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Abstract

Transition metal complexes have received great attention in chemistry due to their
ability to catalyze a multitude of reactions. Among the myriads of ligand systems known
in literature, pincer ligands, owing to their great stability and reactivity, as well as their
excellent modifiability, have shown to be powerful tools in various areas in

organometallic chemistry.

Pincer ligands are tridentate ligands, that feature a meridional coordination geometry.
They consist of an aromatic or aliphatic backbone and two two-electron donor groups,
that are connected to the backbone with different linkers such as CHz, NH, NR, O. The
oldest class of pincer ligands are PCP pincer ligands, most commonly featuring a
benzene backbone and phosphines as electron donor groups. Although presently
many PCP complexes with late transition metals are known, only very few such
complexes, featuring early transition metals, exist in literature. This is due to the
difficulty of creating the o-carbon-metal bond, as generally only noble metals are able
to activate C-H bonds. In an attempt to facilitate the formation of 5-C-M bonds, this
work describes the synthesis of PCP pincer ligands bearing bromine moieties bonded

on the ipso carbon of the benzene backbone.

The newly generated ligands were shown to effectively form PCP pincer complexes
with a wide variety of base metals. Starting from the metal carbonyl complexes,
chromium, molybdenum, tungsten as well as manganese, iron and cobalt PCP
complexes were successfully synthesized and fully characterized. Nickel PCP
complexes were obtained by directly reacting the metal with the ligand in acetonitrile.
All compounds were characterized by means of NMR, HRMS and IR spectroscopy as

well as single crystal X-ray diffraction.



Kurzfassung

Ubergangsmetallkomplexen wurde in der Chemie viel Aufmerksamkeit geschenkt, da
sie eine Vielzahl an Reaktionen katalysieren konnen. Unter der Vielfalt an
Ligandensystemen, die in der Literatur bekannt sind, haben sich Pincer Liganden,
durch ihre groRe Stabilitat und Reaktivitat, sowie ihre herausragende Modifizierbarkeit,
als leistungsstarke Werkzeuge in verschiedenen Bereichen der metallorganischen

Chemie etabliert.

Pincer Liganden sind Tridentate, die eine meriodional Koordinationsgeometrie
aufweisen. Sie bestehen aus einem aromatischen oder aliphatischen Grundgerust, mit
dem zwei zwei-Elektronendonoren durch Linker, wie etwa CH2, NH, NR, oder O,
verbunden sind. Die alteste Klasse an Pincer Liganden sind PCP Pincer Liganden, die
gemeinhin aus einem Benzolgrundgerist bestehen und Phosphine als
Elektronendonoren besitzen. Obwohl heutzutage eine Vielzahl von PCP Komplexe mit
spaten Ubergangsmetallen bekannt sind, gibt es nur eine geringe Anzahl dieser
Komplexe mit friihen Ubergangsmetallen in der Literatur. Ein Grund dafir ist die
Schwierigkeit der Bildung einer Kohlenstoff-Metall o-Bindung, da generell nur
Edelmetale fahig sind C-H Bindungen zu aktivieren.

In einem Versuch die Bildungen von 5-C-M Bindungen zu erleichtern, beschreibt diese
Arbeit die Synthese von PCP Pincer Liganden, die Brom-Substituenten an der ipso-
Position des Benzolgrundgerusts aufweisen.

Diese neu synthetisierten Liganden erwiesen sich als effektiv in der Herstellung von
PCP Pincer Komplexe mit unedlen Metallen. Ausgehend von den Metall-Carbony-
Komplexen wurden erfolgreich die PCP Komplexe von Chrom, Molybdan, Wolfram,
Mangan, Eisen, sowie Kobalt synthetisiert und charakterisiert. Die Nickel PCP
Komplexe wurden durch direkte Reaktion des Liganden mit Nickelmetall in Acetonitril
hergestellt. Die Verbindungen wurden mittels NMR, HRMS und IR Spektroskopie,

sowie mittels Einkristallrontgenbeugung charakterisiert.
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1. Introduction

A very important aspect of organometallic chemistry is the synthesis of highly
reactive transition metal complexes, that are able to function as catalysts in various
reactions in chemical synthesis. For this purpose, in homogenous as well as
heterogenous catalysis, systems based on precious metals are still widely used, as
they commonly show higher reactivity and selectivity as well as stability, than systems
containing base metals. However, recently, efforts were made to find highly reactive
systems that utilize base metals in order to replace catalysts based on precious metals.
This makes sense, as precious metals are more expensive, show higher toxicity and,
in regard to the ever-important aspect of sustainability and environmental
consciousness, have lower availability and concentration in ores.’

Due to their great modifiability, pincer ligands show great promise in creating these
kind of reactive base metal complexes and indeed, recently, various base-metal based
catalysts bearing PNP pincer ligands were published.?®
Despite these promising developments with PNP pincer ligands, base metal
complexes with the longer known PCP pincer ligands are currently quite rare in
literature and thus an interesting research topic.®
Reasons for the lack of base-metal PCP pincer ligands are the scarcity of suitably
substituted benzene precursors that additionally often require tedious, multistep
synthesis in order to modify their stereochemical properties.® Furthermore the great
stability of the jpso C-H bond in 1,3-substituted benzene derivatives, used for the
synthesis of PCP ligands, hampers reaction with many non-precious metals.’

To enhance the acidity of the ipso C-H bond, the Kirchner group introduced PCP
pincer ligands based on 1,3 diaminobenzene moieties. However due to the acidity of
the NH-linker groups, the use of strong base was not possible and only complexes with
Ni, Pd and Pt, i.e. metals that were able to directly activate the ipso C-H bond, were
obtained.® In a next step, the acidic NH linkers were replaced by NMe groups, thus
allowing the use of strong base in order to facilitate carbon-metal bond formation. This
allowed access to novel Ni and Co PCP pincer complexes.810

With the same ligand system, it was also possible to create the first tungsten hydride
PCP complex via oxidative addition under solvothermal conditions.'! Later, in a further
attempt to increase the acidity of the ipso C-H bond, a new ligand system based on a

pyrimidine backbone, was introduced. However, due to the directing effect of the
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nitrogen moieties in the pyrimidine ring, the jpso carbon could not be deprotonated with
n-BuLi and no complexes with Co were obtained. Ni complexes were created in good
yields, by only using trimethylamine (TEA) as base.'

Using solvothermal conditions, Mo and W hydride PCP complexes were also
synthesized using this ligand, showing that indeed an increase in acidity of the ipso-C-
H bond had occured.™

The present work deals with the synthesis of PCP pincer ligands based on the 1,3
dimethylbenzene scaffold. In order to activate the ipso carbon position even more, the
ipso hydrogen was exchanged for a bromine substituent, with the aspiration of facile
carbon metal bond creation via transmetalation, using ligand salts created in metal-
halogen exchange reactions. Furthermore, it was anticipated that this would also allow
for the formation of novel base metal PCP pincer complexes by means of oxidative
addition reactions, as the bond-dissociation energy of the C-Br bond is lower than that
of a C-H bond.”

1.1. Pincer Ligands

Y.—-—E’
R
R )
\ . X = CR, N(H), S, PR
. X Y = CHz, NR, O
E® = PR2, NR2, SR, OR, NHC
s sressess
Y—E

Figure 1 General structure of pincer ligands

Pincer Ligands™ are chelating, tridentate ligands based on aliphatic or aromatic
frameworks. Two electron donor groups (E) are attached to the framework with linker
groups. (Y). The electron donor groups usually contain NRo, SR, OR, NHC or PR2
moieties. The linker groups most commonly consist of nitrogen (NH, NR), carbon (CH>)
or oxygen (O) substituents. The third coordination site (X) is part of the organic
backbone and forms a o-bond to the metal center. These structural properties cause

the ligand to be rigid generally enforcing a meridional coordination geometry around
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the metal center. Tridentate ligands that favor a facial geometry are not termed pincer
ligands. The modular structure of pincer ligands allows for fine-tuning of their electronic
and steric properties without changing the coordination geometry.'® This makes them
powerful tools in ligand design, providing huge variability and reactivity with great

stability.

1.2. Modifiability of Pincer Ligands

One major advantage of pincer ligands is their facile modifiability. By varying the
components of the ligand, the steric and electronic properties can be adjusted for each

metal and synthetic problem.

= introduction of chirality
- steric and electronic effects

oo . - electronic effects (trans influence)
bite angle and size of metallacycle ‘\ - g-donor
Y —FE’
= anchor for immobilization ICILILILE
- electronic effects of central R:\~ -,
donor o '._‘
(" x—MLn
‘;‘ ...............

R = Halogen, R, RO

X =CR, N(H), S, O, PR, SiR

Y = CH,, NR, O Y—=E

EC) = PRz, NR2, NHC, SR, OR
L = coligands

- stabilization of central donor
- steric and electronic control
- introduction of chirality

- soft or hard base

Figure 2 Control of electronic and steric properties of pincer ligands

Many pincer ligands feature aromatic scaffolds, meaning that the embedded s-donor
is of sp? hybridization. C and N moieties are the most common central donors in this
group. However, there are also examples in literature where other central donors, such
as S, O, P and Si are used."®'® The variation of X can exert great electronic effects on
the system as it functions as a strong donor, that shows strong trans influence.?® This
can make the ligands trans to the donor more labile and reactive. Another interesting
aspect occurs when using aliphatic backbones. In this case the sp® hybridized donor

can shift from the typical meridional to a facial coordination mode when
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accommodating bulky co-ligands or other ligands that coordinate facially. Hence,
introduction of sp® hybridized central donors can introduce coordination capabilities
that are not conceivable with aromatic systems.>?"

The other coordination centers E and E’ usually consist of P, N, O, S or carbene
groups. E and E’ can either be of the same sort, for example two phosphine moieties,
or mixed groups can be used. The nomenclature of pincers is derived from the three
coordinating groups and simply states the coordinating atoms in order, e.g. PCP, PNP,
PNN, or CNC.

These donor groups are crucial as they stabilize the metal center. For example, using
benzene derivatives just as monodentate would prove to be difficult, as they can easily
be lost via reductive elimination or protonation reactions. The electronic properties of
the metal center can also be greatly influenced and tuned by variation of the donor or
acceptor strengths of E and E’. Moreover, by using different donor atoms, one stronger
binding than the other, hemilability can be observed.?? This means that the weaker
bonding donor can be replaced from the metal center (for example by substrate) and
re-associate immediately when needed. This behavior can increase the reactivity of

catalysts when compared to other non-labile complexes.?

By changing the bulkiness of the substituents located on E) it is also possible to adjust
the steric demand of the donor groups, and thus the access to the metal center, without
causing much change of their electronic properties. The substituents on the electron
donors can also be chiral, therefore introducing a pool of chirality into the pincer
system. The linker groups Y, that bond the electron donors to the organic backbone,
consist in most cases, of CH2, NH, NMe, NEt or O moieties. Rarely other linking
groups, such as S, are used.?* They can, on the one hand, influence the electronic
properties of the donor groups, particularly, when using phosphine moieties. On the
other hand, the bulkiness of Y can also regulate the bite angle of the pincer. When
using linking groups with acidic hydrogens (e.g., NH, CH>) they can also play important
roles in catalytic cycles via in-situ formation of unsaturated intermediates, that are then
able to undergo acid-base reactions with the substrate (metal ligand cooperation,
bifunctional catalysis).?® It is also possible to introduce chirality into pincer ligands via

the linking groups.?6



Introduction 6

1.3. Phosphines

Phosphine moieties are widely used as donor groups in pincer ligands, as they are
strong donors that allow for their steric and electronic properties to be adjusted in a
methodical way. Generally, phosphines function as two electron ¢ donor, TT-acceptor
ligands. The lone pair located on the phosphorus atom is donated into an empty orbital
of the metal forming a o-bond. The o donor strength of the phosphines can be
regulated by the substituents bonded on the phosphines. Generally, electron
withdrawing groups reduce, while electron donating groups enhance the o donor
strength. However, in contrast to the similar amine donors, phosphines can also
function as t-acceptor ligands. This is possible as the c*p.r)molecular orbitals of the
phosphines are energetically lower than the corresponding o*n-r) Orbitals of amines
and can therefore be used for 1-back-bonding. The energy levels of the orbitals can
also be regulated by the electronegativity of the substituents of the phosphorus. As a
consequence, the o donor/ir-acceptor strength of the phosphine donors can be tuned

and regulated by the mere variation of its substituents.?’

PtBus; < PMe; = P(NMe); < PPh; < P(OMe); < P(OPh); < PCl; < PF; = CO

m-acceptor ?

- o-donor

Figure 3 Electronic properties of phosphines according to Tolman?’

Similarly, the steric hindrance around the metal center can also be adjusted. Tolman
introduced the cone angle 6 in order to compare the steric effects of different
substituents on the phosphines.?” By varying alkyl groups on the phosphorus, the steric
properties of the donor groups can be altered without much change in the

corresponding electronic properties.

PH3 < PF3 < P(OMe)3 < PMe3 < PEt3 < PPh3 < PCy3 < PtBU3

Figure 4 Tolman cone angle
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As phosphorus is monoisotopic and has a nuclear spin of 'z, reactions can also easily
be monitored by 3'P NMR spectroscopy. Since signals from coordinated phosphines
usually are significantly shifted downfield from the free ligand, this method is ideal to

characterize complexes and for reaction control.

1.4. PCP Pincer Complexes

\N/©\N/ HN/©\TH (@ﬁ : (0]
I I | PR, PR, PR

| |
PiPr, PiPr, PR, 2 PR, PRy PtBu, PtBu,
R =iPr, tBu, Ph R =Pr, Bu, Ph R =iPr, tBu, Ph
L A~ ey OO QLU
| | 1 | |
PtBUz PtBLIZ 2 PRZ PR2 PR2 PPhZ Pth Pth PPh2
R = iPr, tBu R =iPr, tBu, Ph

Figure 5 Examples of PCP pincer ligands

The first complexes bearing PCP ligands were published by Moulton and Shaw in
1976.22 They reported a series of complexes starting from Ni, Pd, Pt, Rh and Ir
precursors. Initially, however, research on PCP pincer complexes remained relatively
limited, until a series of PCP pincer complexes, mainly with metals of the second and
third transition row, showed promising applicability as catalysts in the late 1990s.2%-33

This greatly increased interest in this type of complexes.3*

PCP complexes with base metals, however, are still exceedingly rare. The vast
majority of them being comprised of Ni complexes. Nevertheless, recently the
synthesis of PCP pincer complexes with Co, Fe, Mn, Cr, Mo and W has also been

reported.

1.4.1. Group 10 PCP pincer complexes

The first PCP-group 10 complexes were synthesized by Moulton and Shaw in 1976.
They were prepared by refluxing a CHz-linked PCP ligand with the corresponding
metal-chloride precursors in alcohols, with short reaction times of 5 to 25 min. The

corresponding Ni, Pd and Pt complexes were, however, only obtained in moderate
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yields of 32 to 75 %. These complexes proved to be very stable. In fact, they did not

decompose in air at temperatures of up to 295 °C and could therefore be purified by

PtBu,
NiCl, - 6 H,O /
> Ni——
EtOH/H,0 /
PtBu,

sublimation.?®

PtBUz PtBUg
/PtBuz
MCI,(NCCgH
2(NCCegHs), . M cl
2-Methoxyethanol /
PtBu, PtBu, PiBu,

M = Pd, Pt

Figure 6 First synthesis of group 10 PCP pincer complexes

Even though they were among the first pincer complexes ever to be synthesized, so
far, only few applications of PCP-Pt complexes have been reported. They are limited
to few reports of CO2 and CO activation as well as one report of a Pt-PCP catalyzed
hydroamination of acrylonitrile.®>3” Due to the poor solubility and low reactivity of
common Pt precursors, the yields of the complexations were usually poor. However,
by addition of base or usage of an internal base in precursors, it was possible to

enhance them to similar levels as reported for the other group 10 metals.®38
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NC
cN | NH
/) + benzene @
Pth
@H\NHZ Tol-p)
PPh,

Figure 7 Pt-catalyzed hydroamination of acrylonitrile

Milstein showed in 1997 that PCP-Pd pincer complexes effectively catalyze Heck
coupling reactions. He compared the reactivity of pincer ligands that form sp? as well
as sp® Pd-C bonds and determined that the sp® bonded PCP-Pd complex lll showed
higher turnover numbers (TON). He attributed the higher reactivity to the higher
electron density at the Pd center of the sp® hybridized complex.3' Indeed, work by
Sjovall. in 2002 showed that the reactivity could be increased even more when using
a fully aliphatic PCP pincer IV.*® In 2000 Bedford showed that PCP-Pd pincer
complexes were also effective in catalyzing Suzuki-Miyaura reactions, thus showing

their applicability in cross coupling reactions.4°
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X NPLY
R base, catalyst
+ _ /) —
R R
/PiPrz /PiPrz

q;\ @\

PiPry PiP

Il

r2

]
PtBu,

PtBu,

v

Figure 8 Heck reaction with PCP-Pd complexes

The catalytic cycle of Heck-couplings usually involves Pd(0) complexes that are
transformed via oxidative addition of aryl halides to Pd(ll) complexes, consequently
after elimination of the final product the Pd(0) species is regenerated by reductive
elimination of hydrogen halide, aided by base. However, attempts to reduce the PCP-
Pd(Il) pincers to the corresponding Pd(0) compounds were unsuccessful without
decomposition, as these complexes proved to be to stable. Therefore, Milstein and
Jensen proposed a catalytic cycle that indicates a progression from Pd(ll) to Pd(IV)
and back to Pd(Il), under the assumption that the palladium-carbon bond was too
strong to be broken in the catalytic conditions.3":32 This cycle however remains
controversial, because, as of yet, no experimental evidence of any Pd(IV) species was
reported.*’

Kinetic studies and catalyst poisoning experiments indicated that decomposition of the
pincer complexes into colloidal Pd(0) nanoparticles, catalyzing the reactions, can take
place. It is assumed that the stability of the complexes directly influences its reactivity.
Less stable systems, like phosphinite pincers decompose faster, thus increasing the
reactivity. It was further concluded that trialkyl amines, used as base in the reactions,
are responsible for the decomposition, as the complexes veritably show high stability
at the temperatures used for the reactions.*? In cross coupling reactions, however,
under mild conditions, some evidence, like full catalyst recovery and negative Pd(0)

poisoning tests, plausibly hints to Pd(ll) to Pd(IV) cycles.*?
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In analogy to the corresponding PCP-Pd pincers, PCP-Ni pincers have shown
reactivity in cross coupling reactions. Complex V showed to effectively catalyze the
Suzuki-Miyaura reaction, albeit entailing higher reaction temperatures and higher
catalyst loadings than similar Pd complexes. The formation of Ni-nanoparticles was

observed in this reaction.*4

B(OH) o« O
o
R
R

Figure 9 PCP-Ni catalyzed Suzuki-Miyaura reaction

Furthermore, other catalytic applications catalyzed by PCP-Ni complexes, like C-S
cross coupling, hydrosilylation or hydroamination of nitriles, are also known in

literature.3*

The first PCP-Ni complexes possessing amine linking groups were reported by the
Kirchner group in 2006. They were prepared by refluxing a 1,3 diaminobenzene-based

PCP pincer ligand with NiCl, hexahydrate in ethanol.®

Q NIC|2 6 Hzo
HT TH ~ EOoH N' ~Cl
P

R» PR, N—PR2

R =Ph, iPr, tBu

Figure 10 Synthesis of PCP-Ni complex
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As the NH linkers proved to be acidic, Murugesan used N-methylated linkers in order
to make the complexes compatible with strong base, which allowed for access to new
reactions.® For example, the Ni(ll) borohydride complex [Ni(PCPNMe)(n2-BH4)] was
successfully synthesized via two different methodologies. Firstly, by reacting the PCP-
Ni halide complex directly with NaBHs in a mixture of THF/MeOH. The second
approach included the reaction of the halide complex with LiAlH3s to generate the
hydride complex. [Ni(PCPNMe)H] was then treated at RT with BH3-THF, also generating
the borohydride complex. Treating [Ni(PCPNMe)(n2-BH4)] with TEA regenerated the

hydride complex.®

N -PiPr,
NaBH, Nif’/H\ W
/ \ /Bg
H N
/N—PiPr2
N /PlPrz
N—Plpl'g
N———PiPr,
LiAlH, /
: o NI\H
N=—PiPr,

Figure 11 Preparation on PCP-Ni borohydride complexes

The hydride and borohydride Ni complexes are able to react with gaseous CO3, thus

creating the inserted formate complexes.344°
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\

PiPr, N PiPry

N———PiPr; N 3 s
£ H CO;,
Ni——owup or NI\ \B-““‘H E— Ni——0
/ / H=\ / >—H
N—P/Pr, N—P/Pr, H N—PiPr, fe)
O——PBu, O——P1tBu, O——PBu;
:‘i :’f H :'j
Ni——pn ©F N'\/ N\t 02 /N'\o
/ / N pa
O—P1tBu, O—P1Bu, H O—PBu, o)

Figure 12 Activation of CO, by PCP-Ni complexes

1.4.2. Group 9 PCP Pincer Complexes

The first PCP-Rh and PCP-Ir complexes were prepared by Moulton and Shaw by
treating the respective metal(lll) chlorides with PCP ligand in a mixture of water and
isopropyl alcohol and refluxing this mixture for 20 h. The corresponding metal hydride

PCP complexes were obtained in yields of about 70 %.%8

H
_sptBUZ
MCl3(H,0)5
_— T S
iPrOH, H,0 M——¢j
PtBu, PtBu, PtBu,
M =Rh, Ir

Figure 13 Synthesis of Rh and Ir PCP pincer complexes

PCP-Ir complexes have proved to be impressive catalysts in the dehydrogenation of
alkanes to alkenes. In 1996, Gupta reported the dehydrogenation of cyclooctane to
cyclooctene with dihydride Rh and Ir PCP complexes. The PCP-Ir complexes were far

more reactive than their Rh analogues and additionally proved to be exceptionally
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stable at the high temperatures needed for the reaction. No decomposition of the
catalyst occurred at temperatures of 200 °C for as long as a week. The activity of the
catalyst was further increased by using a hydrogen acceptor such as tertbutyl
ethylene.?®

H

ES ¢

@
e ¥

\ /O

Figure 14 Catalytic cycle for the dehydrogenation of an alkane by PCP-Ir complexes

The catalytic cycle includes CH activation of the alkane, followed by B-hydride
elimination, liberation of the alkene and dehydrogenation of the formed dihydride
complex in the presence of a hydrogen acceptor.® In 2006 Goldman reported the
metathesis of alkanes, utilizing PCP-Ir complexes for hydrocarbon
hydrogenation/dehydrogenation reactions, combined with Schrock-type olefin

metathesis catalysts.*

2M  2MH, 2MH, 2M

2\ _R LL»zVR _oefin R/\/R N R

metathesis

+ H,C——CH, + HiC—CH;,

Figure 15 Ir catalyzed alkane metathesis described by Goldman



Introduction 15

PCP-Rh complexes have been used to a lesser degree as catalysts, compared to their
Ir analogues. However, their applications include amongst others the decarbonylation
of aldehydes and acyl compounds, the carbonylation of methanol, as well as coupling

reactions.48-50

An interesting feature of Rh is that it can insert into strong, unstrained C-C bonds.
When reacting Rh alkene precursors in oxidative addition reactions with a PCP ligand
containing an arene-methyl bond on the ipso position, a PC(sp?)P-Rh-methyl complex
instead of the expected PC(sp?®)P-Rh-hydride complex is formed. This reaction even

takes place at room temperature.>’

CHj;
—éPtBl.12
[Rh(C2H)Cll, S
benzene, RT Rh\CI
tBUz PtBUz PtBUz

Figure 16 C-C bond activation in PCP-Rh complexes

The first PCP-Co complexes were synthesized by Li and coworkers in 2009.%? They
reacted the aliphatic PCP ligands (PhoPOCH2).CH2 with the electron rich cobalt
precursor Co(Me)(PMes)s and obtained the corresponding PC(sp?)P-Co(l) complex.
Methane was liberated during the reaction. This complex was then treated with Mel

leading to oxidative addition and formation of a Co(lll) complex.

O—FPPh,

O/\/\O Co(Me)(PMe3)4 Clo“““\\PMeS
" A

. ~
PPh, pph,  ~CHe2PMes PMes

O—FPPh,

O——PPh, O—FPPh,
wPMe; ” Ml | JFMes

Cozl e Co—I
\pMe3 -[Me,P]l /
HsC
O—FPPh; O—PPh,

Figure 17 Synthesis of the first PCP-Co complexes
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The first PC(sp?)P-Co complex was prepared by Liin 2010 by treating a POCOP ligand
with Co(PMe3)s in Et2O and stirring it at room temperature for 48 h, generating the

trigonal-bipyramidal PCP-Co(l) complex VI with a yield of 30 %.%3

o) -PPh,
CO(PMG3)4) ..f/PMe3
O O Et,0, RT /CO\
PPh2 PPhZ O—PPh2 PMe3
Vi

Figure 18 Synthesis of [Co(POCOP)(PMes),]

Later, the Kirchner group reported the synthesis of a series of novel PCP-Co
complexes using the 1, 3 diaminobenzene-based ligand.
Treatment of the ligand with n-BuLi and subsequent reaction with anhydrous CoCl>

yielded the square planar low spin PCP-Co complex VII in near quantitative yield.

PiPr;

D
“,

N - __nBuli,CoCly i
N N THF, 12h

PiPr, PiPr, N—PiPr;

Vil

Figure 19 Synthesis of [Co(PCP"™¢)Cl]

Directly treating VII with either CO or pyridine affords the square-pyramidal complexes
[Co(PCPNMeY(CO)CI] (VII a) and [Co(PCPNMe)(py)CI] (VIl b) respectively. By using
halide scavengers such as AgSbFs in presence of CO, the cationic trigonal-
bipyramidal complex VII ¢ [Co(PCPNMe)(CO),]SbFs is formed. VII can be oxidized with
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CuCl; to the Co(lll) species [Co(PCPNMe)Cl,] (VII d). Reducing VII with KCgs under CO
atmosphere affords the diamagnetic Co(l) complex VIl e [Co(PCPNe)(CO)].8

Cl L

N=——|—PiPr, N=——|=——PiPr,

Co——( CONC|

N=—PiPr,

N—P/Pr, <,
vild N PiPry VilaL=CO
V4 Vilb L= py
/CO\CI

N—PiPr, -
co & / % \ |®
\ & viI °%
O N PiPr,
N=———|—PiPr, /
’f cd—-co
CO\CO / \
/ N—PiPr, co
N=—PiPr,
Vile Vilc

Figure 20 Reactions of [Co(PCP"V¢)Cl]

VIl also proved to be an effective catalyst for the coupling of primary alcohols with
aromatic amines. The coupling involves acceptorless dehydrogenation of the alcohol
and formation of an imine, which subsequently is hydrogenated to the amine.
(borrowing hydrogen catalysis).>*

NH,

tBuOK or MS, VII (2 mol %)
OH -
+ toluene, 16 h ©/\H

Figure 21 PCP-Co catalyzed coupling of primary alcohols with aromatic amines

Analogous to the square planar PCP-NiCl complexes, treatment of VIl with NaBH4

yielded the borohydride complex [Co(PCPNMe)(n?-BH,)] (VII f). However, due to its high
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stability, the complex showed neither reactivity towards CO2 nor was it possible to

create a hydride complex by treatment with TEA.®

N—sPiPrz N ~PiPrs
4 NaBH, S _H
CO\C| > Co— \ H
THF/MeOH, RT B.o“
H N\
N—PiPr, N—PiPr, H

Vil VII f

Figure 22 Synthesis of [Co(PCP"™¢)(n?-BH.)]

1.4.3. Group 8 PCP Pincer Complexes

The first PC(sp®)P-Os complex was synthesized by Roper and coworkers in 1984, by

two successive electrophilic additions of a Fischer carbene on two PPhsligands.>®

PPh,
PPhs

oc O

1. HCI
\Os=CF2 >

- | 2.2eqBCl;

PPh, Cl |
PPh,

Figure 23 Synthesis of the first PC(sp®)P-Os complex

oC

A first PC(sp?)P complex was reported by Jia in 2000. It was prepared by refluxing
OsCl2(PPh3)s with PCP ligand in isopropanol for 8 h, giving the corresponding square-
pyramidal Os(ll) complex [Os(PCP)(PPh3)CI] in 65 % yield.%®
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PPh3
—PPh,

OSC'Z(PPh3)3 o f“
iPrOH 0é— o

PPh, PPh, PPh
2

Figure 24 Synthesis of the first PC(sp?)P-Os complex

Cyclooctene hydride PCP-Os pincer complexes ([Os(PCP)(COE)H]), bearing CF3
moieties bonded on the phosphine donors, can be used for dehydrogenation reactions
of alkanes. They show comparable reactivity to the CH: linked [Ir(PCP®BY)H]
complexes. Ir-dihydride complexes utilizing POCOP ligands, however, significantly

outperform these Os catalysts.%’

By treating RuCl>(PPhs)s with a PCP ligand and refluxing it in CH2Cl> for 3 days, van
Koten prepared the first PCP-Ru pincer VIl in 1996 in a yield of 58 %.%8

PPh,
—PPh,
RUC'z(PPh3)4 o &"s
PPh, PPh, p{
2

Vil

Figure 25 Synthesis of the first PCP-Ru complex

Four years later, van Koten described the reactivity of VIII as hydrogen-transfer
catalyst for ketones. By using isopropanol as a reducing agent and with low catalysator
loadings of 0.1 %, turnover frequencies (TOF) of up to 10,000 h™' for the reduction of

cyclohexanone were achieved.?3
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OH o}

KOH, VIl (0.1 mol %)
+ )\ /PrOH,82°C,1.8h + )l\

Figure 26 Transfer hydrogenation of cyclohexanone with a PCP-Ru complex

After treating the complex [Ru(PCP°H)(CO).CI] IX with base or proton sponge, Milstein
discovered the first metallaquinone IXa in 2000. In this ruthenaquinone the second
oxygen of the quinone is replaced by the metal. The bond lengths of the ring, as well
as the length of the O-C bond correspond to the lengths expected in the more

traditional, organic benzoquinone.*®

0
cl
_¢PtBU2
.#’s KOH or proton sponge
HO U— >
RU co THF, RT, 12 h |
PtBu, fBup—RU PtBu,
co
IX ocC co
IXa

Figure 27 First synthesis of a metallaquinone

Simultaneously with the first PCP-Co complex, Ji and coworkers also published the
synthesis of the first PCP-Fe complex in 2009. By reacting the ligand (Ph2POCH2)2CH2
with the Fe precursor Fe(Me)2(PMes)s in diethyl ether the PCP-Fe hydride complex X

was formed.
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O—PPh, O—PPh,
I PMe3
Fe(Me),(PM &
e(Me),(PMes), HsC Fe=—PMe;
- CH4, 2 PMej
|
O—PPh, O—PPh;
X
C-Hbond | -CH, Oxidative | C-H bond
activation | -2 PMes Addition activation
O—PPh; O—FPPh,
| PMe; H I JPMes
H Fe"‘ PMe; Reductive Elimination HaC Fe"‘ PMe;
C, C coupling
H;C
O—PPh, O—FPPh;
Xa Xb

Figure 28 Synthesis of the first PCP-Fe complex

The unusual complexation mechanism is initiated with pre-coordination of the
phosphines and loss of two PMes ligands. Then the sp® C-H bond of the ligand is
activated, which in turn leads to elimination of methane generating transition state Xa.
Thereafter, C, C coupling between the methyl ligand and the ipso carbon occurs, and
after reductive elimination, the Fe(0) transition state Xb is formed. The C, C coupling
reaction hereby induces a change of the backbone of the ligand. Finally, after another
C-H bond activation and oxidative addition the PC(sp®)P-Fe(ll) complex X is

obtained.%?

In 2011, Guan reported the first synthesis of a PC(sp?)P-Fe complex via oxidative
addition of resorcinol-bis(phosphinite) ligands on a Fe(PMez3)s precursor in THF. The
reaction yields of the POCOP-Fe(Il)H (Xl a) pincers were 69 % for the phenyl and 67 %
for the isopropyl phosphine substituents, respectively. When using the bulkier tert-butyl
phosphine donating groups, however, only trace amounts of the corresponding
complex were observed, indicating that steric crowding around the metal center does

inhibit the reaction.
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H H
D/©\ i
_ Fe(PMea)s__ CO (1 atm)
Fe\ —_— e—
TTHERT Q PMes ™ toluene, 80 °C / co
PR2 O—PRZ O—PR,
0
R =iPr, Ph Xl a Xl b

Figure 29 Synthesis of POCOP-Fe hydride complexes

By heating complexes Xla under CO atmosphere for three days at 80 °C, the
dicarbonyl complexes Xlb were obtained. Furthermore, Guan reported that the
complexes Xla showed reactivity as catalyst for the hydrosilylation of ketones to

alcohols.®0

0 1. Xl a (1 mol %) OH

(EtO),SiH, 50-65 °C, 1-36 h H
)]\ _ 2.NaOH 10 % )<
R

R R’

R

Figure 30 Hydrosilylation of ketones with PCP-Fe complexes

Later, Sortais and Milstein described the synthesis of PCP-Fe(ll) complexes with NHa,
and CH: linkers respectively. They obtained the complexes by reacting Fe(CO)s with

the respective ligands under ultraviolet radiation.5’: 62

In 2017, in analogy to the ruthenaquinone complex IX a, Milstein reported the synthesis
of the corresponding ferraquinone complex by treatment of [Fe(PCP°H)(CO):H] with

benzoquinone.

—P:Pr2
Fe( CO)5 uvB F benzoquinone =
T IHRRT.4d e ——CoO benzene, RT, 30 min |
F’lPrz iPr P =———F6=——PiPr,

iPryP PiPry / \

oC Cco

Figure 31 Synthesis of the first ferraquinone complex
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The Kirchner group reported the synthesis of PCP-Fe complexes in 2018. By using a
PCP ligand with a chlorine substituent on the ipso-position, complex Xil
[Fe(PCPNEY)(CO).CI] was synthesized under solvothermal conditions, by means of
oxidative addition on Fex(CO)e. In a next step, with the aim of creating a hydride
species, complex Xl was treated with Lithium triethylborohydride (Li[HBEts]).
However, no hydride species was observed, only the unusual 17 electron Fe(l)
complex Xlla [Fe(PCPNEY)(CO),] was isolated.

Cl ( CcO

N—|—piPr, N—|—piPr,
/\ /\ _ FeyCO% Q’F L o Li[HBEt;] Q’Fe/
T MeCN, 110°C, 18h / THF, RT, 1 h / ~~—co
p,‘prz p,pr2 N—PiPr, \ N—PiPr,
co
Xil Xila

Figure 32 Preparation of [Fe(PCP"E!)(CO),Cl] and [Fe(PCP"t!)(CO),]

Stirring  Xlla under NO atmosphere gave the diamagnetic complex Xllb
[Fe(PCPNEY)(CO)(NO)], a rare example of a nitrosyl PCP complex.®?

<co <No

N— 7P’P M2 Ne=——|=—PiPr,
NO (1 atm) /
Fe Fe
\CO benzene, RT, 1h \CO
N=PiPr, N=PiPr,
Xl a Xl b

Figure 33 Synthesis of [Fe(PCP"t)(CO)(NO)]

1.4.4. Group 7 PCP Pincer Complexes

In contrast to the groups 8, 9 and 10, the PCP pincer complexes of group 7 metals are
as of yet extremely rare and research on their chemical properties, complexation

methods and applications started only very recently.
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The first PCP-Re complexes were reported by Ozerov and co-workers in 2016. By
reacting the Re(V) precursor (Me2S)2ReOCI3 with PCP ligand in acetonitrile he first
observed a precipitate that he tentatively characterized as the non-cyclometalated
adduct [Re(PC(H)P)OCIs]n (XIIl). When conducting the reaction in toluene, the PCP-
Re(V) pincer [Re(PCP)OCI;] (Xllla) was formed in 51% yield, after heating the adduct
Xl with TEA as base at 140 °C for 48 h. Treatment of Xllla with LiAlH4and quenching
the reaction with water yielded the Re(l) polyhydride complex [Re(PCP)He] (XllIb). By
stirring Xlllb for 24 h at room temperature under CO atmosphere the Re(l) complex
[Re(PCP)(CO)s] (Xllic) was afforded.%

| l l—PiPrz
(Me,S),ReOCl;
1. toluene, RT, 12 h \CI
2. toluene, NEt3, 140 °C, 48 h
PiPr, PiPr; PiPr,
Cl
Xlll a
1. LIAIH,
THF
2. H,0
Y
CO H=—H
F”':”2 —‘P/Prz
< E co H
Re\c Ré
benzene RT, 24 h \H/
P’P"Z PIPI‘Z
Xl ¢ ab

Figure 34 Synthesis of PCP-Re pincers

By treating complex XIll a with the strong base lithium hexamethyldisilamide (LIHMDS)
it was possible to successfully abstract a proton from the CH: linking group, hereby
dearomatizing the benzene backbone. This marked the first time that the deprotonation

of a CH2-linker was achieved in PCP pincer complexes.®

The first PCP-Mn pincer complex was synthesized by the Kirchner group in 2018. For
the reaction, a PCP ligand with a 1, 3 diaminobenzene backbone was used. In

anticipation of facilitating oxidative addition reactions, the hydrogen atom on the ipso
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carbon was exchanged with a chlorine substituent. The ligand was reacted with
Mn2CO1o in acetonitrile under solvothermal conditions, i.e. in a sealed glass vial at
temperatures above the boiling point of the used solvent. The novel PCP-Mn pincer
[Mn(PCPNEY(CO)3] (XII) was obtained in 40 % yield.

< CO
N ?PIPI'Z
Mn,(CO)1o M-
> ——CO
/\T T/\ MeCN. 140 °C, 8 h /
PPr, © PiPr, N—PPr,
CcO

X

Figure 35 Synthesis of the first PCP-Mn complex

The CO ligands of the complex proved to be inert to ligand substitution, no reaction
with CNtBu was observed, even under elevated temperatures. However, reacting XIll
with NOBF4 led to replacement of one CO ligand with NO, affording the cationic Mn(l)
complex [Mn(PCPNEY)(CO)2(NO)]BF.4 (Xllla).

It was also possible to obtain a complex [Mn(PC(H)PNEY)(CO)s]BF4 featuring an agostic
n-Cary-H bond. This was achieved via protonation of the ipso C-Mn bond with
HBF4-Et2O (XIlIb). The reaction proved to be reversible and even weak bases such as

TEA were able to deprotonate the agostic C-H bond thereby regenerating XIII.%6
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1.4.5.

HBF4Et20

CHoClp, RT, 15min

Cco

N=——|=——PiPr,

M n\co
N—PiPr,

Xil

NOBF,

CH,Cl,, RT,18h

< co —| ®
Ne—o
——PjPr
H ‘,.o‘“ 2
~~Mn.
~~co
N—P/Pr,

CcO
Xl b

N—PiPr;

Xilla

Figure 36 Reactions of [Mn(PCP"t*)(CO)s]

Group 6 PCP Pincer Complexes

Analogous to group 7 metals, examples of PCP pincer complexes of the group 6 metals

are hardly known in literature and research on them started only very recently. The

Kirchner group reported the reaction of the group 6 carbonyl complexes with a 1,3-

diaminobenzene based PCP pincer under solvothermal conditions in 2016. However,

Cr and Mo only formed agostic pseudo pincer complexes, containing an n?-Caryi-H

bond (XIV, XV). W was however able to cleave the jpso C-H bond and formed the
desired capped octahedral complex [W(PCPNMe)(CQO)sH](XVI), the first PCP-W
complex reported in literature.
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\ co co
NT —pPiPr, N— —Pn:'r2
\ / M(CO)G - \ _.__.MCO
T T MeCN, 150 °C, 5 h / \co /
PiPr, PiPr, N=—PiPr, N—PIPrz
co
XIV (M = Cr) Xvi
XV (M = Mo)

Figure 37 Synthesis of the first PCP-W complex

The first PCP-Mo complex was synthesized by Schrock in 2012 in his work on
dinitrogen-cleavage using single metal centers. In this work he reacted the POCOP
ligand 1-iodo-2,6-[OP(tBu)2]oCeH3 with n-BuLi and transmetalated the PCP-Li species
with MoCI3(THF)3. He obtained the desired square-pyramidal Mo(lll) pincer XVII
[Mo(POCOP)I2] in 46 % yield but also observed 10-15 % of a diamagnetic impurity,
which he proposed as being the Mo(V)oxo complex XVlla [Mo(POCOP)(O)I]. He based
this assumption on the known property of the precursor MoCl3(THF)3 to decompose

and give molybdenum-oxo species.

O—|—PtBu;, o— —PtBu,
Mols(THF),
» &
0 o) n-BuLi, Et,0, -78 °C to RT Mo—ou_ MO—0_
[
PtBu, PtBu; O—PtBu, O—PtBu,
XVii XVil a

Figure 38 Synthesis of [Mo(POCOP)I;] and [Mo(POCOP)(0)I]

Reducing the mixture of complexes XVII and XVlla under a N2 atmosphere with Na/Hg
in the presence of crown ether gave the anionic nitrido species [Mo(POCOP)(N)I]
XVlib. Attempts to protonate the nitride to yield the neutral imido complex failed.
Instead the diamagnetic complex XVllc was formed. Based on NMR spectroscopy,

Schrock proposed that in this complex a protonation of the Mo-P bond took place.®”
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o ren .l J,F"B“2 e
Et,NHI[BAI,]
Mo [34> M
Mo——, ~ Na/Hg, 15-crown5, THF benzene !
O—PIBUZ O=—PtBu, O—PtBU2
XVl XVIl b XVil ¢

Figure 39 Nitrogen activation with [Mo(POCOP)I,

In 2018, by using the 1,3-diaminobenzene based ipso-chlorinated PCP ligand, the
Kirchner group successfully synthesized all group 6 PCP complexes, including the first
known PCP-Cr complex, using oxidative addition under solvothermal conditions. In
case of Mo and W, the expected diamagnetic seven-coordinate M(ll) chloro complexes
[M(PCPNEY)(CO)sCI] (XVII, XIX) were isolated. In the case of Cr a mixture of the agostic
complex [Cr(k3P,CH,P-P(CH)PNEY)(CO);] XXa as well as the Cr(lll) complex
[Cr(PCPNEY)(MeCN)Cl;] XXb was obtained.®8

Cl

Ne——|—PiPr,
M(CO)s
> M e C O
MeCN, 130-170 °C, 3 h / \
N—P/Pr, co
co
XVl (M = Mo)
XIX (M = W)
/\N /\
ppr, ° PiPr,
—p,’prz N— —Pn=>r2
Cr(CO)s
MeCN, 150 °C, 3 h r\co r\NCMe
N—P:Pr2 N—P:Prz
XX a XX b

Figure 40 Synthesis of group 6 PCP pincer complexes
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Complexes XVIII and XIX were treated with KCg in THF and stirred for two days at
room temperature affording the octahedral, diamagnetic and anionic M(0) complexes
[M(PCPNEY)(CO)s] XVllla and XIXa.

S}
Cl CO
N— ?PiPrz N— T@PI.PI'Z
& KC &
Mesesssenn m—ele) 8 M cO
/ \ THF, RT, 2d /
N—PiPr, co N—PiPr,
Cco Cco
XVIII (M = Mo) XVl a (M = Mo)
XIX (M = W) — XIXa(M=wW) —

Figure 41 Reduction of the [M(PCP"®)(CO)sCl] complexes

Interestingly, treating XVllla and XIXa with acid afforded for molybdenum the agostic
complex [Mo(k3P,CH,P-P(CH)PNEY)(CO)3] (see complex XV), while tungsten gave the
hydride complex [W(PCPNEY)(CO)sH] (see complex XVI)

1.4.6. Complexation Methods for PCP Pincer Complexes

Due to the great stability of the C-H bond of the ipso-carbon, the key step in the
formation of PCP pincer complexes is the creation of a o-carbon-metal bond. Cleavage
of the bond can either be achieved via direct C-H activation of the metal or by means
of oxidative addition of ligand on a low valent metal center. The third possibility of
creating a 5-C-M bond is the transmetalation of an ipso-lithiated ligand salt with a metal

precursor.59

1.4.6.1. Direct C-H activation

Direct C-H activation is the most common method for creating the 5-C-M bond, having
the advantage of not needing any pre-functionalization of the PCP pincer ligand. The
method is dependent upon the metal precursor itself as well as the electronic and steric
properties of the phosphine donors of the ligand. Higher temperatures and longer
reaction times improve yields of the C-H activation. For this reaction, usually, noble
metals in higher oxidation states are used, e.g. PdCly, Pt(COD)CI. or IrCls. Nickel is

the only metal of the first transition row, where direct C-H activation is possible.®
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The metal does not change its oxidation state during the reaction and the hydrogen of
the ipso-bond is eliminated as the respective hydrogen halide. Thus, addition of weak
base can also increase the efficacy of the reaction, necessitating shorter reaction
times. The influence of the electron donors on the reaction conditions was first shown
by Venanzi. After exchanging the bulky and electron-releasing t-Butyl substituted
phosphine donors, with the sterically less demanding but weakly electron withdrawing
Phenyl substituted phosphines, milder reaction temperatures could be used to obtain

the PCP-pincer complexes in high yield.”

PPh,

PdCl,(CH3CN),
CH,Cly, RT, 10 min

PPh, PPh, PPh2

Figure 42 Synthesis of PCP-Pd complexes by Venanzi

Van Koten reported in 1998 the reaction of an NCN pincer ligand with group 10 metals.
Instead of the desired cyclometalated pincers, he obtained binuclear complexes. This
behavior was attributed to the weaker donating amine electron donors, that are not

able to enforce the tridentate coordination geometry needed to create a pincer.”"

(I:I cl
PdCl, Pd
/ N\
RoN
NR, NR;
R = Me, Et

Figure 43 Synthesis of binuclear NC complexes by van Koten

The desired pincer compound was obtained, after introduction of a directing group on

the ipso-carbon.
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NM62

V4

PdCl, Pd. ol

—_—
- SiMe;Cl

NMe, SMe3  NMe, NMe;

Figure 44 Synthesis of NCN-Pd pincer complex

1.4.6.2. Oxidative Addition

Another way of forming ¢-C-M bonds in PCP-complexes is by means of oxidative
additions reactions. In a first step, the o-bonding orbital of the jpso-C-H bond donates
electron density to a vacant metal-based orbital, thereby creating an agostic bond. In
a second step, a populated orbital on the metal center donates electron density to a
antibonding o*-orbital of the C-H bond. If the backdonation is significant enough, the
bond is cleaved, and a PCP-hydride complex is formed.”? This reaction increases the
oxidation state of the metal by two. High pressure and high temperature favor the

reaction, as the initial C-H activation is facilitated.

H _H H
M _—= M — M—: —= M
R

R R

_H
\R

Figure 45 Mechanism of oxidative addition reactions

The agostic bond can therefore be described as an interaction between an electrophilic
metal center and the ipso C-H bond. It formally constitutes a three-center two-electron
bond. When the agostic transition state is thermodynamically more stable than the fully

cleaved hydride complex, the reaction does not progress beyond that step.

When Milstein attempted to prepare Rh(lll) PCP pincer complexes via oxidative
addition to the cationic Rh(I) complex [Rh(C2H4)(CO)(solv)n]" (n = 1,2), he observed
the formation of the agostic Rh(l) complex [Cr(k3P,CH,P-P(CH)P)(CO)]*. Treatment
with the weak base TEA, afforded the neutral Rh(l) complex [Rh(PCP)(CO)]. This
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showed that the hydrogen of this agostic bond is acidic and can be abstracted by base.

The reaction was reversible via protonation with acid.”

PtBuz—]

®
PtBu,
H &
Rh(CHa)(CO)(solv),]* S
r@ [Rh(C2Ha)(CO)soIV)iJ* _ @co TEA /Rh\co
PBu PBU PtBu, PtBu,

Figure 46 Deprotonation of an agostic complex

Heinekey prepared the analogous neutral Rh(I) complex [Rh(POCOP)(CO)], utilizing
a phosphinite ligand and showed, after protonation, that the agostic Rh(l) complex and

the cleaved Rh(lll)-hydride complex existed in equilibrium in solution.’

H

® ®
OH\\\PBUZ | o—|—PBu,
~ s“‘\\\ \“\\
Rh _— A—
\CO CO
O—P1Bu, O—PtBu,

Figure 47 Equilibrium between an agostic and a hydride complex

It was also shown, that not all agostic complexes were convertible to full pincer
complexes using base. Treatment of group 6 complexes XIV and XV even with strong
base, like n-BuLi and KOtBu, did not lead to deprotonation of the agostic C-H bond.
The utilization of ipso-halogenated PCP ligands, permitted to circumvent these agostic
intermediates making it possible to gain access to new base metal pincer complexes

using oxidative addition reactions.

1.4.6.3. Transmetalation

The third method of creating a o-C-M bond is transmetalation. For this reaction the
ligand has to be deprotonated at the ipso-position with strong base, in most cases n-
BulLi, creating a ligand salt. This ligand salt is in a next step reacted with a metal
precursor, creating a o-C-M bond with elimination of a lithium salt. However, due to the
low acidity of aromatic C-H bonds, lithiation of the ipso-position of a PC(H)P ligand is

in most cases impossible. However, when substituting the jpso hydrogen atom with a
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halogen, the lithium species can be obtained in quantitative yield via halogen-metal

exchange reactions.®®

An example of the creation of a PCP complex by using transmetalation is seen in
Figure 48. Heinekey prepared the square pyramidal complex [Co(POCOP)I] by first
creating the ipso-lithiated species with n-BulLi and subsequent transmetalation with

Col> THF. Lil was eliminated during the reaction.”

(o] /PtBu2
2 eq n-BuLi Coly THF -~ co |
o o THF, 0 °C o S o THF, 0 °C, 30 min /
[ | I Li* |

O=PtBu,

PtBu; PBu, PtBu, PtBu,

Figure 48 Synthesis of a POCOP-Co complex by mean of transmetallation
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2. Experimental Part

2.1. Synthesis of the Ligand

2-Bromo-1,3-bis(bromomethyl)benzene (1)

NBS, AIBN
CCly, reflux, 18 h

Br Br

Br Br

10 g (54 mmol) 2-bromo-1,3-dimethylbenzene and 19.2 g (108 mmol) n-
bromosuccinimide were suspended in 80 ml CCls in a one neck flask. 20 mg
azobisisobutyronitrile (AIBN) were added and the suspension was refluxed under
stirring for 2 h. Thereafter another 20 mg of AIBN was added and the suspension was
refluxed for 18 h. The suspension was cooled to room temperature and filtered over
silica gel, yielding a clear solution. The solvent was evaporated under reduced
pressure, yielding an off-white solid. The crude product was recrystallized from n-

hexane giving 1 as colorless needles. (10.2 g, 55 %)

'H NMR (250 MHz, CDCls, 5, 20 °C): 7.42 (d, J= 7.9 Hz, 2H, CH*$), 7.29 (t, J= 8 Hz,
1H, CHP), 4.64 (s, 4H, -CH:Br). 3C{'H} NMR (63 MHz, 5, CDCls, 20 °C) 138.5 (s, C'9),
131.4 (s, C*), 128.0 (s, C®), 126.6 (s, C2), 33.8 (s, -CH2Br).
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(2-Bromo-1,3-phenylene)bis(methylene))bis(diisopropylphosphane) (2)

1. iPr,PH
acetone, 70 °C, 1.5 h ‘

2. NaOAc,
H,0, RT, 30 min

Br PiPr, O PiPr,

Br. Br

1.52 g1 (4.43 mmol) and 1.36 g (11.52 mmol) diisopropylphosphine were dissolved in
8 ml acetone under argon and sealed in a microwave reaction vial. The solution was
heated at 70 °C for 90 min and the solution, as well as the formed precipitate, were
transferred into a Schlenk tube. The volatiles were removed under reduced pressure
and the off-white solid was washed with Et2O to remove unreacted educt. The
diphosphonium salt was then dissolved in 15 ml degassed water and subsequently
treated with aqueous NaOAc solution (5g (60 mmol) NaOAc in 15 ml degassed water)
precipitating the diphosphine. The reaction was stirred for 30 minutes and then the
aqueous layer was extracted three times with 40 ml Et2O. The etheric layer was dried
over Na>SO4 and after filtration all volatiles were removed in vacuo. The residue was
taken up in 40 ml n-pentane and filtered over silica gel. After evaporation of the solvent,

2 was obtained as yellow oil, (900 mg, 49%) and used without further purification.

"H NMR (400 MHz, CeDs, 8, 20 °C): 7.26 (d, J = 7.54Hz, 2 H, CH*®), 6.94 (t, J =
7.58 Hz,1 H, CH®), 2.96 (d, Jup= 1.58 Hz, 4H -CH.P-), 1.67 (dsp, J= 7.11 Hz, J=
1.47 Hz, 4H, -PCH(CHs)2), 1.02 (m, 24H, -PCH(CHs)2). "*C{'H} NMR (101 MHz, &,
CeDs, 20 °C) 141.1 (d, Jcp= 8.46 Hz, C'3), 129.3 (dd, Jcp= 11.09 Hz, Jcp= 2.25 Hz,
C*8), 126.1 (s, C®), 314 (d, Jcp= 22.91 Hz, -CH2P-), 24.0 (d, Jcp= 16.60 Hz,-
PCH(CH3)2),19.7 (dd, Jcp= 31.74 Hz, Jcp= 13.10 Hz, PCH(CH3)z2). Ipso C not detected
31P{"H} NMR (162 MHz, &, CsDs, 20 °C) 9.5 (s)
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2.2. Synthesis of Complexes

[Cr(PCP)(MeCN)Br2] (3)

Br

PiPr;

Cr(CO)s of
~——NCMe

MeCN, 130 °C, 12h /\

piPr, O PiPr, PiPr,
Br

100 mg 2 and 53 mg Cr(CO)6, suspended in 2.5 ml acetonitrile, were sealed in a
microwave tube and heated at 130 °C for 12 h, affording a yellow-red solution. After
evaporation of the solvent the remaining solid was washed three times with 10 ml n-
pentane. The residue was the taken up in 3 ml dichloromethane and precipitated with
10 ml n-pentane, giving 3 as reddish-brown solid. (45 mg, 40 %) uefr = 3.7 (3) ug (Evans
method, CH2Cly)

[Mo(PCP)(CO)3Br] (4)

Br
—PiPr,
MO(CO)6 - r\l 6... ------- o CO
MeCN, 130 °C, 3 h / \
PPr, O PiPr PiPr2 o
co

100 mg 2 (0.24 mmol) and 63.2 mg Mo(CO)s (0.24 mmol), suspended in 2.5 ml
acetonitrile, were sealed under argon in a microwave reaction vial. The vial was heated
at 130 °C for 3 h affording a red-brown solution. After cooling to room temperature

orange-brown crystals precipitated from the mother liquor. The supernatant solution
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was decanted and the crystals were washed twice with 1 ml MeOH to yield 4 (115 mg,

80 %) as orange crystals.

"H NMR (400 MHz, CD2Clz, 5, 20 °C): 7.13 (d, J= 7.43 Hz, 2H, CH*5), 6.99 (t, J=
7.42 Hz,AH, CH?®), 4.04 (dt, J= 15.47 Hz, J= 4.95Hz, 2H, -CH:P-), 3.72 (dt, J=
15.48 Hz, J= 3.94 Hz, 2H, -CHP-), 2.91 (m, 2H, -PCH(CHs)), 2.47 (m, 2H, -
PCH(CHs)2), 1.32 (m, 18H, -PCH(CHs)z), 1.10 (m, 6H, -PCH(CHs)2). 13C{'H} NMR (101
MHz, 8, CD2Cl,, 20 °C) 238.1 (br, CO), 224.5 (t, J= 11.98 Hz, CO), 171.3 (t, J= 8.02 Hz,
ipso C), 149.1 (t, J= 7.76 Hz, C'3), 127.4 (s, C%), 123.1 (t, J= 7.99 Hz C*$), 40.6 (M, -
CH2P-), 27.6 (t, J= 9.52 Hz -PCH(CHa)2), 27.2 (t, J= 10.42 Hz, -PCH(CHs3)2),19.7 (m,
PCH(CHa)2). 3'P {TH} NMR (162 MHz, 5, CD.Cl2, 20 °C) 75.1 (s). IR (ATR, vco, cm™)
2008, 1923, 1871. HRMS (ESI*, CH3CN/MeOH + 1% H20): m/z calcd for
Ca2sH3503BrNaMoP2 [M+Na]* 621.0197 found 621.0181.

[W(PCP)(CO)sBr] (5)

'—QPI'PI'Z
W(CO)6 - W.: ........... mCO
MeCN, 160 °C, 3 h / \
PP, O PP PiPr2 o
co

100 mg 2 (0.24 mmol) and 84.4 mg W(CO)s (0.24 mmol) were suspended in 2.5 ml
acetonitrile and sealed in a microwave reaction vial under argon. The suspension was
heated at 160 °C for 3 h affording a dark-brown solution. After cooling to room
temperature brown crystals precipitated from the mother liquor. The crystals were
separated from the supernatant solution and washed twice with 1 ml methanol. 136

mg 5 (83 %) as yellowish-brown crystals was obtained.

'H NMR (400 MHz, CD:Clz, 8, 20 °C): 7.16 (d, J= 7.46Hz, 2H, CH*®), 7.02 (t, J=
7.45 Hz,1H, CH®), 4.10 (dt, J= 15.63 Hz, J= 4.78Hz, 2H, -CH:P-), 3.74 (dt, 2H, -CH:P-
), 2.95 (m, 2H, -PCH(CHs)2), 2.51 (m, 2H, -PCH(CHs)2), 1.31 (m, 18H,-PCH(CHs)2),
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1.11 (m, 6H,-PCH(CH5)2). *C{'"H} NMR (101 MHz, &, CDCl, 20 °C) 232.2 (br, CO),
217.5 (t, J= 9.15 Hz, CO), 168.9 (t, J= 6.80 Hz, ipso C), 150.7 (t, J= 7.74 Hz, C"3),
127.6 (s, C°), 123.1 (t, J= 7.42 Hz, C*%), 40.8 (vt, -CH2P-), 27.8 (vt, -PCH(CH3).), 26.8
(vt, -PCH(CH3)2),19.8 (m, PCH(CHj3)2). 3'P{"H} NMR (162 MHz, &, CDCl, 20 °C) 53.6
(s). IR (ATR, vco, cm™) 2000, 1913, 1859. HRMS (ESI*, CH3CN/MeOH + 1% H20):
m/z calcd for C23H3503BrNaP2W [M+Na]* 707.0652 found 707.0620.

[Mn(PCP)(CO)3] (6)
co

—PiPr
& T2

Mn,(CO)1g M i co

. & N\ £
MeCN, 150 °C, 16 h — /
PiPr,
C

100 mg 2 (0.24 mmol) and 46.8 mg Mn2(CO)10 (0.12 mmol) were heated in MeCN at

pipr, O PiPr,

(0]

150 °C for 16 h in a microwave reaction vial, yielding a clear orange solution. After
evaporation of the solvent the crude orange product was purified by column
chromatography (n-hexane:EtOAc 10:3) and the off-white residue was recrystallized
from a concentrated solution in n-hexane:EtOAc (10:1) at -30 °C to yield 35 mg 6

(31 %) as off-white crystals.

'H NMR (400 MHz, CDClz, 8, 20 °C): 6.99 (d, J= 7.39 Hz, 2H, CH*%), 6.80 (t, J=
7.43 Hz,1H, CH®), 3.36 (d, J= 7.33 Hz, 4H, -CH,P-), 2.37 (m, 4H, -PCH(CHs),), 1.28
(dd, J= 13.32 Hz, J= 7.04 Hz,12H, -PCH(CHs)), 1.22 (dd, 12H, J= 13.27 Hz, J=
7.18 Hz, -PCH(CHj)2). *C{'H} NMR (101 MHz, 8, CD,Clz, 20 °C) 226.7 (br, CO), 223.7
(t, J= 23.24 Hz, CO), 173.0 (t, J= 8.23 Hz, ipso C), 148.8 (t, J= 9.06 Hz, C"3), 123.7 (s,
C5), 121.9 (t, J= 6.76 Hz, C*), 41.2 (t, J= 10.03 Hz, -CH2P-), 41.0 (t, J= 10.00 Hz, -
CHoP-) 28.2 (m, -PCH(CHa):), 26.8 (vt, -PCH(CHs)2), 19.4 (d, J = 18.07 Hz,
PCH(CHa)2). 3'P{'H} NMR (162 MHz, 8, CDzCl2, 20 °C) 100.3 (s). IR (ATR, vco, cm™)
1985, 1892, 1873. HRMS (ESI*, CH3CN/MeOH + 1% H20): m/z calcd for
C23H3603MnP2 [M+H]* 477.1520 found 477.1515.
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[Mn(PC(H)P)(CO)s]BF4 (6a)

co co
—PjPr, HBF4 Et,0 - /_Piprz
CH,Cly, RT, 10 min N
Y, H\CO B TEA Mn\CO
CH,Cly, RT /
PiPr; PiPr,
co co

7 mg (14.7 umol) 6 were dissolved in 2 ml CH2Cl2 and subsequently 2.5 pl (17.6 umol,
1.2 eq) HBF4Et2O were added and stirred for 10 minutes, affording a dark-orange
solution. The solvent was evaporated under reduced pressure and the orange-red solid
was washed three times with 1 ml n-pentane. To remove the excess of the HBF4-Et20,
the residue was taken up in 2 ml CH2Cl2 and precipitated with 4 ml n-pentane, twice,
yielding 6a as orange-red solid (6 mg, 86 %). Crystals suitable for X-ray diffraction
were obtained by slow evaporation of a concentrated solution of 6a in CH2Cl2. Treating
a solution of 6a in CH2Cl> with an excess of TEA led to an immediate discoloration of
the solution. After removing of the solvent, the colorless residue was characterized as

6, showing the reversibility of the reaction.

"H NMR (600 MHz, CD2Cly, &, 20 °C): 7.70 (t, J= 7.62 Hz, 1H, CH®), 7.09 (dd, J=
7.30 Hz, J=2.30 Hz, 2H, CH*®), 4.05 (s, 1H, CHipso), 3.55 (m, 2H, -CHP-), 3.08 (m,
2H, -CH2P-), 2.86 (sep, J= 7.16 Hz 2H, -PCH(CH3)2), 2.47 (sep, J= 7.42 Hz 2H, -
PCH(CHs)2), 1.46 (m, 6H, -PCH(CHs)2), 1.35 (m, 18H, -PCH(CHSs)2). "*C{'H} NMR (151
MHz, &, CD2Cl2, 20 °C) 226.0 (br, CO), 216.7 (q, J= 23.24 Hz, CO), 155.6 (s, C'?3),
137.5 (vt, C%), 126.7 (vt, J=5.72 Hz, C*¥), 84.3 (t, J= 6.63 Hz, ipso C), 33.4 (m, -CH2P-
), 29.5 (m, -PCH(CHa)2) 26.6 (m, -PCH(CH3)2), 19.0 (m, PCH(CHa)2). 3'P{"H} NMR
(243 MHz, &, CD.Cl, 20 °C) 53.4 (s). IR (ATR, vco, cm™) 2043, 1958, 1911. HRMS
(ESI*, CH3CN/MeOH + 1% H20): m/z calcd for C23H3503MnP2 [M-H]* 477.1442 found
476.1436.
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[Fe(PCP)(CO)2Br] (7)

Br

—PiPr,
Fe2(COJs > Fé co
toluene, 140 °C, 12 h /
PPr, O PiPry PiPry
co

100 mg 2 (0.24 mmol) and 44 mg Fe2(CO)g (0.12 mmol) were heated in Toluene at
140 °C for 16 h in a microwave reaction vial, yielding a clear yellow solution. The
solvent was evaporated, and the orange precipitate twice washed with 2 ml n-pentane
yielding 73 mg 7 (58 %) as orange solid. Crystals suitable for X-ray diffraction were

obtained by slow diffusion of n-pentane in a concentrated solution of 7 in THF:

"H NMR (250 MHz, CeDe, 8, 20 °C): 7.24 (s, 3H, CH*59), 3.64 (dt, 2H, -CH:P-), 3.28
(dt, 2H, -CH2P-), 3.18 (m, 2H, -PCH(CHs)z), 2.10 (m, 2H, -PCH(CHa)2), 1.32 (q, J=
7.32 Hz, 6H, -PCH(CHs)2), 1.11 (m, 12H, -PCH(CHs)2). 3C{'"H} NMR (63 MHz, 5,
CoDs,, 20 °C) 148.4 (t, C'3), 125.3 (s, C%), 123.0 (t, J= 7.56 Hz, C*5), 38.7 (t, J=
14.79 Hz, -CHoP-), 26.4 (m, -PCH(CHa):), 19.5 (d, J= 25.48 Hz, PCH(CHa)).
Carbonyls and ipso-C not detected. 3'P{'"H} NMR (101 MHz, d, C¢Ds, 20 °C) 88.2 (s).
IR (ATR, vco, cm™) 1993, 1938, HRMS (ESI*, CH3CN/MeOH + 1% H20): m/z calcd for
C22H3502FeP2 [M-Br]* 449.1462 found 449.1456.

[Co(PCP)(CO).] (8a)

Cco

—PiPr;
Co,(CO)g ’

Com—_
toluene, 120 °C, 16 h co

PPr, O PiPry PiPr;
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50 mg 2 (0.12 mmol) and 20.5 mg Co2(CO)s (0.06 mmol) were heated in toluene at
120 °C for 16 h in a microwave reaction vial, yielding a green-yellow solution and a
green precipitate. The solution was separated from the precipitate and after
evaporation of the solvent the residue was extracted with benzene. 8a was obtained

as yellow solid after evaporation of the solvent. (24 mg, 44%)

H NMR (600 MHz, CeDs, 5, 20 °C): 6.96 (s, 3H, CH*59), 3.03 (vt, *H, -CHP-), 1.93
(m, 4H, -PCH(CHs)2), 1.14 (app q, J= 7.03 Hz, J = 7.84 Hz 12 H, -PCH(CHs)2), 0.96
(app q, 12 H, J=7.03 Hz, J=6.56 Hz, -PCH(CH}s)2). "*C{'"H} NMR (151 MHz, &, CgDs,,
20 °C) 210.3 (br, CO), 169.8 (t, J= 15.80 Hz, ipso C), 147.2 (t, J= 11.47 Hz, C'3), 123.0
(s, C5), 121.7 (t, J= 8.72 Hz, C*6), 39.0 (dd, J= 15.02 Hz, J= 12.53 Hz -CHzP-), 27.3 (t,
J= 9.84 Hz -PCH(CHs)2), 18.7 (d, J= 18.41 Hz, PCH(CHs)2). *'P{'H} NMR (243 MHz,
5, CeDs, 20 °C) 102.9 (s). IR (ATR, vco, cm-') 1966, 1907.

[Co(PCP)(CO).] (8b)

Br

—pPiPr,
002(00)8

toluene, 120 °C, 16 h Com—p,

Br i
PiP
PiPry IFra PiPr,

8b was analogously prepared as 8a. The solution was separated from the precipitate
and the precipitate washed with benzene (5 ml). 8b was obtained as green solid. (30
mg, 45%) Yerr = 3.0 ps (Evans method, CH2Cly)

[Ni(PCP)Br] (9)

Ni =
MeCN, 120 °C, 24 h

pipr, O PiPr,
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50 mg (0.12 mmol) 2 and 21 mg (0.36 mmol) nickel metal were suspended in 2 ml
acetonitrile and the mixture was heated at 120 °C for 24 h. A green-yellow solution was
separated from the excess metal and the solvent was evaporated under reduced
pressure. The residue was then extracted with 30 ml n-pentane, and after evaporation

of all volatiles, 9 was obtained as yellow solid. (43 mg, 75 %)

TH NMR (250 MHz, CD2Clz, &, 20 °C): 6.93 (br, 3H, CH*58), 3.11 (vt, 4H, -CH2P-), 2.38
(m, 4H, -PCH(CHs)2), 1.45 (dvt, 12H, -PCH(CHs)2), 1.19 (dvt, 12H, -PCH(CHs)z).
3P{"H} NMR (101 MHz, CD2Cl», 3, 20 °C): 61.1. Chemical shifts consistent with

literature data.
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3. Results and Discussion

3.1. Ligand design and synthesis

The 1,3 diaminobenzene-based systems used by the Kirchner group proved to be
effective in the complexation reactions with the group 10 metals as well as cobalt.
However, attempts to create cyclometalated compounds with other base metals failed,
as the C-H bond could not be activated sufficiently, even in the presence of strong
bases. By utilizing oxidative addition reactions under solvothermal conditions only the
PCP-W complex was obtained, chromium and molybdenum merely formed the agostic

compounds.

R
IsUN< N
HN NH \N N/ \NMN/
| I | | I |
PRy PRy PiPr, PiPr, PiPr, PiPr,
R = iPr, Ph, tBu R =Me, Ph, tBu

Figure 49 PCP ligands used by the Kirchner group

In an attempt to increase the acidity of the ijpso C-H bond, a pyrimidine-based ligand
was introduced in 2016. However, due to the directing effect of the pyrimidine nitrogen
atoms, it was not possible to use n-BuLi for the CH activation, limiting its scope to Ni-
complexes. When used in oxidative addition reactions, inadvertently, metal PN
complexes were formed instead of the desired PCP complexes, when using Me and
Ph as para substituents of the ring. By blocking the nitrogen atoms of the ring with the
bulky tBu substituent, it was indeed possible to synthesize the analogous PCP-W
complex, while for Mo a mixture between the cleaved hydride complex and the agostic

complex was obtained.’®

In a next step with the aim of facile activation of the jpso-carbon bond, as well as for
potential use in transmetalation reactions a new class of ligands bearing ipso-

halogenated benzene-backbones, was planned. To investigate potential differences in
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reactivity caused by the linking groups, ligands with O, NEt and CH: linkers were

synthesized.

~ N A

P/Pr2 PlPr2 IPI‘2 PiPr, PiPr, PiPr;
X=Br, |

Figure 50 New class of PCP pincer ligands

To synthesize ligand 2, the precursor 2-bBromo-1,3-dimethylbenzene was first
converted to the 2-bromo-a,a‘-dibromo-m-xylene 1 by using the Wohl-Ziegler
bromination. As a radical starter AIBN was used. To increase the yield, the radical
starter was added in batches to the reaction mixture. As the final purification of 2
proved to be very difficult, it was paramount to only use highly pure educts. Therefore,
the raw product was carefully recrystallized from n-hexane, yielding colorless white

needles.

In a next step 1 was to be reacted with (iPr).PH, creating the quaternary di-
phosphonium salt, which in presence of a base can be deprotonated to the ligand 2.
However, heating a solution of 1 with the phosphine and TEA in THF, did not yield 2,
as suggested in literature.”® Reaction control using 3'"P{'"H} NMR only showed yields of
about 3 %, and mostly unreacted dialkyl-phosphine. This can probably be attributed to
1 forming of a quaternary amine with TEA, which prohibits any further reaction.

Instead, another synthesis route for 2 was chosen, where the dialkyl-phosphine was
reacted with 1 to yield the insoluble di-phosphonium salt which was then isolated. The
compound is air stable, but hygroscopic. This salt can subsequently be deprotonated
in aqueous solution and the ligand is then extracted with diethyl ether.”” The ligand
was obtained in yield of about 50 % as yellow oil, with NMR spectroscopy showing it
to be sufficiently pure. 2 rapidly oxidizes in air, small phosphine oxide impurities,

however, can be removed by filtration over silica gel.
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3.2. Complex synthesis

In analogy to the work of Himmelbauer where the ipso-halogenated N-linked PCP
ligand was used,®® 2 was reacted with group 6 hexacarbonyl complexes under
solvothermal conditions at temperatures of 130 — 160 °C with reaction times of 3 —
12 h.

With Cr(CO)s a mixture of products was obtained. In analogy to the reaction of the N-
linked PCP ligand, a yellow solid was extracted from the reaction mixture with n-
pentane, and a very air sensitive residual burgundy red solid, that showed good
solubility in THF and CH2Cl., was obtained. Evans NMR measurement of the red solid
gave a magnetic moment of Yer = 3.7 Ys, which is consistent with a d® species,
indicating a oxidations state of Cr(lll). The yellow substance was identified as a mixture
of diamagnetic species. IR measurement of the yellow substance showed multiple CO
bands at around 1800 cm™, with at least two meridional CO species present. The
meridional species were identified via the weaker CO band at higher wave numbers of
1930 — 1960 cm'', which can be attributed to the symmetrical stretch of all three CO
ligands. Therefore, in analogy to the reaction with the N-linked PCP complex, it is
reasonable, to conclude that an agostic Cr(0) and various similar side-products are
formed in this reaction. As of yet, no single crystals of the burgundy Cr(lll) compound
were obtained, however it can be assumed that this compound is indeed the desired
pincer [Cr(PCP)(MeCN)Br] (3).

The reaction of Mo(CO)e with the ligand afforded a reddish-brown solution. While the
reaction vial was cooled to room temperature, crystals precipitated from the
supernatant solution. These orange crystals were washed with MeOH and proved to

be suitable for X-ray diffraction.
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Figure 51 Crystal Structure of [Mo(PCP)(CO)sBr] (4) with 50 % thermal ellipsoids. H omitted for clarity.
Selected bond lengths (A) and bond angles (°): Mo1-C1 2.286(4), Mo1-C21 1.987(6), Mo1-C22
2.023(6), Mo1-C23 1.952(8), Mo1-Br1 2.697(1), Mo1-P1 2.524(1), Mo1-P2 2.523(1), P1-Mo1-P2
147.84(4), C1-Mo1-C21 141.98, Br1-Mo1-C23 173.13.

Complex 4 shows a coordination geometry that can best be described as distorted
capped-trigonal-prismatic. C1 is hereby capping the quadrilateral face of the prism.
This is in contrast to complex [Mo(PCPNEY)(CO)sCl] (XVIII) that showed a capped
octahedral coordination geometry, with an unusual interaction of a carbonyl moiety
with the ijpso-carbon of the ligand. The bond angle between P1-Mo1-P2 is 147.84°.
The bond length of the o-bond C1-Mo1 is with 2.286 A longer than the C1-Mo1 length
observed in complex XVIIl (2.227 A). Figure 51 shows the complex in its most
abundant solid phase isomer, as the bromine substituent was observed at every
carbonyl position in lower percentages. The abundance of the isomer shown is 57.2 %.
The second most abundant isomer, where C23 and Br1 are interchanged has an
abundance of 29.4 %.

31P{'H} NMR spectroscopy showed a singlet at 75.1 ppm. In the "3C{'H} NMR
spectrum two carbonyl signals were observed as a broad singlet at 238.1 and a triplet
at 224.5, that showed a coupling constant of 11.98 Hz. The singlet and the triplet were
in an integral ratio of 2:1. DFT calculations made for the similar complexes XVIII and
XIX suggest rapid interchange (pseudorotation) of the two basal carbonyl (C21, C22)

ligands, with a coalescence temperature below -50 °C. The exchange of the apical
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carbonyl (C23) is slower, which makes it possible to resolve it as a triplet, even at RT.
The signal for the ipso-carbon was detected as a triplet at 171.3 ppm with a Jcp
coupling constant of 8.02 Hz. The complex showed three distinct CO bands in the IR
spectrum at 2008, 1923 and 1871 cm™.

+MS, 0.0-0.4min #(1-24)
621.0181

LR J 1 L e
C23H3503BrMoP2, M+nNa ,621.02
621.0186

LU

615 620 625 630 miz

Figure 52 Positive-ion ESI full scan mass spectra of 4. Mass calculations are based on the lowest mass
molybdenum isotope (°?Mo) and monoisotopic values.

For complex 4 also a positive ion electrospray ionization high-resolution mass
spectroscopy (ESI-HRMS) spectrum was measured. A [M+Na]* peak at 621.0181 m/z
was found. Figure 52 shows the isotope pattern of the measurement and below the

simulated spectrum.

The reaction of W(CO)s and 2 gave a brown solution. After cooling to room
temperature, crystals were obtained, that after washing with MeOH also proved

suitable for single-crystal X-ray diffraction analysis.
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Figure 53 Crystal Structure of [W(PCP)(CO)sBr] (5) with 50 % thermal ellipsoids. H omitted for clarity.
Selected bond lengths (A) and bond angles (°): W001-C1 2.286(1), W001-C23 2.030(3), W001-C22
1.996(5), W001-C24 1.967(4), W001-Br2 2.689(8), W001-P1 2.524(0), W001-P2 2.522(2), P1-W001-P2
148.42, C1-W001-C23 144.48, Br2-W001-C24 170.23.

The structure of 5 is was found to be analogous to 4. It also shows a distorted capped-
trigonal-prismatic coordination geometry. Due to nearly identical ionic radii of Mo and
W, the distance between the metal center and the ijpso-carbon is with 2.286 A
practically the same as in 4 and slightly longer than the 2.219 A observed om the
analogous complex [W(PCPNEY)(CO);Cl] (XIX). The P1-WO001-P1 bond angle is
148.42°. The tungsten- phosphorus, as well as tungsten-carbonyl bond lengths are

also very similar those seen in 4.

The 3'P{’"H} NMR spectrum shows a singlet at 53.6 ppm. As tungsten does have an
NMR active isotope ®3W (14 % abundance, | = 1/2), phosphorus-tungsten coupling
can be observed, and a doublet is superimposed, as satellite signals, over the
dominant singlet with a "Jw.p coupling constant of 84 Hz. In the "*C{'H} NMR spectrum
of 5, analogously to complex 4, a broad singlet at 232.2 and a triplet at 217.5 ppm in a
ratio of 2:1 are observed with a coupling constant of 9.15 Hz. The triplet also shows

satellite signals due to '"8W coupling with a "Jc.w coupling constant of 73 Hz.
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Figure 54 3C{*H} NMR Carbonyl signals of 5 in CD2Cl,, triplet shows coupling with W

The ipso-carbon was detected as a triplet at 168.9 ppm, with a Jc.p coupling constant
of 6.80 Hz. In the IR spectrum 5 three distinct carbonyl bands at 2000, 1913 and 1859
cm™' are observed. The positive ion ESI-HRMS spectrum of 5 gave rise to a [M+Na]*
peak at 707.0620 m/z. Figure 55 shows the isotope pattern of the measurement and

below the simulated spectrum.

+MS, 0.0-0.4min #(1-24)
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Figure 55 Positive-ion ESI full scan mass spectra of 5.

In a next step the ligand was reacted with Mn2(CO)+o. After the solvothermal reaction,
a clear orange solution was obtained. Reaction control with 3'P{"H} NMR showed a full

conversion of the ligand and only one diamagnetic species at 100.8 ppm was
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observed. The diamagnetic nature of the product suggested a Mn(l), low spin d®
complex. In accordance with the work of Himmelbauer,% the orange crude product
was purified by means of silica gel column chromatography. Thereby complex 6 proved
to be exceptionally stable, as the chromatography was performed in air and a solvent
mixture of n-hexane/EtOAc 10:3 (technical grade solvents) was used. Complex 6 was
afforded as off-white solid in a yield of 40 %. The complex was then taken up in a
mixture of n-hexane:EtOAc 10:1 and recrystallized at -30 °C, giving macroscopic,
transparent, slightly yellow crystals, that were suitable for X-ray diffraction analysis,
with a total yield of 31 %.

The low yields and the presence of an orange side product, combined with full
consumption of the ligand was seen by 3'P{"H} NMR spectroscopy. This suggests that
another, presumably paramagnetic, product was likely formed. A disproportionation
reaction to a Mn(l) and Mn(lll) species seems likely, however, as yet the latter complex

could not be isolated.

Figure 56 Crystal Structure of [Mn(PCP)(CO)s] (6) with 50 % thermal ellipsoids. H omitted for clarity.
Selected bond lengths (A) and bond angles (°): Mn1-C1 2.093(1), Mn1-C23 1.800(1), Mn1-C21
1.822(1), Mn1-C22 1.823(1)), Min1-P1 2.2794(4), Mn1-P2 2.772(4), P1-Mn1-P2 162.331(11), C1-Mn1-
C23178.70(4), C21-Mn1-C22 172.25(4).
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The coordination geometry of 6 is a slightly distorted octahedron. Particularly the P1-
Mn1-P2 angle of 162.33° differs significantly from the 180° expected in a regular
octahedron. The C1-Mn1 bond length is 2.093 A, which is slightly longer than the
2.049 A bond length observed in the N-linked PCP XIIl. The P1-Mn1 distance is
2.279 A, the P2-Mn1 distance 2.772 A. The Mn1-C23 distance (1.800 A) of the basal
carbonyl ligand is slightly longer than that of the apical carbonyls Mn1-C21(1.822 A)
and Mn1-C22 (1.823 A).

The complex exhibits three distinct CO bands in the ATR-IR spectrum at 1873, 1892
and 1985 cm', specific for the meridional geometry of the carbonyls. 3'P{'"H} NMR
spectroscopy displays a singlet at 100.3 ppm. The carbonyl signals appear in the
13C{'"H} NMR spectrum as broad singlet and triplet at 226.7 and 223.7 ppm, with an
integral ratio of 1:2, respectively. The Jcp coupling constant of the triplet, assigned to
the apical carbonyls was measured as 23.24 Hz. The ipso-carbon was found as a
triplet at 173.0 ppm, with a Jc-p coupling constant of 8.23 Hz.
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Figure 57 Positive-ion ESI full scan mass spectra of 6.

Figure 57 shows the isotope pattern of 6 in the positive ion ESI-HRMS spectrum. The
complex was found as [M+H]*. The measured spectrum is seen at the top, the

simulation on the bottom.
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By protonation of 6 with HBF4-Et2O the cationic agostic Mn(l) complex 6a was

obtained.

Figure 58 Crystal Structure of [Mn(PC(H)P)(CO)s] (6a) with 50 % thermal ellipsoids. H and counterion
omitted for clarity. Selected bond lengths (A) and bond angles (°): Mn1-C15 1.767(3), Mn1-C16
1.851(3), Mn1-C17 1.846(3), Mn1-C1 2.408(3), Mn1-P1 2.3331(8), Min1-P2 2.3334(9), Mn1-H1

2.29(3), C1-H1 0.96(3), P1-Mn1-P2 163.96(4), C16-Mn1-C17 174.73(12), C1-Mn1-C15 175.33(12).

The complex features a distorted octahedral geometry, where especially the P1-Mn1-
P2 bonding angle of 163.96° differs significantly from the 180° expected in an
octahedron. The three carbonyl ligands as well as the agostic n>-Caryi-H bond define
the equatorial plane, while the phosphine moieties set up the axial positions. The C1-
Mn1 bond is with 2.408 A extremely long. For comparison the Mn-C bond in 6 is
2.093 A. The bond length is even unusually long compared the related agostic complex
[Mn(PC(H)PNEY(CO)s]BF4 (XIlIb) where it was measured as 2.249 A. The hydrogen of
the agostic bond (H1) also features an interaction with the metal center, with an
observed bond length of 2.29 A. This interaction can also be observed in the '"H NMR
spectrum, where the signal of the proton attached to the jpso-carbon is slightly shifted
to the high field to 4.05 ppm. In comparison, the Mn-H1 distance of Xlllb is lower,

measured at 1.993 A, indicating a stronger H-Mn interaction than in 6a; a conclusion
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that can also be deducted based on the greater high-field shift in the '"H NMR spectrum

of Xlllb, where it was observed at 1.36 ppm.

The hydrogen of the agostic bond is tilted from the aromatic plane by 11.52°, which is
low compared to the 31° observed in Xlllb. The agostic C-H distance of 0.96 A is very
similar to that observed in Xlllb (0.97 A), which is in the range of not activated aromatic
C-H bonds.

The IR spectrum of 6a is consistent with a meridional geometry of the carbonyls, giving
rise to three distinct CO bands at 2043, 1958 and 1911 cm'. The significant blue-shift
in the spectrum indicates a strengthening of the C-O bonds of the carbonyl ligands,
owed to a reduced 1r-back-bonding ability of the metal, which in turn can potentially be
explained by lower electron density on the metal due to m-back-bonding into the
agostic C-H bond. The 3'P{'H} NMR spectrum of 6a exhibits a singlet at 53.4 ppm.
Similar to 6 the carbonyl signals in the "*P{'"H} NMR spectrum feature a broad singlet
at 226.0 ppm and a triplet at 216.7 ppm (Jcp= 23.24 Hz) in an integral ratio of 1:2. The
ipso-carbon of 6a was detected as a triplet at 84.3 ppm (Jc-p = 6.63 Hz), a significant

high-field shift compared to the signal observed in 6 (cf. 173.0 ppm).
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Figure 59 3C-'H-HSQC-spectrum in CD2Cl, showing cross peak between agostic C1 and H1

Finally, by conducting a not decoupled *C experiment, a 'Jc.+ value of 139.14 Hz was

measured for the agostic C-H bond, which proofed to be significantly lower compared
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to the values of the other two coupling constants of the aromatic C-H bonds of 6a
(162.26 Hz and 164.22 Hz respectively). This suggests a strong C-H metal interaction.
Complex 6a was also characterized by means of ESI-HRMS analysis. A peak

consistent with a [M-H]* ion was found and identified.

Analogously to XIll, complex 6 was also treated with NOSbFs with the aim to replace
one of the CO ligands with NO. After the reaction, however, a green solid was obtained
that was identified as a mixture of three diamagnetic species and several strong CO
absorption bands being observed in the IR spectrum. Only one small peak at 1753

cm', assignable to NO could be discerned.

Treatment of 2 with Fe>(CO)gin acetonitrile under solvothermal conditions afforded a
mixture of several diamagnetic species. By extraction with n-pentane a main
compound with a chemical shift of 89.2 ppm could be isolated from the bulk, however,
still, impurities of other species were present, preventing characterization of the
compound. Hence, the solvothermal synthesis was repeated, this time using toluene
as solvent, which cleanly afforded only one diamagnetic species as confirmed by use
31P{'H} NMR reaction control. However, due to the presence of paramagnetic
impurities, '"H NMR measurements only afforded spectra without signal splitting. By
measuring single-crystals this problem was resolved, however, no signals for the CO
ligands as well as the ipso-carbon were observed in the '3C{'H} spectrum. The single
crystals were obtained by slow diffusion of n-pentane into a concentrated solution of 7
in THF.



Results and Discussion 55

A

Figure 60 Crystal Structure of [Fe(PCP)(CO).Br] (7) with 50 % thermal ellipsoids. H omitted for clarity.
Selected bond lengths (A) and bond angles (°): Fe1-C1 2.036(2), Fe1-C21 1.8050(19), Fe1-C22
1.7380(19), Fe1-Br1 2.5209(3)), Fel1-P1 2.2602(5), Fe1-P2 2.2731(5), P1-Fe1-P2 160.69(2), C1-Fel-C21
176.28(7), Br1-Fel-C22 177.40(6).

Complex 7 features a distorted octahedral geometry. As with complexes 6 and 6a, the
phosphine-metal-phosphine bond angle shows the biggest deviation from ideality, as
it was measured at 160.69°, compared to the theoretical 180° in an octahedron. The
Fe1-C1 bond length is 2.036 A, which is higher than the bond lengths observed in the
phosphinite complex [Fe(POCOP)(CO).H] (Xlb) (1.995 A) and the amine linked
complex [Fe(PCPNEY)(CO)CI] (XI) (2.002 A), but lower than in Milstein’'s CH2-linked
hydroquinone complex [Fe(PCPCH)(CO).H] (vide supra, Figure 31), where the bond
was measured as being 2.070 A long. The Fe1-P1 bond length is 2.260 A, while the
Fe1-P2 distance is 2.273 A. The bond length Fe1-C21 of the basal CO ligand is with
1.805 A longer than that of the apical carbonyl Fe1-C22 (1.738 A).

Complex 7 shows two distinct CO bands at 1993 cm™' and 1938 cm™' in the attenuated
total reflection infra-red (ATR-IR) spectrum, which is consistent with a complex
featuring cis-carbonyl ligands. The *'P{"H} NMR spectrum of complex 7 shows as

single resonance a singlet at 88.2 ppm.
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A positive ion ESI-HRMS was measured of complex 7. A peak at 449.1448 m/z
assigned to the [M-Br]* ion was detected. Figure 61 shows the measured pattern on

top and the simulated isotope pattern below.
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Figure 61 Positive-ion ESI full scan mass spectra of [Fe(PCP)(CO).Br] (7)

In an NMR tube experiment, complex 7 was treated with Li[HBEts] leading to a rapid
color change from yellow to turquois. In the '"H NMR spectrum no hydride species could
be detected and only a paramagnetic product with broad signals was detected. This
suggests that, analogously to Xlla, a Fe(l) dicarbonyl species is formed in the reaction
of 7 with Li[HBEt3].

In order to perform a complete screening of the reactivity of the ligand with all
commercially available base metal carbonyl precursors, a solvothermal reaction was
also carried out with Co2(CO)s. The reaction was first conducted in acetonitrile,
affording a clear green solution that showed only broad signals in the 'H-NMR
spectrum. However, when an IR spectrum of the compound was measured, two
distinct carbonyl bands were observed, that showed a distinct red-shift compared to
Co(ll) dicarbonyl PCP complex Vlic reported by Murugesan.® The wavenumbers of the

bands were however in good agreement with the Co(l) species Vlle.
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Under the presumption of a disproportionation reaction, the solvothermal reaction was
repeated with toluene as solvent. Hereby, after cooling to room temperature,
precipitation of a green substance took place, while the supernatant solution showed
a distinct yellowish-green tinge. The supernatant solution was separated from the
green precipitate and after evaporation of the solvent, the green solid was extracted
with benzene. The yellow extract was then fully characterized by means of NMR and
IR spectroscopy and identified as [Co(PCP)(CO)] (8a).
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Figure 62 3C{*H} NMR signals of the carbonyl and ipso-carbon atoms in 8a

In the 3'"P{"H} NMR spectrum 8a gives rise to a singlet at 102.9 ppm. The two carbonyl
groups exhibit a broad singlet at 210.3 ppm in the 3C{'H} NMR spectrum. The jpso-
carbon atom was detected as a triplet at 169.8 ppm featuring a 'Jc.p coupling constant
of 15.8 Hz. The complex features two distinct bands in the IR spectrum at 1966 cm™
and 1907 cm™'. The magnetic moment of the green solid 8b was measured in solution
by means of the Evans method. The calculated value of per = 3.0 pg is in good
agreement with the related complex VII d. However, up to now, no crystals suitable for
X-ray diffraction were obtained. This method is paramount to unambiguously confirm

the structure of 8b.
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In inspiration of the synthesis of POCOP-Ni complexes by Zargarian, a new synthesis
method for PCP-Ni complexes using only 2 and Ni powder was tested. Zagarian
reported a one-pot synthesis, where, starting from resorcinol and the chlorodialkyl
phosphines in presence of Ni metal -which is oxidized to NiCl> during the reaction-, the

corresponding POCOP-Ni complexes can be obtained in good yields."®

Similarly, it was hoped that under solvothermal conditions, with the coordinating
solvent MeCN, a reactive Ni(0) species could be formed, that in turn is able to undergo
oxidative addition with the ligand 2. After stirring the reaction at 120 °C for 24 h a green
solution was obtained. A 3'P{'H} reaction NMR showed full consumption of the ligand
in the reaction mixture and a new product peak of 61.1 ppm. After evaporation of the
solvent the green residue was extracted with benzene and the yellow extract was
characterized using NMR spectroscopy. The 'H, as well as the 3'P{'"H} NMR spectrum
showed that the formed product was indeed the desired Ni(ll)PCP pincer complex 9.
The NMR spectroscopic data was consistent with those previously reported in
literature. The complex was obtained in a yield of 75 %. The mechanism of the reaction
is as of yet unknown; however, one possibility is that the reaction takes place on the

metal surface itself.
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4. Conclusion

In sum it was demonstrated that jpso-halogenated PCP pincer ligands are well
equipped to function as stepping stones into the relatively unexplored field of base
metal PCP pincer complexes. The ligand featured in this thesis was successfully used
in oxidative addition reactions with all commercially available base metal carbonyl
precursors. For many metals, the complexes reported herein are among the first known
examples featuring PCP ligands, reported in literature. The ligand also was capable of
undergoing oxidative addition reactions with Ni metal, constituting a novel way to
synthesize these kinds of complexes. All compounds were additionally characterized
using NMR, IR and ESI HRM spectroscopy as well as by means of single crystal X-ray

diffraction studies.
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