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Effect of Tether Length on endo/exo Stereoselectivity in
Alkene-Arene meta-Photocycloaddition Reactions towards
the Aphidocolin/Stemodin Scaffolds

Aljazy A. A. Alshammari,””’ Joseph W. Boyd,” Nicola Greaves,” Jason G. Kettle,"
John E. McKendrick,”” Lewis G. Parker,” Andrew T. Russell,**' Abubakar Sani,”” and

Christopher D. Smith*™

Intramolecular alkene-arene meta-photocycloadditions are
powerful transformations that use the enhanced reactivity of
photoexcited benzene rings to facilitate addition of an alkene
1,3 across donor groups and form complex three-dimensional
fused-ring systems from readily accessible starting materials.
Intramolecular examples have traditionally been restricted to

Introduction

The alkene-arene meta-photocycloaddition represents a hugely
powerful transformation resulting in the dearomatisation of the
arene ring and the formation of complex fused three-dimension
scaffolds."™ Substantial investigations have been undertaken
since its concomitant discovery by Bryce-Smith, Gilbert and
Orger at Reading™ and Wilzbach and Kaplan at lllinois®™ with a
view to taking advantage of the reaction’s inherent ability to
generate molecular complexity.*'”

In 1969 Morrison and Ferree reported the first example of
the intramolecular variant of this alkene-arene meta-photo-
cycloaddition reaction”” and since then a general rule has
emerged that reactions of substrates with a 3-atom tether leads
to the reaction taking place with a strong preference for exo-
stereoselectivity in the products. As shown in Scheme 1,
Wender has used this excellent exo-selectivity as the key step
for the synthesis of (4)-a-cedrene (1)."? Irradiation of the three-
atom tether 2 (Scheme 1) formed a 1:1 mixture of regioisomers
3 and 4 derived from the exo exciplex. Treatment of this
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three-membered tethers, with cycloaddition resulting from exo-
conformation. However, by judicious tether design we have
demonstrated that a four-membered tether can also proceed in
good yield; interestingly, via an endo exciplex (1.2:1) enabling
access to both natural product skeletons and interesting
scaffolds for medicinal chemistry research.

hv (450-W Hanovia

OMe source; Vycor filter)

2 pentane, 65%

(i) Bry, DCM
Then BuzSnH, 59%
(i) NH,NH,, 200 °C
KOH/(HOCH,CH,),0

1 .
(+)-a-cedrene exo-exciplex

Scheme 1. Alkene-arene meta-photocycloaddition with characteristic regioi-
someric cyclopropane products, from Wender’s synthesis of (+)-a-cedrene."?

mixture with Br,, followed by radical debromination and Wolff-
Kischner deoxidation provided (+)-a-cedrene (1). A final point
of note is that ring opening of the cyclopropane
photoproducts" to form the bicyclo[3.2.1]octane ring system is
well precedented using diverse reagents such as Pd/C with H,,
m-CPBA, NIS and HCl (aq.) as reviewed by Rodriguez."*'
However, there are relatively few examples of four-
membered tether systems and we were intrigued by the
potential to access both the aphidicolin (5) and stemodin (6)
ring systems (Figure 1) and hence facilitate the synthesis of
analogue structures. Aphidicolin is a potent inhibitor of DNA
replication,”"® it and its prodrugs, 17-glycinate HCl salt and 16-
fluoroaphidicolin have shown good activity against a range of
tumour types."”'® Stemodin has more limited bioactivity but,
more recently, the closely related structure trigoheterone A has
shown significant inhibitory effects toward five cancer cell lines
(SW480, HL-60, A549, SMMC-7721 and MCF-7) with ICs, values
similar to cisplatin."?” The interesting biology and unusual
bicyclo[3.2.1]octane ring system have made both structures,
and their derivatives, attractive targets for numerous total
synthesis that have been thoroughly reviewed elsewhere.[’?2?
In considering the application of the alkene-arene meta-photo-
cycloaddition reaction to these targets we had to consider

© 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Figure 1. Stereochemical outcome of cycloadditions from endo and exo
exciplexes to form aphidicolin and stemodin scaffolds, respectively.

several selectivity issues, including the mode of cycloaddition
(ortho/meta), regioselectivity, stereoselectivity and the effect of
tether length. If we examine a cycloaddition from which the
skeleton of aphidicolin might be derived (Figure 1, left),
although a meta-photocycloaddition is expected to be the
favoured mode (relative to ortho/para) and an electron-
donating methoxy group can be employed to control the
regiochemistry of the addition,"? a number of studies have
emphasized the strong preference for product formation via an
exo rather than an endo exciplex."* This suggests that the
biologically potent aphidicolin system might be difficult to
access.

In addition to the above considerations, simple substrates
that feature tethers with four linking units (e.g. methylene
carbons) have been found to have very poor quantum yields
(e.g. 6-phenylhex-1-ene, ¢ < 0.005%*" whereas for cis-6-phenyl-
hex-2-ene, a 3-carbon tether, $=0.26""). With regard to these
later points, during a study of tandem Norrish Type I-intra-
molecular alkene-arene photocycloaddition reactions, De Keu-
keleire described a highly exo-selective 4-atom tether example
in 42% yield,”™ and Wender and DeLong have noted a similarly
highly exo-selective cycloaddition in 68% yield at 60% con-
version for 4-atom tethers.”® More recently, Chen utilised a
spiro-fused four-membered tether that adopted a boat-like
conformation with exclusive exo-selectivity (>65% yield).?”
What appears to distinguish these examples, which together
represent the most efficient cycloadditions of this type, is some
restriction of the conformational freedom of the tether;®*)
however, excessive steric encumbrance can significantly affect
yields.®” Given that substrate 8 bearing a 4-unit tether
illustrated in Figure 1 allows the system to adopt a geometry
suitable for the formation of an endo exciplex (favoured for
most intermolecular cases)'>*® without undue strain (see
Supp. Info.) and that the presence of a fused six-membered ring
should reduce the conformational freedom of the tether, we
felt that such reactions might be successful. To test the
influence of tether length and the inclusion of a six-membered
ring in these systems we have synthesised and photolyzed the
compounds 7, 8 and 9 shown in Figure 2.5'3?
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23 X Qs L3~
OH OH
7 8 9
3-membered 4-membered Control
tether tether 4-membered
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Figure 2. Substrates examined to determine the effect of tether structure on
their alkene-arene meta-photocycloaddition reactions.

Results and Discussion
In a previous communication® we described the synthesis of 7
and 8 and we now report a comparison of their relative
photochemistries, together with a significantly improved syn-
thesis of 8 (Scheme 2, bottom Route B) and full experimental
details (see Supp. Info.). The initial synthesis route utilised a
TMSCI accelerated, copper-catalysed addition of the Grignard
reagent to cyclohexenone that afforded the silyl enol ether 10
in 68% vyield (Scheme 2).5¥ This allowed regioselective gener-
ation of the lithium enolate from 10 with MelLi followed by
alkylation with allyl iodide to provide 11 in 79% yield. To
remove any complications from Norrish Type reactions the
ketone was stereoselectively reduced with L-Selectride (97 %) to
give the substrate 7 with a three-membered tether as a
crystalline solid.

Our initial hope of preparing the higher homologue 8 by
alkylation of the lithium enolate derived from 10 with homoallyl
iodide was compromised by its low reactivity and a severe
allergic reaction to the reagent by a lab member. For our initial
route, that would facilitate deuteration (see below), we elected
to homologate 7 as shown in Scheme 2 (Route A, top).
Protection of the axial alcohol was effected by treatment with
TBDMS triflate, then hydroboration of the double bond with 9-
BBN followed by a two-step oxidation to afford aldehyde 12 in
91% overall yield. Wittig reaction (86%) and subsequent
fluoride-mediated cleavage of the silyl ether (94 %) completed
the sequence in eight steps from commercial materials.
Subsequent work identified a more direct path, Route B
(Scheme 2), that begins from the common silyl enolether 10
and uses a modification of Lautens’ procedure® with 1-iodo,4-
chloro-but-2-ene® as the alkylation partner. Transfer
hydrogenolysis®” provided the terminal alkene 13, which was
again reduced stereoselectively to form photo-precursor 8 in
only four steps, compared to eight steps via Route A.

Comparison of the fluorescence quenching of 7 and 8 with
that of their saturated analogues (hydrogenation over 10% Pd/
C) revealed the expected strong interaction between the S,
state of the arene and the alkene in 7 (three-membered tether)
and a weaker but still significant quenching interaction for 8
(four-membered example; Figure 3).

We therefore subjected 7 and 8 to photolysis using both a
falling film photoreactor and a bespoke flow photosystem at
254 nm (see Supp. Info.). First a degassed 0.8 mM solution of 7
in cyclohexane was irradiated for 1 h in the falling film reactor
to give a 87% yield of photoadducts. Three main photo-
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Scheme 2. Routes for the formation of the photoprecursors. Top: Route A: Synthesis of 7 and eight-step synthesis of 8. Bottom: Route B: Four-step synthesis

of 8.
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Figure 3. Fluorescence quenching of 7 and 8 upon irradiation of a 4 mM
solution in cyclohexane at 267 nm.

products 14:15:16 (1:1.7:1.2; 'H-NMR) were isolated (74 %) in
a ratio of 1:1.4:1 accompanied by a small amount of a mixture
of two other meta-cycloadducts (3.4:1.0; 'H-NMR) which we
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were unable to separate and identify (Scheme 3). When we
used the 10 mL flow photochemical reactor coupled with a
25 W germicide lamp, similar to our previous publication,*® we
found that a residence time of 30 min resulted in a very similar
reaction outcome. A clear advantage of continuous flow
photochemistry®**" is that scalability can be simply achieved
by running the system for longer - a process that is not
possible using the batch-wise falling-film reactor.

The meta-adducts 14 and 15 are postulated to have formed
from a common exo-exciplex arising from a reactive conforma-
tion of 7 shown in Scheme 3, bottom left. Addition of the
alkene has occurred in the predicted manner across the
electron-donating methoxy group and given rise to the
characteristic regioisomeric cyclopropanes typical of this class
of reactions. Although it is known that these types of isomer
can undergo photochemical vinylcyclopropane-cyclopentene
interconversion/rearrangement we did not observe much
variation in the ratio of the two meta-products 14 and 15 in our
studies.”**? Furthermore, upon oxidation of 14 with pyridinium
chlorochromate (PCC, 79%) we were able to solve a single
crystal X-ray structure of ketone 17 providing us with further
confidence for our assignment.**

© 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Scheme 3. Photolysis of the 3-membered tether 7..
OH ho OH
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electrocyclic ring
closure
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CCDC 246801
Ketone 17

O A
- OMe
Z 6n thermal
electrocyclic
ring opening
PCC

CCDC 246802
Ketone from 16

Scheme 4. Possible exo conformation of 7 leading to an ortho-photocycloaddition and subsequent rearrangement to give 16.

A significant amount of tetracycle 16 was also seen. Such
compounds have previously been found to arise from both
S, and T,®'¥ states of benzene derivatives, however, in
this case it is most likely that the S; state is implicated. Of
particular interest is the stereochemistry at C-3 of 16 as it is
opposite to that seen in the two meta-adducts. The simplest,
though by no means only, interpretation of this result is ortho
addition arises from a different reactive (exo) conformation of 7
depicted in Figure 1 followed by a tandem thermal 6n-electro-
cyclic ring opening then 4m-photochemical electrocyclic ring
closure (Scheme 4).

By contrast, photolysis of a 0.4 mM solution of substrate 8,
bearing a four-membered tether, in cyclohexane using the
falling film system for 90 minutes or 30 minutes in flow afforded
a 1.2:1.0 mixture of mainly two photoadducts, 18 and 19, in a
remarkable 90% vyield (Scheme 5). The structure of the major
product 18 was solved by a single crystal X-ray structure of the
ketone derivative 20, and shown to arise from an endo
conformation and it also possesses the correct relative stereo-
chemistry for aphidicolin.

Due to the poor dispersal of resonances, especially in the
high-field/aliphatic region (15 protons), we were initially unable
to directly assign the structure and stereochemistry of 18 by
NMR techniques. Taking advantage of the homologation
sequence we had initially used to prepare 8 (Route A), the

Eur. J. Org. Chem. 2024, 202400463 (4 of 7)

Four Carbon Tether
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Scaffold aphidicoli " din

CCDC 246803
Ketone 20

Scheme 5. Four-membered endo-selective intramolecular photochemical
cycloaddition of 8.

aldehyde 12 was dideuterated using d;-sodium methoxide in
d,methanol then converted to 21 as described above
(Scheme 5). Photolysis followed by oxidation with PCCP
afforded ketone 22 which on desaturation, to form enone 23 by
the Sharpless-Reich protocol,®**” allowed the relative stereo-
chemistry at C-10 to be established by nOe with irradiation of
H-2 and H-8 (axial) showing a significant enhancement at H-10
(Scheme 6). Deuteration for spectral simplification has been
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OTBS H
12
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e) PCC, CH,Cly, 73%
MeQ

f) LDA, THF, PhSeCl
-78 °C, 61%

) H0, (27.5%)
THF, 0°C, 94%

nOe interactions
shown in red

23

Scheme 6. Synthetic sequence to aid in the structural assignment of 14
featuring deuteration and desaturation to simplify the 'H-NMR spectrum.

commonly used in systems with repeating units such as
proteins®®*? and nucleic acids,®” but our combined deuteration
and desaturation protocol, in effect removing six of the 15
protons, is an underused approach for the structural determi-
nation of small molecules and offers an alternative approach for
when single crystal X-ray techniques are impractical.

Thus, in contrast to the photolysis of three-membered
tether 7, four-membered 8 exhibited a rare high regioselectivity
of cyclopropane formation,®®"® with the minor product 19
arising from the conformation analogous to the exo arrange-
ment shown in Figure 1 and proceeding via an exo exciplex to
give a relative stereochemistry appropriate for the stemodin
ring system (Scheme5). As described, we have a stereo-
divergent route for the synthesis of both aphidocolin (endo)
and stemodin (exo) ring systems, with reasonable selectivity
(1.2:1) for the aphidocolin scaffold. By comparison, the
interesting report of Chen on synthetic studies toward the
skeleton of lancifodilactone F showed a strong preference for
exo selectivity.”” Further studies will explore the influence of
additional substituents on this stereoselectivity.

As a final demonstration that careful consideration of the
identity of the tether is required, the linear control compound 9
(Figure 2) was prepared according to the procedure of
Fuhrer®%' and subjected to photolysis under the standard
conditions. Monitoring of the reaction by 'H-NMR showed an
initial build-up of two main meta-adducts followed by a rapid
deterioration of the product mixture with formation of many
products. Polymer formation has been reported for some other
inefficient photocycloadditions.*”

Conclusions

In summary, we have carried out intramolecular alkene-arene
meta-photocycloaddition reactions on two homologous sub-
strates 7 and 8 possessing three- and four-membered tethers,
respectively, and have observed a high-yielding reaction in
each case. As was precedented, the shorter three-membered

Eur. J. Org. Chem. 2024, 202400463 (5 of 7)

homologue 7 reacted via exo exciplexes but of most interest
the higher four-membered homologue 8 shows a reasonable
preference (1.2:1, chemical yield) for the endo arrangement, the
first such intramolecular example to do so. Taken together with
the previously described exo-favoured 4-atom tether
examples,” 2 these results show that, with careful design of
the tether, the restriction of using three linking unit tethers in
this type of reaction is no longer valid. The key photochemical
step has been performed in a continuous flow manner
(residence time 30 minutes), providing the possibility for scaling
up/out®®®” Furthermore, we have demonstrated that the
observation of intramolecular fluorescence quenching (Figure 3)
can provide a robust initial guide to the success of these
systems under photolysis. We have an effective 3-component
modular synthesis (enone, arene and alkene) holding the
promise of a rapid entry into the aphidicolin/stemodin ring
systems and thence to afford biologically active analogues. A
single photochemical step produces three C—C bonds, three
rings and five stereocentres without the use of a chemical
reagent. The final photoproducts (18 and 19) themselves offer
much further promise of diversification possessing ‘spring-
loaded’ ring-fused vinyl cyclopropanes. Finally, the observation
of preferential exo selectivity in the case of lancifodilactone F**”
suggests that, in addition to tether length, steric factors are also
likely to be significant in determining stereoselectivity; further
studies on this point are in progress.

Experimental Section

Photolysis of the 3-Carbon Tether Substrate (7)

Falling film: A 83 mM solution of (+) (1S, 2R, 3S)-2-allyl-3-(2"-
methoxyphenyl)cyclo-hexanol (7) was prepared by dissolving 0.204 g
(0.83 mmol) of the substrate in of cyclohexane (100 ml). The flask
was connected to a condenser and placed inside a thin-film
photoreactor containing a low-pressure mercury arc lamp. The
photoreactor pump was initiated and the system was completely
de-gassed by bubbling nitrogen through the solution for 1 hour.
After this time the flow of nitrogen was stopped and the lamp was
switched on. After 1 hour of photoreaction TLC and NMR indicated
that no more starting material remained and that four major
photoproducts appeared to have formed. The reaction mixture was
transferred to a separate flask before the system was thoroughly
washed through with cyclohexane (4x50 ml). All the washings were
collected together and concentrated in vacuo to give a crude
yellow oil. The three major products were separated from all the
reaction by-products and then purified using flash column
chromatography by gradually increasing the solvent polarity
(95:5—90:10—85:15 petroleum ether [40-60]/ethyl| acetate).

Fraction 3 contained (%) (1S, 2S, 6S, 7R, 9S, 115, 12R, 15R)-15-
methoxypentacyclo[10.2.1.0"°.0%7.0"""*]pentadec-13-en-6-ol (14) as
a pure colourless oil (0.044 g, 21 %). Fraction 2 contained (£) (1S,
3S, 5R, 6S, 108, 118, 12R, 15R)-15-
methoxypentacyclo[10.2.1.0*"".0°"°.0""*]pentadec-13-en-6-ol (15) as
pure colourless oil (0.063 g, 31%). Fraction 1 contained (£) (1S, 35S,
5R, 6S, 10S, 13R)-1-methoxytetracyclo[11.2.0"".0*"".0>'°|pentadec-
11,14-dien-6-0l (16) as a pure cream coloured solid (0.044 g, 22 %).

Flow Photochemistry Continuous Flow / One Pass Manner: The
flask containing a 4 mM solution of () (1S, 2R, 3S)-2-allyl-3-(2"-
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methoxyphenyl)cyclo-hexanol (7) in cyclohexane was connected to
the flow system by threading the input tube through a red rubber
septa and the output went into the collection flask. The flow system
using consists of a Vapourtec peristatic pump, and a 10 mL reactor
placed around a 25 W germicide lamp inside a light box with a
gentle flow of compressed air for cooling (not essential). The
reaction mixture was degassed by bubbling N, for 20 minutes and
then a balloon was used to keep the flask under a positive pressure
of N,. As the ATOI/Actual Time Of Irradiation for this 10 mL reactor
system was known (30 minutes), the reaction was then performed
in a continuous manner with a residence time of 30 minutes by
flowing at 0.3 mL/min (10 mL/30 minutes).

Photolysis of the 4-Carbon Tether Substrate (8)

A 45mM solution of (£) (1S, 2R 3S)-2-but-3-enyl-3-(2"-
methoxyphenyl)cyclo-hexanol  (8) (0.118g, 0.45mmol) in
cyclohexane (100 ml) was irradiated for 1.5 hours until TLC and
NMR spectroscopy indicated that no more starting material
remained. Analysis also suggested that two major products had
formed. All the washings from the thin film photoreactor were
collected together and concentrated in vacuo to give a crude
yellow oil. The two main photoproducts were separated from all
the reaction by-products and then purified using flash column
chromatography by gradually increasing the solvent polarity
(95:5—90:10—85:15 petroleum ether [40-60]/diethyl ether).

Fraction 1 contained (£) (1R, 2S, 6S, 7R, 10S, 12R, 135, 16S)-16-
methoxypentacyclo[11.2.1.0""°.0%7.0">"*Ihexadec-14-en-6-ol (19) as a
pure colourless oil (0.048 g, 40%). Fraction 2 contained (+) (15, 25,
6S, 7R, 108, 128, 13R, 16R)-16-
methoxypentacyclo[11.2.1.0"'°.0%7.0'*'%lhexadec-14-en-6-ol (18) as a
pure solid (0.059 g, 50%).
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Intramolecular alkene-arene meta-
photocycloaddition reactions are
powerful ‘reagentless’ transformations
that form complex three-dimensional
fused-ring systems from readily acces-
sible starting materials. By judicious

tether design in combination with
continuous flow it is demonstrated
that substrates with a four-membered
tether can also undergo meta-photo-
cycloaddition in good yield, enabling
access to natural product skeletons.
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