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ABSTRACT: The [2 + 1] cycloaddition of carbenes with alkenes is widely regarded as one of the most straightforward strategies for
synthesizing cyclopropanes, which are ubiquitous motifs in pharmaceuticals. A significant challenge in cyclopropanation reactions is
managing the high reactivity and inherent safety risks associated with the use of diazo compounds, particularly alkyl-substituted
variants, as carbene precursors. Leveraging metallaphotoredox catalysis, we report the development of a method for ligated boryl
radical-mediated generation of nonstabilized metal carbenes directly from aliphatic aldehydes. Employing B2cat2 as the activating
agent for the carbonyl group, this approach enables the direct use of alkyl aldehydes as nonstabilized carbene precursors, eliminating
the need for substrate prefunctionalization. This protocol features mild conditions, broad substrate scope (>88 examples), and good
functional group tolerance, demonstrating its applicability in diverse cyclopropanation and σ-bond insertion reactions. Preliminary
mechanistic studies have been also performed to elucidate the reaction pathway.

1. INTRODUCTION
The cyclopropane scaffold is a key pharmacophore found in
many drug molecules and biologically active natural products.1

The rigid structure of cyclopropane enhances binding to
biological targets by reducing molecular flexibility, enabling it
to serve as a bioisostere for alkyl and aryl substitutions while
conferring resistance to oxidative metabolism in drug
molecules.2 Figure 1a illustrates representative pharmaceuticals
containing the cyclopropane core structure, which exhibit
varied pharmacological activities. Consequently, the signifi-
cance of cyclopropane as a medicinally privileged scaffold has
driven the development of efficient synthetic methods for rapid
and diverse access. Among current synthetic approaches to
cyclopropane units, [2 + 1] cycloaddition of carbenes and
alkenes is widely regarded as one of the most efficient and
straightforward strategies.3 Despite significant progress in this
field, most synthetic protocols rely on diazo compounds as
carbene precursors�species that are highly reactive and
present inherent safety risks due to potential explosive
decomposition and uncontrolled chain reactions.4 Advances
in carbene chemistry over recent decades have driven the
development of numerous strategies, particularly the use of

stabilized carbene precursors bearing resonance stabilizing
groups (e.g., electron-withdrawing groups or aryl substituents),
enabling safe preparative-scale applications.5 In contrast, since
alkyl-substituted diazo compounds exhibit extreme suscepti-
bility to exothermic spontaneous decomposition,4 the employ-
ment of these nonstabilized carbene precursors requires in situ
generation,6 especially via continuous-flow techniques (Figure
1b).7 Although recent advances have achieved some success in
cyclopropanation reactions by the manipulation of non-
stabilized carbenes from other precursors, including gem-
dihalides, hydrazones and sulfones instead of highly reactive
diazo compounds, the complexity of carbene precursor
preparation and narrow applicability still constrain the
development of these reactions.8 The development of new
methods for converting simple, stable, and easily available
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feedstocks into functionalized cyclic skeletons under mild
conditions remains a formidable challenge.
Carbonyl compounds are fundamental substrates in organic

synthesis, and developing strategies to functionalize aliphatic
carbonyl derivatives represents a frontier of significant interest.
By circumventing traditional reliance on highly reactive diazo
compounds, direct activation of aliphatic aldehydes enables a
paradigm shift for in situ carbene generation�transforming
abundant feedstocks into valuable intermediates.9 Not
surprisingly, recent years have witnessed elegant approaches
to the cyclopropanation reactions from aliphatic aldehydes.
Nagib and co-workers achieved a breakthrough by describing
multistep access to nonstabilized metal carbenes via stable α-
acyloxy halide intermediates.10 This strategy enables safe
handling and reactivity of nonstabilized carbenes (from alkyl,
aryl, and formyl aldehydes) through zinc carbenoid10a,c or ketyl
radical intermediates,10d facilitating versatile cyclopropanation
reactions with diverse alkenes (Figure 1c, upper panel).
However, aliphatic aldehydes require low-temperature pre-
activation to form reactive α-acyloxy halide intermediates,
while superstoichiometric quantities of zinc/manganese as
strong metal reductants are needed to generate nonstabilized
carbenes. The related one-step direct carbonyl activation to

access carbene intermediates still remains unreported. None-
theless, such a synthetic strategy would significantly expand the
scope of carbene chemistry by avoiding the strongly reducing
conditions of the single-electron reduction pathway, and
circumventing the acyl halide activators needed for α-acyloxy
halide-mediated carbene generation (Figure 1c, lower panel).
Recent years have seen rapid advancements in visible light

photocatalysis, a technique that utilizes visible light as a clean
energy source.11 The use of photoredox catalysis has led to
significant progress in the catalytic generation of ketyl radicals
via single electron transfer (SET) reduction, which inverts the
inherent polarity of carbonyl group, converting electrophilic
centers into nucleophilic radicals.12 Strategies like proton-
coupled electron transfer (PCET)13 and carbonyl-metal
complexation14 successfully access ketyl radicals, yet remain
largely limited to easily reducible aromatic carbonyls. Aliphatic
carbonyl activation and functionalization still remains challeng-
ing due to their high reduction potentials.15 To overcome this
limitation and extend the scope to aliphatic carbonyls, we
envisioned a direct activation strategy using organoboron
compounds to directly generate ketyl radicals from aldehydes
(Figure 1d). Initial addition of diboron with pyridine derivative
in DMAc forms redox-active complex (A),16 which undergoes

Figure 1. Inspiration and design for metallaphotoredox-catalyzed cyclopropanation. (a) Cyclopropane motif in molecular drugs. (b) Comparison
between stabilized and nonstabilized carbenes. (c) Cyclopropanation with nonstabilized iron carbenes generated from aldehydes. (d) This work.
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SET-mediated boron−boron bond cleavage to release a ligated
boryl radical. This reactive intermediate enables carbonyl
addition to form ketyl radicals,17 facilitating subsequent radical
addition to iron-porphyrin complex18 and α-oxy elimination to
furnish the desired nonstabilized iron carbene species.19

Herein, we report the successful development of this
metallaphotoredox-catalyzed strategy for ligated boryl radical-
mediated nonstabilized metal carbene formation directly from
aliphatic aldehydes and demonstrate its application in
cyclopropanation and σ-bond insertion reactions (Figure 1d).
It is important to note that this novel approach utilizes iridium-
based photocatalyst under 450 nm visible light irradiation to
facilitate the SET-mediated carbonyl reduction, and circum-
vents the strongly reducing conditions required for traditional
reductive ketyl radical formation. Alternatively, cyclopropana-
tion reaction also proceeds efficiently under 390 nm light
irradiation without external photocatalyst, as the in situ formed
diboron-pyridine adduct (A) could undergo direct photo-
excitation to initiate the SET process.20

2. RESULTS AND DISCUSSION
To validate our hypothesis, we initiated our investigations by
using N-vinylcarbazole (a-19) and benzyloxyacetaldehyde (b-
1) as model substrates in the presence of an iridium-based
photocatalyst and iron(III)-porphyrin complex. After entensive
screening of the reaction conditions, it is encouraging to
observe that the expected cyclopropanation of alkene did occur
to give the desired product c-19 in 90% isolated yield with

6.9:1 diastereomeric ratio (trans:cis), supporting our hypoth-
esis of metallaphotoredox-catalyzed nonstabilized carbene
generation (Table 1, entry 1). Screenings of different bases
showed 2,6-lutidine to be the most effective (entries 2−5).
Despite extensive screening of alternative Lewis acids including
ZnBr2, ZnCl2, FeCl3, TMSCl, or B2pin2 in place of
bis(catecholato)diboron (B2cat2), no detectable formation of
the desired product c-19 was observed (entry 6), which
revealed the crucial role of B2cat2 in activating the carbonyl
group of aldehyde substrate and facilitating the iron carbene
formation. In addition, replacing the Fe(TMPP)Cl catalyst
with Fe(TPP)Cl resulted in a decreased yield to 69% (entry
7), while no desired product was observed if Co(TPP),
Cu(TMPP), or FeCl2·4H2O was employed instead of Fe-
(TMPP)Cl (entries 8−10).21 Intriguingly, conducting the
photoinduced reaction in the absence of iridium-based
photocatalyst, Ir(dF(CF3)ppy)2(dtbbpy)]PF6, yielded c-19 in
only trace amount, whereas substituting blue LEDs (λ = 450−
455 nm) with a 390 nm light source (λ = 390−395 nm)
resulted in a substantial increase in reaction efficiency,
suggesting a distinct activation pathway under purple light
irradiation (entries 11−12).20b,22 Although Fe(TMPP)Cl
catalyst also exhibits visible light absorption at both 450 and
390 nm, the above results indicated that Fe(TMPP)Cl did not
act as a photocatalyst to carry out the single electron transfer
process. At last, control experiments confirmed that B2cat2,
Fe(TMPP)Cl, and light irradiation are all essential for the
desired transformation (entry 13).

Table 1. Optimization Studiesa

aReaction conditions: a-19 (0.1 mmol, 1.0 equiv), b-1 (0.2 mmol, 2.0 equiv), Ir(dFCF3ppy)2(dtbbpy)PF6 (2.0 mol %), 2,6-lutidine (0.15 mmol,
1.5 equiv), B2cat2 (0.2 mmol, 2.0 equiv), Fe(TMPP)Cl (5.0 mol %) in DMAc (1.0 mL, 0.1 M) at room temperature, under Ar atmosphere, 450 nm
LEDs (10 W), 12 h. bYields of isolated products after chromatographic purification. cDiastereomeric ratio (d.r.) determined by 1H NMR
(trans:cis). dDMAc:acetone = 1:1 (1.0 mL, 0.1 M). N.D. = Not detected.
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Scheme 1. Substrate Scope of Alkenea

aConditions A: alkene a (0.1 mmol, 1.0 equiv), aldehyde b (0.2 mmol, 2.0 equiv), Ir(dFCF3ppy)2(dtbbpy)PF6 (2.0 mol %), 2,6-lutidine (0.15
mmol, 1.5 equiv), B2cat2 (0.2 mmol, 2.0 equiv), Fe(TMPP)Cl (5.0 mol %) in DMAc (1.0 mL, 0.1 M) at room temperature, under Ar atmosphere,
450 nm LEDs (10 W), 12 h. Yields of isolated products after chromatographic purification. Diastereomeric ratio (d.r.) determined by 1H NMR
(trans:cis).
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Scheme 2. Substrate Scope of Aldehyde and Trifluoromethyl Cyclopropanea

aConditions A: alkene a (0.1 mmol, 1.0 equiv), aldehyde b (0.2 mmol, 2.0 equiv), Ir(dFCF3ppy)2(dtbbpy)PF6 (2.0 mol %), 2,6-lutidine (0.15
mmol, 1.5 equiv), B2cat2 (0.2 mmol, 2.0 equiv), Fe(TMPP)Cl (5.0 mol %) in DMAc (1.0 mL, 0.1 M) at room temperature, under Ar atmosphere,
450 nm LEDs (10 W), 12 h. Conditions B: alkene a (0.1 mmol, 1.0 equiv), trifluoroacetaldehyde b (0.3 mmol, 3.0 equiv), 4CzIPN (3.0 mol %),
nBu4NHSO4 (0.2 mmol, 2.0 equiv), (o-Tol)3P (tri(o-tolyl)phosphine, 0.25 mmol, 2.5 equiv), Fe(TMPP)Cl (5.0 mol %) in CH3CN (1.0 mL, 0.1
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Substrate Scope. With optimized conditions established,
we explored the generality of this metallaphotoredox-catalyzed
cyclopropanation strategy employing the in situ formed
nonstabilized carbenes. A diverse array of alkenes, including
styrenes, α-heteroatom-substituted alkenes, disubstituted
alkenes, dienes, unactivated alkenes, and electron-deficient
alkenes, reacted efficiently with alkyl aldehyde b under
developed Condition A. Delightfully, this method enables
access to a broad spectrum of cyclopropanes from the
corresponding alkenes, including previously inaccessible
derivatives. As shown in Scheme 1, styrene derivatives bearing
both electron-withdrawing groups (c-2) and electron-donating
groups (c-4 − c-6) exhibited high reaction efficiency and
diastereoselectivity (up to 12.5:1 d.r.) to react with
benzyloxyacetaldehyde (b-1). Notably, the sterically hindered
styrene (c-7), 2-vinylnaphthalene (c-8), 5-vinylindole (c-9),
and N-ethyl-3-vinylcarbazole (c-10) were all successfully
transformed into the cyclopropane products in high yields
and good to moderate trans-selectivity. The protocol further
accommodated heteroaryl-functionalized styrenes, including
thiophene (c-11), benzofuran (c-12), and indole (c-13)
derivatives. Moreover, vinyl ferrocene underwent this metal-
laphotoredox-catalyzed cyclopropanation reaction smoothly to
deliver the desired product c-14 in 81% yield with excellent
diastereoselectivity (>20:1 d.r.), highlighting the versatility of
this strategy for structurally diverse complex molecules. The
reactivity of α-heteroatom-substituted alkenes was also
investigated under the optimized Condition A. To our delight,
enol ethers (c-15 − c-17), enamide (c-18), and enamine (c-
19) all participated efficiently in the reaction, yielding the
corresponding α-heteroatom functionalized cyclopropanes,
which are a class of structural motifs that commonly exist in
bioactive natural products and medicinal scaffolds. The
structure of c-19 was unambiguously determined by X-ray
crystallographic analysis (CCDC 2470832), confirming the
trans-configuration as the predominant form. Furthermore, a
steric evaluation of the reaction scope revealed good tolerance
for disubstituted alkenes. For example, 1,1-disubstituted
styrenes (c-20 − c-22) and vinyl boronate esters (c-23 − c-
24) were suitable for this photoinduced transformation.
Analogously, the more sterically hindered 1,2-disubstituted
alkenes afforded fused bicyclic products c-25�structures
traditionally challenging to access via conventional methods.
In the next series, we shifted our exploration to diverse diene
substrates. Simple buta-1,3-diene (c-26), monosubstituted
dienes (c-27 − c-28), and 1,2-disubstituted dienes (c-29 −
c-30) were all efficiently converted to the corresponding allylic
cyclopropanes, which serve as versatile precursors for further
synthetic applications. It is noteworthy mentioning that this
protocol enabled the preparation of cyclopropanes bearing two
aliphatic substituents (c-31 − c-33) from unactivated aliphatic
alkenes, demonstrating the robust synergy between non-
stabilized carbenes and inert alkene substrates under these
conditions. Furthermore, electron-deficient alkenes (c-34 − c-
35) were also identified as competent carbene acceptors in this
photoinduced [2 + 1] cycloaddition reaction.

To further demonstrate the synthetic utility of our
metallaphotoredox-catalyzed cyclopropanation strategy, we
systematically evaluated its applicability in late-stage function-
alization using alkenes derived from commercial pharmaceut-
icals and natural products. As shown in Scheme 1, our
approach provides a versatile platform for constructing diverse
cyclopropanes bearing medicinally relevant scaffolds. Naturally
derived compounds, including L-menthol (c-37), citronellol
(c-39), diprogulic acid (c-40), estrone (c-41), and citral (c-
42), underwent successful cyclopropanation with aldehydes,
delivering the corresponding cyclopropane products in 55−
80% yields and preferential trans-selectivity. We further
explored the viable terminal alkenes bearing complex
pharmaceutical structural motifs to undergo a photocatalytic
cyclopropanation reaction. Under the standard Condition A,
the use of pharmaceutical derived molecules such as
fenofibrate (c-36), adapalene (c-38), ibuprofen (c-43),
febuxostat (c-44), and oxaprozin (c-45), universally delivers
the cyclopropane-containing analogs with comparable reaction
efficiency and diastereoselectivity.
Having established the metallaphotoredox-catalyzed cyclo-

propanation of alkenes, we next sought to examine a series of
aldehydes to be suitable carbene precursors. As shown in
Scheme 2, simple aliphatic aldehydes were first investigated
under the optimized Condition A. Formaldehyde (c-46),
acetaldehyde (c-47), 3-phenylpropanal (c-48), and 3-phenox-
ypropanal (c-49) readily participated in the photoinduced
cyclopropanation reaction, delivering the corresponding
products in moderate to good yields. Remarkably, the protocol
demonstrated broad functional group compatibility. Halogen-
functionalized aldehydes (c-50), olefin-containing analogs (c-
51 − c-52), hydroxy-substituted aldehyde (c-53), and ester-
bearing substrate (c-54) were all well-tolerated. To our delight,
even Boc- and Fmoc-protected amino aldehydes (c-55 − c-58)
proved compatible under the optimal conditions, affording the
cyclopropanation products. Additionally, aldehydes incorporat-
ing isoindoline-1,3-dione (c-59 − c-60) or carbazole (c-61)
motifs were successfully tolerated, demonstrating the robust-
ness of this methodology.
We next directed our efforts toward generating fluoroalkyl

carbenes as key intermediates for the synthesis of high-value
fluorinated cyclopropanes. These fluoromethylated carbocycles
have gained prominence in medicinal chemistry due to their
enhanced metabolic stability and favorable pharmacokinetic/
pharmacodynamic properties.23 However, conventional strat-
egies to access fluoromethylated cyclopropanes remain con-
strained by reliance on diazo precursors, which introduce
significant safety risks associated with their instability and
explosive potential.24 This limitation underscores the critical
need for alternative methodologies to bypass hazardous
intermediates. Based on the optimized conditions established
earlier, we investigated the possibility of trifluoroacetaldehyde
hydrate as a fluoroalkyl carbene precursor under the developed
metallaphotoredox platform. Unfortunately, application of the
previously optimized Condition A failed to yield the desired
trifluoromethylated cyclopropanes. Recently, photoredox-cata-

Scheme 2. continued

M) at room temperature, under Ar atmosphere, 450 nm LEDs (10 W), 12 h. Conditions C: alkene a (0.1 mmol, 1.0 equiv), aldehyde b (0.2 mmol,
2.0 equiv), 2,6-lutidine (0.15 mmol, 1.5 equiv), B2cat2 (0.2 mmol, 2.0 equiv), Fe(TMPP)Cl (5.0 mol %) in DMAc:acetone = 1:1 (1.0 mL, 0.1 M)
at room temperature, under Ar atmosphere, 390 nm LEDs (10 W), 12 h. Yields of isolated products after chromatographic purification.
Diastereomeric ratio (d.r.) determined by 1H NMR (trans:cis).
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lyzed phosphine-mediated deoxygenation of hexafluoroacetone
hydrate has been established as a robust strategy for the
generation of ketyl intermediates.25 We hypothesized that a
metallaphotoredox-catalytic system in combination with a
phosphine-mediated pathway could enable the utilization of
fluoroalkyl carbenes. With the optimal reaction conditions
established (Condition B), we explored a diverse array of
styrene derivatives (c-62 − c-68) as suitable reaction
counterparts, demonstrating high efficiency and excellent
diastereoselectivity (>20:1 d.r.) with the carbene species
generated from trifluoroacetaldehyde hydrate (Scheme 2).
Enamine (c-69), vinyl boronate esters (c-70) and 1,1-
disubstituted styrenes (c-71 − c-73) were all converted into
the corresponding trifluoromethyl cyclopropanation products
with excellent diastereoselectivity and moderate to good yields.
Late-stage modification of complex organic molecules is the
basis for the evaluation of a practical protocol. Pharmaceutical
scaffolds including fenofibrate (c-74) and estrone (c-75),
along with the terpene derivative L-menthol (c-76), were
smoothly functionalized to afford the corresponding trifluor-
omethyl cyclopropanes in 51−61% yields and >20:1
diastereomeric ratio.
In the pursuit of sustainable and eco-friendly chemical

processes, the research field of photocatalyst-free reactions
triggered by visible light irradiation has attracted increasing
attention.26 Under the developed Condition C, which does not
involve any photocatalyst, we systematically investigated the
substrate scope of structurally diverse alkenes and aldehydes
for the photosensitizer-free visible-light-promoted cyclopropa-
nation reaction (Scheme 2). Styrene (c-10′), enamine (c-19′)
and monosubstituted dienes (c-30′) were all efficiently
converted to the desired cyclopropanic product in moderate

yields under the 390 nm light irradiation. Boc-protected amino
aldehyde (c-55′) and substrate bearing a carbazole moiety (c-
61′) were also well accommodated, delivering the correspond-
ing trans-selective cyclopropanes in 58% and 71% yields,
respectively.
Beyond its cyclopropanation utility, the Fischer-type carbene

character of iron-carbene intermediates enables divergent σ-
bond insertion pathways.27 Building on this concept, we
successfully demonstrated the X−H (X = S, Si, and N) σ-bond
insertion reaction using our metallaphotoredox platform
(Scheme 3, Condition A). We observed the successful
insertion of alkyl aldehydes into S−H bonds, which allows
the synthesis of alkylated thioether products (e-1 − e-8)
directly from thiols and aldehydes. Si−H insertion into alkyl
silane (e-9) occurred smoothly with this metallaphotoredox
platform. Furthermore, N−H alkylation of both triazole (e-10)
and tetrazole (e-11 − e-12) proceeded successfully. The
successful demonstration of σ-bond insertion in these diverse
settings further shows the ability of carbene intermediates to
engage in useful bond formations beyond annulation and
establishes their power as reactive intermediates that may be
effectively harnessed through our photoinduced radical
approach.
Synthetic Application. Having established the metal-

laphotoredox-catalyzed cyclopropanation protocol, we next
sought to evaluate its synthetic utility. As illustrated in Figure
2a, a gram-scale continuous-flow reaction was implemented
under the irradiation of 450 nm blue LEDs (10 W), facilitating
the coupling reaction of styrene derivative (a-3) and Boc-
protected 2-(methylamino)acetaldehyde (b-56) even with a
reduced amount of an iridium-based photocatalyst and an iron-
porphyrin complex. By applying a flow rate of 0.2 mL·min−1

Scheme 3. Substrate Scope of σ-Bond Insertion Reactiona

aConditions A: thiol, silane or amine d (0.1 mmol, 1.0 equiv), aldehyde b (0.2 mmol, 2.0 equiv), Ir(dFCF3ppy)2(dtbbpy)PF6 (2.0 mol %), 2,6-
lutidine (0.15 mmol, 1.5 equiv), B2cat2 (0.2 mmol, 2.0 equiv), Fe(TMPP)Cl (5.0 mol %) in DMAc (1.0 mL, 0.1 M) at room temperature, under Ar
atmosphere, 450 nm LEDs (10 W), 12 h. Yields of isolated products after chromatographic purification.
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and a residence time as short as 5 h, we were able to
successfully translate the batch protocol for cyclopropanation
into a scalable continuous-flow process and scale up the
reaction process by 100-fold. The collected reaction solution,
after workup and purification, afforded the corresponding
trans-cyclopropane product c-56 in 70% yield (2.36 g) and
>20:1 diastereomeric ratio.
Mechanistic Investigation. Cyclic voltammetry (CV)

studies were performed to probe the interaction between
B2cat2 and 2,6-lutidine in this metallaphotoredox-catalyzed
cyclopropanation reaction (Figure 2b). In DMAc solution,
B2cat2 exhibited two distinct oxidation peaks at Ep = +1.19 V
and +1.67 V vs SCE (purple line). Strikingly, upon
introduction of 2,6-lutidine to the B2cat2 solution, the original

oxidation peak at Ep = +1.67 V vs SCE vanished, while a new
oxidation peak emerged at Ep = +0.49 V vs SCE (blue line).
These observations demonstrate a specific interaction between
B2cat2 and 2,6-lutidine. The addition of aldehyde induced no
significant changes in the CV profile (red and green lines),
indicating no detectable interaction between B2cat2 and the
aldehyde. To further elucidate the reaction mechanism,
systematic experimental investigations were conducted. Radical
trapping studies employing 2,2,6,6-tetra methylpiperidin-1-oxyl
(TEMPO) as a radical scavenger concurrently suppressed the
formation of cyclopropanes c-48 and c-62 under the standard
Conditions A and B, respectively. High-resolution mass
spectrometry (HRMS) confirmed the presence of TEMPO-
radical adducts, indicating the radical nature of this photo-

Figure 2. Synthetic applications and mechanistic investigations. (a) A gram-scale synthesis in continuous flow. (b) Cyclic voltammetry (CV)
studies. Cyclic voltammetry studies were performed in DMAc (10 mL) by using glassy carbon as the working electrode, Pt wire as the counter
electrode, and SCE as the reference electrode under Ar at room temperature. Scan rate is 100 mV/s. Black line - 10 mL nBu4NBF4 solution (0.1
M); red line - B2cat2 (20 mM), aldehyde (20 mM), 10 mL nBu4NBF4 DMAc solution (0.1 M); blue line - B2cat2 (20 mM), 2,6-lutidine (15 mM),
10 mL nBu4NBF4 DMAc solution (0.1 M); green line - B2cat2 (20 mM), aldehyde (20 mM), 2,6-lutidine (15 mM), 10 mL nBu4NBF4 DMAc
solution (0.1 M); purple line - B2cat2 (20 mM), 10 mL nBu4NBF4 DMAc solution (0.1 M). (c) Radical trapping experiments. (d) Radical clock
experiments. (e) Stern−Volmer quenching experiments. (f) UV/vis absorption spectra of DMA solutions. Black line - Fe(TMPP)Cl solution (1.25
× 10−5 M); red line - B2cat2 (0.2 M), 2,6-lutidine (0.15 M); blue line - B2cat2 (0.2 M), aldehyde (0.2 M), 2,6-lutidine (0.15 M); green line - B2cat2
(0.2 M), aldehyde (0.2 M); purple line - B2cat2 (0.2 M); brown line - aldehyde (0.2 M); pink line - 2,6-lutidine (0.15 M).
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induced transformation (Figure 2c). Consistent with this
observation, the introduction of 1,1-diphenylethylene (a-20)
with aldehyde b-61 into the photochemical system in the
absence of the iron-porphyrin complex successfully led to the
formation of ketyl radical-addition product f-1 in 23% yield,
with no formation of the cyclopropanation product. Addition-
ally, a radical-clock experiment using (1-cyclopropylvinyl)-
benzene (a-46) under iron-free conditions produced the ring-
opening product f-2 in 15% yield (Figure 2d). The formation
of f-2 was supposed to be achieved through the addition of a
ketyl radical species to alkene a-46 to form intermediate f-3,
followed by a radical-mediated cyclopropane ring-opening
process to generate the terminal alkyl radical species f-4. This
radical intermediate f-4 undergoes intramolecular cyclization
to form 1,2-dihydronaphthalene product f-2. All of these
results in radical-trapping and radical-clock experiments
suggest that the reaction likely involves the generation of
crucial ketyl radical species from the corresponding aldehydes
via B2cat2-mediated reduction.

In addition, Stern−Volmer quenching experiments were
carried out and are shown in Figure 2e. The observations
revealed that the excited-state photocatalyst could be more
effectively quenched by the mixture of B2cat2 and 2,6-lutidine
in DMAc, not by the aldehyde substrate. These observations
collectively support the generation of a ligated boryl radical via
single-electron oxidation of the lutidine-diboron complex.28

Similarly, the most efficient quenching of the excited
photocatalyst under Condition B was achieved by the
triarylphosphine reagent. In order to gain further insight into
the mechanism of the transformation under photocatalyst-free
conditions (Condition C), we began to investigate the
formation of an electron-donor−acceptor (EDA) complex
between 2,6-lutidine and B2cat2 by UV/vis absorption
spectroscopy.29 As shown in Figure 2f, when a DMAc solution
of 2,6-lutidine was treated with B2cat2, a dramatic color change
was observed, and this phenomenon was accompanied by a
bathochromic shift in the absorption spectrum, which is
diagnostic of an EDA complex. Although Fe(TMPP)Cl
catalyst also exhibits visible light absorption at both 450 and

Figure 3. Proposed reaction mechanism. (a) Photoredox-catalyzed cyclopropanation and σ-bond insertion. (b) Photochemical synthesis of
trifluoromethyl cyclopropane.
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390 nm, the control experimental results indicated that
Fe(TMPP)Cl did not act as a photocatalyst to carry out
single electron transfer process.
On the basis of the above observations, two plausible

reaction mechanisms are proposed, as shown in Figure 3. For
the photoredox-catalyzed cyclopropanation and σ-bond
insertion reactions (Condition A), initiation of photoinduced
reaction starts with the formation of complex (A) from 2,6-
lutidine, B2cat2, and DMAc (Figure 3a). Under visible light
irradiation (λ = 450−455 nm), the complex (A) could
reductively quench the excited photocatalyst (PC*) to
generate the radical cation intermediate (B), while generating
the reduced photocatalyst (PC−•) (Condition A). Alterna-
tively, in the absence of an external photocatalyst, the in situ
generated EDA complex (A) can be effectively photoexcited by
purple light (λ = 390−395 nm) to reach the excited
intermediate, which could be oxidatively quenched by the
iron(III)-porphyrin complex (F) to form the radical cation
intermediate (B) and low-valent iron(II) complex (G)
(Condition C). Radical cation (B) undergoes boron−boron
bond cleavage to generate key pyridine-ligated boryl radical
species (C), which would add to the carbonyl group of
aldehyde to form ketyl radical species (D). In parallel,
precatalyst Fe(TMPP)Cl is reduced from Fe(III) to Fe(II)
to generate a reservoir of Fe(TMPP) (E). This iron(II)
complex may readily capture the ketyl radical (D), followed by
a single-electron transfer (SET) process to release a reduced α-
oxy organoiron species (G) while closing the photocatalytic
cycle and regenerating the photocatalyst (PC). The α-oxy
iron(II) complex (G) then undergoes α-elimination to form a
reactive iron carbene intermediate (H) that engages in the
sequential cyclopropanation and σ-bond insertion steps,
delivering the target products and resetting the iron catalyst
to the iron(II) complex (E). In the trifluoromethyl cyclo-
propanation system (Condition B), the excited photocatalyst
(PC*) was reductively quenched by (o-Tol)3P via a single
electron transfer process, generating the reductive photo-
catalyst (PC−) species and (o-Tol)3P•+ radical cation (J), as
shown in Figure 3b. Subsequently, polar nucleophilic trapping
of the (o-Tol)3P•+ radical cation with deprotonated trifluor-
oacetaldehyde hydrate formed the phosphoranyl radical (K),
which facilely underwent β-scission to generate the ketyl
radical intermediate (L). Next, this ketyl radical intermediate
engages in a synergistic interplay of photoredox and iron
catalytic cycles to efficiently construct the trifluoromethyl
cyclopropane product.

3. CONCLUSION
In summary, we have developed a new metallaphotocatalytic
platform that effectively generates alkyl-substituted non-
stabilized carbenes through the merger of iron and photoredox
dual catalysis. This method achieves the direct use of alkyl
aldehydes as carbene precursors in metallaphotoredox catalysis,
eliminating the need for substrate prefunctionalization. The
reaction is proposed to proceed via a ligated boryl radical
addition pathway. Furthermore, this protocol features mild
conditions, a broad substrate scope, good functional group
tolerance, and step economy. Late-stage modification of
structurally complex molecules demonstrates the practicability.
Detailed mechanistic studies�including radical trapping
experiments, Stern−Volmer quenching, cyclic voltammetry,
and UV/vis spectroscopy�support the proposed pathway. We
anticipate that this metallaphotocatalytic strategy will serve as a

powerful synthetic tool for carbene generation from feedstock
chemicals. Further studies based on this dual catalytic manifold
are ongoing in our laboratory.
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