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ABSTRACT:	State-of-the-art	methods	in	photo-proximity	labeling	center	on	the	targeted	generation	and	capture	of	short-
lived	reactive	intermediates	to	provide	a	snapshot	of	local	protein	environments.	Diazirines	are	the	current	gold	standard	for	
high-resolution	proximity	labelling,	generating	short-lived	aryl(trifluoromethyl)	carbenes.	Here,	we	present	a	method	to	ac-
cess	aryl(trifluoromethyl)	carbenes	from	a	stable	diazo	source	via	tissue	penetrable,	deep	red	(DR)	to	near-infrared	(NIR)	
light	 (600-800	 nm).	 The	 operative	mechanism	 of	 this	 activation	 involves	 Dexter	 energy	 transfer	 from	 photoexcited	 os-
mium(II)	photocatalysts	to	the	diazo,	thus	revealing	an	aryl(trifluoromethyl)	carbene.	The	labeling	preferences	of	the	diazo	
probe	with	amino	acids	are	studied,	showing	high	reactivity	towards	heteroatom-H	bonds.	Upon	synthesis	of	a	biotinylated	
diazo	probe,	labeling	studies	are	conducted	on	native	proteins	as	well	as	proteins	conjugated	to	the	Os	photocatalyst.	Finally,	
we	demonstrate	that	conjugation	of	a	protein	inhibitor	to	the	photocatalyst	also	enables	selective	protein	labeling	in	the	pres-
ence	of	spectator	proteins.		

INTRODUCTION 
	 Proximity	 labeling	(PL)	 is	a	powerful	approach	to	map-
ping	cellular	microenvironments	and	providing	snapshots	
of	 the	 interactions	 between	 biomolecules.1	 Improved	 un-
derstanding	of	these	interactions	(e.g.,	protein–protein	in-
teractions)	reveals	spatial	proteomic	 information,	enables	
improved	understanding	of	cellular	processes,	and	guides	
the	design	of	new	therapeutics.2,3	The	development	of	novel	
PL	methods	requires	the	careful	consideration	of	both	the	
“antenna”	(typically	an	enzyme)	on	the	protein	of	interest	
and	the	reactive	species	formed	by	this	antenna	from	an	in-
ert	small	molecule,	which	governs	the	labeling	radius.4,5	For	
proteins,	the	labeling	radius	of	a	given	PL	method	is	related	
to	the	half-life	of	the	reactive	intermediate	generated	upon	
reaction	with	the	antenna	and	the	identity	of	the	capturing	
amino	acid	side	chain.6		
	 PL	has	revolutionized	the	study	of	transient	protein–pro-
tein	interactions	due	to	its	advantages	in	the	covalent	cap-
ture	and	enrichment,	obviating	purification	steps	that	may	
disrupt	 the	 cellular	 microenviroment.4,7,8	 Enzymatic	 ap-
proaches,	primarily	ascorbate	peroxidases	(e.g.,	APEX9	and	
SPPLAT10)	 and	 biotin	 ligases	 (e.g.,	 BioID11	 and	 Tur-
boID12),13,14	rely	on	the	generation	of	reactive	species	(phe-
noxy	radicals	or	activated	esters,	respectively).	These	reac-
tive	intermediates	possess	relatively	long	half-lives	(1	ms	to	
5	mins)	 and	 limited	 variety	 in	 side-chain	 reactivity	 (aro-
matic	groups	or	lysines,	respectively).	As	such,	developing	
new	methods	to	tighten	the	labeling	radius	will	enable	high-
resolution	mapping	 of	 local	 protein	 environments.	 At	 the	
same	time,	the	ability	to	conduct	PL	processes	with	a	stim-
ulus	that	affords	spatiotemporal	control	provides	an	even	
more	accurate	snapshot	of	the	cellular	microenvironment.	
	 Reactive	 species	 formed	 through	direct	photolysis	 (e.g.,	
carbenes	and	nitrenes)	have	been	shown	to	have	extremely	
short	 half-lives;	 however,	 direct	 photolysis	 requires	 cyto-
toxic	UV	light	and	results	in	unselective	labeling.15–17	Visible	

light	photo-proximity	 labeling	has	emerged	as	a	means	to	
overcome	these	 limitations	as	high	energy,	short-lived	 in-
termediates	 are	 generated	 and	 localized	 near	 proteins	
through	the	use	of	a	photocatalyst	antenna	and	a	photocata-
lytically-activatable	 probe.	 Accordingly,	 spatiotemporal	
control	is	achieved	as	the	reactive	probe	is	generated	only	
in	 the	presence	of	a	 light	stimulus.	A	seminal	report	 from	
MacMillan	and	Merck	in	2020	demonstrated	that	diazirines	
could	undergo	activation	by	an	Ir	photocatalyst	under	blue	
LED	 irradiation	 to	 reveal	 reactive	 carbenes	 (Figure	1A).18	
Inherently,	photo-proximity	labeling	techniques	require	the	
inert	 small	 molecule	 to	 be	 stable	 upon	 direct	 photolysis,	
which	can	be	mediated	by	avoiding	UV	light	and	moving	to	
lower	 energy	 light.	 Given	 the	 advantages	 of	 using	 even	
lower	energy	light,	specifically	in	the	phototherapeutic	win-
dow	(l	>	650	nm),	there	has	been	a	recent	push	to	access	

	
Figure	1.	Generation	of	reactive	probes	for	photo-proxim-
ity	labeling.	
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reactive	probes	under	deep	red	(DR)	or	near-infrared	(NIR)	
light.19–21	Towards	this	aim,	both	our	group22	and	the	Mac-
Millan	lab23	have	reported	that	aryl	azides	can	be	activated	
with	red	light	and	Os	or	Sn	photosensitizers,	respectively,	to	
reveal	 nitrenes	 or	 aminyl	 radicals	 (Figure	 1B).	 These	 ap-
proaches	have	enabled	extracellular	spatiotemporal	control	
in	PL	under	red	light	irradiation.	
	 Nitrenes22	have	a	relatively	long	half-life	compared	to	car-
benes,18	which	results	 in	a	 less	tight	 labeling	radius	and	a	
broader	coverage	of	the	microenvironment.	Herein,	we	re-
port	a	method	to	generate	short-lived	aryl(trifluoromethyl)	
carbenes	with	DR/NIR	light	from	the	analogous	diazo	com-
pound,	where	an	Os(II)	polypyridyl	photocatalyst,	upon	ex-
citation	by	DR/NIR	 light,	 catalyzes	 carbene	generation	by	
energy	transfer	to	the	parent	diazo	compound	(Figure	1C).	
	 Diazo	compounds	have	been	used	successfully	in	protein	
labeling	 via	 divergent	 activation	 modes.24,25	 Raines	 and	
coworkers	have	developed	a	suite	of	bioreversible	esterifi-
cation	methods.	These	elegant	modifications	take	place	un-
der	mildly	acidic	pH	(5.5	–	6.5),	temporarily	modulating	the	
properties	of	the	protein	to	effect	a	desired	outcome	(e.g.,	
enhancing	cellular	uptake).26–29	Metallopeptide	approaches	
have	also	been	applied,	particularly	with	substituted	dirho-
dium	 catalysts,	 to	 access	 carbenoid	 reactivity	 from	 diazo	
precursors.30,31	These	strategies	are	all	highly	enabling	and	
address	a	variety	of	biological	problems.	Nevertheless,	for	
proximity	labeling,	carbene	generation	is	desired	for	its	ex-
tremely	 short	 lifetime	 and	 promiscuous	 reactivity	 with	
many	amino	acid	side	chains.32	Indeed,	several	studies	have	
investigated	the	mechanism	of	diazirine	decomposition	and	
decoupled	direct	carbene	reactivity	from	diazo-derived	re-
actions.33,34	
	 UV	and	blue	light	have	been	used	to	activate	diazos	to	car-
benes,	but	translation	to	proteins	has	lagged	due	to	issues	
related	to	tissue	penetration	and	photocytoxicity.35	Notably,	
Dai	and	Yang	found	that	by	linking	the	diazo	group	to	an	ex-
tended	p	system,	diazocoumarins	can	be	activated	via	direct	
irradiation	with	blue	LEDs	or	with	a	two-photon	process	us-
ing	a	near-infrared	laser.36	However,	to	access	carbene	re-
activity	 for	 tightly	 localized	protein	 labeling	with	 low	en-
ergy,	tissue	penetrable	light,	a	photocatalytic	method	must	
be	developed.	

METHOD OPTIMIZATION AND MECHANISTIC 
STUDY 
	 With	the	goal	of	gaining	access	to	carbenes	under	red	light	
irradiation,	we	first	interrogated	other	carbene	precursors	
because	 the	 prototypical	 aryl(trifluoromethyl)	 diazirines	
used	for	blue	light-mediated	proximity	labeling	require	sen-
sitization	 from	high	 triplet	energy	photocatalysts.	The	 re-
quired	 triplet	 energies,	 such	 as	 that	 of	
[Ir(dFCF3ppy)2(dtbbpy)][PF6]	 derivatives	 (ET10,0	 ~2.6	 eV),	
to	achieve	 this	chemistry	are	 too	high	 to	be	reached	with	
low	 energy	 DR/NIR	 light:	 660	 nm	 is	 only	 approximately	
1.88	eV.	In	some	cases,	it	is	invoked	that	diazirines	isomer-
ize	 into	diazos	prior	 to	 loss	of	dinitrogen,	 and	 so	we	 rea-
soned	that	the	barrier	to	activate	aryl(trifluoromethyl)	di-
azo	compounds	should	be	lower	than	diazirines.33,34	Indeed,	
using	 1	mol%	 [Os(Me4phen)3][Cl]2	 (Os1)	 as	 a	 photocata-
lyst,37,38	 the	O-H	insertion	of	diazo	D2	 into	methanol	pro-
ceeds	in	95%	yield	to	afford	2	(Table	1,	Entry	1).	Decreasing	

the	Os	loading	to	0.5	mol%	and	0.1	mol%	affords	the	O-H	
insertion	product	2	in	95%	and	39%	yield,	respectively	(Ta-
ble	1,	Entries	2-3).	Furthermore,	using	a	NIR	LED	(740	nm)	
in	place	of	the	660	nm	LED	produces	2	in	30%	yield	(Table	
1,	 Entry	 4),	 demonstrating	 that	 even	 lower	 energy	wave-
lengths	are	amenable	to	the	transformation.	When	the	reac-
tion	is	run	for	24	hours	under	740	nm	LEDs,	87%	yield	of	
the	product	can	be	obtained	(Table	1,	Entry	5).	Importantly,	
control	studies	indicate	that	the	reaction	requires	both	light	
and	the	Os	catalyst	for	any	conversion	of	the	diazo	(Table	1,	
Entries	6-7).	
	 Cyclic	 voltammetry	of	diazo	D2	 showed	an	 irreversible	
reduction	at	E1/2	=	–1.35	V	vs	Ag/AgCl	 in	MeCN.	Thus,	 the	
excited	state	of	Os1	(E1/2	=	–1.25	V	vs	Ag/AgCl	in	MeCN)	is	

Table	1.	Reaction	Evaluation	for	O–H	Insertion.	

a	19F	NMR	yield	with	1-fluoronaphthalene	as	external	standard.	
b	100%	diazo	remaining.	
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unlikely	to	enable	single	electron	reduction	of	the	diazo,	im-
plicating	an	energy	transfer	mechanism.	To	further	corrob-
orate	 this,	 we	 employed	 a	 different	 Os	 photocatalyst,	
[Os(dFCF3Ph-pypm)2][Cl]2,	 which	 has	 a	 similarly	 high	 tri-
plet	energy	(1.80	eV)	as	Os1	but	is	insufficiently	reducing	in	
its	excited	state	(E1/2	=	–0.62	V	vs	Ag/AgCl	 in	MeCN).	Alt-
hough	Os1	is	a	more	efficient	catalyst,	decomposition	of	D2	
is	 indeed	observed	with	 [Os(dFCF3Ph-pypm)2][Cl]2	 (Table	
2,	Entry	2),	affording	2	in	17%	yield.	This	finding	suggests	
that	the	mechanism	to	carbene	formation	is	Dexter	energy	
transfer	from	the	excited	state	of	the	Os(II)	photocatalyst	to	
the	diazo.	Subsequent,	rapid	loss	of	N2	thus	forms	the	car-
bene.		
	 Next,	we	conducted	a	computational	study	to	examine	the	
feasibility	of	carbene	generation	via	energy	transfer.	First,	
we	found	that	the	diazo	could	be	activated	by	the	photocata-
lyst	via	energy	transfer	with	a	calculated	triplet	energy	of	at	
least	~27	kcal	mol–1	 (triplet	energy	of	Os1	~42	kcal	mol–
1).39	 It	was	also	determined	 that	 the	diazo	decomposition	
from	its	triplet	excited	state	has	a	relatively	low	barrier	of	
approximately	8.46	kcal	mol–1.	To	further	corroborate	the	
energy	transfer	mechanism,	a	Hammett	plot	was	generated,	
exhibiting	no	dependence	on	the	arene	electronics	(p-CF3	to	
p-OMe)	 to	 the	rate	of	diazo	decomposition	 (see	SI,	Figure	
S3).	If	an	*Os(II)-catalyzed	reduction	of	the	diazo	was	oper-
ative,	we	would	expect	the	diazo	electronics	to	influence	the	
rate	 of	 substrate	 decomposition.	 Taken	 together,	 these	
studies	 lead	us	 to	believe	 the	diazo	undergoes	Dexter	en-
ergy	transfer	from	*Os(II)	to	form	the	carbene.	

SYNTHETIC APPLICATIONS 
	 We	subsequently	investigated	O-H	insertion	reactions	in	
alcohol	solvent	with	respect	to	the	electronics	of	the	differ-
ing	para-substituents	on	the	diazo.	Specifically,	these	stud-
ies	could	guide	us	to	design	the	most	reactive	diazo	probe	
for	biological	studies.	A	clear	trend	was	observed	that	elec-
tron-neutral	 to	 -rich	 diazos	 produce	 higher	 yields	 in	 the	
O-H	insertion	of	methanol	than	their	electron	poor	deriva-
tives	(Figure	2A).	The	para-methoxy	and	para-methyl	diazo	
compounds	yield	O–H	insertion	products	1	and	2,	respec-
tively,	 in	excellent	yields.	Conversely,	 the	para-methyl	es-
ter-substituted	 diazo	 affords	6	 in	 only	 6%	yield.	 It	 is	 im-
portant	to	note	that	full	starting	material	conversion	is	ob-
tained	in	all	cases,	suggesting	that	the	discrepancy	in	yields	
is	not	from	the	rate	of	decomposition	(to	which	there	is	no	
relationship,	as	per	the	Hammett	study)	but	from	the	char-
acter	 of	 the	 resulting	 carbene	 species.	 For	 example,	 the	
aryl(trifluoromethyl)	 diazos	 possessing	 a	 para-bromo	 or	
para-methyl	ester	group	produce	dimeric	species	and	their	
isomers	upon	carbene	generation.40,41	These	results	suggest	
that	 the	 electron-rich	 diazos	 yield	 singlet	 carbenes	while	
the	electron-poor	diazos	yield	triplet	carbenes,	as	the	dirad-
ical	character	of	triplet	carbenes	would	disfavor	O-H	inser-
tion,	a	finding	consistent	with	a	recent	computational	study	
by	Wulff	using	aryl	diazirines.42		
	 We	also	sought	to	examine	the	tolerance	of	the	photocata-
lytic	reaction	with	bioorthogonal	functional	groups	(Figure	
2B).	Accordingly,	we	functionalized	the	p-tolyl(trifluorome-
thyl)	diazo	to	prepare	an	electron-neutral,	biotinylated	de-
rivative.	When	applied	to	the	O–H	insertion	conditions,	this	
compound	affords	7	in	a	50%	isolated	yield.	Furthermore,	

azidated	and	alkynylated	aryl(trifluoromethyl)	diazo	com-
pounds	produce	8	and	9,	respectively,	in	good	yields.	Thus,	
these	 derivatized	 aryl(trifluoromethyl)	 diazo	 compounds	
undergo	O-H	insertions	in	good	yields	and	with	high	func-
tional	group	tolerance	under	the	photocatalytic	conditions.	
	 The	O–H	insertion	study	demonstrated	that	electron-rich	
and	 -neutral	 substituents	 reveal	 carbenes	most	efficiently	
for	reaction	with	methanol.	In	light	of	these	results,	we	ini-
tiated	 reactivity	 studies	 using	 the	 p-tolyl-derived	 diazo,	
which	 possesses	 a	 benzylic	 position	 for	 synthesizing	 a	
probe	for	biological	studies.	Before	pursuing	protein	label-
ing	studies,	the	reactivity	of	various	amino	acids	was	stud-
ied	with	the	p-tolyl(trifluoromethyl)	diazo	(Figure	3A).	To	
isolate	the	reactivity	of	the	side	chain,	the	N-	and	C-	termini	
of	the	amino	acid	substrates	were	protected.	In	a	reaction	
with	Cys,	the	S–H	insertion	proceeds	in	59%	yield	to	afford	
10.	 Other	 polar,	 nucleophilic	 residues,	 including	 the	 ali-
phatic	alcohols	of	Ser	(11)	and	Thr	(12)	undergo	high	yield-
ing	O–H	insertion.	These	studies	are	indicative	of	high	label-
ing	 preference	 for	 polar	 amino	 acids	 that	 are	 expectedly	
surface	exposed	on	proteins.	It	was	also	observed	that	O–H	
insertion	proceeds	 on	 the	 aromatic	 alcohol	 of	 tyrosine	 to	
yield	13	in	44%	yield.		
	 Acidic	amino	acids	such	as	Asp	and	Glu	had	the	highest	
insertion	 yields,	 producing	 14	 and	 15	 in	 89%	 and	 84%	
yields,	 respectively.	 Additionally,	 N–H	 insertion	 proceeds	
with	Gln	(50%	yield,	16)	and	His	(25%	yield,	17).	However,	

	
Figure	2.	Scope	of	diazos	for	O–H	insertion.	Reactions	were	
performed	 on	 0.1	 mmol	 scale.	 a	 19F	 NMR	 yields	 using	 1-
fluoronaphthalene	 as	 an	 external	 standard.	 b	 0.05	 mmol	
scale	reaction.	
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C-H	insertion	into	Phe	was	not	observed	to	produce	18;	in-
stead,	 probe	 dimers	 and	 other	 decomposition	 products	
were	observed	(Figure	3A).	
	 Notably,	the	amino	acid	labeling	reactions	are	conducted	
in	dichloromethane,	where	carboxylic	acids	are	expected	to	
be	protonated.	As	such,	background	reactivity	is	observed	
for	the	O-H	insertion	into	Glu	in	DCM	under	660	nm	LED	
irradiation	(84%	with	Os;	11%	without	Os)	as	a	result	of	a	
protonation-substitution	 event,	 akin	 to	 the	 reaction	 be-
tween	(trimethylsilyl)diazomethane	and	a	carboxylic	acid.43	
These	 results	 are	 consistent	 with	 diazo-mediated	 bi-
oreversible	esterification	strategies	reported	by	Raines.26–29	
However,	at	physiological	pH,	carboxylic	acids	are	expect-
edly	deprotonated	in	aqueous	solution,	thus	the	acidic	de-
composition	of	diazos	is	unlikely	to	be	competitive	with	our	
photocatalytic	system.	To	 interrogate	 this,	we	treated	our	
substrate	with	glutathione	(reduced),	which	not	only	con-
tains	two	free	carboxylic	acids,	an	amine,	and	a	thiol,	but	is	
also	present	in	relatively	high	concentrations	in	cells.	In	a	
PBS/DMSO	mixture,	 the	diazo	does	not	decompose	 in	 the	
presence	of	glutathione	without	Os	when	irradiated	(Figure	
3B).	 It	 is	not	until	both	catalyst	and	light	are	present	that	
diazo	decomposition	is	observed,	which	offers	great	prom-
ise	that	background,	non-targeted	labeling	will	be	minimal	
in	protein	studies.	

PROTEIN LABELING  
	 To	 demonstrate	 that	 our	 technology	 is	 translatable	 to	
protein	 labeling,	 we	 synthesized	 PEGylated	 and	 biotinyl-
ated	diazo	probes	D10	and	D11,	which	differ	only	by	their	
linkage	identity	—	ester	(D10)	or	amide	(D11).	The	synthe-
ses	 start	 from	commercially	available	2,2,2-trifluoro-1-(p-
tolyl)ethan-1-one	and	are	scalable	(see	SI,	Section	IX	for	full	
synthetic	details).	To	validate	the	utility	of	the	diazo	probes,	
we	performed	in	vitro	labeling	of	carbonic	anhydrase	(CA)	
with	Os-1	and	diazo	D10	under	660	nm	irradiation	and	ob-
served	robust	biotinylation	of	CA	only	when	our	Osmium	
catalyst	was	present	(Figure	4A).		
	 Next,	we	evaluated	diazo-based	protein	labeling	at	differ-
ent	light	wavelengths	while	also	comparing	the	efficacy	of	
the	diazo	probe	D11	to	its	diazirine	counterpart	Dz1	(Fig-
ure	4B).18	Under	UV	 (370	nm)	 irradiation,	both	 the	diazo	
and	the	diazirine	label	bovine	serum	albumin	(BSA).	Under	
blue	 light	 (456	nm),	 the	diazirine	 is	untouched	 in	 the	ab-
sence	 of	 Ir,	 consistent	 with	 MacMillan’s	 report.18	 On	 the	
other	hand,	the	diazo	probe	is	photoactive	under	blue	light	
irradiation,	as	non-catalytic	protein	 labeling	of	BSA	 is	ob-
served.	This	observation	 is	 consistent	with	several	 recent	
reports	of	diazo	compound	activation	using	blue	LEDs	for	
synthetic	 transformations.44–46	 Thus,	 unlike	 aryl(trifluoro-
methyl)	diazirine	sensitization,	diazo	probes	are	incompat-
ible	with	blue	light	photocatalytic	proximity	labeling.	How-
ever,	when	irradiated	with	deep	red	(660	nm)	light,	the	di-
azo	system	labels	BSA	only	when	Os1	is	used.	Furthermore,	
no	photocatalytic	activity	is	observed	when	employing	the	
diazirine	under	red	 light	 irradiation	with	Os1,	which	sug-
gests	that	a	higher	photocatalyst	triplet	energy	is	required	
for	diazirine	activation	(e.g.,	 [Ir(dFCF3ppy)2(dtbbpy)][PF6]	
derivative	 (ET10,0	 ~2.6	 eV)	 versus	 [Os(Me4phen)3][PF6]2	
(ET10,0	~1.8	eV)).38,47	These	results	suggest	that	we	can	gen-
erate	carbenes	catalytically	using	low	energy,	tissue-	

	

Figure	 3.	 Labeling	 preferences	 of	 amino	 acids.	 a	 19F	 NMR	
yields	using	1-fluoronaphthalene	as	external	standard.	
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Figure	4.	(a)	Labeling	of	carbonic	anhydrase	(CA)	and	control	studies.	(b)	Wavelength-dependent	activation	of	diazo	and	
diazirine	probes.	(c)	Conjugation	of	Os1	to	bovine	serum	albumin	(BSA)	and	time	course.	(d)	Selective	targeting	of	CA	using	
an	Os–Acetazolamide	conjugate	using	diazo	(left)	and	azide	(right).
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penetrable	light,	and	we	anticipate	the	orthogonal	photoac-
tivation	profiles	of	diazos	and	diazirines	can	be	harnessed	
for	proximity	labeling	applications.	
	 To	model	proximity	between	the	photocatalyst	and	a	tar-
get	protein,	we	used	Cu-catalyzed	azide-alkyne	cycloaddi-
tion	(CuAAC)	to	conjugate	azidated	BSA	to	an	Os	photocata-
lyst	bearing	an	alkyne.	Upon	660	nm	irradiation,	more	effi-
cient	labeling	is	observed	when	the	Os	catalyst	is	conjugated	
to	BSA	(i.e.,	in	proximity)	as	opposed	to	free	floating	cata-
lyst,	consistent	with	our	hypothesis	that	the	generated	car-
bene	species	would	result	in	increased	labeling	of	proximal	
proteins.	Indeed,	significant	labeling	of	BSA	is	gradually	ob-
served	over	time	(Figure	4C).	Analogous	studies	with	the	Os	
photocatalyst	conjugated	to	CA	also	demonstrate	that	label-
ing	requires	660	nm	LEDs	and	that	 increased	 labeling	oc-
curs	with	increased	irradiation	time	(see	SI,	Figure	S17).		
	 To	further	this	technology,	we	sought	to	target	protein	la-
beling	via	non-covalent	interactions	such	as	those	found	in	
target	 identification	 studies.	 Accordingly,	we	 investigated	
the	labeling	of	CA	by	conjugating	the	Os	photocatalyst	to	ac-
etazolamide,	 a	 diuretic	medication	 and	 known	 CA	 inhibi-
tor.48,49	Higher	biotinylation	of	CA	with	this	acetazolamide-
derived	catalyst	was	achieved	relative	to	Os1	(Figure	4D).	
Introduction	 of	 BSA	 as	 a	 spectator	 protein,	 even	 at	 a	 2:1	
BSA:CA	ratio,	did	not	influence	the	protein	labeling,	as	CA	
was	still	predominantly	labeled.	When	the	precursor	to	the	
acetazolamide-derived	photocatalyst	(that	does	not	possess	
the	inhibitor)	is	employed,	roughly	equal	biotinylation	of	CA	
and	BSA	is	observed.	Control	reactions	confirmed	that	with-
out	conjugation	to	Os,	the	parent	acetazolamide	compound	
does	 not	mediate	 any	protein	 biotinylation.	 Furthermore,	
while	the	level	of	CA	biotinylation	decreases	when	employ-
ing	a	10-fold	excess	of	acetazolamide	relative	to	Os–aceta-
zolamide	in	a	competition	study,	labeling	of	CA	still	domi-
nates	over	BSA	(see	SI,	Figure	S23).	
	 A	primary	motivation	for	the	photocatalytic	generation	of	
carbenes	under	red	light	is	to	enable	protein	labeling	within	
a	 tight	 radius.	 Satisfyingly,	 when	 comparing	 the	 labeling	
probe	 with	 our	 previously	 reported	 perfluorinated	 azide	
system,22	promiscuous	labeling	is	observed	using	the	Os–ac-
etazolamide	conjugate,	where	both	BSA	and	CA	are	labeled	
(1.5x	 increase	 in	 intensity	 for	CA	versus	BSA)	when	using	
the	nitrene	precursor.	In	comparison,	CA	is	much	more	se-
lectively	labeled	when	using	the	carbene	precursor	(17x	in-
crease	 in	 intensity	 for	 CA	 versus	 BSA).	 This	 is	 consistent	
with	our	hypothesis	that	the	shorter	lifetimes	of	carbenes	
relative	to	nitrenes	should	translate	to	a	tighter	labeling	ra-
dius.	More	broadly,	these	studies	demonstrate	that	our	di-
azo-to-carbene	 strategy	 could	 map	 selective	 delivery	 of	
therapeutics	 to	a	druggable	 target	under	 low	energy	 light	
irradiation.50		

CONCLUSION 
	 In	conclusion,	we	have	developed	a	method	for	generat-
ing	 carbenes	 from	aryl(trifluoromethyl)	 diazos	 under	 red	
light	irradiation.	Mechanistic	studies	reveal	that	Os(II)	pho-
toredox	 catalysts	 undergo	 energy	 transfer	 reactions	with	
the	parent	diazo	species	to	reveal	carbenes.	The	reactivity	
of	these	diazos	is	demonstrated	in	O–H	insertion	reactions	
with	methanol,	revealing	that	electron-rich	diazos	are	most	
reactive.	 Importantly,	 diazo	 activation	 requires	 both	 light	

and	catalyst,	 and	 these	diazos	 can	be	activated	with	even	
NIR	(740	nm)	light.	Reactions	with	amino	acids	show	that,	
upon	 activation,	 the	 diazos	 react	 efficiently	 with	 nucleo-
philic	atoms	through	O–H,	S–H,	and	N–H	insertions.	
	 When	using	a	biotinylated	diazo	probe,	protein	labeling	
studies	reveal	that	the	diazo	requires	both	light	and	photo-
catalyst	for	carbene	generation.	While	UV	and	blue	light	can	
activate	the	diazo,	we	only	achieve	carbene	access	with	red	
light	in	the	presence	of	a	photocatalyst.	Conjugation	of	the	
Os	 catalyst	 to	a	protein	 results	 in	enhanced	biotinylation,	
and	 conjugation	 to	 a	 small-molecule	 protein	 inhibitor	 re-
sults	in	selective	labeling	in	the	presence	of	spectator	pro-
teins,	thus	revealing	reactivity	characteristics	unique	to	car-
benes.	Taken	together,	this	technology	reveals,	for	the	first	
time,	the	generation	of	extremely	short-lived	carbenes	us-
ing	low	energy,	tissue	penetrable	light.	As	such,	we	antici-
pate	this	tool	will	be	highly	useful	 for	photo-proximity	 la-
beling	and	other	chemical	biology	applications.	
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