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ABSTRACT: The controllable divergent reactivity of 1,3-dicarbonyls is
described, which enables the efficient hydro- and oxoalkylation of vinyl
arenes. Both reaction pathways are initiated through the formation of
polarity-reversed C-centered-radical intermediates at the active methylene
center of 1,3-dicarbonyls via direct photocatalytic C−H bond trans-
formations. The oxoalkylation of alkenes is achieved under aerobic conditions
via a Cu(II)-photomediated rebound mechanism, while the corresponding
hydroalkylation becomes possible under a nitrogen atmosphere by the
combination of 4CzIPN and a Brønsted base. The breadth of these divergent
protocols is demonstrated in the late-stage modification of drugs and natural
products and by the transformation of the products to a variety of
heterocycles such as pyridines, pyrroles, or furans. Moreover, the two catalytic
modes can be combined synergistically for the stereoselective construction of
cyclopentanol derivatives in a formal [4+1]-annulation process.
KEYWORDS: cyclopentanols, divergent synthesis, enolate oxidation, photoredox catalysis, synergistic catalysis,
visible-light-induced homolysis

■ INTRODUCTION
The development of mild and economic methods to selectively
construct significant and high-value molecules from simple
synthons is of fundamental interest in the field of synthetic
chemistry.1 In this regard, divergent synthesis serves as an
appealing yet challenging strategy that enables selective access
to diverse scaffolds from the same starting materials, which in
turn allows the charting of wider chemical space and the
unveiling of distinct mechanistic paradigms.2 The switch of
reaction pathways can be controlled by subtle variations of
catalysts or other parameters (additives, solvents, temperature,
aerobic or inert gas, etc.). Until now, divergent reactions have
been developed mostly using transition metals2a−d and
organocatalysis.2e,f However, despite this remarkable progress,
the exploitation of the photodivergent methodology is still
largely underexplored but highly desirable.3

Over the past decade, visible-light photoredox catalysis has
emerged as a powerful platform for the generation of
synthetically versatile radical intermediates via single-electron
transfer, thus allowing for facile reactions under mild
conditions.4 Accordingly, excellent approaches toward the
direct functionalization of alkenes have been achieved on the
basis of this catalytic mode. Representative examples are
visible-light-driven atom transfer radical additions (ATRAs),5

or Giese reactions6 in which the in situ generated radical

species undergo an addition process to polarity-matched
alkenes.
Our approach relied on the idea that such reactions could be

initiated by generating a radical intermediate via visible-light-
mediated single-electron oxidation of a C−H bond that would
add to an alkene to produce intermediate A (Scheme 1). The
feasibility of developing a photodivergent ATRA reaction
pathway is affected by the ability of the reduced photocatalyst
to achieve the reduction of incipient radical A. If this is
possible, the hydrofunctionalization of alkenes could be
achieved in a redox-neutral fashion (path a), while the inability
of the reduced photocatalyst to transform A into B calls for an
external oxidant (e.g., O2), leading to the oxofunctionalization
(path b).
1,3-dicarbonyls serve as one class of readily available and

versatile synthons in alkylation reactions by accessing radical
intermediates from C−H bond transformation under photo-
catalytic conditions.7 For instance, in 2020, Yamashita,
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Kobayashi, and co-workers reported the monohydroalkylation
of styrenes with malonates.7a The key to the success was
attributed to the use of a Brønsted base−photocatalyst hybrid
system to convert malonates to electrophilic alkyl radicals.
Later on, Funes-Ardoiz, Ye, and colleagues further extended
this methodology to unactivated olefins through dual visible-
light photocatalysis and HAT (hydrogen atom transfer)
catalysis.7b In this case, borane-radical-precursors and thiols
are employed as external HAT catalysts. Despite these
advances, the twofold oxoalkylation and the corresponding
hydroalkylation have not been achieved yet. Herein, we
describe the successful execution of the approach outlined in
Scheme 1 by the development of a photocatalytic divergent
strategy for oxo- and hydroalkylation of vinyl arenes with 1,3-

dicarbonyls (Scheme 2A), which culminates in the combina-
tion of the two catalytic pathways in a synergistic way to arrive
at a new five-membered ring-annulation methodology for the
diastereoselective synthesis of cyclopentanols (Scheme 2A).

■ RESULTS AND DISCUSSION
Having previously achieved visible-light-driven Cu(II)-cata-
lyzed oxoazidination of alkenes,8 we aimed to develop an
analogous oxoalkylation of enolates derived from 1,3-
dicarbonyl substrates via visible-light-induced homolysis
(dissociative LMCT) of Cu(II)-complexes (Scheme 3).4b,9

Seminal work on the Cu(II)-induced oxidation of enolates was
reported under thermal reaction conditions by Saegusa et al.10

but has not been explored well till date, which might be a
consequence of the slow reaction rate in the key oxidation step.
Alternatively, we questioned if a dihydroalkylation reaction of
vinyl arenes via photooxidation of enolates with a strongly
oxidizing and reducing organo photocatalyst could be
developed, i.e., switching the photochemical reactivity by the

Scheme 1. Photodivergent ATRA: Mechanistic Blueprint

Scheme 2. Photodivergent Oxoalkylation and Hydroalkylation of Alkenes with 1,3-Dicarbonyls

Scheme 3. Concept of Visible-Light-Induced Homolysis
(Dissociative LMCT) of Cu(II)-Complexes
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choice of the catalyst and thereby establishing a photo-
divergent alkene functionalization.
We hypothesized that the key 1,3-dicarbonyl radical

intermediate III could arise from visible-light-induced
homolysis of Cu(II)-substrate complex I (Scheme 2B, left)
or via single-electron oxidation of the enolate anion II by the
excited-state photocatalyst 4CzIPN* (Scheme 2B, right).
Subsequently, the radical species III adds to the vinyl arene
to afford the benzylic radical IV. Radical IV next undergoes a
single-electron reduction by the reductive state of the
photocatalyst 4CzIPN•− (E1/2 = −1.21 V vs SCE in
MeCN)11 and the protonation process to provide the
hydroalkylated product VII. On the other hand, given the
lower oxidation potential of Cu(I) (E1/2 = −0.25 V vs SCE for
[CuI(dap)2]Cl, and −0.36 V vs SCE for [CuI(dmp)2]Cl, see
the Supporting Information), the direct reduction of the
radical species IV is not possible but requires molecular O2 as
an external oxidant to give rise to the oxoalkylated product
VIII via a peroxo copper species VI.
Using commercially available diethyl malonate (1a) and

styrene (2a) as model substrates, the desired diethyl 2-(2-oxo-
2-phenylethyl)malonate 3 could indeed be obtained in 70%
yield by employing Cu(II) (i.e., [CuII(dap)Cl2]) photocatalyst
(PC, 1 mol %) under blue LED irradiation and aerobic
conditions (Table 1, entry 1, for further screening details, see
the Supporting Information). When the Cu(I) (i.e.,
[CuI(dap)2]Cl) photocatalyst (PC, 1 mol %) was used, 3
could also be obtained in 72% yield, in agreement that Cu(II)
is easily formed in situ from Cu(I) under aerobic conditions
(E1/2 = −0.25 V vs SCE; Eox = +0.33 V for molecular oxygen).8
Other Cu-photocatalyts, including [CuI(dmp)2]Cl and
[CuII(dmp)2Cl]Cl also performed well; however, with slightly
reduced yields (Table 1, entries 3 and 4). No conversion was
observed with other commonly used photocatalysts (see the
Supporting Information for details). Attempting to facilitate
the formation of the enolate of 1a by adding K3PO4 in
stoichiometric quantities inhibited the transformation com-
pletely (Table 1, entry 5). Moreover, no conversion of the
starting materials either to the oxoalkylated 3 or the
hydroalkylated product 4 was observed under a N2 atmosphere
using the Cu(I) or Cu(II) photocatalyst (Table 1, entries 6−
7).
On the other hand, the twofold hydroalkylation of styrene

(2a) with diethyl malonate (1a) to give rise to diethyl 2,2-
diphenethylmalonate 4 was achieved in 74% yield using
4CzIPN as the photocatalyst (PC, 1 mol %) and K3PO4 as the
base (1.0 equiv) in CH3CN under blue LED irradiation (Table
1, entry 8). The addition of a substoichiometric amount of
K3PO4 (0.2 equiv) was also found to be effective for the
reaction, furnishing the desired product 4 with a slightly
reduced yield (Table 1, entry 9). The use of anaerobic
conditions and a base (entries 11−12) was found to be
necessary, distinctively differentiating this protocol from the
Cu-catalyzed conditions described above. Control experiments
revealed that employing a photocatalyst and visible-light
irradiation is essential for both reaction pathways.
With the optimized conditions in hand, we explored the

scope of the photodivergent process (Tables 2 and 3). We
corroborated that a range of 1,3-dicarbonyls were appropriate
substrates for the oxoalkylation of vinyl arenes (Table 2).
Acyclic malonates were tolerated to afford mono-oxoalkylated
products (Tables 2, compounds 3 and 5−8), while for cyclic
malonate only the dioxoalkylated product 9, confirmed by

single-crystal X-ray diffraction analysis, could be obtained.12

Switching to ketoesters and diketones a cleaner reaction was
observed under purple LED irradiation using [CuI(dmp)2]Cl
or [CuII(dmp)2Cl]Cl as the photocatalyst to provide 10−14.
The reduced efficiency in these cases is due to the formation of
a considerable amount of De Mayo products13 (see the
Supporting Information). Moving to cyano derivatives in the
1,3-dicarbonyl moiety results in the dioxoalkylation to give rise
to 15−19.14 Of note, mono-oxoalkylation of 1,2-dihydronaph-
thalene and malononitrile occurred to afford 20, showing the
effect of steric hindrance. To further explore the types of
functionalization patterns amenable to this strategy, we looked
at substituted cyanoesters and malononitriles to access
unsymmetrical oxoalkylated products 21−23. Offering ethyn-
yl-4-vinyl benzene to the established reaction conditions, a

Table 1. Reaction Developmenta

aCondition A: 1a (1 mmol, 2 equiv), 2a (0.5 mmol, 1 equiv),
[CuII(dap)Cl2] (1 mol %), MeCN (0.05 M), blue LED, air, rt, 48 h
and Condition B: 1a (0.1 mmol, 1 equiv), 2a (0.3 mmol, 3 equiv),
K3PO4 (1 equiv), 4CzIPN (1 mol %), MeCN (0.05 M), blue LED,
N2, rt, 24 h. bDetermined by NMR analysis using 1,1,2,2-
tetrachloroethane or 1,3,5-trimethoxybenzene as an internal standard.
c2a (0.1 mmol, 1.0 equiv).
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Table 2. Scope of the Oxoalkylation Processa

aReaction conditions: b1 (1 mmol, 2 equiv), 2 (0.5 mmol, 1 equiv), [CuI(dap)2]Cl or [Cu(dap)Cl2] (1 mol %), MeCN (0.05 M), blue LED (455
nm), air, rt, 48 h; c1 (1 mmol, 2 equiv), 2 (0.5 mmol, 1 equiv), [CuI(dmp)2]Cl or [CuII(dmp)2Cl]Cl (1 mol %), MeCN (0.05 M), purple LED
(390 nm), air, rt, 48 h; d1 (1 mmol, 2 equiv), 2 (0.5 mmol, 1 equiv), [CuI(dmp)2]Cl or [CuII(dmp)2Cl]Cl (1 mol %), MeOH (0.05 M), blue LED
(455 nm), air, rt, 48 h; e1 (0.4 mmol), 2 (0.2 mmol), MeCN/DCM/CHCl3 (1:1:1); yields are of the isolated products.
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chemoselective reaction was observed only at the styrene
double bond to afford compound 24 in good yield.
We next evaluated the scope of the vinyl arenes in the

dioxoalkylation reaction with ethyl cyanoacetate 1b, which will
enable the preparation of a large panel of 1,5-dicarbonyls, a
fundamental structural building block for the assembly of five-
and six-membered carbo and heterocycles and also found as
constituents in many natural products and pharmaceuticals.15

Vinyl arenes decorated with both electron-donating and
electron-withdrawing substituents in the para position
provided desired dioxoalkylated products in high yields (30−
39, Table 2). We further checked the positional bias on the
arene moiety, and gratifyingly meta- and ortho-substituted vinyl
arenes exhibited significant competency in this transformation
(25−29 and 40). To complement the amenable set of vinyl
arenes, groups like benzyl chloride (30) and TMS (31) were
well tolerated under the experimental conditions. In addition
to a variety of styrenes, polyaromatic 4-vinylbiphenyl and 2-
vinylnaphthalene were also accommodated, albeit selective
mono-oxoalkylation was observed in the latter case, possibly
due to steric hindrance (39 and 41). The vinyl arene derivative
adorned with a substituent in the β-position of the styrene

selectively gave rise to the monoadduct 42 with high
diastereoselectivity.
Next, we inferred that the mildness of our protocol can

permit the late-stage application, thus offering access to high
levels of possible chemical diversification. In this regard, a
representative number of substrates derived from natural
products, i.e., estrone (43, 45), (-)-menthol (44, 47), and
drugs, i.e., fenofibrate (46), naproxen (48), ketoprofen (49),
and theophylline (50) successfully underwent oxoalkylation
(42−87%).
We also explored the generality of the hydroalkylation of

styrenes (Table 3) under the conditions established for the
synthesis of 4 (Table 1). A broad range of substituents on the
phenyl ring of vinyl arenes, such as electron-donating and
accepting groups in the ortho-, meta-, or para-positions could
be tolerated to afford products 51−58 (up to 98%). Notably,
highly electron-deficient pentafluoro styrene furnished the
desired product 59 in 84% yield. Given the importance of N-
containing heterocycles, we deemed 2- and 4-vinylpyridines as
important coupling partners, giving rise to 60 and 61 in
excellent yields. The use of o-methyl styrene or ethene-1,1-
diyldibenzene as the starting material resulted in the formation
of monohydroalkylated products 62 and 63, respectively,

Table 3. Scope of the Hydroalkylation Processa

aReaction conditions: b1a (0.1 mmol, 1 equiv), 2 (0.3 mmol, 3 equiv), K3PO4 (1 equiv), 4CzIPN (1 mol %), MeCN (0.05 M), blue LED (455
nm), N2, rt, 24 h.

c2 (1.2−2.0 equiv), K3PO4 (0.8 equiv); yields are of the isolated products.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c04736
ACS Catal. 2022, 12, 14398−14407

14402

https://pubs.acs.org/doi/10.1021/acscatal.2c04736?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04736?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04736?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04736?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04736?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c04736?fig=tbl3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c04736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


indicating the severe steric hindrance of twofold hydro-
alkylated products.
Diethyl malonates bearing alkyl or benzyl groups were

suitable substrates as well to give unsymmetrically substituted
hydroalkylated products (64 and 65). Vinyl arenes bearing a
series of electron-donating or electron-accepting groups in the
ortho, meta, or para position and also vinyl heteroarenes were
accommodated (66−72). Also for the hydroalkylation, only
the activated double bond of ethynyl-4-vinyl benzene reacted
to provide the corresponding hydroalkylated product 73. We
were pleased that the hydroalkylation protocol proved to be
effective also in the late-stage functionalizations. In addition to
attaching a biologically relevant scaffold to monosubstituted
malonate (74−76), bringing together two of those through a
double hydroalkylation of unsubstituted malonate is possible
(77). Overall, this photodivergent process enables the
preparation of oxoalkylated and hydroalkylated styrene
derivatives with a highly congested α-quaternary carbon and
accentuates the possibility of expanding the domain of drug
discovery and may modulate the potency of the parent
drugs.16,17

Given the fact that the photodivergent protocol allows the
strategic formation of two different C−C linkages, we
envisioned to develop a synergistic photocatalytic pathway18

by the combination of the oxo- and hydroalkylation process
(Table 4). Taking selected products (3, 6, and 7), obtained

from the oxoalkyation of malonates (cf. Table 4), the
subsequent hydroalkylation with styrenes led to the formation
of cycopentanols 78−86. The products were obtained with
generally high diastereoselectivity, and the annulation sequence
was unambiguously proved by the single-crystal X-ray
diffraction analysis of 78.19 In addition to the synthetic
usefulness, this sequence corroborated the mechanistic
proposal (Scheme 2B) of an anionic intermediate V.
Scale-up proved to be feasible for both oxoalkylation and

hydroalkylation of vinyl arenes (Scheme 4). For example, the

oxoalkylation of styrene 2a with ethyl cyanoacetate 1b was
performed on a 5.0 mmol scale to yield 15 without a significant
decrease in the isolated yield (76%, Scheme 4A). Likewise, the
hydroalkylation of 4-vinyl pyridine with diethyl malonate 1a
was also carried out on a 4.0 mmol scale to yield 61 with a
comparable yield (90%, Scheme 4B).
The oxo- and hydroalkylation products have the potential as

versatile building blocks in organic synthesis. For example, S-,
O-, and N-heterocycles can be prepared in a single step from
the bisoxoalkylated product 15 (Scheme 5A).20 Likewise, the
trisubstituted pyridine derivative 88 was synthesized from 15
via a condensation−aromatization sequence. The mono-
oxoalkylated product 10 allows access to different 5-membered
heterocyclic scaffolds such as 89 and 90.
On the other hand, the synthetic utility of diethyl 2, 2-

diphenethylmalonate 4 was demonstrated through the trans-
formation of ester moieties (Scheme 5B). Reduction to diol 91
with LiAlH4 (92%) followed by cyclization to dioxepine 92
proceeded in high yield, representing a structural motif that has
been widely applied in the area of material and photo-
electrochemistry.21 Additionally, strained 3,3-diphenethylox-
etane 93 could be generated smoothly via nucleophilic
substitution−cyclization of diol 91. In addition, diethyl 2,2-
diphenethylmalonate 4 is known as a key building block for the
construction of the antibiotic potentiator 96.22

Finally, to gain more insight into the mechanism, a series of
experiments were performed. In line with a mechanistic
pathway calling for radical intermediates, the addition of
TEMPO completely inhibited both the oxo- and hydro-
alkylation reaction pathways, and the TEMPO adducts 98 and
99 could be characterized (Figure 1A,B). The quantum yield
for the Cu-catalyzed oxoalkylation ( = 0.086; see the
Supporting Information) makes the possibility of a free radical
chain mechanism less likely, which also would not be plausible
for the cyclopentanol annulation (Scheme 4).23 The formation
of polarity-reversed 1,3-dicarbonyl radicals in the oxoalkylation
process was further confirmed by the generation of products
100 and 101 when the reactions were carried out in the
absence of styrene or in the presence of an unactivated alkene
partner (Figure 1C). These results also provide an insight into
why the scope of the two processes is limited to activated
double bonds, i.e., vinyl arenes: We suggest that radical IV (cf.
Scheme 2) must be sufficiently stable to shift the equilibrium

Table 4. Synergistic Photocatalysis: Synthesis of
Cyclopentanol Derivativesa

aReaction conditions: Condition A: 1a (1 mmol, 2 equiv), 2 (0.5
mmol, 1 equiv), [CuI(dap)2]Cl or [CuII(dap)Cl2] (1 mol %), MeCN
(0.05 M), blue LED (455 nm), air, rt, 48 h and Condition B: 3, 6−7
(0.1 mmol, 1 equiv), 2 (0.3 mmol, 3 equiv), K3PO4 (1 equiv),
4CzIPN (1 mol %), MeCN (0.05 M), blue LED (455 nm), N2, rt, 24
h. b4-Vinyl pyridine (1.5 equiv); yields are of the isolated products.

Scheme 4. Gram-Scale Reactions
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away from the stabilized 1,3-dicarbonyl radical III (or the
related 1,3-carbonyl-cyano species) to achieve a productive C−
C-coupling. UV−visible experiments clearly indicated that
both Cu(I) and Cu(II) photocatalysts exhibit stronger
absorption in the visible region through the combination
with diethyl malonate 1a, consistent with the intermediacy of
Cu-substrate complex I in Scheme 2 (Figure 1D). For the
hydroalkylation reaction, Stern−Volmer quenching experi-
ments revealed that only diethyl malonate 1a could quench
the excited state of 4CzIPN* with a much higher rate constant
in the presence of K3PO4 (Figure 1E). These results suggest
that the reaction is initiated by a reductive quenching process,
in which 1a undergoes deprotonation followed by oxidation of
the resulting enolate by the excited photocatalyst 4CzIPN*.

■ CONCLUSIONS
We have discovered a photodivergent strategy for the oxo- and
hydroalkylation of vinyl (hetero)arenes with 1,3-dicarbonyls in
a mild, economic, and controllable fashion. Both pathways
involve enolate photooxidation to generate the polarity-
reversed 1,3-dicarbonyl radical. The key to the success of
this protocol relies on the different reactivity of a benzylic
radical intermediate based on the reductive ability of a Cu-
photocatalyst or 4CzIPN, thus enabling two distinct catalytic
pathways to operate (Scheme 6). This strategy showed a broad
substrate scope and high functional group tolerance with each
component, providing a complementary access to diversely
functionalized products.
In a synergistic interplay of two catalytic manifolds,

activation of the malonate via sequential oxoalkylation

Scheme 5. Synthetic Transformationsa,b−d

aFor the synthesis of S-, O-, and N-heterocycles 87, see ref 20. b−dFor the synthesis of 95, 96, and 97, see ref 22.
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(metallaphotoredox catalysis) and hydroalkylation (organo-
photoredox catalysis) delivers a variety of highly congested
cyclopentanols, thus opening up new opportunities for the
construction of cyclic scaffolds. Moreover, the late-stage
functionalization further emphasized the utility of this
methodology. Ensuing its marked convenience and broad
applicability to pharmaceutically relevant scaffolds, we expect
this approach will shed new light on the photocatalytic
divergent synthesis and find utility within the realm of
synthetic and medicinal chemistry research beyond the
application we report here.
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Figure 1. Mechanistic studies.

Scheme 6. Divergent Photocatalysis: Work at a Glance
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