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ABSTRACT:	A	key	challenge	in	green	synthesis	is	the	catalytic	transformation	of	renewable	substrates	at	high	atom	and	en-
ergy	efficiency,	with	minimal	exergonicity	(∆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	 (DG°	=	 1.7	 kcal/mol)	 and	 the	 breaking	 of	 strong	C-H	 bonds	 (113.5	
kcal/mol)	with	full	atom	efficiency	and	renewable	starting	materials.	Nevertheless,	little	progress	has	been	made	since	this	
transformation	was	first	reported,	in	1980s	and	’90s.	By	following	a	mechanistic	approach,	applying	spectrophotochemical	
and	computational	tools,	we	sought	to	gain	a	detailed	understanding	of	 the	non-thermal	C-H	activation	of	benzene	using	
metal-ligand	cooperative	(MLC)	PNP	rhodium	complexes.	This	allowed	us	 to	unlock	catalytic	MLC	benzene	carbonylation	
promoted	by	irradiation	in	the	near-visible	UV	region	(390	nm)	for	the	first	time.	

INTRODUCTION 
For	the	chemical	sector	to	achieve	the	goal	of	net-zero	car-
bon	 emission,	 it	 is	 crucial	 to	 increase	 the	 energetic	 effi-
ciency	of	chemical	processes,	to	improve	their	atom	econ-
omy,	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,	with	minimal	and	renewable	energy	input	
(∆G≈0).	 In	 this	 respect,	 both	 electrochemical	 and	 photo-
chemical	approaches	are	desirable,	as	they	allow	for	a	con-
trolled,	measurable	and	 sustainable	energy	 input	 (via	 the	
applied	potential	or	chosen	wavelength).	Over	the	last	dec-
ades,	electrocatalysis	has	evolved	as	a	tool	to	transform	re-
newable	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	
was	 shown	 that	 both	 electrochemical	 and	 photochemical	
approaches	can	produce	CO	from	CO2	at	high	rate	and	with	
excellent	selectivity,16–18	making	it	a	valuable	and	renewa-
ble	C1-builduing	block.	While	a	plethora	of	carbonylative	C-
H	transformations	exists,19–24	we	are	interested	in	applying	
photo-	and	electrochemical	approaches	to	enable	otherwise	
endergonic	processes	via	the	use	of	these	renewable	energy	
inputs.	Within	 this	 context,	 the	 photochemical	 carbonyla-
tion	of	benzene	to	produce	benzaldehyde	is	particularly	in-

teresting,	as	it	combines	two	renewable25,26	and	non-func-
tionalized	substrates	into	an	interesting	platform	chemical	
at	 full	 atom	efficiency.27	 Benzene	 carbonylation	 is	 indeed	
highly	 challenging,	 due	 to	 unfavorable	 thermodynamics	
(ΔG°	 =	 1.7	 kcal/mol)	 and	 the	 strong	 benzene	 C-H	 bond	
(113.5	kcal/mol),	and	thus	serves	as	an	ideal	testing	ground	
for	novel	non-thermal	catalytic	approaches.	However,	since	
the	 initial	 reports	 on	 rhodium-catalyzed	 photochemical	
benzene	 carbonylation	were	 published,	 in	 the	 late	 1980s	
and	 early	 1990s,	 little	 progress	 has	 been	 made	 in	 this	
field.28–33	In	recent	work,	we	showed	that	non-thermal,	elec-
trochemical	pathways	can	be	used	to	activate	metal-ligand	
cooperative	 (MLC)34–36	 catalysts	 for	 endergonic	 dehydro-
genation	reactions	at	room	temperature.37,38	This	prompted	
us	 to	 explore	whether	 non-thermal	MLC	 chemistry	 could	
also	be	leveraged	for	catalytic	benzene	carbonylation.	Fol-
lowing	a	mechanistic	approach,	we	seek	to	identify,	under-
stand	 and	 overcome	 bottlenecks	 in	 photochemical	 car-
bonylative	C-H	activation	promoted	by	MLC	systems,	with	
the	 goal	 of	 providing	 novel	 alternatives	 for	 catalytic	 ben-
zene	carbonylation.	
Despite	 the	 elegance	 of	 benzene	 carbonylation,	which	 al-
lows	benzaldehyde,	an	important	molecular	building	block,	
to	be	synthesized	in	a	single	step	from	simple	and	renewa-
ble	feedstocks,25	the	widespread	application	of	this	process	
is	hampered	by	unfavorable	 thermodynamics	and	the	 low	
productivity	 of	most	 catalysts	employed	 for	 this	reaction.	
Early	work	by	Kunin	and	Eisenberg	showed	that	a	rhodium-
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based	Vaska-type	complex,	trans-[Rh(CO)Cl(PPh3)],	can	cat-
alyze	this	reaction,	achieving	a	turnover	number	(TON)	of	
2.1	after	40	h	of	irradiation	(Hg/Xe	arc,	200	W).33	In	their	
report,	the	authors	demonstrated	the	role	of	light	in	over-
coming	kinetic	barriers,	and	the	system	was	also	found	to	
be	 very	 competent	 in	 promoting	 the	 reverse	 process,	 i.e.,	
photochemical	 benzaldehyde	 decarbonylation.	 Neverthe-
less,	although	under	irradiation	the	forward	reaction	could	
proceed	 at	 room	temperature,	 the	 system	was	 limited	by	
the	 low	 equilibrium	 concentration	 of	 benzaldehyde,	 gov-
erned	by	unfavorable	thermodynamics.	Using	a	similar	sys-
tem,	 the	 PMe3-analogue	 trans-[Rh(CO)Cl(PMe3)],	 the	
groups	of	Tanaka39	and	Goldman40	demonstrated	 that	 the	
thermodynamic	 limitation	 could	be	overcome,	 attaining	 a	
TON	of	48	(60	h)	and	52	(24	h,	500	W,	Hg-arc	lamp),	respec-
tively.	Thus,	changing	the	phosphine	 ligand	clearly	affects	
the	behavior	of	the	catalyst	under	light,	and	it	appears	that	
the	PMe3	variant	is	able	to	supply	sufficient	driving	force	to	
overcome	 the	 thermodynamic	 constraints.	 The	 non-ther-
mal,	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	sys-
tems.41,42	

	
Scheme	1.	 Reaction	 of	 a	 PNP-rhodium	 hydride	 pincer	
complex	with	CO2	and	subsequent	C-H	activation	under	
UV	irradiation.	

In	2016,	The	Milstein	group	reported	the	photochemical	ac-
tivation	of	a	PNP-rhodium	pincer	complex,	as	part	of	a	se-
quence	 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	pro-
mote	the	C-H	activation	of	benzene	via	metal-ligand	cooper-
ativity,	 to	 form	 the	 corresponding	 acyl	 complex	3.	 Treat-
ment	of	the	latter	with	tosylic	acid	released	benzaldehyde	
with	 co-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.	Given	the	
photochemical	activation	of	benzene	by	1,	and	the	possibil-
ity	 of	 releasing	 benzaldehyde,	 albeit	 under	 acidic	 condi-
tions,	we	attempted	direct	benzene	carbonylation	under	UV	
irradiation	 using	 1	 as	 catalyst,	 achieving	 limited	 success,	
with	TON	=	1.3	after	120	h.	Similarly,	a	rhodium	MLC	PN3P-
complex	was	used	by	Huang	and	co-workers	for	the	stoichi-
ometric	 carbonylation	 of	 benzene	 under	 thermal	 condi-
tions,	 using	 hydrochloric	 acid	 for	 benzaldehyde	 release.44	
Inspired	by	these	preliminary	results,	we	sought	to	under-
stand	the	mechanism	of	this	reaction	in	greater	detail,	in	or-
der	to	determine	its	limiting	steps,	and	probe	the	conditions	
under	which	light	can	serve	as	a	driving	force	for	significant	
product	formation.	This	would	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	carbonyla-
tion	 by	MLC	 complexes	 an	 associative	 process	 (as	 in	 the	
work	of	Tanaka	and	Goldman)	or	a	dissociative	one	(as	pro-
posed	by	Kunin	and	Eisenberg)?	(iii)	How	can	benzaldehyde	
be	released	from	the	catalyst	in	order	to	close	the	catalytic	
cycle?		
RESULTS	AND	DISCUSSION	
We	first	investigated	the	behavior	of	different	PNP-rhodium	
pincer	complexes	towards	benzene	C-H	activation	in	the	ab-
sence	of	carbon	monoxide	gas	(Scheme	2).	Complex	1,	bear-
ing	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	com-
plex	2	or	acyl	complex	3.	By	contrast,	dearomatized	PNP-
rhodium	complexes	bearing	more	weakly	coordinated	 lig-
ands,	namely,	N2,45	chloride	(Cl-)46	or	triflate	(OTf-),45	react	
with	benzene	 in	the	dark,	with	 the	time	required	to	com-
plete	this	reaction	decreasing	from	4	d	to	9	h	to	1	h,	respec-
tively.	 The	 reactivity	 of	 these	 dearomatized	 pincer	 com-
plexes	towards	C-H	activation	 is	thus	 inversely	correlated	
with	metal-ligand	bonding	strength	(CO	>	N2	>	Cl-	>	OTf-).	
Based	on	this	observation,	our	initial	hypothesis	was	that	a	
transiently	formed	three-coordinate	14e	Rh(I)	species	is	re-
sponsible	for	C-H	activation,	as	proposed	for	the	system	re-
ported	by	Kunin	and	Eisenberg.29	In	complex	1,	the	strongly	
bonded	CO	ligand	would	prevent	the	formation	of	the	tran-
sient,	coordinatively	unsaturated	species	in	the	dark,	hence	
explaining	its	lack	of	reactivity	in	the	absence	of	light.		
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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	com-
pletion.	

To	further	probe	this	hypothesis,	we	examined	the	CO	self-
exchange	rates	of	complex	1	in	the	dark	and	under	irradia-
tion.	In	a	sealed	J.	Young	NMR	tube,	a	2	mM	solution	of	un-
labeled	complex	1	[1(12CO)]	in	7:1	n-heptane:cyclohexane-
d12	was	placed	under	1	atm	of	13CO,	and	the	CO	 ligand	ex-
change	was	monitored	by	31P{1H}	NMR	spectroscopy.	In	the	
dark,	 at	 room	 temperature,	 13CO	 incorporation	 was	 ob-
served	within	a	few	minutes,	as	clearly	evidenced	by	the	ap-
pearance	of	 31P-13C	coupling	(2JP-C	=	12.7	Hz)	 in	 the	corre-
sponding	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	pho-
tocatalysis.	From	the	NMR	spectra,	it	is	apparent	that	imme-
diate	incorporation	of	13CO	takes	place	even	in	the	absence	
of	irradiation.	This	suggests	that	(i)	CO	self-exchange	is	very	
rapid	at	room	temperature,	and	(ii)	light	is	not	needed	for	
this	step.	However,	this	does	not	rule	out	the	involvement	
of	a	three-coordinate	intermediate	responsible	for	C-H	acti-
vation.	Having	 shown	 that	 putative	 three-coordinate	 spe-
cies	 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,	po-
tentially	leading	to	the	release	of	benzaldehyde.	
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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	 ob-
served	by	31P{1H}	NMR	spectroscopy	in	the	dark	at	room	tem-
perature.	b)	Low	temperature	(-40	°C)	31P{1H}	NMR	monitor-
ing	of	such	CO	self-exchange	in	the	same	solvent	mixture	(all	
spectra	represent	mixtures	of	1(12CO)	and	1(13CO)	at	varying	
ratios).	

When	a	benzene	solution	of	2	was	placed	under	1	atm	of	CO,	
this	complex	converted	over	the	course	of	several	minutes	
(the	time	to	run	an	NMR-spectrum)	into	3	at	room	temper-
ature,	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	whether	
this	 could	 instead	 be	 triggered	 by	 light	 or	 CO	 coordina-
tion.40,42	To	explore	potential	CO-induced	benzaldehyde	re-
lease,	we	used	UV-visible	absorption	spectroscopy	to	moni-
tor	the	reaction	of	a	30	µM	solution	of	3	under	CO	at	room	
temperature	(Figure	3),	employing	pentane	as	solvent	in	or-
der	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	
Supporting	Information	(SI),	section	2.8],	thereby	confirm-
ing	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	7),	in	line	with	a	thermally	ac-
tivated	rate-determining	step	at	room	temperature.	Having	
established	that	benzaldehyde	release	and	concurrent	for-
mation	of	1	can	be	thermally	facilitated	by	CO,	thus	poten-
tially	closing	the	catalytic	cycle,	we	turned	our	attention	to	

the	 role	 of	 light	 in	 the	 initial	 C-H	 activation	 step.	 Im-
portantly,	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	2.	CO	insertion	into	the	Rh-Ph	bond	of	2	to	form	3,	
and	the	consequent	changes	in	the	31P{1H}	NMR	spectrum.	
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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	ab-
sence	of	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	irradiation.	The	UV-visible	spec-

tra	of	1	and	3	are	shown	for	reference.	

Figure	5.	 Overlay	 of	 the	 experimental	 and	 TD-DFT-derived	
(see	SI	for	details)	UV-visible	spectra	of	complex	1	in	pentane.	
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	dis-
cernable	 bands	 in	 the	 UV	 range:	 one	 centered	 around	
280	nm,	 one	 around	 300	nm	 and	 one	 roughly	 at	 390	 nm	
(Figure	5).	Using	TD-DFT	calculations,	we	sought	to	gain	in-
sight	 into	 the	 electronic	 transitions	 involved	 in	 these	 ab-
sorptions.	The	absorption	at	~300	nm	seems	to	be	associ-
ated	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	transition	resembles	the	one	in-
volved	 in	 the	 mechanism	 proposed	 by	 Goldman	 and	 co-
workers	 for	 trans-[Rh(CO)Cl(PMe3)],	 in	which	 irradiation	
depopulates	the	dz2	orbital,	thereby	decreasing	unfavorable	
electron-electron	 repulsions	 between	 the	 rhodium	center	
and	benzene	substrate.40		
In	 the	 initial	 report	 on	C-H	activation	by	1,	 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	 spectrophoto-
chemistry	at	different	temperatures	to	learn	more	about	the	
nature	of	the	C-H	activation	step.	A	thermostated	quartz	cu-
vette	containing	a	30	µM	solution	of	1	in	benzene	under	N2	
was	placed	in	a	UV-visible	spectrophotometer,	and	was	ir-
radiated	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	 de-
creased	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.	

LUMOHOMO-1

https://doi.org/10.26434/chemrxiv-2024-749j2-v2 ORCID: https://orcid.org/0000-0001-8108-5365 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-749j2-v2
https://orcid.org/0000-0001-8108-5365
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

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

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

Discriminating	between	associative	and	dissociative	mech-
anisms	is	difficult	when	fitting	the	data	to	kinetic	rate	laws,	
since	first	order	kinetics	are	expected	in	both	cases	(see	SI,	
section	6).	Therefore,	the	reaction	kinetics	were	studied	at	
different	temperatures,	in	order	to	extract	the	activation	en-
thalpy	 and	 entropy	 from	 the	 corresponding	 Eyring	 plot	
(Figure	6b).	The	negative	values	calculated	for	∆H‡	and	∆S‡,	
-4.7	kcal/mol	and	-90.5	cal/mol·K,	are	in	line	with	an	asso-
ciative	 or	 interexchange	 mechanism,	 followed	 by	 CO	 re-
lease.	It	should	be	noted	that	relatively	small	values	of	DH‡	

and	the	large	negative	value	of	DS‡	measured	for	the	C-H	ac-
tivation	step	with	1	are	usually	linked	to	an	interexchange	
mechanism.47	This	hypothesis	seems	to	be	corroborated	by	
the	apparent	absence	of	intermediates	in	the	C-H	activation	
reaction	(Figure	6),	although	it	is	possible	that	their	concen-
trations	fall	below	the	detection	limit	of	our	UV-visible	spec-
trometer.	
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Scheme	3.	Potential	energy	surface	for	the	photochemical	carbonylation	of	benzene	catalyzed	by	1,	calculated	at	the	M06-
L/def2VP/W06/GD3/SMD//wB97M-V/def2TZVPP/RIJCOSX/SMD	level	of	theory.	aThe	triplet	state	was	used	as	a	proxy	for	
the	geometry	of	the	excited	state	of	the	excitation	at	390	nm.	

In	order	to	better	understand	the	energetics	of	the	different	
steps	comprising	the	benzene	carbonylation	reaction	cata-
lyzed	by	1,	we	performed	DFT	calculations	(Scheme	3	and	
SI,	section	8).	As	one	examines	the	computed	reaction	pro-
file,	 several	points	are	 immediately	evident.	The	observed	
and	 isolated	 intermediates,	 namely,	2	and	3,	are	 strongly	
uphill	energetically	compared	to	the	starting	material	1,	by	
about	35	and	26	kcal/mol,	respectively.	Once	2	is	generated,	
the	 subsequent	 steps,	 including	 benzaldehyde	 formation,	
are	strongly	exergonic,	by	as	much	as	22	kcal/mol.	Indeed,	
we	experimentally	observed	the	facile	release	of	benzalde-
hyde	from	2	under	CO,	with	concomitant	regeneration	of	1	
(Figure	3).	We	 propose	 that	 irradiation	 at	 390	 nm	 brings	
complex	1	to	an	excited	state	(we	used	the	Gibbs	free	energy	
of	the	triplet	state	as	a	proxy	for	the	energy	of	this	excited	
state,	 see	 Scheme	 3	 and	 SI	 section	 8.2),	 which	 lies	 45.6	
kcal/mol	above	the	ground	state,	and	that	the	MLCT	charac-
ter	of	this	transition	should	increase	the	Lewis	acidity	of	the	
metal	center	and	Lewis	basicity	of	the	ligand.	An	associative	
transition	state	then	leads	to	C-H	activation	and	subsequent	
CO	release,	thereby	affording	intermediate	2.	Importantly,	
the	observed	reaction	barrier,	∆G‡exp	=	21.9	kcal/mol	(Fig-
ure	6),	is	higher	than	the	computed	one,	∆G‡calc(TS1-2)	=	12.1	

kcal/mol	(Scheme	3).	This	could	be	explained	by	rovibronic	
relaxation,	as	well	as	triplet-to-singlet	intersystem	crossing	
that	must	take	place	before	reaching	the	computed	transi-
tion	state,	neither	of	which	has	been	considered	in	our	TD-
DFT	 calculations.	The	DFT	 calculations	are	 also	helpful	 in	
rationalizing	the	rapid	CO	self-exchange	that	occurs	in	the	
absence	of	light.	Thus,	the	pentacoordinate	dicarbonyl	com-
plex,	obtained	upon	coordination	of	a	second	CO	ligand	to	
the	 metal	 center	 of	 1,	 was	 calculated	 to	 be	 only	
10.9	kcal/mol	higher	in	energy	than	the	latter,	providing	a	
fast	associative	process	for	CO	self-exchange.	Indeed,	asso-
ciative	CO	 self-exchange	pathways	 involving	pentacoordi-
nate	rhodium(I)	species	have	been	observed	in	similar	sys-
tems.40-41	A	dissociative	mechanism	is	less	likely,	consider-
ing	the	experimentally	observed	negative	∆S‡	value.	Moreo-
ver,	DFT	calculations	involving	a	dissociative/oxidative	ad-
dition	pathway,	similar	to	that	proposed	by	Kunin	and	Ei-
senberg,	show	barriers	 for	C-H	activation	that	are	at	 least	
2	kcal/mol	higher	as	compared	to	the	associative	TS1-2	(see	
SI,	section	8.3),	hence	disfavoring	both	CO	dissociation	from	
1	and	participation	of	Rh(III)	intermediates.	
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Table	 1.	 Effect	 of	 light	 source	 on	 photochemical	
benzene	carbonylation	
Entry	Light	source	 Power	 Wavelength	

(nm)	
TON	

143	 UVB		 80	W	 280	<	l	<	410		 1.3a	

2	 Solar	Simulatorb	100	W	 l	>	400		 0	

3	 Solar	Simulatorb	100	W	 300	<	l	<	1000	 4.2±0.3c	

4	 LED	 52	W	 370	<	l	<	410		 14.1±1.
5c	

Reaction	conditions:	1	mM	of	1	in	3	mL	of	benzene,	1	atm	of	CO,	
72	h	irradiation	under	the	cited	light	source	in	a	quartz	cuvette	
with	3	mL	headspace.	a20	mM	of	1,	1	atm	of	CO,	120	h	irradia-
tion	 in	 an	 NMR	 tube,	 10	x	8	W	 fluorescent	 LZC-UVB	 lamps	
(Luzchem).	b100	W	Xe	lamp.	cError	corresponds	to	repeated	(>	
2)	runs.	

Having	gained	a	deeper	understanding	of	the	benzene	car-
bonylation	 mechanism,	 we	 set	 to	 examine	 whether	 the	
mechanistic	 analysis	 and	 identification	 of	 the	 absorption	
band	associated	with	C-H	activation	(390	nm)	can	be	trans-
lated	into	higher	catalytic	activity.	As	shown	previously,	ir-
radiation	at	320	nm	leads	to	a	TON	of	only	1.3	after	120	h	
(Table	1,	entry	1).	Using	a	solar	simulator	equipped	with	a	
400	nm	bandpass	filter,	it	was	found	that	visible	light	is	in-
sufficient	to	promote	the	desired	reaction	(Table	1,	entry	2).	
Nevertheless,	 when	 the	 same	 light	 source	 was	 operated	
without	 a	 bandpass	 filter,	more	 significant	 benzaldehyde	
production	was	observed	(~4	TON).	Finally,	by	selectively	
irradiating	the	band	at	390	nm,	using	a	LED	light	source,	we	
were	 able	 to	 generate	 benzaldehyde	with	 an	 even	 higher	
TON	of	~14.	Thus,	by	employing	1	as	catalyst,	and	irradiat-
ing	the	reaction	mixture	at	390	nm,	it	is	possible	to	drive	the	
carbonylation	reaction	beyond	the	low	equilibrium	concen-
tration	of	benzaldehyde,	 i.e.,	~2	mM	 in	CO-saturated	ben-
zene,	and	reach	a	much	higher	concentration	of	~10	mM.		
Our	successful	application	of	MLC	catalysis	for	photochem-
ical	 benzene	 carbonylation	 shows	 that,	 like	 the	 electro-
chemical	 approach,	 non-thermal	 activation	 pathways	 can	
provide	the	thermodynamic	driving	force	necessary	to	pro-
mote	endergonic	reactions	in	a	clean	and	sustainable	fash-
ion,	without	the	need	for	highly	reactive	co-substrates.	The	
light	source	is	employed	as	a	mono-directional	thermody-
namic	pump	to	populate	high-energy	intermediates.	The	re-
sults	of	our	mechanistic	experiments	are	consistent	with	a	
light-driven	C-H	activation	step	(Scheme	4),	 followed	by	a	
series	of	thermal	steps	responsible	for	product	release	and	
catalytic	 cycle	 closure.	 Importantly,	 CO	 was	 shown	 to	 be	
able	to	promote	benzaldehyde	release,	whereas	similar	pre-
viously-described	 MLC	 systems	 necessitate	 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	activa-
tion	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).	Fi-
nally,	our	kinetic	measurements	indicate	that	thermal	acti-
vation	 may	 still	 be	 necessary	 for	 accelerating	 the	 photo-
chemical	benzene	carbonylation	reaction,	as	the	key	light-
induced	C-H	activation	step	has	an	activation	energy	of	21.9	
kcal/mol	and	benzaldehyde	release	exhibits	a	low	rate	con-
stant	of	9.6	×	10-5	s-1	at	room	temperature.		

Scheme	4.	Proposed	catalytic	cycle	 for	 the	photochemical	
benzene	carbonylation	promoted	by	complex	1.	

In	summary,	photochemical	benzene	carbonylation	via	C-H	
activation	 is	 a	 challenging	process	 that	 has	 seen	 little	 ad-
vancement	over	the	last	decades,	from	both	a	performance	
and	mechanistic	point	of	view.	Herein,	we	demonstrate	the	
unprecedented	implementation	of	MLC	catalysis	to	success-
fully	promote	this	reaction.	Unlocking	catalytic	carbonyla-
tive	benzene	C-H	activation	using	metal-ligand	cooperative	
catalysts	may	open	novel	opportunities	in	the	field.	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.	A	promising	fol-
low-up	to	this	work	would	be	the	evaluation	of	other	aro-
matic	substrates,	and	a	comparison	of	their	reactivity.	
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