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/Abstract: Amide groups are pervasive across the chemical space continuum, where their structural and pharmacologicalx
importance, juxtaposed with the hydrolytic vulnerabilities, continues to fuel bioisostere development. Alkenyl fluorides
have a venerable history as effective mimics (¥[CF=CH]) owing to the planarity of the motif and intrinsic polarity of the
C(sp’)-F bond. However, emulating the s-cis to the s-frans isomerisation of a peptide bond with fluoro-alkene surrogates
remains challenging, and current synthetic solutions only enable access to a single configuration. Through the design of
an ambiphilic linchpin based on a fluorinated B-borylacrylate, it has been possible to leverage energy transfer catalysis to
affect this unprecedented isomerisation process: this provides geometrically-programmable building blocks that can be
functionalised at either terminus. Irradiation at 1,,,=402 nm with inexpensive thioxanthone as a photocatalyst enables
rapid, effective isomerisation of tri- and tetra-substituted species (up to E/Z 98:2 in 1 h), providing a stereodivergent
platform for small molecule amide and polyene isostere discovery. Application of the methodology in target synthesis

and initial laser spectroscopic studies are disclosed together with crystallographic analyses of representative products. Y,

Introduction

The evolutionary success of amides in the bioactive natural
product repertoire has galvanised interest in emulating this
venerable structural motif through bioisostere design.!! In
contemporary drug discovery, this strategy enables the
pharmacological advantages of leveraging peptide bonds to
be reconciled with their metabolic susceptibilities in vivo.”
Whilst effective mimesis requires the electronic and struc-
tural footprint of the parent motif to be recreated, amides
present an additional stereochemical challenge on account
of s-cis to s-trans isomerisation.”! This conspicuous feature
of the amide bond is particularly relevant when biological
function is encoded by configuration.! Alkenyl fluorides
Y[CF=CH] have proven to be highly effective amide bond
isosteres, where the polar nature of the C(sp®)-F bond
enables the steric and electronic signature of the native
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motif to be simulated (Figure 1A).’! This ability to con-
currently regulate configuration and protect enzymatically
vulnerable sites®™ has been expertly leveraged to enhance
the hydrolytic stability of HDAC inhibitors!” and to increase
plasma and microsomal stability in peptide mimetics such as
Tyr'-¥[(Z)CF=CH]-Gly® Leu-enkephalin (Figure 1B).!l In
the realm of kinase inhibitor design, installation of the E-
fluoro-enone motif in 5-fluoroenoneresorcynolide has been
advantageous in safeguarding the structural integrity of the
APLY!

A compelling example of the importance of alkenyl
fluoride configuration on biological activity is illustrated by
comparing the respective ICs, values of factor Xa
inhibitors.'”! A seemingly subtle inversion of alkene geome-
try, from the Z- to E-isomer, results in a 60-fold
enhancement, thereby demonstrating the value of sterodi-
vergence platforms in enhancing bioactivity.

This strategic importance of mono-fluoro olefins in
functional small molecule discovery continues to provide a
powerful impetus for selective reaction development. Olefi-
nation strategies!'"™ have been key facilitators in enabling
alkenyl fluorides to be validated as amide bond isosteres,
but achieving satisfactory levels of stereocontrol continue to
limit application. Whilst most methods favor formation of
the (often lower-energy) Z-isomer,'” strategies to enable
the stereoselective preparation of the corresponding E-
isomer are rare!' and often suffer from scope limitations.
These stoichiometric approaches have been complemented
by advances in alkene cross metathesis!’" and selective
defluoroborylation,™ thereby allowing stereoselectivity to
be regulated at the catalyst level. However, to the best of
our knowledge, strategies to enable the simple Z—E isomer-
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Figure 1. Alkenyl fluorides as amide bond bioisosteres and selected bioactive small molecules containing this structural motif.

isation of alkenyl fluorides are conspicuous in their absence
(Figure 1C). Not only would this platform emulate the
behavior of the native scaffold, but it would also mitigate
the lengthy synthesis campaigns required to access both
isomers independently.>2!

It was therefore envisaged that fluorinated pB-boryl
acrylates, such as Z-I, would be appealing starting materials
from which to develop an operationally simple isomerisation
protocol based on selective energy transfer catalysis.>2*
Identification of an appropriate small molecule sensitizer
would then allow selective excitation of the Z-isomer and
accumulation of the desired E-configured product. In the
starting Z-isomer, the planar chromophore includes the
vacant p-orbital of the boron substituent, whereas Lewis-
type no—pp interactions bifurcates the chromophore in the
product E-isomer. This results in 90° rotation of the
C(sp*)-B bond raises the triplet energy of the product and
provides a foundation for directionality. In addition to their
well-defined photophysical properties, these ambiphilic
linchpins lend themselves to bidirectional, post-isomerisa-
tion functionalisation through stereospecific cross coupling
and carbonyl modification chemistry. Furthermore, by
extending the tri-substituted series to tetra-substitution,!
analogs might be generated that would be suitable as both
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tertiary amides and as alkene surrogates for fluoro-mimetic
development.

Results and Discussion

Despite the efficiency of isomerisation in non-fluorinated
systems,”%! we were acutely aware that fluorine incorpo-
ration would present a significant challenge in the working
blueprint: structurally related aryl boronic esters and acids
bearing halogen substituents in the ortho-position are
susceptible to a range of decomposition pathways.*”" Con-
sequently, the robust pinanediol boronic ester was selected
for further exploration. To validate the working hypothesis,
the conversion of Z-1 to E-1 was investigated using a range
of simple organic photosensitizers with varying triplet
energies (Table 1). Whilst initial attempts to affect isomer-
isation with 9-fluorenone (1=402 nm) proved to be unsuc-
cessful (E:Z=8:92, Table 1, entry 1), catalysts with higher
triplet energies proved to be more effective. Isomerisation
with Michler’s ketone (A=365nm) led to an enhanced
selectivity (E:Z=54:46, entry 2) albeit at the expense of
the yield. Extending the trend further to catalysts with
higher triplet energies, such as thioxanthone and benzophe-
none, enabled the desired product to be obtained with good
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Table 1: Reaction optimisation of the energy transfer-enabled isomer-
isation.!

conditions C%O
B

EA1 F OMe

entry catalyst wavelength & E; yield E/z4
[nm] [kfmol™]  [%]™

1 9-fluorenone 402 223 98 8:92

2 Michler's Ketone 365 255 27 54:46
3 thioxanthone 402 265 87 91:9

4 benzophenone 365 289 90 94:6
51 benzophenone 365 289 60 60:40
61 thioxanthone 402 265 86 (53) 95:5
79 thioxanthone / 265 >98 <1:99
gy 402 / >98  <1:99

[a] Reactions were conducted in MeCN under irradiation for 16 h.
[b] Determined by 'H NMR using 1,3,5-trimethoxybenzene as the
internal standard; isolated yield reported in parenthesis. [c] Deter-
rmined from the crude reaction mixture. [d] Reaction time 1 h.

yields and selectivities (E:Z=91:9 and=94:6, entries 3 and
4) after 16h. Although reactions with benzophenone
required extended reaction times (entry 4 versus 5), it was
possible to reach high levels of selectivity after only 1 h with
thioxanthone (entry 6, E/Z 95:5). Moreover, control reac-
tions in the absence of light and photocatalysts support the
postulated energy transfer paradigm (entries 7 and 8).

The presence of the fluorine atom allowed the con-
version of Z-1 (—93.64 ppm) to E-1 (—84.52 ppm) to be
conveniently monitored by time course ’F NMR spectro-
scopy. As is evident from Figure2, the isomerisation
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s
t=5mins.
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i
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|
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I 2
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Figure 2. Time course study of the photochemical isomerisation. From
top to bottom: [5] Starting material Z-1, [4] Reaction mixture after

5 min irradiation time, [3] Reaction mixture after 15 min irradiation
time, [2] Reaction mixture after 60 min irradiation time, [1] Isolated
product E-1.
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proceeds smoothly and the photostationary composition is
reached after 60 minutes.

To establish the scope and limitations of the photo-
catalytic isomerisation of alkenyl fluorides, the impact of
modifying the carbonyl substituent was explored (Figure 3).
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Figure 3. Scope and limitations of the energy transfer-enabled isomer-
isation and X-ray crystal structure analysis illustrating the origin of
selectivity. Thermal ellipsoids are shown at 50% probability. Isolated
yields given in parenthesis. E: Z ratios determined by '"H NMR
spectroscopy of the crude reaction mixture. Isolated yield of major

isomer.
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Replacing the Weinreb amide (E-1, E/Z 95:5) by cyclic
secondary amides was found to have little effect on the
reaction outcome. This enabled morpholine E-2 and piper-
idine E-3 to be prepared with high levels of E-selectivity (E/
Z 96:4). The ring size also proved to be inconsequential,
with the pyrolidine (E-4) and proline (E-5) derivatives being
generated with E/Z selectivities of 96:4 and 95:5, respec-
tively.

Acyclic amides were also found to be compatible with
the reaction conditions (E-6, E:Z 92:8) but it is interesting
to note that the isomerisation of secondary amides, such as
E-7, occurred with a reduction in selectivity (E:Z 75:25).
Extension of the scope to esters was also possible as is
illustrated by the benzyl and tert-butyl derivatives E-8 and
E-9, respectively.

Gratifyingly it was possible to isolate a crystal of E-9
that was suitable for X-ray crystallographic analysis.” This
revealed a 90° rotation of the C(sp?)~B bond to allow for a
stabilising interaction between the oxygen of the carbonyl
group and the empty p-orbital of the boron substituent
(please see Figure 4, bottom and the Supporting Informa-
tion).

Bifurcation of the chromophore raises the triplet energy,
thereby providing a structural foundation to rationalise
selective energy transfer. This triplet energy change was
confirmed by kinetic measurements and DFT calculations
(see mechanistic studies for Weinreb amide 1 presented
below). It is pertinent to note that the B—O distance
between the boron and the carbonyl oxygen in compounds
E-9 and Z-14 is almost identical (B1-O1: 2.646 A for E-9
and B1-03: 2.657 A for Z-14, respectively), and the boron
coordination geometry remains trigonal planar.

To investigate the impact of the halogen substituent on
the efficiency of the energy transfer process, a comparative
analysis of the H, F, Cl series based on compound E-8 was
conducted (Figure 3, bottom). Under the standard reaction
conditions, the photostationary state composition of the
non-halogenated species was highest (Z:E=93:7), and
systematic decreases in selectivity were observed in the
order H>F>Cl. This experimental observation is in line
with the impact of para-substituents on the triplet energies
of trans-stilbenes, which follow the order H>F > Cl>Br >
I.[29]

To further expand the method to tetrasubstituted
alkenes, a series of f-Me derivatives were exposed to the
standard isomerisation conditions (Figure 4). Gratifyingly, it
was possible to isolate Z-10 in 70 % yield with high levels of
stereoselectivity (Z:E 93:7). Moreover, replacing the Wein-
reb amide by an ester functionality did not impede the
reaction, and allowed Z-11 to be generated with a Z/E-ratio
of 98:2. The reaction conditions were also found to be
compatible with pinacol boronic esters such as the Weinreb
amide Z-12 and tertiary amide Z-13 (up to Z: E=94:6).

Crystal structure analysis of the substrate and product
isomers E-14°*! and Z-14"* provided an additional insight to
support the proposed origin of selectivity. In the starting E-
isomer, the chromophore is fully conjugated with the boron
p-orbital aligned with the enone n-system. Upon isomer-
isation, the C(sp?)-B bond is no longer in conjugation but
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Figure 4. Scope and limitations of the energy transfer-catalysed isomer-
isation of tetra-substituted alkenes and crystal structure analysis to
rationalise the origin of selectivity. Thermal ellipsoids are shown at
50% probability. Isolated yields given in parenthesis. E: Z ratios
determined by '"H NMR spectroscopy of the crude reaction mixture.
Please note that the IUPAC descriptors (E and Z) are inverted relative
to Figure 3 on account of the higher priority of the methyl group versus
B (In Figure 4, C>B; In Figure 3 B>H).

lies orthogonal to the n-orbitals. The bifurcation of the
chromophore is compensated by a stabilising no—py inter-
action, which prevents re-excitation and allows the two
alkene isomers to be photochemically distinguished.

To demonstrate the synthetic utility of the isomerisation
in synthesis, the stereocontrolled construction of retinoid-
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like fluorinated polyenes was conducted (Scheme 1).P” To
that end, aryl bromide 15 was prepared in two steps from
commercial 2-bromophenol, and subjected to a stereo-
specific cross-coupling with Z-10 to yield Weinreb amide 16
in 74 % yield. The configuration of the fluoroalkene was
unequivocally established by single crystal X-ray
diffraction.” This simple sequence illustrates the value of
the C(sp*)-substituent as a traceless chromophore extension.
Following the successful installation of the first fluorinated
alkene unit in a Z-selective fashion, subsequent reduction of
the Weinreb amide was conducted to generate aldehyde 17.
Utilising the elegant boron-Wittig reaction developed by
Morken and co-workers,®!! boronic ester 18 was synthesised
in 68% yield. Subsequent bromodeboronation provided
access to the intermediate vinyl bromide 19 in preparation
for subsequent coupling events. From this common precur-
sor, a second stereospecific coupling reaction with E-20 was
performed to generate triene 21, which is an analogue of the
potential type 2 diabetes treatment CS018.° To further
illustrate the modularity of this approach to fluorinated
polyenes, bromine 19 was unified with E-9 to yield the
difluorinated triene 22 in 78 % yield.

Finally, the photoisomerisation was investigated by laser
flash photolysis (LFP, see Supporting Information for de-
tails). Mechanistic studies with thioxanthone (TX) as the
catalyst cannot be performed via straightforward emission
quenching experiments owing to the non-emissive nature of
its photoactive triplet state. Therefore, the sensitised isomer-
isation by TX of E-1 and Z-1 was studied by LFP with
355nm laser pulses (Figure SA) ensuring selective TX
excitation. The triplet state of TX is characterised by two
main absorption peaks at 315nm and 625nm that are
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Figure 5. Sensitised isomerisation of E-1 and Z-1 studied by LFP with
355 nm laser pulses in deaerated MeCN. A) Structures and triplet-
triplet energy transfer rates using TX as sensitiser. B) TA spectra of
50 yM TX (black, recorded 1 ps after excitation) in the absence of
quencher and with 10 mM E-1 (green, recorded 40 ps after excitation)
or Z-1 (blue, recorded 11 ps after excitation). C) Quenching experi-
ments of *TX with varying concentrations of Z-1 (left) and E-1 (right).
Inset: Corresponding Stern—Volmer analysis.

— Synthesis of Fluorinated Polyenes
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Scheme 1. Application of the photocatalytic isomerisation of alkenyl fluorides in the stereocontrolled syntheses of fluorinated retinoids 21 and 22.
Crystal structure of compound 16. Thermal ellipsoids are shown at 50% probability.

Angew. Chem. Int. Ed. 2023, 62, €202304150 (5 of 7)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWIWOD aAIE8.D) 8(qedl|dde ay) Aq pausenob e sajo 1L YO ‘8sn Jo Sajni 1o} Arelg 1 8UIUO /8|1 UO (SUONIPUOD-PUR-SWR)L0Y A3 1M AReIq 1 BUI|UO//SANY) SUONIPUCD PUe SWe | 8U) 89S *[SZ0z/60/c0] o Ariqiauljuo A|im ‘Bizdie eeasieAlun Ag 0ST0EZ0Z @1Ue/Z00T OT/I0p/Wwod A3 |im Akelqipuljuo//:sdny wouy pepeojumod ‘.2 ‘€202 ‘€LLETEST



GDCh
=

observable in the transient absorption (TA) spectrum with a
natural lifetime of ~73 us (Figure 5B) under these condi-
tions. In the presence of either isomer, the triplet state is
quenched and only baseline level is observed following *TX
deactivation. Electron transfer (ET) or hydrogen atom
transfer (HAT) reactions with the participation of TX or
similar derivatives would unavoidably result in pronounced
TX-derived signals in the TA spectra,”® which is not the
case. Taking the quenching efficiencies exceeding 70 %, and
the high sensitivity of the employed apparatus into account,
the baseline-like spectra are in excellent agreement with
triplet-triplet energy transfer (EnT) as being the only
reaction pathway in the isomerisation reaction of E-1 and Z-
1:54 the very short lifetime of the acceptor triplet obtained is
also typical behavior of triplet-excited olefins. Stern—Volmer
experiments were then conducted with varying concentra-
tions of both isomers, and revealed a faster EnT rate for Z-1
(8.94x10" M 's™!) than for E-1 (1.74x 10’ m's™!) by as much
as a factor of five. These results indicate an increased triplet
state energy of E-1, which is in line with the chromophore
shortening to enable the n,—pj interaction. Moreover, Z-1
is converted to the perpendicular triplet more rapidly than
the corresponding E isomer (Figure 1), which results in a
photostationary state enriched with E-1. These spectroscopic
findings are not only in line with the experimentally
observed composition of the photocatalytic mixture after
lab-scale photoirradiation, but they also follow the triplet
energy trend calculated using DFT methods (see Supporting
Information).

Conclusion

In conclusion, an operationally simple geometric isomer-
isation of alkenyl fluorides has been enabled by selective
energy transfer catalysis using inexpensive thioxanthone (up
to E/Z 98:2 in 1 h). Aided by X-ray structural analysis, the
selectivity of the process can be rationalised by chromo-
phore bifurcation in the product: this is a consequence of a
stabilising n,—pp interaction that requires 90° rotation of
the C(sp?)-B bond. This enabling process eliminates the
current reliance on lengthy, independent synthesis cam-
paigns to compare the biological effects of monofluoro
alkene geometry in amide and polyene biomimetics. The
transformation has been validated in bidirectional synthesis
campaigns using an ambiphilic linchpin, and showcased in
the stereocontrolled syntheses of fluorinated retinoid ana-
logues. It is envisaged that this platform will contribute to
the growing arsenal of enabling technologies to facilitate
catalyst-based stereodivergent synthesis.”
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