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ABSTRACT:	Heterobimetallic	complexes	containing	M–C–E	linkages	(M	=	transition	metal	atom;	E	=	main	group	metal)	have	
been	postulated	 as	 relevant	 intermediates	 in	 cross-coupling	 reactions.	Despite	 this,	 structural	 data	 for	 these	 species	 are	
scarce.	In	this	contribution	we	explore	the	coordination	of	E–C	bonds	(E	=	Zn,	Mg,	Al)	to	the	Mo	atoms	of	dimolybdenum	
complexes	containing	quadruple	Mo–Mo	bonds.	Besides,	the	reactivity	of	the	bis(hydride)	[Mo2(H)2(μ-AdDipp2)2(thf)2]	complex	
(AdDipp2	=	HC[N(2,6-iPr2C6H3)]2)	with	the	zincocenes	Zn(C5Me5)2	and	Zn2(η5-C5Me5)2	reveals	the	formation	of	new	dimolyb-
denum	compounds	in	which	(C5Me5)Zn–H	and	(C5Me5)ZnZn–H	bonds	bind	to	the	trans-H‒Mo Mo‒H	core.	DFT	calculations	
and	an	NBO	analysis	disclose	a	general	bonding	mechanism	for	the	reported	H‒Mo Mo‒E-R	rings	that	is	consistent	with	the	
penetration	indices	of	the	different	atom	pairs.	The	bonding	comprises	3	center-2	electron	Mo-H-E	and	Mo-R-E	bonds	sup-
plemented	by	p-coordination	of	the	Mo Mo	bond	to	the	electropositive	metal	E.		

INTRODUCTION 
In	the	last	decades,	intense	efforts	have	been	devoted	to	the	
study	of	transition	metal	complexes	containing	coordinated	
main-group	metal	E‒H	bonds,	particularly	those	of	Mg,	Al	or	
Zn.1	This	research	was	propelled,	in	no	little	part,	by	the	ca-
pacity	of	heterobimetallic	species	containing	M–H–E	(M	=	
transition	metal)	 cores	 as	 intermediates	 in	 catalytic	 pro-
cesses.2	Similarly,	coordinating	electropositive	main	group	
species	with	 E–C	 bonds	 to	 transition	metal	 catalysts	was	
very	early	recognized	and	exploited	for	catalytic	purposes	
when	seeking	an	understanding	of	 the	 ‘nickel	 effect’.3	Be-
sides,	 the	use	of	main	group	organometallics,	particularly	
those	based	on	magnesium,	zinc	and	to	a	lesser	extent	alu-
minum,	 is	generalized	in	transition	metal	catalyzed	cross-
coupling	processes.4	Structures	constructed	around	M–C–E	
motifs	have	been	amply	postulated	as	key	intermediates	in	
these	transformations.5	On	these	grounds,	it	seems	surpris-
ing	that	information	on	transition	metal	σ-E‒C	complexes	is	
yet	rather	scarce	compared	to	their	σ	E–H	analogs. For	in-
stance,	 the	 first	 examples	 of	 coordinated	Mg‒C	 bonds	 to	

transition	metal	centers	were	reported	in	the	1980s	as	a	re-
sult	of	the	pioneering	work	of	Wilke	and	coworkers.6	The	X-
ray	 structure	 analysis	 of	 [(tmeda)Mg(CH3)(µ-
CH3)Ni(C2H4)2]	 showed	 a	 Ni(C2H4)2	 unit	 linked	 to	 a	
(tmeda)Mg(CH3)2	 fragment	with	one	bridging	Mg‒C	bond	
exhibiting	a	distance	of	2.29	Å,	longer	than	the	terminal	Mg‒
CH3	bond	(2.15	Å).6a	A	Co	complex	was	also	prepared,6b	viz	
{(η5-C5H5)Co(C2H4)[(tmeda)Mg(C6H5)(Br)]},	from	the	reac-
tion	 of	 (η5-C5H5)Co(C2H4)2	 with	 Mg(C6H5)Br,	 featuring	 a	
phenyl	group	σ	bonded	to	the	cobalt	atom.	Some	years	later,	
other	 researchers	 provided	 additional	 examples	 of	 com-
plexes	with	3c-2e	M‒C‒E	bonds,	including	the	V‒Mg	imido	
complex	{[η5-C5H5)V(NDipp)(µ-CH3)2]2Mg}7,	as	well	as	mag-
nesium	aryl	cuprates.8	Relevant	to	polymerization	catalysis,	
a	 Ti(IV)	 complex	 with	 a	 Ti(µ-CH3)2AlMe2	 fragment	 	 that	
mimics	 the	 postulated	 resting-state	 during	 methylalumi-
noxane	 (MAO)	 promoted	 catalysis	was	more	 recently	 re-
ported.9	Besides,	two	Ni-based	examples	that	contain	Ni–C–
Al	bonds	that	parallel	the	proposed	intermediates	responsi-
ble	for	the	‘nickel	effect’	have	also	been	disclosed.10	
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By	contrast,	not	few	complexes	that	feature	an	E(µ-CH3)2Li	
(E	=	Mg,	Zn,	Al)	are	known,	some	of	them	with	synthetic	ap-
plications	as	metallating	“ate”	reagents.11	Zinc	organyls	are	
likely	the	main	group	organometallics	with	wider	implica-
tions	 in	 catalysis.	 A	 Ni(0)-ZnMe2	 derivative	 was	 investi-
gated	computationally	by	Montgomery	et	al.	and	proved	to	
be	of	interest	as	a	possible	intermediate	for	the	Ni	coupling	
catalysis	of	enones,	alkynes	and	organozinc	compounds.12	
Despite	the	numerous	studies	on	palladium	cross-coupling	
reactions,13	an	X-ray	search	at	the	CSD	revealed	the	lack	of	
structures	 containing	 transition	 metal	 M‒C‒Zn	 bonds.	
However,	 the	 formation	 of	 direct	 Pd‒Zn	 bonds	 has	 been	
demonstrated14	 and	computational	 studies	on	 the	mecha-
nism	of	 the	Negishi	reaction	have	disclosed	that	the	Zn‒C	
bonds	of	Zn(CH3)2	 can	act	as	a	Lewis	base	 towards	Pd(II)	
during	the	Zn(CH3)2	catalyzed	isomerization	of	Pd(II)	com-
plexes	and	in	transmetalation	reactions.15	
Our	group	has	lately	investigated	the	coordination	of	Li‒H	
and	Li‒C	bonds	to	Mo	atoms	in	the	dimolybdenum	complex	
[Mo2(H)2(μ-AdDipp2)2(thf)2]	 (1)	 (AdDipp2	 =	 HC[N(2,6-
iPr2C6H3)]2),	 that	contain	a	Mo‒Mo	quadruple	bond.16	The	
stabilization	 of	 these	 unusual	 structural	 motifs	 was	
achieved	taking	profit	of	the	bifunctional	Lewis	acid/Lewis	
base	behavior	 of	 the	 trans-Mo2H2	 core	 (Figure	1).17	 Thus,	
the	 strong	 trans-influence	 of	 the	 hydride	 ligand	 imparts	
high	electrophilicity	to	the	Mo	atoms,	thanks	to	the	availa-
bility	of	an	empty	coordination	site,	while	the	polar	Moδ+‒
Hδ-	bonds	offer	a	nucleophilic	hydride	amenable	to	provide	
stabilization	 to	 the	 incoming	main	 group	 substrate	 by	 an	
overall	push-pull	bonding	scheme.18	We	postulate	that	the	
same	type	of	stabilization	could	be	attained	to	access	com-
plexes	incorporating	E‒C	(E	=	Zn,	Al,	Mg)	bonds	to	the	coor-
dination	sphere	of	the	(H)Mo Mo(H)	core	of	compound	1.	
With	this	aim,	we	investigate	herein	the	reactions	of	com-
plex	1	towards	zinc	organyls	(ZnMe2,	ZnEt2	and	ZnPh2)	as	
well	as	magnesium	and	aluminum	organometallics	(MgMe2	
and	AlMe3).	In	addition,	we	have	studied	the	behavior	of	cy-
clopentadienyl	 zinc	 reagents	 (ZnCp*2	 and	 Zn2Cp*2)	 for	
which	unstable	zinc	hydride	derivatives	were	unexpectedly	
isolated.	The	new	species	have	been	analyzed	experimen-
tally	 by	 X-ray	 diffraction	 studies	 and	 NMR	 spectroscopy,	
and	computationally	by	DFT	calculations.	 	The	half-arrow	
formalism	 proposed	 by	 Green,	 Green,	 and	 Parkin	 to	 de-
scribe	three-center-two-electron	(3c−2e)	interactions	have	
been	 employed	 along	 this	 contribution	 to	 represent	 the	
multicenter	 bonding	 scheme	 around	 the	 Mo─H	 and	 E─C	
bonds	(E	=	Mg,	Al,	Zn).19	

	
Figure	1.	(a)	Schematic	representation	of	the	molecular	struc-
ture	of	complex	1,	[Mo2(H)2(μ-AdDipp2)2(thf)2],	highlighting	its	

Lewis	acid	(L.A.)/Lewis	base	(L.B.)	behavior.	(b)	Coordination	
of	E–R	bonds	to	the	dimolybdenum	core	(E	=	Zn,	Mg,	Al).		

RESULTS AND DISCUSSION 
Synthesis	 and	 characterization	 of	 new	 Mo Mo	 com-
plexes	containing	coordinated	E‒C	bonds	(E	=	Zn,	Mg,	
Al).	
Addition	of	a	toluene	solution	of	complex	1	to	a	hexane	so-
lution	of	Zn(CH3)2	(1:2	molar	ratio)	induced	a	color	change	
from	red	to	yellow	and	resulted	in	complete	consumption	in	
a	few	minutes	of	the	starting	hydride,	which	converted	into	
the	new	complex	2	(Scheme	1a)	that	was	isolated	as	a	yel-
low	solid.	Evaporation	of	the	toluene	followed	by	pentane	
washing	afforded	a	pure	product	although	crystals	suitable	
for	 X-ray	 diffraction	 studies	 could	 not	 be	 obtained.	
Zn(CH2CH3)2	 reacted	 similarly	 providing	 the	 analogous	
complex	3	in	the	form	of	yellow	crystals.	The	1H	NMR	spec-
trum	in	C6D6	at	room	temperature	of	both	new	products	re-
vealed	a	high	molecular	symmetry,	inferred	from	the	obser-
vation	of	two	septets	and	four	doublets	for	the	methine	and	
methyl	 protons	 of	 the	AdDipp2	 iso-propyl	 substituents.	 For	
complex	 2,	 there	 are	 two	 singlets	 with	 relative	 intensity	
3H:3H	at	 -0.46	and	0.32	ppm,	 that	can	be	assigned	 to	 the	
bridging	Mo‒CH3‒Zn	and	terminal	Zn‒CH3	protons,	which	
have	corresponding	13C{1H}	resonances	at	3.0	(Mo‒CH3‒Zn)	
and	-5.4	ppm	(terminal	Zn‒CH3).	Besides,	there	is	a	singlet	
at	5.54	pm	(2H)	corresponding	to	the	bridging	hydrides	of	
the	 two	equivalent	Mo‒H‒Zn	 linkages.	For	complex	3	 the	
Mo‒H‒Zn	bridging	hydrides	resonate	at	5.46	ppm.		
Scheme	 1.	 a)	 Reactions	 of	 complex	 1	with	 ZnCH2R	 to	
generate	complexes	2	(R	=	H)	and	3	(R	=	CH3);	b)	For-
mation	of	the	Zn(C6H5)2	complex	4.	

	
	
By	 contrast,	 Zn(C6H5)2	 forms	 a	 mono-adduct	 complex,	 4	
even	when	a	1:2	(1:Zn(C6H5)2)	ratio	was	used.	In	addition	to	
the	 H‒Mo‒Mo‒C‒Zn	 metallacycle,	 the	 new	 complex	 fea-
tures	 a	 Mo‒H‒Mo	 bridging	 moiety.	 The	 lower	 symmetry	
(four	septets	and	eight	doublets	for	the	amidinate	ligands)	
revealed	by	the	1H	NMR	spectrum	supports	the	formulation	
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as	a	mono-adduct	complex.	Furthermore,	the	NMR	data	are	
consistent	with	 the	existence	of	 two	different	hydrides	at	
3.87	(Mo‒H‒Mo)	and	7.32	ppm	(Mo‒H‒Zn).	To	avoid	par-
tial	overlap	of	the	former	with	the	amidinate	iso-propyl	sep-
tets,	 they	 are	 best	 observed	 at	 45	 ºC.	 These	 resonances	
show	up	as	doublets	with	2JHH	=	4	Hz.	 In	the	13C{1H}	NMR	
spectrum	a	signal	at	160.1	ppm	can	be	assigned	to	the	bridg-
ing	ipso	carbon,	Zn‒Cipso‒Mo,	shifted	by	ca.	11	ppm	to	higher	
frequency	in	comparison	with	free	Zn(C6H5)2	(149.2	ppm	in	
C7D820).	The	 three	zinc	hydrocarbyls	employed,	ZnR2	 (R	=	
CH3,	CH2CH3,	C6H5),	behave	similarly	 to	 their	LiR	counter-
parts	 recently	 reported	by	our	 group.16b	 For	R	=	CH3	 and	
CH2CH3	bis-adducts	are	obtained	while	for	the	bulkier	C6H5	
fragment	only	one	ZnR2	 or	LiR	molecule	becomes	coordi-
nated	to	the	(H)Mo Mo(H)	core.	We	attributed	this	dissim-
ilar	 reactivity	 to	 the	 higher	 steric	 demands	 of	 the	 phenyl	
substituents	compared	to	methyl	and	ethyl	analogues,	a	ra-
tionalization	that	equally	applies	to	the	present	case.	
The	solid-state	molecular	structures	of	complexes	3	and	4	
have	 been	 determined	 by	 X-ray	 crystallographic	 studies	
confirming	the	solution	structures	 inferred	from	the	NMR	
data	(Figures	2a	and	2b).	Complex	3	can	be	described	as	a	
paddle-wheel	 structure	 generated	 by	 the	 coordination	 of	
two	 monoanionic	 trans-AdDipp2	 and	 two	 trans-
[(H)Zn(Et)(CH2CH3)]	ligands.	The	latter	are	formed	by	coor-
dination	of	two	σ	Zn‒CH2CH3	bonds	to	the	unsaturated	cen-
tral	 (H)Mo Mo(H)	 unit,	 intramolecularly	 supported	 by	
electronic	 interactions	with	 the	 proximal,	 strongly	 polar-
ized	Moδ+‒H	δ-	bonds.	Within	a	Zn(μ-CH2CH3)Mo	bridge	por-
tion,	the	Mo‒CH2	and	Zn‒CH2	bond	lengths	are	2.29(2)	and	
2.31(1)	Å,	and	the	Mo‒CH2‒Zn	bond	angle	is	acute,	with	an	

amplitude	of	73°.	The	said	Mo‒CH2	distance	 is	practically	
identical	 to	 the	 corresponding	 distance	 in	 [Mo2{μ-
HLi(thf)CH2CH3}2(μ-AdDipp2)2],16b	while	the	Zn‒CH2	distance	
is	 significantly	 longer	 than	 the	 Li‒CH2	 separation	 in	 the	
ethyllithium	complex	(ca.	2.12	Å),	and	also	than	the	1.98(2)	
Å	found	for	the	terminal	Zn‒CH2CH3	bond.	For	comparison,	
the	 sum	of	 the	 covalent	 radii	 of	 the	atoms21	 are	2.30	and	
1.98	Å,	 for	 the	Mo‒C	 and	Zn‒C	bond,	 respectively.	 These	
data	indicate	the	existence	of	a	strong	electronic	interaction	
between	 the	 Lewis	 basic	 Zn‒CH2CH3	 bond	 and	 the	 Lewis	
acidic	molybdenum	atom.	The	two	bridging	hydrides	in	the	
molecules	of	complex	3	were	located	in	the	Fourier	map	and	
refined	freely,	leading	to	similar	Mo‒H	and	Zn‒H	distances	
of	 ca.	 1.7	 and	 1.6	 Å,	 respectively.	 On	 coordination,	
Zn(CH2CH3)2	loses	linearity	as	the	zinc	atom	becomes	three-
coordinate,	so	that	in	complex	3	the	C‒Zn‒C	bond	angle	de-
creases	 to	ca.	110°.	Furthermore,	 the	bent	C‒Zn‒C	unit	 is	
strictly	 coplanar	 with	 the	 Mo2Zn(C)(H)	 plane.	 The	 two	
Zn···Mo	contacts	are	2.741(2)	Å	for	the	Zn‒C‒Mo	portion,	
and	 2.839(2)	 Å	 within	 the	 Zn‒H‒Mo	 part,	 substantially	
shorter	than	the	Li···Mo	separations	found	in	the	bis(ethyl-
lithium)	complex.16b	By	analogy	with	previous	studies,16	to	
analyze	the	intermetallic	bonding	in	complex	3	and	the	fol-
lowing,	the	formal	shortness	ratio	(FSR)	has	been	used,	em-
ploying	the	covalent	radii	of	the	atoms.	A	FSR	value	of	0.99	
was	found	for	the	MoC‒Zn	distance.	The	relatively	long	Mo‒
Mo	distance	of	2.163(1)	Å	found	for	complex	3	(FSR	=	0.70),	
to	 be	 compared,	 for	 instance,	with	 the	 2.0894(1)	Å	 value	
that	characterizes	the	bis(hydride)	1	(FSR	=	0.68)22	might	
indicate	direct	 donor-acceptor	 electronic	 interactions	 be-
tween	the	quadruple	Mo‒Mo	and	the	electrophilic	Zn	atom,	
which	is	supported	by	the	computational	results.		
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Figure	2.	(a)	ORTEP	representations	of	complexes	3,	4	and	6.	(b)	Selected	bond	lengths	(in	Å)	and	angles	(in	°)	of	complexes	3,	4	
and	6.
For	diphenylzinc,	the	incorporation	of	only	one	molecule	of	
diphenylzinc	 to	 the	 (H)Mo Mo(H)	moiety	 results	 in	 one	
five	 membered	 chelating	 ring	 complemented	 by	 a	 3c-2e	
Mo‒H Mo	bond.19	 Besides,	 steric	 hindrance	 causes	 no-
ticeable	distortions	of	the	paddle-wheel	type	structure	with	
significant	deviation	from	planarity	of	the	Mo2ZnCipso	skele-
ton,	and	N‒Mo‒Zn	and	N‒Mo‒N	bond	angles	of	ca.	85	and	
165°,	respectively.	The	Zn···Mo	separation	along	the	Zn‒C‒
Mo	fragment	of	2.7229(8)	Å	is	comparable	to	the	distance	
in	3.	Compared	to	the	terminal	Zn‒C6H5	bond	length	of	1.97	
Å,	the	bridging	Zn‒C6H5	is	ca.	0.30	Å	longer	(Figure	2).		
For	Mg(CH3)2	and	Al(CH3)3,	 the	equimolar	reaction	with	1	
affords	two	mono-adducts	5	and	6	(Scheme	2),	respectively,	
where	 only	 one	 molecule	 binds	 to	 the	 dimolybdenum	
framework.	At	variance	with	LiCH3	and	Zn(CH3)2,	addition	
of	two	equivalents	of	the	corresponding	organometallic	re-
agents	did	not	permit	 the	 incorporation	of	 a	 second	 frag-
ment	of	E(CH3)n.	Once	more	we	attribute	this	observation	to	
steric	reasons	based	on	the	higher	size	of	Mg	compared	to	
Li	and	Zn,21	and	the	increased	steric	pressure	exerted	by	the	
trisubstituted	Al	center.	The	formulation	proposed	for	com-
plex	5	is	coherent	with	the	1H	and	13C{1H}	NMR	experiments	
performed.	In	the	1H	NMR	spectrum	two	different	hydrides	
were	observed:	the	bridging	Mo‒H‒Mo	and	Mo‒H‒Mg	hy-
drides,	that	appear	as	doublets	with	δ	3.12	and	5.24	ppm,	
respectively,	and	2JHH	=	6.6	Hz.	In	the	13C{1H}	NMR	spectrum	
two	different	signals	for	the	terminal	(-9.4	ppm)	and	bridg-
ing	 (2.8	 ppm)	 methyl	 groups	 were	 detected	 exhibiting	
deshielded	 values	 compared	 to	 free	Mg(CH3)2.23	 Notwith-
standing	its	meagre	thermal	stability,	complex	5	has	been	
isolated	in	microanalytically	pure	form.	Unfortunately,	de-
spite	 our	 efforts	 single-crystals	 suitable	 for	 X-ray	 studies	
could	not	be	obtained.	Solutions	of	5	decompose	at	 room	
temperature	over	a	period	of	2-3	hours,	probably	by	binu-
clear	reductive	coupling,	as	hinted	by	the	generation	of	CH4	
(detected	by	1H	NMR).	
Scheme	2.	Synthesis	of	the	Mg(CH3)2	and	Al(CH3)3	com-
plexes	5	and	6.		

	
	
The	mono-adduct	6	(Scheme	2)	could	be	isolated	as	an	or-
ange	crystalline	solid	in	yields	close	to	60	%.	In	the	1H	NMR	
spectrum	 the	 metallacyclic	 Mo‒H‒Al(CH3)2‒CH3‒Mo	 ring	
gives	 rise	 to	 two	 low-frequency	 signals	 at	 -0.11	 and	 0.14	
ppm	that	correspond	to	the	bridging	and	terminal	Al‒CH3	
groups,	 respectively.	 Two	doublets,	 each	with	 relative	 in-
tensity	corresponding	to	1H	and	a	2JHH	coupling	of	10	Hz,	are	
recorded	at	3.04	(Mo‒H‒Mo)	and	5.64	ppm	(Mo‒H‒Al).	The	
13C{1H}	NMR	spectrum	contains	signals	at	-2.6	and	11.3	ppm	
due,	 respectively,	 to	 the	 terminal	 and	 bridging	 Al‒CH3	
groups.	Its	molecular	structure	was	further	confirmed	by	X-
ray	 crystallography	 (Figure	 2).	 The	 Mo···Al	 interaction	
(2.879	Å	 in	complex	6,	with	FSR	value	of	1.05)	 is	weaker	
compared	 to	 the	previous	Mo···Zn	 contact,	 and	 similar	 to	
the	Ni···Al	interaction	in	the	reported	Ni(II)/Al(CH3)3	com-
pound.10a	
Reactions	 of	 1	 with	 the	 zincocenes	 Zn(C5Me5)2	 and	
Zn2(η5-C5Me5)2	
The	 reactivity	 of	 1	 against	 zincocenes	 Zn(C5Me5)2	 and	
Zn2(η5-C5Me5)2	resulted	 in	 the	 incorporation	 of	molecular	
zinc	hydrides	[(C5Me5)Zn(H)]	and	[(η5-C5Me5)Zn‒Zn(H)]	to	
the	 coordination	 sphere	 of	 the	 quadruple	 Mo‒Mo	 bond	
yielding	 complexes	 7	 and	 8,	 respectively	 (Scheme	 3).	
[(C5Me5)Zn(H)]	has	been	proposed	by	Fischer	as	an	unsta-
ble	 intermediate	 for	 an	 alternative	 synthesis	 of	 Zn2(η5-
C5Me5)224	 from	Zn(C5Me5)2	 and	ZnH2.25	 Independent	work	
by	Stephan	et	al.	allowed	stabilization	of	the	hydride	by	co-
ordination	 to	 zinc	 of	 the	 NHC	 ligand	 1,3-bis(2,4,6-trime-
thylphenyl)-4,5-dihydroimidazol-2-ylidene,	 SIMes,	 in	 the	
complex	[(η3-C5Me5)Zn(H)(SIMes)],	that	was	characterized	
by	X-ray	crystallography.26	However,	as	far	as	we	know	the	
zinc-zinc	 bonded	hydride	 [(η5-C5Me5)Zn2(H)]	 seems	 to	 be	
unprecedented.	
Although	no	reaction	occurs	between	1	and	the	monozinco-
cene	in	toluene	at	room	temperature,	heating	at	60	°C	dur-
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ing	8	hours	afforded	a	dark	brown	solution	from	which	yel-
low	crystals	of	complex	7	were	obtained	after	removal	of	
the	toluene	under	vacuum,	followed	by	extraction	in	diethyl	
ether	and	crystallization.	The	final	product	was	character-
ized	by	NMR	and	X-ray	diffraction	studies.	By	NMR	monitor-
ing	we	observed	the	formation	of	C5Me5H	and	other	unde-
termined	products.	The	formation	of	C5Me5H	was	not	unex-
pected	as	it	has	already	been	observed	in	reactions	of	zinc	
organometallics	with	transition	metal	hydrides.27	However,	
no	signals	attributable	to	tetramethylfulvene,	C6Me4H2,	and	
decamethylfulvalene,	C10Me10,	were	detected,	hinting	at	no	
participation	 of	 C5Me5·	 radicals28	 and	 suggesting	 that	 the	
source	of	the	hydrogen	atoms	required	for	the	formation	of	
the	final	product	could	be	the	bis(hydride)	precursor	1	it-
self.	In	fact,	the	overall	spectroscopic	yield	for	this	transfor-
mation	remained	in	all	cases	below	50%.	However,	by	em-
ploying	an	external	source	of	H	atoms	(H2	atmosphere)	we	
were	able	to	isolate	the	same	species	in	a	preparative	scale	
(see	experimental	section).	The	room	temperature	1H	NMR	
spectrum	of	yellow	crystals	of	7	dissolved	in	C6D6	exhibit	a	
singlet	at	2.33	ppm	with	relative	intensity	corresponding	to	
15H,	 which	 indicates	 the	 presence	 of	 a	 fluxional,	 zinc-
bonded	η1(π)-C5Me5	 ligand,	even	at	 lower	temperatures.27	
The	latter	originates	13C{1H}	signals	at	12.8	(C5(CH3)5)	and	
115.5	ppm	(C5Me5).	Besides,	 two	key	 1H	NMR	resonances	
are	recorded	at	3.28	and	5.19	ppm,	each	with	relative	inten-
sity	1H:1H.	The	first	is	a	broad	triplet,	while	the	second	is	a	
well-defined	doublet	(2H,	2JHH	=	4.0	Hz).	These	signals	are	
assigned	 respectively	 to	 the	 Mo‒H‒Mo	 and	 Mo‒H‒Zn	
bridges	and	present	chemical	shifts	similar	to	those	ascer-
tained	for	dimolybdenum	hydrides22	and	zinc	hydrides.29	
Scheme	3.	Reactions	of	complex	1	with	Zn(C5Me5)2	and	
Zn2(C5Me5)2	to	form	products	7	and	8.	

	

	
Suitable	crystals	for	X-ray	diffraction	studies	were	obtained	
for	 complex	 7	 (Figure	 3).	 A	 quadruple	 Mo‒Mo	 bond	 of	
length	2.080(2)	Å	is	coordinated	to	two	trans	amidinate	lig-
ands,	that	are	forced	to	bend	by	reason	of	the	steric	pressure	
exerted	by	the	Zn(C5Me5)	terminus	of	the	(μ-H)2Zn(C5Me5)	
chelate	ligand.	Located	on	a	perpendicular	plane,	this	group	
causes	the	N‒Mo‒N	bond	angles	to	shrink	to	ca.	164°.	Two	
zinc-bonded	hydrogen	atoms,	namely	H66	and	H67,	and	the	
dimolybdenum	 bound	 H65,	 complete	 the	 coordination	 of	
the	Mo Mo	bond.	The	three	hydrides	were	located	in	the	
electron	density	map	providing	longer	Zn‒H	distances	than	
the	ca.	1.5	Å	average	value	found	for	the	terminal	Zn‒H29b	
and	 typical	 values	 for	 the	 Mo‒H	 bonds.22	 For	 the	 Zn‒
η1(π)Cp*	units,	 the	Zn‒C	distance	 in	7	 of	2.02	Å	 is	 rather	
long,	and	the	angle	formed	by	this	bond	and	the	plane	of	the	
ring,	measured	as	 the	ZnCringC5Me5(centr)	 angle,	 is	101°.	Be-
sides,	the	Zn‒C51‒C	bond	angles	involving	the	adjacent	car-
bon	atoms	are	ca.	98°,	far	from	the	values	expected	for	a	tet-
rahedral	 C51	 atom.	All	 these	 data	 reinforce	 the	 indicated	
η1(π)-(C5Me5)	coordination.26,27	The	Mo···Zn	contacts	of	ca.	
2.74	and	2.79	Å,	along	with	the	even	shorter	Zn‒Mo2(cen-
troid)	distance	of	2.57	Å,	clearly	reveal	substantial	donor-
acceptor	 interactions	between	 the	Mo Mo	bond	 and	 the	
electrophilic	Zn(II)	atom	(see	NBO	analysis	section	below).	
Although	 the	molecular	 structure	 of	7	 finds	 no	 literature	
precedent,	a	few	examples	of	complexes	featuring	M‒H‒Zn	
bonds	within	metal-metal	bonded	dinuclear	skeletons	have	
been	reported.	The	metallic	cores	of	those	complexes	con-
tain	 Rh2(μ-H)2(μ-ZnC5H5)2,30	 Mn2Zn(μ-H)231	 and	 V(μ-
H)2Zn32	frameworks.	
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Figure	3.	ORTEP	representations	of	complexes	7	and	8.	Selected	bond	distances	(Å)	and	angles	(°):	for	complex	7,	2.080(2)	(Mo1‒
Mo2),	2.792(3)	(Mo2‒Zn1),	2.745(3)	(Mo1‒Zn1),	2.018(4)	(Zn1‒C51),	1.84(4)	(Mo1‒H67),	1.69(4)	(Mo2‒H66),	1.97(4)	(Mo1‒H65),	
2.09(4)	(Mo2‒H65),	1.70(4)	(Zn1‒H67),	1.73(5)	(Zn1‒H66):	for	complex	8,	2.075	(Mo1‒Mo2),	2.850	(Mo1‒Zn1),	2.828	(Mo2‒Zn1),	
2.347	(Zn1‒Zn2).	
Decamethyldizincocene,	Zn2(η5-C5Me5)2,	behaved	similarly	
and	its	reaction	with	1	formed	the	yellow	crystalline	com-
plex	8	(Scheme	3)	which	was	isolated	in	yields	around	35	
%.	The	reaction	was	monitored	by	1H	NMR	experiments.	Af-
ter	one	hour	heating	at	60	°C,	Zn(C5Me5)2,	C5Me5H	and	com-
plex	7	were	detected,	accompanied	by	a	finely	divided	grey	
precipitate	of	zinc	metal.	Following	ca.	5	hours	at	60	°C,	the	
C5Me5H	dehydrodimer,	C10Me10,	was	also	observed.	It	seems	
that	this	transformation	involved	the	generation	of	C5Me5·	
radical,	 zinc-based	 radicals	 alike	 (C5Me5)Zn·	 and	 perhaps	
(C5Me5)ZnZn·.28	An	alternative	procedure	was	obtained	by	
performing	the	reaction	at	room	temperature	in	the	pres-
ence	of	H2	(1	bar),	conditions	under	which	the	yield	for	the	
formation	of	8	increased	to	60%	(see	experimental	section).	
The	 (η5-C5Me5)ZnZn	 terminus	of	8	 is	 responsible	 for	a	 1H	
signal	at	2.31	pm	and	two	13C{1H}	resonances	with	δ	11.1	
(C5(CH3)5)	 and	 108.8	 ppm	 (C5Me5).	 Unequivocal	 evidence	
for	 the	 proposed	 Mo2(μ-H)2Zn	 and	 Mo(μ-H)Mo	 bridging	
frameworks	stems	from	the	observation	of	the	two	1H	NMR	
resonances	at	δ	4.72	and	6.42	ppm	that	appear	as	a	broad	
triplet	(2JHH	=	4.5	Hz)	with	relative	 intensity	equivalent	 to	
1H	and	as	a	doublet	of	2H	relative	 intensity,	 respectively.	
The	solid-state	molecular	structure	of	the	Mo2Zn2H3	cluster	
was	determined	by	X-ray	diffraction	studies	(Figure	3)	alt-
hough	the	hydrides	could	not	be	located	in	the	Fourier	map	
due	 to	crystal	 twinning.	The	Mo‒Mo	bond	has	a	 length	of	
2.075(2)	 Å,	 consistent,	 one	 more	 time,	 with	 a	 quadruple	
bond33	and	the	distance	between	the	Zn1	atom	and	the	cen-
troid	of	the	Mo Mo	bond	of	approximately	2.64	Å	is	com-
parable	to	the	sum	of	covalent	radii	estimated	for	a	Zn‒Mo	
bond	of	2.76	Å.21	The	direct	Zn‒Zn	bond	of	the	dizincocene	
reactant	is	preserved	(2.347(4)	Å,	FSR	=	0.96)	and	the	Zn‒
η5-C5Me5(centroid)	separation	is	ca.	1.99	Å.	

Structural	and	computational	analysis	of	the	Mo2‒H‒E‒
R	rings	(E	=	Zn,	Mg,	Al,	Li;	R	=	H,	Me,	Et,	Ph).	
To	analyze	the	bonding	parameters	of	the	Mo2H	triangle	and	
the	 various	Mo2‒R‒E‒H	 rings,	 with	 different	main	 group	
electropositive	metals	E	and	where	R	can	be	a	hydride	or	an	
alkyl	or	aryl	group,	it	is	convenient	to	use	the	interpenetra-
tion	indices	introduced	by	one	of	us	recently.36	 In	short,	a	
penetration	 index	 for	an	A‒B	atom	pair	calibrates	 the	de-
gree	of	interpenetration	of	their	van	der	Waals	crusts,	the	
portion	of	space	comprised	between	a	sphere	with	the	van	
der	Waals	radius	and	the	inner	sphere	with	the	covalent	ra-
dius	of	an	atom.	Thus,	a	penetration	index	pAB	takes	values	
of	around	0%	when	the	two	atoms	are	at	around	the	van	der	
Waals	distance	(the	sum	of	the	van	der	Waals	radii),	reach	
values	of	around	100%	when	they	are	at	bonding	distance	
(the	sum	of	their	covalent	radii),	and	appear	at	intermediate	
values	for	weak	or	non-covalent	interactions.	In	the	present	
analysis	we	include	for	comparison	the	data	for	the	related	
Li	compounds	previously	reported	by	us.16b		The	advantage	
of	using	penetration	indices	is	that	we	can	compare	on	an	
equal	footing	bonds	between	different	atom	pairs	which,	in	
the	present	case	should	allow	us	to	obtain	a	general	picture	
of	the	bonding	within	the	Mo2‒R‒E‒H	rings,	with	E	=	Li,	Mg,	
Al,	Zn,	and	R	=	H,	Me,	Et,	Ph.	
To	complement	the	X-ray	structural	data	we	have	optimized	
all	 the	 newly	 prepared	 compounds,	 including	 those	 that	
could	not	be	submitted	to	an	X-ray	analysis,	via	DFT	calcu-
lations	(see	Supporting	Information	for	computational	de-
tails).	Given	the	good	agreement	between	experimental	and	
calculated	 interatomic	distances,	we	use	 the	 latter	 for	 the	
present	bonding	analysis.	This	choice	will	allow	us	to	have	
a	 larger	 number	 of	 data	 and	 reach	more	 general	 conclu-
sions,	while	avoiding	the	problems	associated	with	the	poor	
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localization	of	the	hydrido	bridges	in	the	vicinity	of	heavy	
metal	 atoms.	 The	bond	distances	 and	penetration	 indices	
for	14	compounds	of	this	family	are	provided	as	Supporting	
Information	 (Table	 S1)	 and	 are	 summarized	 in	 Figure	 4,	
where	 the	 ranges	of	 values	 found	 are	plotted	 for	 the	 five	
bonds	of	the	ring,	the	E-L	bond,	and	the	distance	between	
the	 center	 of	 the	Mo‒Mo	bond	 and	 the	metal	 E.	 The	E‒R	
bonds	when	R	is	a	phenyl	group	are	considered	separately,	
since	they	correspond	to	a	p coordination	and	have	lower	
penetration	than	the	purported	s-coordinated	E‒R	groups	
(R	=	H,	Me,	Et).	

	
Figure	4.	Ranges	of	penetration	indices	of	the	different	bonds	
in	the	Mo2REH	rings	(average	±	one	esd).	R	=	H,	Me,	Et,	Ph;	R’	=	
H,	Me,	Et.	
The	Mo‒H‒Mo	triangle.	In	the	compounds	with	a	Mo–H–Mo	
bridge	(5	-	8),	there	is	a	varying	tendency	of	the	hydride	to	
be	asymmetrically	bonded	to	the	Mo2	unit	(drawing	C),	with	
the	short	distance	comprised	between	1.795	and	2.025	Å,	
and	the	long	one	between	2.064	and	2.655	Å,	showing	a	fair	
correlation	 (Figure	 5)	 which	 suggests	 that	 a	 symmetric	
bridge	should	have	two	Mo-µH	distances	of	about	2.1	Å,	or	
penetration	indices	of	about	91%,	consistent	with	the	val-
ues	presented	by	the	two	other	three-centre	two-electron	
bonds,	Mo‒R‒E	and	E‒H‒Mo.37		

	
Figure	5.		Correlation	between	the	two	Mo‒H	distances	within	
the	µH-Mo2	triangle.	
The	E‒Ln	spectator	bonds.	The	bonds	between	the	electro-
positive	metal	E	and	the	group(s)	L	attached	to	it,	which	do	

not	participate	directly	in	the	bonding	with	the	Mo2	unit,	are	
clearly	 unaffected	 by	 the	 formation	 of	 the	 adduct.	 This	 is	
shown	 by	 the	 penetration	 indices	 of	 around	 100%	 in	 all	
compounds	analyzed	here,	that	comprise	a	wide	variety	of	
choices	of	E	(Li,	Mg,	Al,	Zn),	R	(H,	Me,	Et,	Ph)	and	L	(H,	Me,	
Et,	Ph,	Cp*,	ZnCp*,	and	thf).	
Mo Mo	bonds.	The	quadruple	Mo Mo	bonds	present	very	
large	values	of	the	penetration	index,	all	within	the	pretty	
small	range	of	150	to	155%,	to	be	compared	to	the	large	but	
clearly	smaller	values	of	triple	Mo‒Mo	bonds	found	in	the	
CSD	of	131	(2)	%.	Such	values	point	to	the	usefulness	of	the	
penetration	 index	 to	 discriminate	 different	 bond	 orders,	
and	indicates	that	this	parameter	is	a	powerful	way	to	cali-
brate	a	wide	range	of	bonding	situations,	from	weak	van	der	
Waals	 interactions	 all	 the	 way	 to	 pentuple	 metal-metal	
bonds.	
The	Mo‒H‒E	bond	sequence.		Figure	4	shows	that	the	Mo‒
H	 atom	 pairs	 have	 penetration	 indices	 in	 the	 range	 96-
103%,	consistent	with	single	bonds,	whereas	the	interpen-
etration	between	the	electropositive	metal	E	and	the	same	
hydride	is	between	85	and	91%,	indicative	of	weaker	bond-
ing	interactions.	This	situation	can	be	considered	character-
istic	of	a	s-Mo-H	bond	coordination	to	E	(structure	A),	and	
is	similar	to	that	found	in	s	C‒H	bond	coordination	to	tran-
sition	metals	M,	as	deduced	from	neutron	diffraction	bond	
distances,	which	yield	C‒H	and	M‒H	penetration	indices	in	
the	ranges	96-100%	and	59-84%,	respectively,	for	M	=	Ru,38	
Mo39	and	W.40		

	
The	Mo‒R‒E	bond	sequence.		The	Mo‒R	atom	pairs	(R	=	H,	
Me,	 Et)	 also	 present	 penetration	 indices	 of	 around	100%	
(96-102%)	with	only	two	exceptions,	to	be	compared	to	the	
corresponding	 values	 for	 the	 E‒R	 interaction,	with	 inter-
penetrations	in	the	range	83-95%.	Thus,	the	results	of	the	
reactions	 can	 be	 interpreted	 as	 being	 in	 the	way	 to	 alkyl	
transfer	from	E	to	Mo,	retaining	still	a	weaker	E‒R	bonding	
interaction	(structure	A).	Notably,	the	E‒Ph	interactions	ap-
pear	at	still	lower	penetrations	(79	-	83%),	with	the	phenyl	
group	coordinated	to	E	in	an	h1	or	h2	modes	for	E	=	Zn	and	
Li,	respectively.	
The	two	exceptions	regarding	the	Mo‒R	bonds	correspond	
to	compounds	6	and	7,	with	smaller	penetration	indices	(87	
and	93%,	respectively),	a	behaviour	that	must	be	attributed	
to	the	high	asymmetry	of	the	Mo2H	triangle	and	the	conse-
quently	 enhanced	 trans	 influence	 on	 the	 Mo‒R	 bond,	 as	
schematically	depicted	in	structure	B.	
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Table	1.	Major	donor-acceptor	interactions	(kcal/mol)a	disclosed	by	an	NBO	analysis	for	the	Zn,	Mg	and	Al	adducts	of	Mo2	presented	
in	this	work,	together	with	the	corresponding	penetration	indices	(in	%).	Related	values	for	the	analogous	Li	compounds16b	are	given	
for	comparison.	The	composition	of	each	Mo2REH	ring	is	given	by	the	symbols	E/L/R.	

	 Cpd.	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	
	 E	 Zn	 Zn	 Zn	 Mg	 Al	 Zn	 Zn	 Li	 	Li	 Li	 Li	 Li	
	 L/R	 Me/Me	 Et/Et	 H/Ph	 Me/Me	 Me2/Me	Cp*/H	 Zn/H	 thf/Me	 thf/Et	OEt2/Ph	 thf/Me	 thf/Et	

(Mo–Mo)	®	E	
pcE	 95	 96	 99	 110	 90	 99	 100	 109	 109	 100	 104	 105	
 p(Mo–Mo)	®	s*(E–L),	s*(E–H)	 3.6	 9.0	 2.9	 2.9	 5.1	 4.6	 4.4	 -	 -	 8.5	 18.6	 20.3	
 d(Mo–Mo)	®	pp(E)	b	 1.1	 1.6	 8.1	 -	 2.1	 2.0	 1.6	 2.2	 2.1	 1.8	 1.3	 1.3	
 s(Mo–Mo)	®	s*(spyE–L),	s*(pzE–H)-	 -	 -	 3.3	 -	 -	 -	 19.6	 19.6	 4.9	 18.4	 8.4	

(Mo–R')	®	E	
pMoR		 96	 100	 102	 97	 87	 93	 99	 100	 100	 100	 99	 98	
 s(Mo–R)	®	s*(E–L),	s*(pzE–H)	 65.3	 25.7	 7.8	 27.6	 -	 -	 34.3	 29.0	 25.5	 18.2	 43.7	 34.1	
	pER		 90	 83	 79	 94	 94	 92	 88	 92	 91	 83	 95	 95	
 s(E–R)	®	Mo	 -	 -	 -	 -	 28.1	 62.1	 	 -	 -	 -	 -	 -	

Ph	®	E		
pEC	 	 	 79	 	 	 	 	 	 	 83	
 s(C-C)	®	s*(E–H)	 -	 -	 1.0	 -	 -	 -	 -	 -	 -	 4.4	 -	 -	
 p(C-C)	® s*(E–H)	 -	 -	 3.7	 -	 -	 -	 -	 -	 -	 4.7	 -	 -	

(Mo–H)	®	E	or	(E–H)	®	Mo	
	pEH		 89	 90	 91	 90	 85	 86	 88	 88	 88	 88	 89	 90	
 s(Mo–H)	®	s*(E–L)	or	s*(E–R)	 51.7	 59.0	 	 28.4	 91.9	 31.7*	 34.3	 44.8	 41.8	 50.1	 55.3	 50.4	
 s(E–H)	®	s*(Mo-Hb)	or	s(Mo)	 	 -	 89	

a)	Only	contributions	equal	or	greater	than	1.0	kcal/mol	are	included.	
b)	The	d(Mo–Mo)	®	pp(E)	donation	can	be	to	a	non-bonding	empty	E	atomic	orbital	(tricoordinated	E),	E-L	antibonding	(four-coor-
dinated	Al),	or	E-H	antibonding	orbital	(ZnPh).	
	
Through-ring	 Mo2‒E	 contact.	 If	 we	 consider	 the	 Mo‒Mo	
bond	to	form	roughly	a	cylinder	of	electron	density	with	the	
same	covalent	and	van	der	Waals	radii	than	the	Mo	atoms,	
from	the	distance	between	the	Mo‒Mo	centroid	(c)	and	the	
electropositive	metal	E	we	can	calculate	a	penetration	index	
pcE.	This	index	is	in	all	cases	between	89	and	105%	(Table	1	
and	Fig.	4),	indicative	of	p-coordination	of	varying	strength	
of	the	Mo Mo	bond	to	E.	
To	obtain	a	molecular	orbital	description	of	 the	combina-
tion	 of	 apparent	 bonding	 situations	 exhibited	 by	 the	
Mo2REH	rings,	we	have	carried	out	an	NBO	study	of	the	do-
nor-acceptor	 interactions.	 The	 computational	 details	 are	
provided	as	 Supporting	 Information	and	 the	most	 signifi-
cant	results	are	presented	in	Table	1.	 	All	the	interactions	
can	be	grouped	in	four	families	that	can	be	discussed	sepa-
rately.	 A	 plot	 of	 the	main	 donor-acceptor	 orbital	 interac-
tions	in	the	new	compounds	is	provided	as	Supporting	In-
formation	 (Figure	 S1),	 since	 they	 are	 similar	 to	 those	 re-
ported	earlier	for	the	lithium	analogues,16b	and	only	those	
orbitals	 responsible	 for	 the	p-coordination	 of	 the	 phenyl	
rings	to	E	in	4	and	11	are	shown	in	Figure	6	to	facilitate	the	
discussion.	
The	delocalized	E‒R‒Mo	bond.	The	Mo‒R	penetration	indi-
ces	of	around	100	%	and	the	lower	values	found	for	the	R‒
E	pairs	are	reflected	in	the	NBO	results,	which	disclose	a	sig-
nificant	(Mo–R)	®	E	donor-acceptor	interaction	(Table	A),	
with	associated	interaction	energies	from	8	to	45	kcal/mol.		
In	compounds	6	and	7,	in	which	the	E‒R	penetration	index	

is	 approximately	 equal	 or	 higher	 than	 the	Mo-R	 one,	 the	
NBO	analysis	identifies	the	3c-2e	interaction	as	an	(E‒R)	®	
Mo	donation.	 In	any	event,	 it	 is	clear	that	 the	Mo-R-E	trio	
forms	a	3c-2e	bond.	
The	delocalized	E‒H‒Mo	bond.	Similarly	to	what	happens	
with	the	E‒R‒Mo	system,	the	E‒H‒Mo	trio	is	described	by	
NBO	as	a	(Mo‒H)	®	E	donation	for	all	those	compounds	in	
which	pMoH	>	pEH,	and	as	an	(E‒H)	®	Mo	donation	for	com-
pound	4,	for	which	pMoH	≲	pEH.	These	three	atoms,	therefore,	
form	a	second	3c-2e	system	in	the	ring.	
The	p	coordination	of	the	phenyl	group	to	E.	The	side-on	co-
ordination	of	one	of	the	phenyl	groups	in	the	Mo2Zn	com-
pound	4	is	reflected	in	the	NBO	results	as	a	donor-acceptor	
interaction	from	a	p(C‒C)	and,	to	a	lesser	extent,	the	s(C‒C)	
phenyl	 orbitals	 to	 E,	 via	 its	 s*(E‒H)	 orbital	 (Figure	 6,	
above).	A	similar	behaviour	is	found	for	the	related	LiPh	ad-
duct,	 the	 main	 structural	 difference	 being	 that	 in	 the	 Zn	
compound	 the	 phenyl	 group	 is	 closer	 to	h1	 coordination,	
while	in	the	Li	one	it	coordinates	in	an	h2	mode.	In	the	latter	
case,	the	acceptor	orbital	at	E	is	s*(E‒L),	where	L	is	a	termi-
nal	s-bonded	phenyl	group	(Figure	6,	below).	
The	through-ring	interaction	between	Mo2	and	E.	Although	
the	large	penetration	indices	found	between	the	centroid	of	
the	Mo–Mo	bond	and	the	electropositive	metal	E	(Figure	4)	
might	seem	in	principle	to	be	due	to	the	constraints	of	the	
cyclic	system,	the	existence	of	direct	bonding	between	Mo2	
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and	E	 is	confirmed	by	the	NBO	identification	of	donor-ac-
ceptor	 interactions,	 mostly	 from	 the	 p	 and	 d(Mo Mo)	
bonding	orbitals	for	E	=	Zn	and	Al,	while	for	the	more	elec-
tropositive	Li	and	Mg	atoms	with	slightly	higher	penetra-
tion	 indices,	 the	 dominant	 contribution	 comes	 from	 the	
s(Mo Mo)	orbital.	

	 	 	
 s(C‒C)	®	s*(Zn‒H)	 p(C-C)	®	s*(Zn‒H).	

	 	 	
 s(C‒C)	®	s*(Li‒Pht)	 p(C-C)	®	s*(Li‒Pht).	
Figure	6.	NBO	depiction	of	the	donor-acceptor	interactions	in	
compounds	4	 (above)	 and	11	 (below)	 from	 the	s	 (left)	 and	
p(C‒C)	bonding	orbitals	(right)	of	the	phenyl	group.	The	donor	
orbitals	 are	 represented	 by	 solid	 surfaces,	 and	 the	 acceptor	
ones	by	transparent	lobes.	

CONCLUSIONS 
To	 conclude,	we	 have	 analyzed	 the	 coordination	 of	 Zn‒C	
bonds	of	Zn(CH3)2,	Zn(CH2CH3)2	and	Zn(C6H5)2	to	the	dimo-
lybdenum	core	of	complex	1,	as	well	as	of	the	E‒CH3	bonds	
of	Mg(CH3)2	and	Al(CH3)3.	All	the	new	complexes	obtained	
feature	 five-membered	 trimetallacyclic	 entities,	
Mo2E(C)(H),	 (E	 =	 Zn,	 Mg,	 Al),	 which	 exhibit	 similar	 elec-
tronic	and	bonding	features	to	those	derived	from	LiH	and	
LiR.	Zincocenes	Zn(C5Me5)2	and	Zn2(η5-C5Me5)2	behave	dif-
ferently	 to	 the	 previously	 mentioned	 zinc	 organyls.	 Our	
characterization	studies	reveal	the	presence	of	new	molec-
ular	zinc	hydrides,	(η1(π)-C5Me5)Zn(H)	and	(η5-C5Me5)Zn‒
Zn(H),	that,	at	present,	do	not	appear	to	exist	as	free	mole-
cules.	In	our	complexes,	they	become	stabilized	by	coordi-
nation	 through	 the	σ-Zn‒H	bond,	 supported	 intramolecu-
larly	by	the	adjacent	Mo‒H Zn	interaction,	demonstrat-
ing	 the	 uniqueness	 of	 the	 trans-H‒Mo Mo‒H	 core.	 Our	
computational	 and	 structural	 analysis	 reveal	 that	 a	 general	
bonding	pattern	is	found	in	the	H‒Mo Mo‒E-R	rings	(E	=	Zn,	
Mg,	Al,	Li		R	=H,	Me,	Et,	Ph),	which	includes	3	center-2	electron	
Mo-H-E	and	Mo-R-E	bonds	supplemented	by	p-coordination	of	
the	Mo Mo	bond	to	the	electropositive	metal	E.	

EXPERIMENTAL SECTION 
All	manipulations	were	carried	out	using	standard	Schlenk	(under	
Ar)	and	glovebox	techniques	(under	high	purity	nitrogen).	All	sol-
vents	were	dried	and	degassed	prior	to	use.	Toluene	(C7H8)	and	n-

pentane	(C5H12)	were	distilled	under	nitrogen	over	sodium.	Tetra-
hydrofuran	(thf)	was	distilled	under	nitrogen	over	sodium/benzo-
phenone.	Benzene-d6	and	toluene-d8	were	dried	over	4	Å	molecular	
sieves.	Thf-d8	was	distilled	over	sodium	under	argon	atmosphere	
and	stored	under	4	Å	molecular	sieves.	Solution	NMR	spectra	were	
recorded	on	Bruker	DRX-400	and	DRX-500	spectrometers.	Spectra	
were	 referenced	 to	external	 SiMe4	 (δ:	0	ppm)	using	 the	 residual	
proton	solvent	peaks	as	internal	standards	(1H	NMR	experiments),	
or	the	characteristic	resonances	of	the	solvent	nuclei	(13C	NMR	ex-
periments).	Spectral	assignments	were	made	by	routine	one-	and	
two-dimensional	 NMR	 experiments,	where	 appropriate.	 For	 ele-
mental	analyses	a	LECO	TruSpec	CHN	elementary	analyzer	was	uti-
lized.	Complex	1	was	prepared	according	to	the	literature.22	
[Mo2(μ-HZnMe2)2(μ-AdDipp2)2]	 (2):	 Complex	 [Mo2(H)2(μ-
AdDipp2)2(thf)2]	(1)	(30	mg,	0.03	mmol)	was	dissolved	in	toluene	(3	
mL)	at	room	temperature.	A	0.3	mL	solution	of	ZnMe2	 in	toluene	
(0.2	 M)	 was	 added	 slowly	 at	 room	 temperature.	 The	 solution	
changed	 color	 immediately	 to	 yellow.	 The	 solvent	 was	 then	 re-
moved	under	vacuum.	The	residue	was	washed	with	pentane	and	
the	yellow	solid	obtained	was	dried	under	vacuum	(15	mg,	45	%	
yield).	1H	NMR	(500	MHz,	C6D6,	25	°C)	δ	(ppm):	-0.46	(s,	3	H,	Mo(μ-
Me)Zn),	0.32	(s,	3	H,	ZnMe),	1.05,	1.10,	1.31,	1.39	(d,	48	H,	12	H	
each,	3JHH	=	6.7	Hz,	CHMe2),	2.83,	3.87	(sept,	8	H,	4	H	each,	3JHH	=	6.7	
Hz,	 CHMe2),	 5.54	 (s,	 2	H,	Mo(μ-H)Zn),	 6.98-7.11	 (m,	 12	H,	m,	p-
Dipp),	8.12	(s,	2	H,	NC(H)N).13C{1H}	NMR	(100	MHz,	C6D6,	25	°C)	δ	
(ppm):	-5.4	(ZnMe,	1JCH	=	123	Hz),	3.0	(Mo(μ-Me)Zn,	1JCH	=	126	Hz),	
24.5,	 24.6,	 25.4,	 28.8	 (CHMe2),	 29.2,	 29.3	 (CHMe2),	 123.9,	 124.8,	
126.6	 (m-Dipp,	 p-Dipp),	 143.4,	 144.0,	 145.1	 (o-Dipp,	 ipso-Dipp),	
163.8	(NC(H)N).	Elemental	Analysis	(%)	for	C54H84Mo2N4Zn2:	Calc.	
C,	58.3;	H,	7.6;	N,	5.0.	Exp.	C,	58.5;	H,	7.2;	N,	5.0.		
[Mo2(μ-HZnEt2)2(μ-AdDipp2)2]	 (3):	 Complex	 [Mo2(H)2(μ-
AdDipp2)2(thf)2]	(1)	(30	mg,	0.03	mmol)	was	dissolved	in	toluene	(3	
mL)	at	room	temperature.	0.6	mL	of	a	solution	of	ZnEt2	in	hexane	
(0.1	M)	was	added	slowly	at	room	temperature.	The	solution	color	
changed	immediately	to	yellow.	By	slow	evaporation	of	the	solvent,	
yellow	crystals	were	obtained,	washed	with	cold	pentane	and	iso-
lated	 in	 55%	 yield	 (19	 mg).	 1H	 NMR	 (400	 MHz,	 C6D6,	 25	 °C)	 δ	
(ppm):	-1.77	(t,	6	H,	3JHH	=	7.7	Hz,	CH3,	Mo(μ-CH2CH3)Zn),	1.10-1.19	
(m,	8	H,	CH2,	Mo(CH2CH3)Zn,	ZnCH2CH3,	detected	by	COSY	experi-
ments),	 1.08,	 1.23,	 1.31,	 1.48	 (d,	 48	H,	 12	H	 each,	 3JHH	 =	 6.9	Hz,	
CHMe2),	1.95	(t,	6	H,	CH3,	3JHH	=	7.9	Hz,	ZnCH2CH3),	3.04,	4.11	(sept,	
8	H,	4	H	each,	3JHH	=	6.9	Hz,	CHMe2),	5.46	(s,	2	H,	Mo(μ-H)Zn),	6.94-
7.25	(m,	12	H,	m,	p-Dipp),	8.18	(s,	2	H,	NC(H)N).	13C{1H}	NMR	(100	
MHz,	C6D6,	25	°C)	δ	(ppm):	-6.8	(br,	CH3,	Mo(μ-CH2CH3)Zn),	2.9,	8.5	
(CH2,	 ZnCH2CH3,	 Mo(μ-CH2CH3)Zn),	 13.4	 (CH3,	 ZnCH2CH3),	 24.5,	
24.6,	25.9,	29.1	(CHMe2),	29.2,	29.3	(CHMe2),	123.9,	124.4,	126.6	
(m-Dipp,	 p-Dipp),	 143.6,	 144.3,	 145.8	 (o-Dipp,	 ipso-Dipp),	 163.4	
(NC(H)N).	 Elemental	 Analysis	 (%)	 for	 C58H92Mo2N4Zn2:	 Calc.	 C,	
59.6;	H,	7.9;	N,	4.8.	Exp.	C,	59.7;	H,	7.8;	N,	4.9.		
[Mo2(μ-HZnPh2)(μ-H)(μ-AdDipp2)2]	 (4):	 Complex	 [Mo2(H)2(μ-
AdDipp2)2(thf)2]	 (1)	 (30	 mg,	 0.03	 mmol)	 and	 ZnPh2	 (7	 mg,	 0.03	
mmol)34	were	dissolved	 in	 toluene	 (3	mL)	at	 room	temperature.	
The	 solution	 changed	 colour	 immediately	 to	 brown-yellow.	 The	
solvent	was	then	removed	under	vacuum.	The	residue	was	washed	
with	pentane	and	the	orangish	brown	solid	obtained	was	dried	un-
der	vacuum	and	isolated	in	40	%	yield	(14	mg).	Suitable	crystals	
for	x-ray	diffraction	studies	were	obtained	from	a	diethylether	so-
lution	placed	 inside	the	glovebox	 freezer	at	 -30	°C	 for	2	days.	1H	
NMR	 (400	MHz,	 C6D6,	 25	 °C)	 δ	 (ppm):	 0.42,	 0.50	 (m,	 6	 H	 each,	
CHMe2),	 0.62	 (d,	 6	H,	 3JHH	 =	 6.9	Hz,	 CHMe2),	 1.12-1.33	 (m,	 30	H,	
CHMe2),	3.06,	3.74	(sept,	2	H	each,	3JHH	=	6.9	Hz,	CHMe2),	3.84	(m,	3	
H,	CHMe2	+	Mo(μ-H)Mo),	4.32	(sept,	2	H,	3JHH	=	6.9	Hz,	CHMe2),	6.98-
7.24	(m,	18	H,	m,	p-Dipp	+	ZnPh2),	7.35	(d,	1	H,	2JHH	=	4	Hz,	Mo(μ-
H)Zn),	 7.58	 (br,	 2	H,	 ZnPh2),	 7.82	 (br,	 1	H,	 ZnPh2),	 8.60	 (s,	 2	H,	
NC(H)N).	1H	NMR	(400	MHz,	C6D6,	45	°C)	δ	(ppm):	3.87	(d,	1	H,	2JHH	
=	4	Hz,	Mo(μ-H)Mo),	7.32	(d,	1	H,	2JHH	=	4	Hz,	Mo(μ-H)Zn).	13C{1H}	
NMR	(100	MHz,	C6D6,	25	°C)	δ	(ppm):	23.2,	24.8,	24.9,	25.1,	25.3,	
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25.4,	 25.6,	 26.5	 (CHMe2),	 28.5,	 28.7,	 28.8,	 30.2	 (CHMe2),	 124.0,	
124.4,	124.5,	124.6,	126.8,	126.9,	127.1,	127.2,	127.6,	129.9,	130.9,	
138.1	(m-Dipp,	p-Dipp,	m-ZnPh2,	p-ZnPh2,	o-ZnPh2),	143.2,	143.6,	
143.8,	143.9,	144.5,	144.6	(o-Dipp,	ipso-Dipp),	155.0,	160.1	(ipso-
ZnPh2),	 165.2	 (NC(H)N).	 Elemental	 Analysis	 (%)	 for	
C62H82Mo2N4Zn:	Calc.	C,	65.3;	H,	7.3;	N,	4.9.	Exp.	C,	65.0;	H,	7.6;	N,	
4.6.	
[Mo2(μ-HMgMe2)(μ-H)(μ-AdDipp2)2]	(5):	MgMe2·Et2O34	(4	mg,	0.03	
mmol)	 and	 complex	 [Mo2(H)2(μ-AdDipp2)2(thf)2]	 (1)	 (30	mg,	 0.03	
mmol),	were	dissolved	 in	a	mixture	of	 toluene	and	diethyl	ether	
(3:3	mL).	The	red	solution	was	stirred	for	30	minutes	at	room	tem-
perature.	Then,	 the	solvent	was	removed	under	vacuum	and	 the	
orange	residue	was	washed	with	cold	pentane	to	afford	a	brown	
solid	 (8	mg,	 27	%	 yield).	 The	 product	 is	 unstable	 in	 solution	 at	
room	temperature,	so	that	complete	decomposition	occurred	after	
3	hours	in	C6D6,	 forming	methane	(0.16	ppm	singlet	in	C6D6)	and	
an	undetermined	mixture	of	products.	1H	NMR	(400	MHz,	tol-d8,	-
20	 °C)	 δ	 (ppm):	 -0.29	 (br	 s,	 3	H,	Mo(μ-Me)Mg),	 -0.01	 (br	 s,	 3	H,	
MgMe),	0.39,	0.49,	1.15	(d,	6	H	each,	3JHH=	6.3	Hz,	CHMe2),	1.21	(m,	
12	H,	 CHMe2),	 1.28	 (d,	 6	H,	 3JHH=	6.3	Hz,	 CHMe2),	 1.50	 (m,	12	H,	
CHMe2),	 3.12	 (d,	1	H,	 2JHH=	6.6	Hz,	Mo(μ-H)Mo),	3.48,	3.63,	3.89,	
4.21	(sept,	2	H	each,	3JHH	=	6.3	Hz,	CHMe2),	5.24	(d,	1	H,	2JHH=	6.6	Hz,	
Mo(μ-H)Mg),	6.90-7.04	(m,	12	H,	m,	p-Dipp),	8.64	(s,	2	H,	NC(H)N).	
13C{1H}	NMR	(100	MHz,	tol-d8,	-20	°C)	δ	(ppm):	-9.4	(MgMe),	1JCH	=	
110	Hz),	2.8	 (Mg(μ-Me)Mo,	 1JCH	=	114	Hz),	22.9,	24.0,	24.4,	24.8,	
25.1,	25.7,	25.9,	26.6	(CHMe2),	26.9,	28.3,	28.4,	28.6	(CHMe2),	124.0,	
124.1,	 124.3,	 124.5,	 126.2,	 126.4	 (m-Dipp,	p-Dipp),	 143.2,	 143.3,	
143.6,	143.8,	144.1,	144.4	(ipso-Dipp,	o-Dipp),	164.1	(NC(H)N).	El-
emental	Analysis	(%)	for	C52H78MgMo2N4:	Calc.	C,	64.0;	H,	8.1;	N,	
5.7.	Exp.	C,	64.1;	H,	8.2;	N,	5.5.		
[Mo2(μ-H)(μ-AlMe3H)(μ-AdDipp2)2]	 (6):	 Complex	 [Mo2(H)2(μ-
AdDipp2)2(thf)2]	(1)	(50	mg,	0.05	mmol)	was	dissolved	in	toluene	(5	
mL)	and	0.08	mL	of	AlMe3	(1	M	solution	in	toluene)	was	added	at	
room	temperature.	After	five	minutes	of	stirring	at	room	tempera-
ture,	 the	 solution	 changed	 from	 red	 to	dark	orange.	The	 solvent	
was	removed	under	vacuum	to	afford	a	dark	microcrystalline	or-
ange	solid	which	was	washed	with	cold	pentane	(2x1	mL)	to	obtain	
an	orange	solid	in	58	%	yield	(29	mg).	Crystals	suitable	for	x-ray	
diffraction	studies	were	obtained	by	slow	evaporation	of	a	mixture	
of	benzene	and	pentane	(1:2)	inside	the	glovebox	under	N2	atmos-
phere.	1H	NMR	(400	MHz,	C6D6,	25	°C)	δ	(ppm):	-0.11	(s,	3	H,	Mo(μ-
Me)Al),	0.14	(s,	6	H,	AlMe2),	0.54,	0.58,	0.99	(d,	6	H	each,	3JHH	=	6.7	
Hz,	CHMe2),	1.21	(m,	18	H,	CHMe2),	1.36,	1.40	(d,	6	H	each,	3JHH	=	6.7	
Hz,	CHMe2),	3.04	 (d,	1	H,	Mo(μ-H)Mo,	 2JHH	=	10.0	Hz),	3.34,	3.52,	
3.92,	4.35	(sept,	2	H	each,	3JHH	=	6.7	Hz,	CHMe2),	5.64	(d,	1	H,	Mo(μ-
H)Al,	2JHH	=	10.0	Hz),	6.94-7.08	(m,	12	H,	m,	p-Dipp),	8.71	(s,	2	H,	
NC(H)N).13C{1H}	NMR	(100	MHz,	C6D6,	25	°C)	δ	(ppm):	-2.6	(AlMe2,	
1JCH	=	112	Hz),	11.3	(Al(μ-Me)Mo,	1JCH	=	116	Hz),	23.8,	24.0,	24.7,	
25.0,	25.7,	26.0,	26.2,	27.1	(CHMe2),	28.0,	28.3,	28.7,	29.1	(CHMe2),	
123.9,	 124.1,	 124.8,	 125.0,	 126.8,	 126.9	 (m-Dipp,	p-Dipp),	 143.3,	
143.5,	 143.7,	 143.8,	 144.3,	 144.3	 (ipso-Dipp,	 o-Dipp),	 165.3	
(NC(H)N).	Elemental	Analysis	(%)	for	C53H81AlMo2N4:	Calc.	C,	64.1;	
H,	8.2;	N,	5.6.	Exp.	C,	64.1;	H,	8.3;	N,	5.2.  
[Mo2(μ-H2ZnCp*)(μ-H)(μ-AdDipp2)2]	 (7):	 Method	 A:	 Complex	
[Mo2(H)2(μ-AdDipp2)2(thf)2]	 (1)	 (30	mg,	0.03	mmol)	 and	ZnCp*235	
(10	mg,	0.03	mmol)	were	dissolved	in	toluene	(3	mL)	at	room	tem-
perature	inside	the	glovebox	and	transferred	to	an	ampoule.	After	
stirring	for	8	hours	at	60	°C,	toluene	was	removed	under	vacuum	
and	diethylether	was	added.	The	brown	solution	 formed	was	 fil-
tered	 and	 pentane	 (1	mL)	was	 added.	 Orange	 crystals	were	 ob-
tained	by	slow	evaporation	of	the	mixture	and	washed	with	cold	
pentane	(15	mg,	44	%	yield).	Suitable	crystals	for	X-ray	diffraction	
were	obtained	from	a	diethylether	solution	placed	inside	the	glove-
box	freezer	at	 -30	°C	for	2	days.	Method	B:	Complex	[Mo2(H)2(μ-
AdDipp2)2(thf)2]	 (1)	 (50	mg,	 0.05	 mmol)	 and	 Zn(C5Me5)2	 (17	mg,	
0.05	mmol)	were	dissolved	in	toluene	(5	mL)	at	room	temperature	

inside	the	glovebox	and	transferred	to	an	ampoule.	The	N2	atmos-
phere	was	substituted	by	H2	(1	bar)	and	the	solution	was	stirred	
for	3	hours	at	room	temperature.	Then,	the	toluene	was	removed	
under	vacuum	and	the	residue	was	extracted	with	diethyl	ether	(5	
mL).	Pentane	(2	mL)	was	added	to	the	orange	ether	solution	and	
placed	overnight	in	the	freezer	to	precipitate	yellow	orangish	mi-
crocrystals	which	were	washed	with	cold	pentane	and	isolated	in	
60	%	yield	(33	mg).	1H	NMR	(400	MHz,	C6D6,	25	°C)	δ	(ppm):		0.43,	
1.14,	1.17,	1.37	(d,	48	H,	12	H	each,	3JHH	=	6.7	Hz,	CHMe2),	2.33	(s,	
15	H,	CH3,	C5Me5),	3.28	(br	t,	1	H,	Mo(μ-H)Mo),	3.38,	3.84	(sept,	8	
H,	4	H	each,	3JHH	=	6.7	Hz,	CHMe2),	5.19	(d,	2	H,	2JHH	=	4	Hz,	Mo(μ-
H)Zn),	6.91-7.06	(m,	12	H,	m,	p-Dipp),	8.53	(s,	2	H,	NC(H)N).	13C{1H}	
NMR	(100	MHz,	C6D6,	25	°C)	δ	(ppm):	12.8	(C5Me5),	24.3,	25.4,	25.5,	
26.3	 (CHMe2),	 28.6,	 28.9	 (CHMe2),	 115.5	 (C5Me5),	 124.0,	 124.8,	
126.8	 (m-Dipp,	 p-Dipp),	 143.3,	 143.8,	 143.8	 (o-Dipp,	 ipso-Dipp),	
165.7	(NC(H)N).	Elemental	Analysis	(%)	for	C60H88Mo2N4Zn:	Calc.	
C,	64.2;	H,	7.9;	N,	5.0.	Exp.	C,	63.7;	H,	8.3;	N,	4.2.	
[Mo2(μ-H2Zn2Cp*)(μ-H)(μ-AdDipp2)2]	 (8):	 Method	 A:	 Complex	
[Mo2(H)2(μ-AdDipp2)2(thf)2]	 (1)	 (30	 mg,	 0.03	 mmol)	 and	 Zn2Cp*2	
(12	mg,	0.03	mmol)	were	dissolved	in	toluene	(3	mL)	at	room	tem-
perature	inside	the	glovebox	and	transferred	to	an	ampoule.	After	
stirring	for	8	hours	at	60	°C,	toluene	was	removed	under	vacuum	
and	diethyl	ether	(2	mL)	was	added.	The	yellow	solution	formed	
was	filtered	and	concentrated	to	the	half.	Yellow	crystals	were	ob-
tained	after	1	day	at	the	freezer	inside	the	glovebox	at	-30	ºC.	The	
crystals	were	washed	with	cold	pentane	and	isolated	in	35%	yield	
(13	mg).	 Method	 B:	 Complex	 [Mo2(H)2(μ-AdDipp2)2(thf)2]	 (1)	 (50	
mg,	0.05	mmol)	and	Zn2(η5-C5Me5)2	(20	mg,	0.05	mmol)	were	dis-
solved	in	toluene	(5	mL)	at	room	temperature	inside	the	glovebox	
and	transferred	to	an	ampoule.	The	N2	atmosphere	was	substituted	
by	H2	(1	bar)	and	the	solution	was	stirred	for	4	hours	at	room	tem-
perature.	Then,	 the	toluene	was	removed	under	vacuum	and	the	
residue	was	extracted	with	diethyl	ether	(5	mL).	Pentane	(2	mL)	
was	added	to	the	ether	orange	solution	and	placed	overnight	in	the	
freezer	 to	 precipitate	 yellow	 microcrystals	 which	 were	 washed	
with	cold	pentane	and	isolated	in	55	%	yield	(32	mg).	1H	NMR	(400	
MHz,	C6D6,	25	°C)	δ	(ppm):	0.79,	1.30,	1.37,	1.41	(d,	48	H,	12	H	each,	
3JHH	=	6.8	Hz,	CHMe2),	2.31	(s,	15	H,	CH3,	C5Me5),	3.66,	4.19	(sept,	8	
H,	4	H	each,	3JHH	=	6.8	Hz,	CHMe2),	4.72	(br	t,	1	H,	2JHH	=	4.5	Hz,	Mo(μ-
H)Mo),	6.42	(d,	2	H,	2JHH	=	4.5	Hz,	Mo(μ-H)Zn),	7.00,	7.13	(m,	8	H	
and	4	H	each,	m,	p-Dipp),	8.30	(s,	2	H,	NC(H)N).	13C{1H}	NMR	(100	
MHz,	 C6D6,	 25	 °C)	 δ	 (ppm):	 11.1	 (C5Me5),	 25.0,	 25.2,	 25.7,	 26.0	
(CHMe2),	 28.5,	 28.7	 (CHMe2),	 108.8	 (C5Me5),	 123.5,	 124.2,	 127.1	
(m-Dipp,	 p-Dipp),	 143.5,	 144.9,	 145.0	 (o-Dipp,	 ipso-Dipp),	 162.6	
(NC(H)N).	 Elemental	 Analysis	 (%)	 for	 C60H88Mo2N4Zn2:	 Calc.	 C,	
60.7;	H,	7.5;	N,	4.7.	Exp.	C,	60.7;	H,	7.6;	N,	4.1.	
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