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A highly regioselective route to complex carbocyclic scaffolds through a continuous photochemical
process is reported. Crucially, we uncovered that ortho substitutents on the right-hand aryl ring are
placed away from a transient carbene species which induces the exclusive regioselectivity observed. By
varying the non-symmetrically substituted aryl moiety, we demonstrate how the product outcome favors
cyclobutenes for electron-poor and neutral substituents and cycloheptatrienes for more electron-rich
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systems. Additionally, a photochemically induced rearrangement was uncovered for highly electron-rich
substrates that ultimately generates complex hydroperoxides. Overall, this facile one-step process is fast
and high yielding and demonstrates the power of photochemistry towards the exploration of new chemi-
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The efficient generation of complex scaffolds that are rich in
three-dimensional features continues to be of great impor-
tance in medicinal chemistry." This is clearly visible over the
last decades whereby aryl rings are frequently replaced by new
and diverse isosteres such as bicycloalkanes to improve phar-
macokinetic properties of the corresponding drugs.>

The use of photochemical processes to bring about the
rapid generation of complex biologically active architectures®
has a longstanding history with notable applications seen in
the synthesis of natural products and their precursors (Fig. 1),
including (+)-solanascone,® (+)-a-cedrene® and (—)-retigeranic
acid A.° The use of light aids in generating highly reactive
intermediates upon photoexcitation and often provides
benefits such as orthogonality to existing functional groups.
Ubiquitous functionalities such as alkenes and carbonyls offer
thereby streamlined entries to a variety of substrates that often
undergo a multitude of elementary transformations as part of
a photochemical cascade process. Recently, LEDs have
emerged as replacements for classical metal vapor lamps to
trigger valuable chemical transformations, both in appli-
cations involving photoredox catalysis as well as the direct exci-
tation of suitable substrates.” High-power LEDs emitting in
both the visible and UV-A spectrum are now easily integrated
in standardized reaction set-ups facilitating both batch® and
continuous flow® applications. The latter thereby holds
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promise in providing a simple means to scale photochemical
reactions by using appropriate flow reactor set-ups."’

We recently reported an intriguing photochemical cascade
to create complex pentacyclic scaffolds (5) upon irradiation of
alkyne-bearing chalcones (1) with UV-A light (Scheme 1, top)."*
This process was facilitated by a continuous flow set-up that
allowed to easily generate gram quantities of product while
providing uniform irradiation of the internal tubular reactor.
Importantly, the flow approach afforded the targets in short
residence times (5-10 min), and cycloheptatriene species (4)
were accessed and characterised as late-stage intermediates
through minor process modifications. A mechanistic rational
supported by computations was presented that featured a
carbene (2) as the key intermediate whose reaction pathway
included a postulated norcaradiene intermediate (3). Initial
explorations on the reaction scope had indicated that the
cascade process is general and allows for variation of several
substituents on the left-hand aryl ring as well as the alkyne
moiety. In this current study we wish to report on the effect of
non-symmetrical substitution on the unexplored right-hand
aryl ring and its effects on the regioselectivity of this intriguing
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photochemical approach provides for:

= access to complex polycyclic scaffolds = high step- and atom-economy
= diverse products from simple substrates ® reagentless approach minimises waste

Fig. 1 Bioactive structures generated photochemically.
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previous work - discovery of novel photocascade via carbene intermediate:
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Scheme 1 Reaction discovery (top) and regioselectivity hypothesis for
ortho-substituents (bottom).

cascade. Specifically, we hypothesised that ortho-aryl substitu-
ents may provide a means to affect or even control the overall
regioselectivity by interacting with the postulated carbene
intermediate via steric or electronic effects (Scheme 1,
bottom).

Our study commenced by preparing a selection of suitable
substrates via aldol condensation and Sonogashira cross coup-
ling reactions from commercial ortho iodobenzaldehydes (see
ESI} for details). We thereby focused on a single alkyne unit
(derived from 1-hexyne) and two left-hand aryl scaffolds,
namely a plain benzene unit and a methylenedioxy system
(Fig. 2, top). Our previous work had indicated that the right-
hand aryl unit tolerates different substituents in its para posi-
tion (i.e., H, alkyl, F, OMe etc.). We thus decided to pair these
para substituents with electronically differentiated ortho sub-
stituents (i.e., F, Me, OMe) giving two series of substrates
varying on the left-hand aryl decoration.

These substrates were subjected to the original photo-
chemical conditions using a high-power LED (365 nm,
adjusted to 70 W input power) in combination with a
Vapourtec flow reactor and its UV150 module. Solutions of the
above substrates (30 mM, MeCN) were pumped through the
photo-flow set-up with a residence time of 7 minutes. Using
the 2,4-difluoroaryl system generated the respective photo-
products 5a and 5b in good chemical yields whilst observing
full conversion of substrates. The presence of the cyclobutene
system was established using 'H and *C NMR spectroscopy
(incl. HSQC and HMBC). Notably, the crude reaction mixture
showed only one product whose regiochemistry could be estab-
lished unambiguously through securing a crystal structure of
5b (Fig. 2)."> Next, the analogous 2,4-dimethylbenzene system
was subjected to the same conditions and gave a similar out-
come as the cyclobutene product (Fig. 2, 5c¢ and 5d) was
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Fig. 2 Reaction outcome for different aryl systems.

formed in high yield and as a single regioisomer. Crucially, in
both cases the regioisomer that has the ortho-substituent adja-
cent to the carbonyl (i.e., away from the intermediate carbene)
was obtained. The yields were higher for the products derived
from the dimethylbenzene scaffold indicating potential degra-
dation in case of the analogous difluoro species (5a and 5b).
For mono-substituted aryl systems a methoxy substituent in
the para position leads to the isolation of the cycloheptatriene
scaffold (Fig. 3, 5i, 5j). As part of this study, we also investi-

0 . o
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OMe OMe

5i, 67%

5j, 58-67%""

51, 38%

Fig. 3 Regioselective formation for mono-methoxy systems.
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gated the reaction outcome when having a single methoxy
group in the ortho position which was found to give the cyclo-
butene scaffold irrespective of the left-hand aryl system (5k,
51).

To expand on these results, we next evaluated cases posses-
sing both fluoride and methoxy substituents in the respective
ortho and para positions (Fig. 2, bottom). This led to an inter-
esting observation that the cyclobutene species is generated
when fluoride is in the para position (methoxy in ortho posi-
tion, e.g., 5e and 5f) whereas the cycloheptatriene system
results when fluoride is in the ortho position and the methoxy
group in the para position (4g, 5h). Assignment of these struc-
tures was again aided by advanced NMR techniques, X-ray crys-
tallography (e.g., 5h) and comparison of key data between
these structures. Importantly, the same regioselectivity as high-
lighted in all the above cases was observed pointing toward a
general underlying cause (vide infra). We believe that the prefer-
ence for the cycloheptatriene products 5g and 5h is a result of
the lower energy transition state and the reduced stability of the
corresponding cyclobutene products which favours reversibility
in the last step as outlined in our initial study."* A key aspect of
this work concerned the exclusive regioselectivity observed in
forming all cyclobutene and cycloheptatriene species. We
propose that in case of fluoride and methoxy groups in the
ortho position electronic repulsion between the lone pairs on
fluorine and oxygen and the carbene favours a reactive confor-
mation whereby these groups are pushed away from the electron
density surrounding the carbene intermediate (Scheme 2, top).
Conversely, when a methyl group is placed in the ortho position
an unfavourable steric interaction between the methyl group
and the carbene moiety will result in the same conformational
bias. As depicted in Scheme 2, this will favour formation of pro-
ducts having the original ortho substituent adjacent to the car-
bonyl group which agrees with the experimental data.

A crucial set of substrates having methoxy groups in both
the ortho, and para positions was studied next. In both cases
an unexpected outcome was observed as neither the cyclohep-
tatriene, nor the cyclobutene species was generated. Single
crystal X-ray diffraction revealed that a very different scaffold
was formed in which the dimethoxybenzene ring was pre-

5
Ry =F, Me, OMe and

preferred reactive conformation
R, =F, Me, H

R4 =F and R, = OMe

Scheme 2 Regioselectivity via steric or electronic repulsion between
carbene and ortho substituents.
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Scheme 3 Reaction outcome for substrates 1m and 1n.

served (5m, 5n, Scheme 3). Additionally, a hydroperoxide
moiety attached to a fusing cyclohexadienone ring was
observed clearly showcasing the unique effect resulting from
two electron-donating groups on the right-hand aryl ring. A
last feature clearly displayed in the crystal structure is that the
substitution pattern of this aryl ring is that of a 3,5-dimethoxy
system (relative to the carbonyl) rather than the original 2,4-
dimethoxyphenyl arrangement indicating that the C-C bond
between carbonyl and aromatic ring is fragmented during this
new photo rearrangement. This surprising finding was suc-
cessfully reproduced giving the indicated product in yields of
13-50% along with unreacted substrate (ca. 10% E- and 20%
Z-isomer) as well as an epoxide derivative of the substrate (6,
ca. 20%). As the use of degassed and non-degassed stock solu-
tions rendered the same hydroperoxide product, it is surmised
that the peroxidation occurs last in this cascade process
whereby a suitable position is undergoing aerobic oxidation
irrespective of the photochemical conditions.

The unprecedented nature of these results prompted us to
consider possible options for the underlying reaction mecha-
nism (Scheme 4). We thereby propose that under the reaction

N "Bu
Lome 7
3
norcaradiene species path B

Q’OO ove [

"Bu OMe
8, via dienone-phenol 9, via Smiles-type
rearrangement rearrangement
(o} \
OMe oH oM
e
R "O ~— IO J
W T o Y
OH oxidation "Bu OMe
5m, 5n 10

Scheme 4 Proposed mechanistic pathways towards 5m and 5n.
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conditions the transient norcaradiene species 3 undergoes
ring opening assisted by either of the methoxy groups."® The
resulting oxocarbenium 7 may then undergo a Smiles-type
rearrangement (path A) or a dienone-phenol rearrangement
(path B) giving after tautomerisation the electron-rich
naphthol 10 which is readily oxidised to the hydroperoxide
products 5m and 5n."*

Although photochemically triggered Smiles rearrangements
are known in the literature,'® these are typically based on aryl
sulfonamides or sulfonates that extrude SO, during the
process'® making the presented case a very unusual example.
This proposed Smiles-like process may proceed via stepwise
formation of a ketene followed by arylative C-C bond for-
mation. Crucially, this also causes the apparent relocation of
the methoxy groups to resemble the aforementioned 3,5-disub-
stitution pattern. The alternative dienone-phenol rearrange-
ment is well precedented under thermal conditions'” and may
also be operational under the photochemical conditions of
this flow process. Further studies will be necessary to establish
whether one or even both reaction pathways are in operation.

Conclusions

In summary, we report the regioselective synthesis of complex
polycyclic architectures via an efficient photo-cascade process.
Exploiting a continuous flow set-up provided short reaction
time along with high reproducibility. When subjecting a set of
2,4-disubstituted aryl systems to this photochemical process
the desired targets were obtained with exclusive regioselectivity
in yields up to 74%. It is proposed that the regioselectivity orig-
inates from both the electronic and steric repulsion between
the ortho substituent and a transient carbene intermediate
which therefore controls the observed selectivity. For sub-
strates bearing a 2,4-dimethoxyaryl moiety an unprecedented
polycyclic hydroperoxide product was obtained in good yield
which is believed to be formed either via a photo-induced
Smiles rearrangement or a dienone-phenol rearrangement.
These findings demonstrate how new chemical space can be
accessed via operationally simple photocascade processes that
ultimately render complex targets with diverse chemical
scaffolds in a single step.
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