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Spontaneous	Si-C	Bond	Cleavage	in	(TriphosSi)-Nickel	Complexes		
Anette	Petuker,a	Stefan	Mebs,b	Nils	Schuth,b	Philipp	Gerschel,a	Matthew	L.	Reback,a	Bert	Mallick,a	
Maurice	van	Gastel,*c	Michael	Haumann,*b	and	Ulf-Peter	Apfel*a	

ABSTRACT:	 Herein,	 we	 report	 on	 the	 versatile	 reactions	 of	 CH3C(CH2PPh2)3	 as	 well	 as	 CH3Si(CH2PPh2)3	 derived	 Ni-
complexes.	 While	 Ni[CH3C(CH2PPh2)3]	 complexes	 reveal	 high	 stability,	 the	 Ni[CH3Si(CH2PPh2)3]	 analogs	 showed	 rapid	
decomposition	at	room	temperature	and	afford	the	unprecedented	pseudo-tetrahedral	phosphino	methanide	complex	5.	
We	 provide	 a	 detailed	 electronic	 structure	 of	 5	 from	 X-ray	 absorption	 and	 emission	 spectroscopy	 data	 analysis	 in	
combination	with	DFT	calculations,	as	well	as	from	comparison	with	structurally	related	complexes.	A	mechanistic	study	
for	 the	 formation	 of	 complex	 5	 by	 reaction	 with	 BF4

-	 is	 presented,	 based	 on	 comparison	 of	 experimental	 data	 with	
quantum	chemical	calculations.	We	also	show	a	simple	route	towards	isolable	Ni(I)-complexes	in	gram	scale.	

	

Introduction	
The	 utility	 of	 metal	 phosphine	 complexes	 for	 catalysis	 has	
been	well	documented	for	more	than	half	a	century.[1,2]	These	
complexes,	 often	 participate	 in	 catalytic	 transformations	 by	
controlling	steric	properties	as	well	as	the	stability	of	reactive	
intermediates.	 While	 the	 P-C	 bond	 of	 phosphine	 ligands	 is	
quite	stable,	there	are	reports	of	thermally	oxidative	P-C	bond	
cleavages.[3]	For	example,	1,1-bis(diphenylphosphino)methane	
(dppm)	undergoes	thermally	oxidative	P-C(sp3)	bond	cleavage	
to	 afford	 Ph2P	 and	 CH2PPh2	 bond	 fragments.[3–5]	 Likewise,	
deprotonation	of	methylene-bridged	bis-phosphines,	oxidative	
addition	 of	 R2PCH3	 or	 its	 deprotonated	 congener	 R2PCH2Li	 to	
metals	was	reported	to	afford	phosphino	methanide	(R2PCH2)	
complexes.[6-7]	Moreover,	 Caulton	 and	 co-workers	 reported	 a	
transannular	 Si-C(sp3)	 coordination	 in	 [(PNP)]NiCl	 (PNP	 =	
(tBu2PCH2SiMe2)2N)

[8]	and	selective	bond	cleavage	leading	to	a	
phosphino	 methanide	 fragment	 coordinated	 to	 nickel.	 The	
R2PCH2	 unit	 was	 suggested	 to	 possess	 different	 mesomeric	
structures	 (Figure	1).[9–12]	As	a	 result	of	 the	different	possible	
mesomeric	structures,	the	R2PCH2	fragment	can	act	as	a	redox-
non-innocent	 ligand	 allowing	 for	 different	 oxidation	 states	 of	
the	metal	center.	
Thus,	 owing	 their	 chemical	 versatility	 the	 η2-coordinated	
R2PCH2	 ligand	 was	 even	 suggested	 to	 play	 a	 role	 in	 catalytic	
transformations,	such	as	the	hydrodesulfurization	reaction	of		

	
Figure	 1	 Hypothetical	 binding	modes	 of	 a	 Ph2PCH2	 fragment	with	 concomitant	
formal	cationic,	neutral	or	anionic	oxidation	states	of	the	Ph2PCH2	ligand.		

thiophenes,[13]	 cyclopropanation	 reactions,[14]	 in	 the	
metathesis	of	C-C	triple	bonds	or	as	a	source	of	Fe(0)(bis-NHC)	
complexes	(NHC	=	N-heterocyclic	carbene)	in	the	reduction	of	
organic	 amides.[15]	 Besides	 the	 possibility	 to	 act	 as	 a	 redox-
non-innocent	 ligand,	 they	 are	 also	 able	 to	 alter	 the	
coordination	environment	of	metals,	 in	particular	 their	 ligand	
fields,	 and	 thus	 play	 a	 pivotal	 role	 in	 controlling	 catalytic	
conversions	including	selectivity.[16,17]		
We	recently	 investigated	 the	different	catalytic	properties	 for	
Sonogashira	 cross-coupling	 and	 hydrosilylation	 reactions	 of	
CH3C(CH2PPh2)3	 (Triphos

C,	 1a)	 and	 CH3Si(CH2PPh2)3	 (Triphos
Si,	

1b)	 derived	 Fe(II)-	 and	 Ni(II)-complexes	 due	 to	 different	
flexible	coordination	behavior.[18,19]		
To	 extend	 our	 investigations,	 we	 set	 out	 to	 synthesize	
bimetallic	nickel-complexes.	Herein,	we	report	on	the	reaction	
of	(TriphosSi)NiCl2	and	(Triphos

C)NiCl2	and	their	Fe-homologues	
with	 different	 nickel(II)-salts.	 While	 our	 attempt	 at	 forming	
bimetallic	nickel	 species	was	unsuccessful,	we	unveiled	a	 rich	
chemistry	 of	 TriphosC/Si	 complexes	 resulting	 in	 the	
serendipitous	 formation	 of	 an	 unprecedented	 pseudo-
tetrahedral	 nickel	 phosphino	 methanide	 complex	 5	
(Scheme	1).	 EXAFS,	 XANES	 and	 EPR	 spectroscopy	 in	
combination	with	DFT	calculations	were	used	to	determine	the	
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Scheme	1	Schematic	overview	of	the	herein	performed	reactions.	

	electronic	 structures	 for	 direct	 comparison	 with	 structurally	
related	Ni(II)	and	Ni(I)	complexes.		

Results	and	Discussion	

Synthesis	and	Characterization.		

We	 recently	 reported	 the	 synthesis	 of	 the	 square	 planar	 Ni-
complex	2a	and	tetrahedral	Ni-complex	2b	 from	TriphosC	(1a)	
and	 TriphosSi	 (1b)	 in	 the	 presence	 of	NiCl2	 and	 described	 the	
reasons	 for	 their	 different	 structure.[18]	 In	 an	 attempt	 to	
establish	a	route	for	bimetallic	nickel	systems	containing	either	
a	square	planar	or	tetrahedral	Ni-moiety,	we	set	out	to	utilize	
the	dangling	phosphine	as	an	additional	metal	binding	site	as	
was	reported	 in	mixed	NiII/Sn,[20]	Ni0/Ni0,[21]	as	well	as	Ni0/AuI	
complexes[22]	also	comprising	the	TriphosC	ligand.	
We	thus	treated	complexes	2a	and	2b	with	[Ni(CH3CN)6](BF4)2	
as	well	as	Ni(ClO4)2.	In	neither	case,	we	were	able	to	observe	a	
bimetallic	 complex.	 Instead,	 the	 reactions	 led	 to	 the	
immediate	 binding	 of	 the	 dangling	 arm	 to	 the	 nickel	 center	
thus	 affording	 complexes	 3a(ClO4),	 3a(BF4)	 and	 3b(ClO4)	 in	
good	 yields	 (Scheme	 1).	 The	 formation	 of	 complexes	 3a(BF4)	
and	3b(ClO4)	was	 unequivocally	 confirmed	 by	 X-ray	 structure	
analyses	(Figure	2,	Figure	S1).	The	Ni-Cl	bond	length	in	3b(ClO4)	
2.193(5)	Å	and	the	P-Ni-P	bond	angles	(95.50(1)	Å)	are	in	good	
agreement	with	the	structural	parameters	of	2b.		

As	 a	 consequence	 of	 the	 change	 in	 coordination,	 the	 Ni-P	
distances	 in	 complex	 3b(ClO4)	 decrease	 by	 about	 0.15	 Å	 to	
2.282(3)	Å	as	compared	to	2b.	In	contrast,	the	changes	of	bond	
length	in	3a(BF4)	as	compared	to	2a	are	negligibly	small.		
Complexes	 3a(ClO4)	 and	 3a(BF4)	 both	 show	 UV-vis	 spectra	
absorption	 bands	 at	 425	 and	 676	 nm.	 In	 contrast,	 the	
analogous	complex	3b(ClO4)	shows	a	bathochromically-shifted	
UV-vis	 spectrum	 with	 bands	 at	 437	 and	 708	 nm	 (Figure	 S2).	
This	observation	 is	 in	 line	with	our	previous	findings,	showing	
different	structural	and	electronic	properties	for	Ni-	as	well	as	
Fe-derived	TriphosC	and	TriphosSi	complexes.[18,19]	Surprisingly,	
neither	 the	addition	of	 thallium	or	silver	salts	allowed	for	 the	
formation	 of	 any	 of	 the	 complexes	 3.	 No	 reaction	 was	
observed	with	 thallium	 salts	 and	 the	precipitation	of	metallic	
silver	was	observed	with	silver	salts.		
We	 wondered	 if	 the	 formation	 of	 the	 κ3-coordinated	
TriphosC/Si-ligand	 is	 an	 intrinsic	 result	of	 the	non-coordinating	
perchlorate	 or	 tetrafluoroborate	 anions.	 To	 investigate	 this	
possibility,	compounds	1a	and	1b	were	reacted	with	Ni(ClO4)2.	
In	 this	 case,	we	were	unable	 to	 isolate	 any	 reaction	product.	
On	 the	 other	 hand,	 the	 reaction	 of	 compound	 1a	 with	
[Ni(CH3CN)6](BF4)2	afforded	complex	4	(Scheme	1)	in	80	%	yield	
and	reveals	two	absorption	bands	in	its	UV-vis	spectrum	at	422	
nm	(ɛ	=	1490	L	mol-1	cm-1)	and	728	nm	(ɛ	=	460	L	mol-1	cm-1)	
(Figure	 S3).	 The	 composition	 of	 complex	 4	 was	 subsequently	
confirmed	 by	 structure	 analysis	 (Figure	 2).	 The	 coordination	
mode	of	4	 is	best	described	as	 square	pyramidal	having	a	κ2-
bound	 TriphosC	 ligand	 with	 Ni-P	 distances	 of	 2.1717	 (7)	 and	
2.1951(7)	Å.	Additionally,	three	acetonitrile	 ligands	are	bound	
to	 the	 nickel	 center.	 The	 axial	 Ni-N	 distance	 is	 2.268(3)	 Å,	
which	 is	 significantly	 longer	 than	 those	 observed	 for	 the	
equatorial	Ni-N	bonds	(1.925(2)	and	1.928(3)	Å).	
Contrary	 to	 the	 reaction	of	 compound	1a,	 the	 reaction	of	1b	
and	 [Ni(CH3CN)6](BF4)2	 under	 the	 same	 reaction	 conditions	
afforded	a	dark	 red	crystalline	solid	with	characteristic	UV-vis	
bands	at	520	(ɛ	=	1990	L	mol-1	cm-1)	and	429	nm	(ɛ	=	671	L	mol-
1	cm-1)	(Figure	S3/4).	Furthermore,	compound	5	shows	an	ESI-
MS	 signal	 at	m/z	 =	 897.1	 and	 a	 characteristic	 31P{1H}	 NMR	
spectrum	(Figure	S5/6).	A	doublet	at	7.25	(3JP-P	=	49	MHz)	and	
a	quartet	centered	at	-26.4	(3JP-P	=	49	MHz)	clearly	indicates	a		
	

Figure	2	Molecular	structures	of	compounds	3a(BF4)	(left),	4	 (middle)	and	5	 (right)	with	thermal	ellipsoids	drawn	at	the	50%	probability	 level	(hydrogen	atoms	are	
omitted	for	clarity).	(color	scheme:	turquois:	nickel;	fern:	boron;	light	green:	fluorine;	dark	green:	chlorine;	purple:	phosphorous;	blue:	nitrogen;	grey:	carbon;	orange:	
silicon.	
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different	overall	structure	as	reported	for	complex	4,	which	did	
not	 reveal	 any	 31P{1H}	 NMR	 signal.	 Final	 confirmation	 of	 the	
composition	 of	 5	 was	 provided	 by	 X-ray	 structure	 analysis	
(Figure	 2).	 The	 Ni-center	 shows	 a	 pseudo	 square-pyramidal	
coordination	 environment	 comprised	 by	 the	 κ3-bound	
TriphosSi	 ligand	 1b	 and	 a	 bidentate	 CH2PPh2	 ligand.	 The	
average	Ni-P(TriphosSi)	bond	length	is	2.247	Å.	In	contrast,	the	Ni-
P(CH2PPh2)	 bond	 is	 significantly	 shorter	 (2.1322(5)	 Å).	 The	 Ni-C	
distance	 is	 2.060(2)	Å	 revealing	 a	 symmetric	π-binding	of	 the	
CH2PPh2	ligand.	The	substantial	π-character	of	the	P-C	bond	in	
the	CH2PPh2	unit	is	further	supported	by	the	short	C-P	distance	
(1.725(2)	Å),	which	is	significantly	smaller	than	expected	for	a	
C-P	 single	 bond	 (~1.83	Å)	 and	 in	 good	 agreement	 with	
commonly	 observed	 P=C	 double	 bond	 lengths	 (~1.73	 Å).[23]	
Notably,	 complex	5	 can	 also	be	obtained	 in	 good	 yield	 (74%)	
when	 complex	 2b	 reacts	 with	 [Ni(CH3CN)6](BF4)2.	 Since	 no	
additional	 source	of	phosphino	methanide	 is	present	and	 the	
formation	of	 a	phosphino	methanide	was	never	observed	 for	
the	 C-derived	 counterpart	1a,	 the	 CH2PPh2	 ligand	must	 stem	
from	a	selective	and	rapid	decomposition	of	1b.		
Complex	 5	 is	 furthermore	 stable	 to	 air	 and	 moisture	 and	
soluble	 in	 a	 wide	 range	 of	 solvents,	 including	 pentane,	
chlorinated	 solvents	 and	 acetonitrile	 without	 any	 notable	
decomposition	 even	 at	 higher	 temperatures	 (Figure	 S4).	 The	
uniqueness	of	complex	5	 is	further	supported	by	the	fact	that	
only	 11	 structurally	 characterized	 substances	 containing	 the	
η2-R2PCH2	 ligand	 are	 listed	 in	 the	 Cambridge	 Structural	
Database	 and	 none	 of	 them	 reveals	 a	 coordination	
environment	 as	 found	 in	 complex	 5.[23]	 While	 the	 oxidative	
addition	 of	 R2PMe	 ligands	 to	 generate	 a	 η2-CH2PR2	 has	 been	
reported[7,12,15,24,25]	 and	 a	 TriphosSi	 derived	 ruthenium	
complex[26]	 was	 shown	 to	 afford	 the	 phosphino	 methanide	
structural	motif	 in	the	presence	of	LiBEt3H,	to	the	best	of	our	
knowledge,	a	spontaneous	Si-C(sp3)	cleavage	of	TriphosSi	under	
such	mild	conditions	has	not	been	reported	in	the	literature.		
However,	 it	 is	 known	 that	 the	 Si-C	 bond	 of	 TriphosSi	 can	 be	
cleaved	 to	 afford	 the	 CH3-PPh2	 motif	 but	 only	 at	 elevated	
temperature.[27]	We	therefore	assume	that	a	Ni(BF4)2-induced	
cleavage	 of	 the	 Si-C	 bond	 is	 responsible	 for	 the	 formation	 of	
the	CH2PPh2	 ligand.	Although	 this	hypothesis	 is	 similar	 to	 the	
BF3	 catalyzed	 selective	 Si-C	 bond	 cleavage	 in	 (PNP)NiF	
complexes	reported	by	Caulton	and	coworkers,[28,29]	a	different	
cleavage	mechanism	has	 to	be	assumed.	This	 stems	 from	the	
following	observations	:	
	

	
Scheme	2	 Synthesis	 of	 the	 nickel-complex	 3a(BF4)	 and	3b(ClO4)	 via	 reaction	 of	
tripodal	Fe-complexes	6a	with	[Ni(CH3CN)6](BF4)2	and	6b	with	Ni(ClO4)2.	

1)	 In	 contrast	 to	 the	 significantly	 elongated	 Si-C	 bond	 in	
(PNP)Ni+	 (2.069(4)	Å),	 the	 Si-C	bonds	 in	 complex	2b,	3b(ClO4)	
and	 5	 are	 not	 activated	 and	 all	 reveal	 Si-C	 bond	 lengths	 of	
about	1.89	Å.		

2)	The	treatment	of	complex	2b	and	3b(ClO4)	with	BF3·Et2O	
or	 BF4

-	 does	 not	 lead	 to	 the	 formation	 of	 complex	 5	 and	
highlights	 the	 critical	 importance	 of	 labile	 ligands,	 such	 as	
acetonitrile.	

3)	 The	 formation	 of	 5	 is	 induced	 by	 nickel.	 This	 is	 in	 line	
with	 previous	 findings	 on	 the	 reactivity	 of	 1b	 and	
[Fe(CH3CN)6](BF4)2	 that	 did	 not	 allow	 for	 formation	 of	 the	
homologous	phosphine	methanide	iron	complex.[19,30]		

In	 a	 control	 experiment,	 the	 reaction	of	 the	 iron	 complex	
6b	with	[Ni(CH3CN)6](BF4)2	was	shown	to	yield	complex	5.	This	
was	 unequivocally	 established	 by	 ESI-MS,	 the	 missing	
quadrupole	 doublets	 in	 the	Mössbauer	 spectra	 of	 crystalline	
product	 samples,	 as	 well	 as	 structural	 analysis.	 In	 contrast,	
when	iron-complexes	6b	was	reacted	with	Ni(ClO4)2	or	6a	with	
[Ni(CH3CN)6](BF4)2	 under	 the	 same	 experimental	 conditions,	
complexes	 3b(ClO4)	 and	 3a(BF4),	 respectively,	 were	 obtained	
along	 with	 FeCl2	 (Scheme	 2).	 The	 Ni/Fe	 scrambling	 was	
unequivocally	 confirmed	 by	 X-ray	 structure	 analysis,	
Mössbauer	 spectroscopy,	 as	 well	 as	 ESI-MS	 experiments	 and	
the	 same	 molecular	 structure	 and	 ESI-MS	 datasets	 were	
obtained	as	for	3b(ClO4)	and	3a(BF4).	
This	 suggests	 that	 both	 the	 BF4

-	 counterion	 as	 well	 as	 the	
nickel(II)	 center	 play	 a	 synergistic	 role	 in	 the	 controlled	 Si-C	
cleavage.	 Although	 time	 dependent	 31P	 NMR	 spectroscopic	
investigations	 are	 in	 line	 with	 a	 rapid	 and	 highly	 specific	
reaction	 revealing	 solely	 the	 formation	 of	 complex	 5	
immediately	after	addition	of	 [Ni(CH3CN)6](BF4)2	 to	1b	 (Figure	
S5),	we	were	not	able	to	shed	 light	on	the	mechanism	of	this	
cleavage	experimentally	or	to	isolate	any	side	product.		

	

Reactivity	of	Complex	5.		

The	 high	 reactivity	 of	 L4M(CH2PMe2)	 complexes	 (M	 =	 Co,	 Fe)	
and	 other	 phosphino	 methanide	 complexes[3,6,7,13,15,25,31–35]	
prompted	 us	 to	 investigate	 the	 reactivity	 of	 the	
unprecedented	 complex	5.	Most	 notably	 is	 the	W(PMe3)3(η

2-
CH2PMe2)H	complex,	which	was	reported	as	an	electron-rich		
	

Scheme	3	Synthesis	of	nickel(I)-complexes	7a	and	7b.	
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Figure	3	Molecular	structures	of	comounds	7a	(right)	and	7b	(left)	with	thermal	
ellipsoids	 drawn	 at	 the	 50%	probability	 level	 (hydrogen	 atoms	 are	 omitted	 for	
clarity).	

and	 highly	 reactive	 complex	 for	 the	 hydrodesulfurization	 of	
thiophenes.[13,32]	Due	to	the	high	π-character	of	the	P-C	bond,	
we	 expected	 that	 5	 would	 react	 with	 heterocumulenes	 and	
examined	the	reaction	of	5	with	CO2	under	10	bar/	70˚C	as	was	
reported	 by	 Bennett	 et	 al.	 for	 [(dcpe)NiCl(C(=CHCO2Me)PPh2-
κP,C1)]	(	dcpe	=	Bis(dicyclohexylphosphino)ethane).[36]		
Contrary	 to	 our	 expectations,	 no	 reaction	 was	 observed.	
Likewise,	no	 reaction	was	observed	when	CS2,	CO,	 styrene	or	
1-octene	was	 added	 to	 complex	5	 at	 elevated	 temperatures.	
Subsequently,	 the	 Wittig-Horner	 like	 reaction	 with	
benzophenone	and	acetophenone	was	attempted	but	did	not	
show	 any	 conversion	 of	 complex	 5.	 Even	 refluxing	 under	
atmospheric	conditions	nor	treatment	with	HCl	did	not	reveal	
any	 visible	 decomposition	 and	 complex	 5	 was	 quantitatively	
recovered.	
Next	 complex	 5	 was	 reacted	 with	 2	 equivalents	 of	
(phenylethynyl)magnesium	bromide	to	give	an	immediate		
reaction	 affording	 a	 single	 product	 (7b)	 that	 was	 isolated	 in	
65%	 yield.	 Although	 this	 is	 an	 unexpected	 result,	 Grignard	
reagents	are	very	well	known	for	their	potential	to	also	act	as	
reductants.[37,38]	The	composition	of	7b	was	confirmed	by	X-ray	
structure	 analysis	 (Figure	 3).	 The	 magnetic	 moments	 of	
complexes	7a	and	7b	were	measured	using	the	Evans	method	
and	found	to	be	1.9	µB	and	1.7	µB	respectively,	which	is	in	line	
with	literature	findings	for	Ni(I)	complexes.[39]	The	Ni(I)-center	
is	 tetrahedrally	 coordinated	 by	 the	 κ3-bound	 TriphosSi	 ligand	
1b	 and	 one	 bromide	 ligand.	 The	 phosphorus	 atoms	 are	 not	
equivalent,	 which	 is	 shown	 by	 the	 three	 observed	 Ni-P	
distances	 (2.246(2)	 Å,	 2.258(2)	 Å	 and	 2.219(2)	 Å).	 The	 Ni-Br	
distance	 is	 2.403(1)	 Å.	 Although	 a	 structurally	 related	
(TriphosC)Ni(I)-complex	was	previously	reported	by	Huttner	as	
well	 as	 Sacconi	 and	 co-workers,	 their	 synthetic	 procedure	
failed	 in	 our	 hands.[39,40]	 We	 subsequently	 attempted	 a	
different	 synthetic	 route	 towards	 such	 Ni(I)-complexes	 that	
allows	for	a	simple	straight	forward	gram	scale	synthesis.	The	
reaction	of	2a	with	cobaltocene	gave	the	analogous	C-derived	
Ni(I)-compound	 7a	 and	 was	 confirmed	 by	 X-ray	 structure	
analysis	 (Scheme	 3,	 Figure	 3).	 Notably,	 the	 Ni(I)-compounds	
can	 be	 obtained	 in	 gram	 scale	 and	 stored	 under	 inert	
atmosphere	at	room	temperature	without	any	decomposition.	
Compound	 7a	 is	 isostructural	 to	 7b	 with	 a	 Ni-Cl	 distance	 of	
2.2442(2)	 Å	 and	 three	 different	 Ni-P	 distances	 of	 2.214(1),	
2.221(1)	 and	 2.237(1)	 Å.	 Although	 bearing	 different	 halides,	
the	 electronic	 properties	 are	 similar,	 which	 is	 clearly	 visible	
from	the	similar	UV-vis	spectra,	showing	bands	at	402	nm	and		

Scheme	4	Synthesis	of	nickel	complexes	8	and	9	staring	from	complex	5.	

388	nm	for	compound	7a	and	7b,	respectively	(Figure	S8).	The	
replacement	 of	 CH2PPh2	 by	 a	 bromide	 ligand	 directed	 our	
attention	 towards	 the	 replacement	 with	 neutral	 ligands.	
Inspired	by	 independent	 reports	by	Ozerov	as	well	 as	 Shiu	et	
al.	 on	 ligand	 substitutions	 with	 PMe3,	 we	 examined	 the	
reactivity	of	complex	5	with	PMe3.

[3,41]	
An	immediate	color	change	to	dark	purple	was	observed	when	
an	excess	of	PMe3	was	added	yielding	complex	8	as	a	dark	red	
compound	 (Figure	 S6).	 The	 reaction	 led	 to	 the	 complete	
detachment	of	the	TriphosSi	1b	and	the	phosphino	methanide	
ligands,	 affording	 the	 trigonal	 pyramidal	Ni(II)-complex	8	and	
uncoordinated	 TriphosSi.	 We	 were	 unable	 to	 determine	 the	
fate	 of	 the	 phosphino	methanide	 ligand.	 The	 nickel	 center	 is	
coordinated	by	four	equatorial	trimethylphosphines	as	well	as	
one	acetonitrile	ligand.	When	the	reaction	instead	was	carried	
out	under	atmospheric	 conditions,	 complex	9	was	 isolated	as	
the	main	species	in	35%	yield	(Scheme	4).	
	

Electronic	structures	of	compound	5.		

Contrary	 to	 our	 initial	 expectations,	 complex	 5	 is	
thermodynamically	 and	 kinetically	 robust	 revealing	 its	
unprecedented	 electronic	 structure.	 Besides	 steric	 shielding	
effects	 of	 the	 PPh2	 group	 as	 well	 as	 the	 Triphos

Si	 ligand	 we	
assumed	 electronic	 properties	 to	 have	 a	 major	 contribution	
towards	 the	 low	 reactivity	 as	 compared	 to	 other	 known	
phosphino	methanide	 complexes.	Although	 EPR	 spectroscopy	
is	a	powerful	tool	to	elucidate	the	electronic	structure	of	metal	
complexes,	 it	 is	 of	 no	 use	 to	 elucidate	 such	 properties	 since	
complexes	3a(ClO4),	3a(BF4)	and	3b(ClO4)	and	5	are	EPR	silent.	
The	EPR	spectrum	of	7a	is	shown	in	Figure	S9.	As	is	clear	from	
the	 figure,	 the	 spectrum	 displays	 an	 unusually	 rich	 albeit	
greatly	 overlapping	 hyperfine	 structure.	 The	 closest	 related	
literature	 data	 that	 could	 be	 found	 is	 for	 (PMe3)2NiCl2,

[42]	
earliers	attempts	to	measure	the	EPR	spectrum	of	7a	in	frozen	
solution	 were	 not	 successful.[39]	 The	 trigonal	 coordination	 of	
the	 former	 complex	 is	 too	 far	 removed	 from	 the	 ligand	 field	
present	in	7a.	Thus,	in	order	not	to	over	interpret	the	data	by	
fitting	 with	 many	 species,	 the	 spectrum	 has	 been	 carefully	
analyzed	 by	 hand	 to	 retrieve	 data	 that	 we	 feel	 is	 safe.	 In	
particular,	 a	 repeating	 pattern	 of	 4	 equidistant	 signals	 in	
1:1:1:1	ratio	is	observed	on	the	left-most	and	right-most	edges	
of	the	spectrum	(Figure	S9,	inset).	The	pattern	of	the	4	signals	
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Figure	4	Electronic	excitation	(core-to-valence,	ctv)	and	decay	(valence-to-core,	vtc)	transitions.	Experimental	spectra	were	derived	from	XANES	and	Kß	emission	data	in	Figures	
S12	and	S13;	theoretical	data	correspond	to	single-point	DFT	calculations	(BP86/TZVP)	using	crystallographic	coordinates.	(A)	Experimental	(bottom)	and	calculated	(middle)	pre-
edge	absorption	spectra	due	to	resonant	electronic	excitation	(ctv)	 into	unoccupied	target	MOs.	Spectral	regions	and	target	MOs	(top)	for	transitions	with	prominent	oscillator	
strength	are	marked	by	arrows	(dominant	MO	characters:	7a,	Ni(d);	3a(BF4),	Ni(d);	5,	ligand;	2a,	P);	approximate	energy	regions	marked	by	asterisks	correspond	to	transitions	into	
respective	LUMOs	shown	on	the	right.	(B)	Experimental	(bottom)	and	calculated	(middle)	Kß2,5	spectra	due	to	decay	from	occupied	MOs	to	the	core	hole	(vtc).	Spectral	regions	and	
source	MOs	 (top)	 for	 transitions	with	prominent	oscillator	 strength	are	marked	by	arrows	 (dominant	MO	characters:	5,	P-C;	7a,	Cl;	2a,	Cl;	3a(BF4),	Ni(d));	approximate	energy	
regions	marked	by	asterisks	correspond	to	decay	transitions	from	respective	HOMOs	shown	on	the	right.	Calculated	spectra	in	A	and	B	(solid	lines)	correspond	to	nickel	species	
(hs/ls	=	high/low	spin;	Ni(d)	electron	count,	spin	state,	multiplicity	(M	=	2S	+	1)	in	parenthesis):	2a,	ls-Ni(II)	(8,	0,	1);	3a(BF4),	hs-Ni(II)	(8,	2/2,	3);	5,	ls-Ni(II)	(8,	0,	1);	7a,	Ni(I)	(9,	1/2,	
2);	dashed	lines	show	spectra	for	respective	alternative	spin	states	of	2a	(hs,	M	=	3),	3a(BF4)	(ls,	M	=	1),	and	5	(hs,	M	=	3).	
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is	characterized	by	a	hyperfine	splitting	of	0.52	mT	(14.5	MHz),	
and	 is	 assigned	 to	 the	 axially	 coordinated	 chloride	 ion.	 The	
larger	 hyperfine	 coupling	 constant,	 present	 between	 two	
consecutive	repeating	patterns	of	4	signals	amounts	to	2.5	mT	
(70	 MHz).	 This	 can	 be	 classified	 as	 a	 strong	 hyperfine	
interaction,	which	is	typical	for	31P	(I	=	½)	in	σ	interactions	with	
the	spin-carrying	3d	orbital	of	the	metal.[43]	Although	the	sheer	
multitude	of	overlapping	signals	in	the	center	of	the	spectrum	
unfortunately	 hampers	 further	 quantitative	 analysis,	 the	
observed	 repeating	 31P	 structure	 of	 roughly	 equal	 intensity	
between	 the	 repeating	 patterns,	 indicates	 that	 the	 three	
phosphorus	atoms	of	TriphosC	are	magnetically	not	equivalent,	
since	three	equivalent	phosphorus	atoms	would	have	resulted	
in	a	more	regular	pattern	of	5	lines	with	a	1:4:6:4:1	ratio.	The	
frozen-solution	 EPR	 spectrum	 thus	 fully	 corroborates	 the	
finding	 by	 X-ray	 crystallography	 of	 three	 distinct	 Ni-P	 bond	
lengths.	
We	 subsequently	 used	 X-ray	 absorption	 and	 emission	
spectroscopy	 at	 the	 Ni	 K-edge	 to	 further	 characterize	 the	
molecular	 and	 electronic	 structure	 of	 the	 complexes	 2a,	
3a(BF4),	7a,	 and	5	 in	powder	 samples.	The	nickel-ligand	bond	
lengths	 obtained	 from	 extended	 X-ray	 absorption	 fine	
structure	(EXAFS)	analysis	(Figure	S11,	Table	S1)	were	in	good	
agreement	 with	 the	 values	 from	 XRD	 (Tables	 S3-5).	 EXAFS	
showed	 a	 similar	 Ni-P	 and	 Ni-Cl	 bond	 length	 spread	 in	 2a,	
3a(BF4),	and	7a,	 including	overall	slightly	 longer	Ni-P	bonds	 in	
the	 more	 reduced	 7a,	 and	 confirmed	 the	 Ni-P	 bond	 length	
heterogeneity	 (about	 2.14-2.32	 Å)	 and	 shorter	 Ni-C	 bond	
(~2.06	Å)	 in	5.	 This	 indicates	 that	 the	nickel	 site	 geometry	of	
the	 complexes	 in	 powder	 material	 was	 similar	 to	 the	 single	
crystals.		
The	 X-ray	 absorption	 near	 edge	 structure	 (XANES)	 spectra	
(Figure	S12)	showed	pronounced	Ni	K-edge	shape	differences	
between	 the	 compounds	 reflecting	 nickel	 site	 geometry	
changes.	 The	 ~1.5	 eV	 lower	 edge	 energy	 for	 the	 Ni(I)	
compound	7a	 (8340.6	eV)	 compared	 to	 the	Ni(II)	 compounds	
2a	and	3a(BF4)	(~8341.7	eV)	is	due	to	a	significantly	increased	
charge	 density	 at	 the	metal	 in	 the	more	 reduced	 compound.	
The	 edge	 energy	 (~8342.1	 eV)	 close	 to	 the	 Ni(II)	 level	
suggested	a	divalent	nickel	 ion	also	 in	5	 and	essentially	 ruled	
out	a	Ni(0)	or	Ni(I)	species.	The	steeper	edge	rise	compared	to	
the	 spectra	 of	 the	 complexes	 with	 four-coordinated	
(tetrahedral,	 3a(BF4);	 square-planar,	 2a)	 nickel	 sites	 in	 the	
other	 complexes	 likely	 results	 from	 the	 additional	 equatorial	
and	 more	 ionic	 Ni-C	 bond	 at	 the	 distorted	 square-pyramidal	
nickel	in	complex	5.	
Non-resonantly	 excited	 Kβ	 main-line	 emission	 spectra	
(radiative	3p	→	1s	electron	decay)	were	recorded	(Figure	S13),	
which	 are	 sensitive	 to	 the	metal	 spin	 and	 oxidation	 state.[44]	
Compounds	 2a,	 3a(BF4),	 and	 5	 showed	 similar	 Kβ1,3	 line	
energies	 (~8265.7	 eV),	 suggesting	 the	 same	 Ni(II)	 oxidation	
state.	The	Ni(I)	 in	7a	shifted	the	line	to	~0.5	eV	lower	energy.	
The	 Kβ´	 spin-polarization	 feature	 gains	 intensity	 due	 to	
exchange	coupling	of	3p	with	 increasing	numbers	of	unpaired	
Ni(d)	 electrons.[45]	 Compound	 3a(BF4)	 showed	 a	 larger	 Kβ´	
feature	 than	 2a	 and	 5,	 suggesting	 an	 increased	 number	 of	
unpaired	Ni(d)	spins	in	3a(BF4)	and	therefore	a	high-spin	(hs,	M	

=	3)	Ni(II)	 ion	in	3a(BF4),	but	a	low-spin	(ls,	M	=	1)	Ni(II)	 ion	in	
2a	and	5.	
The	pre-edge	absorption	feature	in	the	XANES	probes	resonant	
core-level	 (1s)	 electron	 excitation	 into	 unoccupied	 valence	
levels	 with	 Ni(3d)	 and	 ligand	 characters	 (core-to-valence	
transitions,	 ctv)	 whereas	 the	 Kβ	 satellite	 emission	 feature	
(Kβ2,5)	 probes	 the	 reverse	 process,	 namely	 radiative	 valence	
electron	 decay	 to	 the	 core	 hole	 (valence-to-core	 transitions,	
vtc).	 Figure	 4	 shows	 ctv	 and	 (non-resonantly	 excited)	 vtc	
spectra	 of	 2a,	 3a(BF4),	 5,	 and	 7a.	 Theoretical	 spectra	 were	
obtained	 from	 single-point	 calculations	 on	 XRD	 structures.	
Good	agreement	between	experimental	and	calculated	ctv	and	
vtc	spectra	(Figure	4,	solid	 lines)	was	only	obtained	for	a	Ni(I)	
ion	in	7a,	a	high-spin-Ni(II)	ion	in	3a(BF4),	and	a	low-spin-Ni(II)	
ion	 in	2a	and	5.	The	spin	and	oxidation	state	assignment	was	
further	 corroborated	 by	 electronic	 energies	 obtained	 for	
single-point	 calculations	 on	 XRD	 structures	 or	with	 gas-phase	
geometry-optimized	model	structures	(Table	S2).	
Electronic	 excitation	 and	 decay	 transitions	 underlying	 the	 ctv	
and	 vtc	 spectra	 were	 assigned	 from	 the	 DFT	 calculations,	
which	provided	information	on	the	electronic	structure	of	the	
compounds	(Figure	4,	Figures	S14-S16).		
The	prominent	ctv	feature	of	2a	was	dominated	by	excitations	
into	phosphorus-centered	MOs	whereas	transition	into	the	α-	
and	 β-spin	 LUMOs	 contributed	 very	 weakly	 at	 lowest	 ctv	
energies	 and	 the	 strongest	 low-energy	 vtc	peak	 reflected	 the	
two	 Cl-	 ligands.	 Decay	 from	 the	 HOMOs	 on	 the	 nickel	 and	
chlorine	 atoms	 contributed	 very	 weakly	 at	 the	 highest	 vtc	
energies.	 The	Ni(d)	 degeneracy	was	 close	 to	 an	 ideal	 square-
planar	case	with	the	d(x2-y2)	dominating	the	LUMOs	at	highest	
energies.	 The	 HOMO-LUMO	 energy	 gap	 was	 ~2	 eV.	 The	
negative	charge	within	 the	complex	 resided	 largely	on	 the	Cl-	
ions	 and	 was	 compensated	 by	 positive	 charges	 mostly	 on	
nickel	 and	 the	 ligands.	 Little	 charge	 was	 located	 on	 the	 P-
atoms.		
For	3a(BF4),	the	prominent	lowest-energy	ctv	peak	was	due	to	
excitation	 into	 the	 β-spin	 LUMO	 with	 mixed	 Ni-d(xy,	 xz,	 yz)	
character	and	considerable	delocalization	onto	the	Cl-	 ion	and	
P-ligands.	 Whereas	 weaker	 ctv	 features	 at	 higher	 energies	
reflected	 transitions	 into	 ligand-based	MOs;	 relatively	 strong	
contributions	 from	 the	 decay	 from	 α-	 and	 β-spin	 HOMOs	
caused	 significant	 vtc	 intensities	 at	 highest	 energies	 for	
3a(BF4).	 The	 Ni(3d)	 degeneracy	 reflected	 the	 distorted	
tetrahedral	 geometry	 with	 mixed	 d(xy,	 xz,	 yz)	 dominated	
LUMOs.	The	HOMO-LUMO	gap	was	~3	eV.	Significant	positive	
charge	 on	nickel	was	 compensated	by	 negative	 charge	 on	Cl-	
so	 that	 the	 complex	 charge	 was	 due	 to	 almost	 one	 positive	
charge	 on	 the	 phosphine	 ligands.	 The	 two	 unpaired	 spins	
resided	 in	 mixed	 d(xy,	 xz,	 yz)-dominated	 and	 delocalized	
HOMOs,	with	close	 to	one	spin	on	Ni,	 significant	 spin	density	
on	P	and	ligand	species,	and	few	spin	on	Cl-.	
For	7a,	 the	prominent	 lowest-energy	ctv	peak	was	exclusively	
due	to	excitation	into	the	β-spin	LUMO	with	mixed	d(xy,	xz,	yz)	
character	 and	 delocalization	 onto	 the	 Cl-	 ligand	 whereas	
transitions	 at	 higher	 ctv	 energies	 occurred	 into	 phosphine-
based	MOs;	decay	from	MOs	on	the	single	Cl-	ligand	accounted	
for	 the	 low-energy	 vtc	 feature	 and	 decay	 from	 both	 HOMOs	
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contributed	 significantly	 at	 highest	 vtc	 energies.	 Decreased	
Ni(d)	 degeneracy	 compared	 to	 3a(BF4)	 reflected	 increased	
distortion	of	tetrahedral	symmetry	 in	7a,	which	 is	 in	 line	with	
the	 observations	 from	 our	 EPR	 measurements.	 The	 HOMO-
LUMO	 gap	 was	 decreased	 to	 ~1.6	 eV.	 The	 surplus	 negative	
charge	 in	 7a	 was	 shared	 between	 the	 Ni	 ion,	 the	 Cl-,	 and	
mostly	 the	 phosphine	 ligands.	 The	 unpaired	 spin	 resided	
mostly	 on	 nickel	 (~70%)	 and	 the	 remainder	 was	 equally	
distributed	over	the	ligand	species.	
For	5,	transitions	into	the	α-	and	β-spin	LUMOs	with	dominant	
d(x2-y2)	character	and	strong	delocalization	onto	the	C-P	group	
corresponded	 very	 weakly	 at	 lowest	 ctv	 energies	 and	 higher	
energy	 ctv	 features	 reflected	 transitions	 mostly	 into	
phosphine-based	 MOs;	 decay	 from	 the	 d(z2)	 dominated	
HOMOs	 contributed	 significantly	 at	 highest	 vtc	 energies.	 The	
most	 pronounced	 vtc	 intensity	 at	 lowest	 energies	 observed	
only	 for	 5	 was	 indicative	 of	 decay	 from	 C-P	 ligand-centered	
MOs,	 thereby	 detecting	 this	 ligand	 species.	 The	 Ni(d)	
degeneracy	reflected	the	distorted	square-pyramidal	geometry	
with	 d(x2-y2)	 LUMOs	 at	 highest	 energies	 followed	 by	 d(z2)-
dominated	HOMOs.	The	HOMO-LUMO	gap	(~2	eV)	was	similar	
to	 2a.	 Positive	 charge	 was	 located	 on	 nickel	 (~0.3),	 the	
phosphine	ligands	(~0.8),	and	also	on	the	Si	atom	(~0.2);	 little	
negative	 charge	 (about	 -0.1)	 resided	 on	 the	 C-P	 group	

Formation	of	5	–	theoretical	insight.		
The	 cleavage	 of	 the	 Si-C	 bond	 in	 TriphosSi	 has	 been	
investigated	 theoretically,	 by	allowing	TriphosSi	1b	 to	 interact	
with	nickel	and	 fluoride.	The	 fast	 reaction	of	TriphosSi	1b	and	
[Ni(CH3CN)6](BF4)2,	which	we	were	 not	 able	 to	 investigate	 on	
the	1H	and	31P{1H}	NMR	time	scale	at	room	temperature,	led	us	
initially	 to	 aim	 at	 developing	 a	 general	 hypothesis	 of	 the	
reaction	pathway.	The	Si-C	cleavage	is	most	likely	initiated	by	a	
fluoride-induced	 cleavage	 from	 the	 BF4

-	 counter	 ion.	 This	
hypothesis	 is	 in	 accordance	 to	 literature	 reports	 on	 the	
decomposition	 of	 BF4

-	 to	 afford	 F-	 and	 not	 HF,	 which	 is	 not	
feasible	 under	 the	 herein	 described	 experimental	
conditions.[46–48]	Notably,	this	assumption	is	also	supported	by	
our	experimental	findings	that	complex	5	can	be	formed	as	the	
sole	product	when	1b	reacts	with	Ni(ClO4)2	 in	the	presence	of	
additional	 NaF	 added	 to	 the	 reaction	 mixture	 (Figure	 S17).	
Likewise,	complex	5	is	not	observed	when	1b	reacts	with	NiCl2	
and	NaF.	 Similarly,	 the	 reaction	of	1b	with	 [Ni(CH3CN)6](BF4)2	
and	Ag(OTf)	(Figure	S18/S19)	does	not	afford	5.	Therefore,	we	
assume	that	 the	simultaneous	Nickel-phosphine	coordination,	
the	presence	of	 non-coordinating	 counter	 ions	 as	well	 as	 the	
presence	 of	 fluoride	 ions	 is	 of	 eminent	 importance	 for	 the	
formation	of	compound	5.	
	
	
	
	

	

Scheme	5	Calculated	mechanism	towards	the	formation	of	complex	5.	
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Taking	 this	 into	 account,	we	 calculated	 the	 reaction	 enthalpy	
for	 the	 formation	 of	 a	 Si-F	 bond	 concomitant	 with	 the	
formation	of	the	phosphino	methanide	according	to:	
	

[Ni(CH3CN)6]
2+	+	[Ni(TriphosSi)]2+	+	BF4

-	→	
BF3	+	[Ni(Ph2PCH2)2Si(CH3)F)]

2+	+	
[Ni(Ph2PCH2)(CH3CN)3]

+	+	3	CH3CN	
	

The	 reaction	 is	 very	exothermic	 (-173	 kcal/mol)	 and	 supports	
our	assumption	of	the	formation	of	a	Si-F	bond.	Subsequently,	
multiple	attempts	have	been	made	to	search	for	a	reasonable	
transition	state	 that	 leads	 to	 low	activation	energy	 for	such	a	
reaction	 and	 to	 elucidate	 the	 tentative	 mechanistic	 pathway	
(Scheme	 5).	 Of	 critical	 importance	 is	 that	 Ni2+	 as	 opposed	 to	
Fe2+	 initially	 binds	 to	 only	 two	 phosphorus	 atoms	 of	 the	
TriphosSi	 ligand,	 leaving	one	arm	 free,	which	 is	 in	 accordance	
to	 the	 formation	 of	 complex	 4.	 A	 second	 Ni2+-F	 complex,	
formed	 from	 BF4

-	 and	 [Ni(CH3CN)6]
2+,	 was	 then	 found	 to	

coordinate	 to	 the	 dangling	 phosphine,	 leaving	 Si	 prone	 to	
nucleophilic	 attack	 by	 F-.	 This	 attack	 happens	 in	 barrierless	
fashion	during	geometry	optimization	upon	inclusion	of	F-	near	
the	Si	center.	The	Si	atom	transiently	becomes	five-coordinate	
in	 the	 coordination	 complex,	 and	 attains	 a	 trigonal	 bi-
pyramidal	 ligand	 field	 (Figure	 5),	 weakening	 the	 Si-C	 bond	
trans	 to	 F-	 from	 1.96	 Å	 to	 2.14	 Å.	 Interestingly,	 firstly	 the	
weakened	 Si-C	 bond	 does	 not	 correspond	 to	 the	 dangling	
phosphine	arm,	but	rather	to	one	of	the	two	arms	of	TriphosSi-
coordinated	Ni2+.	
Secondly,	 the	 transient	 five-coordinate	 ligation	 of	 Si,	 being	 a	
third-row	element,	is	not	attainable	for	C,	which	has	to	strictly	
adhere	 to	 the	 octet	 rule,	 thus	 explaining	 the	 difference	 in	
reactivity	 of	 TriphosC	 and	 TriphosSi	 ligand.	 Subsequently,	
further	elongation	of	 the	Si-C	bond	 leads	to	a	transition	state	
5	kcal/mol	above	that	of	the	coordination	complex	in	Figure	5	
and	Table	S6.	
After	 passing	 the	 transition	 state,	 Si-C	 bond	 cleavage	 is	
complete	 and	 the	 ligand	 fragments	 rearrange	 as	 indicated	 in	
the	above	reaction.	We	assume	that	the	(Ph2PCH2)Ni-fragment	
is	immediately	stabilized	by	a	free	TriphosSi	ligand,	while	the	Si-
F	 fragment	 fully	 decomposes	 and	 affords	 two	 additional	
Ph2PCH2	 fragments.	Notably,	 the	concomitant	coordination	of	
two	independent	nickel	ions	seems	to	be	pivotal	for	the	

Figure	5	 Coordination	complex	of	TriphosSi	 to	 two	Ni2+	 cations	and	 subsequent	
attack	by	F-	leaving	the	Si	atom	five-coordinate	and	trigonal	bipyramidal.	The	Si-C	
bond	 trans	 to	 F-	 elongates	 to	 2.14	 Å.	 Phenyl	 groups	 have	 been	 truncated	 by	
carbon	 atoms	 for	 clarity.	 Color	 code:	 nickel	 (purple);	 phorphorous	 (orange);	
nitrogen	(blue),	fluoride	(cyan),	carbon	(grey),	hydrogen	(white).	

initiation	 of	 the	 TriphosSi	 decomposition	 and	 allows	 for	 the	
specific	formation	of	complex	5.	

Conclusion	
We	have	 shown	 that	 the	 substitution	of	 a	quaternary	 carbon	
atom	by	 a	 silicon	 atom	within	 the	 ligand	 scaffold	 of	 TriphosC	
leads	 to	 interesting	 differences	 in	 the	 reactivity	 with	 Ni(II)	
salts.	While	we	were	unable	to	establish	a	bimetallic	complex	
system,	a	rich	and	versatile	chemistry	of	TriphosC	and	TriphosSi	
with	respect	to	Ni-complexes	is	presented.	Most	interestingly,	
the	 reaction	 of	 TriphosSi	 and	 [Ni(CH3CN)6](BF4)2	 afforded	 the	
phosphino	methanide	complex	5	under	ambient	conditions	as	
the	 sole	 product.	 Due	 to	 the	 unexpected	 reactivity	 of	 5,	 the	
electronic	 structure	 of	 this	 complex	 was	 analyzed	 by	 X-ray	
absorption	and	emission	spectroscopy	in	comparison	with	the	
structurally	related	complexes	2,	3a(BF4),	and	7a.	Although	the	
phosphino	 methanide	 ligand	 was	 reported	 to	 be	 a	 non-
innocent	 ligand	 and	 structural	 parameters	 suggest	 a	 P=C	
double	bond,	complex	5	can	be	best	described	as	Ni2+	complex	
comprising	 an	 anionic	 Ph2P-CH2

-	 unit.	 A	 detailed	 mechanism	
towards	the	formation	of	complex	5	is	suggested	based	on	DFT	
calculations	 and	 suggests	 the	 initial	 formation	 of	 an	 unstable	
bimetallic	intermediate.	The	theoretical	investigation	revealed	
a	fluoride	induced	decomposition	of	TriphosSi	that	is	bound	to	
a	 [Ni((CH3CN)3]

2+	 fragment.	 In	 addition,	 the	 reactivity	 of	
complex	5	 was	 tested	 and	 allowed	 for	 the	 generation	 of	 the	
“NiI-Br”	 complex	 7b	 in	 good	 yields.	 Subsequently,	 a	 simple	
synthetic	route	towards	the	Ni(I)	complex	7a	was	established,	
allowing	 for	 the	 straightforward	 synthesis	 of	 this	 complex	 on	
the	gram	scale.	
	
	

Experimental	Section	

Materials	and	methods.	

All	 reactions	 were	 performed	 under	 dry	 argon	 atmosphere	
using	 standard	 Schlenk	 techniques	or	 in	 a	Glovebox.	TriphosC	
(1a),[49]	 TriphosSi),[18]	 [(TriphosC)NiCl2]	 (2a),

[18]	 [(TriphosSi)NiCl2]	
(2b),[18]	 [(TriphosC)FeCl2]	 (6a),

[19]	 [(TriphosSi)FeCl2]	 (6b)
[19]	 and	

[Ni(CH3CN)6](BF4)2
[50]	were	 synthesized	 according	 to	 literature	

procedures.	 All	 other	 compounds	 were	 obtained	 from	
commercial	vendors	and	used	without	further	purification.	All	
solvents	 were	 dried	 prior	 to	 use	 according	 to	 standard	
methods.	 Magnetic	 moments	 were	 obtained	 by	 the	 Evans	
method[51]	 applying	 temperature	 corrected	 densities[52]	 and	
using	2	%-TMS	solution	as	reference	in	CD3CN.	
EPR	experiments	have	been	performed	at	T	=	30	K	on	a	Bruker	
Elexsys	 E500	 spectrometer	 and	 a	 ST9402	 resonator.	 The	
microwave	 frequency	 amounted	 to	 9.65	 GHz,	 a	 microwave	
power	 of	 2	mW	 and	 a	modulation	 amplitude	 of	 0.5	mT	was	
used.	 Lower	modulation	 amplitudes	 have	 been	 used	 as	well,	
but	 did	 not	 lead	 to	 the	 observation	 of	 additional	 hyperfine	
structure.	
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[(TriphosC)NiCl](ClO4)	 (3a(ClO4)).	 Compound	 2a	 (50	mg,	
0.067	mmol)	 was	 dissolved	 in	 5	ml	 THF	 followed	 by	 the	
addition	 of	 [Ni(ClO4)2]·6H2O	 (12	mg,	 0.033	mmol).	 The	
resulting	 green	 suspension	 was	 stirred	 for	 24	h	 at	 room	
temperature.	 The	 obtained	 green	 solid	 was	 filtered	 off,	
washed	with	hexane	and	dried	in	vacuum	to	yield	20	mg	(74	%)	
of	 compound	 3a(ClO4).	 ESI-MS.	 Calcd.	 for	 [C41H39ClNiP3]

+:	
717.13	 Found:	 717.1.	 IR	 (KBr,	 cm-1):	 3433,	 3056,	 2960,	 1640,	
1483,	 1436,	 1262,	 1094,	 1061,	 802,	 740,	 694,	 625.	UV-vis	 (λ,	
nm):	425,	680.	
	
[(TriphosC)NiCl](BF4)	 (3a(BF4)).	 Method	 1:	 Compound	 2a	
(150	mg,	0.199	mmol)	was	dissolved	in	16	mL	THF	followed	by	
the	 addition	 of	 [Ni(CH3CN)6](BF4)2	 (50	 mg,	 0.104	mmol).	 The	
resulting	 green	 suspension	 was	 stirred	 for	 24	h	 at	 room	
temperature	 and	 the	 solvent	 was	 removed	 in	 vacuum.	 The	
residue	 was	 redissolved	 in	 DCM	 and	 crystallized	 by	 slow	
evaporation	at	-36°C	to	afford	green	crystals	(129	mg,	80	%)	of	
compound	3a(BF4).	
Method	 2:	 Compound	6a	 (50	mg,	 0.067	mmol)	was	 dissolved	
in	5	ml	THF	followed	by	addition	of	[Ni(CH3CN)6](BF4)2	(16	mg,	
0.033	mmol).	The	obtained	green	solution	was	stirred	for	24	h	
at	room	temperature	and	subsequently	evaporated	to	dryness.	
The	 residue	 was	 then	 recrystallized	 from	 DCM	 to	 afford	
compound	 3a(BF4)	 as	 a	 green	 solid	 (20	mg,	 75	%).	 FAB-MS.	
Calcd.	for	[C41H39ClNiP4]

+:	717.13.	Found:	717.1.	IR	(KBr,	cm-1):	
3385,	 3055,	 2960,	 1647,	 1482,	 1459,	 1435,	 1092,	 1060,	 832,	
742,	 694.	 Anal.	 Calcd	 for	 C41H39BClF4NiP4	 +	 H2O:	 C,	59.79;	
H,	5.02.	Found:	C,	59.4;	H,	5.26.	UV-vis	(λ,	nm):	425,	676.	
	
[(TriphosSi)NiCl](ClO4)	 (3b(ClO4)).	 Method	 1:	 Compound	 2b	
(50	mg,	0.065	mmol)	was	dissolved	in	5	ml	THF	followed	by	the	
addition	 of	 [Ni(ClO4)2]·6H2O	 (12	mg,	 0.033	mmol).	 The	
resulting	 green	 mixture	 was	 stirred	 for	 24	h	 at	 room	
temperature.	 Then,	 the	 solution	was	 filtered	 and	 the	 solvent	
removed	 in	 vacuum	 to	 yield	 16	mg	 (58	%)	 of	 compound	
3b(ClO4)	as	a	green	solid.	Slow	evaporation	of	a	DCM	solution	
of	compound	3b(ClO4)	at	-36°C	yielded	green	crystals	suitable	
for	structure	analysis.	
Method	 2:	 In	 analogy	 to	 method	 1,	 compound	 6b	 (50	mg,	
0.065	mmol)	 and	 [Ni(ClO4)2]·6H2O	 (12	mg,	 0.033	mmol)	 were	
reacted	 to	yield	a	green	solid	3b(ClO4)	 (20	mg,	80	%).	ESI-MS.	
Cacld.	for	[C40H39ClNiP3Si]

+:	733.11	Found:	733.0.	IR	(KBr,	cm-1):	
3400,	3056,	2950,	1483,	1436,	1264,	1094,	990,	810,	744,	693,	
623.	UV-vis	(λ,	nm):	437,	708.	
	
[(TriphosC)Ni(CH3CN)3](BF4)2	 (4).	 Compound	 1a	 (100	mg,	
0.16	mmol)	was	dissolved	in	4	mL	THF/MeCN	(1:1)	followed	by	
the	 addition	 of	 [Ni(CH3CN)6](BF4)2	 (70	mg,	 0.16	mmol)	
dissolved	 in	 2	 mL	 MeCN	 and	 stirred	 for	 24	 h	 at	 room	
temperature.	 The	 resulting	dark	 red	 solution	was	 evaporated	
to	 dryness.	 The	 residue	 was	 then	 redissolved	 in	 acetonitrile	
and	 recrystallized	 by	 slow	 diffusion	 of	 diethyl	 ether	 into	 the	
acetonitrile	solution	of	4.	The	dark	red	crystals	obtained	were	
filtered	off,	washed	with	hexane	and	diethyl	ether	and	dried	in	
vacuum	to	yield	140	mg	(89	%)	of	compound	4.	ESI-MS.	Calcd.	

for	 [C41H39NiP3	 +	 H2O]
+:	 701.4.	 Found:	 701.1.	 IR	 (KBr,	 cm-1):	

3053,	1483,	1435,	1284,	1121,	1060,	993,	797,	744,695.	
	
[(TriphosSi)Ni(CH2PPh2)](BF4)	 (5).	 Method	 1:	 Compound	 1b	
(600	mg,	0.937	mmol)	was	dissolved	in	20	mL	THF/MeCN	(1:1)	
followed	 by	 addition	 of	 [Ni(CH3CN)6](BF4)2	 (410	mg,	
0.937	mmol)	in	5	ml	MeCN.	The	resulting	dark	red	solution	was	
stirred	 for	 24	h	 at	 room	 temperature.	 Subsequently,	 the	
solvent	 was	 removed	 and	 the	 residue	 was	 redissolved	 in	
acetonitrile.	Crystallization	via	diffusion	of	diethyl	ether	into	a	
solution	 of	 5,	 dissolved	 in	 acetonitrile,	 afforded	 red	 crystals	
that	were	 filtered	off,	washed	with	 hexane	 and	diethyl	 ether	
and	dried	in	vacuum	to	yield	680	mg	(74	%)	of	compound	5.	
Method	 2:	 Compound	 2b	 (50	mg,	 0.065	mmol)	 and	
[Ni(CH3CN)6](BF4)2	 (16	mg,	 0.033	mmol)	 dissolved	 in	 4	ml	
THF/MeCN	(1:1)	were	treated	according	to	method	1	to	yield	5	
as	 dark	 red	 solid	 (18	mg,	 28	%).	 31P{1H}	 NMR	 (100	 MHz,	
CD3CN):	δ	7.00	 (d,	3	P,	PPh2),	26.50	 (q,	1	P,	CH2PPh2).	 (PPh2).	
ESI-MS.	Calcd.	for	[C53H5NiP4Si]

+:	897.21.	Found:	897.0.	IR	(KBr,	
cm-1):	 3051,	 2926,	 1578,	 1479,	 1432,	 1092,	 1056,	 995,	 818,	
777,	 745,	 696,	 640.	 Anal.	 Calcd	 for	 C53H51BF4NiP4Si	 +	 CH3CN:	
C,	64.35;	H,	5.30;	N,	1.36.	Found:	C,	64.44;	H,	5.15;	N,	1.35.		
	
[(TriphosC)NiCl]	 (7a).	 Compound	 2a	 (2	 g,	 2.7	 mmol)	 was	
dissolved	 in	 15	mL	 toluene	 followed	 by	 the	 addition	 Cp2Co	
(200	 mg,	 2.7	 mmol)	 in	 5	mL	 THF.	 The	 reaction	 mixture	 was	
then	 stirred	 for	 15	 min	 at	 room	 temperature.	 Subsequently,	
the	 solution	 was	 filtered	 and	 the	 solvent	 removed.	 The	
obtained	 residue	was	 dissolved	 in	 toluene	 and	 compound	7a	
was	precipitated	by	addition	of	hexane.	 The	 yellow	 solid	was	
filtered	 off	 to	 yield	 1.31	g	 (69	%)	 of	 compound	7a.	 UV-vis	 (λ,	
nm):	 402,	 Magnetic	 moment:	 1.9	 µB.	 Anal.	 Calcd	 for	
C41H39NiP3Cl:	C,	68.51;	H,	5.47.	Found:	C,	68.14;	H,	5.35.	
	
[(TriphosSi)NiBr]	 (7b).	Compound	 5	 (50	mg,	 0.051	mmol)	 was	
dissolved	 in	 6	ml	 MeCN	 and	 (phenylethynyl)magnesium	
bromide	 (10.4	µl,	 0.0104	 mmol,	 1	M	 in	 THF),	 dissolved	 in	
0.5	ml	 MeCN,	 was	 then	 added.	 The	 reaction	 mixture	 was	
stirred	 for	24	h	and	 the	 resulting	yellow	solid	was	 filtered	off	
and	dried	in	vacuum	to	afford	7b	(26	mg,	65	%).	UV-vis	(λ,	nm):	
388,	Magnetic	moment:	1.7	µB.	Anal.	Calcd	for	C40H39NiSiP3Br:	
C,	61.65;	H,	5.04.	Found:	C,	61.31;	H,	5.15.	
	
[Ni(PCH3)4(CH3CN)](BF4)2	 (8).	 Compound	 5	 (100	mg,	
0.101	mmol)	was	dissolved	 in	10	ml	MeCN,	and	PMe3	(0.1	ml,	
0.984	mmol)	 was	 then	 added.	 The	 resulting	 purple	 solution	
was	 stirred	 for	24	h.	 The	mixture	was	 reduced	 to	a	1/5	of	 its	
original	volume	and	crystallized	from	diethyl	ether/acetonitrile	
to	 afford	 purple	 crystals	 in	 41	mg	 (44%)	 yield.	 ESI-MS.	 Calcd.	
for	[C6H19NiP2]

+:	210.8.	Found:	210.8.	
	
[Ni(OPCH3)5(H2O)](BF4)2	 (9).	 Compound	 5	 (200	mg,	
0.203	mmol)	was	dissolved	in	10	ml	MeCN	and	PMe3	(0.21	ml,	
2.04	mmol)	 was	 added.	 The	 resulting	 purple	 solution	 was	
stirred	 for	 24	h	 under	 inert	 conditions	 and	 for	 3	days	 under	
atmospheric	conditions.	The	obtained	bright	 red	solution	was	
evaporated	 to	 dryness	 and	 the	 residue	 was	 layered	 with	
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petrolether/EtOAc	affording	50	mg	 (22%)	 colorless	 crystals	of	
9.	 ESI-MS.	 Calcd.	 for	 fragment	 [C6H20NiO3P2]

+:	 260.02.	 Found:	
260.9.	 IR	 (KBr,	 cm-1):	 3015,	 2360,	 1623,	 1434,	 1302,	 1143,	
1066,	945,	866,	751,	697.	
	
X-ray	 Data	 Collection	 and	 Structure	 Solution	 Refinement.	
Single	 crystals	 suitable	 for	 X-ray	 analysis	 were	 coated	 with	
Paratone-N	oil,	mounted	on	a	fiber	loop,	and	placed	in	a	cold,	
gaseous	 N2	 stream	 on	 the	 diffractometer.	 For	 9:	 	 Oxford	
XCalibur	diffractometer	performing	φ	and	ω	scans	at	170(2)	K.	
Diffraction	 intensities	 were	 measured	 using	 graphite-
monochromatic	Mo	Kα	radiation	(λ	=	0.71073	Å).	For	3b(ClO4),	
3a(BF4)	 and	 7b:	 IPDS	 I	 diffractometer	 performing	ω	 scans	 at	
170(2)	K.	Diffraction	intensities	were	measured	using	graphite-
monochromatic	 Mo	 Kα	 radiation	 (λ	 =	 0.71073	 Å).	 Data	
collection,	indexing,	initial	cell	refinements,	frame	integration,	
final	 cell	 refinements,	 and	 absorption	 corrections	 were	
accomplished	with	 the	 programs	 X-Area,	 X-Red	 and	 X-Shape.	
For	4,	5,	and	7a:	SuperNova	diffractometer	performing	φ	and	ω	
scans	at	100(2)	K.	Diffraction	intensities	were	measured	using	
graphite-monochromatic	Cu	Kα	radiation	(λ	=	1.54184	Å).	Data	
collection,	indexing,	initial	cell	refinements,	frame	integration,	
final	 cell	 refinements,	 and	 absorption	 corrections	 were	
accomplished	with	 the	program	CrystalClear.[53]	 Space	 groups	
were	 assigned	 by	 analysis	 of	 the	 metric	 symmetry	 and	
systematic	absences	(determined	by	XPREP)	and	were	further	
checked	 by	 PLATON[54,55]	 for	 additional	 symmetry.	 Structures	
were	solved	by	direct	methods	and	refined	against	all	data	 in	
the	reported	2Θ	ranges	by	full-matrix	least	squares	on	F2	with	
the	 SHELXL	 program	 suite[56]	 using	 the	 OLEX2	 interface.[57]	
Crystallographic	 data	 as	 well	 as	 refinement	 parameters	 are	
presented	in	Table	S3-5	in	the	Supporting	Information	(SI).	
	
X-ray	 spectroscopy	 experiments.	 X-ray	 absorption	 (XAS)	 and	
emission	 (XES)	spectra	at	 the	Ni	K-edge	were	collected	at	 the	
triple-undulator	 beamline	 ID26	 of	 the	 European	 Synchrotron	
Radiation	Facility	(ESRF,	Grenoble,	France).	Powder	samples	of	
nickel	 complexes	 (grounded	 under	 anaerobic	 conditions	with	
BN,	 1:10	 w/w	 ratio)	 were	 placed	 in	 Kapton-covered	 acrylic	
glass	 holders	 in	 a	 liquid-He	 cryostat	 (Cryovac)	 at	 20	 K.	 The	
incident	 energy	 was	 varied	 by	 a	 Si[311]	 double-crystal	
monochromator	(energy	bandwidth	~0.2	eV	at	the	Ni	K-edge).	
XAS	 spectra	were	 collected	using	 the	 rapid-scan	mode	of	 the	
beamline	(XANES,	10	s;	EXAFS,	30	s	scan	duration;	energy	step	
size	0.1	eV	or	1	 eV)	 simultaneously	 in	 transmission	mode,	by	
total-fluorescence	 monitoring	 (>95	 %	 Kα	 X-ray	 fluorescence)	
using	a	20	cm2	area	scintillation	detector	placed	at	90°	and	~1	
m	distance	to	the	sample	and	shielded	by	10	µM	Co	foil	against	
scattered	incident	X-rays,	and	by	narrow-band	detection	of	the	
Kβ	X-ray	 fluorescence	at	 the	Kβ1,3	 line	maximum	(8265.7	eV).	
Fluorescence-detected	 XAS	 spectra	 were	 corrected	 for	 self-
absorption	 flattening	 using	 the	 transmission	 spectra	 (Figure	
S10).	 For	 XES	 data	 collection	 a	 vertical-plane	 Rowland-circle	
spectrometer	 was	 used	with	 an	 avalanche	 photodiode	 (APD)	
for	 fluorescence	detection.	An	 energy	bandwidth	of	 ~1	 eV	 at	
the	 Ni	 Kβ	 emission	 lines	was	 achieved	 using	 the	 [551]	 Bragg	
reflections	of	 5	 spherically-bent	 Si	wafers	 (R	 =	 1000	mm).	 Kβ	

main	 and	 satellite	 line	 spectra	 were	 measured	 using	 non-
resonant	excitation	(8900	eV)	with	an	energy	step	size	of	0.35	
eV.	The	X-ray	beam	was	attenuated	using	stacked	Al	 foils	 (20	
µm)	 to	 avoid	 radiation	 induced	 effects	 on	 samples	whenever	
necessary	 and	 the	 absence	 of	 radiation	 effects	 was	 verified	
using	our	previously	established	procedures.[58]	Energy	axes	of	
monochromator	 and	 emission	 spectrometer	 were	 calibrated	
(precision	 ±0.1	 eV)	 as	 outlined	 elsewhere.[59,60]	 The	 signal-to-
noise	ratio	of	XAS	and	XES	spectra	was	increased	by	averaging	
of	 spectra	 collected	 on	 separate	 sample	 spots.	 XAS	 spectra	
were	normalized	to	yield	XANES	spectra	and	EXAFS	oscillations	
were	extracted	as	described	previously.[61]	The	pre-edge	region	
of	 XANES	 spectra	 and	 Kβ2,5

	 emission	 lines	 were	 isolated	 by	
subtraction	of	polynomial	spline	functions	through	the	main	K-
edge	 rise	 or	 the	 Kβ	 main	 line	 high-energy	 tail	 using	 the	
program	XANDA.[62]	
	
Density	functional	theory	(DFT)	calculations.	DFT	calculations	
of	the	electronic	excitation	and	decay	transitions	were	carried	
out	on	the	Soroban	computer	cluster	of	Freie	Universität	Berlin	
using	 Gaussian09[63]	 for	 geometry-optimization	 of	 XRD	
structures	and	the	ORCA	program[64]	for	calculation	of	ctv	and	
vtc	 transition	 spectra.	 The	 BP86/TZVP	 functional/basis-set	
combination[65,66]	 was	 used	 for	 both	 procedures.	 Geometry	
optimization	 of	 XRD	 structures	 was	 carried	 out	 in	 vacuum.	
Calculated	stick	spectra	 in	 lowest	 (ctv)	or	highest	 (vtc)	energy	
ranges	 were	 shifted,	 broadened	 by	 Gaussians,	 and	 scaled	
(transition-energy-range	 /	 energy-shift	 /	 Gaussian-FWHM	 /	
scaling-factor:	 ~5	 eV	 /	 215.0	 eV	 /	 1	 eV	 /	 1000,	 ctv;	 ~25	 eV	 /	
214.5	 eV	 /	 3	 /	 3	 eV,	 vtc)	 for	 comparison	 with	 experimental	
data.	 Calculations	 of	 the	 mechanism	 towards	 formation	 of	
complex	5	as	well	as	a	relaxed	surface	scan	of	the	Si-C	bond	to	
find	 the	 activation	 energy	 for	 Si-C	 bond	 cleavage	 have	 also	
been	carried	out	in	ORCA,[64]	using	the	BP86	functional	and	the	
Def2-SVP[65,66]	 basis	 set.	 Cartesian	 coordinates	 of	 the	
geometry-optimized	 coordination	 complex	 as	well	 as	 a	 graph	
of	the	potential	energy	surface	of	the	relaxed	surface	scan	are	
included	in	the	Supporting	Information.	
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A series of TriphosC/Si-derived nickel(II) complexes revealed high structural 

flexibility and unexpected reactivies.  
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