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Visible-Light-Driven C-H Functionalization of Double Bonds with 
Diazo Compounds under Mild Reaction Conditions
Miguel A. Valle-Amores,a Benedetta Carli,a Ian MacLean,a Lara Martínez-Fernández,b Raúl Pérez-
Ruíz,c Leyre Marzo,*ad Alberto Fraile*ad and José Alemán*ad

Expanding the toolbox of C-H functionalization reactions applicable to the late-stage modification of complex molecules of 
interest in medicinal chemistry is a key strategy for drug development. Herein, we report an unusual visible-light-induced 
olefinic C(sp2)-H functionalization of olefins with diazo derivatives by means of an Ir(III) photocatalyst. The approach 
demonstrates the potential for targeting double bonds such as those present in enol ethers and further studied in 1,1-
disubstituted alkenes. This efficient methodology affords unprecedented Heck-type products from good to excellent yields 
using mild conditions. Further derivatizations of final products are shown to demonstrate the robustness of the 
methodology. The reaction pathway was validated by electrochemical and photophysical experiments as well as 
computational studies.

Introduction
Diazo compounds are widely used in organic chemistry as 
synthetic building blocks in numerous reactions due to their 
high reactivity and their straightforward integration into 
numerous chemical transformations under mild conditions, 
which allow diverse applications.1 These nitrogenated 
structures are considered as environmentally benign alkylation 
reagents, featuring the advantage of N2 as leaving group and 
sole byproduct under neutral conditions. From a synthetic point 
of view, diazo compounds can be considered as carbene 
synthetic equivalents and their reactivity has been exploited in 
many applications ranging from cycloaddition,2 
rearrangement,2e,3 insertion reactions,4 ylide formation,5 cross-
coupling,6 and C-H functionalization reactions.7 Traditionally, 
transition metal catalysts were commonly employed to control 
and access the reactivity of carbene intermediates.8 
Nevertheless during the last decades, UV/visible light-mediated 
strategies represented a key useful tool for the direct activation 
of diazo compounds (right, Scheme 1a). In this context, 
pioneering work reported by Jurberg and Davies in 2018,9a 
disclosed that aryl diazoacetates could absorb visible light, 
leading to the generation of singlet carbene species via direct 
photolysis.9 This work opened the view to many applications 

leading to an improvement of the existing reactions. In this 
regard, in 2019, a catalyst-free cyclopropenation reaction of 
donor/acceptor diazo compounds and alkynes under blue LED 
irradiation (470 nm) was described in a very operationally 
simple protocol (Scheme 1b).10 However, direct photolysis of 
diazo compounds has the intrinsic limitation of being self- 

dependent on the photochemical properties of each diazo 
derivative and in this sense, its application is limited to 
donor/acceptor (able to absorb visible light irradiation from 400 
to 500 nm) and donor/donor diazo compounds (400 to 600 nm) 
(see bottom-Scheme 1a).11 To broaden the scope and overcome 
these limitations, photocatalysis has emerged as a powerful 
synthetic tool (left, Scheme 1a).12 On the one hand, diazo 
compounds can be activated via energy transfer (EnT) to form 
triplet carbenes, enabling the use of diazo compounds that do 
not absorb visible light.13 Thus, this method was used for gem-
difluoroolefination of α-trifluoromethyl(styrene) with 
diazoacetates, where DABCO promoted a [2+1] cycloaddition 
between carbene and double bonds.13b In addition, the 
photochemically generated carbene was successfully stabilized 
by trapping it with a cobalt complex.14 On the other hand, the 
reduction of diazo compounds can facilitate the formation of 
carbon-centered radicals.

This activation may be accomplished through a Proton 
Coupled Electron Transfer process (PCET)15 or by direct 
reduction via a Single Electron Transfer (SET) event,16 in which 
the generation of carbon centred radicals are achieved through 
the direct reduction of acceptor-type diazo compounds 
(Scheme 1c).16a These radicals are subsequently added to 
electron-rich heteroarenes, thus establishing a novel 
photocatalytic method for the alkylation of indoles and 
pyrroles.

a.Departamento de Química Orgánica (Módulo 1), Universidad Autónoma de 
Madrid, Calle Francisco Tomás y Valiente 7, Madrid, 28049, Spain.

b. Instituto de Química Física Blas Cabrera, Consejo Superior de Investigaciones 
Científicas, Calle Serrano 119, Madrid, 28006, Spain.

c. Departamento de Química, Universitat Politècnica de València, Camino de Vera 
S/N, Valencia, 46022, Spain.

d. Institute for Advanced Research in Chemical Sciences (IAdChem), Universidad 
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Scheme 1. Background and Synopsis of Present Work. a) Light-driven activation of diazo 
compounds. b) Cyclopropenation reaction. c) Radical-mediated strategy. d) This work: 
photocatalytic C-H functionalization of double bonds.

This method, while effective, was restricted to acceptor-
only diazoalkanes. Alternatively, the reaction of 
acceptor/acceptor diazoalkanes under photochemical 
conditions remains largely underexplored. Considering all this 
background, the lack of examples in literature of C-H 
functionalization of olefins with diazoalkanes, and the use of 
acceptor/acceptor diazo compounds, we envisioned a mild 
strategy for the C(sp2)-H functionalization of olefins using 
diazomalonates as carbon centered radical precursors by 
means of visible-light irradiation and an external photocatalyst. 
Furthermore, the installation of malonate esters is very valuable 
owing to the number of possible further transformations that 
can be used with this functional group such as the malonic ester 

synthesis to give substituted acid derivatives.17 Herein, we 
report our studies of acceptor/acceptor diazo compounds to 
functionalize a wide variety of olefins achieving Heck-type 
products in good yields and excellent group tolerance under 
mild reaction conditions (Scheme 1d). This approach will avoid 
the formation of cyclopropane derivatives, which is the main 
product that is obtained when diazo compounds react with 
alkenes under light.18 A plausible distonic radical anion19 is the 
key intermediate upon the reduction of the diazo derivatives. 
Due to the simple and mild reaction conditions and the short 
reaction times (1-3h), this methodology could be further 
applied in the modification of complex molecules of interest in 
drug discovery.

Results and discussion
Our investigation began by selecting the non-visible-light-
absorbing diazomalonate 1a and the electron-rich olefin 2a 
(TBDMS was selected as protecting group due to its higher 
stability under silica gel) as model substrates (Table 1). Fac-
Ir(ppy)3 was used as photocatalyst at room temperature, under 
blue LEDs irradiation (460 nm) and nitrogen atmosphere. The 
reaction was stirred for 16 hours in dichloromethane. 

Table 1. Optimization of the reaction conditions.a

+
Solvent, r.t.,

time, Blue LED (460 nm)

Ph

OTBDMS

CO2MeMeO2C

Photocatalyst (mol%)

1a 2a 3aa

CO2Me

N2

MeO2C Ph

OTBDMS

Entry Ratio 
(1a:2a)

Solvent Photocatalyst (mol%)
Time 
(h)

Yield 
(%)b

1c 1:2 CH2Cl2 fac-Ir(ppy)3 (5) 16 40
2c 1:3 CH2Cl2 fac-Ir(ppy)3 (5) 16 56
3c 1:4 CH2Cl2 fac-Ir(ppy)3 (5) 16 86
4c 1:4 CH2Cl2 --- 16 n.r.

5c,d 1:4 CH2Cl2 fac-Ir(ppy)3 (5) 16 n.r.
6c 1:4 CH2Cl2 fac-Ir(ppy)3 (5) 1 87

7c 1:4 CH2Cl2
[Ir{dF[CF3(ppy)2(dtbpy)] 

PF6 (5)
1 71

8c 1:4 CH2Cl2 [Ir(dF-ppy)3] PF6 (5) 1 68
9c 1:4 CH2Cl2 [Ru(bpy)3] Cl2 (5) 1 n.r.

10c 1:4 CH2Cl2 4CzIPN (5) 1 n.r.
11c 1:4 CH2Cl2 [Ir(ppy)2(dtbpy)] PF6 (5) 1 20
12 1:4 CH2Cl2 fac-Ir(ppy)3 (5) 1 87
13 1:4 DCE fac-Ir(ppy)3 (5) 1 83
14 1:4 MeCN fac-Ir(ppy)3 (5) 1 n.r.
15 1:4 MeOH fac-Ir(ppy)3 (5) 1 n.r.
16e 1:4 CH2Cl2 fac-Ir(ppy)3 (5) 1 62
17 1:4 CH2Cl2 fac-Ir(ppy)3 (2.5) 1 51
18 1:4 CH2Cl2 fac-Ir(ppy)3 (1) 1 27

a Reaction conditions: a mixture of 1a (1.0 equiv, 0.1 mmol), 2a (indicated equiv), 
indicated photocatalyst (0.1 mol%), in the indicated solvent (0.1 M) and 
concentration was irradiated with blue LEDs in air at 25 o C for indicated time unless 
otherwise noted. The wavy bond indicates that the product was isolated as a 
mixture Z and E of diastereoisomers. n.r.= no reaction. b Determined by 1H-NMR 
analysis using 1,3,5-trimethoxybenzene as the internal standard. c Under N2 
atmosphere. d No light was used in this case. e In this case 0.2 M.
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Gratifyingly, the desired product 3aa was afforded in 40% 1H 
NMR yield as a mixture of isomers (E:Z = 40:60) (entry 1, Table 
1).

Encouraged by this result, more equivalents of 2a were 
tested (entries 2 and 3) which improved the reaction efficiency 
to 86% 1H-NMR yield. Control experiments confirmed that light 
and photocatalyst were indispensable in this process (entries 4 
and 5). The kinetics of the reaction (Figure S8) showed an 
excellent 87% 1H-NMR yield in just 1 h of reaction time, which 
was further used as optimal time in the following studies (entry 
6). We next investigated the influence of the photocatalyst, 
being fac-Ir(ppy)3 the optimal candidate for this purpose since 
other photocatalysts showed lower efficiency or no product 
formation (entries 7-11 and Table S1). Surprisingly, the reaction 
was then tested without N2 atmosphere, achieving similar 

results than those under inert atmosphere (entry 12). Further 
optimizations were conducted by screening a variety of reaction 
solvents such as 1,2-dichloroethane, chloroform, acetonitrile or 
methanol and even in neat conditions but they all provided 
unsatisfying results except for 1,2-DCE which gave the 
formation of 3aa in a slightly decreased yield (entries 13-15 and 
Table S2). Importantly, modification of reaction concentrations 
had a remarkable effect on the yields. Thus, the increase (0.2 
M) or decrease (0.05 M) of the concentration did not improve 
the previous result obtained when 0.1 M was used, the latter 
being the optimal. Finally, attempts to decrease the catalyst 
loading gave access to the formation of the Heck-type product 
3aa in lower yields (entries 17 and 18). It should be noted that 
the E/Z ratio (E:Z = 40:60) was maintained almost unaltered for 
all assays. 

+EWG

N2

EWG

OTBDMS
OTBDMS

Blue LED (460 nm)

fac-Ir(ppy)3 (5 mol%)

CH2Cl2, r.t., 1-3 h EWGEWG
1 2 3

OTBDMS

CO2Me

MeO2C

3aa: 87%
Z/E: 60:40

OTBDMS

P

MeO2C

3ba: 68%
Z/E: 50:50

O OEt
OEt

OTBDMS

CO2
tBu

BuO2
tC

3ca: 58%
Z/E: 45:55

OTBDMS

CO2Me

MeO2C

3ab: 93%
Z/E: 63:37

F

OTBDMS

CO2Me

MeO2C

3ac: 88%
Z/E: 34:66

Cl

OTBDMS

CO2Me

MeO2C

3ad: 80%
Z/E: 54:46

Br

OTBDMS

CO2Me

MeO2C

3ae: 71%
Z/E: 15:85

I

OTBDMS

CO2Me

MeO2C

3af: 36%
Z/E: 52:48

OTBDMS

CO2Me

MeO2C

3ag: 54%
Z/E: 64:36

OTBDMS

CO2Me

MeO2C

3ah: 53%
Z/E: 18:82

OMe

OTBDMS

CO2Me

MeO2C

3ai: 79%
Z/E: 50:50

F3C

OTBDMS

CO2Me

MeO2C

3aj: 64%
Z/E: 44:56

NC

N
OTBDMS

CO2Me

MeO2C

3ak: 71%
Z/E: 68:32

N

N
OTBDMS

CO2Me

MeO2C

3al: 82% (70%)a

Z/E: 62:38

OTBDMS

CO2Me

MeO2C

3am: 56%
Z/E: 34:66

OTBDMS

CO2Me

MeO2C

3an: 55%
Z/E: 25:75

3aob: 62%

OTBDMS

CO2Me

MeO2C

3ap: 52%
Z/E: 38:62

Ph OTBDMS
CO2Me

CO2Me

3aq: 68%

OTBDMS

CO2Me

CO2Me

3ar: 73%

OTBDMS

CO2Me

CO2Me

3as: 66%
TBDMSO

OTBDMS
CO2Me

CO2Me
H

H

H

3at: 43%

Late-stage functionalization:

Diazo Compound Substitution

Double Bond Derivatives

-Substitution at double bond

OTBDMS

CO2Me

MeO2C

Scheme 2. Reaction scope with silyl enol ethers 2. Reaction conditions: 1 (0.1 mmol), 2 (4 equiv.) fac-Ir(ppy)3 (5 mol%), CH2Cl2 (1 mL), blue LED in air. Isolated yield after flash column 
chromatography. The wavy bond indicates that the product was isolated as a mixture Z and E of diasteroisomers (see SI for details). a Between parentheses, the yield obtained when 
the reaction was carried out at larger scale using 1.0 mmol of 1a and 4.0 mmol of 2l. b Isolated as the corresponding ketone after reaction with TBAF (2 equiv.), see SI.
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Having addressed the optimal conditions for this 
transformation (entry 12. Table 1), we next explored the 
substrate scope and limitations of the process (Scheme 2). 
Firstly, variations in the structure of the diazo compounds under 
optimized conditions showed that methyl 2-diazo-2-
(diethoxyphosphoryl)acetate (1b) and di-tert-butyl 2-
diazomalonate (1c) were fully compatible with the present 
protocol achieving products 3ba and 3ca in useful yields. Other 
type of diazo compounds with different electron withdrawing 
groups (EWGs) (ketones and amides) were also tested and 
found to be ineffective for the C-H functionalization, providing 
a high dependency on the diazo pattern. Then we studied the 
reaction with different double bonds.

The introduction of halogens at ortho-, meta- and para- 
positions at the aromatic ring provided the corresponding 
products in good to excellent yields (3ab-3ae, 71-93% yield), 
representing an advantage compared to other works,14 in which 
dehalogenation products were observed. Meta- and ortho- 
EWGs such as methyl (2f and 2g) or methoxy (2h) were also 
compatible with the system allowing, the formation of 3af-3ah 
in moderate yields (36-54% yield). Moreover, electron-
withdrawing groups at para-position were also tested, affording 
better results when introducing a para-CF3 (3ai, 79% yield) than 
a para-CN group at the aromatic ring (3aj, 64% yield). 
Delightfully, the evaluation of pyridine (2k), pyrazine (2l) and 
naphthalene (2m) derivatives yielded the final products 3ak-
3am from good to very good yields (56-82% yield). Interestingly, 
3al could be obtained on a larger scale (1.0 mmol) with a slight 
decrease of yield. Additionally, the introduction of α-
substituents in the double bond such as methyl (2n), ethyl (2o) 
and phenyl (2p) furnished the C-H functionalized products (3an-
3ap, 52-62% yield) from moderate to good yields. As expected, 
aliphatic cyclic structures such as the 5-membered ring (2q), 6-
membered ring (2r) and the tetralone derivate (2s) showed 
great compatibility with the system, yielding 3aq-3as in very 
good yields (66-73% yield). Finally, to show the robustness of 
this novel methodology, a hormone derivative from estrone (2t) 
was tested under our reaction conditions. To our delight, the 
desired C-H functionalized product 3at was smoothly afforded 
in a useful 43% yield. Although it may initially seem like a 
disadvantage, the formation of these Z-E mixtures in the 
enolate does not influence the final outcome after 
functionalization or synthetic transformations (see below).

Once the scope of silyl enol ethers was evaluated for this C-
H functionalization (Scheme 2), we wanted to go further by 
applying and expanding our methodology for the malonate 
functionalization of different double bonds, highlighting the 
usefulness of the C-H functionalization of olefins. In this regard, 
we envisioned the application of the same photocatalytic 

system to diarylethene derivatives 4 (Scheme 3). As a starting 
point, symmetric 1,1-diphenylethylene (4a) was subjected to 
the optimized conditions (entry 12, Table 1), achieving as a sole 
product the Heck-type 5aa in 70% yield (Scheme 3). The 
introduction of symmetric electron-donating groups at para-
position such as methyl (4b), methoxy (4c) and dimethylamine 
(4d) derivatives gave access to the C-H functionalized products 
in moderate to excellent yields (5ab-5ad, 33-93% yield), while 
the introduction of halogens at para-position such as fluorine 
(4e) afforded the final functionalized product 5ae. 

+CO2Me

N2

MeO2C

Blue LED (460 nm)

fac-Ir(ppy)3 (5 mol%)

CH2Cl2, r.t., 1 h CO2MeMeO2C

1a 4 5

CO2Me

MeO2C

5aa: 70% 5ab: 33% 5ac: 93%

5ad: 57% 5ae: 23% 5af: 82%

5ag: 67% 5ah: 47%
dr:70:30

CO2Me

MeO2C

CO2Me

MeO2C

OMeMeO

CO2Me

MeO2C

N(Me)2(Me)2N

CO2Me

MeO2C

FF

CO2Me

MeO2C

S

CO2Me

MeO2C

O

CO2Me

MeO2C

MeO

CO2Me

MeO2C

Br

5aj: 12%
dr:87:13

CO2Me

MeO2C

OMe

5ai: 9%
dr:15:85

Scheme 3. Reaction Scope with 1,1-disubstituted alkenes 3. Reaction conditions: 1 (0.1 
mmol), 2 (4 equiv.), fac-Ir(ppy)3 (5 mol%), CH2Cl2 (1 mL), blue LED in air, 1 h. Isolated yield 
after flash column chromatography.

Next, we envisioned the C-H functionalization of relevant 
molecules with our photocatalytic approach such as 9-
methylene-9H-thioxanthene (4f) and 9-methylene-9H-
xanthene (4g), which afforded the corresponding functionalized 
adducts in very good yields (5af and 5ag in 82 and 67% yield, 
respectively). Furthermore, attempts to expand the scope of 
the olefins using unsymmetrical double bonds were found to be 
critical. In this sense, unsymmetrical 1-methoxy-4-(1-
phenylvinyl)benzene (4h) was tested under the photocatalytic 
reaction conditions achieving the final product 5ah in 47% yield. 
However, unsymmetrical double bonds such as those present in 
1-methoxy-2-(1-phenylvinyl)benzene (4i) and 1-bromo-4-(1-
phenylvinyl)benzene (4j) gave access to the formation of the 
corresponding adducts in moderate yields (5ai and 5aj in 9 and 
12% yield, respectively), since the formation of the 
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cyclopropanated adducts in these cases were observed (6ai and 
6aj in 62 and 69%, see Section 6.3 at SI). In addition to the last 
results obtained, we also carried out the photocatalytic reaction 
with 1-alkyl-1-phenylstyrenes and monosubstituted styrene 
derivatives, achieving as only product the corresponding 
cyclopropane (see Section 6.3. at SI). On the other hand, the 
reaction with alkenes bearing alkyl substituents, such as 
cyclohexane and dicyclohexylethylene, only afforded a complex 
mixture. These results highlight the dependency of the C-H 
functionalization process not only on the diazo pattern but also 
on the electronic nature and the steric group hindrance of the 
double bond. 

Moreover, to showcase the utility and practicability of the 
developed process, further applications of the product 3aa 
were conducted (Scheme 4). Firstly, Mukaiyama Aldol addition 
to benzaldehyde successfully yielded the corresponding aldol 
product (7aa) in a useful 50% yield (Scheme 4a). In addition, the 
-pyrazole ketone derivative (8aa) was obtained through CAN 
oxidative heteroarylation in good yield (70%). On the other 
hand, the removal of the protecting group followed by the over-
reduction of the ketone and esters groups, using an excess of 
NaBH4, and the acid-mediated nucleophilic substitution (SN1), 
resulted in the formation of the corresponding tetrahydrofuran 
derivative 9aa with a 55% yield (Scheme 4c).

OTBDMS

CO2Me

MeO2C + H

O TiCl4

CH2Cl2, r.t., 1 h
Ph

O

MeO2C CO2Me

OTBDMS

Ph

OTBDMS

CO2Me

MeO2C

4aa

+
HN N

CAN

MeCN, r.t., 10 min

NaHCO3 Ph

O

MeO2C CO2Me

N N

8aa: 70%

OTBDMS

CO2Me

MeO2C

4aa

TBAF
CH2Cl2, r.t., 6 h

Ph

O

CO2MeMeO2C

1. NaBH4, MeOH, r.t., 12 h

2. p-TsOH, CH2Cl2, r.t., 12 h

O

Ph OH

9aa: 55%

a) Mukaiyama aldol addition to Benzaldehyde

b) Oxidative heteroarylation: access to -pyrazole ketone derivative

c) Three-step synthesis of tetrahydrofuran derivative

4aa 7aa: 50%

Scheme 4. Further applications of the Heck-type products 3aa. a Mukaiyama aldol 
addition to benzaldehyde. b Oxidative heteroarylation, synthesis of α-pyrazoleketone 
derivative. c Three-step reaction, intramolecular substitution: synthesis of 
tetrahydrofuran derivative.

Mechanistic studies
Once we finished studying the scope, limitations and the utility 
of the developed process, it was deemed appropriate to 
propose a mechanism based on literature reports and 
mechanistic studies. Our initial hypothesis involves a single 
electron transfer event that reduces 1a affording a radical 
intermediate that would yield the desired C-H functionalized or 
the cyclopropanation products depending on the steric 
hindrance of the double bond. An alternative triplet 
sensitization process was dismissed because the reactions are 
carried out under air (see Scheme 5c). First, we conducted a 
study on different substitutions in the double bond, ranging 
from monosubstituted to disubstituted double bonds and silyl 
enol ethers under the standard photocatalytic conditions 

(Scheme 5a). The reaction with styrene derivatives (4k-4n) 
mainly afforded the cyclopropane, whereas with the more 
hindered TBDMS protected silyl enol ether (2a) or 1,1-
diphenylethylene (4a) yield the corresponding C-H 
functionalized products. In such cases, the ring-closing event to 
form the cyclopropane is unfavorable. That could be due to the 
steric hindrance afforded by the second substituent, favoring 
the C-H functionalization that leads to the formation of the 
Heck-type products (Scheme 5a and Section 6.3. at SI for all the 
tested double bonds). Next, we embarked ourselves into 
mechanistic studies such as addition of radical scavenger, 
luminescence quenching experiments, thermodynamic analysis 
and DFT calculations (Scheme 5b-c and 6b, and section 6.4 at 
SI). To reveal the involvement of radical intermediates in the 
reaction pathway, the experiment was conducted in the 
presence of a radical-trapping agent such as butylated 
hydroxytoluene (BHT) or (2,2,6,6-tetramethylpiperidin-1-
yl)oxidanyl (TEMPO). In both cases, we found that the formation 
of 3aa was observed in very low amount (Scheme 5b), 
suggesting a single electron transfer activation event. 
Moreover, the radical-trapped adduct with TEMPO was 
detected by EIS-HRMS analysis of the reaction crude (see Figure 
S10 at SI). These facts indicate that a single electron transfer 
activation event takes place. In addition, time resolved 
luminescence quenching studies revealed an efficient 
interaction between the excited catalyst and 1a, with a rate 
constant of 2.67 x 109 M-1 s-1, that indicates that 1a quenches 
the luminescence emission of fac-Ir(ppy)3 at a nearly diffusion-
controlled rate (Scheme 5c and section 6.5 in the SI). Moreover, 
we also calculated the free energy change associated with 
electron transfer (ΔGET) from the excited state by the Rehm-
Weller equation (equation E1).20

ΔGET (eV) = [Eox – Ered + (2.6/ε) – 0.13] – E*(T1) (E1)

Thus, considering that the values of the oxidation potential 
of fac-Ir(ppy)3 complex (Eox), the reduction potential of 1a (Ered), 
the excited state energy (E*(T1)) and the dielectric constant (ε) 
of dichloromethane were 0.77 V vs SCE,21 –1.40 V vs SCE, 2.50 
eV21 and 8.93 eV, respectively, we estimated a ∆GET value of –
0.22 eV. Therefore, the primary electron transfer process from 
the luminescence emission of the excited photocatalyst is an 
exergonic process. On the other hand, there are no other 
reduction peak potentials related to 2a, 4a or 4k and their 
oxidation peaks potentials are too positive (see section 6.1 at 
SI) so that these species cannot quench the excited state of fac-
Ir(ppy)3. These results suggest that SET between the 
diazomalonate 1a and the excited state of the photocatalyst is 
a key step of the photoredox cycle.

A plausible mechanism for the photocatalytic reaction is 
depicted below (Scheme 6a). Upon blue LEDs irradiation, the 
photoexcitation of Ir(III) complex yield its photoexcited state 
Ir(III)* (E1/2IV/*III= -1.58 V vs SCE), which is oxidatively quenched 
by SET to diazomalonate zwitterionic specie 1a (E1/2red= -1.40 V 
vs SCE) to produce Ir(IV) and the key distonic radical anion 1a’ 
of the malonate with concomitant extrusion of N2. Subsequent 
radical addition to the olefin partner yields the stabilized 
distonic benzylic radical anion I, which is further oxidized by 
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Ir(IV) regenerating the ground state of fac-Ir(ppy)3 and the 
zwitterionic carbocation intermediate II.

+CO2Me

N2

MeO2C Ph

OTBDMS
Ph

OTBDMS
Standard conditions

TEMPO or BHT
(4 equiv.)

CO2MeMeO2C

1a 2a 3aa: --

a) Selectivity towards cylopropane and double bond

b) TEMPO and BHT as radical-scavengers

b) TEMPO and BHT as radical-scavengers

c) Time-resolved quenching experiment

Ph

OTBDMS

100/0 54/1 34/1 6/1 0/100 0/100

MeO2C
CO2Me

MeO2C
CO2Me

+CO2Me

N2

MeO2C

Standard conditions

1a 2 or 4

MeO2C
CO2Me

MeO2C
CO2Me

+

6

6 3 or 5

Ratio 6:3(5)

Yield major product: 66% 60%93% 70% 87%40%

3 or 5

4n 4k 4m 4a4l 2a

Scheme 5. Mechanistic studies. a Selectivity towards cyclopropane or double bond. b 
Reaction run with BHT or TEMPO as radical trapping. c Time-resolved luminescence 
quenching experiment of the photoexcited fac-Ir(ppy)3 in the presence of 1a as 
quencher.

At this point, two possible pathways can be described 
depending on the steric hindrance of the groups at the olefin 
moiety. On the one hand (bold arrow), if bulky groups are 
subjected to the photocatalytic conditions such as -OTBDMS or 
diaryl substituted ethylenes, a prototropic tautomerism takes 
place, which gives access to the formation of the Heck-type 
products (3 or 5). However, if the steric hindrance decreases, 
the formation of cyclopropanes is more favored (see section 6.3 
at SI), observing the cyclopropanes as the only product of the 
reaction with styrene derivatives (dashed arrow). The 
cyclopropanation reaction takes place via direct addition of the 
nucleophilic carbon to the carbocation of intermediate II to 
yield the corresponding cyclopropanes 6. In addition, a high 
quantum yield (ø= 1.2) was determined, indicating a radical 
chain-propagation, in which intermediate I can be oxidized by 
1a, thereby initiating the propagation process. As the formation 
of the intermediate distonic radical anion 1a´ is a key step, we 
decided to investigate its structure, stability, formation process, 
and the mechanism of electron transfer from Ir(III) to Ir(IV) 
under DFT and TD-DFT calculations with two different 
functionals (see section 8 at SI).

Since iridium (IV) is cationic and species 1a’ is anionic, we 
also wondered about their possible interaction. The 
photoexcitation of Ir(III) complex leads to the population of 

excited states whose nature has been characterized (Table S6). 
In detail, most of the lowest-lying excited states have some 
charge transfer character. Upon relaxation, the S1 state reaches 
a crossing region with the ground state (S1/S0) through a 
barrierless path (Scheme 6b), where the N=N moiety 
significantly twists. Alternatively, S2 optimization of Ir(III) leads 
to an emissive minimum (Smin). At this region of the potential 
energy surface, the second triplet state (T2) is degenerated in 
energy. We have characterized its evolution in case being 
populated and it directly reaches a crossing region with the 
ground state (T1/S0), resembling in energy and geometry to the 
(S1/S0). A potentially phosphorescent triplet minimum was also 
located when the Ir(III) complex was considered without the 
mediation of 1a (see also section 8 at SI for further evidences in 
the triplet character of the excited state).22 Once in the S0 (from 
S1/S0 and/or T1/S0) the most stable situation leads to the 
formation of the Ir(IV) and 1a’ species (Scheme 6b and Figures 
S15 and S16), that present an electrostatic interaction. In the 
next step, 1a’ reacts with 2a to form the intermediate II, a 
process that proceeds without energy barriers, leading directly 
to the final products 3 or 5.

IrIV

IrIII

*IrIII

Blue
LEDs

photoredox
catalysis

CO2Me

N2

MeO2C

1a

OMe

O
MeO2C

2 or 4
O

OMe
MeO2C

O

OMe
MeO2C

N2

-N2

= OTBDMS or Ph
Bulky group,
steric hindrance

prototropic
tautomerism

= H
No-bulky group,
no steric hindrance

[1,3] addition

CO2MeMeO2C
3 or 5

CO2Me
CO2Me

6

Heck-type product

Cyclopropanation
product

I

II

O

OMe
MeO2C

H
H

1a'

1a'

1a
 =1.2

a) Mechanism Proposal

b) Computational Insights

radical
chain

propagation

1a

OMe

O
MeO2C

O

OMe
MeO2C

N2

IrIII

N N

N

-N2

IrIV

N N

N

+

II

O

OMe
MeO2C

H
H

3 or 5

distonic radical anion

2a

1a'

Scheme 6. Mechanistic proposal and DFT calculations. a Mechanistic proposal for the 
achievement of the photocatalytic Heck-type products (3 and 5) and cyclopropanation 
products (6). b DFT and TD-DFT Potential Energy Surfaces associated with the main 
mechanisms here proposed. Energies in eV are related to the Ir (III) ground state and in 
parenthesis for the second step in the reaction.
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Conclusions
In conclusion, a mild photocatalytic Csp2 C-H functionalization 
of olefins using diazomalonates has been developed. The new 
synthetic strategy allows the functionalization of a wide variety 
of double bonds. The Heck-type products were obtained in 
overall very good yields, and further applications are 
demonstrated to highlight the utility of the process. This novel 
strategy, characterized by its mild conditions, is suitable for the 
late-stage functionalization of complex target molecules. The 
most plausible mechanism is based on the photocatalytic 
reduction of the diazo compound, followed by a reaction with 
the double bond to form the corresponding radical 
intermediate. After oxidation to the carbocation, the double 
bond is regenerated. The reaction pathway has been 
corroborated by electrochemical, photophysical experiments 
and computational studies.
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The data supporting this article, experimental details, general procedures, optimization of 
reaction conditions, characterization of products, copies of NMR spectra of all products 
and mechanistic and computational details, have been included as part of the 
supplementary information (SI).
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