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Abstract: Energy transfer catalysis (EnT) has had a profound impact on contemporary organic synthesis
enabling the construction of higher in energy, complex molecules, via efficient access to the triplet excited
state. Despite this, intermolecular reactivity, and the unique possibility to access several reaction pathways via
a central triplet diradical has rendered control over reaction outcomes, an intractable challenge. Extended
chromophores such as non-symmetrical dienes have the potential to undergo 2+2 cycloaddition, 4+2
cycloaddition or geometric isomerization, which, in combination with other mechanistic considerations (site-
and regioselectivity), results in chemical reactions that are challenging to regulate. Leveraging spin density as
a predictive tool, in combination with the use of a core functionality that can be adequately tuned to potentially
modulate reactivity, would be highly enabling in revealing the intimate links between core structure and EnT
induced reactivity. Herein, we utilize boron as a tool to explore reactivity of non-symmetrical dienes under EnT
catalysis, paying particular attention to the impact of boron hybridization effects on the target reactivity.
Through this, a highly site- and regioselective 2+2 cycloaddition was realized with the employed boron motif
effecting reaction efficiency. Reaction divergence to enable 4+2 cycloaddition was achieved, while a
counterintuitive regiodivergence was observed in geometric isomerization versus 2+2 cycloaddition. The
observed reactivity was validated via an in-depth mechanistic investigation determining the origin of reactivity
and regiodivergence in competing EnT processes and revealing the intimate links between structure and
reactivity.

INTRODUCTION

The inception of excited-state reactivity paradigms that overcome thermodynamic constraints in the ground-
state have been instrumental in advancing contemporary organic synthesis. Here, light can be harnessed to
facilitate the efficient photochemical or photocatalytic activation of low energy abundant feedstock chemicals
to construct higher in energy, strained complex chemical systems.! In this regard, the light induced 2+2
cycloaddition of alkenes to form cyclobutanes, is perhaps most renown (Figure 1A),% enabling the facile
translation from 2D to 3D chemical space,® constructing up to four contiguous stereocentres in a single process.
Despite these advances, many intractable challenges that plague intermolecular reactivity, persist, often
leading to uncontrolled reactivity/selectivity (Figure 1A, bottom). These challenges include, competing
homodimerization due to self 2+2 cycloaddition,* formation of regioisomers as a result of differences in alkene
approach, and variation in diastereoselectivity attributable to formed radical intermediates.?® Pioneering
research has made notable strides in addressing such limitations enabling catalysis via non-covalent
interactions® or substrate control.” Lewis acids or Brgnsted acids have been leveraged, leading to concomitant
enantioinduction,® while advances in photocatalyst design has seen the inception of quantum dots,® and chiral
frameworks,° to provide a wide platform of compatible precursors that are operational.

The translation to non-symmetrical dienes poses additional aspects that hinder reaction selectivity (Figure 1B,
top). Upon excitation, site-selectivity of a specific alkene is a consideration, while competing reactivity can lead
to reaction divergence, such as, uncontrolled “alkene scrambling”, via geometric isomerization,!* and 4+2
cycloaddition via reactivity at both termini of the diene.!? The result is a complex distribution of products that
is challenging to modulate both photochemically or via EnT.?* To regulate selectivity, the design of non-
covalent interactions is ambitious as reaction pathways are intimately linked to intrinsic reactivity and excited
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state properties of the system. When considering triplet excited states spin density is often leveraged as a
predictive tool for regioselectivity with great effect,!* however, application with non-symmetrical dienes is
comparatively underexplored. The strategic incorporation of a single unit that can be systematically tuned to
display contrasting reactivity would be highly enabling to probe spin density and competing reaction pathways,
providing a user’s guide for future reaction design of non-symmetrical diene systems.

Organoboron species can readily exist in two discrete hybridized forms that exhibit stark differences in excited
state reactivity (Figure 1C, top).%® In its trigonal planar form boron has been shown to enable efficient EnT,*®
due to conjugation of the boron p-orbital, while occupation via a dative interaction forming the tetrahedral
boronate has rendered boron less efficient to sensitization.® In addition, hybridization has been shown to
influence the intrinsic reactivity of a-boryl radicals,'® and consequently, we envisaged this would be an ideal
model system to probe reaction pathways of non-symmetrical dienes. Specifically, we looked to explore if the
boron motif, or hybridization state, has the potential to influence spin density upon excitation to promote
alternative pathways (Figure 1C, bottom), and assess what impact hybridization can have on intrinsic reactivity
of the generated biradical.

Herein we describe the EnT mediated 2+2 cycloaddition of conjugated organoboron systems proceeding with
excellent site-selectivity, regioselectivity and diastereoselectivity (Figure 1D). The judicious choice of a low
energy catalyst system mitigates “alkene scrambling” to limit reaction outcomes to a single geometric isomer.
Systematic analysis of boron substituents unveils a clear relationship between boron species and compatible
alkene coupling partners, while subtle modifications of the core scaffold enabled a divergent pathway to form
preferentially 4+2 cycloadducts. Mechanistic probes revealed a counterintuitive geometric isomerization with
opposite regioselectivity to that of 2+2 cycloaddition, leading to an in-depth computational study to determine
the intimate links between spin density, reactivity and the origin of reaction divergence.
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Figure 1. A) Photochemical 2+2 cycloaddition. B) Intractable challenges in photochemical 2+2 cycloaddition reactions of simple alkenes
and non-symmetrical dienes. C) Exploring boron hybridization as a tool to influence the intrinsic reactivity of 2+2 cycloadditions. D)
Energy transfer catalyzed 2+2 cycloaddition of non-symmetrical borylated dienes.

https://doi.org/10.26434/chemrxiv-2024-3hsm9 ORCID: https://orcid.org/0000-0001-5337-0353 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-3hsm9
https://orcid.org/0000-0001-5337-0353
https://creativecommons.org/licenses/by/4.0/

RESULTS AND DISCUSSION

We initiated our optimization probing the efficiency of diene 1 to undergo 2+2 cycloaddition with styrene 2 in
the presence of a photocatalyst (Table 1). Utilizing a lower energy sensitizer [Ru(dmbpy)s](PFs)2,*8 afforded 2+2
adduct E-3 in appreciable yield and good regio- and site-selectivity (Entry 1). However, significant amounts of
dimer 4 were generated, hindering the targeted reactivity. Implementing sensitizers of higher energy was
detrimental, resulting in formation of geometrical alkene isomer Z-3 (Entries 2 to 4), while also compromising
diastereoselectivity (See ESI for full details). Varying styrene equivalents had little effect in suppressing dimer
formation (Entries 5 and 6). Inspired by recent studies exploiting slow addition to mitigate homodimerization,2®
we next employed a syringe pump to carefully control the concentration of diene 1 (Entry 7). Pleasingly, this
regulated the formation of dimer leading to excellent yields of 2+2 heteromer. Carrying out the reaction under
an air atmosphere supported a triplet EnT process (Entry 8), while control reactions demonstrated that
catalysis is operational (Entries 9 and 10).

Table 1. Optimisation of reaction conditions.?

Photocat. Ph
(0.5 mol%) 7 PinB, _BPin
ph NN BPin 440 nm phrﬂ\ﬂ _ ]
1 MeCN, 16h BPin N
PR 3 4
2
Er E-3 Zz3 4
Entry Catalyst (kealimol) o) oy o)
1 [Ru(dmbpy)s](PFs). 45.3 41 - 26
2 [Ir(ppy)2(dtbpy)]PFe 49.2 20 20 15
3 Ir(ppy)s 55.2 10 30
4 Ir(dFppy)s 60.1
5¢ [Ru(dmbpy)s] (PFe). 45.3 28 - 23
6 [Ru(dmbpy)s](PFe). 45.3 58 - 19
7 [Ru(dmbpy)s](PFs). 453 95 - <5
gef [Ru(dmbpy)s](PFe)2 453 78
95
10%¢ - - trace

a) Standard conditions: 1 (0.1 mmol), 2 (20 equiv), cat. (0.5 mol%), MeCN (0.2 M), rt 16 h, Kessil lamp 10 W. b) Determined by H NMR
spectroscopy against a known internal standard (1, 3, 5-trimethoxybenzene). c) 5 equiv. of 2 was used. d) 50 equiv. of 2 was used. e) 1
dissolved in 0.4 mL added via syringe pump 0.001 mL/min. f) Oxygen atmosphere. g) 370 nm lamp used.

Having established conditions that promote the target reactivity we next set out to determine the scope and
compatibility of the model system (Scheme 1). For all reactions assessed, site-, regio- and alkene E/Z selectivity
was comprehensively in favor of one product. Our model reaction led to the generation of four diasteromers
favoring an anti relationship between aryl and styrenyl substituents and anti for styrene and boron motif (3).
Translation to 1,1-disubstituted styrenes was tolerated in good yield and diastereoselectivity (5), while
electron-rich dienes were also compatible in the ortho, meta and para positions (6 to 8). The incorporation of
heterocycles, such as furan, proceeded in good yield resulting in a slight erosion of diastereoselectivity (9).
Inductively and mesomerically electron withdrawing motifs were also tolerated in the diene scaffold with little
effect on reactivity or selectivity (10 to 14), while modifications of the 1,1-diphenyl ethylene coupling partner
were also effective (15). However, to our great surprise, extending the chromophore to a triene system
activated an alternative reaction pathway generating an intermolecular 4+2, skipped diene product, whose
structure was conclusively determined via x-ray analysis after oxidation. It is pertinent to note at this stage,
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that any deviation away from styrenyl coupling partners resulted in little to no target reactivity, favoring diene
homodimerization (See ESI for full details on unsuccessful substrates).
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Scheme 1. Substrate scope and x-ray of compound 16. a) Reactions were performed in MeCN on a 0.2 mmol scale using diene (1 equiv.),
alkene (20 equiv.), photocat. (0.5 mol%) under 440 nm irradiation (10 W). Diene was added as a solution in MeCN via syringe pump
(0.8 mL, 0.001 mL/min). NMR vyield and d.r. was determined by 1H NMR spectroscopy against a known internal standard (1,3,5-
trimethoxybenzene). b) To aid separation and characterization, the product was isolated after oxidation to the corresponding alcohol.

Although our developed protocol enables expedient access to synthetically useful, complex scaffolds that
contain a boron and alkene handle, efficiency is contingent on the use of a syringe pump and an excess of
styrene to mitigate dimerization. To gain a better understanding of the dimerization process we probed
reactivity in the absence of an alkene coupling partner (Scheme 2). It was found that dimerization was rapid
leading to 36% conversion (of a possible 50%) after only one hour, which we attribute to aggregation effects
in solution (See ESI for full details).® At this stage, it was envisaged that increasing steric parameters, or
modulating intrinsic reactivity of the participating double bond may be beneficial to enhance the desired
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reactivity. The incorporation of an additional BPin handle, diene 17, led to no observed homodimerization after
one hour indicating its unique ability to mitigate dimerization. X-ray analysis of the geminal BPin diene 17
revealed a more sterically congested system, with one BPin motif in the plane and the other perpendicular,
that likely limits aggregation (See ESI for full details).?°

Probing Substituent Effect on Dimerisation
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Scheme 2. Probing substituent effect on homodimerization.

Given the bespoke reactivity in homodimerization, we next assessed non-symmetrical dienes, containing a
geminal BPin, in intermolecular 2+2 cycloadditions (Scheme 3). Subtle modifications enabled reactions to be
carried out using 5 equivalents of alkene coupling partner without the necessity of a syringe pump, further
underpinning the unique reactivity of the geminal system. The reaction was tolerant to modifications of the
diene aromatic ring (18 to 21), generating the cycloadduct in good yield, while incorporation of functionality
in the alkene coupling partner was also effective (22 and 23). The protocol was amenable to simple styrene
and diene coupling partners affording the syn diastereomer as the dominant product (24 to 26). Intriguingly,
in stark contrast to the mono-substituted system 1, electron deficient Michael acceptors were efficient (27).
Electron deficient alkenes were compatible with various dienes including electron-rich (28), electron-poor (29)
and heterocycles (30). Moreover, varied alkenes could be employed, including bulkier acrylates (31),
acrylonitrile (32) and methyl methacrylate (33). The use of a borylated alkene enabled the synthesis of
polyboronate structure (34).1°¢ The scope culminated in the synthesis of bicyclopentane 35,2! granting
expedient access to a 3D framework containing a Weinreb amide, an alkene, and a geminal boronic ester for
further downstream synthetic manipulations.

The boron p-orbital has been shown to serve a prominent role in regulating EnT catalysis.’> As such, we
anticipated that moving to a tetrahedral boronate hybridization state may have an adverse effect on excited
state energy, resulting in reaction inhibition. However, to our surprise, the use of a BMIDA moiety 36 had little
to no effect on reactivity (Scheme 4A),% forming the target cyclobutane 37 with enhanced diastereoselectivity
in comparison to the analogous boronic ester 1. This probe indicates that excitation efficiency is contingent
solely on conjugation of the diene system and is not regulated by the boron p-orbital. Indeed, the reaction was
shown to be comprehensively selective with alternative functionalities (Scheme 4B), including electron
withdrawing groups (38 and 39) or in the absence of any substituent (40). While further reaction probes of
substrate 36 confirmed inefficient homodimerization (Scheme 4b), this also unveiled an unexpected geometric
isomerization process that counterintuitively occurred at the alternative alkene site to that of which 2+2
cycloaddition occurs (Scheme 4b). This result was particularly intriguing, given that comprehensive selectivity
of the E-isomer product is obtained after 2+2 cycloaddition (Scheme 4a). The observed anomaly inspired us to
embark on an in-depth mechanistic analysis to reveal the origin of site selectivity and reaction divergence.
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Scheme 3. Establishing substrate scope. a) Reactions were performed in MeCN on a 0.2 mmol scale using diene (1 equiv.), alkene (5
equiv.), photocat. (0.5 mol%) under 440 nm irradiation (10 W). NMR yield and d.r. was determined by 1H NMR spectroscopy against a
known internal standard (1,3,5-trimethoxybenzene). b) 10 equiv. of alkene was used.

To assess the generality of the geometric isomerization and to ensure the observed regioselectivity was not
unique to BMIDA system 36, alternative dienes were first probed under model reaction conditions (Figure 2A).
Exposing diene 1 to the photocatalyst and light irradiation for one minute resulted in a rapid isomerization,
with identical regioselectivity to that of BMIDA substrate 36. The strategic incorporation of an a-methyl (41)
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A) Probing Boron Hybridization Effect on Reactivity
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Scheme 4. Probing the importance of the boron p-orbital.

and ortho substitutent (42), known to enhance isomerizazion via a buildup of 1,3-allylic strain,? also led to
comparable alkene isomerization. These results instilled confidence that regiodivergence of the two EnT
processes is general. To gain a deeper insight into the reaction profile we next carried out reaction monitoring
(Figure 2B), quantifying the presence of starting material (E),(E)-41 (red), isomerization product (Z),(E)-41
(grey), and 2+2 cycloaddition product 43 (green). Analyzing the initial 15 minutes of the reaction revealed a
rapid alkene isomerization process showing the clean conversion of (E),(E)-41 to (2),(E)-41 with minimal 2+2
cycloaddition observed (Figure 2B, i). However, running the reaction for an extended period demonstrated the
depletion of (2),(E)-41 and formation of cycloadduct 43 (Scheme 2B, ii). It is pertinent to note that during
reaction monitoring, no other geometric isomers of diene starting material or product were detected and
substrates with higher Z:E ratios were slower to undergo 2+2 cycloaddition, which aligns with recent advances
in 2+2 reactions of imine derivatives.?* As a control (2),(E)-41 was synthesized independently and exposed to
the model reaction conditions (Figure 2C). Again, clean translation from (Z),(E)-starting material to
geometrically pure E-isomer product was observed. Further controls were carried out demonstrating that the
employed ruthenium catalyst does not facilitate a Z->E isomerization of the product styrene scaffold (See ESI
for full details). Cyclic voltammetry ruled out possible single electron transfer providing further evidence of a
sensitization activation mode (See ESI for full details). While, these seminal reaction probes unveil the
systematic order in which reactivity occurs, rapid isomerization and slower subsequent 2+2 cycloaddition, they
provide very little in distilling the origin of regiodivergence.

To further assess the observed reactivity, a computational investigation of the reaction was initiated. We
focused on examining the mechanism of the different 2+2 cycloadditions through DFT calculations paying
particular attention to the excellent site-selectivity, regioselectivity and diastereoselectivity. For this purpose,
the mechanistic pathway of cycloadduct 5 formation was explored at the SMD (MeCN)
wB97xD/Def2TZVPP//wB97xD/Def2SVP level of theory in Figure 3 (full computational details can be found in
the Supporting Information). Upon sensitization of substrate, the generated triplet diradical state can undergo
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A) Generality of Geometric Isomerization
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Figure 2. Mechanistic investigation of observed reaction divergence.

a site-selective bond rotation to generate the more stable 31; structure through a minimal free energy barrier
of 1.4 kcal/mol.?® Excited diradical 31z can then return to the ground state to form the corresponding (2),(E)-
isomer via radical recombination. Reexcitation of (2),(E)-isomer with varying efficiency generates a dynamic
photostationary state equilibrium between both geometrical isomers which is substrate dependent. This is in
agreement with the rapid, site selective geometric isomerization observed experimentally for the different
alkenes explored in Figure 2. In the triplet excited state, spin density is primarily located at both termini of the
diene; at the carbon adjacent to boron and delocalized between the aromatic ring and the benzylic position.
While this supports specifically neither isomerization nor 2+2 cycloaddition, rendering spin density as an
inaccurate tool for regioselectivity prediction, it provides an excellent basis for the subsequent step-wise
reactivity that occurs. The more reactive a-boryl radical for both Z and E states can undergo a radical addition
to the double bond of 1,1-diphenylethylene. Interestingly, the addition of the E isomer is much faster than the
Zisomer (AAG* = 4.4 kcal/mol) and the reaction is very exergonic forming preferentially 32¢.anti, and making this
step irreversible, defining the selectivity of the final E product in a Curtin-Hammet scenario, where the less
stable isomer reacts faster than the most stable one. This is consistent with the fact that only one geometric
isomer was observed experimentally. Two different conformers were calculated for this radical addition (see
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Figure S11) and, in both cases, endo-like transition states were more stable than the exo-like ones (10.4 and
14.8 vs 12.8 and 15.9 kcal/mol).

From intermediate 32¢.anti, the ring-closing step was explored. First, the anti and syn isomers were found to be
very close in energy (0.6 kcal/mol). Interestingly, the ring closing transition states in the triplet state for both
isomers were prohibitively high in energy (>30 kcal/mol) due to the loss of conjugation in the diradical system,
forming a 902 C-C single bond and losing the stereochemical information of the double bond, that would result
in a cis-trans mixture of both anti and syn products. However, a Minimum Energy Crossing Point (MECP) was
located, using the easyMECP software,?® for both the anti and the syn isomers before the triplet transition
states at 2.39 A of the C-C bond formation. In both cases, once the triplet->singlet ground state transition
occurs at a conical intersection, the singlet state proceeds thermodynamically downhill to products 'E-Prodani
and 'E-Prodsyn via radical recombination. Again, the higher stability of the MECP.n, due to the reduced steric
hindrance, compared to the MECPs,, 3.0 kcal/mol, aligns with the experimentally observed
diastereoselectivity. Due to the higher excited state energy of the shorter styrene chromophore, reexcitation
of the formed (E)-isomer via EnT is inefficient as supported by control experiments (See ESI for full details).
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Figure 3. Free energy profile of the reaction mechanism at the wB97xD/Def2TZVPP//wB97xD/Def2SVP level of theory. Energies in
kcal/mol and bond distances in Amstrong.

In a bid to demonstrate the power of the developed method, geminal BPin products 18 and 35 were further
derivatized (Scheme 5).?” Oxidation of 18 resulted in a subsequent Bayer-Villiger reaction to afford lactone 44
in high yield, while oxidation of 35 generated bicyclic ketone 45. Base-mediated protodeboronation,?
furnished syn diastereomers 46 and 47 in high yields providing a complimentary approach to the opposite
diastereomer generated under EnT catalysis (Scheme 1).
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Product Derivitization
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Scheme 5. Product derivatization: (a) H20,, THF/H>0, rt; (b) NaBOs*H,0 (5 equiv.), THF, H,0 buffer (pH=7), 0 °C - rt; (c) KOt-Bu (2
equiv.), toluene, 40 °C; (d) KOt-Bu (2 equiv.), toluene, rt.

CONCLUSIONS

In summary, we have developed a site-, regio-, and diastereoselective 2+2 cycloaddition of non-symmetrical
boron containing dienes. Systematic changes of the model system enabled 4+2 cycloaddition via extension of
the chromophore, while the strategic incorporation of an additional boron unit, mitigated aggregation and
enhanced reactivity. Boron hybridization proved to be ineffective, in contrast to current state of the art, in
modulating EnT, yet revealed counterintuitive regiodivergence between geometric isomerization and 2+2
cycloaddition EnT processes. In-depth mechanistic analyses demonstrated a rapid site-selective geometric
isomerization generating a photostationary state equilibrium between isomers, while computational
investigations determined the Curtin-Hammett principle promotes preferential reactivity of the E-biradical
with an alkene to forge specifically the target cycloadducts. Importantly, while spin density is effective in
predicting electron density upon excitation, it’s ability as a predictive tool, in step-wise energy transfer
processes was shown to be obsolete. It is envisaged the developed insights will serve as a blueprint for the
future discovery of divergent platforms utilizing non-symmetrical dienes under EnT catalysis.
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