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8.01.1 Introduction

The organometallic chemistry of nickel has a long history, dating back to the preparation in 1890 of nickel carbonyl,

Ni(CO)4, and its use in the Mond process for refining nickel metal.! The presence of m-acceptor ligands such as

carbonyls, isocyanides, and carbenes tends to stabilize lower oxidation states and these ligands are often encountered
in zero valent nickel chemistry, but they also are frequently found in Ni(i1) complexes, and in more recent years in the
growing number of stable Ni(1) complexes. This chapter reviews the organometallic chemistry of nickel complexes
with carbonyl, isocyanide, and carbene ligands. The chapter covers the literature reported since publication of

COMC(1995). As with the organometallic chemistry of the other transition metals and the lanthanides and actinides,
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the introduction of N-heterocyclic Arduengo-type carbenes (NHCs)?® has led to a rapid proliferation in the literature
of nickel carbene complexes. Nickel complexes with carbonyl, isocyanide, and carbene ligands are of considerable
importance as catalysts for processes, including alkyl and aryl cross-coupling, alkene polymerization, hydrocyanation
of alkenes, and alkene isomerization (see Chapters 8.02 and 8.03), where the catalytic applications of these classes of
organonickel complexes are discussed in more detail.

8.01.2 Mononuclear Nickel Complexes
8.01.2.1 Complexes with Carbonyl Ligands

T'he substitution of the carbonyl groups of Ni(CO), by other two-electron ligands remains the principal method of
preparation of nickel complexes with carbonyl ligands. The 15-crown-5 ether—triarylphosphine hybrid ligands, 1 and 2,
have been used to prepare the corresponding Ni(CO);L complexes.

The 18-crown-5-triarylphosphine hybrid ligand 3 has also been prepared, structurally characterized, as phosphine
oxide, and used to prepare additional Ni(CO);L. complexes.®

o/_\o
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The CO stretching frequency, (CO), of the complexes was used as a proof of the binding of alkali metal ions Na™,

o O

K™, and Cs™ to the crown ether sites. In general, the degree of shift in #(CO) values upon binding of alkali metal ions
to the Ni(CO);L. complexes, where L. = crown ether—triarylphosphine ligands 1-3, does not follow known formation
constants for binding of the alkali metal ions to the free crown ethers.®

The first isocarbonyl complex of Ni(0) was reported in 2005.° The recent availability of the anionic phosphine
borate ligand [PhB(CH,PPh,);]~"*® allows the ability to prepare unusual anionic Ni(0) complexes. In the case of the
reaction of Ni(CO)y with [Li(TMEDA)][PhB(CH,PPh;);] in THF, the anionic Ni(0) carbonyl complex
[Ni(CO){PhB(CH,PPh,)3}][Li(THF)s] is obtained. The solid-state structure reveals that the Li" ion is strongly
coordinated to the carbonyl oxygen atom, Z(1Li-O) = 1.924(5) /o%, with the isocarbonyl bond angle, Li—-O-C, 151.1(2)".6

Uin the

The presence of the isocarbonyl linkage to Li* causes a dramatic lowering of the #(CO) value to 1812cm ™
solid state.

Recent interest in “green” chemical technologies and the replacement of toxic organic solvents with nontoxic
solvents such as water has led to research on organometallic catalysts that are soluble in water. This effort
has extended to include several water-soluble nickel carbonyl complexcs.g’10 The chelating 1, 2 bis[bis(2-pyridyl)-
phosphinoethane] ligand (py,P-CH,CH,-Ppy,) was used to displace the two phosphine ligands of the complex

Ni(CO),(PPh3), to give the complex Ni(CO),(py,P-CH,CH,-Ppy,), which dissolves in water to give a pale
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yellow solution. The precise nature of the complex in water is under investigation.” The ligand 1, 3, 5-triaza-
7-phosphaadamantane (P'T'A) 4 has also been investigated for its ability to render metal complexes water-soluble.

[/

4

The series of complexes Ni(CO)4_,(PTA), (=1 — 3) was prepared by the addition of CO to Ni(PTA), in water.'?
The initial CO substitution step is rapid, but substitution of the first P'T'A ligand by CO greatly retards the rate of
dissociation of the second P'TA ligand. The complex Ni(CO)(P'TA); is quite soluble in water. The disubstituted
complex Ni(CO),(PTA), is sparingly soluble in water, whereas complex Ni(CO)3;(PTA) is insoluble in water. The
disubstituted complex Ni(CO),(P'T'A), was characterized by X-ray diffraction.

The unusual P-rich cyclotetraphosphane P4(PBu®;), 5 reacts with Ni(CO), to give a nickel carbonyl dimer [{¢yc/o-
P4(PBu)4{Ni(CO);},} in which each Ni(CO), unit is coordinated by two adjacent Bu,P groups forming two five-

membered P4Ni rings in an overall “chair”-type conformation.!!

PBut PBut,

N4
]

P—P

PBU', PBuUY,

5

Arsine and stibine ligands are often used to obtain complexes analogous to those formed by phosphine ligands.
The coordination chemistry of bis(diphenylphosphino)methane (dppm) has been investigated extensively. The
ligands bis(diphenylstibino)methane (dpsm) and bis(dimethylstibino)methane (dmsm) have found much more
limited use until a recent report of the syntheses of several new compounds and reinvestigations of others,
including several nickel carbonyl complexcs.12 The reaction of Ni(CO), with dpsm gave both Ni(CO);(n'-dpsm)
and the binuclear complex Ni(CO)3(pz-dpsm)Ni(CO);. In the case of dmsm, only the binuclear complex
Ni(CO)3(p2-dmsm)Ni(CO);  was observed. A very wunusual arsine ligand is the metalloarsaalkene
[(nS—CsMes)(CO)ZFeIAsC(NMez)Z], which reacts with Ni(CO); in much the same way as it reacts with
the other first-row transition metal carbonyls Cr(CO)s and Fe(CO)s to afford complexes (ns—(lsMcs)—
(CO),Fe=As(M(CO),)C(NMe,), in which there is a normal coordinate covalent interaction between the arsenic
atom of the metalloarsaalkene and the metal carbonyl fragment. This was confirmed in the X-ray crystal structure
of the all-iron complex [(775—C51\4<-‘:5)(CO)2F¢:=As{FC(CO)4}C(NMGZ)2].13

Nickel complexes with carbene ligands will be discussed later in this section. However, several nickel carbene
complexes also contain carbonyl ligands, and they will be considered here. The reaction of N-heterocyclic carbene
(NHC) reagents with Ni(CO)4 typically results in the simple monosubstitution reaction to give Ni(CO);(NHC).
However, a 2,5-dimethyl-substituted NHC ligand combines with Ni(CO), to give the disubstituted dicarbonyl-
dicarbene complex (Equation (1)).14

l l
Ni(CO), + 2[N>: — EN>>—NKC0)2 (1)
| |
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When bulky Bu® or adamantyl groups are placed in the 2,5 positions of NHC ligands, stable three-
coordinate complexes Ni(CO),(NHC) are obtained.'® These are rare examples of three-coordinate nickel carbonyl
complexes 6.
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A related three-coordinate dicarbonyl-carbene complex can be obtained by reaction of Ni(CO)4 with the carbodi-
phosphorane “double ylide” Ph;=C=PPh;.'® The reaction of Ni(CO), with Ph;=C=PPh; in toluene gives the
tricarbonyl complex Ni{C(PPh3),}(CO)s, but in THF solvent the deep red 16-electron three-coordinate complex
Ni{C(PPh;3),}(CO), was obtained. Both the three- and four-coordinate compounds Ni{C(PPh3),}(CO),, (#=2, 3)
were structurally characterized by X-ray diffraction.®

There has been considerable recent interest in Ni(11) carbonyl complexes because of their role as model complexes
for nickel-containing CO dehydrogenase enzymes.!”!® This has spawned considerable growth in the number of
known Ni(i1) carbonyl complexes. ‘Tripodal tetradentate ligands of the type P(CH,CH,PPh,);(PP3),
P(CH,CH,PEt;);(PP3E), and N(CH,CH,PPh;);(NP3;E) have been used in the syntheses of dicationic five-coordi-
nate Ni(11) carbonyl complexcs.19 The crystal and molecular structure of [Ni(CO)(PP;,E)]ZJr shows that the overall
structure is trigonal-bipyramidal with the CO ligand #7ans to the central phosphorus atom of the PP;E ligand and the
three PEt; groups in the equatorial plane. The complex [Ni(CO) (NP;E)]**
reductions, as observed by cyclic voltammetry. Both the Ni(0) and Ni(1) complexes Ni(CO)NP;E) and
[Ni(CO)NP3E)]" are known. The corresponding PP; and PP3E complexes do not exhibit reversible electrochem-
istry. The sterically hindered tripodal phosphine trithiolate ligand tris(3-phenyl-e-thiophenyl) phosphine (PS3") as

undergoes two reversible single-electron

the trilithium salt Li;[PS3"] and Ni(acac), were combined and exposed to CO to give the anionic trigonal-bipyramidal
Ni(11) carbonyl complex [Ni(PSf)(CO)]*.20 In this complex, the coordination of CO to Ni(i1) was found to be
persistent under vacuum. An extended series of square-planar Ni(i1) carbonyl complexes have been reported that
incorporate pentafluorophenyl ligands.?! Both the complex anion [NiBr(CeFs),(CO)]™ and the neutral ¢is-complex
Ni(CgF5)2(CO), were characterized by X-ray diffraction. The complex Ni(CgF's5),(CO), is unstable with respect to
reductive elimination of CgFs—CgFs. Square-planar Ni(11) carbonyl complexes that contain thiolate and selenolate
ligands have also been reported rccently.22 The distorted square-planar complex anion [Ni(CO)(2-SC4H;3S);]7,
where 2-SC4H3S™ is 2-thienylthiolato, was prepared by the reaction of fac-[Fe(2-SC4H3S);(CO);] -, 2,2'-SC4H;3S-
SC4H3S, and [NiCp(CO)],. Mixed chalcogenolate complexes [Ni(SePh),(SPh);_,(CO)]” were obtained by
PhSe™/PhS™ exchange. The Ni(11) carbonyl-thiolate complexes were found to be more unstable than the correspond-
ing Ni(11) carbonyl-selenolate complexes. The carbonyl ligands in all complexes were found to be readily exchange-
able. Naturally occurring hydrogenase enzymes are known to contain mixed sulfur/selenium ligand-binding
environments for the nickel atom, and the spectroscopic properties and reactivity with CO of the mixed ligand
complexes [Ni(SePh),(SPh);_,(CO)]™ have been discussed as possible models for natural systcms.23 The tetraden-
tate sulfur ligand 2,2,11,11-tetraphenyl-1,5,8,12-tetrathiadodecane (tpttd) was employed to prepare the square-planar
Ni(i1) complex 7.2*

S
Ni

Ph
Ph Ph Ph
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Single-electron reduction of 7 in the presence of CO under electrochemical conditions indicates that an Ni(1)
anionic complex is formed that binds CO, [Ni(CO)(tpttd)], with a »(CO) value of 1940 cem™!

The group 15 Zintl ions, E737 (E =P, As, Sb), have been used to form stable complexes with several metal carbonyl
complexes, including Ni(CO),. Ethylenediamine solutions of K3P; react with Ni(CO),(PPhs); to give the norborna-
diene-like complex [1*-P;Ni(CO)]*~8.2°

The v(CO) value measured of a solid-state sample of the [K(2,2,2-crypt)][Bu”4P] salt is exceptionally low at
1785c¢m ™', Complex 8 can be protonated with methanol to give the conjugate acid complex, [1*-HP,Ni(CO)]*".
Group 14 Zintl ions, Eo>~ (E = Ge, Sn, Pb), were also used to prepare a nickel carbonyl complex, [Sngle(CO)]L 26
The [SngNiz((]O)]37 anion possesses a fairly regular ¢/oso-SngNi unit with an additional interstitial Ni atom.

8.01.2.2 Complexes with Carbon Dioxide and Related Ligands

There is now a growing literature of nickel organometallic complexes that contain carbon dioxide or related cumulene
ligands that result from reactions with carbon monoxide. The first structurally characterized complex of carbon
dioxide was the nickel complex Ni(CO,)(PCys), reported in 1975.27 A more recent study of this complex provides the
complete assignments of the vibrational spectra and theoretical calculations of different isomers in support of a
mechanism for CO; fluxionality that involves end-on coordination.?® The tridentate “pincer” ligand 2,6-bis((diiso-
propylphosphino)methyl)phenyl (PCP) has been used to form the square-planar Ni(i1) hydroxide complex
Ni(OH)(PCP),29 The complex Ni(OH)(PCP) reacts with CO to give a binuclear u-CO, complex (Equation (2)).

PP PPr O PryP

rz 0.5 equiv. CO | r2 Il I’2|
N|—OH _— I\|li—O—C—l\|li (2)
PPrz PPrl, Pri,P

An isocyanate complex has been prepared by the carbonylation of an unusual tricoordinate imido complex.30 The
1,2-bis(di-zerz-butylphosphino)ethane (dtbpe) nickel imido complex [Ni=NAr(dtbpe)], where Ar = 2,6-diisopropyl-
phenyl, can be cleanly carbonylated to give an n-arylisocyanate complex with overall structure similar to the original
Aresta CO, cornplcxz7 (Equation (3)).

Butz
P

Buz
>N —NAr —> [ NI\” (3)
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8.01.2.3 Complexes with Isocyanide Ligands

The series of Ni(0) isocyanide-phosphine complexes Ni(CNR)(PPh3);, Ni(CNR),(PPh;),, and Ni(CNR);(PPh;)
(R=Bu', Cy, Bz, p-TsCH,) were prepared starting with Ni(cod), and different mole ratios of the isocyanide and
phosphine ligands. The X-ray structure of the bis(benzylisocyanide) complex, Ni(CNBz),(PPh3),, confirmed the
expected overall pseudo-tetrahedral geometry.3! The tris(triphenylphosphine) isocyanide complexes Ni(CNR)3(PPhs)
(R=Bu, Cy, Bz, p-TsCH,) were reacted with SO, and p-ToINSO to afford Ni(CNR)(nl-SOZ)(PPh3)2 and Ni(CNR)(nZ-
p-ToIN-S=O0)(PPh;) complexes, respectively. Crystal and molecular structures of Ni(CNCy)(5'-SO,)(PPhs), and
Ni(CNBu®)(p-ToIN-S=O)(PPh;) were reported.>?

A series of Ni(11) isocyanide complexes with the phosphine ligands Ph,PCH,CH,PPh, (dppe), Ph,PCH,CH,-
CH,PPh; (dppp), and PPh; have been reported. The reaction of NiCl,(dppp) with XyINC in the presence of
NH4PF¢ gave the complexes [NiCI(CNXyl),(dppp)l[PF¢] and [Ni(CNXyl)s;(dppp)I[PFgl,. The complex
[NiCI(CNXyl),(dppp)]l[PFs] was shown by X-ray diffraction to possess a square-pyramidal structure with an axial
chloride ligand, ¢is-XyINC ligands, and ¢is-dppp phosphine coordination. The reaction of NiCl,(dppe) with MesNC
in the presence of NH4PF4 also gave a mixture of complexes [NiCI(CNMes),(dppe)l[PF¢] and [Ni(CNMes);-
(dppe)][PF¢l,. The complex [Ni(CNMes);(dppe)][PFgl, was also shown by X-ray diffraction to possess a square-
pyramidal structure, but with an axial MesNC ligand and two ¢is-MesNC ligands and ¢s-dppp phosphine coordination
in the equatorial positions. Similar reactions with NiCl,(PPh3), were found to give [NiCI(CNXyl),(PPh;),][PFs] and
[Ni(CNXyl)3(PPhj3),][PFgl,. It was found by X-ray crystallography that when the mono-tertiary phosphine ligand
PPhj3 is used in place of the diphosphines, dppe and dppp, the complex [NiCI(CNXyl),(PPhs),][PF¢] did have
square-pyramidal geometry, but with 77@ns- PPh; and XyINC ligands.33 Electrochemical studies indicated that in the
presence of isocyanide ligands, the chloro bis(isocyanide) cationic complexes are in equilibrium with the tris(isocya-
nide) dicationic complexes.

The insertion reactions of isocyanide ligands have not been investigated as thoroughly as those of carbonyl ligands.
However, some important differences between CO and CNR insertions have come to light. These include the
greater tendency of imidoyl ligands to bond in a * manner, compared to acyl ligands; the tendency of isocyanides to
undergo multiple (polymeric) insertions; and the stability of imidoyl ligands to the microscopic reverse deinsertion
reaction. The pseudoallyl complex #ans-[(MesP)BrNi-CH,-CoH4NiBr(PMes),] 9 was studied with respect to its
insertion of both CO and isocyanidcs.34 C
bond of the pseudoallyl ligand (Equation (4)).

omplex 9 reacts with XyINC to give insertion into the benzylic Ni-CH,

PMe3

. Me,P.

Ni N 3, Br

Y w
XyINC
\PMe3 y_> ‘ PMe3 (4)
N
N
Ni Xyl
Mesp” Br

9

The insertion of CO was found previously to occur at the aryl carbon of the pseudoallyl lig,and.34 The reaction of
Bu'NC with complex 9 also results in insertion into the benzylic Ni-CH, bond and a p,-7°-imidoyl product with
structure similar to the XyINC derivative. However, in solution, the Bu® z,-n*-imidoyl structure was found by NMR
to be in equilibrium with an acyclic 7°-imidoyl structure (Equation (5)).

I|3r
Ni—PMe;
But—N{
Me3P Br
Ni (5)
| PMe,
R PMe
AN Vi
NI BY Ni
Me;P Br / pr
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At higher temperatures, a formal migration of a Bu'NC ligand in a p,-n*imidoyl structure bonded to the benzylic
carbon occurs to a fi,-n*-imidoyl structure bonded to the aryl carbon (Equation (6)).

MesP

PMe3
PMe3 405G '_Br
—_—
N/ \ / (6)
'\
Me3P
ME3P PMe3

The Xyl ji,-n°-imidoyl complex can be carbonylated to give a bicyclic amide nickel complex, whose formation
presumably involves the intramolecular coupling of acyl and imidoyl groups (Equation (7)).

Me3P Me3P

CE\( o @ e 7)
M93P

The free N-aryl-1-isoquinolone molecule can be obtained by hydrolysis of the carbonylated nickel complex shown
in Equation (6).

The alkylation of NiCl,(PMes), with Mg{CH(TMS),}Cl gave the dimeric alkyl complex [Ni(u-CH{CH-
(TMS),}PMe;],, which readily inserts Bu'NC to afford the alkaneimidoyl complex 10.3°

Me3P\ /(
NI\ |

CH(TMS),

T'ransition metal C-N bond activation is an important step in several catalytic processes and was recently the
subject of a theoretical investigation.>® Another type of G-N bond activation that has been reported recently is
the multiple-bond metathesis between the C=N bonds of isocyanides and the C=O bonds of carbon dioxide.
Reactions of the tetrakis(alkyl) or aryl isocyanide complexes Ni(CNR), (R=Me, Xyl) with carbon dioxide in the
presence of Li' give the corresponding diisocyanide-dicarbonyl complexes Ni(CNR),(CO), and the alkyl or aryl
isocyanate. Isotope labeling studies with both CO, and *CNMe indicate that the carbonyl ligands of the
complexes Ni(CNR),(CO), are produced by multiple bond metathesis between CO, and CNR, not by formal
deoxygenation of CO,. A mechanism based on the cycloaddition of CO, with a coordinated isocyanide ligand is

proposed.37

8.01.2.4 Complexes with Carbene Ligands

Since the discovery of stable NHCs,? the range of N-substituted heterocyclic carbenes containing a stable divalent
carbon center has expanded considerably, as has the number and variety of nickel(0) and nickel(i1) complexes bearing
NHC ligands.

8.01.2.4.1 Nickel(0) complexes stabilized by carbene ligands
Structurally characterized, well-defined Ni(0) NHC complexes are rare. Low-coordinate carbene complexes of
nickel(0) are of interest because of their postulated intermediacy in various organometallic transformations. The
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synthesis and X-ray characterization of the first two-coordinate homoleptic bis(carbene) adduct [NiL.,] was reported
by Arduengo ¢ al> This 14-electron carbene complex is available from the reaction of the stable, sterically bulky,
nucleophilic carbene, 1,3-dimesitylimidazol-2-ylidene, and Ni(cod), (Equation (8)).

bl aise

+ Ni(cod), — 1:> N"(j

e i

The co-condensation, using metal vapor deposition (MVD) techniques, between the vapors of nickel and di-Bu"
NHC ligand 1,3-di-N-Bu‘-imidazol-2-ylidene proved to be a straightforward path for the synthesis of the 14-electron
species [NiL,] 11.3% Following Arduengo’s synthetic procedure, the zerovalent 14-electron nickel complex Ni(tmiy),
12 (tmiy = 1,3,4,5-tetramethylimidazol-2-ylidene) was produced 7z situ from the reaction of Ni(cod), with the NHC
ligand.>®

—
oe]
~

:w EUt N/ \N
Q= L~
Bu' éut \ /
11 12

Reduction of [Nilx(trz),][OTf], (trz = 1,2-triazol-2-ium-5-ylidene) in acetone solution with zinc leads to hydro-
philic cationic complexes of Ni(0) (Equation (9)).40

{0 e / \
% “:‘< = >~Ni—< )
o \ J

Addition of carbon monoxide to this complex results in the isolation of a tetrahedral cationic dicarbonyl complex
[Ni(CO)(trz),][OTf],. Due to their ionic character, these nickel NHC complexes are extremely soluble in polar
solvents, including water, promising catalytic applications in aqueous media.
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The three-coordinate 16-clectron nickel complex (dtbpe)Ni=CPh, was obtained by N, extrusion from the
diphenyldiazomethane complex (dtbpe)Ni(N,N":N,CPh,), dtbpe = 1,2-bis(di-zerz-butylphosphino)ethane, in the
presence of a catalytic amount of samarium triflate (Equation (10)).3°

t
But I?u Bu' 0
H t =
\_ F?/,,, N— Sm(OTf)3 Bu

L P ""Ni/| 7 mol-% \_P‘—"";" Ni
P/: B B S\
But TSN CeHs P But (10)
t A 1> O
Bu t
Bu

Other examples of 16-electron complexes come from the substitution reactions involving NHC ligands, carrying
bulky R groups like Bu‘ 13 and adamantyl 14, with Ni(CO),. These substitution reactions afford three-coordinate
complexes of the type Ni(CO),(NHC), 13 and 14.1

13 14

T'he equilibria associated with these NHC substitution reactions were investigated by F'T-IR to obtain thermo-
dynamic parameters and allow access to the Ni-NHC bond energies (BDEs). Calculated BDEs were 43 + 3 kcal mol ™!
for the adamantyl carbene complex 14 and 39 =+ 3 kcal mol™! for the Bu® derivative 13.'% Carbonyl substitution
reactions involving NHCs carrying less bulky groups such as methyl lead to tetrahedral 18-electron Ni(0) complexes
Ni(CO)(NHC),. 1

Reaction of Ni(cod), with a nitrogen-anchored tripodal NHC ligand TIMENR = tris[2-(3-alkylimidazol-2-ylidene)-
ethyl]lamine, R = Bu', leads to an Ni(0) 16-electron tris-carbene complex Ni("[‘HVIEN“’B“)41 (Equation (11)).

R\N/§ <
\" . \N/}
Ni(cod),

Fj - 5 R\N Ni>\'/\l N (11)
VoA N n-r \ w/ \(J

N

Agostic interactions Ni---H-C between the electron-rich metal center and alkyl protons were observed in the
X-ray structure. A cyclic voltammetric study of the complex Ni(TIMEN"®") shows two quasi-reversible redox
couples at —2.5 and —1.09V versus Fc/Fc', and these correspond to the Ni(0)/Ni(1) and Ni(1)/Ni(11) couples,
respectively. The observed electrochemical reversibility underscores the structural flexibility of the tripodal NHC
ligand that makes it capable of stabilizing three different oxidation states of nickel.
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8.01.2.4.2 Nickel(n) complexes stabilized by carbene ligands

An expanding body of empirical evidence suggests that an analogy can be drawn between NHC ligands and
o-donating phosphine ligands. While Ni(i1) complexes with phosphine ligands are abundant, the first Ni(i1) com-
plexes of NHC ligands were not reported until 1997 by Herrmann.*? The reactions of the free carbene 1,3-dicyclo-
hexylimidazole-2-ylidene with NiX,L., (X=CI, Br; L =PPh;, THF) complexes, or by 7z situ deprotonation of the
corresponding azolium salts such as 1,3-dimethylimidazolium iodide with Ni(OAc),, afford bis-complexes,
NiX,(NHCQ),, in good yields (Equation (12)).

Cy
N a
NiXpl, + 2 [ >:
L=PPhg, THF N
X=Cl, Br \ R
Cy /
E—N
[ L> NiX, (12)
N
\
Me R 2

Br Cy CH

| Me CH
Me | Me N

/
e—N -
Ni(OAc), + 2 ||\@>>7H - X R E
b cl Cy CH

N

\

All of these complexes were isolated as violet-red solids which are stable to air and soluble in polar organic
solvents such as chloroform, DMSO, and THF. The solids can be heated to 240 °C, without decomposition. The
1,3-dicyclohexylimidazole-2-ylidene complex NiCl,(NHC), was characterized by X-ray diffraction, and revealed a
square-planar nickel atom with z7ans-carbene ligands and the imidazole rings twisted away from the square plane.
A similar approach by reacting the electron-rich 1,3-diallylimidazolidin-2-ylidene ligand and NiCl,(PPh3), gave
trans-INiBry(L*™,) and zrans-[Nil,(L*"™'),] complexes in good yield.** The clean, quantitative substitution of
phosphine ligands by NHC ligands clearly reflects the strong o-donor properties of the nucleophilic imidazol-2-
ylidenes.

A key feature of many olefin polymerization catalysts based on square-planar nickel compounds is the presence of
ligands, which provide considerable steric hindrance to access the sites of coordinative unsaturation above and below
the square plane.** The complex #rans-NiCl,{1,3-bis(2,6diisopropylphenyl)imidazol-2-ylidene}, 15 was synthesized
from NiCl,(PPhs), by a ligand-substitution reaction.*®

O——0
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Complex 1S was characterized by X-ray diffraction. It was also shown that 15 catalyzes dimerization, but not
the oligomerization or polymerization of ethylene. Much experimental evidence supports the notion that com-
plexes that contain chelating bis(phosphine) ligands show improved catalytic properties relative to complexes with
monodentate phosphine ligands. The origins of this effect are believed to be: (i) chelating ligands help to
stabilize reactive intermediates or transition states; (ii) the chelate effect reduces the dissociation rate of the
phosphine; and (iii) chelating ligands influence the activity and selectivity through electronic and steric effects. It
is expected that catalysts that contain chelating bis(NHC) ligands will perform better than their singly
coordinated NHC counterparts in catalytic processes such as Heck- (Pd) and Suzuki-coupling (Pd, Ni). Alkyl
complexes of Ni(11) incorporating di-N-heterocyclic carbenes have been prepared by ligand substitution reactions
from NiMe,(PMes), and NiMe,(bipy) precursors.46 The binuclear complex 16 results from the incomplete
substitution of PMej; from NiMe,(PMes), by a methylene-bis(NHC). The use of an ethylene-bis(NHC) to
substitute the bipy ligand of NiMe,(bipy) led to formation of a mononuclear dialkyl complex with a chelating
bis(NHC) ligand, 17.

16 17

Oxidative addition of organic halides or iodine to the nickel(0) complex Ni(tmiy), formed iz situ by
the reaction of Ni(cod), and tmiy, is a straightforward synthetic pathway to nickel(11) carbene complexes
(Equations (13), (14)).%°

/

/ N
>EN>: + Ni(cod), %» | >-Ni ( | (13)
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/ \
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Thus, addition of o-tolyl bromide to Ni(tmiy), and tmiy at room temperature yields the nickel(i) complex NiBr(o-
Tol)(tmiy), in good yield (70%). An X-ray crystal structure of this complex shows the carbene ligands in a z7ans-
arrangement with a rather long Ni-C,,;y bond (1.947(3) A). The complex NilMe(tmiy), rapidly decomposes in
solution via 1,2,3,4,5-pentamethylimidazolium ion elimination and was only characterized by NMR and MS. The
other complexes shown (Equation (14)) were characterized by X-ray diffraction.

Oxidative addition reactions of imidazolium salts to electron-rich, coordinatively unsaturated NiO(NHC)Z com-
plexes have been used to synthesize Ni(11) tris(carbene)-nickel-hydrido complexes (Equation (15)).47

Mes Mes RS M I:‘j:\llxe_s
N/ \N N/ N i Nﬁ//N\R N
[N%N%Nj ‘@ — [N%N“_@ .
\Mes Mes/ \R \Mes " Mes/
R=Me, Bu
X =BF,, PFg

The surprising stability of such complexes was rationalized in terms of both steric and electronic effects imparted
by the three carbene ligands. From the crystal structure of the Bu" derivative shown in Equation (15), it was noted
that a significant distortion away from square-planar geometry occurs with the bulky mesityl-substituted carbenes
bent toward the small hydride group with an angle of 164.22(16)°.

While the advent of NHC ligands brought much new activity to the field of nickel carbene chemistry, important
progress was also made with more traditional Fischer-type carbene complexes. The typical route to methoxy(amino)
or bis(amino) Fischer-type carbene complexes is the nucleophilic attack of alcohols or amines on coordinated
isocyanides.>>*® A new and efficient route to heteroatom-stabilized carbene nickel(i) complexes was recently
reported to occur by a protonation reaction of the nickel(0) complex Ni(CNXyl)(triphos).49 Addition of 2 equiv. of
HBF, to solution of Ni(CNXyl)(triphos) in THF affords the stable dicationic nickel carbene complex
INI{CH)N(H)Xyl}(triphos)]* " (BF4 ), (Equation (16)).

"
[BF,7]
PPh2 TPh2 HN o
PhP m—Ni—=N + 2HBF, —» php_Ni\;( (16)
/ H
PPhy PPh,

Protonation of Ni(CNXyl)(triphos) to afford the carbene complex results in oxidation of Ni(0) to Ni(i). This is
evident in the change of coordination geometry from tetrahedral to square planar. The C(5)-N(1) bond distance in
the carbene complex (1.268(5) /0\) is shorter than a typical C-N single bond (1.472(5) A), but longer than the C-N
triple bond of isocyanides (1.157(5) /OX). T'he three substituents on the carbene carbon are coplanar, consistent with the
spz character of the carbon atom. The nickel-carbon bond distance of the carbene complex #(Ni(1)-C(5)), 1.860(4) A,
is 0.07 A longer than the Ni-C distance of the Ni(0) isocyanide complex. Overall, the metrical parameters fall into a
range that reflects essentially no m-carbene character and significant iminium formyl character.

The two basic problems in homogeneous catalysis—separations and recycling of the catalyst—have been elegantly
solved by using a water-soluble rhodium complex.®® This result continues to be a strong motivation for the
elaboration of new hydrophilic ligands and their metal complexes.®® This effort has extended to include several
water-soluble nickel carbene complexes.**>! One-pot deprotonation of dicationic triazolium salts 1,2,4-triazol-2-ium-
5-ylidenes with Ni(OAc), in 'THEF solution in the presence of Nal leads to water-soluble nickel(i1) carbene com-
plexes. The X-ray crystal structure of Nil,(O'T1),(trz), (trz = 1,2,4-triazol-2-ium-5-ylidene) shows a remarkably short
nickel-carbon bond length of 1.765(3) A
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8.01.3 Dinuclear Nickel Complexes
8.01.3.1 Complexes with Carbonyl Ligands

The dinuclear M,L.; complexes that have come to be known as “cradle” or “W-frame” complexes, 18, are now one of
the largest classes of dinuclear nickel complexes.

The dppm-bridged dinickel complex Ni,(u- CO)(CO)Z(dppm)Z was first reported to be formed by a fragmentation
reaction of a tripodal triphos ligand-supported nickel trimer.> T'wo more straightforward preparative procedures for
this complex have been reported since then.>>>* The CO-dependent equilibria between the dinuclear complexes
Niz(u-CO)CO),(dppm); and Ni(CO)4(dppm),, and also between the mononuclear complexes Ni(CO)Z(n'-dppm)z
and Ni(CO)3(n'-dppm), have been investigated.54 At room temperature, the mononuclear complex Ni(CO),
(n*-dppm), also exists in equilibrium with Niy(u-CO)(CO)x(dppm),, CO, and free dppm. The diphosphines,
bis(diphenylphosphino)amine (dppa) and bis(diphenylphosphino)methylamine (dppma), have been investigated
more recently as bridging ligands in dinuclear complexes, and the properties of complexes bridged by the methylene
diphosphine, dppm, and the amine diphosphines, dppa and dppma, have been compared. Nickel carbonyl, Ni(CO)y,
reacts with dppa to afford the dinuclear tetracarbonyl complex Ni,(CO)4(dppa),. Under vacuum, this complex loses
CO to give Niy(u-CO)CO),(dppa),, which was found to react with SO, to give substitution of only the bridging
carbonyl to form Ni,(u-SO,)(CO),(dppa), (Equation (17)).%

®) (e}
co O e co oc \S\« co
co oc
RN ~ NN\ NN\
Ni Ni vacuum Ni y. SO, Ni Ni (17)

Ph,P sPh\P s PPh,  CO  py PP ePh\P h \Pphz O pp P"fPh}P P'ifh > PPh,
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R

The complex Niy(1-SO,)(CO),(dppa), was characterized by X-ray crystallography. The corresponding dppma
complexes were also prepared, and they were found to have very similar reactivity to the dppa complexes shown in
Equation (17). It was noted that, in general, the dppa and dppma complexes were less reactive than the corresponding
dppm complexes. This was ascribed to the lower basicities of dppa and dppma relative to dppm, and the somewhat
greater size and flexibility of dppm. The dppa complex Niy(u-CO)(CO),(dppa), was independently prepared and
structurally characterized by another research group who also reported electrochemical data and a molecular orbital
calculation.®® The complex Niy(u-CO)CO),(dppa), undergoes two quasi-reversible single-electron oxidations at
40.24 and +0.50V versus SCE in THF solution. The HOMO is computed to involve strong Niy(dm)—u-CO( pm)
interactions. The molecular orbital calculation also predicts an Ni-Ni bond order of 0.39 while the X-ray structure of
Ni (u-CO)(CO),(dppa); revealed a Ni-Ni separation of 2.5824(7) A. The dppa complex Niy(u-CO) (CO),(dppa), was
also reported to be involved in a CO and temperature-dependent equilibrium with Niy(CO)4(dppa), and the mono-
nuclear complex Ni(CO)g(n]—dppa).S(’ The mononuclear complex Ni(CO), (n'-dppa), was obtained in good yield by
the reaction of dppa with the complex Ni(CO),(PPhs),.5”

Binuclear Ni(1) carbonyl complexes Ni,Cl,(CO)(PMes); have been obtained by the reaction of oxalyl chloride,
(COCl),, with Ni(cod)(PMes), (Equation (4)).58 The corresponding binuclear Ni(1) thiocarbonyl complex
Ni,Cl,(CS)(PMe;); was obtained similarly by the reaction of thiophosgene with Ni(cod)(PMe;),. However, the
crystal and molecular structure of the thiocarbonyl complex showed that the thiocarbonyl group condensed with
one PMej ligand to give a bridging Me;P=C==S group.

A dinuclear, dianionic, diphenylphosphido-bridged Ni(O) complex, [Niy(u-PPh,),(CO))*~, was prepared by
potassium metal reduction of Ni(CO),(PPhs); in toluene.>® The crystal and molecular structure of the complex
dianion shows that each nickel center can achieve an 18-clectron configuration without an Ni-Ni bond,
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d(Ni-Ni) = 3.397(1) A. This compares with an Ni-Ni bond distance of #(Ni-Ni)=2.506 A in the neutral complex,
Niy(u-PPh;),(CO),. The cyclic voltammetry of the dianionic complex [Niz(u-Pth)z(CO)At]Z* shows a reversible
oxidation at —1.5V (versus FeCp,™) and a quasi-reversible oxidation at —1.1V. This established a chemically
reversible two-electron redox chemistry connecting the dianionic and neutral complexes (Equation (18)).

- Ph
Ph, _| 2 b2
oc.. .CO

- v, /S
N/ \ \\v i ’ |—\N|“ (18)
/ AN / \CO +2e” / co

th th

It also established the stability of an Ni(0)-Ni(1) mixed valence species. Such a species, [Niy(u-CO)-
(u-PPh,)(CO),(PPh3),] ™, was prepared as one of the products of the reaction of Ni(CO),(PPh;), with Sn947

The most studied class of binuclear nickel carbonyl complexes is [NiCp(CO)],, which may be formed simply by
the combination of NiCp, and Ni(CO),. The dinuclear structure of this complex is easily cleaved by reaction with
most electron-pair donor ligands. The high degree of lability of [NiCp(CO)], has been used in the preparation of a
wide variety of heterodinuclear complexes. The tetrahedral indium cluster Ingd{C(TMS)3}4 reacts with 4 equiv. of
[NiCp(CO)], with insertion of the InC(TMS); fragment into the Ni-Ni bond (Equation (19)).%

C(TMS),
o |L C(TMS),
Co—NE—Ni—Cp +<TMS)3C—InT!/In—C<TMS>3 — PN (19)
n (OC)CpNi NiCp(CO)
o CTMS);

Both the indium and gallium clusters E4{{C(TMS);}4 (E = Ga, In) react with 2 equiv. of [NiCp(CO)]; to give the
bis(u-EC(TMS);)-substituted complexes, [Ni(CO)Cpl{u-EC(T'MS);} which are isostructural with the starting
carbonyl complex. Quantum chemical calculations support the view that there are no In-In or Ga-Ga bonding
interactions in the “butterfly structure” complexes, Ni{u-EC(TMS)3}Cp,.

The reactions of NiCp(CO)MCp(CO); (M = Mo, W) with alkynes have been studied in detail.® %3 More recently,
the alkyne chemistry of the coordinatively unsaturated NiCp~ complexes NiCp MCp(CO); (M = Mo, W) has been
explored.®!%% The complexes NiCp(CO)MCp(CO); (M =Mo, W) generally react with alkynes to afford the dime-
tallatetrahedrane type complexes, 19. Nickelacyclobutenone complexes, 20, are also obtained, but generally only for
the Mo heterometallic dimers.

R1
o
ZN R M = Mo, W

iz - M = Mo, W i
RO LN

19 20

The four-membered nickelacyclobutenone results from alkyne—carbonyl ligand coupling.61 The NiCp" complexes
NiCp " MCp(CO); (M = Mo, W) react with alkynes in a similar fashion to the NiCp analogs. The primary difference is
that the nickelacyclobutenone products of general structure 20 appear to be more stable with Cp~ substitution at
nickel. The reaction chemistry of both the dimetallatetrahedrane 19 and nickelacyclobutenone complexes, 20, with a
variety of electrophilic and nucleophilic reagents has been examined. Reactions of the nickelacyclobutenone com-
plexes with clectrophiles are found to induce an interesting ring flip of the carbocyclic fragment of the metallocycle
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from nickel to molybdenum or tungsten.®! A more complex mixture of products is obtained in the reactions of the
NiCp~ complexes NiCp MCp(CO); (M = Mo, W) with terminal alkynes. The principal products are five-membered
dimetallacycles, 21.

M M = Mo, W

21

Alkylation or protonation of these dimetallacycles leads to a rearrangement, that is, a four-membered molyb-
denacycle or tungstenacycle cationic complex, analogous to the reactions of complexes of structure 20 with
electrophiles. The complex NiCp(CO)MMeCp)(CO); (M=Mo, W) with 3-methoxy-3-methyl-1-butyne gives
enantiomeric p-alkyne complexes which have chiral dimetalatetrahedrane cores, 22, and five-membered metalla-
cycles formed by regioselective alkyne—CO coupling, 23. Protonation of the dimetalatetrahedrane complex 22
gives the p-propargylic cation 24.

~
H
%Ni M\
COCO
M = Mo, W M = Mo, W
22 23 24

Heterodinuclear complexes that contain nickel carbonyl groups have been prepared by a variety of methods. The
heterodinuclear complex [NiCu(u-dppm),(CO),(NCMe),]X (X = CIO,4, BPhy, PF¢) and the related neutral complex
NiCu(u-dppm),(CO),(NCBH3) were prepared by reactions of Ni(CO),(n'-dppm) with Cu(1). The X-ray crystal
structure of NiCu(p-dppm),(CO)(NCBH;) shows an approximately tetrahedral coordination geometry about Ni(0)
and a slightly distorted trigonal-planar geometry about Cu(1), 25.

Ph,P~ ~PPh,
ocC

4,

OC,Ni

Cu—NCBH;

Ph,P—___—PPh,
25

The Ni-Cu distance of 3.171(4) A is too long for significant metal-metal interaction.®* Main group-metal-nickel
heterodinuclear complexes have been prepared by the reactions of aluminum pnictines such as (4-dimethyl-
aminopyridine)Al(Me), E(TMS), (E =P, As, Sb) with Ni(CO)4.65 Crystal structures reveal open structures with the
pnictinogen atom lone pair coordinated to Ni(CO); fragments. A series of bis-(trimethylsilyl)ethynyl-azsa-titanocenes

15
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have been reacted with Ni(CO), to give heterodinuclear complexes in which an Ni(CO) fragment is coordinated by the
pendant alkynyl groups of the ansa-titanocene, 26.°

R1

The nickel cyclopentadienyl carbonyl dimer [NiCp™(CO)],, where Cp” is N,N-(dimethylamino)ethyleyclopenta-
dienyl, was reacted with Ga,Cly to give a heterodinuclear complex (Equation (20)).

o 9 e Me
CaC Ga,Cly ~N
o , Me
NN —_— Ni—Gal,
“Cl
oc CI (20)
Me,N NMe,

T'he X-ray crystal structure shows an exceptionally short Ni-Ga distance of 2.279(7) AS7

8.01.3.2 Complexes with Isocyanide Ligands

Much of the work on dinuclear nickel complexes with isocyanide ligands during the period covered by COMC III
concerned complexes of the “cradle” or “W-frame” type, 18.53%8°70 The preparation of the methyl isocyanide
complex [Ni(u-CNMe)(CNMe),(dppm),] starting from nickelocene has been reporte
the structures, comprising spectroscopic and electrochemical studies of a series of differently substituted isocyanide
dimers Niy(u-CNR)(CNR),(dppm); (R =Me, Bu", Bz, Pri, Cy, Buf, 4-I-Ph, and Xyl) together with their Ni(0)-Ni(1)
and Ni(0)-Ni(11) mixed valence states, was recently published.70 The cyclic voltammograms of the dimers exhibit two

d.5 A systematic study of

reversible and sequential single-electron oxidations to the +1 and 42 forms. Specular reflectance infrared spectro-
electrochemical measurements demonstrated reversible interconversions between the neutral Ni(0) dimers and
their +1 and +2 forms. Bulk samples of the +2 forms are prepared by chemical oxidation using [FeCp,][PF]
(Equation (21)).

R 2+
R SN ya PP NR O PPh
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Ni Ni + 2[FeCp,|[PFg] ——————> = i / i
N ‘ <N\
PPh, PPh, 2FeCp, RN’ PPh,

PP FPh, PP

The +2 forms of the complexes with Bu'NC and XyINC ligands were structurally characterized and were found to
possess asymmetric structures with one locally square-planar and one locally tetrahedral metal center. The structural
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data were interpreted in terms of an Ni(11)-Ni(0) mixed valence state. The +1 forms [Ni(u-CNR)(CNR),(dppm),]*
were prepared by the comproportionation of neutral and +2 forms (Equation (22)).
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The X-ray structural characterization of [Niz(,u—CNBu[)(CNBu[)Z(dppm)z]Jr showed a symmetric structure, similar
to that of the neutral complex. On the basis of structural, spectroscopic, and electrochemical data, the 41 forms of the
complexes were assigned to Robin-Day class 111, fully delocalized Ni(+0.5)-Ni(40.5) mixed-valence complexes.m
In contrast to the simple comproportionation between Ni(0) and Ni(i1) evident in Equation (22), the Ni(0) dppa
complexes Niy(u-CNR)(CNR),(dppa), (R=Me, Bu", Xyl) were reported to react with Ni(11) to give cleavage of
the dppa ligand and p-diphenylphosphido Ni(1) complexes of the type [Niz(u,-PPh,)(CNR),(dppa),]X (R =Me,
Bu", Xyl, X=0Cl, 1, BPh,).*” The dinuclear dppa complexes [Niy(u-CNR)(CNR),(dppa),] (R=Me, Bu") were
found to be catalysts for the electrochemical reduction of carbon dioxide.®® Electrochemical reduction of
[Niz(u1-CNR)(CNR),(dppa),] (R=Me, Bu") at —1.0V versus Fe(]pZHO gives the radical anion [Niy(u-
CNR)(CNR),(dppa),]~ which reacts with CO; resulting ultimately in the reductive disproportionation of CO, to
CO and carbonate.

In Ni(1) dinuclear complexes, the subtle factors that favor the asymmetric internally disproportionated Ni(0)-Ni(1r)
structure over the symmetric Ni(1)-Ni(1) “A-frame” structure have not been identified completely. Oxidative
addition of phenylisocyanide dichloride (PhNCCI,) to Ni(cod), in the presence of dppm gave the complex Niy(p,-
CNPh)Cly(dppm), which was found by X-ray diffraction to have an “A-frame” type structure with a long Ni—Ni
separation of 2.917(4) AT

8.01.3.3 Complexes with Carbene Ligands

Other than the dinuclear N-heterocyclic carbene Ni(i1) complex 16 described in the preceding section on mono-
nuclear nickel carbene complexes, no further examples of dinuclear nickel complexes with carbenes were reported
beyond those summarized in COMC(1995).

8.01.4 Higher Cluster Complexes
8.01.4.1 Clusters with Carbonyl Ligands

The class of dppm-bridged trinuclear clusters [Nis(j13-L)(u3-X)(po-dppm)s]” 27 has become extensive.

o
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The first members of this class had capping halide ligands (X=Br~, ") and capping m-acceptor ligands (L. = CO,
CNR) to give cationic (7 =1) 48-electron complcxes.72 Recently, related clusters with capping trichlorostannyl and

17
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dichlorostannylene ligands” and an unusually structurally characterized cluster with a ps-trihydroxyl tin capping
ligand have been reported.” A study comparing plasma desorption (PD) and fast atom bombardment (FAB) mass
spectrometry to characterize clusters of this type has appeared.75 Strong molecular ion peaks were observed for CO-
and CNR-capped clusters, but not for the NO"-capped cluster.

Carbonyl-capped trinuclear nickel clusters have been prepared by the reaction of K[NiCp(CO)] with chloro-
boranes BCI,(NR;) (NR, =NBu‘(TMS), N(TMS),) or 1, 2-dichlorodiboranes BZ(NNICZ)2C12.76 T'he chloroboranes
attack one of the carbonyl ligands to give ps-boryloxycarbyne bridged clusters, 28. Heteropolynuclear nickel
carbonyl clusters have been prepared by a variety of methods. The novel triphosphaferrocene FeCp(1>-C,Bu',P3)
was reacted with Ni(CO), to afford a dinickel diiron cluster, 29, which was characterized by X-ray crystal-
lography.”’

_p—Ni—p b
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The remarkable preference of nickel for CO and of iron for thiolate ligands is seen in the reaction of the
Ni(m) dithiolate complex Ni(dsdm) (H,dsdm=N,N’-dimethyl-N,N’-bis(2-sulfanyl-ethyl)ethylenediamine) with
K[FeH(CO)4).”® The product is a linear tetranuclear cluster in which a dinuclear Fe",(dsdm), core is bound by
two peripheral Ni(CO); fragments each bonded to one thiolate of the iron core, thus demonstrating a complete
reshuffling of ligands and oxidation states. The cluster [NiRus(us-H)(u-CO)3;(CO)g]™ is prepared by the smooth
condensation of Ni(CO), with [RuzH(CO);;]". The cluster was characterized by X-ray diffraction and found to
possess a distorted tetrahedral NiRujz core with nine terminal and three edge bridging CO ligands. The cluster
[NiRus(p3-H)(1i-CO)3(CO)9]~ was deprotonated with the strong base KOBu‘ to afford the dianion
[NiRu3(CO);,]>". The latter was found by X-ray crystallography to have a tetrahedral NiRuj core with eight
terminal and four edge bridging CO ligands.”” The NiCoj; cluster CpNiCo3(CO)o was reacted with cyclooctate-
traene to give a remarkable NiCo, cluster NiCo(CO)(CgHg) in which a triangular NiCo,(CO)s metal cluster sits

atop a facially coordinated, essentially planar cyclooctatetracne ligand.5°

High nuclearity nickel carbonyl clusters
with skeletal antimony atoms have been reported to be prepared by the reaction of [Nig(CO)2]*~ with SbCI3.5!
The cluster [Nijs(z12-Sb)(CO),4]*~ was obtained in reasonable vyield and found by X-ray crystallography to have a
structure based on a distorted iscosahedral Niy(u12-Sb) core capped by three Ni atoms on three adjacent

triangular cores.

8.01.4.2 Clusters with Isocyanide Ligands

The class of dppm-bridged trinuclear cluster cations capped by isocyanide ligands [Nis(u3-CNR)(u3-1)(i1o-dppm)s] ™ 30
includes derivatives prepared from 15 different isocyanide ligands (R =Me, Xyl, P, Cy, Bu', Bz, Ph, p-I-Ph, p-Br-Ph,
p-CI-Ph, p-F-Ph, p-Tol, p-CF3-Ph, p-MeO-Ph, p-NC-Ph).”? The infrared spectra of the isocyanide ligands in the CN-
stretching region were found to be complicated by Fermi resonances. The Fermi resonances appear to involve the
interaction between the CN triple bond fundamental, ¥(C=N), and the overtone of the CN single bond of the
isocyanide, 2 ¥(C-N), which can have similar energics.72

A study comparing plasma desorption (PD) and fast atom bombardment (FAB) mass spectrometry to characterize
clusters of this type found that the isocyanide-capped clusters 30 showed strong molecular ion peaks by both
methods.”> PD and FAB were also used to identify the molecular ions of “dimers of trimers,”
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[Nis(pz-D(p2-dppm)s(p3-CN-spacer-pi3-NC)Niz(pz-1)(uo-dppm);], formed from diisocyanides with p-phenyl and
1,6-hexyl group spacers. The isocyanide-capped clusters 30 show a reversible single-clectron reduction from a
48-clectron to a 49-electron electronic configuration at ca. —1.20 V versus SCE. A study of the electrocatalytic activity
of clusters 30 toward the reduction of carbon dioxide has appeared.82 Electrochemical kinetics indicate that the rates
of reaction with CO; are first order on [cluster] and first order on [CO;]. The observed products are carbon monoxide
and carbonate, corresponding to the reductive disproportionation of CO,.
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8.01.4.3 Clusters with Carbene Ligands

At the time of this writing, no nickel cluster compounds containing carbene ligands were reported beyond those
discussed in COMC(1995). Maekawa and co-workers have described the synthesis and structure of the bis(acetylide)-
capped cluster, Ni;,(,ug—CCPh)z(dppm);;.83 A dichlorostannylene-capped cluster [Niz(u3-1)(13-SnCly)(dppm);][PEF]
was reported to be formed by chloride abstraction from a trichlorostannyl-capped cluster, [Nis(u3-1)(13-SnCls)-
(dppm);].”

8.01.5 Theoretical and Physical Studies
8.01.5.1 Theoretical and Physical Studies of Nickel Carbonyls

Several physical and computational studies have added to our fundamental understanding of nickel carbonyl
complexes. The bond strengths of the first-row metal carbonyl anions were measured by energy-resolved collision-
induced dissociation of the carbonyl anions in the gas phase‘84 This method was used to probe CO dissociation
from [Ni(CO),]” (=2, 3) to obtain bond strengths, D[(CO),Ni-CO] =38.5 £ 2.3, D[(CO)Ni-CO] =43.4 £5.8, and
DINi—CO] =32.4 + 5.8 kcal mol™!. The bond energies in the anions were used together with literature electron
affinities to give bond energies for the neutral metal carbonyls, D[(CO),Ni—-CO] =28.3 + 2.3, D[(CO)Ni-CO] =
47.14£5.8, and D[Ni-CO]=40.5+5.8 (kcal mol_l).85 In a separate study, the bond-dissociation energies of CO
from the neutral Ni(0) and cationic Ni(1) carbonyl complexes were reported.86 The reported values are: D[(CO);
Ni-CO]=25.4+2.3, D[(CO),Ni-CO]=18.5+£6.9, D[(CONi-CO]=53.0£16, and D[Ni-CO]=230.0=£16;
D[(CO);Ni"™—CO] =12.5, D[(CO),Ni"-CO]=30.4, D[(CONi"-CO]=45.2, and D[Ni"—CO]=52.6kcal mol .
The dynamics of CO dissociation from Ni(CO), were also examined by these authors.%° Time-resolved nonresonant
(800 nm) multiphoton ionization was used to probe relaxation processes that occur on the femtosecond (fs) timescale.
Several relaxation processes with timescales of 22-70 fs were assigned to internal conversion between metal-to-ligand
charge transfer states in intact, excited Ni(CO),. The dissociation of CO from Ni(CO)4 occurs with a time constant
of 600fs, longer than most other mononuclear transition metal carbonyl complexes studied. This dissociation
product is Ni(CO); in its S state which luminesces after intersystem crossing to a triplet state. The photolumines-
cence of the complex Ni(CO),(PPh3), has been examined in the condensed phase.87 The red (A =650nm)
photoluminescence is assigned as originating from a Ni(0) to PPh; metal-to-ligand charge-excited triplet state.
Hybrid density functional molecular orbital calculations have been employed to describe the properties of transition
metal monocarbonyls in their first excited state.®® The excited nickel carbonyl [Ni—CO]” is calculated to be a
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SA’ state with a bent geometrical structure (149°). The geometry and electronic structure of the dinuclear Ni(1)
carbonyl complex cations [Ni(CO),]*" and [Niy(CO)s]** were also studied by density functional theory.®’
The [Niy(CO),J*" ion is predicted to be planar (D) with the carbonyl ligands bridging. The ion is predicted
to have a D,y structure in which all carbonyl ligands are terminally bound and there is a strong and directional
Ni-Ni bond.

8.01.5.2 Theoretical and Physical Studies of Nickel Isocyanides

. . . . . . . . q
The electronic structures of peroxonickel(ir) bis(isocyanide) complexes have been examined by theoretical studies.”

The only nickel-dioxygen complex that has been fully characterized is the peroxonickel(i) bis(Bu'-isocyanide)
complex, Ni(O,)(CNBu"),. This complex has a square-planar geometry and is diamagnetic. Several electronic states
of the molecule Ni(O,)(HNC), were calculated using various @ initio methods to determine the ground state and
low-lying excited states. The computed 'A; ground state is in agreement with the reported dimagnetism of
Ni(O;)(CNBu'), and was shown to be formally represented as [Nill—02]27 with a partial contribution of a superoxo
[Ni'-O,]~ formulation to the ground state wave function. The superoxo description dominates the lowest excited
state which was computed to be *B;.

8.01.5.3 Theoretical and Physical Studies of Nickel Carbenes

At the time of this writing, no studies specifically addressing theoretical or physical studies of nickel complexes with
carbene ligands were reported.

8.01.6 Catalytic Applications
8.01.6.1 Organic Reactions Mediated by Nickel Carbonyls and Catalytic Applications

Catalytic applications of nickel complexes that contain carbonyl ligands are discussed in detail in sections of COMC 111
that specifically treat applications of nickel complexes in catalysis.

8.01.6.2 Organic Reactions Mediated by Nickel Isocyanides and Catalytic Applications

One catalytic application of nickel complexes that contain isocyanide ligands is particularly noteworthy. The nickel
allyl complex [Ni(7°-C3Hs)(O,CCF3)], is a catalyst for the living polymerization of aryl isocyanides.”!*? Isocyanide
complexes of nickel, NiBr,(CNAr),, were also found to be catalysts for the polymerization of ethylene in the presence
of methylaluminoxane (MAO).” The most active catalysts are those that bear 2,6—diphenylphenylisocyanide ligands.
Catalysts based on 2-phenylphenylisocyanide produce lower molecular weight polyethylene.

8.01.6.3 Organic Reactions Mediated by Nickel Carbenes and Catalytic Applications

Since Reppe’s discovery94 of the cyclotrimerization of acetylene to benzene in the presence of nickel carbonyl-
phosphine complexes, the use of nickel catalysts in many organic transformations has become popular. Transition
metal complex catalysis provides many elegant entries to carbon—carbon bond-forming reactions in organic synthesis.

One notable example is carbocyclic ring expansion mediated by nickel(0) complexes.”®

8.01.6.3.1 Carbon-carbon bond formation: hydrocarbation reactions

In 1982, Casey and co-workers reported the first reactions that could be considered “hydrocarbations” because
they involved the direct C-H bond addition across the C-C double bond of alkenes.”® They showed that the
cationic bridging iron methylidyne complex undergoes this type of reaction with alkenes with anti-Markovnikov
regioselectivity.’” No other hydrocarbation reactions had been reported until recently, when Kubiak and
co-workers reported hydrocarbation reactions of a nickel carbene complex with alkenes. Thus, the dicationic
aminocarbene complex 31 reacts with ethylene, resulting in a complete conversion to the ethylcarbene complex
(Scheme 1).
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The crystal structure of the ethyl carbene complex shows a short C-N bond distance (1.302(3) A), intermediate
between a single (1.472 (5)) and triple (1.157(5)) bond of isocyanides, providing evidence of significant iminium alkyl
character, similar to that observed in parent carbene 31. Complex 31 reacts similarly with cyclohexene, propene,
1-butene, and 3,3-dimethyl-1-butene quantitatively and regiospecifically to give the anti-Markovnikov hydrocarba-
tion products (Scheme 1). Thus, the regiochemistry is the same as that of hydroboration and hydrocarbation reported
carlier by Casey.”” However, mechanistic studies suggest the importance of a “hydride” pathway over “alkene”
(metallocycle formation or carbocation) pathways (Scheme 2).

An a-hydrogen elimination is the microscopic reverse of hydride insertion/imino formyl formation and affords the
nickel(n1) hydride complex (¢, Scheme 2). Subsequent olefin insertion and isocyanide insertion gives hydrocarbation
product (f, Scheme 2). Isotopic labeling experiments by using #,-ethylene or [Ni{C(D)N(D)xylyl}(triphos)](CF3S053),
showed deuterium at both the methylene group and the methyl group of the a-ethyl carbene (f, Scheme 2), not expected
in an alkene pathway.

8.01.6.3.2 Carbon-carbon bond formation: cyclization reactions

The catalytic syntheses of seven-membered rings has long been an elusive goal,”® achieved only rarely and in poor
yiclds.98 Significant advances have been made in the last decade through the use of nickel carbene complexes. Thus,
using a diazoalkane carbene precursor in the presence of Ni(cod),, an efficient [4 + 2 + 1]-cycloaddition to a seven-
membered ring was rcported.99 (Equation (23)).
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R
X = C; R=MeO,C; R",R? = Me or H
X=N;R=Ts,R", R2=H
X =0;R"R?*=Me

This reaction occurs with a large degree of chemoselectivity over other [4+2], [4+1], [2+1], [2+2+1],
[2+2+2], [4+4], [4+ 2+ 2] potential cycloadditions, with yields of more than 65% for the [4 + 2 + 1]-cycloadduct.
The mechanism of this transformation remains unclear, and formation of a nickel carbene intermediate is proposed.
Nonetheless, this is an important reaction, preparatively useful by providing a catalytic chemoselective entry to
seven-membered rings that allows the incorporation of heteroatoms.

Another synthetic pathway to seven-membered rings is by reacting chromium Fisher carbene complexes with
100

alkynes in the presence of Ni(cod), (Equations (24) and (25)).
R1
OMe
R2

/
0OC)sC R'+ H—=
(OC)sCr (24)

R' = Ph, Cp,Fe, Pr", 2-furyl
R2=Pr", TMS, Ph, (CH,);CN, CO,Me
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R'=Ph, Cp,Fe, Pr", 2-furyl
RZ=Pr", TMS, Ph, (CH,);CN, CO,Me

The corresponding [3 + 2 + 2]- and [2 4+ 2 + 2 + 1]-cyclization reactions between these complexes and alkynes are
very efficient in the presence of Ni(0). Transmetallation reactions between chromium Fischer carbene complexes
and Ni(cod), with formation of nickel carbene intermediates is presumed to be responsible for this transformation.
The metal-free cycloadducts are easily obtained by ligand exchange reactions at low CO pressures. A [3 4 2]-
cyclization reaction of a chromium Fischer carbene complex and allene building blocks was accomplished, using
similar synthetic procedures by Barluenga’s group.101 This transformation was reported to be chemo- and sterco-
selective and proceeds with very high yields.

8.01.6.3.3 Isomerization, polymerization, other C-C and C-N coupling reactions

In view of the growing importance of nickel complexes as olefin polymerization catalysts,** attempts had been made
to use nickel carbene complexes as catalysts in these important reactions. The 77ans-NiCly(IPr), (IPr=1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) complex was synthesized and crystallographically characterized.*® Attempts to
polymerize ethylene or propylene using this complex failed; however, ethylene dimerization was observed. The
complexes Nily(carbene), (carbene = 1-Rl-3-Rz-imidazolin-Z-ylidene, R'=Me, Bu, Pr'; R®?=Pr, Pr, Me) were
synthesized and crystallographically characterized'®? to reveal a trans-configuration. Catalytic studies in toluene
using 1-butene as a substrate showed low catalytic activity toward olefin dimerization. The reaction was performed
at —15°C and only the isopropyl carbene species was active with T'ON = 50. The use of ionic liquid solvents appears
to significantly increase catalytic activity. For example, use of imidazolium-based ionic liquids with these same
complexes showed high activities with T'ONs ranging from 1910 to 3510. These are significantly higher activities
than that of the olefin dimerization catalyst NiCl,(PCy;),.

Isomerization of unactivated vinyl cyclopropanes to cyclopentanes using nickel carbene complexes has been
accomplished.!®® The nickel carbene catalyst was generated 77 sizu from Ni(cod),, PrBFy salt and base. These
reactions constitute a simple protocol for the preparation of cyclopentenes by the isomerization of vinyl cyclopro-
panes. This result, combined with recent developments in the preparation of vinyl cyclopropanes,104 may provide a
powerful new approach to the preparation of five-membered ring structures.

Picolyl-functionalized N-heterocyclic carbene complexes NiClI,(NHC), (NHC = 3-R-1-picolylimidazolin-2-
ylidene, R =Me, Ph) show high catalytic activities toward polymerization of ethylene or norbornene in the presence
of methylaluminoxane (MAO) as co-catalyst.'®® Although the detailed mechanism of the catalytic olefin polymeriza-
tion is not clear, these cationic nickel complexes contain a hemilabile picolyl carbene ligand that allows the formation
of a vacant site for olefin coordination, 32.

RR
N —
Ni—N 2CI
[N> N\ /
N
A
| P R = Me, Ph
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The coupling of 1,3-dienes and aldechydes can be achieved in good vield stercoselectively (Equation (26)).1%¢

O OS|Et3
©/\/\ R2¢N N\RZ

/NI

EtSiH, THF, 50 °C TBAF, THF (26)

L O

+

98%

Although the precise nature of the Ni(0) carbene catalyst has not been rigorously established, the method is
experimentally simple and reproducible. This new approach provides synthetic results that are complementary to
those of phosphine-based catalysts.

Alkynes and aldehydes were reductively coupled to allylic alcohols by using a nickel 1,3-dimesitylimidazolium cata-
lyst.107 These reactions proceed regioselectively in a very high yield. A variety of aromatic, alkyl, alcoholic, and allylic R
groups on alkynes and aldehydes can be tolerated. A deuterium-labeling crossover experiment was utilized to demonstrate
that catalyst formulations that use PBuj and the NHC ligands proceed largely by fundamentally different mechanisms.

T'he Suzuki coupling of 4-bromo-acetophenone with phenylboronic acid was achieved using Nil,(tmiy), with 19 to
58% aryl halide conversion and TONs of 630 to 1930.° Amination of aryl chlorides was accomplished by using a

nickel hydroimidazoline carbene complex (Equation (27)).108
Ni(acac),
/ \ NHC Ligand / \
Cl + HN O —— N O 27
\ / NaH/NaOBu! \ / (27)
THF, 65 °C

The only side-product observed was the arene resulting from reduction of the starting aryl chloride. This is in fact
the first example of carbon—nitrogen couplings mediated by nickel dihydroimidazolidine carbene complexes.

8.01.6.3.4 Catalytic carbon-halogen bond activation with nickel carbene complexes

The transformation of aryl and alkyl halides into arenes and alkanes represents an important chemical transformation
in organic synthesis as well as in industrial applications.109 The environmental remediation of aryl chlorides because
of their deleterious environmental and health impacts has driven efforts to develop practical and effective processes
for the reduction of aryl chlorides to arenes.

Dehalogenation of aryl halides was efficiently effected in refluxing THE using a catalytic combination of Ni(0)/
NHC/S-hydrogen-containing alkoxide.!® Catalytic preparations consisting of IMes-HCI (1,3-bis(2,4,6-trimethylphe-
nyl)imidazolium chloride) with either Ni(acac), or Ni(0) precursors together with NaOPr' were found to be the most
effective for the dehalogenation of functionalized aryl chlorides, bromides, iodides, and polyhalogenated hydrocar-
bons. Mechanistic studies, using isotopically labeled isopropoxide, showed that the source of the transferred hydro-
gen atom is the isopropoxide group. The reactivity of halogens was found to follow the general order I>Br>CL.
Partial defluorination (25%) was observed during the reductions of 4-bromo- and 4-chlorofluorobenzenes to fluoro-
benzene.

Catalytic defluorination of aryl fluorides was efficiently performed with a 8-hydrogen-containing alkoxide in the
presence of 3mol.% of [1:1] Ni(0)/IMes-HCI catalyst (IMes = 1,3-dimesitylimidazol-2-ylidene).""" Oxidative addi-
tion of the aryl fluoride to a Ni’L species, subsequent fluoride ligand displacement by the alkoxide ligand, followed
by [-hydrogen elimination were proposed as the key steps in the catalytic cycle.
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8.02.1 Introduction

This chapter reviews progress in the chemistry of nickel complexes containing o-bonded carbon ligands within the
period 1993-2004. The first year (1993) overlaps with the coverage of COMC (1995) to ensure the continuity of the
series. T'he account will be limited to compounds containing alkyl, alkenyl, aryl, and alkynyl ligands as well as
alkylidene- or alkylidyne-bridged binuclear and polynuclear complexes. Although it is now recognized that hetero-
cyclic carbenes are essentially o-carbon ligands, nickel complexes with these ligands are described in Chapter 8.01.
A strong emphasis is made on synthesis and reactivity, but significant structural or spectroscopic properties are
frequently mentioned in the text or displayed in schemes and equations. Lists of compounds (restricted to those that
have been isolated in pure form) can be found in the tables, which also indicate the characterization data available for
each of them.
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T'he organization of the chapter follows the general lines laid out in COMC (1982) and COMC (1995), although it
presents some relevant variations. T'hus, the distinction between “monoligand” and “bisligand” complexes has been
omitted, but in order to systematize the large body of information relative to the synthesis of mono and bis(organo)-
nickel complexes (Section 8.02.3), these have been classified according to the open or cyclic structure of the ligands,
distinguishing between “simple” mono and bis(organo)nickel derivatives, monoorganonickel complexes containing a
chelating anionic ligand (e. g., acetylacetonate, salicyladiminate, etc.) and cyclometallated complexes, that is, those in
which the C-bonded ligand presents a secondary donor interaction with the nickel atom, involving a coordinate bond.
The latter compounds have been distinguished from metallacycles, which have been defined as those containing a
dianionic chelating ligand with at least one Ni-C bond. Metallacycles are discussed separately in Section 8.02.4.

As in COMC (1982) and COMC (1995), catalysis results are only mentioned in those cases where o-bonded
organometallic complexes have been isolated or characterized. However, since the discovery of the a-diimine nickel
catalysts in 1996, the interest in the field has been strongly polarized toward the study of the new olefin polymeriza-
tion and oligomerization catalysts, many of them o-organonickel compounds themselves. In order to account for this
important aspect of the chemistry of o-bonded organonickel compounds, the different kinds of catalysts and
mechanistic studies are discussed in Section 8.02.3.4.4.

The rapid growth of nickel chemistry is also noticeable in the emergence of new types of compounds. Stable
o-organonickel complexes in oxidation states other than 2 are becoming more common. These compounds are
described in Section 8.02.7. The connection of the organometallic chemistry of nickel with important biological
processes continues to lead to significant advances, such as the preparation of organometallic compounds with
macrocyclic ligands, which are reviewed in Section 8.02.8.

8.02.2 Ligand-Free and Solvated s-Organonickel Complexes

Base-free complexes of Ni of composition NiR, or Ni(R)X, where R is a o-bound organic fragment and X is a simple
anion (halide, pseudohalide, hydroxide) are in general very unstable species, and their isolation remains very rare.
However, the chemistry of anionic “ate” complexes [NiR,, ] and [NiR,(u-X)], ™ is growing steadily, especially in
the case of the perfluoroaryl derivatives ('T'able 1). This section will cover all these compounds as well as their adducts

Table 1 Ligand-free and solvated compounds

Compound*” Characterization”® References
Ni{CH,(CF3)3-2,4,6},, 1 A, mld, MS, IR, 'H, "F 10
Ni{CeH2(CF3)3-2,4,6},dme, 5 A, MS, IR, 'H, "F, XR 15
{Li(THF),}Ni(Mes)s, 13 XR, EPR, (dec > —10°C) 23
[NEt;],[Ni(C=C-C=N),], 6 IR, XR 16
{Li(THF)},Li,{NiMe.},, 10 A, G, "Li, XR 20
{Li(THEF)},{NiMe,},, 11 A, °C, "Li, XR 20
{Li(THF),},NiPh,, 12 A, 'H, *C, "Li, XR 21
{Li(OEt,)},Ni(CH,NMe,),, 14 A, 'H, °C, XR 24,25
{Li(OEt,)},Ni(CH,NCsH, )., 14 A 'H, PC 24
Lis{Ni(CH,NMe),CH,),},, 15 A, mld, MS, 'H, *C, "Li, XR 26
{Li(OEt,)},Ni(CH,SBu"),, 16 'H, C, XR 27
{Li(tmda)},Ni(CH,CH,CH,CH,C(0)0), A 19
{Li(emda)},Ni(CH,CMe,CMe,CH,), A, mid, 'H, °C, XR 17
{Li(THF)},Ni(CH,CMe,CMe,CH,), A 17
[NBuy],[Ni(CeFs)4l, 17 A, IR, F 32
cis-[Ni(C4Fs)-(THF),], 18 IR, 'H, "F, XR 32
is-[Ni(CgF35)»(CO),], 21 IR, 'H, "F, XR, (dec > —40°C) 32
[NBu,][Ni(CgF5)5(CO)], 23 A IR, F 32
[INBulo[{Ni(CeF5)2)2(1-X),1, 20 A IR, F 32
X=Cl, Br, I
cis-[INBuy][Ni(CeF35),X(CO)], 22 A IR, F 32
X=Cl, Br, I
[PPh,],[Ni(CeF5),(SCN),] A, mld, A, UV, *'P, F 34

(Continued)
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Table 1 (Continued)

Compound* Characterization® References

[PPhylo[{Ni(CeFs)2}2(p-X)21, 20 A, mld, Ay, UV, *'P, "F 34
X =SCN, OCN, N,

[PPhy]2[Ni(CFs),(u-SCN),Pd(1-SCN),Ni(Co F5).] A, mld, Ay, UV, *'P, "F 34

[PPhy]5[Ni(CgF5),(u-SCN),Pd(SCN),] A, mld, Ay, UV, *'P, 'F 34

[NBuyl2[{Ni(C6Fs)2}2(1-OAr),], 30 A, mld, Ay, UV, 'H, "F 35
Ar="Ph, p-Tol, CsHyNO,-4, C¢F5

[INBuy2[{Ni(Cel5)2}2(-NHCF5).], 30 A, mld, Ay, UV, 'H, "F 35

INBusLo[{Ni(CF5)2}2(11-SR).1, 30 A IR, 'H, "F 36
R=H, Me, Et, Pr', Ph, p-Tol

[NBu,l,[Ni(CoF5),(11-SE),Ni(1-SEt),Ni(C6Fs),] A, IR, 'H, F, XR 36

Ni(C6Fs)2(p-SAr),M(dppe) A, mld, A, UV, >'P, 1F 34
M =Ni, Pd, Pt; Ar=Ph, p-Tol, CsH,NO,-4

[NBuylo[Ni(CeF5)5(1-S),M(1i-S),Ni(Ce F5),1, 27 A, A, UV, IR, F, (XR, M =Mo) 38
M =Mo, W

[NBuyl[Ni(CeFs)o(1-S)MX)(Y)], 28
M=Mo; X,Y=S, S; S,0; 0,0 A, UV, IR, 'H, F 38
M=W;X,Y=§5, S; S,0 A, UV, IR, 'H, F 38

INBuJ[Ni(C6F5)2(PS2(OR),-17-8,8)], 26 A, Ay, IR, 'H, G, P 39
R =Me, Et, Pr'

[INBuy][Ni(CoFs)2(PS,(OR)(AN)-£-S,9)], 25 A, A, IR, 'H, BC, 3'p 39
R=Me, Et, Prf; Ar=CcH,OMe-4 (XR, R=Et; Ar=Ferrocenyl)
R =Me, Et, Pr'; Ar=Fc¢

[INBuJ[Ni(C6Fs),(P(S)(O)OR)(Ar)-+>-8,0)], 25 A, A, IR, 'H, B¢, P, XR 39
R=Pr'; Ar=Fc

[INBusl2[{Ni(CeFs)2}2(1-OAr)(u-pz)] A, mld, Ay, 'H, "F 37
Ar=p-Tol, CeH4NO,-4, CoF5 (XR, R=C¢Fs)

[NBuglL[{Ni(CF5),),(1i-OH)(pi-7-aza-1 H-indole)], 29 mld, A, "H, "F, XR 37

[INBugl,[{Ni(CeFs5)2}2(11-SR)(p-pz)] A, IR'H, °F 36
R=H, Ph, p-Tol

[INBugl2[{Ni(CoFs5)2}2(1u-SR)(p-t2)] A, IR'H, F 36
R=H, Ph, p-Tol

Nli{CHZCHZP(N('l‘I\IS)Z)II\I(’I'I\IS)}(nz-CZH4,)31 XR 41

tz, 1,3,4-triazolate; A, elemental analysis; m/d, melting or decomposition point; A,,, molar conductivity; MS, mass spectrum;
UV, ultraviolet-visible; IR, infrared; 'H, °C, ®'P, '°F, “Li, NMR spectra; XR, X-ray diffraction; CV, cyclic voltammetry; dec,
decomposition temperature.

with solvent molecules or other weak ligands, which can be considered as base-free complex equivalents for most
purposes. Since it is often difficult to be precise about what is understood by a “weak” ligand, we will follow the
criterion adopted in COMC (1995) and will consider only ligands that do not contain group 15 donors, such as ethers,
olefins, or CO. Isocyanide and heterocyclic carbene ligands will be excluded as well.

The formation of Ni—C and Ni—H bonds by the interaction of nickel atoms with organic molecules in the gas phase
or in surfaces has received a great deal of attention in the past. Reference to a large body of this work can be found in
COMC (1982) and COMC (1995). Recent developments in this field have used advanced mass spectrometry
techniques, such as Fourier transform cyclotron resonance! or time-resolved mass spectrometry® to explore the
interaction of Ni't ions with hydrocarbons. The selectivity of the cleavage of C—C and C-H bonds depends on the
clectronic state of the Ni atom. Methane activation by Ni atoms has been explored by experimental and theoretical
methods. Ground state Ni(0) atoms do not react with CHy (although they do with SiH4 or GeHy), but on excitation
with UV light, oxidative addition of a C-H bond takes place, giving rise to NiH(CH3), identified by its characteristic
v(Ni—H) IR absorption at 1954 em '3 Several calculations have addressed the mechanism of the H-CH; oxidative
addition to naked Ni atoms. A correct handling of electronic correlation is essential in these studies, and therefore
the application of DF'T methods has been an important advance in this field.>™ In general, it is found that the process
is mildly exothermic (ca. —8 to —10kcal mol '), but the activation energy barrier appears to be higher for 'D or *D
(45'34°) configurations (ca. 10-18 kcal mol™H® than for the 'S state (37'°) (0.5-4 kcal molfl).“’5
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Apart from two early examples of homoleptic complexes (NiMes, and Ni(CPhs),, sece COMC (1982)), few
examples of NiR, complexes have been described. The bis-aryl Ni(C¢H,(CF3);5-2,4,6),, 1, was reported by
Edelmann and Belay in 1994 (1, Equation (1)).10 Rather surprisingly, this compound is said to be diamagnetic and
thermally stable, but unfortunately no structural data are available for it. Three other homoleptic NiR, compounds,
2,012 3 13 4nd 4'* have been reported, but they will not be commented upon here since they are stabilized by strong
intramolecular donor interactions (see Sections 8.02.3.1 and 8.02.4.2).

CF, CF; FiC
FsC Li + NiCl, —> F,C Ni CF, 1)
CF, CF; FiC
1

An adduct of compound 1 with dimethoxyethane has been prepared and characterized (Equation (2))."® In the
crystal structure, two fluorine atoms of the 07740-CF 3 groups display short contacts with the nickel atom. Variable-
temperature 'F NMR spectra confirm the existence of F-Ni bonding interactions which exchange their positions at
room temperature with AG* = 12.5kcal mol ™! (Equation (3)).

1.886(6) A
2.592(5) A 22 ©)
F
F1C \ !
: o, i X
NiCly(dme) + Li CFy —  » “Ni FaC,_ CFs (2)
o7
FoC / /‘ E
c CF4
2.0136)A F2
5
FZC_E CF3 CF3 E_CFZ
CF3 F—CF, F,C—F CFs

Nickel “ate” complexes of composition NiR4*~ have been known for a long time, especially the tetraalkynyl
derivatives, which are readily preparable compounds. A recent example is shown in Equation (4).1¢ Tetraalkyl and
tetraaryl nickelate compounds are very air sensitive, but thermally stable. The stability of these compounds is
improved when the alkyl moiety forms a metallacyclic structure. Some of these compounds have been prepared by
conventional transmetallation routes, although the choice of the starting material (NiCp,, KNi(NPh;);) seems to be
important for the success of the reaction (Equation (S)).”’18 As shown in Equations (6)—(8), their stability is further
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enhanced by avoiding §-H atoms and by stabilizing the alkali metal cation with strongly chelating ligands. The
metallacycle 8 inserts 2 equiv. of CO, into the two Ni—C bonds giving a metalladilactone.’

[NEt;LINiBry] + 4MesSnC=C-C=N — = [NEt,L[Ni(C=C-C=N),]
—4SnMe;Br (4)

6
NiCp, + LiCH,CMe,CMe,CHoLi —meda,_ j:/\m/\:@ - {Li(tmeda)}, 5)
7
j:/\Ni - {Litmeda),} 234Cc_ CHy (43%) + CyHg (24%) + CyHy (33%) (6)
7

182°C
E:NG - {Litmeda),} —— = C,Hg (4%) + C,H, (4%) + C4Hg (83%) + CsHqo (9%)

8
_ _ 108°C
CNG C{Li(THF),}, ———— CyH4 (4%) + Cy4Hg(84%) + CyHyg (12%) ®)
9

Binuclear complexes of Ni and Pd containing oxamidinate (OXAM) ligands have been successfully employed in the
synthesis of tetramethyl and tetraphenyl metallate complexes (Scheme 1).2%2! The methyl derivative 10 has a
binuclear structure in the solid state (Figure 1) that features two NiMe, units held together in a parallel fashion by
agostic interactions of the Me groups with the four Li atoms located in the intermediate wedge. Complex 10 can add
two extra THF molecules to the open Li positions without noticeable changes in the structure (compound 11). In
contrast with the NiMe4 complexes, the phenyl derivative 12 is monomeric and displays m-interactions of the Li atoms
with the phenyl rings directed to the 7pso-carbon atoms. Compounds 11 and 12 may be identical to those reported by
Taube and Honymus in 1975.%2 An exceptional member of this kind of compounds is the trismesityl complex 13
(Equation (9)).23 Although its synthesis follows the same route used for S, in this case the dme ligand is not retained.
The complex is paramagnetic and decomposes above —10°C. Its crystal structure shows an unusual tricoordinated Ni
center that exhibits a T-shaped geometry, with two agostic interactions occupying vacant coordination positions.

NiClo(dme) + LiMes ——>

Ni--H : 2.17(1), 2.13(1) A

13

{ THF

L Mes N~ 8LiMe {LI(THR)LLinfNiMegly ——  {Li(THF)}4{NiMey},

O NopoN | — 10 11
ASN-NL . NI 7

| NTTN =%
x Med O}‘j/ 8% {Li(THF)}5{NiPh}
(Mes = mesityl) 12

Scheme 1
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(b)

Figure 1 Crystal structures of compounds (a) 10 and (b) 12.

Several tetraalkylnickelate complexes containing aminomethyl>*2® and thiomethyl?” ligands have been reported
(Equations (10)—(12)). It is remarkable that their structures show no Ni-N or Ni-S interactions. In addition to the
expected Li-heteroatom bonds, interactions of Li with the a-C atoms of the functionalized alkyl groups are observed

in these compounds. The cyclic compound 1S displays a binuclear structure exhibiting two parallel square-planar

units bridged by Li atoms in a manner that is reminiscent of that observed for 10 and 11.

R%, R2
4LICH,NR? N NG
NiXo(PR3), SN2, (E,O)Licl. Ni. Li(OEty)
N N
2 2
X =Cl, Br RZ, R2,
R'=Me, Bu", Ph NRZ, = NMe,, NCsHqq
14
LiCH,—NMe
2 CH, \N N/
) LiCH,~NMe N/ N
NiCly(PBU";), T, L) Nl
\N_/ \_Nf
/ v,
15
R1
(ORZZ)Lifz;:--HZQ\S/
. 1 PR B \
NiXo(PBu"), —_4HCHSRT L ITESOH,
=B : Ni®T
X = Cl. Br R' = Bu’, Me, Ph /S\C'\ i “,Li(ORzz)
R Ha !
s
16 R’

ORZ, = OFt, or THF

(11)
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It is well known that perfluorophenyl groups impart improved stability to their organometallic derivatives, and this
has allowed the development of an extensive chemistry of their ligand-free Pd and Pt complexes. The preparation
and properties of several perfluorophenylnickel complexes has been known for many years (see COMC (1982) and
COMC (1995)), but many other ligand-free Ni perfluorophenyl compounds have been reported recently, paralleling
the chemistry of the two heavier group 10 elements. Some of these results are summarized in Equations (13) and (14)
and in Scheme 2. Some complexes, such as [NBuylo[Ni(CeFs)s] (17, Equation (13))® and Ni(CsFs),(THF),? (18)
have been revisited and their characterization has been completed. The reaction of NiBr, with Mg(CgFs)I followed
by treatment with 1,4-dioxane gives the corresponding dioxane solvate,>® which can be used in turn to obtain the
acetonitrile®! or THF adducts (Equation (14)).32 However, the latter is best prepared from the halide-bridged anionic
derivatives (see below).

[INBugp[NiBry] + 4LiCgFs ———»  [NBuylo[Ni(CeFs)4l

17 (13)
I\
NiBr, + 2Mg(CeFs)l ——» Ni(CgFs)(diox), S, Ni(CeF5)2(S), (14)
18: S=THF
19: S =MeCN
1.919/3 1.840/—\ .
CeF co co Ni(CeFs)S X- CeF X CgF HCl
R: 2516, ° O\ / - (_6 5152 2 | TN T 5L Ni(CFe)(THF),
L1 Ni . 18:s=THF - I J
2530 cm /N —40°C Ag* THF 7NN 18
CsFy  CO 19:s=MecN| 79" CeFs X CgFs
21 20
X =Cl, Br, I, SCN, OCN, Ny
—-CO ﬂ +CO
OH~ - 2—
CeFs. . CO| R LiCeFs
Ni 2090 cm™(Cl) —>  [Ni(C¢F5)3(CO)]-
cefd x| 2084em”(er) 23
2073 em~'(1) »
v L IR: 2070 cm
CeFs, S, ,OR - 22
Ni 2P HP(S),(OR)
oaFs X or - P R 2
- 25 - (NHyP(S)X)AN(OR) || 7875\ NG 65 REH CoFs. E. CeFs
1- -H0 Cst/ o’ \Cer -H0 CoFs’ 'E° CeFs
CeFs, S, ,OR 514 R
] )
ceFd s “or REH = ArOH, RSH, CgFsNH,

- : 30
26 0
X=0,S S
’ (NHZ)2(M(S)2(X)(Y)) | P D
NN

H
N
6 5., Lels —
N MO 27 NH N
CeFy 8 8" Cofs Ii,O\'\l‘i
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Nickel-Carbon os-Bonded Complexes

The anion [Ni(C6F5)4]27 is oxidized by C12,33 giving rise to the paramagnetic [NiHI(C(,FS)A‘]* (see Section 8.02.7).
It also reacts with HCI to yield 20 (X = Cl), a chloro-bridged binuclear compound, which serves as a starting material
for an improved synthesis of Ni(Cg¢Fs),(THF),, by chloride abstraction with Ag*.32 A number of halogen and
pseudohalogen binuclear derivatives 20 can also be prepared from the acetonitrile compound 19.3* The high degree
of stabilization achieved by perfluorophenyl derivatives is reflected by the isolation and full characterization of a
range of perfluoroarylnickel carbonyl complexcs,32 since compounds of this kind are usually unstable. Thus, the
THF ligands of 18 can be displaced by CO at —40 °C, giving the dicarbonyl 21. Although this compound decomposes
by reductive elimination above —10°C, it has been structurally characterized. Carbon monoxide cleaves the halide
dimers 20 (X=Cl, Br, I) to the corresponding mononuclear carbonyls 22, but due to the presence of the potentially
bridging halide ligands, the process is easily reversed. Replacement of the halide ligand by a third CF5 group gives
the more stable complex 23. It is interesting to mention that this compound is also formed when [Ni(C()FS)]427 is
reacted with HClI in the presence of CO, indicating the preference of the electron-rich Ni center to bind CO over Cl ™.
The hydroxide 24, prepared from the acetonitrile adduct 19, is a versatile starting material for the synthesis of a wide
range of derivatives containing the Ni(Cg¢F's), unit. This compound reacts with weak acids such as ArOH,35 RSH,36
CeFsNH,,37 or hetcrocyclcs,35’37 giving rise to the corresponding ArO, RS, CgFsNH, and heterocycle-bridged
binuclear compounds. An analogous reaction with ammonium thiomolybdates or thiotungstates provides sulfide-
bridged heterobi- and trinuclear complcxes.38 A similar strategy allows the preparation of complexes containing
dithiophosphate, thiophosphonate, and dithiophosphonate ligands.>®

The reaction of Ni(0) compounds with transmetallation reagents provides access to a wide range of alkyl “ate”
complexes supported by olefin ligands. These are important due to their connection with catalytic olefin
oligomerization reactions (“nickel effect”), but most of them were reviewed in COMC (1982) and COMC
(1995). Fewer Ni olefin alkyl compounds are mentioned in the recent literature, probably due to the present
interest in Ni(i1) polymerization catalysts. Compounds of composition Ni(R)(AIR;)(cod) are thought to be
produced in the reaction of Ni(cod), with aluminum alkyls or hydrides.40 Crystals of a unusual compound, 31,
displaying a metallacyclic moiety and an n°-ethylene ligand have been isolated from the reaction of Ni(1?-C,H,);
with an iminophosphorane (Equation (15)).*! The reaction of Ni(cod), with ligands containing an acidic hydrogen
is a classical method for the synthesis of Ni(i1) alkyl complexes displaying internal n*-olefin interactions. When
acetylacetone-; is used in this reaction (Equation (16)), product 32 incorporates ca. 70% D in the anzi-position 