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ABSTRACT:

Dearomative skeletal editing of benzenoids represents a promising yet challenging strategy for the rapid construction of high-
value carbon frameworks from readily accessible starting materials. Blichner reaction is a unique type of dearomatizative ring
expansion that transforms benzenoids into functionalized cycloheptatrienes (CHTs). However, due to challenges in compatibil-
ity and selectivity, achieving seamless integration of this reaction with upgrading transformations within a unified system re-
mains undeveloped. Here, we demonstrated an energy transfer—induced intermolecular dearomative skeletal editing reaction
of benzenoids with a range of electronically diverse alkynes. This protocol employed N-acylimines as diradical precursors to
efficiently construct various formally rearranged heteropropellanes in high chemo-, regio- and diastereoselectivities that have
been previously inaccessible. The challenges related to general reactivity and selectivity issues were circumvented through
smooth merging of the photoinduced Buichner reaction with radical [6+2] cycloaddition. Experimental and computational stud-
ies have been performed to support diradical mechanism and interpret the origins of the observed chemo-, regio- and dia-

stereoselectivities.

INTRODUCTION

As bulk and fundamental chemical feedstocks, benzenoids play important roles in chemistry, materials, medicines, etc.
Due to its inherent aromaticity?, the delocalization of the T-electrons makes it particularly stable, so that many approaches to
benzenoid transformations are concentrated in the functionalization of peripheral C-H or C-X bonds (Fig. 1a)>’. Recently, the
"escape from flatland" concept®?, which transforms planar aromatic rings into three-dimensional (3D) scaffolds, has become a
key strategy in modern drug discovery for optimizing molecular properties and enhancing target interactions. Notably, the
dearomatization has become an increasing cornerstone of the synthetic methodology, serving as a critical tactic for disrupting
molecular planarity'®-14. Especially for benzenoids, a variety of strategies have been developed to achieve their dearomatiza-
tion, such as dearomative hydrogenation?®, Birch reduction'®, dearomatization of phenols'’, transition metal'® or arenophile°-
mediated dearomatizations. These transformations could convert simple benzene derivatives into high-value and synthetically
versatile compounds. However, they still retain the inherent framework of the arenes. The dearomative skeletal editing (DASE)
of the carbon skeleton of benzenoids, while simultaneously increasing the complexity of the framework, is still in its infancy?°-22,

Meanwhile, given the significant applications of propellanes in material science, drug discovery, and natural product
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synthesis?3, the construction of formally rearranged heteropropellanes directly from aromatic rings is of great interest in syn-

thetic chemistry.

As a unique type of expansive dearomatization, Blichner reaction has become a practical and effective strategy for
directly constructing valuable functionalized CHTs from simple aromatic precursors?*. Generally, the Biichner reaction refers
to the cyclopropanation of a double bond of benzenoid with carbene to generate a norcaradiene (NCD) intermediate.
Subsequently, it is transformed into a more stable CHT through electrocyclic rearrangement (Fig. 1b). Since the reaction was
firstly reported by Buichner and Curtius in 18852, significant advancements have been achieved in Blichner reaction through
the rational design of substrates and catalysts to enhance the reactivity and selectivity (Fig. 1¢c)?426-3, For example, the Jiang

group* achieved a photoinduced version of the Blichner reaction by employing light-induced carbene generation. Similarly,
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Fig. 1. Approaches to polycyclic structures through dearomative skeletal editing of benzenoids.

https://doi.org/10.26434/chemrxiv-2024-b5s8r Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-b5s8r
https://creativecommons.org/licenses/by-nc-nd/4.0/

the aza-variants of the Blchner reaction could be accomplished through the generation of nitrenes, resulting in the formation
of the corresponding azepines?829%37, Although these elegant works have extended the breadth of the Blichner reaction, most
efforts have remained focusing on generating the corresponding CHTs and azepines. Accordingly, only a few reports have
tried to explore further transformations of the Bilichner reaction via sophisticated design of the substrates (2D to 3D)32:3338,
Developing a concise and efficient protocol to integrate new transformations with the Blichner reaction will significantly broad-

en the chemical space, thereby increasing structural diversity and expanding its applications.

Energy transfer catalysis (EnT)%%4! has been rapidly developed, enabling traditionally unreactive substrates to be
efficiently transformed through radical intermediates under mild conditions. Considering the current situation, we wonder if the
generated CHT intermediate of Buchner reaction could be transformed into a diradical via energy transfer, enabling its
participation in subsequent reactions and thus overcoming previous reaction limitations. Meanwhile, it remains to be
determined whether a new and atom-economic precursor could be developed to react with benzenoids, replacing traditionally

used carbene precursors.

N-Acylimines are frequently used as precursors in the synthesis of substituted amines*?, amino alcohols*}, and amino
acids*+*°. The majority of these reactions proceed via radical anion intermediates. However, the application of this substance
as a precursor in the Blichner reaction or its involvement as a diradical precursor has not yet been demonstrated. Additionally,
the presence of various diradicals (Fig. S2) could cause counterproductive side reactions with radical receptors (Fig. S3).
Moreover, the equilibrium between the NCD and CHT*® presents another issues in chemo-, regio- and diastereoselectivities
that still need to be addressed. Inspired by the precedent progress on Blichner reaction, we herein developed a protocol of
photochemical dearomative skeletal editing of benzenoids with alkynes under energy transfer catalysis (Fig. 1d). It
demonstrated that N-acylimines could be used as new and atom-economic diradical precursors to facilitate an upgraded

Biichner reaction, seamlessly generating CHT diradicals to create complex three-dimensional polycyclic skeletons.

RESULTS AND DISCUSSION

Reaction optimization. We began our investigation with the use of N-(diphenylmethylene) benzamide (1a) and ethyl 3-
phenylpropiolate (2a) as reaction partners (Table 1). After careful optimization, tricyclo [4.4.2.0%®] product 3 was obtained in
76% isolated yield under standard conditions with PC-1 (2-chloro-9H-thioxanthen-9-one) as a photocatalyst with good chemo-
and regioselectivity (entry 1). The effect of other reaction parameters on this aromatic dearomative skeletal editing was further
evaluated. Varying the wavelength of reaction greatly decreased the yields (entry 2). Moreover, through the investigation of
photocatalysts, only Irf[dF(CF3s)ppy]z[dtbbpy]PFs, Ir(dF-ppy)s, PC-1 and its derived photocatalysts could promote the desired
dearomative skeletal editing (entries 3-5 and Table S1 in Supplementary Information). Additionally, other solvents, such as
ethyl acetate (EA), dichloromethane (DCM), methanol (MeOH) and dimethylsulfoxide (DMSO) led to a substantial decrease in

reaction yields (entries 6-10). Changing different additives and the concentration of the reaction had slightly unfavorable ef-

https://doi.org/10.26434/chemrxiv-2024-b5s8r Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-b5s8r
https://creativecommons.org/licenses/by-nc-nd/4.0/

fects on the yields (entry 11 and Tables S5 and S6 in Supplementary Information). The presence of photocatalyst and light

irradiation were essential in this reaction (entries 12 and 13).

Table 1. Optimization for dearomative skeletal editing of benzenoids

O Ph o PC o) ~“?E’Xh i Cl
1a 2a 3 PC-1
o o o o Et O i
PC-2 PC-3 PC-4 PC-5 PC-6

Entry Deviation from standard conditions 3 (%)?

1 None 95 (76")

2 427 nm, 456 nm, Blue LED 11,4, --

3 [Ru(bpy)s](BFa)2, fac-[Ir(ppy)a], [Mes-Acr](ClOa) -

4 [Ir(dF(CF3)ppy)2(dtbbpy)]PFe 21

5 PC-2,3,4,5,6 56, --, 63, 68, 18

6 EA 34

7 DCM 28

8 DMF 35

9 MeOH 11

10 DMSO 44

11¢ Zn(OAc)2 57

12 w/o PC -

13 dark, 70 °C -

Conditions: 1a (0.20 mmol), 2a (0.50 mmol), PC-1 (0.04 mmol), ZnClz (0.20 mmol), MeCN (0.5 mL), Kessil 390 nm, 40 W, rt,
24 h; 3Determined by HPLC with anthracene as internal standard; Plsolated yield; ¢1a (0.20 mmol), 2a (0.22 mmol), PC-1

(0.02 mmol), Zn(OAc)2 (0.20 mmol), MeCN (2.0 mL).
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Substrate scope. With the optimal conditions in hand, we systematically explored the substrate scope of this dearoma-
tive skeletal editing approach (Fig. 2). A wide range of N-acylimines all underwent smoothly, delivering corresponding formally
rearranged heteropropellanes with excellent chemo- and regio-selectivities. For aromatic ring (R = Arl) conjugated with the
carbonyl group, a series of functional groups, including OMe (4, 7, 9), bromo (5), ester (6) and chloro (8, 10, 11), were well
accommodated irrespective of their substituent positions, providing good opportunities for further transformations. Meanwhile,
the robustness of this protocol was demonstrated by its compatibility with other (hetero)aromatic groups (12-14). Naphthyl (12)
and thienyl (13) groups, which are typically influenced by energy transfer catalysis, remained unaffected under the conditions
of this protocol. Notably, pyridyl group also exhibited good compatibility (14), enabling the construction of a potentially novel
pyridine—oxazoline type ligand in one step. The structural variety of the ligand could be further enriched by changing the sub-
stituents of pyridines and subsequent modifications of the products. The alkyl group could also be applicable to this reaction

when stronger UV light irradiation was used (15), which further expanded the scope of this reaction.

Next, a series of aromatic ring (Ar?) associated with the imine moiety were investigated under the standard conditions (Fig.
2). Gratifying, modifying the position of aromatic ring substituents enabled the selective introduction of different substituents
into distinct positions of conjugated dienes within seven-membered rings (16-22). For example, adjustment of the methyl
group position on the aromatic ring (ortho, meta and para) enabled predictable incorporation into specific positions of the
seven-membered ring moiety (16, 20, 20’ and 22). Similarly, methoxy-substituted conjugated diene units were efficiently as-
sembled (17), enabling the rapid construction of multi-functionalized tropilene derivatives. Notably, halogenated conjugated
diene structural units, which are challenging to construct, could also be accessed using this protocol (18, 19, 21 and 21’). The
presence of OMe group on Ar? could generally give better performance. Moderate to high yields could be obtained for N-
acylimines bearing electron-donating and -withdrawing substituents on the aromatic ring Art (23-31). This further expanded
the structural diversity and functional group variety, facilitating subsequent construction of diverse polycyclic structures.
Furthermore, for unsymmetric imines, selectively dearomative skeletal editing of one of the aromatic ring Ar? was implemented
smoothly (32-37). Substrates bearing a single substituent, either para-methoxy (32), meta-chloro (34), or ortho-methyl (35),
selectively yielded their respective products in high regioselectivities. For para-chloro substrate, the reaction predominantly
proceeding via dearomative skeletal editing of non-substituted aromatic ring (33). Notably, two different substituents could be
introduced simultaneously into conjugated diene structures (36). For different aromatic rings containing substituents with vary-
ing properties, selective destruction of the aromaticity of one of the aromatic rings could also be achieved efficiently (37).
When enones (laj and 1ak3*) were used instead of N-acylimines, no corresponding products were detected (38 and 39). It
indicates that the introduction of the nitrogen atom in the substrate is crucial for this protocol. The assignment of chemo-, re-

gio- and stereoselectivities of this protocol was determined by crystal analysis of representative products 18, 35-37.
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Fig. 2. Substrate scope of N-acylimines. Conditions: 1 (0.20 mmol), 2a (0.50 mmol), PC-1 (0.04 mmol), ZnCl2 (0.20 mmol),

MeCN (0.5 mL), Kessil 390 nm, 40 W, rt, 24 h. Isolated yields were given; 248 h; °No ZnClz, MeCN:DCM = 1:1 (0.5 mL); ¢365

nm, 50 W; 9No ZnCls.
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To expand the application range of substrates, subsequently, a series of alkynes were evaluated (Fig. 3). Fortunately, a
wide range of different substituted phenylpropiolates could be well tolerated in this protocol, irrespective of their electronic
factors (40-48). The positional variation of the substituents had a minimal effect on the reaction (41 vs 46, 44 vs 45). By
slightly changing the reaction conditions, the applicability of the reaction was further extended. 4-Phenylbut-3-yn-2-one
containing both alkynyl and carbony! groups that are susceptible to energy transfer catalytic reaction was also compatible with
this method (49 and 50). Besides, simple phenylacetylene could be well accommodated in this protocol (51). The resulting

trisubstituted alkene was preserved under the reaction condition without undergoing further side reaction.
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Fig. 3. Substrate scope of alkynes. Conditions: 1t (0.20 mmol), 2 (0.50 mmol), PC-1 (0.04 mmol), ZnCl2 (0.20 mmol), MeCN
(0.5 mL), Kessil 390 nm, 40 W, rt, 24 h; 22k (0.60 mmol), PC-5 (0.03 mmol), MeCN (1.0 mL), Kessil 390 nm, 40 W, rt, 24 h;
bia (0.20 mmol), 2k (0.50 mmol), PC-5 (0.03 mmol), Mn(OAc)2 (0.20 mmol), MeCN (2.0 mL), 390 nm, 100 W, rt, 24 h; €2| (1.0

mmol), PC-4 (0.03 mmol), ZnCl2 (0.20 mmol), PrOH (1.0 mL), 390 nm, 50 W, rt, 24 h; Isolated yields were given in all cases.
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Fig. 4. Synthetic derivatizations for constructing polyfunctional polycyclic structures. Conditions: (a) 50 (0.10 mmol), TosMIC
(0.15 mmol), 'BUOK (0.25 mmol), DME (0.6 mL), ‘BuOH (0.2 mL), 0 °C - rt, 6 h; (b) 37 (0.10 mmol), NCS (0.20 mmol),
Sc(OTf)3 (0.10 mmol), DCM (1.0 mL), rt, 18 h; (c) 50 (0.10 mmol), I2 (0.30 mmol), DBU (0.40 mmol), BnOH (0.11 mmol), DCM
(1.0 mL), 0 °C -rt, 16 h; (d) 37 (0.10 mmol), NBS (0.20 mmol), Sc(OTf)s (0.10 mmol), DCM (1.0 mL), rt, 18 h; (e) 50 (0.10
mmol), MePPhsBr (0.36 mmol), ‘BuOK (0.40 mmol), THF (1.0 mL), 0 °C - rt, 12 h; (f) 37 (0.120 mmol), CuBr2z (0.20 mmol), DCM

(0.5 mL), 70 °C, 12 h; (g) 37 (0.10 mmol), MeOH (0.13 mmol), TFA (0.5 mL), DCM (1.0 mL), 70 °C, 8 h.

In order to demonstrate the comprehensive utility of the protocol, various transformations were performed (Fig. 4). Scale-up
reactions for representative compounds 37 and 50 were successfully performed following this protocol, demonstrating its ef-
fectiveness and reproducibility on a larger scale. For product 50 containing methyl ketone structure, the conversion of the
carbonyl to cyano group was achieved through the Van Leusen reaction (52). Take advantage of enol isomerization, a
polycyclic skeleton containing tropilene structural units could be synthesized with 37 serving as the substrate (53, 55, 57-59).
Remarkably, two halogen (ClI or Br) substituents could also be introduced into the alpha position of the carbonyl group at the
same time with the addition of electrophiles (53 and 55). A conjugated diene unit containing both Br and OMe was constructed

by electrophilic substitution (58), and a-bromo-unsaturated ketone structure could be obtained by isomerization of enol (57).

8
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Furthermore, ketone-to-ester transformation was achieved by haloform coupling reaction of 50 with benzyl alcohol (54).
Polycyclic compound containing polyene skeleton could be accessed via Witting reaction (56). The assignment of

stereochemistry of products 53, 55, and 58 was further confirmed through single crystal X-ray crystallography.

Mechanistic investigations. To gain insight into the mechanistic underpinnings of this dearomative skeletal editing protocol,
a series of mechanism experiments were performed (Fig. 5). UV/Vis spectroscopy of the reaction components revealed that
PC-1 was the only light absorbing species around a wavelength of 390 nm (Fig. 5a). This result also excluded the possibility of
direct excitation of 1a or 2a, as well as the formation of a photoexcited EDA complex between la and 2a. In addition, Stern-
Volmer quenching studies clearly demonstrated that 1a quenched the excited photocatalyst (PC-1*), while 2a had no detecta-
ble quenching (Fig. 5b). Light on/off experiments indicated that the irradiation of visible light was indispensable (Fig. 5c). The
corresponding Biichner reaction product 60 could be isolated in the absence of alkyne 2a (Fig. 5d). The side product 61 was
probably formed through the diradical A. The direct excitation experiment with stronger UV light (Amax= 365 nm) of the stand-
ard reaction gave 4% yield after 96 h (Fig. 5e). When the phenyl group was replaced by benzyl group, no corresponding prod-
uct was detected (Table S13), indicating that the reaction was probably initiated by the sensitization of the carbonyl group (via
diradical B). When the intermediate 60 was employed in the reaction, it was found that the corresponding desired product 23
could be obtained only under standard condition. It could not be obtained in the absence of photocatalyst or only heating. On

the contrary, the associated substrate 1t was recovered under thermal condition (Fig. 5f).

Next, a series of photocatalysts with different triplet energies were tested (Fig. 5g). The yields exhibited a general trend of
increasing with the rise in triplet energy, while no relation was found on the redox potentials. The kinetic experiments showed
that Buchner product 60 was predominantly generated in the first half hour, then gradually decreased with time. Meanwhile,
the corresponding product 23 progressively increased over time (Fig. 5h). Subsequently, a series of radical inhibition experi-
ments were carried out (Fig. 5i). The reaction was significantly or completely inhibited by adding a variety of free radical inhibi-
tors (2,2,6,6-tetramethylpiperidinoxy, TEMPO; 5,5-dimethyl-1-pyrroline N-oxide, DMPO; butylated hydroxytoluene and BHT) to
the reaction mixture. These results suggested a radical pathway was probably involved in this reaction. Meanwhile, in the
presence of triplet quencher (Oz or 2,5-dimethylhexa-2,4 diene), the reaction was also greatly or completely inhibited, suggest-
ing that the reaction was most likely mediated via energy transfer catalysis. Notably, in the presence of DMPO, a nhew com-
pound with [M+H]* of 489.2359 was detected (Fig. S10). Therefore, radical trapping experiments were carried out (Fig. 5j).
When DMPO was used as the spin trapping reagent*’, two interesting products (62 and 63) of the reaction of 1t with DMPO
could be isolated and verified by X-ray crystallography. It indicated that the reaction probably took place via diradical interme-

diate.
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Fig. 6. Reaction mechanism

Based on the aforementioned mechanistic studies and further DFT calculations, a plausible energy transfer mechanism is
shown in Fig. 6. Visible light excited PC sensitizes N-(diphenylmethylene) benzamide (1a) by EnT, which subsequently pro-
duces the diradical 2A. Then the oxygen radical of 3A attacks the benzene ring to produce the corresponding dearomatic
diradical intermediate 3B via 3TS1. The intersystem crossing of the generated triplet 1,3-diradical allows subsequent radical-
radical recombination to produce the corresponding NCD intermediate D via 'TS2 (AG2* = 4.8 kcal/mol). Moreover, the for-
mation of 1D via the generation of the corresponding carbene 3C followed by the Biichner reaction is excluded ((TS2’, AG2>* =
19.7 kcal/mol). Afterwards, the norcaradiene D undergoes electrocyclization rearrangement to generate CHT intermediate E.
Subsequently, the excited PC sensitizes E by EnT and the resulting triplet state 3E approaches ethyl 3-phenylpropiolate (2a)
to form an exciplex 3F. This exciplex results in the formation of first C—C bond between 3E and alkyne 2a, which determines
the regioselectivity. Furthermore, the process of directly obtaining 3E from sensitized D is not feasible (via 3TS3, AGz* = 14.7
kcal/mol, Fig S11). DFT calculations disclose that the transition state in which the pure carbon radical of 3E engages 2a in the

2-position is thermodynamically most favorable (AG4* = 8.9 kcal/mol), leading to the observed regioisomer. Other regional
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isomers are required to overcome higher free energy barriers, 13.1 kcal/mol (via 3TS4) and 14.6 kcal/mol (via 3TS4”). The
resulting intersystem crossing of the triplet 1,5-diradical allows subsequent cis-selective radical-radical recombination as a
diastereoselective determining step, resulting in final dearomative skeletal editing product 3. Meanwhile, both theory and ex-
periment excluded the possibility of the [6+2] cycloaddition of 1E and 2a in the ground state to obtain the target product 3 (via

1TS4, AG4* = 23.4 kcal/mol).

CONCLUSION

In conclusion, a general strategy for dearomative skeletal editing of benzenoids has been developed by smooth merging
of the photoinduced Biichner reaction with radical [6+2] cycloaddition. The generation of critical dearomative cycloheptatriene
diradical is contingent upon the strategic design of diradical precursors and the sequential iteration of diverse diradical species.
This strategy features excellent chemo-, regio- and diastereoselectivities and broad functional group tolerance. A series of
structurally diverse polycyclic frameworks can be obtained simply by modifying the substituents on the aromatic ring. The ex-
perimental and computational results indicate that the rapid iteration of multiple diradicals and their matching with alkynes is
crucial for achieving highly selective dearomatization and skeletal editing of benzenoids. Synthetic derivatizations further

prove the practicability of the strategy.
METHODS

General procedures for the synthesis of desired dearomative skeletal editing products. In a glove box, an oven-dried 4
mL vial was charged with 1 (0.20 mmol), alkyne (0.50 mmol), PC-1 (0.04 mmol), MeCN (0.5 mL), ZnCl2 (0.20 mmol) at room
temperature. The reaction tube was sealed with a Teflon screw cap, removed from the glove box. Then, the reaction mixture
was stirred at rt under Kessil 390 nm (40 W) for 24 hours. And the crude reaction mixture was purified by column
chromatography on silica gel using petroleum ether and ethyl acetate to afford the corresponding product. Notes: as for alkyne
2k, PC-5 (0.03 mmol), MeCN (1.0 or 2.0 mL), Mn(OAc)2 (0.20 mmol); as for alkyne 2|, PC-4 (0.03 mmol), ZnClz (0.20 mmol),

'PrOH (1.0 mL), 390 nm, 50 W.
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