Intersystem Crossing

All of the previously mentioned [2 + 2] photocycloaddition
reactions of enones suffered from a background reaction that
could only be sufficiently suppressed with a catalyst loading of at
least SO mol %. To overcome this limitation, substrates that
exhibit an even more extensive bathochromic shift in the
presence of Lewis acid were sought. It was hypothesized that in
such a scenario only the Lewis acid—substrate complex and not
the uncomplexed substrate would be excited at the chosen
wavelength. Along these lines, Stegbauer et al. found that the
bathochromic shift A4 of phenanthrene-9-carboxaldehydes in
the presence of EtAICl, was larger than 70 nm, reaching beyond
the nz*-absorption of the uncomplexed substrate (Figure 6).”

0.5 —0eq.
—2eq
0.4 -4 eq.
-6 eq.
803 —8eq.
= = 10 eq
£ - 20 eq
202 of EtAICI
o 2
<
0.1
0
2105 300 325 350 375 400 425 450 475 500

Wavelength (nm)

Figure 6. UV/vis spectra of phenanthrene-9-carboxaldehyde (25a,
Scheme 9) in the absence and presence of EtAICl, as Lewis acid.
Adapted with permission from ref 3. Copyright 2018 John Wiley and
Sons.

Through elaborate screening, Stegbauer et al. showed that 10
mol % of oxazaborolidine 8d facilitated the formation of
cyclobutane 26a, the product of an ortho photocycloaddition of
25a with 2,3-dimethylbut-2-ene, in excellent enantioselectivity
(Scheme 9).* Under the chosen reaction conditions with
oxazaborolidine catalyst 8d, no side reactions from carbonyl
photoreactivity, e.g. a Paterno—Biichi reaction,>® were observed.

Scheme 9. Enantioselective ortho Photocycloaddition of
Phenanthrene-9-carboxaldehyde (25a) with 2,3-
Dimethylbut-2-ene, Catalyzed by Oxazaborolidine 8d

I 8d (10 mol%)

hv (A = 457 nm)
(CH,Clp) ~78 °C
81%, 94% ee

Several products were successfully prepared in excellent
enantioselectivity when 20 mol % of 8d was employed as the
catalyst. A subset thereof is shown in Figure 7. It is worth
pointing out that the oxazaborolidine catalyst also enabled high
regio- and diastereoselectivity as demonstrated by products
26d—f.

In regards to the mechanism, Stegbauer et al. performed
preliminary fluorescence studies in which they showed that the
fluorescence of 25a in the presence of Lewis acid was quenched
upon addition of 2,3-dimethylbut-2-ene. Because an energy
transfer is not thermodynamically feasible due to the high singlet
state energies of simple olefins, the authors tentatively suggested
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Figure 7. Exemplary products of the studied enantioselective ortho
photocycloaddition.

that the reactions proceed from the singlet state, which
significantly reduces fluorescence as a decay pathway.

Yoon and coworkers found another way to reduce the amount
of 1,3,2-oxazaborolidine catalyst in 2019.”” They used a dual
catalysis approach®® and employed both a Lewis acid and a
triplet sensitizer to enable the [2 + 2] photocycloaddition of
methyl cinnamate (27a) and styrene (Scheme 10). Reasoning
that a Lewis acid should lower the triplet energy of 27a upon
complexation so that a sensitizer with a suitable triplet energy
can only excite the complexed substrate, they found that 25 mol
% of 8b’ and 1 mol % of [Ir(Fppy),(dtbbpy)](PF) resulted in
product 28a in excellent yield and enantioselectivity. Yoon and
coworkers applied these reaction conditions to several
cinnamate esters, highlighting the usefulness of this general
concept (Figure 8). They proved the usability of their findings
through a concise synthesis of a norlignan natural product, for
which they had to switch to a different iridium sensitizer so that
the triplet energy of the specific cinnamate ester was suitable.

Through detailed DFT studies, the authors demonstrated that
even though the triplet energy of the cinnamate ester was
lowered upon complexation with the oxazaborolidine catalyst
8b’, the impact on the triplet energy was not significant enough
to explain the observed sensitization efficiency. Moreover, in the
presence of another suitable Lewis acid the reaction was
catalyzed even though no lowering of the triplet energy was
observed in the Lewis acid-substrate complex. When Yoon and

OMe

28b
86%, d.r. =6:1, 97% ee

28c
67%,d.r. =6:1, 90% ee

CF3
28d

97%, d.r. = 9:1, 99% ee

28e
75%, d.r. =8:1, 95% ee

Figure 8. Exemplary products 28b—e of the iridium-sensitized [2 + 2]
photocycloaddition of cinnamates.

coworkers calculated the energies of the frontier molecular
orbitals, they discovered that the oxazaborolidine Lewis acid
significantly decreases the energies of the frontier orbitals. This
makes these orbitals close in energy to the two singly occupied
orbitals of the excited iridium sensitizer, which leads to greater
electronic coupling and allows for rapid triplet energy transfer.

Cyclohexa-2,4-dienones (29) were found to exhibit a large
bathochromic shift in the presence of Lewis acid, and their
potential to undergo an enantioselective photochemical reaction
was investigated by Leverenz et al.* Upon irradiation, these
substrates underwent an oxadi-7-methane rearrangement to
bicyclic compounds. Leverenz et al. thoroughly studied this
reaction and tested various 1,3,2-oxazaborolidine catalysts.
Novel catalyst 8e with three 3’,5'-dimethyl-[1,1’-biphenyl]-2-
yl groups successfully induced an enantioselective reaction
course even though only 10 mol % of 8e was used (Scheme 11).
Because the bathochromic shift is A4 > 50 nm in the presence of
Lewis acid and the absorption tails far into the visible light
region, the solution could be irradiated with light of longer
wavelength to avoid racemic background reactions.

Leverenz et al. studied many substrates under these
conditions and obtained the corresponding products in excellent
enantioselectivity." Starting from photoproduct 30d, they were
able to synthesize the monoterpene trans-chrysanthemic acid.
The authors found no effect of the triplet quencher piperylene
on the reaction course and therefore suggested a singlet reaction

Scheme 10. Combining Oxazaborolidine Catalyst 8b’ (Activation with Tf,NH instead of AlBr;) and an Iridium Sensitizer to
Accomplish an Enantioselective [2 + 2] Photocycloaddition of Cinnamate 27a and Styrene
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Scheme 11. Photoinduced Oxadi-z-methane Rearrangement
of Cyclohexa-2,4-dienone 29a to Bicyclo[3.1.0 ]hexenone 30a
Catalyzed by Novel Oxazaborolidine Catalyst 8e
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pathway. Computational studies corroborated their hypothesis
and contributed an important detail regarding the enantiodiffer-
entiation: the gem-dimethylated carbon atom of substrates 29
bends out of plane after excitation and, within the Lewis acid
complex, the bending should occur away from the bulky
aromatic group at the boron atom of the oxazaborolidine
catalyst. Contrary to the other substrates, the opposite
enantiotopic face of the molecule is shielded as the aryl group
of the boronic acid, not an aryl group of the prolinol backbone, is
responsible for successful face differentiation, which also
becomes evident from the absolute configuration of the
products 30.

Based on the examples of successfully developed enantiose-
lective photochemical reactions, one can deduce that chiral
1,3,2-oxazaborolidines are suitable catalysts for many substrates.
For all investigated reactions, careful screening of different
oxazaborolidines was necessary and investigations into the
mechanism of these reactions showed that the mode of action is
more complex than meets the eye. Typical [2 + 2] photo-
cycloaddition reactions through direct excitation have been
thoroughly studied, and triplet sensitization has shown
promising results. Recently, a 1,3,2-oxazaborolidine-catalyzed
rearrangement reaction has been performed enantioselectively.”
Based on these findings, it stands to reason that the realm of
enantioselective photochemical reactions with chiral 1,3,2-
oxazaborolidines has a lot of dimensions yet to be explored.

4. BINDING MODES AND COMPUTATIONAL STUDIES
4.1. Substrate Binding

Generally, chiral 1,3,2-oxazaborolidines as Lewis acids can bind
to carbonyl groups and their aryl groups can differentiate the
enantiotopic sides of the coordinated substrates. Nonclassical
hydrogen bonding has been proposed with either coordination
to the aldehyde hydrogen atom (as in the case of 2-substituted
acroleins like 32) or coordination to the olefinic a-hydrogen
atom (as in the cases of acrylic acid, enones, allenoates, or a,f-
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unsaturated esters like 33) as shown in Figure 9a.>”*" This
coordination pattern was also observed in stable complexes of

a) q L b) FF
,—5/3 B. ! ~Bap
1 o oY T
, o |
ﬁ‘)\H Eo : )\[
: Ph
328 338 5 34

Figure 9. (a) Two-point coordination of a generic 1,3,2-oxazabor-
olidine Lewis acid (8) to 2-methylacrolein (32) and ethyl acrylate (33).
(b) Structure of isolated benzylidenacetone—BF; complex 34.

methyl cinnamate and (di)benzylidenacetone with BF; as
determined by X-ray single-crystal analysis (benzylidenace-
tone—BF; complex 34 shown in Figure 9b).”” Nonclassical
bonding is assumed to be an integral factor in effective catalyst
complexation for multiple substrates.”” In their review article on
nonclassical hydrogen bonding, Johnston and Cheong elaborate
on the two-point binding mode and summarize that Corey and
coworkers’ hypothesis has been corroborated by various
computational studies.*’ Over the years, many different
substrates with a hydrogen available for nonclassical bonding
have been employed in enantioselective 1,3,2-oxazaborolidine
catalysis.

4.2. Computational Studies

As mentioned, the two-point coordination model can explain
the observed enantioselectivity in many reactions with 1,3,2-
oxazaborolidines and has been corroborated bz computational
studies like those from Paddon-Row et al,** Paton,* and
Poplata et al.>> Notably, Paton stressed that the gem-diaryl
moiety plays a crucial role in stereodifferentiation because it
stabilizes the convex coordination of the substrate to the catalyst
by attractive noncovalent interactions. However, there are
instances in which a different transition state structure is favored
because of other steric or electronic interactions.** Therefore,
detailed analysis for each individual reaction and substrate seems
to be necessary. The role of aluminum bromide in the thermal
catalysis of 1,3,2-oxazaborolidines was investigated through
computational studies by Sakata and Fujimoto.” They found
that the coordination of the Lewis acid to the nitrogen atom of
the oxazaborolidine is essential for its catalytic activity.
Inherently, oxazaborolidine coordination to the substrate is
disfavored due to destabilizing deformation. Upon activation
with aluminum bromide, the B—N bond is polarized, which
increases the Lewis acidity of the boron atom. Coordination of
the substrate is then more energetically favorable.

Aluminum bromide also plays a significant role in the
photochemical reactions through direct excitation with
oxazaborolidine catalysts, as studied by Wang et al. (Figure
10).**” Based on calculations, they concluded that the heavy
atoms of the AlBr;-activated oxazaborolidine catalyst facilitate
spin—orbit coupling. This relativistic effect allows for eflicient
ISC, which is crucial for the successful enantioselective [2 + 2]
photocycloaddition of coumarins and $,6-dihydro-4-pyridones.
In the case of 5,6-dihydro-4-pyridones (Figure 10a), after
excitation to the 'nz* state (1, = 366 nm), the 'nz* — 3z7*
transition is El-Sayed-allowed” and exhibits high spin—orbit
coupling. Therefore, the transition is fast, and once the Sk
state is reached, photocycloaddition is initiated. In the presence
of an AlBr;-activated oxazaborolidine catalyst, the 'zz* state is
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Figure 10. Qualitative, simplified energy diagrams highlighting
calculated photophysical processes**” of (a) $,6-dihydro-4-pyridones
and (b) coumarins in the absence and presence of Lewis acid (energy
levels not to scale).

reached upon direct excitation. Even though the energy gap
between lzz* and 3zz* states is small, the 'za* — 3az*
transition is El-Sayed-forbidden®* and slow. Here, the heavy
atom effect increases the spin—orbit coupling and accelerates
ISC. As the rate is still slower compared to the noncatalyzed
pathway, the racemic background reaction must be suppressed
by high catalyst loading.

In the case of the coumarins (Figure 10b), direct excitation to
the 'z7* was calculated to take place in both the uncatalyzed and
catalyzed reaction.”” Because the 'zz* — 3zz* transition is
slow, ISC is a minor pathway without catalyst, and the
photocycloaddition reaction can, if at all, only follow a pathway
on the singlet hypersurface. With the AlBr;-activated oxazabor-
olidine catalyst, spin—orbit coupling is again increased and leads
to an accelerated ISC. A reaction channel on the triplet
hypersurface is available, on which the photocycloaddition
reaction occurs.

In summary, computational studies have corroborated the
complex nature of 1,3,2-oxazaborolidines in both thermal and
photochemical reactions. They have confirmed the role of a two-
point binding mode including a nonclassical hydrogen bonding
and have added nuances to our understanding of these reactions
like the relativistic effect of aluminum bromide. Surely, further
computational and mechanistic studies will enable scientists to
advance the methodology of chiral 1,3,2-oxazaborolidine
catalysis in photochemistry.

5. CONCLUSION

Throughout this Account, we have highlighted the variety and
complexity of chiral 1,3,2-oxazaborolidines in photochemistry.
As is often the case in synthetic chemistry, asymmetric synthesis
is not a simple and straightforward endeavor. The mode of
action of 1,3,2-oxazaborolidines transcends the standard
substrate—catalyst binding and enantiotopic differentiation
seen in many thermal reactions. Over the years, our under-
standing of their complex reactivity has increased through
multiple studies, and it is now possible to transform a broad set
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of substrates into structurally intriguing products with excellent
enantioselectivity. Continuous and elaborate scientific work has
already paved the way, but it is surely not the end of the road for
chiral 1,3,2-oxazaborolidine catalysts in enantioselective photo-
chemical reactions. A major challenge is to overcome the still
relatively high catalyst loadings for some of the reactions with
possible solutions now being actively pursued. In addition, it
needs to be explored whether Lewis acids can be meaningfully
implemented in the production of chiral fine chemicals on a
larger scale.
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