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ABSTRACT:	Whereas	triplet-nitrene	complexes	of	the	late	transition	metals	are	isolable	and	key	intermediates	in	catalysis,	
singlet	nitrene	ligands	remain	elusive.	Herein,	we	communicate	three	such	palladium	terminal	imido	complexes.		UV-Vis/NIR	
electronic	 spectroscopy	 with	 broad	 bands	 up	 to	 1400	 nm	 as	 well	 as	 high-level	 computations	 DFT,	 STEOM-CCSD,	 CAS-
SCF/NEVPT2,	EOS	analysis)	and	reactivity	studies	suggest	significant	palladium(0)	singlet-nitrene	character.		Although	the	
aliphatic	nitrene	complexes	proved	too	reactive	for	isolation	in	analytically	pure	form	due	to	elimination	of	isobutylene,	the	
aryl	congener	could	be	characterized	by	SC-XRD,	elemental	analysis,	IR,	HRMS	and	NMR	spectroscopy.		The	complexes’	dis-
tinguished	ambiphilicity	allows	them	to	activate	hexafluorobenzene,	 triphenylphosphine	and	pinacol	borane,	catalytically	
dehydrogenate	cyclohexene,	and	aminate	ethylene	via	nitrene	transfer	at	(or	below)	room	temperature.	

Imido	complexes	of	early	transition	metals	are	textbook	ex-
amples	for	multiple	bonding.		For	decades,	it	was	believed	
that	the	late	transition	metal	congeners	are	too	reactive	to	
be	isolated	due	to	their	populated	metal–ligand	antibonding	
molecular	 orbitals.1-2	 	 Notwithstanding,	 Mindiola,	 Water-
man	and	Hillhouse	studied	a	formally	d	

8-configured	nickel	
terminal	 imido	 complex	 (Chart	 1a,	 i.).3-4	 	 Further	 nickel	
complexes	including	ii.	followed,5-11		and	a	crystalline	cop-
per	nitrene	pertinent	to	CH	amination	was	also	described	
(iii.).12		The	heavier	4d	and	5d	elements	are	less	explored.13-
15		Yet,	Schneider	and	colleagues	investigated	the	transient	
triplet	nitrenes	iv..16-17			
Chart	1.		Isolated	imido	complexes	with	a	formal	d8	(or	
higher)	electron	configuration	(top)	and	leading	reso-
nance	structures	of	imido	complexes	(bottom).			

	

Commonly,	all	these	complexes	present	low-lying	triplet	ex-
cited	states	or	even,	as	is	the	case	for	ii.–iv.,	triplet	ground	
states.18		Indeed,	triplet-nitrene	character,19	viz.	a	triplet	ni-
trogen	ligand	with	a	valence-electron	sextet	(Chart	1b,	bot-
tom	left),	is	thought	to	be	crucial	for	nitrene	transfer	cataly-
sis	 by	 transient	 coinage	 metal	 imido	 complexes.20-22	 	 In	
search	 for	 singlet-nitrene	 complexes	 (Chart	 1b,	 bottom	
right),23-25	 we	 contributed	 v.	 [L2Pd	 (NSO2Tol)].26-27	 	 This	
complex	profits	from	the	strong	ligand	field	exerted	by	the	
ancillary	cyclic	(alkyl)(amino)	carbene	(CAAC)	and	hyper-
conjugation	with	the	sulfonyl	substituent.		Consequently,	it	
shows	 a	 zwitterionic,	 closed-shell	 electronic	 structure	
(Chart	1b,	bottom	middle)	with	a	nucleophilic	imide-type	li-
gand.28-30		Herein,	we	communicate	that	less-stabilizing	ali-
phatic	and	aromatic	substituents	afford	tri-coordinate	2,	3	
and	4,	which	may	be	understood	as	zerovalent	singlet	ni-
trene	complexes.		Distinct	to	triplet	nitrenes	and	radical	imi-
dyl	ligands,	they	are	strongly	ambiphilic	and	swiftly	activate	
C–F	and	C–H	bonds	at	or	below	room	temperature.	
Thawing	benzene	solutions	of	a	mixture	of	red	131	and	2,6-
diisopropylphenyl-	 (Dip-),	 tert-butyl-	 (tBu-)	 or	 adamantyl	
(Ad-)	azide	(Fig.	1,	left)	led	to	an	instantaneous	color	change	
to	intense	green.		Immediately	recorded	1H	NMR	spectra	in-
dicated	the	clean	formation	of	2,	whereas	in	case	of	3	and	4	
minor	(≈10–20%)	amounts	of	byproducts	were	already	dis-
cernible.	 	Benzene	solutions	of	2	 converted	with	 t1/2	 <2	h	
(Figs.	S4,	S5)	 to	hitherto	unidentified	products	 (for	3,	 see	
Scheme	1e).		The	presence	of	an	excess	(20	equivalents)	of	
organic	azide	enhanced	the	complexes’	persistence	(3,	t1/2	≈	



 

4	min;	4,	t1/2	≈	25	min; Figs.	S8,	S9,	S12,	S13).		Conversion	
occurred	 faster	 (pyridine,	 toluene	 [3,	 t1/2	 ≈3	 min])	 or	 at	
comparable	 rates	 (hexane,	 diethyl-	 or	 tert-butyl	 methyl	
ether)	 in	 other	 solvents.	 	 Complex	2	could	be	 isolated	by	
lyophilizing	 and	 recrystallizing	 from	 hexanes	 at	 −40	 °C.		
Single-crystals	 suitable	 for	 X-ray	 diffractometry	 were	
obtained	 through	 cooling	 (−40	 °C)	 a	 saturated	 hexane	
solution	spiked	with	tetrahydrofuran.		The	solid	state	struc-
ture	of	2	(Fig.	1,	right)	exhibited	a	disorder	of	the	CAAC	li-
gand.	This	disorder	can	be	described	by	an	approximated	
mirror	plane	perpendicular	to	the	plane	of	the	phenyl	ring	
C37	–	C38	and	roughly	running	along	the	N3	–	C37	–	C40	
line	(Fig.	S62).	The	molecular	structure	of	tris-coordinate	2	
exhibits	 a	 bent	 (160.3(3)°)	 Pd-N-C	 linkage.	 	 The	 Pd–NDip	
bond	length	of	1.872(3)	Å	is	short	in	respect	to	anilido	com-
plexes	(>2.0	Å)	and	imide	v.	(2.042(2)	Å)	and	in	the	range	
of	computed	palladium	nitrenes	(1.8	–	2.0	Å),23	as	well	as	
pallada-nitrene	iv.	(1.92(2)	Å).17			

	

Figure	1.		Synthesis	(left)	and	solid-state	structure	of	2	(right).		
Alternative	orientation	of	2,	 cocrystallized	THF	molecules,	as	
well	as	H-atoms	are	omitted	for	clarity.		Selected	bond	lengths	
[Å]	 and	 angles	 [°]:	 	 Pd1−N3,	 1.872(3);	 Pd1−C1,	 1.947(4),	
Pd1−N2,	 2.118(5),	 N3−C37,	 1.340(4);	 C37−C38,	 1.432(4);	
C38−C39,	 1.394(5);	 C39−C40,	 1.381(6);	 C37−N3−Pd1	
160.3(3);	N3-Pd1-C1,	145.7(2);	N3-Pd1-N2,	137.4(2).		

Moderate13	mesomeric	stabilization	by	the	aromatic	substi-
tuent	is	observed	[N3–C37,	1.340(4)	Å;	C37–C38,	1.432(4);	
C38–C39,	1.394(5)	Å].		Crystallization	attempts	for	3	and	4	
from	neat	 tert-butyl	 azide	 and	aliphatic	 solvents	 afforded	
only	decomposition	products	such	as	the	deprotonation	of	
the	CAAC’s	backbone	and	formation	of	a	palladium(II)	am-
ide	(Fig.	S64),	thus	suggesting	high	basicity	of	3.			
Consequently,	we	sought	 to	 trap	 transient	3	and	4	with	a	
weak	 electrophile.	 	 Hexafluorobenzene	was	 chosen,	 since	
synthesizing	palladium(II)	fluorido	complexes	is	a	challen-
ge	in	sight	of	excessive	hard/soft	mismatch.		However,	3	and	
4	reacted	instantaneously	even	at	−40	°C,	and	the	19F	spec-
troscopic	analysis	(Figs.	S15,	S19)	indicated	that	(pentaflu-
orophenylamido)(fluoro)	palladium(II)	 complexes	 formed	
(Fig.	2,	left).		The	molecular	structure	of	single-crystals	of	5	
corroborated	the	1,2-addition	of	one	C–F	bond	(Fig	2,	right).		
Complex	2	was	less	reactive	and,	thus,	neat	C6F6	was	requi-
red	to	bring	it	to	reaction	at	room	temperature	(Fig.	S20).			

	

Figure	2.		C6F6	activation	(left)	and	structure	of	5	in	the	solid	
state	(right).		Hydrogen	atoms	are	omitted	for	clarity.		Selected	
bond	 lengths	 [Å]	 and	 angles	 [°]:	 	 Pd−N3,	 2.081(4);	 Pd−C17,	
1.961(4),	 Pd−N1,	 2.071(4),	 Pd−F1,	 1.994(3),	 C17-Pd-N3,	
103.65(2).	

Similarly,	instantaneous	B‒H	insertion	was	observed	in	case	
of	pinacol	borane	(Scheme	1,	a).		We	also	probed	the	reac-
tion	with	a	nucleophile,	namely	triphenylphosphine	(Sche-
me	1,	b).		The	respective	iminophoshporanes	formed	in	case	
of	3	and	4	instantaneously,	whereas	the	reaction	with	2	re-
quired	a	couple	of	minutes	to	reach	completion.		Elucidating	
the	reactivity	with	olefins,	2,	3	and	4	were	treated	with	eth-
ylene	(Scheme	1,	c)	and	cyclohexene	(Scheme	1,	d).		In	the	
reaction	with	ethylene,	immediate	nitrene	transfer	from	3	
and	 4	 gave	 the	 respective	 aziridines,	 whereas	 the	 four-
membered	palladacycle	formed	with	2	(Fig.	S39).		Interes-
tingly,	the	reaction	of	2	with	cyclohexene	gave	benzene.		The	
stoichiometric	reaction	proceeds	slowly	at	room	tempera-
ture	(17%	conversion	after	4	days),	yet	quantitative	yield	
was	 obtained	 after	 heating	 to	 60	 °C	 under	 catalytic	 (10	
mol%	1	or	2)	conditions.		To	probe	for	long-lived	radical	in-
termediates,32	EPR	spectroscopy	was	employed,	yet	no	such	
signatures	were	detected.		Peculiar	reactivity	was	observed	
for	3,	which	 gave	 isobutylene	 in	30%	spectroscopic	 yield	
(Scheme	 1,	 e).33	 This	 transformation	 represents	 overall	 a	
rare34	 formal	 β-elimination	 of	 HN3,	 although	 it	 is	
mechanistically	distinct	due	to	the	formation	of	N2.			
	
Scheme	1.		Reactivity	of	2,	3	and	4	with	PPh3,	ethylene,	
cyclohexene,	and	HBPin	as	well	as	formation	of	isobuty-
lene	from	3.		All	reactions	proceed,	if	not	otherwise	in-
dicated,	with	quantitative	spectroscopic	yield.			

 
Targeting	 the	 electronic	 structure,	 infrared	 spectra	 of	 2	
were	recorded.		Yet,	no	feature	could	be	unambiguously	as-
signed	to	the	Pd=N	stretch	(Fig.	S3).		UV-Vis/NIR	spectros-
copic	measurements	proved	more	productive	(Fig.	3).		The	
electronic	spectra	of	complexes	2,	3	and	4	are	similar	with	
intense	(e	≈	4–6	×	104	M−1	cm−1)	and	for	palladium	unusual	



 

features	in	the	green	(2,	lmax	=	685	nm;	3,	lmax	=	622	nm;	4,	
lmax	=	638	nm)	as	well	as	red	(l	≈	480	nm)	range	of	the	spec-
trum,	and	weaker	(e	=	<104	M−1	cm−1)	bands	in	the	NIR	(2,	l	
≈	1200	nm;	3,	4,	l	≈	900	nm).			

	

Figure	3.		Electronic	absorption	spectra	of	2,	3	and	4	in	methyl	
tert-butyl	ether	and	STEOM-CCSD	calculated	transitions	(black	
bars)	for	2.			

Importantly,	these	bands	are	different	to	the	ones	of	yellow	
sulfonimido	complex	v.,	yet	similar	in	shape	and	red-shifted	
in	comparison	with	bands	assigned	to	transient	copper-35-37	
and	free	nitrenes.38		Scalar-relativistic	(ZORA)	STEOM-CCSD	
calculations	 reproduce	 the	 bands	 excellent	 (Fig.	 3;	 Figs.	
S70–S71).39		To	understand	these	transitions	and	the	under-
lying	 electronic	 structures,	 CASSCF/NEVPT2	 calculations	
were	performed	for	2,	3	and	4.		Their	vertical	singlet/triplet	
energy	gaps	are	predicted	to	be	moderate	with	DEs/t	=	0.93	
eV	for	aromatic	2	and	1.16	and	1.14	eV	for	aliphatic	3	and	4.			

	

Figure	4.		Natural	orbitals	in	truncated	model	system	of	2	ac-
cording	to	sa-CASSCF(16,11)	calculations	(lead	configuration:	
c	 =	 0.49),40	 orbital	 energies	 are	 chosen	 for	 clarity.	 	 See	 Figs.	
S109–S112	for	further	details	and	Dip-centered	p-	and	p*	or-
bitals.	

As	 illustrated	 for	2	 (Fig.	 4),	 four	 non-bonding	 4d-orbitals	
[d(xy),	d(xz),	d(x-y2),	d(z2)]	are	doubly	occupied.	 	As	is	al-
lowed	in	idealized	CS	symmetry,	the	d(xy)	and	d(yz)-	as	well	
as	the	d(x2-y2),	d(z2)	and	5s	orbitals	mix.		This	explains	the	
coordination	of	the	imino-ligand	upon	nitrene-complex	for-
mation.	 	 The	 bonding	 p-interaction	 associated	 with	 the	
d(yz)	 orbital	 is	 covalent	 according	 to	 visual	 inspection.		
However,	 applying	 Löwdin’s	 population	 analysis	 suggests	
that	 it	 is	 rather	metal	 centered	 (Pd	:	N	 =	 0.7	 :	 0.3).	 	 The	
HOMO	is	clearly	N-donor	centered	(Pd	:	N	=	0.2	:	0.8)	with	
moderate	 admixture	 of	 the	 CAAC-	 and	 Dip	 p-systems.		
Overall,	this	assignment	gives	rise	to	a	zero-valent	metal	ac-
cording	to	IUPACs	“winner	takes	it	all”	definition.41		Consis-
tent	electronic	structures	were	obtained	 for	3	 and	4	(Fig.	
S125-152).		Chemical	bonding	tools	were	applied	at	the	DFT	
(PBE,	PBE0)	level	of	theory,	including	bond	orders	(Mayer,	
Wiberg)	 using	 diverse	 Hilbert-	 (Mulliken,	 Löwdin,	 NAO;	
S88‒S93,	S98‒S99)	and	real-space	(Becke,	Hirshfeld,	TFVC;	
S94‒S97,	S100–103)	atomic	definitions,	orbital	localization	
(IBOs,	Figs.	S80–S85),	and	state-of-the-art	effective	oxidati-
on	 state	 (EOS;	 Fig.	 S86;	 Tables	 S11‒S12)	 analysis.42	 	 Al-
though	the	results	by	the	various	methods	are	not	perfectly	
consistent,	 they	 overall	 corroborate	 high	 covalency	 as	 is	
also	found	in	nickel	complexes	i.	and	ii..		Some	metrics,	such	
as	Mayer’s	bond	order	(Mulliken’s	atomic	definition;	2,	BO	
≈	0.9;	3,4,	BO	≈	1.1;	i,	BO	≈	1.4;	ii.,	BO	≈	1.7)	suggest	higher	
nitrene-character	for	the	palladium-	than	the	nickel	imido	
complexes.		Also,	weak	multiple	bonding	is	substantiated	by	
the	computed	low	rotational	barriers	of	the	imido	ligands	
(2	with	truncated	Dip	groups	at	the	ligand:		DE	=	15	kJ	mol−1;		
3	and	4:		DE	=	3	kJ	mol−1;	Figs.	S156–S158).		Eventually,	we	
used	 the	 STEOM-CCSD	 transition	densities	 (Figs.	 S77–79)	
and	the	CASSCF/NEVPT2	(Fig.	S106–S152)	calculations	to	
assign	the	bands	in	the	electronic	absorption	spectra.		The	
broad	bands	in	the	NIR	relate	to	the	HOMO‒LUMO	transi-
tion	(intra-ligand	charge	transfer,	ILCT),	which	may	be	un-
derstood	alternatively	as	p(x)	to	p(y)	transition	within	a	ni-
trene	(cf.	Fig.	4).		Conversely,	the	strong	bands	in	the	visible	
relate	 to	 transitions	to	 the	S2	and	S3	excited	states	via	 li-
gand-to-ligand	 charge	 transfer	 (LLCT)	 from	 the	 nitrene-	
and	metal-to-ligand	charge	transfer	(MLCT)	to	the	nitrene	
ligand.	 	This	 corroborates	 the	 low-valent	 character	of	 the	
metal	center.			
In	 conclusion,	 we	 communicate	 one	 crystalline-	 and	 the	
spectroscopic	capture	of	two	transient	palladium	terminal	
imido	complexes.	 	These	complexes	activate	C–H	and	C–F	
bonds	 through	 nitrene	 transfer	 and/or	 dehydrogenation,	
and	show	unusual	b-elimination	reactivity.		Computations,	
their	spectroscopic	(UV-Vis,	NIR,	IR)	signatures,	and	distin-
guished	 ambiphilicity	 suggest	 substantial	 palladium(0)	
character.		Current	efforts	are	directed	at	catalysis	and	fur-
ther	spectroscopy.	
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