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Boron-enabled geometric isomerization of alkenes via
selective energy-transfer catalysis
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Constantin G. Daniliuc, Ryan Gilmour*

Isomerization-based strategies to enable the stereodivergent construction of complex polyenes
from geometrically defined alkene linchpins remain conspicuously underdeveloped. Mitigating the
thermodynamic constraints inherent to isomerization is further frustrated by the considerations of
atom efficiency in idealized low—molecular weight precursors. In this work, we report a general
ambiphilic C3 scaffold that can be isomerized and bidirectionally extended. Predicated

on highly efficient triplet energy transfer, the selective isomerization of g-borylacrylates is contingent
on the participation of the boron p orbital in the substrate chromophore. Rotation of the C(sp?)-B
bond by 90° in the product renders re-excitation inefficient and endows directionality. This subtle
stereoelectronic gating mechanism enables the stereocontrolled syntheses of well-defined retinoic
acid derivatives.

omplex polyenes provide an expansive
structural framework for biological pro-
cesses that occur in two-dimensional
chemical space (I), yet synthetic para-
digms that enable the stereocontrolled

construction of these motifs remain conspicu-
ous in their absence. In the biochemical context,
information is stored in one of two stereoiso-
meric forms, such that the spatiotemporal con-
trol of constituent alkene units encodes for a

specific biological function (2-4). In cross-
conjugated alkenes such as retinal (vitamin A),
this interplay facilitates the regulatory gating
mechanism that underpins the mammalian
visual cycle (5). Despite powerful manifestations
of this structure-function interplay in human
medicine and materials research, isomeriza-
tion platforms that enable the stereodiver-
gent construction of complex polyenes from
common linchpins remain underdeveloped.
Synthesis algorithms reported by Burke and
co-workers have greatly facilitated the mod-
ular construction of polyenes from common
building blocks in a manner that is reminis-
cent of biopolymer assembly (6, 7). Despite
these advances, the intractable challenges that
are associated with inverting the geometry of
small alkene fragments to enable stereodi-
vergence from common precursors offer the
opportunity for creative endeavor (8). This
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Fig. 1. Inspiration for the development of a photocatalytic isomerization.

(A) The biosynthesis of complex terpenes via well-defined

importance of alkene geometry in the visual cycle. 2D, two-dimensional; OPP,

pyrophosphate; DMAPP, dimethylallyl pyrophosphate; IPP,

phosphate. (B) Photosensitized isomerization of alkenes and the precondition that
the alkene is embedded in a larger chromophore (e.g., styrene). hv, photon energy.
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(C) Design of an ambiphilic C3 linchpin. Selective energy-transfer (E7) platform is
based on the B-boryl-acrylate scaffold. (D) Stereospecific applications of the
geometrically defined linchpins for the preparation of complex polyenes and
pharmaceuticals. The stereochemical assignment of the alkene fragment follows
International Union of Pure and Applied Chemistry (IUPAC) nomenclature and
reflects the priority order C > B > H.
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strategic deficiency in alkene isomerization
technology has been highlighted by Baran
and co-workers in the context of accessing
dienophiles for cycloaddition chemistry (9). Ter-
pene biosynthesis predicated on the sequential
elongation of small (C5) alkene-containing
linchpins such as DMAPP and IPP is a concep-
tually attractive blueprint in reconciling this
disparity (Fig. 1A) (0-12). Under the auspices
of enzyme catalysis, these fragments are uni-
fied with high fidelity, thereby enabling the
synthesis of well-defined polyenes by either

A Optimized isomerization of C; linchpins

stereodivergent biosynthesis (e.g., farnesyl di-
phosphate) or postproduct isomerization routes
(e.g., 9-cis-B-carotene) (13). Although challeng-
ing to implement in a synthetic context, these
precedents highlight the need for an isomeri-
zation platform to enable stereodivergent ac-
cess to both alkene geometries as a prerequisite
for efficiency (74). Consideration of step and
atom economy (I5) necessitates the use of a
common ambiphilic building block that con-
tains the minimum number of carbon atoms
needed for sequential manipulation to allow

100 @

B Reaction progress monitoring

stereospecific downstream processing. The
nondegeneracy of alkene stereoisomers and
the associated contra-thermodynamic chal-
lenges render Dexter-type energy-transfer
activation (16-21) ideally suited to mitigate
microscopic reversibility that is intrinsic to
ground state reactivity (22-24). Furthermore,
the biocompatibility of this activation strategy
has recently been validated by MacMillan and
co-workers (25).

Photosensitized alkene isomerization has a
venerable history, but efficiency often restricts
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Fig. 2. The photocatalytic isomerization of small molecule ambiphilic

C3 linchpins. (A) Optimized reaction conditions: substrate (0.3 mmol),
thioxanthone (5 mol %), MeCN (9 mL), 402 nm light, 1 hour. rt, room
temperature. (B) Reaction progress monitoring of E-1 — Z-1. (C) Establishing
substrate scope and demonstrating efficiency in simple 1,2-disubstituted
systems, showing chemoselectivity and compatibility with biomolecules.

Molloy et al., Science 369, 302-306 (2020) 17 July 2020

*The stereochemical assignment of the alkene fragment follows IUPAC
nomenclature and reflects the priority C > B > H. tYield over two steps after
cross-coupling. 0.1 mmol scale. §16 hours. Yields and E:Z ratios were
determined by *H NMR integration (using 1,3,5-trimethoxybenzene as internal
standard). Numbers in parentheses refer to isolated yields of the major product
isomer after column chromatography. quant., quantitative.
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A SAR analysis of core scaffold*

D Ground state structural analysis*
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Fig. 3. Investigating the origin of stereoselectivity. (A) Structure activity relationship (SAR) of core scaffold. (B) Quantum yield studies. (C) Control
reactions. (D) Ground state x-ray structural analysis of Z/E-8, Z/E-16, and Z-29. *The stereochemical assignment of the alkene fragment follows IUPAC

nomenclature and reflects the priority C > B > H.

the scope to styrenyl chromophores (3). Semi-
nal studies by Hammond et al. and Arai et al.
have established benchmarks for stilbene and
styrene isomerization through the use of a
photosensitizer (26-29), and Walker and Radda
have simulated triplet energy transfer-enabled
selective isomerization of retinal in the visual
cycle (30). More recently, the Weaver group
(31) and our own research group (32-35) have
disclosed operationally simple isomerization
protocols that harness functionally diverse
styrenes with various structural motifs in the
B-position (Fig. 1B). However, the presence of
an aryl alkene fragment is a precondition to
act as a suitable chromophore. Thus, the iden-
tification of a traceless chromophore would
represent a notable advance toward ac-
hieving operational parity with positional
isomerization (36).

To circumvent this limitation and enable a
modular assembly of polyenes (6-8, 37) with
sequential control of alkene geometry, we con-
solidated the importance of acetyl derivatives
in biosynthesis and the need for an ambiphilic
fragment in the B-borylacrylate scaffold (Fig.
1C). Specifically, we identified the boronic acid
pinacol ester (3-BPin) as a group that might
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enable isomerization to generate both alkene
isomers and provide a handle for traceless,
stereospecific coupling. The conceptual frame-
work of the alkene isomerization was predi-
cated on rotation of the C(sp?)-B bond as a
stereoelectronic gating mechanism to enable
selective energy transfer. The p orbital of
trigonal planar boron systems plays a pivotal
role in regulating the reactivity of organoboron
compounds (38, 39). We envisaged that the
incorporation of a traceless boronic ester mo-
tif as an aryl surrogate would extend the ac-
rylate chromophore and permit subsequent
excitation of the planar E isomer. After ex-
citation and subsequent isomerization, the
C(sp*-B bond in the product Z isomer would
be twisted by 90° and could potentially en-
gage in a dative interaction with the carbonyl
group (ng — p) (40, 41). This subtle bond ro-
tation would shorten the chromophore and
provide a structural foundation to bias the
photostationary composition.

In this work, we report a photocatalytic iso-
merization of B-borylacrylate derivatives that
enables access to both geometric isomers of
ambiphilic C; linchpins. Whereas hydrobora-
tion provides a convenient platform to generate
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a single alkene isomer, this approach harnesses
Dexter-type selective energy transfer using an
inexpensive small molecule photosensitizer (ex-
cited at 402 nm) to enable stereodivergence.
Directionality (E — Z) is a consequence of a
subtle 90° C(sp*)-B bond rotation, thereby con-
tracting the n system of the Z isomer. This
strategy circumvents the reliance of alkene
isomerization on styrenyl chromophores by
replacing inert aryl rings with a traceless
BPin handle. Both isomers of the vinyl boron
species are compatible with stereospecific
cross-coupling, which provides the basis for an
iterative, stereodivergent entry to complex
polyenes. Mechanistic validation and the total
syntheses of the therapeutics isotretinoin and
alitretinoin are disclosed, and we showcase the
synthetic utility of these small, densely func-
tionalized units in stereospecific transforma-
tions (Fig. 1D).

Initially, we investigated the geometric isom-
erization of the ambiphilic Weinreb amide
E-1 to Z-1 (Fig. 2A and supplementary ma-
terials). Reactions performed in acetonitrile
under visible light irradiation (402 nm) using
thioxanthone as a photocatalyst (5 mol %)

proved to be operationally simple and highly
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A Application of C, linchpin in stereospecific synthesis

B Isomerization enabled stereodivergence*
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Fig. 4. Stereospecific and stereodivergent application of small molecule

Cs linchpins. (A) Application of product isomer in synthesis: (a) E-12 (1 equiv),
ag. KHF, (4.5 M, 5 equiv), MeOH, rt. (b) E-12 (1 equiv), Pd(OAc),
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H,0 (5 equiv), 1,4-dioxane, 80°C. (c) E-12 (1 equiv), Pd(0Ac), (5 mol %), SPhos
(10 mol %), K3PO4 (3 equiv), 2-bromophenol (1.2 equiv), H,0 (5 equiv),

1,4-dioxane, 80°C. (d) E-13 (1 equiv), NaBH,4 (2 equiv), rt. (B) Stereodivergent
Diels-Alder reaction: toluene, 16 hours. (C) Stereocontrolled synthesis of

the polyene pharmaceuticals alitretinoin (9-cis-retinoic acid) and isotretinoin

(13-cis-retinoic acid). Full details are provided in the supplementary materials.
*The stereochemical assignment of the alkene fragment follows IUPAC
nomenclature and reflects the priority C > B > H.

efficient [99% nuclear magnetic resonance
(NMR) yield, Z:E = 94:6; Fig. 2, A and B].
With these optimized conditions, we explored
the substrate scope and limitations of the
method (Fig. 2C). Relocating the methyl sub-
stituent to the B-position of the Michael ac-
ceptor E-2 and E-3 led to notable selectivity
(>99:1). Modification of the alkyl substitu-
ent was very well tolerated, furnishing the
isomerized products in >99:1 selectivity and
with high isolated yields (E-4, E-5, and E-6).

Replacement of the Weinreb amide by sec-
ondary amides (E-7 and E-8), tertiary amides
(E-9), and primary carboxamides (E-10) had
no impact on the efficiency of the transforma-
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tion (up to >99:1). Ester groups were also found
to be compatible with the general isomeriza-
tion conditions, but the o-substituted Michael
acceptor (Z-11) proved to be unstable toward
silica gel chromatography. High levels of stereo-
selectivity and isolated yield were also observed
with B-substituted analogs (E-12 to E-16, up
to 98:2). Efficient isomerization was observed
with ketones and neopentyl boronic esters
(E-17 and E-18, 93:7 and >99:1, respectively),
but the intrinsic instability of the products
required a cross-coupling protocol after isomer-
ization to determine stereoselectivity. To ex-
plore the limitations of the method in simple
1,2-disubstituted frameworks, we investigated

17 July 2020

acrylates 19 and 20. Photochemical alkene
isomerization typically requires a substituent
to generate 1,3-allylic strain in the product,
thereby causing deconjugation, reducing the
efficiency of energy transfer, and enabling di-
rectionality. In contrast to styrenyl systems,
the isomerization of the basic B-borylacrylate
also occurs with high levels of stereoselectivity
(E-19 and E-20, 94:6 and >99:1, respectively),
which provides entry to simple 1,2-disubstituted
ambiphilic linchpins. To ensure that the meth-
od does not compromise optical purity and is
compatible with preexisting alkenes (thereby
demonstrating chemoselectivity), we prepared
21 and 22, respectively. Finally, extension of
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the scope to common, biologically relevant
frameworks included p-glucose derivative 23,
the (-)-menthol derivative 24, and modified
cholesterol 25 (up to >99:1).

The efficiency of isomerization using sim-
ple 1,2-disubstituted building blocks such as
19 and 20 indicates that stereoselectivity is
not contingent on allylic strain as is observed
with styrenyl systems. To discern the structural
basis of the selectivity, we investigated the
effects of single-site editing on the core sub-
strate (Fig. 3A). These investigations revealed
that both the boron and the carbonyl sub-
stituent are critical to achieve efficient di-
rectionality, as is clear from E-26, 2’7, and
28. Determination of the quantum yield ex-
cludes the possibility of an efficient radical
chain process, and control experiments dem-
onstrate the need for both light and a pho-
tocatalyst (Fig. 3, B and C). In establishing
the structural basis of directionality, inspec-
tion of the B NMR spectra of the products
proved instructive. Accumulation of electron
density in the boron p orbital is conspicuous
in the product E isomer of the amide de-
rivatives [17.19 ppm (parts per million) for
E-8]. This is indicative of a stabilizing da-
tive (no — p) interaction that is only geo-
metrically viable when the C(sp?)-B bond
rotates out of the plane of the n-system (fig.
S6). This deconjugative contraction of the
chromophore does not manifest itself in
the B NMR spectra of the ester substrates
(30.76 ppm for E-16), which prompted fur-
ther investigation.

It was possible to analyze the substrate and
product antipodes of 8 and 16 by x-ray crystal-
lography (Fig. 3D). Comparison of the starting
isomers Z-8 and Z-16 confirmed the expected
planar chromophore in which the boron group
is conjugated (Fig. 3D, top). Consistent with
the "B NMR studies, a clear dative inter-
action is evident in the amide product E-8
resulting from a 90° rotation of the C(sp?)-
B bond (Fig. 3D, middle). This subtle con-
traction of the n-system would likely raise
the triplet energy and render re-excitation
inefficient. The ester derivative E-16 shows
no dative interaction, but, consistent with
the amide scenario, the boron p orbital is
perpendicular to the alkene n-system and
no longer in conjugation. To further dem-
onstrate the importance of conjugation for
efficient sensitization, the tetra-substituted
precursor Z-29 was investigated. X-ray anal-
ysis revealed that the carbonyl group is out
of plane, thereby rendering excitation in-
efficient. Although tetra-substituted alkenes
are seldom found in polyenes, this substrate
is a useful control.

To validate this isomerization platform in
stereocontrolled polyene synthesis, we investi-
gated the synthetic utility of simple ambiphilic
linchpins in target synthesis and a series of

Molloy et al., Science 369, 302-306 (2020)

downstream manipulations (Fig. 4). Boronic
ester protection to generate the corresponding
trifluoroborate was facile (30; Fig. 4A). Sim-
ilarly, stereospecific cross-coupling to form
diene 31 with alternating geometrical isomers
proceeded in high yields, whereas the use of
2-bromo phenol allowed the rapid generation
of the coumarin scaffold 32. A known covalent
binder in medicinal chemistry, the oxaborole
scaffold (33) could be accessed by standard
reduction conditions. Isomerization enabled
stereodivergent Diels-Alder reactions to gen-
erate the anti-adduct 34 and the syn-adduct
35 (Fig. 4B). Our ultimate goal was to enable
the programmed, stereocontrolled synthesis
of polyenes by using simple, geometrically
defined alkenes (Fig. 4C). Using easily acces-
sible vinyl bromide 36, stereospecific cross-
coupling using (£)- and (£)-2 allowed expedient
access to geometrical isomers (E, E)- and (E, Z)-
37 in high yield and selectivity. Subsequent
reduction to the aldehyde—using the boron-
Wittig reaction, as developed by Morken and co-
workers (42)—followed by bromodeboronation
furnished stereodefined vinyl bromide interme-
diate (E, E, E)- and (E, Z, E)-38 (see supplemen-
tary materials for full details). Suzuki-Miyaura
cross-coupling (43-45) with E-12 proceeded
smoothly to furnish 13-cis-retinoic acid (iso-
tretinoin) after subsequent hydrolysis. The
analogous sequence with Z-12 enabled the
synthesis of 9-cis-retinoic acid (alitretinoin)
(46). This platform for the stereocontrolled
generation of complex polyenes might prove
to be expansive and may facilitate the explo-
ration of these bioactive materials in drug
discovery.
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