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Non-Precious Metal Complexes with an Anionic PCP Pincer

Architecture

Sathiyamoorthy Murugesan and Karl Kirchner*

This perspective article provides an overview of the advancements in the field of non-precious metal
complexes featuring anionic PCP pincer ligands with the inclusion of aliphatic systems. It covers research
from the beginning in 1976 until late 2015 and provides a summary of key developments in this area,
which is, to date, limited to the metals nickel, cobalt, iron, and molybdenum. While the research in nickel
PCP complexes is already quite extensive, the chemistry of cobalt, iron, and molybdenum PCP complexes
is comparatively sparse. With other non-precious metals such as copper, manganese, chromium or
vanadium no PCP complexes are known as yet. In the case of nickel PCP complexes already many
catalytic applications such as Suzuki—Miyaura coupling, C-S cross coupling, Kharasch and Michael
additions, hydrosilylation of aldehydes and ketones, cyanomethylation of aldehydes, and hydroamination
of nitriles were reported. While iron PCP complexes were found to be active catalysts for the
hydrosilylation of aldehydes and ketones as well as the dehydrogenation of ammonia-borane, cobalt PCP
complexes were not applied to any catalytic reactions. Surprisingly, only one molybdenum PCP complex
is reported, which was capable of cleaving dinitrogen to give a nitride complex. This perspective
underlines that the combination of cheap and abundant metals such as nickel, cobalt, and iron with PCP
pincer ligands may result in the development of novel, versatile, and efficient catalysts for atom-efficient

catalytic reactions.

Institute of Applied Synthetic Chemistry, Vienna University of Technology, Getreidemarkt 9, A-1060
Vienna, AUSTRIA, e-mail: kkirch@mail.tuwien.ac.at

1. Introduction

Transition metal complexes are indispensable tools for every chemist engaged in synthesis.
Ideally, any metal-mediated catalytic process should be fast, clean, efficient, and selective. These criteria
are especially important when one considers that many of the transition metals employed in catalysis are
rare and/or expensive. One of the ways of modifying and controlling the properties of transition metal
complexes is the use of appropriate ligand systems. Among the many ligand systems that can be found in
the chemical literature pincer ligands play an important role and their complexes have attracted
tremendous interest due to their high stability, activity and variability.1'2 These tridentate ligands are often
planar scaffolds consisting of an anionic or neutral central aromatic backbone tethered to two, mostly
bulky, two-electron donor groups by different spacers. In recent years, pincers with aliphatic backbones
have also received considerable attention. In this family of ligands steric, electronic, and also

stereochemical parameters can be manipulated by modifications of the substituents at the donor sites
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and/or the spacers allowing the possibility of a rational and modular design enabling the generation of
highly active catalysts for a range of chemical transformations with high selectivity. Most common are still
pincer systems with phosphine donors tethered to an aromatic benzene backbone, so called PCP pincer
ligands. The first PCP pincer complexes were already synthesized in the mid-1970s by Shaw and co-
workers.? They prepared PCP pincers with bulky tertiary phosphines which were linked with a CH, spacer
to a deprotonated anionic benzene unit and, in fact, also reported the synthesis of the first nickel PCP
pincer complex. However, this area remained comparatively unexplored until in the late 1990s several
applications of mostly precious second and third row transition metal pincer complexes in the fields of
catalysis, molecular recognition and supramolecular chemistry were discovered turning this area into an

intensively investigated subject in organometallic chemistry.

\ X = CH,, O, NH, NMe

M M=Ni Co, Fe and Mo

I C = sp? or sp® carbon donor

P R = electron withdrawing or donating group

Scheme 1. The aromatic and aliphatic PCP pincer platform with PCspZP and PCspsP frameworks

connecting the phosphine donors with various linkers X.

This perspective article provides an overview of the advancements in the field of non-precious
metal pincer complexes featuring anionic PCP pincer ligands with the inclusion of aliphatic systems as
shown in Scheme 1. It covers research from the beginning in 1976 until late 2015 and provides a
summary of key developments in this area, which is, to date, limited to the metals Ni, Co, Fe, and Mo. An

overview of all PCP motifs found in the literature in conjunction with non-precious metals is provided in

Chart 1.
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Chart 1 Overview of PCP ligand motifs which are applied to non-precious metals

2. Nickel PCP Pincer Complexes

The first PCP nickel complexes were prepared and characterized by Shaw® in 1976. Since then the

4,5,6,7
>0 Several

chemistry of nickel PCP complexes increased significantly particularly in the last decade.
[Ni(PCsp2P)(X)] and [Ni(PCspsP)(X)] (X= CI, Br, I) complexes, which are the most common synthetic
entries into nickel PCP chemistry, were prepared by treating simple nickel halides with the respective
pincer ligands in the presence of base. This led to the synthesis of a variety of new nickel complexes as

shown in Chart 2.3,4,6,8,9,10,11,12,13,14,15,16,17,18,19
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R = Me, OMe, COOMe
Zargarian, 2012

Q\ \
N—P/Pr2
N|—CI

tBuzP—Nl—PtBuQ tBUZP_Nl_PtBUZ

C| C| /

Wendt, 2014

O-Tiprz o— PlPr2 P/Pr2
& Q
? / l\lli—Br ~7
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Kirchner, 2014 Zhang, 2015

Chart 2 Overview of common Ni(ll) PCssz and PCspsP pincer precursors

Betz and co-workers prepared complex 1 bearing an anthracene-based PCspZP Iigand.4 This

complex was found to react with dimethyl acetylene dicarboxylate as dienophile in a [4+2] Diels-Alder
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cycloaddition to yield complex 2. In the course of this reaction, complex 1 which contains a nickel-Csp’

bond, is transformed into a complex with a nickel-Csp’-bond (Scheme 2).20

COzMe
CO,Me MeO,C

OOO . ||| (ECOCH:CH:0 O% O

reflux
thP\Ni\Pth CO,Me

PhoP—Ni~ppp,
¢l

1 cl 2
Scheme 2 [4+2] Diels-Alder cycloaddition at the aromatic PCspZP backbone of complex 1 with acetylene

dicarboxylate

A series of heterobimetallic complexes17 were prepared in good yields by nG coordination of the fragments
[Cp*Ru]’, [CpRU]", [CpFe]’, and [Cr(CO);] to the aromatic ring of the non-symmetric Ni(ll) PCP compound
3. The molecular structures of these new compounds were unequivocally determined by single-crystal X-

ray crystallography. The reaction is regiospecific and only coordination at the non-cyclometalated ring was

B 5

/PrzP—Nl—P/PrQ /PrZP_N'_P/PrZ

observed (Scheme 3).

CI
3 CI
[M] = [Cp*Ru(CH4CN);]PFs ML, = [Cp*Ru]PF¢4a
[Cp,Fe] / NH4PFg [CpFe]PFg 4c
[Cr(C1oHg)(CO)s] Cr(CO); 4d

Scheme 3 Preparation of n° n'-bimetallic nickel PCsp’P complexes

Treatment of anhydrous NiCl, with a non-symmetric PCP pincer based on a naphthoresorcinol frame
under base free conditions afforded the air and moisture stable 16e square-planar complex
[Ni(PCsp?P)(Cl)] (5) in good yield (Scheme 4).2" Complex 5 is a very efficient and robust catalyst which
exhibits a comparable performance in the Suzuki-Miyaura cross coupling reactions as that of similar Pd(ll)
pincer systems albeit with longer reaction periods and larger catalytic amounts of catalysts (1.0% Ni
versus 0.1% Pd). The cross-coupling of different para-substituted bromobenzenes with phenylboronic acid
produced high vyields of the corresponding biphenyl derivatives (Scheme 4). Another attractive

characteristic of the present system is the easy synthesis from cheap commercially available starting
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materials and the use of considerable cheaper and biocompatible Ni(ll), thus making this system attractive

for its potential application in organic synthesis.

O

NIC, toluene O Ni—cl
reflux 24h |

0—PPh,

0—PPh, ;
@/B(OH)Z 5 (1.0 mol %), Na,COs H
) - =~~~
DMF, 110°C, 15h
R = NH,, OMe, Me, H, Cl, CHO, COMe, CN, NO, 42-99 % yield

Scheme 4 Synthesis [Ni(PCspQP)CI] (5) and its catalytic activity in the Suzuki-Miyaura cross coupling

Interestingly, the closely related complex 6Cl featuring a benzene rather than a naphthalene backbone
reacted with para-substituted benzyl bromides in the presence of Zn as reducing agent to afford only
homo coupling products (Scheme 5).22 The scope of the homo coupling reaction was explored with a
variety of functionalized benzyl bromides. Excellent GC vyields (75 - 99%) were achieved in most cases.
Benzylbromides with electron-donating substituents on the phenyl ring tend to offer slightly better yields
than those with electron-withdrawing groups. It was proposed that the Ni(ll) PCP complex 6Cl was
reduced to a Ni(l) species which promotes C-Br bond cleavage thereby forming a Ni(ll) pincer bromide

intermediate along with the benzyl radicals, which underwent dimerization to afford homo coupling

products.
R O—PPh,
/@/\Br 6Cl (5.0 mol%), Zn (3 equivs) O l\ll o
> i—
R DMF, 115°C, 16h O |
R O—PPh,
9 examples 43 - 93% yield 6CI

Scheme 5 Homocoupling of para-substituted benzylbromides catalyzed by complex 6Cl

Moreover, complex 6Cl also efficiently catalyzes the thiolation (C-S cross coupling) of iodobenzene with a
broad scope of disulfides in the presence of Zn as reducing agent in DMF at 110°C (Scheme 6).23 The
coupled products were obtained in excellent and, in many cases, nearly quantitative yields. Another
interesting direct C-S bond formation was discovered by Guan et al® They were able to obtain thioethers
in good to excellent yields (49-97%) from the reaction of iodobenzene with different aryl substituted thiols
in the presence of 6CI (1.0 mol%) and KOH in DMF at 80°C (Scheme 6).
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| /R 6CI(1.0mol%), Zn (3 equivs) S<
S-S > R
©/ * R/ DMF, 110°C, 4h ©/ O—TPh2

R = Me, iPr, nBu, tBu, Ph 49 - 99% vyield Ni—ClI

I 6CI (1.0 mol%), KOH (2 equivs) S\R O—PPh;
+ HS—R o 6ClI
DMF, 80°C

94 - 97% yield

R = Ph, Ph-p-Me, Ph-m-Me, Ph-o-Me
Ph-p-OMe, naphthyl

Scheme 6 C-S bond forming reactions catalyzed by the Ni(ll) PCssz complex 6ClI

A series of complexes of the type [Ni(PCspZP)(L)] containing the 2,6-bis-(diisopropyl-
phosphinomethyl)phenyl pincer ligand and simple monoanionic ligands L (L = F, CI, Br, H, Me, Ph, NO3,
CF3;S03) were synthesized and characterized. The fluoride derivatives were prepared from bromide
complexes (7Br) by exchange reactions with AgF or, by protonolysis of the methyl complexes
[Ni(PCspZP)(Me)] (8) with NEt;-3HF affording complex 7F. Upon treatment of complex 7Br with Mel

halogen exchange took place to yield complex 71 (Scheme 7).25

Vel AgF NEtg 3HF
iProP—Ni—PiPr, ~—— jPr,P—Ni—P/Pr, —> iPrZP—I\lli—PiPrZ - /szP—l‘lh—PlPrz

o Br s+ F Me

7Br

Scheme 7 Formation of halide complexes [Ni(PCsp’P)(X)] (X = F, Cl, Br, I) (7F, 7Cl, 7Br, 71)

Transmetallation reactions of the halide complex 7Br with methyl or phenyllithium also proceeded
easily affording the corresponding alkyl and aryl derivatives [Ni[(PCsp2P)(R)] (R = Me, Ph) 8 and 9 in good
yields. These complexes are thermally stable, and they resist exposure to air for some time in the solid
state. However, during one of the attempts to crystallize the nickel methyl complex colorless crystals were

isolated.

LiR after crystallization
. ) . from 8
iPrzP—l\|li—PiPr2 R =Me, Ph IPrgP—l\Ill—P/Prz

Br R

iPrQP\\ Me //PIPr2
7Br 6} (e}

8 (R=Me)
9 (R = Ph)

Scheme 8 Synthesis of [Ni(PCspQP)(Me)] (8) and [Ni(PCspQP)(Ph)] (9) via transmetallation
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These were identified as the diphosphine oxide 1-Me-2,6-(iPr,P(O)CH,).CsH3, where the methyl
group saturated the jpso position originally bound to nickel, suggesting that the reaction with oxygen
induces the reductive coupling of the methyl and the pincer ligand (Scheme 8).25

The first paramagnetic Ni(lll) PCspsP pincer complex [Ni(PCspsP)(Br)z] (11) was synthesized by
reacting complex 10Br with copper (ll) bromide in hexane or acetone solutions (Scheme 9).26 The
paramagnetism of 11 was confirmed by determining the magnetic moment in solution by the Evans
method giving a value of pe of 1.73 pg. This corresponds to one unpaired electron. Later on, related
complexes of the type [Ni(PCspsP)(X)z] (X = CI, Br) were also reported by Zargarian and co-workers.?’
Complex 11 was formed due to the facile establishment of the strong Ni-Csp® bond and presumably due
to the higher flexibility of the aliphatic backbone. On the other hand, the analogous [Ni(PCsp2P)(Br)]

1928 \which features a Ni-Csp” sigma bond and a more rigid aromatic backbone, seems to favor

complex,
the Ni(ll) oxidation state in a square planar geometry and does not react with Cu(ll) bromide to form a
Ni(lll) complex.

The paramagnetic Ni(lll) complex 11 promotes the addition of CCl, to methyl acrylate, methyl
methacrylate, styrene, 4-methylstyrene, acrolein, and acrylonitrile (Kharasch reaction).26 This reaction
takes place in refluxing acetonitrile and afforded functionalized alkanes in 95 - 97% isolated yield (Scheme
9). It has to be noted that related Ni(lll) NCN complexes were reported to be catalytically active for the

Kharasch addition.?®2%%

0—PiPr, o
" ‘PIPrQ
|
Ni—Br —CUBr2 Ni—pg, d’ low spin
O—PiPr, O—PiPr,
10Br 1
ClsC Cl
11 (0.1 mol%), CHzCN 3
=\ .+ ccl > —
R 85°C, 24h
R
R = Ph, Ph-p-Me

95 - 97% yield

Scheme 9 Synthesis of the Ni(lll) complex [Ni(PCsp3P)(Br)2] (11) which promotes the Kharasch addition

of CCl, to olefins

Zargarian and co-workers prepared a series of Ni(PCsp3P) complexes which are relevant to
catalytic hydroalkoxylation and hydroamination of olefins, C-C and C-X couplings and fluorination of
alkyls.31 Treatment of 10Br with an excess of potassium trimethylsilanolate and sodium 2.4,6-
trimethlyphenolate to afford the thermally stable complexes 12 and 13, respectively (Scheme 10).
Complex 12 was also converted to 13 by protonolysis with mesitol. In contrast to the clean formation of
these derivatives, the analogous reaction with KOtBu, under the same conditions, led instead to complete

decomposition (Scheme 9).
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8
ONa
? ?
7 ? PrP—N—FPr,
ProP—Ni—PPr, ————— 3
2 2 0
10Br  Br
KOSiMe3l oH 13
? ?
Pr,P—Ni—PiPr,
12 OSiMe3

Scheme 10 Synthesis of [Ni(PCsp’P)(0SiMe;)] (12) and [Ni(PCsp’P)(OMes)] (13)

While amides bearing aliphatic N-substituents reacted with 10Br to unstable derivatives, the
diphenylamido derivative 14 was obtained by treatment of complex 10Br with sodium diphenylamide
(Scheme 11).31 The analogous hexamethyldisilazide derivative also proved to be thermally unstable,
leading to intractable yellow solids.

NaNPh, [
iPrgP—l\lli—PiPrg — PrP—Ni—FPPr

10Br Br 14 NPh,

Scheme 11 Synthesis of [Ni(PCspSP)(Nth)] (14) via halide displacement by diphenylamide

It is interesting to note that related nickel complexes with PCsp°P backbones based on the bis-2,6-di-tert-
butylphosphinomethyl- and bis-2,6-di-iso-propylphosphinomethylbenzene scaffolds (7Br, 15Cl) reacted
with an excess of sodium amide to afford complexes [Ni(PCsp?P)(NH,)] (16, 17) (Scheme 12).2>%%%

NaNH, (xs) )
RZP_'\III_PRZ > R2P_N|_PR2
X NH;
7Br (X=Br,R=/Pr) 16 (R=iPr)
15Cl (X =ClI, R = tBu) 17 (R = tBu)

Scheme 12 Synthesis of [Ni(PCssz)(NHz)] complexes 16 and 17

Attempts to obtain the fluoride derivative of 10Br proved inaccessible as the reaction of 10Br with AgF led
to a colorless solution and an intractable black precipitate. Slow decomposition also resulted from the

reaction of 12 with AgF, but in this case the unusual trinuclear complex 18 could be isolated from the
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reaction mixture. Complex 18 is a zwitterionic species featuring two allyl [Ni(ns'C3H5)]+ fragments, each
coordinated by two phosphorus atoms of the central [Ni(iPrzPO)4]2' unit. The central Ni atom adopts a
tetrahedral coordination geometry defined by four oxygen atoms. The mechanism of this transformation
remains elusive, but the finding that ambient light plays a crucial role in initiating the decomposition

process implies a radical initiated reaction sequence (Scheme 13).31 Zwitterions were implicated as a

reason for lower yields of aliphatic pincer complexes.'"®
iPr,p—0, O—PPr;
Q Q AgF _N/2 N N
iPr,P—N—PPr, — > '\
4 days . _ 0—piP
OSiMes iProP=—0 iPry

18

Scheme 13 Formation of a zwitterionic trinuclear nickel complex 18 featuring anionic nS-C3H5 and iPr,PO

moieties.

A different but related decomposition reaction of the PCspsP ligand was noted during the synthesis of
alkynyl derivatives. Reaction of 10Br with sodium acetylides (NaC=CH, NaC=CPh) at room temperature

led to full conversion of the starting material into alkynyl derivatives 19 and 20 (Scheme 14).31

0 0
|/ﬁ/\| NaC =CR

PrP—Ni—PiPr, ——— PryP—Ni—PiPr,

R =H, Ph |

C

10Br 1]
19R=H C

20 R =Ph |

R

Scheme 14 Synthesis of [Ni(PCspsP)(CECR)] (R=H, Ph) (19 and 20)

Attempts at growing single crystals of 20 were circumvented by a gradual decomposition. A solution of
complex 20 stirred in hexane for two weeks at room temperature resulted in a complex rearrangement
reaction to give complex 21 as a mixture of frans and cis isomers, with the trans isomer being the major
species. Notably, both isomers of 21 are very stable in non-polar solvents such as hexane, benzene or
toluene even at higher temperatures for several hours, whereas in chlorinated solvents decomposition
took place even at ambient temperature within a few hours. The structure of the cis isomer of 21 was
determined by X-ray crystallography and shows that this complex consists of a Ni(0) center ligated by a
bidentate phosphinite-alkene and a n-coordinated phosphinoxy alkyne, both originating from the PCsng
and phenylacetylide ligands. The alkyne and alkene fragments can be treated as two-n-electron-donor

moieties (Scheme 15).'
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10
O—PiPr, /\¢ o
14 days \ - 1Pr2P N|
,\|“ — ph iProP— NI\/( " _~— /
O—PiPr: ¢P "‘
Z 20 o
21 trans 21 cis

Scheme 15 Unexpected rearrangement of 20 in solution

The cyclohexyl-based PCsp3P pincer ligand cis-1,3-bis(di-tert-butylphosphinito)cyclohexyl)
cyclometalated with nickel to generate a series of new Ni(ll) complexes including halide, hydride, methyl,
and phenyl species.14 The reactivity of [Ni(PCspsP)(Me)] (22) towards phenyl acetylene was also
investigated showing a gradual conversion to the acetylide complex 23 over a period of 6 days, upon
heating to 80°C. A coincident formation of CH, was observed by means of 'H NMR spectroscopy (6 = 0.15
ppm in C¢Dg). However, full conversion of 22 was not achieved even upon prolonged reaction times, but
no product was obtained besides 23, which could be obtained in pure form by crystallization from hexane
(Scheme 16).

O—P{Buj O—PtBu,
HC==CPh
Ni—Me ————> Ni—=—~ph
CeDs, 80°C
O—P1Bu, O—PtBu,
22 23

Scheme 16 Synthesis of [Ni(PCspsP)(CECPh)] (23)

The parent amido complex, [Ni(PCsp2P)(NH2)] (16) reacted quantitatively with water and methanol to give
the mononuclear hydroxide and methoxide derivatives [Ni(PCssz)(OH)] (24) and [Ni(PCspZP)(OMe)]
(25), respectively (Scheme 17).% Alternatively, [Ni(PCsp’P)(OH)] (24) was formed also if [Ni(PCsp’P)(Br)]
(7Br) was treated with an excess of KOH or NaOH.* Treatment of solution of [Ni(PCspP)(OH)] (24) with
0.5 equivs of carbon monoxide afforded the dinuclear complex {[Ni(PCssz)]z(,uCOZ-KZC, 0)} (26) (Scheme
18).%

ROH
Prp—Ni—PPr, N iPrzP—l\lli—PiPrz
16 NH, R=H, Me OR
24 (R=H)
25 (R = Me)

Scheme 17 Synthesis of the hydroxy and methoxy complexes [Ni(PCspZP)(OH)] (24) and
[Ni(PCsp’P)(OMe)] (25)
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11
PPr,
CO (0.5 equivs) | /O iPrP
— Ni—<
Pr,p—Ni——pPPr, ~H20 | o_,\|u
(|)H PiPr,
24 26 iPryP

Scheme 18 Insertion of CO into the Ni-O bond of [Ni(PCsp?P)(OH)] (24)

Complex [Ni(PCsp’P)(NH,)] (17) reacted with several substrates bearing acidic C-H bonds such as phenyl
acetylene, imidazole, dimethyl malonate and oxazole to form complexes 27-30. In the course of this
reaction NHj; is liberated (Scheme 19).32 These complexes are able to insert carbon dioxide into the
nickel-ligand bonds, which is a thermodynamically very favorable process. An example is depicted in
Scheme 20. This was shown both experimentally and by means of DFT calculations.*

PtBu,

Ni—N

| f
PtBU2
28
L

S
N

N | e
| |
PtBu, PtBu, o\n/\n/o PtBu,
| HC=CPh o) o) | °
Ni—=——~FPh = Ni—NH, ———> Ni—O N\
| -NH; -NH; | \\OQ
PtBu, PtBu, PtBu,
o7 17 o
- NH3l [ />—H 29
N
PtBu,
Y
Ni— ]
| ©
30 PtBu,

Scheme 19 Liberation of NH; gas from [Ni(PCssz)(NHz)] (17) upon treatment with C-H and N-H acidic
compounds
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12

PtBu, PtBu, O

) CO, | /Ik
Ni—R ——> Ni—O R
PtBUQ PtBUz
17 (R =NH;) 32 (R = NHy)
31 (R=0H) 33 (R= OH)
F|>tBu2 TfBUz ?
CO /k
—N | —N
PtBu, PtBu,
28 34

Scheme 20 Carbon dioxide insertion into the nickel-ligand bonds of [Ni(PCspZP)] complexes

Complexes 35 and 36 were prepared by reacting complex [Ni(PCssz)(OH)] (31) with trimethylsilyl
cyanide and trimethylsilyl azide, respectively. These two complexes are also able to insert carbon dioxide
into the nickel-ligand bond (Scheme 21).32 The synthesis of complex 35 was also described in an earlier
report3 by the reaction of nickel complex 15CI with sodium cyanide in acetone. This complex was,

however, not fully characterized.

PtBu, TMSCN or PtBu, PtBu,
. TMSN; | NaCNos) _
Ni—OH ———» Ni—R Ni—Cl
PtBu, PtBu, PtBu,
3 35 (R=CN) 15Cl
36 (R = Nj)

Scheme 21 Synthesis of [Ni(PCsp?P)(CN)] (35) and [Ni(PCsp’P)(N5)] (36)

Guan and co-workers treated Zargarian's complex 37CI" with LICH,CN to obtain the nickel cyanomethyl
complex 38 in good isolated yield (Scheme 22).35 Complex 38 turned out to be an incredibly robust nickel
catalyst for the cyanomethylation of aldehydes under base free conditions with unprecedentedly high
turnover numbers and frequencies. This was achieved in the presence of merely 0.01 mol % of 38 as
catalyst in acetonitrile as solvent (Scheme 23).35 The reaction was performed at room temperature with a
reaction time of 72h. In some cases TONs of 82000 and TOFs of 1139 h™ were achieved. Mechanistic
studies suggested reversible insertion of aldehydes into the nickel-carbon bond of the cyanomethyl
complex and subsequent C-H bond activation of acetonitrile by the nickel alkoxide intermediate 39.
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13
O—PP2  |iCH,CN, THF O—PiPr,
Ni—Cl » Ni—
. / CN
O-PiPry O-PiPry
37CI 38
Scheme 22 Synthesis of [Ni(PCssz)(CHzCN)] (38)
i 38 (0.01 mol%) OH
R H CH3CN (solvent) R)\/CN 17 examples
rt, 72h
71 -95% yield
OH
O—PiPr, )\/CN
RCHO Ni—CH,CN R
insertion o-PiPr,
O——PiPr, hoN
Q7Ni_°>£\ o
O-PPr, 4  CON
39

Scheme 23 Cyanomethylation of aldehydes catalyzed by [Ni(PCssz)(CHZCN)] (38)

Kemp and co-workers originally reported36 the synthesis of the chloro complex [Ni(PCspZP)(CI)]
(15Cl). The chemistry of this compound was further investigated by Heinekey and co-workers who
prepared several cationic Ni(ll) complexes.®” Upon treatment of complex 15CI with {[(Et3Si)2H][B(CeF5)4l}
as chloride scavenger, the coordinatively unsaturated intermediate 40 was formed, which reacted readily
with both H, and HD to form complexes 41 and 42, respectively. Complex 41 is the first isolated and
structurally characterized nickel-dihydrogen complex. The H, ligand is heterolytically cleaved in the
presence of base to form mono hydride complex 43. The dihydrogen ligand is also easily displaced by
carbon monoxide to yield the carbonyl complex 44 or by dinitrogen to form complex 45 which is a rare

example of a Ni(ll) terminal dinitrogen complex (Scheme 24).
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Scheme 24 Synthesis of several cationic Ni(ll) PCsp’P complexes after halide abstraction from 15Cl.

Zargarian and co-workers were exploring some reactivities of neutral [Ni(PCP)(Br)] complexes
which contain both PCspZP or PCspsP ligands. Treatment of complexes 7Br and 37Br with sodium or
silver tetraphenyl borate in the presence of acetonitriie as coordinating solvent afforded cationic
complexes of the types 46 and 47 (Scheme 25).38 These complexes adopt a distorted square-planar

geometry around the nickel center.

NaBPh, or I
AgBPh4 X :\PIPI'Z
‘ CH4CN
X=PiPr; ° X—PiPr,
7Br (X = CHp) 46 (X = CHy)
37Br (X = 0) 47 (X=0)

Scheme 25 Synthesis of the cationic complexes [Ni(PCspZP)(CH3CN)] (46, 47)

Zargarian, Beauchamp, and co-workers prepared the nitrile complexes 49 and 50 directly via the
reaction of 48Br with NaBPh, in neat acrylonitrile and acetonitrile, respectively (Scheme 26)."”° These
complexes, however, were inert towards olefins. On the other hand, complex 50 underwent reversible

substitution of the acrylonitrile ligand by acetonitrile." Isolation of 51 from the reaction of 49 with aniline

Page 14 of 44



Page 15 of 44 Dalton Transactions

15

suggests that these cationic precursors act as Lewis acids that bind the nitrile moiety of acrylonitrile,
thereby activating the olefin moiety towards nucleophilic attack by aniline. Alternatively, complex 51 was

synthesized by the reaction of complex 48Br with 3-anilinepropionitrile in presence of a silver salt.®

PhHN—_~""CN
Ag*
PtBu, PBu, 1+ PBu, 1*

Ni—Br ———» Ni—NC / _— 2y Ni—NC—/_
/ | CeDs, 80°C
PtBu, PtBu, PtBu,

48Br 49 51

- /) Tl CH4CN

PtBUQ T+
Ni—NCCHs;
PtBUQ

50

Scheme 26 Synthesis of the cationic complexes [Ni(PCsp3P)(NEC-CH=CH2)] (49), [Ni(PCsp3P)(NECCH3)]
(50) and [Ni(PCsp’P)(N=C-CH,CH,NHPh)] (51)

Bromide abstraction from complex 6Br with AgQCF3;SO; in presence of CH,Cl, at room temperature for 3h
afforded the air sensitive compound 52, which was readily converted by addition of acetonitrile to complex

53 which interestingly was resistant towards hydrolysis and/or oxidation (Scheme 27).%

1+
O0——PPh, 0——PPh, O——PPh,
AgCF4SO R K
Ni—Br 2 o ~N—0S0,CF3 CHCN ~Ni—NCCHs
0-PPh, 0-PPh, O-PPh,
6Br 52 53

Scheme 27 Synthesis of [Ni(PCsp?P)(CF3S03)] (52) and [Ni(PCsp?P)(CH:CN)I* (53)

A variety of alcohols were treated with acrylonitrile in the presence of the Ni(ll) diphosphinito PCP
pincer catalyst 52 and NEt;, which led to the formation of a C-O bond containing product (Scheme 28).%*’
Among these alcohols, only with 3-methyl phenol complete conversion could be achieved. Notably,
without the addition of NEt; no reaction took place. Moreover, this reaction did not succeed with more

nucleophilic alcohols such as methanol, ethanol, and isopropanol, due to decomposition of the catalyst.
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O——PPh,
52 (1 0 mol%) ( S—Ni CFs
AN+ O\ + NEt; /O\ ~_-CN /
HO 60° c 3h O—-PPh,

100 % yield 52

Scheme 28. Alcoholysis of acrylonitrile catalyzed by the neutral Ni(ll) catalyst 52

The pincer complex 47 served also as a precatalyst for the regioselective anti-Markovnikov
addition of nucleophiles to activated olefins.*’ The catalyzed additions of aliphatic amines to acrylonitrile,
methacrylonitrile, and crotonitrile proceed at room temperature and give quantitative yields of products
resulting from the formation of C—N bonds. On the other hand, aromatic amines or alcohols are completely
inert toward methacrylonitrile and crotonitrile, and much less reactive toward acrylonitrile, requiring added
base, heating, and extended reaction times to give good yields. The catalytic reactivities of 47 seem to
arise from the substitutional lability of the coordinated acetonitrile that allows competitive coordination of

1038.39.4041 51s0 described in an earlier

the nitrile moiety in the olefinic substrates. Zargarian and co-workers
report that a series of Ni(ll) pincer complexes were evaluated as catalysts for the regioselective
hydroamination of acrylonitrile. This Michael addition is favored when the generation of cationic Ni(ll)
species, therefore, a,B-unsaturated nitrile could coordinate to the Ni(ll) center, followed by nucleophilic
addition of free amine substrate to the activated double bond, then non-reductive elimination of aza-
Michael addition product.

Very recently, Zhang and co-workers showed that the P-stereogenic pincer nickel complex 54 is
an active catalysts for the asymmetric aza-Michael addition of a,B-unsaturated nitriles providing the
products in good to excellent yields (up to 99%) and moderate enantiomeric excesses (up to 46% ee).
With 2-phenylacrylonitrile the desired product was obtained in quantitative yield, but without any

enantiomeric excess (Scheme 29).8

R2 CN 54 (3.0 mol%) /R2
\NH N _< AgCF,;S0; (3.0 mol%l R1—N R*
R1/ R3 R4 toluene, r.t, 12h >*_<
R3 CN
13 examples
up to 99% yield 54

and 46% ee

Scheme 29 Hydroamination of crotonitrile catalyzed by the chiral cationic Ni(ll) pincer complex 54

Hydrolytic decomposition39 of complex 52 at the ambient room temperature in presence toluene as solvent
for 2 days resulted the formation of a stable octahedral complex 55. The formation of this compound
presumably proceeds via initial protonation of aryl ring of PCP ligand reforming the aromatic C-H bond

followed by oxidation of the phosphine moieties and coordination of water molecules (Scheme 30).
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o= PPh O,,Pth
O——PPh; air H,0,, | ~OH2
Ni—OS0,CFy —— Ni.
ALK Hzo/é\OHz
O-PPh Z
? PhyP Ph,p=0
52 |

Scheme 30 Synthesis of stable dicationic octahedral Ni(ll) complex (585) involving protonation and

oxidation of the PCspZP ligand

Treatment of complexes 7Br with stoichiometric amounts of silver salts such as CH;COOAg and AgNO;
resulted in the formation of complexes 56 and 57, respectively (Scheme 31). Excess of silver salts caused

oxidation of the metal center to give a stable Ni(lll) complexes.®

AgL -
iPI’zP_Ni_PiPFZ L= NOa, CH3COO iPrzP—l\lli—PiPrz
Br L
7Br 56 (L = CH,COO)
57 (L = NO,)

Scheme 31 Synthesis of [Ni(PCssz)(CHg,OO)] (56) and [Ni(PCssz)(NOQ,)] (57) by halide displacement

Zargarian and co-workers synthesized the pincer complex [Ni(PCsp3P)(K1F-BF4)] (59) where the
weakly coordinating counterion BF, is bound in «'F fashion (Scheme 32).42 Accordingly, the BF, ligand is
highly fluxional. This species was used to prepare cationic adducts with relatively weak nucleophiles such
as water to form for instance the aquo complex [Ni(PCspsP)(HZO)]+ (63) (Scheme 33). Complex 59 was

also derived from complexes 60-62 upon addition of tetrafluoroboric acid. Both complexes 59 or 63

AgBF,
iPrzP—l\lli—PiPrz —» Pr,P—Ni—PiPr,
Br
F<
weF
59 B!
58Br
/\
F F

Scheme 32 Synthesis of [Ni(PCsp’P)(x'F-BF4)] (59)
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reacted readily with strongly coordinating ligands such as acetonitrile, carbon monoxide, and

isopropylamine to afford the cationic complexes 64-66. In addition, the aquo complex 63 was treated with

potassium bis(trimethylsilyl)amide to afford the neutral hydroxo Ni(ll) complex 67 (Scheme 34).

1+
HBF, in Et,0 H20 Pr P Ni—DiP
iPryP—Ni—PjPr, ——— PrP——Ni—PiPr; > 1P ! T2
IlR OH,
59 PNgueF 63
61 (R = Ph) F F
62 (R = C=CH)
Scheme 33 Synthesis and reactivity of [Ni(PCsp’P)(x' F-BF4)] (59)
1+
ProPp—Ni—PiPr, <€———— 63 —>» jPr,P,—N—PiPr, g5 (L =CO)
67 OH ! 66 (L= /PrNH,)

Scheme 34 Reactivity of [Ni(PCspsP)(HZO)]+ (63)

Piers and co-workers utilized a PCgpencP ligand framework to prepare new nickel pincer
complexes that feature a rare nickel carbene moiety (Scheme 35). These complexes (70, 71) were
prepared by treatment of 68 with potassium bis(trimethylsilyl)amide in the presence of the strong ligands
PPh; or CNtBu in THF as solvent.® Intermediate is the bis(trimethylsilyl)amide complex 69. In these
complexes, the nickel carbene donor is non-innocent and engages in a variety of E-H bond activations (E
= H, C, N, O), some of which are reversible (Scheme 36).16 This represents a new mode of bond

activation by ligand cooperativity in nickel pincer complexes.

Ve SUYEENOYE

KIN(SiMe3),]
—_—
iPrzP—l\Ili—PiPrz
Br _ _
68 Me;Si SiMeg 70 (L = PPhy)
69 71 (L = CNtBu)

L . ! .
iPrzP—l\Ili—PiPr2 —>» [ProP——Ni—PiPr,
N L

Scheme 35 Synthesis of [Ni(PCcameneP)(L)] (L = PPh3, CNtBu) (70 and 71)
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iPrsP——Ni—PPr,

OR 72 (R=H)
73 (R = Me)

ROH | R=H, Me

SUGEENGUCEROVE

HC=CPh
NHs > Prp—N—PPr,

ProP—Ni—PiPr, <— PrP—NI—PPr,

NH, 70 ppp, G

T
Hzl 74 Ph

iPrzP—l\lli—PiPrz

76

H 75

Scheme 36 E-H bond activations (E = H, C, N, O) with the Ni(0) complex 70

In 2015, Piers and co-workers® also described the synthesis of interesting hydroxy PCP
complexes of the type [Ni(PCspsP)(OH)] (72). The hydroxy group in these complexes is labile as proved
by labeling experiments utilizing O enriched water and 'O NMR spectroscopy. Compound 72 was
shown to react with acetic acid and 2-hydroxy-2-methylpropanenitrile, respectively, to complexes 77 and
78 (Scheme 37). The [Ni(PCsp3P)(OH)] complexes (72 and 79) are effective catalyst precursors for the
selective hydration of nitriles to the corresponding amides under relatively mild conditions (80 °C) and low
catalyst loadings (0.05-0.5%). Substrate scope includes aliphatic, vinylic and aromatic nitriles, but
substrates with protic groups poison the catalyst abruptly. The catalysts are effective because the electron

rich nature of the PCP ligands and their steric bulk renders the hydroxy group labile (Scheme 38).*

PrPi—Ni—pPr, 120

ProPi—N——PPr, 120 ProPi——Ni—FPiPr,
| - acetone

OH C

Ox© i
ﬁ/ 77 72 78 N

Scheme 37 Synthesis of Ni(ll) PCspsP acetate and nitrile complexes
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Cat (0.05-0.5 mol %) O O O
> R'—/<

R—C=N + H0

iPrOH/H,0 (1:1), 80°C NH, R,P—Ni—PR,
10 examples .
up to 99% yield OH
_ T2(R=iPr)
Cat= 79 (R = tBu)

Scheme 38 Hydration of nitriles to amides catalyzed by [Ni(PCspsP)(OH)] (72 and 79)

An important class of compounds are hydrides. In the last decade several nickel PCsp°P and

PCsp’P pincer hydride complexes were synthesized.'*%**

The typical synthetic route starts from halide
complexes. Treatment of 37CI and 80CI with LiAlH, in toluene at room temperature for 24h to yield nickel
hydride complexes 81 and 82, respectively (Scheme 39).45 An alternative synthetic method utilized the

nickel methoxy complex 25 and triethoxylsilane to prepare the hydride complex 83 (Scheme 39).25

O—FPR; LiAIH, O—FR:
Ni—Cl > Ni—H
7/
O_PRz O_PRZ
37CI (R = iPr) 81 (R = iPr)
80CI (R = tBu) 82 (R = (Bu)
HSi(OEt)

iPrzP—l\lli—P/Prz
OMe
25

- Si(OMe)(OEt), iPrzP—lxlli—PiPrz
H
83

Scheme 39 Synthesis of [Ni(PCssz)(H)] complexes 81, 82 and 83.

Hazari and co-workers reported on the electrocatalytic reduction of protons to H, by some nickel
pincer complexes. For instance, the Ni(ll) PCP pincer hydride complex 43 reacted with HBF, in acetonitrile
as coordinating solvent to afford the catalytically active cationic nickel complex 84. Bulk electrolysis
experiments were followed by macroscopic determination of the quantity of H, produced and
demonstrated good Faradaic yields (90 - 95%). Two of the possible intermediate species were isolated
and shown to be catalytically active. Computation DFT studies provided corroboration for the proposed
catalytic cycle shown in Scheme 40. First, the cationic Ni(ll) complex 84 is reduced to give the neutral Ni(l)
species 85. Subsequent protonation displaces the CH;CN ligand and yields the Ni(lll) hydride 86, which is
then reduction to the monohydride Ni(ll) species 43. Protonation gives rise to the dihydrogen Ni(ll) species
41 which, in the presence of CH;CN, finally releases dihydrogen to regenerate the catalyst 84, thus,

completing the catalytic cycle (Scheme 40).*

Page 20 of 44



Page 21 of 44 Dalton Transactions

21

-
HBF,4, CHCN K@
_
- H2

tBu P——Ni—PBu, BUZP_N'_PtBUZ

s i 84 NCCH3
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85 H*
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CH5;CN
j .
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€

Scheme 40 Proposed catalytic cycle of proton reduction supported by DFT calculations

The hydride Ni(ll) PCP pincer complex 81 was tested as catalysts the chemoselective
hydrosilylation of C=0O bonds of aldehydes and ketones in the presence of other functional groups.*>*"*®
Aldehydes were converted to primary alcohols with 0.2 mol% of catalyst 81 and a slight excess of
hydrogen source of phenylsilane followed by basic hydrolysis good to excellent yields (Scheme 41). The
mechanism involves C=0 insertion into a nickel-hydrogen bond, followed by cleavage of the newly formed
Ni-O bond 87 with a silane. It has to be noted that this catalyst did not work well for the hydrosilylation of
ketones. For instance, substrates such as acetophenone, cyclohexanone, benzophenone afforded the
corresponding alcohols in 18%, 6%, and 60%, respectively, in the presence of 1.0 mol% catalyst at 70°C

for 24h.
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1. 81 (0.2 mol %)
PhSiH5, 60°C, 24 h

j\ 2.10 % NaOH )0<HH
R” “H R” MH
13 examples 64 - 92% yield
o)
O—PiPr,
SiPhH
o 7 QNi—H RJ\H
)<H -Pg
R H O-PiPry
81
O——PiPr,
PhSiH5 /Ni Q
O‘PIPI'Z >
87 R

Scheme 41 Hydrosilylation of aldehydes catalyzed by the Ni(ll) PCP pincer hydride complex 81

Peruzzini and coworkers investigated the reactivity of the hydride complex [Ni(PCspZP)(H)] (43)
towards BH; and compared it with the reactivity of the structurally analogous fluoride complex
[Ni(PCsp®P)(F)] (90) with the corresponding BF; species (Schemes 42 and 43).*° The reaction of 43 with
BH, THF was followed in the 190-298 K temperature range via multinuclear 'H, *'P{'H}, and "'B{'"H} NMR
spectroscopy. The nickel hydride is basic and reacted with BH; to form [Ni(PCsp?P)(n'-BH,)] (89) where
the borohydride seems to be coordinated in n1-fashion. In the absence of an X-ray structure this was
suggested from DFT calculations. This process is reversible, since the borohydride complex represents
the kinetic reaction product and could not be isolated in the solid state. At low temperature intermediate 88
was detected by NMR spectroscopy (Scheme 43). Under similar conditions, the reaction of
[Ni(PCspZP)(F)] (90) and BF3; Et,0 yielded the Ni(ll) complex 91 with a weakly bound
tetrafluoroborate anion. Upon addition of water the aquo complex 88 is formed. The structure of this

compound was confirmed by X-ray crystallography (Scheme 43).49

P{Bu, PtBu, PtBu,
BHy THF (xs) | H | _H_
Ni—H —= Ni—H---B—H| === Ni B,
190 - 298 K ) | H Y
PtBu, PtBu, P{Bu,
43 88 89

Scheme 42 Reaction of [Ni(PCssz)(H)] (43) with BH;- THF
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PtBu, PtBu, PtBu, 1*
H ©
BF5-Et,0 (xs) , +Hy0 s
Ni—F —]— Nl--—F\B\\xF —_— Ni—Q, BF,
| 190 - 298 K | /> ~H0 H
PtBu, PtBu, F PtBu,
90 91 92

Scheme 43 Reaction of [Ni(PCspZP)(F)] (90) with BF3-Et,0O

Kirchner and co-workers are currently focusing on the chemistry of non-precious metal PCP
pincer complexes based on the 1,3-diaminobenzene scaffold.* In the course of these studies the Ni(Il)
borohydride complex [Ni(PCspQP)(nZ-BH4)] (94) were prepared via two different routes. First, upon
treatment of [Ni(PCssz)CI] (93Cl) with an excess of NaBH, in THF/MeOH (1:1) yields 94 in 91% isolated
yield (Scheme 44). The second

N—PiPr,
NaBH, s_—H  H
> NI\ /B‘\
/ e, Y
—PIFr:
\ / 2 H
N——PiPr, 94
QNi_C| NEt; BH5 THF
N Pg
=FIPr
/ 2
93Cl N—PiPr,
LiAIH, 3
> Ni——H
N P'/P
—FIFT:
/ 2
95

Scheme 44 Synthesis and reactivity of the Ni(ll) borohydride [Ni(PCPMe-iPr)(nZ-BH4)] (94) and hydride
complexes [Ni(PCPY-iPr)H] (95).

approach makes use of the hydride complex [Ni(PCspZP)(H)] (95) which was obtained from the reaction of
93CI with LiAlH4. It is noteworthy that borane adduct released in presence of trimethylamine as base led to
afford [Ni(PCspZP)(H)] analogues.50 Treatment of 95 with BH;-THF at room temperature led to the clean
formation of 94 in 93% isolated yield. Heating a toluene solution of 94 at 80°C for 24h in the presence of
NEt; yields 95 in 93% isolated yield (Scheme 44).*

Prior to our findings, Guan and co-workers®® discovered that nickel hydride complexes react with
BH3-THF irreversibly at room temperature to yield BH;-complexes. Reversing the reactions is possible at
higher temperatures if there is a trapping agent available, or under a dynamic vacuum. Other boranes
such as 9-Borabicyclo(3.3.1)nonane (9-BBN) and catecholborane (HBcat) are also capable of reacting
with nickel hydride complexes such as 81 and 97 to form the corresponding nickel dihydridoborate
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complexes 96, 98 and 99, unless the hydride moiety is sterically inaccessible (Scheme 45).50 In these
cases, the reactions are reversible at room temperature, allowing nickel hydride species to reform. Under
catalytic conditions reduction of CO, led to the methoxide level when 9-BBN or HBcat was employed as
the reducing agent. The best catalyst involved bulky substituents on the phosphorus donor atoms such as
in 81. Catalytic reactions involving 96 were less efficient because of the formation of dihydridoborate
complexes as the dormant species as well as partial decomposition of the catalyst by the boranes
(Scheme 45).

P /O toluene-dg O—PiPr
N|—H + H— —_— N‘VH\ o0
\O N /B
/7 THTN
Oo—- P/Prz O-PiPr, O
81 96
O—:PRZ PR2
QM_H .1 toluene- d8
/
O-PR, o- PR2
81 R=iPr 98 R = iPr
97 R = cyclopentyl 99 R = cyclopentyl

Scheme 45 Synthesis of [Ni(PCsp”P)(borohydride)] derivatives

Both nickel hydride and borohydride complexes were able to reduce carbon dioxide to form the respective

formate complexes (Scheme 46). *+°%°!

[Ni(PCP)(R)] (R = H, OH, Me, allyl) were reported®>°*°*% to undergo insertion reactions with CO,.

It has to be mentioned that several pincer complexes of the type

O——P1tBu
O \\\PtBUZ 3\\ 2 C()2 (1 atm) oO— PtBUZ
Nf/H\ /H or Ni H o |—O
7/ O\ BN / >——o
o-pu, H M O-PtBu, o= PfBUz
100 82 101
N—PiPr, N—PiPr, N——PiPr,
co
< /\B‘ or Ni——H 2 > Ni—O,_
/ TN N—PiP N—PiP T
N—PiP —PiPr, —PiPr.
y iPr, H p” 2 p” 2 (Il
94 95 102

Scheme 46 Reduction of CO, by [Ni(PCsp?P)(n*BH,)] and [Ni(PCsp°P)(H)] to give formate complexes

Dihydrogen bond interactions where transition metal hydride complexes serve as both proton

acceptor and proton donor in a hydrogen bond are very rare. Peruzzini and co-workers studied the
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reaction of the stable electron-rich Ni(ll) PCP pincer hydride [Ni(PCspZP)(H)] (43) with the acidic
tungsten(ll) complex [WCp(H)(CO)s] (103).*° Stoichiometric amounts of the acid hydride complex
[WCp(H)(CO)3] (103) and basic hydride complex [Ni(PCspZP)(H)] (43) reacted in THF or toluene at room
temperature to give the bimetallic ion pair complex 105. In this complex one carbonyl ligand bridges the
two metal centers in a rather unconventional “isocarbonylic’ mode (Scheme 47). The structure of complex
105 was confirmed by X-ray diffraction analysis. Deuterium exchange H/D was also studied with the
isotopomeres [CpW(D)(CO)s] and [Ni(PCsp2P)(D)]. Complex 104 was an intermediate as suggested by
DFT calculations (Scheme 47). Complex 105 dissociates in acetonitrile to produce the adduct
[Ni(PCspZP)(CH3CN)][CpW(CO)3] that comprises a square-planar nickel(ll) PCP cation binding one

CH5CN molecule and the piano stool tungsten(ll) anion.*®

| 103
OC“”‘W””'CO .
PtBu, /\ PBBu; oc, /% tBu,P——Ni—P1Bu,
| " o | ] e |
N—H ~=——"7— Ni—H---H""/% T O‘
THF or toluene : 2 ‘
oC Zg
PtBu, 190K PtBu, OCmuyy
43 104 oc/
105

Scheme 47 Dihydrogen evolution upon reacting acidic and basic metal hydride complexes

It was shown that water plays an important role in the activation of Ni-F and W-H bonds. The reaction
between the nickel(ll) PCP pincer fluoride complex 15F and the tungsten(ll) carbonyl hydride 103 led to
hydrofluoric acid evolution and formation of the bimetallic isocarbonylic species 105 (Scheme 48). The
process was monitored through multinuclear 'H, "F{'H}, and *'P{'H} variable-temperature NMR

spectroscopy.57 According to DFT calculations four water molecules are involved in the Ni-F and W-H

cleavage steps.

TtBu2 @ tBuP—Ni—PfBu,

THF/H,0 ':
Ni—F + weWeun,
0Cy\"CO - HF(H;O)x ‘(i'
PtBU2 H Cco OC”'“HW
15F 103 / \0
oc
105

Scheme 48 Water assisted hydrofluoric acid evolution upon interaction of complexes 15F and 103 and

formation of 105
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3. Cobalt PCP Pincer Complexes

An overview of all cobalt PCspZP and PCsp3P pincer complexes, which serve as synthetic entries into Co
PCP chemistry are depicted in Chart 3.'944%8.5960616263 Thage gre typically derived from simple Co(0),
Co(l) and Co(ll) precursors such as Co(PMes)4, Co(Cl)(PMes3);, Co(Me)(PMes)y, and CoX, (X = Cl, Br, I).

O—PPh, PMe3 P'V'es
| __PiMe o— 1Pth —PBu, Pth
i< CSH ES e
PMe; PMe PMe
O—PPh, 3 PPh 3
O_PPh2 Oo- PtBUQ
Li, 2009 Li, 2010 Heinekey, 2011 Pringle, Wass, 2014

o0—
——PiPr, ——P1Bu, O PPhy

QCo—CI Q—CO—U C<\/)—PMe3
N PiPr, HN-PtBu, O 0—PPh,

Sun, 2014 Klrchner, 2014 Kirchner, 2015 Sun, 2015

Chart 3 Overview of cobalt PCssz and PCsp3P pincer complexes

The first cobalt PCP pincer complexes were synthesized by Li and co-workers.®? This was
achieved by the activation of sp3 C-H bonds induced by electron-rich cobalt species Co(Me)(PMe3), in
reaction with aliphatic PCP ligand (Ph,POCH,),CH, which led to the formation of the bulky Co(l) PCsp’P
complex 106 (Scheme 49). This process is accompanied by liberation of methane and PMe;. Complex
106 underwent oxidative addition with Mel which gives rise to the iodomethyl Co(lll) complex 107

(Scheme 49). Complex

0—PPh,
0— Tth O—PPh;,
O—PPh, «PMe; \ Me
Co(Me)(PMes), _ e Co—i
- CHy, 2PMe °
“ 3 Spue; [PMe4]I /
PPh Me3P
0 2 o—PPh;
107

Scheme 49 Synthesis of Co(l) and Co(lll) complexes with a PCsp°’P pincer ligand
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A related reaction was recently reported by Sun and co-workers.*® They described the
coordination chemistry iron, cobalt and nickel complexes with a new PCsp’P pincer ligand based on a
dipyrromethane backbone. The activation of the Cspg—H bond was strongly metal-dependent. In the case
of cobalt, the Co(l) complex Co(Me)(PMe3), reacted readily with the PCP ligand to afford the Co(l)
complex PCspsP complex 108 (Scheme 50), while with the Co(0) complex Co(PMe3)s no PCP pincer

complex was formed.

. N—PPh,

Et,O
Co(Me)(PMej), —————————>

- CH4, ZPMeg

108
Scheme 50. Synthesis of the Co(l) PCsp’P complex 108 based on the NN-
bis(diphenylphosphino)dipyrromethane backbone

Pringle and co-workers reported the synthesis of the Co(l) PCspZP complex 109 by a
transmetalation reaction between 1-lithio-2,6-bis((diphenylphosphino)methyl)benzene and COCI(PMeg)g.BO
Subsequent exposure of 109 to CO gave the dicarbonyl complex 111. The synthesis of this complex
proceeds via monophosphine intermediate 110, which was identified by 31P{1H} NMR spectroscopy from

the reaction mixture. The conversion of 110 to 111 was shown to be reversible (Scheme 51).

©
PPh, g PPh, PPh,
Li ~PMe;
Co(Cl)(PMeg); ————————> Cld\PMeg
PPh,
109
PPh, PPh,
co | oPMe; _cO_ | «co
Co - Co‘\
CO  pue, | “co
PPh, PPh,
110 111

Scheme 51 Synthesis of the Co(l) PCspZP complex 109 and stepwise substitution of PMe3 by CO
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Kirchner and co-workers'®*

reported on the synthesis and reactivity of a series of Co(l), Co(ll)
and Co(lll) PCP complexes bearing pincer ligands based on the 1,3-diaminobenzene scaffold. Treatment
of anhydrous CoCl, with the PCP ligand in the presence of nBuLi in THF affords the 15e complex
[Co(PCsp®PMe-iPr)CI] (112) in 96% isolated yield (Scheme 52)."° The magnetic moment of ey = 2.3(1)ug

was derived from the temperature dependence of the inverse molar magnetic susceptibility from SQUID

O
N N
| © |

\ _Di
PiPr, L@ PiPr N——PiPr, N FPT2 o)
| S \\\\‘\\

CoCl, ——————>» Co—Cl Co
N-PiPr, 4

/ N_PIPI'Z

/
112, S=1/2 S=3/2

not observed
Scheme 52 Synthesis of complex [Co(PCspZP)CI] (112)

measurements. This value is higher than the one expected for the spin-only approximation and is
explained by a spin orbit coupling contribution, being consistent with a low-spin square planar complex.
DFT calculations reveal that the corresponding high-spin Co(ll) complex with S = 3/2, which adopts a
pseudo-tetrahedral geometry, is 19.5 kcal/mol less stable than the square planar low-spin state with S = %%
and was not observed experimentally (Scheme 52). The analogous complex 113, where the PCP ligand
features acidic NH protons and the bulkier tBu substituents, had to be prepared via a different
methodology. Refluxing a solution of anhydrous CoCl, with the corresponding PCP ligand in THF afforded
directly 113 albeit in moderate isolated yield (32%) (Scheme 53).** In analogy to 112, complex 113 is a d’

low spin complex with a solution magnetic moment ¢ of 1.8(1)ug as determined in solution by the Evans

HN : NH

H
PtBu, PtBu, N :\\PtBUQ
CoCl, > Co—Cl

method.

HN-PtBu,

113, S=1/2
Scheme 53 Synthesis of complex [Co(PCsp2P)CI] (113)

Complex 112 reacted readily with the simple ligands CO and pyridine to afford the five-coordinate
square-pyramidal 17e complexes [Co(PCssz)(CO)CI] (114) and [Co(PCssz)(py)CI] (115), while in the
presence of Ag” and CO the cationic complex [Co(PCssz)(CO)2]+ (116) was afforded (Scheme 54). The
effective magnetic moments ¢ of all Co(ll) complexes were derived from the temperature dependence of

the inverse molar magnetic susceptibility by SQUID measurements and are in the range of 1.9 to 2.4pp.
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This is consistent with a d’ low spin configuration with some degree of spin orbit coupling. Oxidation of
112 with CuCl, afforded the paramagnetic Co(lll) PCP complex [Co(PCspZP)CIZ] (117), while the
synthesis of the diamagnetic Co(l) complex [Co(PCsp°P)(CO),] (118) was achieved by stirring 112 in
toluene with KCg in the presence of CO (Scheme 54)."°

co
N—‘—P/'Pur2
Q705§00
N-PPr, 118
7 2
of Kcs/coT b
—|—pi N—|—\PiPr2
N L\P/PQ cucl, i L C‘:\
: < —_— —
/CO\C| / Cl
. N—PiPr.
NPT, l Ag*/CO - 2
117 114 (L= CO)
+ 15 (L=
N—P#Pr | SL=py
¢
o
N—FP/Pr,
116

Scheme 54 Synthesis of five-coordinated Co(l) and Co(ll) PCspZP pincer complexes

The first cobalt borohydride PCP pincer complexes were synthesized by Kirchner and co-workers in
2015.* The 15e square planar complexes 112 and 113, respectively, reacted readily with NaBH, to afford
complexes [Co(PCspQP)(nZ-BH4)] (119) and [Co(PCspZP)(nZ-BH4)] (120) in high yields (Scheme 55). The
nz-bonding mode of the borohydride ligand was confirmed by IR spectroscopy and X-ray crystallography.
These compounds are paramagnetic with effective magnetic moments of 2.0(1) and 2.1(1)ug consistent
with a d’ low spin system corresponding to one unpaired electron. None of these complexes reacts with

CO, to give formate complexes.*

& NO reaction
0 N
R R\ \O\oe
\ N—PR 0 P
N—PR TR S
&2 NaBH 3 S
R 4 s_—~H H =
Co—C| — > Co\ \B.~‘
/ / Sy \

N-PR, N-PR, %, .
R./ R./ H (900 O/(/(9
QQ &
112 (R = iPr, R' = Me) 119 (R = iPr, R' = Me) % )
no reaction
113 (R=1Bu, R'=H) 120 (R = Bu, R' = H)

Scheme 55 Synthesis of the first Co(ll) PCsp°P borohydride complexes
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While [Ni(PCssz)(nz-BH4)] (94) loses readily BH3 at elevated temperatures in the presence of NEt; to
form the hydride complex 95 (Scheme 44), the Co(ll) complex [Co(PCsp2P)(n2-BH4)] (119) did not react
with NEt; to give a hydride complex. DFT calculations revealed that the formation of the Ni hydride is
thermodynamically favorable, while the formation of the Co(ll) hydride, in agreement with the experiment,
is unfavorable. From the calculations it is apparent that for the Co complexes the BH4 coordination is
closer to nz, and the overall geometry can be envisaged as in between square planar and square
pyramidal. In complex 94, the borohydride ligand coordination is closer to n', and the overall geometry of
the molecule is closer to normal square planar, reflecting the tendency of Ni(ll) to form complexes with
that geometry, as expected for a d® metal.

A facile synthesis of the diamagnetic octahedral tris-acetonitrile Co(lll) complex 121 was achieved
by treating the Co(lll) complex 117 with a silver salt as halide scavenger in acetonitrile as coordinating

solvent (Scheme 56)."

Cl \ NCCH;3 o+
N— _\PIPI'Q A . N— _\\P/Prz
9
Co _— Co——NCCH;
: /Gl CHeN /
N=PiPr. N—PiPr
e 2 / >NCCH;

Scheme 56 Synthesis of the six-coordinate trisacetonitrile Co(lll) PCP pincer complex
[Co(PCsp’P)(CH;CN))* (121)

Heinekey and co-workers reported®’ the synthesis of the Co(ll) iodo PCP complex [Co(PCspQP)(I)]
(122). This compound was prepared in good yield by activation of the ligand with nBuLi and the addition of
Col, THF (Scheme 57). The magnetic moment of 122 was measured using the Evans method (e = 2.38
ug) and is consistent with a paramagnetic complex that contains one unpaired electron. Reduction of 122
was accomplished using sodium amalgam. The isolated product was a mercury-bridged dicobalt species
[{Co(PCspQP)}zHg] (123). Introduction of H, gas to a solution of 123 at 195 K resulted in the formation of a
new diamagnetic species. The 'H NMR spectrum in the high-field region exhibited a new resonance (with
an integration of two versus other ligand resonances) at 8 = -11.6 ppm and was identified as the first
cobalt-dihydrogen complex [Co(PCsp2P)(n2-H2)] (124) (Scheme 58). Studying solutions of 124 under
increased hydrogen pressure allowed observation of a new diamagnetic product identified as
[Co(PCspQP)(nZ-Hz)(H)z] (125). In addition to NMR spectroscopy, the identity of the dihydrogen and

hydride species were confirmed by means of theoretical calculations.

1. nBulLi
o 2. Col, THF O PBY kg
;] e Q—/cé : > [{Co(PCP)},Hg]
PtBu, PtBu, 0-P1Bu, 123
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Scheme 57 Synthesis of complexes [Co(PCspZP)I] (122) and reduction to the mercury-bridged dicobalt
species [{Co(PCsp?P)},Hg] (123)

o— PtBuz PtBuz
H, _
KCo(PCP)},Hg] ——2—» Qﬁ“ H
T=195K
123 O- PtBUQ Oo- PtBuz
124 125

Scheme 58 Synthesis of [Co(PCsp®P)(n*-H,)] (124) and [Co(PCsp?P)(n*-H,)(H),] (125).
4. Iron PCP Pincer Complexes

To date only very few iron PCP complexes are reported in the literature. An overview of iron PCspZP and

PCsp’P pincer complexes is depicted in Chart 4. #2354

These are typically derived from Fe(0) and Fe(ll)
precursors such as Fe(PMej3),, Fe(PMe,Ph), and Fe(Me),(PMej3),. Remarkably, almost all of the iron PCP
complexes are octahedral six-coordinate low-spin d° complexes. The only exception is a five-coordinate

Fe(ll) PCP pincer complex reported recently by Sun et al (vide infra).63

H

O—PPh, H A N—
— - N—FPPh
' PMe; O lPth O—’—\PIPFQ . 2|:>|\/|e3
PMe; /Fr_PMes Q7Fé—PMe3 Fes PMe;
O—PPh, -
0 Pth PMes O PP e, N2 ppn,
Li, 2009 Guan, 2011 Sun, 2014
H H
o— _\\PIPTQ o— _\PIPTQ
Fe—PMe,Ph  MeO Fe—PMe,Ph
O-PiPry O-PiPr,
PMe,Ph PMe,Ph
Guan, 2014

ME3P

Li, 2014

Sun, 2015

Chart 4 Overview of iron PCspZP and PCsp3P pincer complexes

Li and co-workers reported the synthesis of the first iron PCP complex.62 Treating a diethyl ether
solution of the PCP ligand Ph,POCH,),CH, with Fe(Me),(PMes), gave rise to the formation of the hydride-



Dalton Transactions

32

iron(ll) complex [Fe(PCspsP)(PMeg)z(H)] (126) (Scheme 59). Similarly to the formation of the related
cobalt complex 106 (Scheme 49), the reaction starts with the substitution of two trimethylphosphines and

elimination of methane affords to yield intermediate 127. This step involves a double C-H activation

process and C-C coupling between two sps-carbons which is an unusual reaction pathway (Scheme 59).

Subsequent C-C-coupling between the methyl group and the central carbon atom of the (Ph,POCH,),CH,

moiety and reductive elimination yields intermediate 128 bearing a new ligand backbone with a sp3 C-H

bond. Finally, a C-H activation process in the new ligand backbone again gives 126 as the final product.

(Scheme 59).%

O—PPh,
O0—FPPh,
| PMe;,
0—PPh
Fe(Me)(PMes), ——————Z— —7—_Fe™—PWeg
- CH4, 2PM33 H
Et,0 O—PPh, 126
aCc;:I g;?_gg - CH,, 2PMe; C-H bond activation
vatl oxidative addition
O—PPh, o—
l PMe reductive PPh,
R elimination «wPMe;
Fe™—PMes |————|\/c Fe?
Me l C-C coupling H PMes
O—FPPh, o—PPh;
127 - 128 B

Scheme 59 Synthesis of [Fe(PCsp3P)(PMe3)2(H)] (126) — a mechanistic rationale

When Fe(ll) hydride complex 126 was treated with an excess of phenylacetylene in the presence of two

equivs of PMe;, dissociation of the PCP ligand took place and complex 129 was afforded (Scheme 60).

This octahedral complex features four PMejs ligands and two phenylacetylide ligands which are in a mutual

trans position.62 Moreover, in the presence of CO, complex 126 underwent ligand substitution to form the

mono CO complex 130.

O—PPh;, O—PPh;, Ph———H PMe3
.CO _ PMe
CO (1 atm) ~PMes PMes S0
Fe—PMe; €——m-—— Fe—PMe3 ———» Ph———Fe——
H - PMe; H/ -Haz
O’_‘PPh2 O—PPh2 O’_Pth Me3P PMe3
130 126 - 129

O—PPh,
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Scheme 60 Reaction of complex 126 with phenylacetylene in the presence of PMe; and ligand

substitution to give 130

An interesting reaction was discovered recently by Sun and co-workers.® Mixing a diethyl ether
solution of the respective PCP ligand with the Fe(0) complex Fe(PMe;), afforded the hydrido iron complex
[Fe(PCsp3P)(PMe3)2(H)] (131). Surprisingly, the reaction of 131 with iodomethane afforded an unsaturated
coordinated complex [Fe(PCsp3P)(PMe3)(I)] (132). It should be noted that this is the first five coordinate
Fe(ll) PCP pincer complex. This compound was characterized by X-ray crystallography and was found to
adopt trigonal bipyramidal configuration. Moreover, this compound is a paramagnetic dﬁ-species with two
unpaired electrons as determined by magnetic measurements (Scheme 61). The Fe(ll) pincer hydride
complex 131 is an active catalyst for the hydrosilylations of aldehydes and ketones utilizing (EtO);SiH as

the hydrogen source (Scheme 62).%°

o
O “PPh, O O—PPh,
Meg,P—’I

Mel, 25 days , wl
Fe_PM63 —_— Fe'
| H - CHy, PMe3 ‘ \PMe3
e o
131 132

Scheme 61 Formation of the first five-coordinate Fe(ll) PCP pincer complex (132)

1.131 (2.0 mol %)

° (Et0)sPhSiH, 65°C, 1.5 - 26 h oH
I 210%NaoH )<H
R H » R H

9 81 - 92% yield

1.131 (2.0 mol %)
(EtO)3PhSiH, 65°C, 5-48 h

0 2.10 % NaOH
R')J\ 0o Na > R')\R

9 39 - 88 % yield

Scheme 62 Hydrosilylation of aldehydes and ketones catalyzed by the Fe(ll) hydride complex 131

Recently, Li et al reported64 the synthesis of the related PCP complex [Fe(PCspsP)(PMe3)2(H)]
(133) via an analogous procedure as reported for the synthesis of 131. The reaction of PCP pincer ligand
(PhyP(CgHy))2CH, with Fe(PMe3), in THF at room temperature resulted in the formation of 133 via one

oxidative addition process with the substitution of two PMe; ligands by two Ph,P-groups of the pincer
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ligand. The new iron hydride complex 133 also showed good activity in the catalytic hydrosilylation of

aldehydes and ketones by using (EtO);SiH as the hydrogen source under mild conditions (Scheme 63).

1.133 (0.3-1.0 mol %)
(Et0);SiH, 50°C, 1.5-13 h

j\ 2.10 % NaOH )‘EH
= <

R H
11 85 - 90 % yield O O
H

\

Ph,P——Fe——PPh,
1.133 (1.0 mol %) vl
(Et0);SiH, 50°C, 16-36 h PMe;
0 OH
2.10 % NaOH
. : > )<H, 133
RT R RT R
8 21 - 80 % yield

Scheme 63 Hydrosilylation of aldehydes and ketones catalyzed by the Fe(ll) PCP hydride complex 133

Also Sun and co-workers synthesized the hydrido Fe(ll) complexes [Fe(PCsp®P)(H)(PMes),] (134)
via the same cyclometallation route by treatment of the Fe(0) precursor Fe(PMe3), with a dipyrromethane-
based PCP pincer ligand. Unfortunately, this complex is inactive for the hydrosilylation of benzaldehyde
(Scheme 64).%®

. N—PPh,

Fe(PMe3)4
- PMej

Scheme 64. Synthesis of the Fe(l) PCsp3P complex 134 based on the N,N’-bis(diphenylphosphino)-

dipyrromethane backbone

Guan and co-workers synthesized the hydrido Fe(ll) complexes [Fe(PCspZP)(H)(PMe3)2] (135 and
136) via a cyclometallation route by treatment of the Fe(0) precursor Fe(PMes), with resorcinol-derived
bis(phosphinite) PCP ligands pincer ligands (Scheme 65).65 No reaction took place with a PCP ligand
bearing bulky {Bu substituents.
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o} : ? H
P

bR, R, O_IT¢PR2
Fe(PMes), ———> Fé——PMe;
O—PR, PMes
135 (R = iPr)
136 (R = Ph)

Scheme 65 Synthesis of [Fe(PCsp2P)(H)(PMe3)2] (135, 136)

The isopropyl complex 135 undergoes ligand substitution upon mixing with CO to give
[Fe(PCspZP)(H)(PMeg)(CO)]. The kinetic product (137) of this process contains a CO ligand trans to the
hydride, whereas the thermodynamic product (138) has a CO ligand cis to the hydride. The displacement
of the PMej ligand in 138 by CO takes place only at an elevated temperature, resulting in the formation of
cis-[Fe(PCsp’P)(H)(CO),] (139) (Scheme 66).%

H
O—|—PiPr o—|-pPP
CO (1atm) | 2 | s
135 ————— Fe—PMe; ——» Fe—CO
2 e 7
O—PiPr; O—PiPr,
co PMes
137 138
H H
O—|-PiPr O—|7PiPr
s07 CO (1atm) $
Fe—CO : Fe—cCO
O—PiPr, O—PiPr; o
PMe
® 139
138

Scheme 66 Ligand substitution reactions of iron PCP hydride complexes

These new iron PCP-pincer hydride complexes catalyze the hydrosilylation of aldehydes and
ketones with different functional groups, and 135 turned out to be the most efficient catalyst for this
process (Scheme 67).65 The mechanism of this hydrosilylation with 135 as catalyst was theoretically

studied by Wei and co-workers by means of DFT calculations.®
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1. 135 (1.0 mol %)
(EtO)3SiH, 50-65 °C, 1-36 h

j\ 2.10 % NaOH )OQH
R” TH TORT Ny H
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J§ i .k , 135
R R’ - R R
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Scheme 67 Hydrosilylation of aldehydes and ketones catalyzed by the Fe(ll) PCP hydride complex 135

Stoichiometric protonation reactions were carried with neutral Fe(ll) PCP pincer hydride
complexes 137 and 139. Addition of HBF, led to formation of cationic Fe(ll) pincer complexes 140 and
141, respectively (Scheme 68).*” A reaction mechanism was described for the formation of complex 140
through either square pyramidal or distorted trigonal bipyramdial intermediate after protonation on 137,
which converted to six coordinate cationic Fe(ll) pincer complex by addition of acetonitrile. In contrast, the
reaction of 135 with HBF,.Et,O led to corresponding cationic complex which was not isolated due to the
formation of HPMe;®, free diphosphinite ligand, and other decomposition products even when the

protonation reaction was carried out at low temperatures.®’
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H HBF 4 Et,0 NCCHa =,
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Scheme 68 Protonation of [Fe(PCssz)(H)(PMeg,)(CO)] (137) and [Fe(PCssz)(H)(CO)z)] (139) with
HBF4Et20

In the presence of Hinig’s base (iPr,NEt), the cationic Fe(ll) complex 140 was able to activate dihydrogen
which furnished an isomeric mixture of the hydride complexes 137 and 138 (Scheme 69). Likewise, also
the cationic bis-carbonyl complex 141 was able to cleave dihydrogen. However, activation of H, with 141

was significantly more sluggish. The reaction at room temperature was incomplete even after 11 days with
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91% of 141 being converted to 139. Presumably, the dissociation of CH3CN from 141 is much slower than

from 140, i.e., 141 is substitutionally more inert than 140.%

NCCH; H

. H
O—|PiPr; T o—|-piPr, o—l—pp
H, (1 atm), iProNEt B T
Fe—PMe, —— — ' 2 g Fe—PMe; | LS
O—PiPr, O—PiPr; O—PiP/rz
140 ©© co PMes
137 138
NCCH; H
0—I|-piPr; Bk _ O—I|—PiPr,
R S Hz (1 atm), iPr,NEt &
~ Fe—CO - Fé—CO
0—PiPr, 0—PiPr,
co co
141 139

Scheme 69 Activation of dihydrogen by cationic Fe(ll) PCP pincer complexes in the presence of base

Although 140 was not a viable catalyst for the hydrogenation of benzaldehyde (under 1 atm of H,
pressure), both 140 and 141 were effective in catalyzing the hydrosilylation of benzaldehyde and
acetophenone and demonstrated an improved activity over the corresponding neutral hydride complexes
(Scheme 70).%

NCCH,
140 (1.0 mol %), _SI(OE); O—|—piPr,
0 E iH, CgHsCl 0
)J\ (EtO)3SiH, CgHs - Fe—PMe,
R R'(H) 50 or 80°C R R' (H)
H O—PiPr,
140 co

Scheme 70 Hydrosilylation of aldehydes and ketones catalyzed by Fe(ll) PCP complex 140

Guan and co-workers also studied the hydride abstraction of the Fe(ll) pincer hydride complex
137. Upon treatment of complex 137 with triphenylmethyl fluoroborate in CD;CN two new cationic Fe(ll)
pincer complexes 142 and 143 were formed together with Gomberg’s dimer and the phosphonium salt
[HPMe3][BF4] (Scheme 71).%

NCCDs

NCCD3 —l +
—_— Pl +
O SP’P"Z —| o—|-pirr,
Fe—PMe;
Fe—NCCD
O—H—P P 4 / :
F::’ 2 [PhsCT* O7PPral | O—PiPr
e—PMes —— > co
CD4CN, rt, 1h 142 143
O-PiPr;

co P H
137 + = + [HPMes]"
Ph CPhj;

Scheme 71 Hydride abstraction from the neutral Fe(ll) PCP pincer complex 137 in CD3;CN to give cationic
PCP pincer complexes
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Guan and co-workers studied the dehydrogenation of ammonia-borane (AB) and developed the
two new iron PCP pincer based catalysts 144 and 145. Following a similar procedure used for the
synthesis of 135 (Scheme 65), iron PCP-pincer complexes 144 and 145 were prepared from
“Fe(PMe,Ph),” and the corresponding diphosphinites. In this case, cyclometalation of the diphosphinite
ligand is considerably slower, requiring as long as 48 h to complete the reaction. By comparison,
synthesis of 135 from Fe(PMes), is finished within 3 h, probably because PMej is less sterically bulky and
more electron donating than PMe,Ph, resulting in a more facile oxidative addition of the C-H bond.

At room temperature, complex 135 showed no catalytic activity for the dehydrogenation of AB. At
60 °C, however, an immediate gas evolution was observed when a solution of 135 in THF was mixed with
a solution of AB (20 equivs) in diglyme. Complex 144, which differs from 135 only by the ancillary
phosphine ligands, showed improved catalytic activity. However, complex 145 turned out to be the
superior catalyst in terms of both rate and the extent of H, released. After 6 h of mixing, the "B NMR
spectrum of the reaction indicated formation of borazine, polyborazylene, cyclotriborazane, and
(cyclodiborazanyl)-aminoborohydride. The described iron-based catalytic system releases 2.3-2.5 equivs
H, per AB, which is the highest extent of H, release among all the iron systems known to date (Scheme
72).%8

145 (5.0 mol%)
THF-dg Adiglyme

BH3-NHj3 » 2H; + spentfuels
2.3 - 2.5 equivs

H H H

o—|~pirr, O—|—\PiPr2 O—I—\PiPrz
Q/Fé_pmes Q/Fé_PmeZPh MGOQFé-PMezph

O-PiP I O—PiPr l —Pi \
b 2PMe,Ph O~PPT2 brte P

135 144 145

increased catalytic activity

>

Scheme 72 Dehydrogenation of ammonia-borane catalyzed by Fe(ll) PCP pincer complexes

Because more than 2 equiv of H, per AB were obtained from the catalytic reactions, it was anticipated that
aminoborane (NH,BH;) was set free from the iron center. The presence of free aminoborane was probed
by using cyclohexene as a trapping agent. Dehydrogenation of AB catalyzed by 5 mol % of 145 was
carried out in the presence of 20 equiv of cyclohexene with respect to AB. The trapping product
H,NB(CgH14), (47.8 ppm in ''B NMR) was observed.

Page 38 of 44
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5. Molybdenum PCP Pincer Complexes

The chemistry of molybdenum PCP complexes is hardly developed. The first molybdenum PCP complex
was prepared through lithiation of 1-iodo-2,6-[OP(t-Bu),],CsHs and reaction of that lithium reagent with
Mols(THF); to give [Mo(PCspP)(1),] (146) (Scheme 73),%° a procedure similar to that employed to prepare
the cobalt PCP complex 122 (Scheme 57).°" Compound 146 was obtained in modest yield (46%).
However, a diamagnetic impurity was present (10 - 15%), which was proposed to be the Mo(IV) oxo
complex (147). However, this was merely based on NMR spectroscopy and the fact that Mol;(THF); is
known to decompose to give Mo=0 species and 1,4-di-iodobutane. On the other hand, the lithiation of 1-
iodo-2,6-[OP(t-Bu),],CsH3 and reaction of that lithium reagent with MoCl;(THF); and MoBr;(THF); yielded

a mixture of several products.®

A

| |
PtBu,|  PtBu, O_|§P“3“2 o—l —PtBu,
Mols(THF)3 > M
nBuLi, Et,0 Tl /'V'O\I
78°C tort. O—PtBu, o—plBu,
146 147

Scheme 73 Synthesis of Mo(lll) and Mo(lV) PCP pincer complexes starting from Mol;(THF);

When a THF solution of 146 (contaminated with 147) was reduced with NaHg in the presence of 15-
crown-5 under N,, the anionic Mo(lV) nitride complex [Mo(PCspZP)(N)(I)]' (148) was obtained as a dark
brown solid in 57% yield. This compound was also formed when two or more equivalents of KCg or Na
naphthalenide were used as reducing agents. Upon protonation of 148 by [Et3NH][Bar’4] a diamagnetic
compound, presumably 149, was isolated in 64% yield. Based on NMR data it was proposed that proton

addition occurred across the Mo-P bond (Scheme 74).%°

N

I -
— |- o—||[=PtBu,
o lfPtBuz N, (1 atm) I\,ﬂ,é& [Et3NH][BAr4] , PtBU2
3 — 0 ~
_ 15-crown-5 0-PtBu,
O P{Bu, o- PtBUQ
146 148 149

Scheme 74 Synthesis and reactivity of the anionic Mo(IV) complex [Mo(PCspQP)(N)(I)]' (148)
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6. Conclusions

This perspective article provides an overview of the advancements in the field of non-precious metal
complexes featuring anionic PCP pincer ligands with the inclusion of aliphatic systems. It covers research
from the beginning in 1976 until late 2015 and provides a summary of key developments in this area,
which is, to date, limited to the metals Ni, Co, Fe, and Mo. Since the discovery of the first PCP complexes
by Shaw and co-workers, who also prepared the first nickel PCP complex, this field has experienced a
steady increase in the last decades. While the research in nickel PCP complexes is already quite
extensive, the chemistry of cobalt, iron, and molybdenum PCP complexes is comparatively sparse.
Surprisingly, with other non-precious metals such as copper, manganese, chromium or vanadium no PCP
complexes are known as yet. In the case of nickel PCP complexes already many catalytic applications
such as Suzuki—Miyaura coupling, C-S cross coupling, Kharasch and Michael additions, hydrosilylation of
aldehydes and ketones, cyanomethylation of aldehydes, and hydroamination of nitriles were reported.
While iron PCP complexes were found to be active catalysts for the hydrosilylation of aldehydes and
ketones as well as the dehydrogenation of ammonia-borane, cobalt PCP complexes were not applied to
any catalytic reactions. Surprisingly, only one molybdenum PCP complex is reported, which was capable
of cleaving dinitrogen to give a nitride complex. This perspective underlines that the combination of cheap
and abundant metals such as nickel, cobalt, and iron with PCP pincer ligands may result in the
development of novel, versatile, and efficient catalysts for atom-efficient catalytic reactions. We are
hopeful that the presented reactions will help provide further opportunities to develop novel catalytic

transformations and will contribute to further the progress in this field of chemistry.
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