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Unlocking Metal-Ligand Cooperative Catalytic Photochemical 
Benzene Carbonylation: A Mechanistic Approach
Francesco Crisantia, Michael Montagb, David Milsteinb, Julien Bonina,* and Niklas von Wolffa,c,*

A key challenge in green synthesis is the catalytic transformation of renewable substrates at high atom and energy efficiency, 
with minimal energy input (∆G≈0). Non-thermal pathways, i.e., electrochemical and photochemical, can be used to leverage 
renewable energy resources to drive chemical processes at well-defined energy input and efficiency. Within this context, 
photochemical benzene carbonylation to produce benzaldehyde is a particularly interesting, albeit challenging, process that 
combines unfavorable thermodynamics (∆G° = 1.7 kcal/mol) and the breaking of strong C-H bonds (113.5 kcal/mol) with full 
atom efficiency and the use of renewable starting materials. Herein, we present a mechanistic study of photochemical 
benzene carbonylation catalyzed by a rhodium-based pincer complex that is capable of metal-ligand cooperation. The 
catalytic cycle, comprising both thermal and non-thermal steps, was probed by NMR spectroscopy, UV-visible spectroscopy 
and spectrophotochemistry, and density functional theory calculations. This investigation provided us with a detailed 
understanding of the reaction mechanism, allowing us to unlock the catalytic reactivity of the Rh-pincer complex, which 
represents the first example of a metal-ligand cooperative system for benzene carbonylation, exhibiting excellent selectivity.

Introduction
For the chemical sector to achieve the goal of net-zero carbon 
emission, it is crucial to increase the energetic efficiency of 
chemical processes, to improve their atom economy, and to 
make extensive use of renewable resources, in accordance with 
green chemistry principles and projected roadmaps.1–3 In an 
ideal scenario, a desired product would be generated 
catalytically from renewable feedstocks at full atom efficiency, 
using renewable sources of energy with minimal input (∆G≈0). 
In this respect, both electrochemical and photochemical 
approaches are desirable, as they allow for a controlled, 
measurable and sustainable energy input (via the applied 
potential or chosen wavelength). Over the last decades, 
electrocatalysis has evolved as a tool to transform renewable 
substrates (e.g., CO2) at minimal overpotential,4–8 while 
catalytic photochemical processes have been used to leverage 
highly atom-efficient C-H bond activation for the construction 
of molecular complexity.9–15 In recent years, it has been shown 
that both electrochemical and photochemical approaches can 
produce CO from CO2 at high rates and with excellent 

selectivity,16–18 making it a valuable and renewable C1-building 
block. While a plethora of carbonylative C-H transformations 
exists,19–24 we are interested in applying photo- and electro-
chemical approaches to this type of reactions, to enable 
otherwise endergonic processes via the use of these renewable 
energy inputs. Within this context, the photochemical 
carbonylation of benzene to produce benzaldehyde is 
particularly interesting, as it combines two renewable25,26 and 
non-functionalized substrates, namely, benzene and CO, into an 
important platform chemical at full atom efficiency.27 
Nevertheless, this reaction is very challenging, due to its 
unfavorable thermodynamics (ΔG° = 1.7 kcal/mol) and the high 
dissociation energy of the benzene C-H bond (113.5 kcal/mol), 
and can thus serve as an testing ground for novel non-thermal 
catalytic approaches. However, since the initial reports on 
rhodium-catalyzed photochemical benzene carbonylation, little 
progress has been made in this field.28–33 In recent work, we 
showed that non-thermal, electrochemical pathways can be 
used to activate metal-ligand cooperative (MLC)34–36 catalysts 
for endergonic dehydrogenation reactions at room 
temperature.37,38 This prompted us to explore whether non-
thermal MLC chemistry could also be leveraged for catalytic 
benzene carbonylation. Applying a mechanistic approach, we 
seek to identify, understand and overcome bottlenecks in 
photochemical carbonylative C-H activation promoted by MLC 
systems, with the goal of providing novel alternatives for 
catalytic benzene carbonylation.
Despite the elegance of benzene carbonylation, which allows 
benzaldehyde to be synthesized in a single step from simple and 
renewable feedstocks,25 the widespread application of this 
process is hampered by unfavorable thermodynamics and the 
low productivity of most catalysts employed for this reaction. 
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Early work by Kunin and Eisenberg showed that a rhodium-
based Vaska-type complex, trans-[Rh(CO)Cl(PPh3)2], can 
catalyze this reaction, but exhibits low activity (2 turnovers; see 
SI, Table S1 and Table 2).33 In their report, the authors 
demonstrated the role of light in overcoming kinetic barriers, 
and the system was also found to be very competent in 
promoting the reverse process, i.e., photochemical 
benzaldehyde decarbonylation. Nevertheless, although the 
forward reaction could proceed at room temperature under 
irradiation, the system was limited by the low equilibrium 
concentration of benzaldehyde. Using a similar system, the 
complex trans-[Rh(CO)Cl(PMe3)2], the groups of Tanaka39 and 
Goldman40 demonstrated that the thermodynamic limitation 
could be overcome, albeit with reduced selectivity, leading to 
numerous side-products (e.g., benzophenone, benzyl alcohol 
and biphenyl), and only under high irradiation power (500 W, 
see SI Table S1 and Table 2). Thus, changing the phosphine 
ligand clearly affects the behavior of the catalyst under light, 
and it appears that under irradiation the PMe3 ligand enables to 
leverage a sufficient driving force to overcome the 
thermodynamic constraints. The photochemical activation of 
these systems is somewhat reminiscent of recent developments 
involving the use of electrochemical activation to surmount 
thermodynamic and kinetic barriers in alcohol dehydrogenation 
by MLC systems.41,42 We were thus intrigued to know whether 
this approach could be extended to the photochemical 
activation of MLC complexes in order to provide an alternative 
means of photochemical benzene carbonylation.

Scheme 1. Reaction of a PNP-rhodium-hydride pincer complex with CO2, its 
subsequent C-H activation in benzene under UV irradiation, and acid-induced 
release of benzaldehyde, as previously reported by Milstein and coworkers.43

Scheme 2. Rate of benzene C-H activation by different neutral and anionic PNP-
rhodium(I) pincer complexes, as reflected in the approximate time to reaction 
completion.

Results and Discussion
In 2016, Milstein and coworkers reported the photochemical 
activation of a PNP-rhodium pincer complex, as part of a 
sequence of reactions that converted benzene and CO2 into 
benzaldehyde (Scheme 1).43 In the initial step, a PNP-rhodium(I) 
hydride complex was shown to participate in a formal reverse 
water-gas shift reaction upon treatment with CO2, generating a 
dearomatized rhodium(I) carbonyl complex (1) and water. In 
this reaction, a pincer side-arm C-H proton, together with the 
hydride ligand, are involved in the cleavage of a C=O bond of 
CO2. Interestingly, under UV irradiation (𝜆max = 320 nm), 
complex 1 was found to promote the C-H activation of benzene 
via metal-ligand cooperativity, to form the corresponding acyl 
complex 3. Treatment of the latter with tosylic acid released 
benzaldehyde, with concomitant formation of the tosylate 
complex 4. Addition of base and H2 to this complex regenerated 
the initial Rh(I)-hydride complex, thereby closing a 
stoichiometric cycle for benzaldehyde formation from benzene 
and CO2. Stoichiometric carbonylation of benzene was also 
achieved by Huang and coworkers under thermal conditions, 
using an MLC complex of rhodium bearing a different PNP-type 
ligand, with benzaldehyde release being promoted by 
hydrochloric acid.44 Given the previously-observed 
photochemical activation of benzene by 1, and the possibility of 
releasing benzaldehyde, albeit under acidic conditions, we 
attempted direct benzene carbonylation under UV irradiation 
using 1 as catalyst, with limited success, (1.3 turnover (TON) 
after 120 h). Inspired by this preliminary result, we sought to 
understand the mechanism of this reaction in greater detail, in 
order to determine its limiting steps, and probe the conditions 
under which light can serve as a driving force for significant 
product formation and catalytic turnover. This could open the 
door for the use of MLC systems for catalytic benzene 
carbonylation, which has yet to be achieved. To this end, several 
aspects of a potential catalytic cycle have to be understood: (i) 
What is the role of light in the C-H activation step? (ii) Is benzene 
carbonylation by MLC complexes an associative process (as in 
the work of Tanaka and Goldman) or a dissociative one (as 
proposed by Kunin and Eisenberg)? (iii) How can benzaldehyde 
be released from the catalyst in order to close the catalytic 
cycle?
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Figure 1. a) CO self-exchange in a 2 mM solution of 1(12CO) in 7:1 n-
pentane/cyclohexane-d12 under 1 atm of 13CO, as observed by 31P{1H} NMR spectroscopy 
in the dark at room temperature. b) Low temperature (-40 °C) 31P{1H} NMR monitoring 
of such CO self-exchange in the same solvent mixture (all spectra represent mixtures of 
1(12CO) and 1(13CO) at varying ratios

We first investigated the behavior of different PNP-rhodium 
pincer complexes towards benzene C-H activation in the 
absence of carbon monoxide gas (Scheme 2). Complex 1, 
bearing the strongly-coordinated CO ligand trans to the lutidine 
core, does not activate benzene C-H bonds in the dark, i.e., it 
slowly decomposes in neat benzene over the course of two 
weeks at room temperature, but does not form phenyl complex 
2 or acyl complex 3. By contrast, dearomatized PNP-rhodium 
complexes analogous to 1, which bear more weakly-
coordinated ligands, namely, N2,45 chloride (Cl-)46 or triflate 
(OTf-),45 react with benzene in the dark, with the time required 
to complete this reaction decreasing from 4 d to 9 h to 1 h, 
respectively. The reactivity of these complexes towards C-H 
activation is thus inversely correlated with metal-ligand 
bonding strength (spetrochemical series and SI Table S2), i.e., 
CO > N2 > Cl- > OTf-. Based on this observation, our initial 
hypothesis was that a transiently formed three-coordinate 14e 

Rh(I) species is responsible for C-H activation, as proposed for 
the system reported by Kunin and Eisenberg.29 In complex 1, the 
strongly bonded CO ligand would prevent the formation of such 
a transient, coordinatively unsaturated species in the dark, 
hence explaining its lack of reactivity in the absence of light.

Figure 2. CO insertion into the Rh-Ph bond of 2 to form 3, and the consequent changes 
in the 31P{1H} NMR spectrum in the dark.

To probe this hypothesis, we examined the CO self-exchange 
rates of complex 1 in the dark and under irradiation. In a sealed 
NMR tube, a 2 mM solution of unlabeled complex 1 [1(12CO)] in 
7:1 n-heptane:cyclohexane-d12 was placed under 1 atm of 13CO, 
and the CO ligand exchange was monitored by 31P{1H} NMR 
spectroscopy. In the dark, at room temperature, 13CO 
incorporation was observed within a few minutes, as clearly 
evidenced by the appearance of 31P-13C coupling (2JP-C = 12.7 Hz) 
in the corresponding NMR peaks (Figure 1a). The same 
experiment was repeated at -40 °C (Figure 1b), showing roughly 
75% 13CO incorporation after 4 h. These results show that CO 
lability is high in the absence of irradiation on the timescale of 
photocatalysis and that incorporation of 13CO takes readily in 
the dark. However, this does not rule out the involvement of a 
three-coordinate intermediate responsible for C-H activation. 
Having shown that putative three-coordinate species can 
quickly generate the rhodium phenyl complex 2 (Scheme 2), we 
wanted to know whether this complex could be an intermediate 
en route to the acyl species 3, potentially leading to the release 
of benzaldehyde. When a benzene solution of 2 was placed 
under 1 atm of CO, this complex converted into 3 within several 
minutes at room temperature, in the dark, as observed by 
31P{1H} NMR spectroscopy (Figure 2). CO insertion into the Rh-
Ph bond is thus a facile, non-photochemical process. While it 
was initially thought that externally-added acid is necessary for 
the release of benzaldehyde from 3, we wanted to understand 
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whether this could instead be triggered by light or CO 
coordination.40,42

Figure 3. UV-visible spectral evolution of a 30 µM solution of 3 in pentane under 
1 atm of CO, at room temperature in the absence of additional external 
irradiation, over the course of 1 h.

Figure 4. Spectral deconvolution of the UV-visible spectrum of 3 in pentane under 1 atm 
of CO, recorded after 55 min at room temperature in the absence of additional external 
irradiation. The individual UV-visible spectra of 1 and 3 are shown for reference.

To explore potential CO-induced benzaldehyde release, we 
used UV-visible absorption spectroscopy to monitor the 
reaction of a 30 µM solution of 3 under CO at room temperature 
(Figure 3), employing pentane as solvent in order to avoid 
benzene C-H activation as a side-reaction. After 55 min under 
1 atm of CO, the reaction mixture showed the characteristic 
absorption bands of complex 1, with spectral deconvolution 
giving an excellent fit to a mixture of 1 and 3 (Figure 4). 1H NMR 
spectroscopy revealed the concomitant formation of 
benzaldehyde under these conditions (see SI, section 2.8), 
thereby confirming the successful elimination of the product in 
the presence of CO. These results clearly indicate that CO can 
promote benzaldehyde release from 3, while regenerating 1 
through a non-photochemical pathway. Spectral deconvolution 

over time allowed us to calculate an approximate pseudo-first-
order rate constant of 9.6 × 10-5 s-1 for the reaction 3 + CO → 1 
+ PhCHO (see SI, section 8), in line with a thermally activated 
rate-determining step at room temperature. Having established 
that benzaldehyde release and concurrent formation of 1 can 
be thermally facilitated by CO, thus potentially closing the 
catalytic cycle, we turned our attention to the role of light in the 
initial C-H activation step. Importantly, our aim was to 
determine whether this process is associative or dissociative, 
and to probe the effect of light on its thermodynamics and 
kinetics.

Figure 5. Overlay of the experimental and TD-DFT-derived UV-visible spectra of complex 

1 in pentane (see SI for details). The band at ~390 nm can be assigned to a HOMO-1 (dz2) 
→ LUMO metal-ligand charge transfer transition.

The UV-visible spectrum of 1 in pentane shows three 
discernable bands in the UV range: one centered around 
280 nm, one around 300 nm and one at roughly 390 nm 
(Figure 5), as well as one in the visible region (520 nm). Using 
time-dependent density functional theory (TD-DFT) 
calculations, we sought to gain insight into the electronic 
transitions involved in these absorptions. The absorption at 
~300 nm seems to be associated with a mixed metal-ligand-
based orbital transition, but the one at ~390 nm involves a 
metal-to-ligand charge transfer (MLCT) transition, with the 
donor orbital being the Rh dz2 and the acceptor orbital having a 
Rh-CO antibonding character (Figure 5). This latter transition 
resembles the one involved in the mechanism proposed by 
Goldman and coworkers for trans-[Rh(CO)Cl(PMe3)2], in which 
irradiation depopulates the dz2 orbital, thereby decreasing 
unfavorable electron-electron repulsions between the rhodium 
center and benzene substrate.40 
In the initial work on C-H activation by 1, reported by Milstein 
and coworkers, a light source with 𝜆max = 320 nm was used.43 
We wanted to investigate whether selectively promoting the 
MLCT transition at 390 nm could lead to a more active system, 
by increasing Lewis acidity on the metal center and Lewis 
basicity on the ligand framework. Starting from 1, we 
performed spectrophotochemistry at different temperatures to 
learn more about the nature of the C-H activation step. A 
thermostated quartz cuvette containing a 30 µM solution of 1 
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in benzene under N2 was placed in a UV-visible 
spectrophotometer, and was irradiated at 390 nm using a LED 
light source positioned at a 90° angle with respect to the 
spectrophotometer beam path, while maintaining the 
temperature at 20 °C. Under these conditions, the characteristic 
absorption bands of 1 decreased over time, giving way to the 
absorption bands of 2 (Figure 6a), with typical isosbestic points, 
indicating full conversion of 1 into 2, with concomitant release 
of CO, over the course of 3 h.

Figure 6. a) UV-visible spectral evolution during photochemical C-H activation of benzene 

by 1 in the absence of added CO (30 µM of 1 in benzene under N2 at 20 °C, irradiated for 
3 h at 390 nm at 90° relative to the spectrophotometer beam). b) Corresponding Eyring 
plot and derived activation parameters for the C-H activation

Discriminating between associative and dissociative 
mechanisms is difficult when fitting the data to kinetic rate laws, 
since first order kinetics are expected in both cases (see SI, 
section 7). Therefore, the reaction kinetics were studied at 
different temperatures, in order to extract the activation 
enthalpy and entropy from the corresponding Eyring plot 
(Figure 6b). It is important to stress that although the Eyring 
approximation is generally applied to strictly thermal systems, 
both Eyring himself,47 as well as others,48,49 have shown that it 
can be successfully applied to photochemical systems. Based on 
our kinetic data, negative values were obtained for both ∆H‡ 
and ∆S‡, i.e., -4.7 kcal/mol and -90.5 cal/mol·K, and these are in 

line with an associative or exchange mechanism (SN2-type), 
followed by CO release. It should be noted that relatively small 
values of H‡, and the large negative value of S‡ measured for 
the C-H activation step with 1, are usually linked to an exchange 
mechanism.50 Moreover, negative entropy values of this 
magnitude have been observed experimentally,51–53 and are 
generally explained by entropy-governed processes.54 These 
mechanistic attributes seem to be corroborated by the 
apparent absence of intermediates in the C-H activation 
reaction (Figure 6a), although it is possible that their 
concentrations fall below the detection limit or time-resolution 
of our UV-visible spectrophotometer. 
In order to understand how photoactivation of MLC complexes 
such as 1 leads to bond activation, we also investigated the 
photochemical step computationally, using DFT calculations 
(Figure 7 and SI, section 9). In line with Goldman’s proposition 
that photoexcitation of Rh(I) species can lead to dz2 
depopulation, which is also supported by our TD-DFT 
calculations (Figure 5), we were able to locate an associative 
transition state for C-H activation (TS1-2, ∆Gcalc = 55.4 kcal/mol). 
This transition state, which involves metal-ligand cooperation, 
should be thermally easily accessible from the excited state of 1 
(approximated here by its triplet state, at ∆Gcalc = 
45.6 kcal/mol). Notably, the observed reaction barrier, ∆G‡

exp = 
21.9 kcal/mol (Figure 6), is higher than the computed one, 
∆G‡

calc(TS1-2) = 9.8 kcal/mol (relative to the triplet state of 1, 
Scheme 3). This could be explained by rovibronic relaxation, as 
well as triplet-to-singlet intersystem crossing, both of which 
must take place in the real system before reaching the 
computed transition state, but neither of which has been 
considered in our TD-DFT calculations. After CO dissociation, 
the formation of 2 is strongly downhill in energy (as is the 
formation of 1 and 3; see SI, section 9.2), and is thus consistent 
with our observation that 2 is exclusively formed under 
irradiation in the absence of externally-added CO (Figure 6a). 
Alternatively, photoexcitation of 1 could lead to CO dissociation 
prior to its reaction with benzene, opening the way for C-H 
oxidative addition pathways. Indeed, we located an oxidative 
addition transition state (TS1-5, ∆Gcalc = 59.2 kcal/mol) leading to 
the Rh(III) species 5 (∆Gcalc = 46.9 kcal/mol), with the former 
being roughly 4 kcal/mol higher in energy than TS1-2. Product 5 
could convert into 2 through intramolecular proton transfer 
from the metal center to the olefinic pincer side-arm. As noted 
above, our experimental Eyring analysis reveals a strongly 
negative entropy of activation, which is consistent with our 
computational results for the associative pathway, i.e., TS1-2 
exhibits ∆S‡

calc = -41.7 cal/mol·K, whereas the oxidative addition 
(dissociative) pathway shows a much smaller entropy of 
activation, at only -2.2 cal/mol·K. Taken together, our 
experimental and DFT findings indicate that C-H bond activation 
by complex 1 proceeds through an associative photochemical 
mechanism.
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Figure 7. Potential energy surface for the photochemical carbonylative C-H bond activation of benzene promoted by 1, showing two alternative reaction pathways. All structures 
were calculated at the M06-L/def2VP/W06/GD3/SMD//B97M-V/def2TZVPP/RIJCOSX/SMD level of theory and energies are standard-state corrected. t-butyl protons omitted for 
clarity. Distances in Å.

The DFT calculations are also helpful in rationalizing the rapid 
CO self-exchange that occurs in the absence of light. The 
pentacoordinate dicarbonyl complex 1·CO, obtained upon 
coordination of a second CO ligand to the metal center of 1, was 
calculated to be only 9.0 kcal/mol higher in energy than the 
latter, providing a fast associative process for CO self-exchange 
(see SI, section 9.2 Table S3 and S4). Such CO exchange 
pathways involving pentacoordinate rhodium(I) species have 
been previously observed in similar systems.40-41 

Table 1. Effect of light source on photochemical benzene carbonylation catalyzed by 1.

Entry Light source Powerc Wavelength (nm)[d] TON
143 UVB[a] 80 W max = 320 1.3
2 Solar 

simulator[b]

100 W  > 400 0

3 Solar 
simulator[b]

100 W 300 <  < 1000 4.20.3[d]

4 LED[c] 52 W max = 390 14.11.5[d]

[a]20 mM of 1 in benzene, 1 atm of CO, irradiation in an NMR tube for 120 h under 
10 x 8 W fluorescent LZC-UVB lamps. [b]1 mM of 1 in 3 mL of benzene, 1 atm of CO, 
irradiation for 72 h under 100 W Xe lamp in a quartz cuvette with a 3 mL headspace. 
[c]Kessil LED lamp (max = 390 nm) instead of Xe lamp. [d]Error corresponds to 
repeated (> 2) runs.

 Table 2. Photochemical benzene carbonylation by different group IX complexes.

Entry Power Wavelength (nm) TON[a] Selectivity Complex

133 200 W  < 366 2.1[b] 100 % 6 

233 200 W  < 366 1.3[c] 100 % 7 

339 500 W  > 290 72[d] 54% 8 

440 500 W  > 290 52 (50 °C)[e] 51% 8 

5[f] 52 W max = 390 14.11.5 100% 1 

[a]Reaction run at 25 °C and 1 atm of CO at 1 mM catalyst in neat benzene, if not 
stated otherwise. Turnovers correspond to benzaldehyde formation. [b]0.2 atm of 
CO, 7 mM 6, 40 h. [c] 0.9 atm of CO, 3.6 mM 7, 22 h. [d]  0.7 mM 8, 33 h. [e] 7 mM 8, 
24 h, 27 TON for benzyl alcohol, 19 TON for benzophenone, 3 ton for biphenyl. 

[f]This work.
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Having gained a deeper understanding of the benzene 
carbonylation mechanism, we set to examine whether the 
mechanistic analysis, as well as identification of the absorption 
band associated with C-H activation (390 nm), can be translated 
into higher catalytic activity. As shown previously,43 irradiation 
of a benzene solution of complex 1 at 320 nm led to a TON of 
only 1.3 after 120 h (Table 1, entry 1). In our experiments, we 
employed different light sources and filters in order to 
selectively apply the irradiation band responsible for catalytic 
turnover. Using a solar simulator equipped with a 400 nm 
bandpass filter, it was found that visible light is insufficient to 
promote the desired reaction (entry 2) and that the absorption 
band centered around 520 nm does not promote C-H activation 
(Figure 5). Nevertheless, when the same light source was 
operated without a bandpass filter, benzaldehyde production 
was observed (TON ≈ 4; entry 3). Finally, in order to focus on the 
UV band that we have associated with C-H activation, we 
selectively irradiated the sample at 390 nm, using a LED light 
source (entry 4). Under these conditions, we were able to 
generate benzaldehyde at an even higher TON of ~14, and with 
no observable side-products. Thus, by employing 1 as catalyst, 
and irradiating the reaction mixture at 390 nm, it is possible to 
drive the carbonylation of benzene beyond the low equilibrium 
concentration of benzaldehyde, i.e., ~2 mM in CO-saturated 
benzene at room temperature. To the best of our knowledge, 
no catalytic MLC-promoted benzene carbonylation has been 
reported thus far, with the only available examples of such 
reactions having been  achieved in a stoichiometric fashion.43,44

Our results suggest that under carefully chosen conditions, an 
MLC framework can enable excellent selectivity at high activity 
and low irradiation power (e.g., 52 vs 500 W, see Table 2 entries 
2-4). This contrasts with previously-reported Vaska-type 
complexes,39 which operate via oxidative addition/reductive 
elimination pathways, and show a trade-off between activity  
(Table 2, entries 2 and 3) and selectivity (Table 2, entries 1 and 
2), possibly due to the forcing reaction conditions required in 
such systems (i.e., high temperature and irradiation power; see 
SI, section 4 Table S1).

Figure 8. Proposed catalytic cycle for the photochemical benzene carbonylation 
promoted by 1.

Conclusions
Our successful application of MLC catalysis for photochemical 
benzene carbonylation shows that, like electrochemical 
approaches, non-thermal activation pathways can provide the 
thermodynamic driving force necessary to promote endergonic 
reactions in a clean and sustainable fashion, without the need 
for highly reactive co-substrates. The light source is employed 
as a monodirectional thermodynamic pump that populates 
high-energy intermediates.
The results of our mechanistic experiments involving pincer 
complex 1 in benzene are consistent with a light-driven C-H 
activation step, followed by a series of thermal steps 
responsible for product release and catalytic cycle closure (see 
Figure 8). Importantly, CO was shown to promote benzaldehyde 
release in this system, whereas similar previously-described 
MLC systems necessitated the use of strong acids to accomplish 
this step.44 The presence of a strong acid in an MLC system 
would ultimately quench the basicity of the ligand, thus 
preventing successful C-H activation and accounting for the lack 
of catalytic turnover in such systems. It should also be noted 
that although intermittent CO release from catalyst 1 is 
possible, the C-H activation step is associative, indicating that 
increased CO pressure in a suitable reactor could be beneficial. 
Such a high-pressure approach could also counter the low 
solubility of CO in most organic solvents, including benzene 
(<10 mM at 1 atm).
In summary, photochemical benzene carbonylation via C-H 
activation is a challenging process that has seen little 
advancement over the last decades, from both a performance 
and mechanistic point of view. Herein, we demonstrate the 
unprecedented implementation of MLC catalysis to successfully 
promote this reaction. Unlocking the catalytic carbonylative C-
H activation of benzene using MLC catalysts demonstrates that 
excellent selectivity can be achieved under mild conditions (LED 
irradiation at room temperature). Indeed, preliminary studies 
conducted in our research group have shown that benzene is 
not the only substrate that can be functionalized using this type 
of chemistry, and we hope that our findings would spur the 
development of new generations of catalysts.
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