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ABSTRACT

Carbyne equivalents represent ideal trivalent carbon synthons, capable of forming C—C and C—X bonds through their three
nonbonded electrons. This unique reactivity profile offers high modularity for rapid assemble complicate molecular scaffolds.
However, the selective introduction of three o-bonds at a single carbon center remains a formidable challenge, owing to the
multifaceted reactivity of the carbyne center. Herein, we report a cascade reaction, which sequentially regulates the radical,
nucleophilic, and electrophilic reactivity of carbyne equivalents under light irradiation. This cascade enables precise spatial and
temporal activation, facilitating the selective and efficient construction of densely functionalized spirocyclic ethers from allylic
and homoallylic acetates, with three o-bonds introduced at the carbyne center. A wide range of spirocyclic ethers bearing diverse
functional groups and structural motifs was obtained with excellent diastereoselectivity, underscoring the capability of carbyne
equivalents for rapid construction of drug-like molecules. The reaction was readily scalable up to 50 mmol, either in batch
mode or using a high-speed circulation-flow reactor. Mechanistic studies, including UV-vis spectroscopy, cyclic voltammetry,
radical trapping, structure-reactivity relationship experiments, isotope labeling, as well as theoretical calculations, provide insights
into the dynamic evolution of reactive intermediates, shedding light on the diverse reactivity of carbyne equivalents in organic
synthesis.

1 | Introduction omy and limited overall efficiency. In contrast, electron-deficient

carbon species such as carbenes [2] and carbynes [3-5] offer

Tetrasubstituted carbon centers are prevalent in natural products,
pharmaceuticals, and functional materials, yet their efficient
and selective construction remains a long-standing challenge in
organic synthesis [1]. Conventional strategies typically involve
stepwise substitution or addition at a central carbon atom,
approaches that, while reliable, often suffer from poor step econ-

unique opportunities for rapid molecular assembly by enabling
the formation of multiple bonds in a single transformation
[6, 7]. Recent advances in the design of stable precursors and
surrogates have made it possible to harness the high reactivity
and short lifetime of carbenes under controlled conditions [8-
10]. Carbyne equivalents, as ideal trivalent carbon synthons,
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theoretically allow the simultaneous formation of three new C—C
or C—X bonds through their three nonbonded electrons, offering
a powerful platform for complexity-generating transformations.

Since the first preparation of a carbyne complex by Fischer in
1973 [11], significant progress has been made in the synthesis of
carbyne equivalents and the modulation of their reactivity. These
carbon intermediates have introduced transformative paradigms
in carbon-centered chemistry, complementing the traditional
monovalent (carbocations, carbanions, radicals) and divalent
(carbenes) carbon intermediates [9]. Among them, a-diazonium
salts (general formula [Y*C( = N,)RX"], where Y = I(IID),
R’,S, R’;N, or pyridinium, and X = OT{, BF,, PF,, Figure 1a),
first reported by Weiss [12, 13], have been widely used as elec-
trophilic reagents [13-18]. Upon activation, carbyne equivalents
can diverge into three distinct reactive species (Figure 1a):
carbon radicals (path A), carbenes (path B), and carbyne radicals
(path C). The convergence of multiple reactivity modes on a
single carbon atom presents a challenge in achieving site- and
sequence-selective bond formation. Programming such multi-
faceted reactivity with spatial and temporal precision remains a
critical bottleneck in the development of efficient and selective
carbyne-mediated transformations.

In recent years, the Suero group has made pioneering contri-
butions by developing various efficient transformations using
carbyne equivalents under transition-metal catalysis [16-19] and
photocatalysis [20-22]. Meanwhile, the groups of Gaunt [23],
Wang [24], Glorius [25, 26], Takashi Ooi [27], and others [28-
32] have significantly expanded the synthetic utility of these
intermediates, enabling applications in C—H functionalization,
skeletal editing, protein functionalization, carbon unit transfer,
and heterocycle synthesis (Figure 1b). Despite these advances,
examples of fully exploiting carbyne equivalents for three o-
bond formation in a single transformation remain scarce, and
typically rely on sequential activation strategies rather than a
single catalytic cascade approach.

Herein, we report a reactivity-programmed cascade strategy
that harnesses the multifaceted nature of carbyne equivalents
under photoinduced single-electron transfer (SET) conditions
(Figure 1b). Upon photo-promoted SET activation, the carbyne
equivalent generates a radical species N, = C(*)-R!, which
undergoes addition to radical acceptors (such as alkenes, arenes,
or imines) to afford diazo intermediate N, = C-R!R?. When
the resulting diazo compound contains an electron-withdrawing
group (e.g., carbonyl, ester, or sulfonyl) at the a-position, the
adjacent carbyne carbon center becomes electronically activated
and functions as a nucleophile [33], enabling reacting with an
electrophile to yield a RIR?R3C—N,* intermediate. The strong
polarization of the C—N bond, induced by the positively charged
N, unit, significantly lowers the lowest unoccupied molecular
orbital (LUMO) energy level of the carbon center, imparting
the potent electrophilic character [34-36]. This facilitates a
subsequent nucleophilic attack, which triggers rapid nitrogen
extrusion, offering both kinetic acceleration and thermodynamic
favorability. Through this sequence, carbyne equivalents exhibit
radical, nucleophilic, and electrophilic reactivity in a defined
order, providing a mechanistic basis for stepwise bond formation
at a single carbon center. By orchestrating these reactive modes
with spatial and temporal precision, this strategy paves the

way toward fully exploiting the synthetic potential of carbyne
equivalents as trivalent carbon synthons for the construction of
three new o-bonds in a single cascade.

Building on this tailored platform, we evaluated several types of
alkenes and carbyne equivalents, ultimately discovering that the
reaction of allylic benzoate substrates with carbyne equivalents
under photoredox conditions afforded densely functionalized
spirocyclic ethers with excellent diastereoselectivity (Figure 1c).
Upon photoinduced SET, the carbyne equivalent releases radical
species N, = C(*)—R (A), which undergoes intermolecular addi-
tion to the alkene, forming intermediate B. The resulting radical is
then oxidized to a carbocation, which undergoes intramolecular
nucleophilic attack by the ester carbonyl oxygen, forming a
carbocation intermediate C. Subsequent intramolecular nucle-
ophilic attack affords the intermediate R;C-N,* (D). This is
followed by neighboring group-assisted C—O bond cleavage and
oxygen [1,2]-shift, concomitant with N, extrusion, generating a
carbocation intermediate E. Finally, water captures E through
a diastereoselective ring-opening to furnish highly substituted
spirocyclic ether products. Oxygen-containing heterocycles are
among the most frequently observed ring systems in FDA (U.S.
Food and Drug Administration)-approved therapeutics and are
predominantly derived from commercially available pyranoses
and furanoses [37, 38]. Notably, such spirocyclic ether scaffolds
are prevalent in numerous bioactive molecules, highlighting
the potential of our approach for direct access to drug-like
structures [39, 40]. This strategy enables a controlled interplay
among the radical, nucleophilic, and electrophilic reactivities
of carbyne equivalents, facilitating the sequential construction
of three new o-bonds within a single reaction system, which
not only significantly enhances molecular complexity but also
demonstrates high synthetic efficiency.

2 | Results and Discussion

Following the discovery of spirocyclic ether formation, we inves-
tigated a range of bench-stable and readily accessible carbyne
precursors capable of generating a-diazo radicals under photore-
dox conditions. Our evaluation employed 1,1-disubstituted allylic
benzoate (1a) as the model substrate, using Ru(bpy);(PF;), as the
photocatalyst, NaHCO, as the base, and CH;CN as the solvent
under white LED irradiation. A variety of carbyne equivalents
were examined, including hypervalent iodine diazo compounds
(2a-2f) and sulfonium triflates (2g-2h). Encouragingly, all tested
reagents furnished the desired spirocyclic ether product 3, with
hypervalent iodonium diazo compound 2a affording the high-
est efficiency, with an 88% isolated yield (Figure 2, entry 1).
Subsequent investigation of photoredox catalysts revealed that
replacing Ru(bpy);(PFy), (E.q* =—0.81V, Eox* =+0.77 Vvs. SCE)
[41] with Ir(ppy); (Ereq™ = —1.73 V, Eox* = +0.31 V vs. SCE) [41]
resulted in a slightly diminished yield of 84% (entry 2), while the
use of the organic photocatalyst 1,2,3,5-tetrakis-(carbazol-9-yl)-
4,6-dicyanobenzene (4CzIPN) (E,.q* = —1.21 V, Eox* = +1.52 V vs.
SCE) [41] significantly lowered the yield to 44% (entry 3). Notably,
Ru(bpy);Cl, (Eeq* = —0.81V, Eox* = +0.77 V vs. SCE) [41] proved
to be a viable alternative to its PF,~ counterpart, delivering a
comparable yield (entry 4). The choice of base influenced the
reaction outcome, with Na,CO; giving a modest decrease in yield
(entry 5). Solvent effects were pronounced: no product formation
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FIGURE 1 | Reactions using carbyne equivalents. (a) Reagent profiles and reactivity characteristics of a-diazonium salts. (b) Applications and
characteristic reactivity of a-diazonium salts. (c) Photoredox-enabled carbyne-equivalent-induced cascade for modular synthesis of spirocyclic ethers.
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FIGURE 2 | Optimization of the reaction conditions. Conditions: 1a (0.1 mmol), 2 (0.15 mmol), Ru(bpy);(PFs), (1 mol%), NaHCO5 (0.2 mmol), and
H,0 (0.2 mmol) in CH3CN (0.1 M), irradiation with a 50 W white LED under an argon atmosphere at 0°C for 2 h. ? Yields were determined by analysis
of the crude 'H NMR spectra using CH,Br, as an internal standard. ? Isolated yields. The dr values were determined by 'H NMR analysis of the crude
reaction mixtures. If not otherwise specified, the dr values of products were >20:1.

was observed in THF (entry 6), and a moderate yield reduction
was noted in acetone (entry 7). Replacing white LEDs with blue
LEDs afforded a comparable yield (entry 8). Control experiments
further confirmed the critical roles of water, photocatalyst, and
light irradiation during the reaction (entries 9-12).

With the optimized conditions in hand, we next examined
the generality of the protocol by investigating a series of
1,1-disubstituted allylic benzoates (Figure 3), beginning with
the influence of substituents at the olefinic R-group. When
R = methyl or phenyl, the reaction proceeded smoothly, afford-
ing the corresponding spirocyclic ethers (3-9) in good yields.
We then systematically explored a wide range of spirocyclic
frameworks derived from allylic benzoates bearing rings of
varying sizes. Remarkably, carbocyclic substrates ranging from
four- to fifteen-membered rings were efficiently transformed
into spiro[n.4]oxanes (n = 3, 4, 5, 7, 11, 14; compounds 10-
15). To further explore the structural diversity of spirocyclic
scaffolds, we introduced a variety of substituents, including
methyl, gem-difluoro, phenyl, and cyclic ketals, on the ring
moiety, which were well tolerated to give a series of functionally
enriched spirocyclic tetrahydrofurans (16-20). These findings
highlight the method’s robust compatibility with both steric and
electronic variations within the cyclic backbone. Heteroatom-
embedded cyclic systems were next evaluated. The inclusion
of an oxetane unit in the allylic benzoate led to the formation
of 2,5-dioxaspiro[3.4]octane (21) in moderate yield (37%). This
reduced efficiency is attributed to the pronounced angle strain of
the four-membered ring, torsional strain from the fused tetrahy-
drofuran, and limited conformational flexibility—factors that
collectively destabilize the “four-on-five” spirocyclic architecture
and render it synthetically challenging [42, 43]. In contrast,
tetrahydropyran-based substrates, irrespective of substitution
patterns, were smoothly converted into dioxaspiro[4.5]decanes
(22-24) in better yields. The scope was further extended to
include nitrogen- and sulfur-containing rings, affording 1-oxa-
8-azaspiro[4.5]decane (25) and 1-oxa-8-thiaspiro[4.5]decane 8,8-

dioxide (26), respectively. These spirocyclic frameworks, char-
acterized by their rigid and preorganized three-dimensional
architectures, are frequently encountered in natural products,
pharmaceuticals, and functional materials, thus highlighting
the synthetic application potential of this methodology. Beyond
cyclic motifs, we also evaluated acyclic allylic benzoates with
both symmetrical and asymmetrical substitution patterns. These
substrates were efficiently converted into densely functionalized
tetrahydrofuran derivatives (27-31). Encouraged by the broad
applicability, we extended the protocol to molecular frameworks
resembling natural products, including cyrene and corodane,
which underwent smooth spirocyclization, delivering architec-
turally complex spiroethers (32, 33) in good yields. Furthermore,
late-stage spirocyclization of 2-adamantanone, norcamphor, and
menthone furnished the corresponding spirocyclic products (34—
36), highlighting the method’s applicability to structurally diverse
substrates and its potential for late-stage functionalization.

Subsequently, we evaluated the aryl group compatibility in the
benzoate moiety of allylic benzoates (Figure 4a). When the allylic
moiety contained a cyclohexyl group, para-substituted aryl esters
bearing different electron-withdrawing groups, iodo (37), triflu-
oromethoxy (38), or methyl sulfone (39) were all successfully
converted to the corresponding 1-oxaspiro[4.5]decanes in 57%-
63% yields. We further examined substituted aryl groups when
the allylic unit was gem-dimethyl substituted. A broad range
of mono-substituted arenes underwent smooth transformations,
regardless of electronic nature, including electron-withdrawing
(-COOMe, 40; -CN, 41; -NO,, 42; -1, 43; -CH,CI, 44; -OCF,,
45), electron-donating (-OEt, 46) substituted arenes. Sterically
hindered ortho-substituted esters all furnished the desired prod-
ucts in good yields (47). Moreover, disubstituted aromatic rings
bearing combinations of methyl, halogen, or strongly electron-
withdrawing trifluoromethyl groups (48-53) were compatible
with the transformation. To further extend the scope of the
aryl substituents, fused ring and heteroaromatic systems were
evaluated, including naphthyl (54) and various five-membered
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FIGURE 3 | Substrate scope for the divergent synthesis of tetrahydrofuran. Reaction conditions:

1 (0.1 mmol), 2a (0.15mmol), Ru(bpy);(PFs),

(1mol%), NaHCOj3 (0.2 mmol), and H,O (0.2 mmol) in CH;CN (0.1 M), irradiation with a 50 W white LED under an argon atmosphere at 0°C for 2h.
The dr values were determined by "H NMR analysis of the crude reaction mixtures. Isolated yields were reported.

heterocycles (55-59), which all underwent efficient conversion to
the corresponding multi-substituted tetrahydrofurans. Notably,
we incorporated a series of biorelevant and pharmacologically
active molecules into the spirocyclic ether framework to show-
case its potential application. These included anthraquinone-2-
carboxylic acid (60), a candidate for antibacterial and anticancer
agents; probenecid (61, 64), a clinically used uricosuric agent
for gout treatment; ataluren (62), a therapeutic for nonsense
mutation readthrough in genetic diseases; 3-methylflavone (63),
investigated for anxiolytic properties; and febuxostat (65), a xan-
thine oxidase inhibitor for hyperuricemia. Lastly, we expanded

the ring system by introducing one additional methylene unit
into the allylic starting materials (Figure 4b), enabling a rapid
and modular synthesis of tetrahydropyran-fused spirocycles,
constructing 1,9-dioxaspiro[5.5]undecane cores (66-70). These
motifs, with their rigid 3D conformation and dense functionality,
are highly valuable in the discovery of pharmaceuticals and
functional materials.

To further expand the scope of this methodology, we systemat-
ically investigated the reactivity of a broad array of structurally
and functionally diverse a-iodonium diazo compounds (Figure 5).
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FIGURE 4 | Substrate scope for the divergent synthesis of tetrahydrofurans or tetrahydropyrans. (a) Evaluation of various benzoates for
tetrahydrofuran synthesis. (b) Evaluation of various benzoates for tetrahydropyran synthesis. Reaction conditions: 1 (0.1 mmol), 2a (0.15mmol),
Ru(bpy);(PFs), (1mol%), NaHCO; (0.2 mmol), and H,O (0.2 mmol) in CH;CN (0.1 M), irradiation with a 50 W white LED under an argon atmosphere
at 0°C for 2 h. The dr values were determined by 'H NMR analysis of the crude reaction mixtures. Unless otherwise noted, product dr values are >20:1.
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FIGURE 5 |

Scope of a-iodonium diazo compounds for the divergent synthesis of densely functionalized tetrahydrofurans. (a) Synthesis of various

2-COOR-tetrahydrofurans. (b) Synthesis of tetrahydrofurans bearing an alkyl ketone, aryl ketone, phosphate, or amide moiety. (c) Synthesis of various 2-
CF;-tetrahydrofurans. Reaction conditions: 1 (0.1 mmol), 2 (0.15 mmol), Ru(bpy);(PFg), (1mol%), NaHCO; (0.2 mmol), and H,0 (0.2 mmol) in CH;CN
(0.1M), irradiation with a 50 W white LED under an argon atmosphere at 0°C for 2 h. The dr values were determined by 'H NMR analysis of the crude

reaction mixtures. If not otherwise noted, the dr values of products are >20:1.

Remarkably, the transformation proved amenable to ester sub-
strates derived from primary, secondary, and tertiary alcohols, as
well as phenols (Figure 5a). These alcohols could be smoothly
converted to the corresponding a-iodo diazo precursors and
subsequently participated in the cyclization cascade to afford
functionalized tetrahydrofurans in good to high yields (71-78).
Of particular interest was the successful incorporation of natural
products such as menthol (72) and borneol (78). Spirocyclic
products bearing aliphatic ketones, aryl ketones, phosphates,
and amides (79-85) were obtained in good to moderate yields
(Figure 5b), further highlighting the robustness and versatility of
this protocol. Notably, this methodology also proved applicable to
trifluoromethylated substrates through the use of a hypervalent
iodonium trifluoro diazo reagent as the carbyne equivalent,
enabling the synthesis of 2-trifluoromethyl-tetrahydrofurans (86)
and structurally diverse CF;-containing spirocyclic ethers (87-

89) in good to excellent yields (Figure 5c). CF;-substituted com-
pounds are of high interest across pharmaceuticals, agrochemi-
cals, and materials science due to their lipophilicity, metabolic
stability, and unique electronic properties [44]. The successful
incorporation of trifluoromethyl substituents to spirocyclic and
heterocyclic scaffolds provides a valuable synthetic entry point
into this underexplored class of fluorinated molecules.

To further demonstrate the synthetic utility of this strategy,
we implemented a circulation-flow platform developed in our
laboratory to evaluate its scalability and efficiency [45]. Compared
to traditional batch conditions, which required 1.5 h to achieve
a good conversion, the transformation at a 50 mmol scale was
completed within 20 min using the circulation-flow platform,
producing over 9 grams of the target product with an isolated yield
comparable to that observed in small-scale reactions (Figure 6).
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FIGURE 6 | Syntheticapplications. (a) Scaling up using a circulation-flow reactor. b. Further diversification of product 27.

In addition, performing the reaction on a 50 mmol scale under
batch conditions afforded the desired product in 53% yield,
demonstrating that the protocol is amenable to scale-up in both
batch and flow modes. These results collectively highlight the
excellent scalability and practical utility of this transformation.
To demonstrate the usage of the synthesized ethers, we explored
post-functionalization of representative product 27. The hydroxyl
group on its backbone provides a versatile handle for derivatiza-
tion. For instance, esterification with a S-amino acid delivered
compound 90, while oxidation using Dess-Martin periodinane
afforded the corresponding ketone 91 in 92% yield. Under acidic
conditions, dehydration gave access to the synthetically valuable
2,5-dihydrofuran scaffold 92. Moreover, Appel reaction with CBr,
yielded the corresponding alkyl bromide 93, and acylation with
ferrocenecarbonyl chloride enabled efficient introduction of the
ferrocene motif via ester formation (94) (Figure 6). Protection of
the hydroxyl group with TBSCI furnished the silyl ether derivative
95 in 61% yield. Additionally, the carbonyl moiety in the product
could be converted into an oxime (96) via condensation with
hydroxylamine hydrochloride (Figure S11). These diverse down-
stream transformations demonstrate the rich synthetic potential
of the spirocyclic ether scaffold, not only as a structurally rigid
and functionalized core but also as a highly valuable intermediate
for further elaboration toward complex and bioactive molecular
targets.

After developing a suitable method for densely functionalized
spirocyclic ethers via the carbyne-mediated cascade, subsequent
efforts were directed towards exploring the reaction mecha-

nism (Figure 7). UV-vis absorption spectroscopy indicated that
both the photocatalyst Ru(bpy);(PF,), and reagent 2a were
photoactive within the emission range of white LED light
sources (Figure 7a). Stern-Volmer analysis demonstrated that
Ru(bpy);(PF,), luminescence could be quenched by 2a but
not by the alkene, suggesting a specific interaction between
the photocatalyst and the diazo compound under the reaction
conditions. Cyclic voltammetry measurements revealed that 2a
(Eq(2a/2a™) = —0.09 V versus SCE in CH;CN) could undergo
a single-electron transfer with the excited-state Ru(bpy);(PFs),
(E,,(Ru*) = —0.81 V) [46] (Figure 7b). When the reaction mix-
ture was irradiated at higher-energy wavelengths (e.g., A, = 467,
427, 390, and 370 nm) in the absence of Ru(bpy);(PFs),, no
product was detected except iodobenzene (Figure 7c). These
results excluded the possibility of direct photoexcitation of 2a.
Radical trapping experiments using 2,2,6,6-tetramethylpiperidin-
1-oxyl (TEMPO) provided evidence for the generation of the
radical intermediate N, = C(*)—COOEt after the single-electron
transfer, as indicated by inhibition of product formation and the
initial formation of a TEMPO-trapped diazo adduct (98-Int),
which subsequently underwent photoinduced N, extrusion and
dimerization to afford the dimeric product (98) in 7% isolated
yield (Figure 7d).

Following these preliminary mechanistic investigations, addi-
tional control experiments were performed to support the sequen-
tial activation of the radical, nucleophilic, and electrophilic
properties of carbyne equivalents, as well as the involvement of
relevant intermediates, as proposed in our design (Figure Ic).
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By varying the substituent (R') on the alkene motif of the
allylic benzoate, we observed differences in product yield—
hydrogen (54%), methyl (88%), and phenyl (93%). This variation
was attributed to the enhanced stability of radical intermediate
B with different substituents, supporting the participation of
this radical species in the reaction pathway (Figure 7e). Further
studies on the cyclization step were conducted by varying the
substituents (R? and R?®) and the carbon chain length at the allylic
position (Figures 7f,g). When either R? or R® was hydrogen, no

desired product was detected, regardless of the identity of the
other group (hydrogen, methyl, or phenyl), and no by-products
were observed in the reaction mixture other than benzoic acid,
which arose from the decomposition of the allylic benzoates.
In contrast, the desired product was successfully obtained when
both were methyl groups. This observation could be rational-
ized by the Thorpe-Ingold (gem-dimethyl) effect [47], where
the disubstitution-induced conformational preorganization facil-
itates intramolecular nucleophilic attack of the carbonyl oxygen
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to the carbocation center, favoring the ring-closing transition
state. Additionally, increasing the number of methylene units
in the allylic chain led to a gradual decrease in yield (n = 0,
62%; n = 1, 44%), with no product observed when the chain
contained two or more methylenes. This trend could be attributed
to enthalpic and entropic factors associated with ring formation.
Five- and six-membered rings experienced minimal ring strain,
enabling effective cyclization. In contrast, the formation of larger
rings was hampered by increased conformational flexibility and
a higher entropic penalty [48, 49]. Collectively, these results
strongly implicate the generation and involvement of the carboca-
tion intermediate B’ and the corresponding cyclized intermediate
during the reaction process. Next, modification of the ester
substituent (R*) (Figure 7h) revealed that a phenyl group gave
the desired product in 69% yield, while cyclopropyl substitution
afforded product 104 in 77% yield. However, benzyl and ethyl
substituents failed to deliver the product. This outcome could
be explained by the ability of the phenyl group to stabilize the
carbocation intermediate E through p-7 conjugation, and the
cyclopropyl group to provide hyperconjugative stabilization via
its bent “banana” bonds [50, 51].

Finally, we used an isotope labeling experiment to determine
which oxygen atom in the product originated from the external
source. When the reaction of 1a and 2a was performed using
H,"™0 instead of H,O, product 107 was obtained, and high-
resolution mass spectrometry (HRMS) analysis showed that
the O to 'O ratio in the product was approximately 2.3:1
(Figure 7i). Conversion of 107 into an oxime 108 using hydrox-
ylamine hydrochloride led to the complete loss of the O label,

suggesting that the oxygen in the carbonyl group originated
from water. These findings provide compelling evidence for
the formation and mechanistic relevance of the carbocation
intermediate E.

Drawing on our mechanistic design and experimental observa-
tions, we employed density functional theory (DFT) calculations
to elucidate the complete energy profiles of this carbyne-mediated
photoredox catalytic reaction (Figure 8). Upon light irradiation,
the photocatalyst Ru(bpy),(PF,), (Ru'!) is prompted to its excited
singlet state (Ru'™S,), which then relaxes to the triplet state
(Ru'™"T,). Hypervalent iodine diazo compound (2a) is reduced by
Ru""T; to generate the radical intermediate (I).

The resulting radical I then adds to the allylic benzoate 1v to
afford radical intermediate (II), overcoming an energy barrier
of around 9.2 kcal/mol (TS1). Computational studies indicate
that intermediate II can be oxidized by 2a with a driving
force of approximately 27.2 kcal/mol to produce the carbocation
intermediate III, while simultaneously regenerating radical I
and thereby initiating a radical propagation process. This mech-
anistic scenario is further supported by a high quantum yield
(¢ = 9.8) (see Supplementary Information), which is indicative
of a radical chain mechanism. Alternatively, for monosubstituted
allylic benzoates, intermediate II can also undergo a [1,2]-
benzoyloxy radical migration to generate a more stable tertiary
carbon radical intermediate (IX), which may then be oxidized
to yield intermediate III (Figure S7) [52]. Subsequently, the
carbocation III is intramolecularly attacked by the carbyne
carbon center, surmounting an activation barrier of around
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19.0 kcal/mol to yield a meta-stable bridged bicyclic intermediate
IV. This intermediate then engages in a concerted process involv-
ing neighboring-group participation and C—O bond heterolysis,
effecting a formal oxygen [1,2]-shift that is energetically favored
by a thermodynamic driving force of roughly 40.4 kcal/mol.
After crossing a three-membered transition state TS3 (barrier:
~4.8 kcal/mol), intermediate IV is converted into a stable inter-
mediate V with concomitant extrusion of molecular nitrogen.
The carbyne fragment functions as an electrophile during this
transformation. Finally, water acts as a nucleophile, attacking
the carbocation of intermediate V to generate the hemiacetal
intermediate VII, assisted by a second water molecule. This
intermediate then undergoes hydrolytic ring opening to yield
intermediate VIIIL. Subsequent deprotonation affords the stable,
densely functionalized ether product (27). In this transforma-
tion, the tetrahydrofuran ring-opening event proceeds within
a conformationally constrained bridged-ring structure, which
restricts the trajectory of the nucleophilic water attack. The
ring strain and geometric rigidity enforce a convex nucleophilic
attack that occurs in a concerted fashion with the cleavage of
the C—O bond, resulting in the hydroxyl and carbonyl groups
being positioned on the same face. This spatial control leads to
excellent diastereoselectivity in the final spirocyclic ether prod-
ucts. Notably, our computational results are highly consistent
with the outcomes of the control experiments. For example, the
calculated thermodynamic stabilities of radical intermediate B for
compounds 22, 3, and 7 increase progressively (Figures 7e and
S8). Similarly, the thermodynamic stability of intermediate E for
27 and 104 is significantly higher than that of the corresponding
intermediate E for 106 (Figures 7h and S9).

3 | Conclusion

In summary, we have developed a multifaceted reactivity pro-
gramming of carbyne equivalents with spatial and temporal
control, enabling the construction of spirocyclic ethers bearing
a wide range of functional groups and structural motifs in a
highly selective manner. Initiated by photoinduced SET pro-
cesses, this cascade reaction sequentially triggers the radical,
nucleophilic, and electrophilic reactivities of carbyne equivalents,
facilitating the formation of three o-bonds at the carbyne carbon
center and rapidly increasing molecular complexity. Control
experiments and DFT calculations further validated the forma-
tion and transformation of key intermediates, providing strong
mechanistic support for the proposed reaction pathway. Overall,
this work not only expands the reactivity landscape of car-
byne equivalents as versatile trivalent carbon synthons but also
establishes a controlled strategy for harnessing complex reactive
species, laying a foundation for the rapid assembly of drug-like
molecules.

Acknowledgments

Financial support provided by the Ministry of Education (MOE) of
Singapore (T2EP10224-0005), the National Research Foundation, the
Prime Minister’s Office of Singapore, under its NRF-CRP Programme
(Award NRFCRP25-2020RS-0002), National Natural Science Foundation
of China (22371200), NUS (Suzhou) Research Institute, Science and
Technology Project of Jiangsu Province (BZ2022056).

Conflicts of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in the
Supporting Information of this article.

References

1. D. J. Newman and G. M. Cragg, “Natural Products as Sources of New
Drugs From 1981 to 2014,” Journal of Natural Products 79 (2016): 629-661,
https://doi.org/10.1021/acs.jnatprod.5b01055.

2. M. P. Doyle, “Carbenes Introduction,” Chemical Reviews 109 (2009):
3209-3210.

3.D. M. Thap, H. E. Gunning, and O. P. Strausz, “Formation and
Reactions of Monovalent Carbon Intermediates. I. Photolysis of Diethyl
Mercuribisdiazoacetate,” Journal of the American Chemical Society 89
(1967): 6785-6787, https://doi.org/10.1021/ja01001a084.

4. O. P. Strausz, G. J. A. Kennepohl, F. X. Garneau, et al., “Formation
and Reactions of Monovalent Carbon Intermediates. III. Reaction of
Carbethoxymethyne With Olefins,” Journal of the American Chemical
Society 96 (1974): 5723-5732, https://doi.org/10.1021/ja008252007.

5. T. B. Patrick and G. H. Kovitch, “Photolysis of Diethyl Mercurybisdia-
zoacetate and Ethyl Diazoacetate in Chloroalkanes,” Journal of Organic
Chemistry 40 (1975): 1527-1528, https://doi.org/10.1021/jo008982043.

6. A. Bino, M. Ardon, and E. Shirman, “Formation of a Carbon-Carbon
Triple Bond by Coupling Reactions in Aqueous Solution,” Science 308
(2005): 234-235, https://doi.org/10.1126/science.1109965.

7. B. Bogoslavsky, O. Levy, A. Kotlyar, M. Salem, F. Gelman, and A. Bino,
“Do Carbyne Radicals Really Exist in Aqueous Solution?,” Angewandte
Chemie International Edition 51 (2012): 90-94, https://doi.org/10.1002/
anie.201103652.

8. A. Ford, H. Miel, A. Ring, C. N. Slattery, A. R. Maguire, and M.
A. McKervey, “Modern Organic Synthesis With a-Diazocarbonyl Com-
pounds,” Chemical Reviews 115 (2015): 9981-10080, https://doi.org/10.
1021/acs.chemrev.5b00121.

9.Z. Wang, A. Herraiz, A. del Hoyo, and M. G. Suero, “Generating
Carbyne Equivalents With Photoredox Catalysis,” Nature 554 (2018):
86-91, https://doi.org/10.1038/nature25185.

10. Y.-L. Su, K. Dong, H. Zheng, and M. P. Doyle, “Generation of
Diazomethyl Radicals by Hydrogen Atom Abstraction and Their Cycload-
dition With Alkenes,” Angewandte Chemie International Edition 60
(2021): 18484-18488, https://doi.org/10.1002/anie.202105472.

11. E. O. Fischer, G. Kreis, C. G. Kreiter, J. Miiller, G. Huttner, and H.
Lorenz, “trans -Halogeno[alkyl(aryl)carbyne]Tetracarbonyl Complexes of
Chromium, Molybdenum, and Tungsten —A New Class of Compounds
Having a Transition Metal-Carbon Triple Bond,” Angewandte Chemie
(International ed in English) 12 (1973): 564-565, https://doi.org/10.1002/
anie.197305641.

12.R.  Weiss, M. Handke, S. Reichel, and F. Hampel,
“Onio-Assistierte ~ Sy2-Reaktionen:  Allgemeiner  Zugang Zu
Symmetrischen und Unsymmetrischen Geminal Bisoniosubstituierten
Methanderivaten/Onio-Assisted Sy2-Reactions: General Access to
Symmetrical and Unsymmetrical Geminally Bisonio Substituted
Methane Derivatives,” Zeitschrift fiir Naturforschung 53 (1998): 599-619,
https://doi.org/10.1515/znb-1998-5-618.

13. R. Weiss, J. Seubert, and F. Hampel, “a-Aryliodonio Diazo Com-
pounds: Sy Reactions at the a-C Atom as a Novel Reaction Type for
Diazo Compounds,” Angewandte Chemie International Edition 33 (1994):
1952-1953, https://doi.org/10.1002/anie.199419521.

14. M. A. Ansari, G. Kumar, and M. S. Singh, “Base Mediated Diaziri-
nation via Iodine(III) Reagents,” Organic Letters 24 (2022): 2815-2820,
https://doi.org/10.1021/acs.orglett.2c00717.

Angewandte Chemie International Edition, 2026

11 of 13

85U8017 SUOWILIOD BAEa.D 8|qeol|dde aup Ag peusenob ae s9olie YO 8sn JO Sa|n 10} A%eud1T8UIUO 8|1 UO (SUORIPUOD-PUB-SWLBIW0 A8 | 1M ARIq 1 BUlUO//SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/c0/6T] Lo A%iqiauliuo A8|iMm ‘odebuls JO AIsRAIUN feuoeN Aq 82G681T @1Ue/Z00T OT/I0p/L0D A8 Arelq1jeuljuo//sdny Wwoly papeojumod ‘0 ‘€22ETZST


https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1021/ja01001a084
https://doi.org/10.1021/ja00825a007
https://doi.org/10.1021/jo00898a043
https://doi.org/10.1126/science.1109965
https://doi.org/10.1002/anie.201103652
https://doi.org/10.1021/acs.chemrev.5b00121
https://doi.org/10.1038/nature25185
https://doi.org/10.1002/anie.202105472
https://doi.org/10.1002/anie.197305641
https://doi.org/10.1515/znb-1998-5-618
https://doi.org/10.1002/anie.199419521
https://doi.org/10.1021/acs.orglett.2c00717

15. C. Schnaars, M. Hennum, and T. Bonge-Hansen, “Nucleophilic
Halogenations of Diazo Compounds, a Complementary Principle for
the Synthesis of Halodiazo Compounds: Experimental and Theoretical
Studies,” Journal of Organic Chemistry 78 (2013): 7488-7497, https://doi.
org/10.1021/jo401050c.

16. L. Jiang, Z. Wang, M. Armstrong, and M. G. Suero, “B-Diazocarbonyl
Compounds: Synthesis and Their Rh(II)-Catalyzed 1,3 C—H Insertions,”
Angewandte Chemie International Edition 60 (2021): 6177-6184, https://
doi.org/10.1002/anie.202015077.

17. E. Palomo, A. K. Sharma, Z. Wang, L. Jiang, F. Maseras, and M.
G. Suero, “Generating Fischer-Type Rh-Carbenes With Rh-Carbynoids,”
Journal of the American Chemical Society 145 (2023): 4975-4981, https://
doi.org/10.1021/jacs.3c00012.

18. E. Palomo, A. Krech, Y. J. Hsueh, Z. Li, and M. G. Suero, “Rh-
Catalyzed Enantioselective Aryl C-H Bond Cyclopropylation,” Journal of
the American Chemical Society 147 (2025): 13120-13125, https://doi.org/10.
1021/jacs.5c02331.

19. W. J. Teo, J. E. Guasch, L. Jiang, B. Li, and M. G. Suero, “Rh-
Catalyzed Enantioselective Single-Carbon Insertion of Alkenes,” Journal
of the American Chemical Society 146 (2024): 21837-21846, https://doi.org/
10.1021/jacs.4c06158.

20. Q. He, Q. Zhang, A. B. Rolka, and M. G. Suero, “Alkoxy Dia-
zomethylation of Alkenes by Photoredox-Catalyzed Oxidative Radical-
Polar Crossover,” Journal of the American Chemical Society 146 (2024):
12294-12299, https://doi.org/10.1021/jacs.4c00867.

21. A. Puggioli, L. Jiang, A. G. Herraiz, et al., “Late-Stage Photoredox-
Catalyzed Aryl C-H Bond Diazomethylation With Atomic Carbon
Reagents,” Journal of the American Chemical Society 147 (2025): 11309-
11317, https://doi.org/10.1021/jacs.5c00045.

22. V. G. Alfonso, K. de la Vega-Hernandez, and M. G. Suero, “Single-
Carbon Insertion Into Single C-C Bonds With Diazirines,” Journal of the
American Chemical Society 147 (2025): 57-62, https://doi.org/10.1021/jacs.
4c12632.

23. M. T. Taylor, J. E. Nelson, M. G. Suero, and M. J. Gaunt, “A Protein
Functionalization Platform Based on Selective Reactions at Methionine
Residues,” Nature 562 (2018): 563-568, https://doi.org/10.1038/541586-018-
0608-y.

24. X. Wang, W.-Y. Tong, B. Huang, et al., “Convergent Synthesis of 1,4-
Dicarbonyl Z -Alkenes Through Three-Component Coupling of Alkynes,
a-Diazo Sulfonium Triflate, and Water,” Journal of the American Chemical
Society 144 (2022): 4952-4965, https://doi.org/10.1021/jacs.1c12874.

25. F.-P. Wu, C. C. Chintawar, R. Lalisse, et al., “Ring Expansion of Indene
by Photoredox-Enabled Functionalized Carbon-Atom Insertion,” Nature
Catalysis 7 (2024): 242-251, https://doi.org/10.1038/541929-023-01089-X.

26. F.-P. Wu, J. L. Tyler, C. G. Daniliuc, and F. Glorius, “Atomic Carbon
Equivalent: Design and Application to Diversity-Generating Skeletal
Editing From Indoles to 3-Functionalized Quinolines,” ACS Catalysis 14
(2024): 13343-13351, https://doi.org/10.1021/acscatal.4c03868.

27. R. Suzuki, T. Ando, F. Deufel, K. Ohmatsu, and T. Ooi, “Photocatalytic
Carbyne Reactivity of Phosphorus Ylides for Three-Component Formal
Cycloaddition Reactions,” Nature Synthesis 3 (2024): 1385-1391, https://
doi.org/10.1038/s44160-024-00612-7.

28. X. Li, C. Golz, and M. Alcarazo, “a-Diazo Sulfonium Triflates: Syn-
thesis, Structure, and Application to the Synthesis of 1-(Dialkylamino)-
1,2,3-Triazoles,” Angewandte Chemie International Edition 60 (2021):
6943-6948, https://doi.org/10.1002/anie.202014775.

29. S. Timmanna and M. Alcarazo, “a-Diazo-A 3 -Iodanes and a-Diazo
Sulfonium Salts: The Umpolung of Diazo Compounds,” Chemical Com-
munications 59 (2023): 8032-8042, https://doi.org/10.1039/D3CC01620J.

30.J.-Y. Dong, H. Wang, S. Mao, X. Wang, M.-D. Zhou, and L. Li,
“Visible Light-Induced [3+2] Cyclization Reactions of Hydrazones With
Hypervalent Iodine Diazo Reagents for the Synthesis of 1-Amino-1,2,3-
Triazoles,” Advanced Synthesis & Catalysis 363 (2021): 2133-2139, https://
doi.org/10.1002/adsc.202001436.

31. M. Das, M. D. Vu, Q. Zhang, and X.-W. Liu, “Metal-Free Visible
Light Photoredox Enables Generation of Carbyne Equivalents via Phos-
phonium Ylide C-H Activation,” Chemical Science 10 (2019): 1687-1691,
https://doi.org/10.1039/C8SC04195D.

32.J. Luo, Y. Li, H. Wang, et al., “Stereodivergent Four-Component
Reactions via Rh-Carbynoids,” Journal of the American Chemical Society
147 (2025): 19458-19464, https://doi.org/10.1021/jacs.5c04924.

33. L. Li, J.-R. Hsu, H. Zhao, and A. R. Ofial, “Nucleophilicities of Cyclic
a-Diazo Carbonyl Compounds,” European Journal of Organic Chemistry
(2023): €202300005, https://doi.org/10.1002/ejoc.202300005.

34. R. Glaser, “Diazonium Ions: A Theoretical Study of Pathways to
Automerization, Thermodynamic Stabilities, and Topological Electron
Density Analysis of the Bonding,” Journal of Physical Chemistry 93 (1989):
7993-8003, https://doi.org/10.1021/j100361a009.

35. R. Glaser, “Diazonium Ions. Topological Electron Density Analysis
of Cyclopropeniumyldiazonium Dications and of Their Stability Toward
Dediazoniation,” Journal of Computational Chemistry 11 (1990): 663-679,
https://doi.org/10.1002/jcc.540110602.

36. C. Deligkaris, E. Millam, E. O. Wade, M. L. Grayer, and D.
M. Wahl, “Physico-Chemical Properties of 4-(Methylnitrosamino)-1-
(3-Pyridyl)-1-Butanone (NNK) Diazonium Ion: A Theoretical Investi-
gation,” RSC Advances 11 (2021): 26750-26761, https://doi.org/10.1039/
DI1RA04343A.

37. M. D. Delost, D. T. Smith, B. J. Anderson, and J. T. Njardarson,
“From Oxiranes to Oligomers: Architectures of U.S. FDA Approved
Pharmaceuticals Containing Oxygen Heterocycles,” Journal of Medicinal
Chemistry 61 (2018): 10996-11020, https://doi.org/10.1021/acs.jmedchem.
8b00876.

38. Y. Chen, C. Rosenkranz, S. Hirt, and J. Kirchmair, “Ring Systems in
Natural Products: Structural Diversity, Physicochemical Properties, and
Coverage by Synthetic Compounds,” Natural Product Reports 39 (2022):
1544-1556, https://doi.org/10.1039/D2NPO0001F.

39.Y. Zheng, C. M. Tice, and S. B. Singh, “The Use of Spirocyclic Scaffolds
in Drug Discovery,” Bioorganic & Medicinal Chemistry Letters 24 (2014):
3673-3682, https://doi.org/10.1016/j.bmcl.2014.06.081.

40. E. Chupakhin, O. Babich, A. Prosekov, L. Asyakina, and M. Krasavin,
“Spirocyclic Motifs in Natural Products,” Molecules 24 (2019): 4165,
https://doi.org/10.3390/molecules24224165.

41. Y. Wu, D. Kim, and T. S. Teets, “Photophysical Properties and Redox
Potentials of Photosensitizers for Organic Photoredox Transformations,”
Synlett 33 (2022): 1154-1179.

42. E. M. Carreira and T. C. Fessard, “Four-Membered Ring-Containing
Spirocycles: Synthetic Strategies and Opportunities,” Chemical Reviews
114 (2014): 8257-8322, https://doi.org/10.1021/cr500127b.

43.S. M. Park, Y. R. Lee, D. W. Kang, H. L. Kim, and C. H. Kwon,
“Conformational Structures of the Tetrahydrofuran Cation Determined
Using One-Photon Mass-Analyzed Threshold Ionization Spectroscopy,”
Physical Chemistry Chemical Physics 19 (2017): 30362-30369, https://doi.
0rg/10.1039/C7CP05646].

44. E. Merino and C. Nevado, “Addition of CF; Across Unsaturated
Moieties: A Powerful Functionalization Tool,” Chemical Society Reviews
43 (2014): 6598-6608, https://doi.org/10.1039/C4CS00025K.

45. C. Liu, L. Song, Q. Liu, et al., “High-Speed Circulation Flow Platform
Facilitating Practical Large-Scale Heterogeneous Photocatalysis,” Organic
Process Research & Development 28 (2024): 1964-1970, https://doi.org/10.
1021/acs.oprd.3c00515.

46. C. K. Prier, D. A. Rankic, and D. W. MacMillan, “Visible Light
Photoredox Catalysis With Transition Metal Complexes: Applications in
Organic Synthesis,” Chemical Reviews 113 (2013): 5322-5363, https://doi.
0rg/10.1021/cr300503r.

47.Y. Zheng and J. Xu, “Thorpe-Ingold Effect and Its Application in
Cyclizations in Organic Chemistry,” Progress in Chemistry 26 (2014):
1471-1491.

12 of 13

Angewandte Chemie International Edition, 2026

85U8017 SUOWILIOD BAEa.D 8|qeol|dde aup Ag peusenob ae s9olie YO 8sn JO Sa|n 10} A%eud1T8UIUO 8|1 UO (SUORIPUOD-PUB-SWLBIW0 A8 | 1M ARIq 1 BUlUO//SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/c0/6T] Lo A%iqiauliuo A8|iMm ‘odebuls JO AIsRAIUN feuoeN Aq 82G681T @1Ue/Z00T OT/I0p/L0D A8 Arelq1jeuljuo//sdny Wwoly papeojumod ‘0 ‘€22ETZST


https://doi.org/10.1021/jo401050c
https://doi.org/10.1002/anie.202015077
https://doi.org/10.1021/jacs.3c00012
https://doi.org/10.1021/jacs.5c02331
https://doi.org/10.1021/jacs.4c06158
https://doi.org/10.1021/jacs.4c00867
https://doi.org/10.1021/jacs.5c00045
https://doi.org/10.1021/jacs.4c12632
https://doi.org/10.1038/s41586-018-0608-y
https://doi.org/10.1021/jacs.1c12874
https://doi.org/10.1038/s41929-023-01089-x
https://doi.org/10.1021/acscatal.4c03868
https://doi.org/10.1038/s44160-024-00612-7
https://doi.org/10.1002/anie.202014775
https://doi.org/10.1039/D3CC01620J
https://doi.org/10.1002/adsc.202001436
https://doi.org/10.1039/C8SC04195D
https://doi.org/10.1021/jacs.5c04924
https://doi.org/10.1002/ejoc.202300005
https://doi.org/10.1021/j100361a009
https://doi.org/10.1002/jcc.540110602
https://doi.org/10.1039/D1RA04343A
https://doi.org/10.1021/acs.jmedchem.8b00876
https://doi.org/10.1039/D2NP00001F
https://doi.org/10.1016/j.bmcl.2014.06.081
https://doi.org/10.3390/molecules24224165
https://doi.org/10.1021/cr500127b
https://doi.org/10.1039/C7CP05646J
https://doi.org/10.1039/C4CS00025K
https://doi.org/10.1021/acs.oprd.3c00515
https://doi.org/10.1021/cr300503r

48.J. Liao, X. Yang, L. Ouyang, Y. Lai, J. Huang, and R. Luo, “Recent
Advances in Cascade Radical Cyclization of Radical Acceptors for the
Synthesis of Carbo- and Heterocycles,” Organic Chemistry Frontiers 8
(2021): 1345-1363, https://doi.org/10.1039/D0QO01453B.

49.J. E. Baldwin, “Rules for Ring Closure,” Journal of the Chemical
Society, Chemical Communications (1976): 734-736, https://doi.org/10.
1039/¢39760000734.

50. J. Clayden, N. Greeves, S. Warren, and P. Wothers, Organic Chemistry
(Oxford University Press, 2011).

51. G. A. Olah, C. L. Jeuell, D. P. Kelly, and R. D. Porter, “Stable
Carbocations. CXIV. Structure of Cyclopropylcarbinyl and Cyclobutyl
Cations,” Journal of the American Chemical Society 94 (1972): 146-156,
https://doi.org/10.1021/ja007562026.

52. G. Zhao, S. Lim, D. G. Musaev, and M.-Y. Ngai, “Expanding Reaction
Profile of Allyl Carboxylates via 1,2-Radical Migration (RaM): Visible-
Light-Induced Phosphine-Catalyzed 1,3-Carbobromination of Allyl Car-
boxylates,” Journal of the American Chemical Society 145 (2023): 8275-
8284, https://doi.org/10.1021/jacs.2c11867.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File 1: anie71868-sup-0001-SuppMat.pdf.

Angewandte Chemie International Edition, 2026

13 of 13

85U8017 SUOWILIOD BAEa.D 8|qeol|dde aup Ag peusenob ae s9olie YO 8sn JO Sa|n 10} A%eud1T8UIUO 8|1 UO (SUORIPUOD-PUB-SWLBIW0 A8 | 1M ARIq 1 BUlUO//SANY) SUORIPUOD Pue SWe 1 8y} 89S *[9202/c0/6T] Lo A%iqiauliuo A8|iMm ‘odebuls JO AIsRAIUN feuoeN Aq 82G681T @1Ue/Z00T OT/I0p/L0D A8 Arelq1jeuljuo//sdny Wwoly papeojumod ‘0 ‘€22ETZST


https://doi.org/10.1039/D0QO01453B
https://doi.org/10.1039/c39760000734
https://doi.org/10.1021/ja00756a026
https://doi.org/10.1021/jacs.2c11867

	Photoinduced Selective Construction of Densely Functionalized Spirocyclic Ethers With Carbyne Equivalents
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


