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Abstract

Transition metal complexes containing pincer ligands exhibit a remarkable
versatility due to the balance between thermal stability and reactivity which can be
controlled by appropriate ligand modifications and/or variation of the metal center. In
such systems, modifications of the ligand architecture will strongly influence the steric
and electronic properties of transition metal complexes. Pincer ligands that contain
pyridine (Y = N) or benzene (Y = C) backbones with phosphines or phosphites as
donor groups (PYP) are the most widely studied class. Therefore, the main objective of
this thesis was to explore the chemistry of molybdenum and tungsten PNP pincer
complexes.

A general overview of the chemistry of pincer ligands is discussed in Chapter 1
including all the possible modifications in the ligand frame, all types of metalation of the
pincer ligands with both precious and non-precious transition metals and their
applications in catalysis.

In Chapter 2, the history behind the design and synthesis of PYP pincer ligands
is described. The advantages of these type ligands are reviewed to show the reasoning
behind the development of a new series of 2,6-diaminopyridine-based PNP pincer
ligands with different phosphine moieties.

The synthesis of a series of tricarbonyl molybdenum and tungsten complexes
[M(PNP)(CO);] (M = Mo, W) are discussed in Chapter 3. These complexes were
afforded by a simple and practical solvothermal method. Moreover, this research
allowed a direct comparison of steric and electronic properties of Mo and W metal PNP
pincer complexes.

In Chapter 4, the reaction of [M(PNP)(CO);] (M = Mo, W) with HBF, in CH,Cl, is
described which led to the protonation at the metal center and formation of hydrido
carbonyl complexes of the type [M(PNP)(CO)sH]". These Mo(Il) and W(ll) complexes
exhibit fluxional behavior in solution. Protonation is full reversible and upon addition of
a base such as trimethylamine the [M(PNP)(CO)s;] complexes are reformed. Attempts
to utilize the hydrido Mo complexes as catalysts for hydrogenations were unsuccessful.
On the other hand, these complexes were catalytically active for the isomerization of
terminal alkenes.

In order to better understand how the properties of the ligands affect the
reactivity of the metal complexes, a comparative study of a series of halocarbonyl
Mo(Il) and W(ll) complexes featuring PNP pincer ligands was carried out which is
described in Chapter 5. These complexes were obtained by treatment of

[Mo(PNP)(CO);] with stoichiometric amounts of |, and Br,, respectively.



In the case of the PNP with NH linkers the general cationic seven-coordinate
complexes of the type [M(PNP)(CO);X]" were obtained, while with NMe and NPh
spacers neutral seven-coordinate complexes of the type [M(PNP)(CO).X;] were
afforded. DFT calculations suggest that all complexes are under thermodynamic
control. The only exception is the molybdenum in conjunction with the PNP“e-jPr
ligand, where the coordinatively unsaturated complex [Mo(PNP"e-iPr)(CO)X,] is
formed. The introduction of different amino linkers in the pincer framework with
concomitant modification of the phosphine moieties changed the steric and electronic
properties of the PNP ligand significantly and led to different types of halocarbonyl
complexes. Reactivity studies clearly show that complexes of type [M(PNP)(CO)sX]"
are also intermediates of the other two Mo and W halocarbonyl complexes,
[M(PNP)(CO)2Xz] (M = Mo and W) and [Mo(PNP)(CO)X,].

In Chapter 6, the synthesis of cationic coordinately unsaturated mono oxo Mo
(IV) complexes of the type [Mo(PNP™e-iPr)(O)X]* was achieved through an interplay
between water and molecular oxygen from the [Mo(PNPM-iPr)(CO)X]*. This
intermediate is prepared in situ by reacting [Mo(PNP"e-iPr)(CO)X,] with 1 equiv of a
silver salt. ESI MS measurements with labeled water (H,'®0) and molecular oxygen
(*®*0,) reveal that the oxygen of the Mo=O unit originates from water and DFT
calculations support this experimental finding.

In Chapter 7, the synthesis and characterization of a series of Mo(lll) complexes
of the type [Mo(PNP)Br;] is described. However, no further reactions were carried out
with these compounds.

In Chapter 8, similar to the analogous PNP systems, a preliminary study of PCP
pincer ligands to obtain hydridocarbonyl Mo(ll) and W(Il) complexes of the type
[M(PCP™e-iPr)(CO);H] was carried out. In the case of Cr and Mo agostic complexes
[M(*P, CH, P-P(CH)P"°-iPr)(CO)s] were formed and no C-H bond cleavage took place,

while with W the expected W(ll) hydride complex was formed.



Zusammenfassung

Ubergangsmetallkomplexe, die Pincer Liganden enthalten, zeigen aufgrund
ihrer thermischen Stabilitdt und Reaktivitdt eine bemerkenswerte Vielseitigkeit. Das
kann durch entsprechende Ligandenmodifikationen (Modifikationen der sterischen und
elektronischen Eigenschaften) oder Variation des Metallzentrums gesteuert werden.
Pincer Liganden, die Phosphine oder Phosphite als Donorgruppen (PYP) enthalten,
sind die am haufigsten in der Literatur gefundene Substanzklasse. Das Hauptziel
dieser Arbeit war es, Molybdan- und Wolfram PNP-und auch PCP Pincer Komplexe zu
synthetisiereun und deren Chemie zu untersuchen.

In diesem Zusammenhang wird in Kapitel 1 ein allgemeiner Uberblick tber die
Chemie der Pincer Liganden gegeben, der alle moglichen Modifikationen dieses
Ligandetyps beleuchtet. Dabei werden sowohl edle, wie auch unedle Metallkomplexe
mit Pincer Liganden beschrieben.

In Kapitel 2 wird die Geschichte hinter dem Design und der Synthese von PYP-
Pincer Liganden beschrieben. Die Vorteile dieses Ligandentyps werden tberprift, um
die Argumentation hinter der Entwicklung einer neuen Reihe von 1,6-Diaminopyridin-
basierten PNP-Pinzettenliganden mit verschiedenen Phosphinresten zu zeigen.

Die Synthese einer Reihe von Tricarbonylmolybdan- und Wolframkomplexen,
die die PNP-Liganden betreffen wird in Kapitel 3 diskutiert. Die Komplexe,
[M(PNP)(CO)3] (M = Mo, W) wurden durch eine einfache und praktische solvotherme
Methode dargestellt. DarUber hinaus ermdglicht diese Untersuchung einen direkten
Vergleich von sterischen und elektronischen Eigenschaften von Mo und W-Metall-PNP-
Pincer Komplexen.

In Kapitel 4 fuhrte die Reaktion von [M(PNP)(CO);] (M = Mo, W) mit HBF, in
CH.Cl, zur Protonierung am Metallzentrum wunter Bildung von Hydrido
Carbonylkomplexe des Typs [M(PNP)(CO);H]". Diese Mo(ll) und W(Il) Komplexe
zeigten ein dynamischen Verhalten in Losung und kénnen bei Zugabe einer Base, wie
Trimethylamin, wieder leicht reversibel deprotoniert werden. Versuche die Hydrido
Molybdankomplexe als Katalysatoren fir Hydrierungen einzusetzen waren nicht
erfolgreich. Auf der anderen Seite waren diese Komplexe akitve Katalysatoren fur die
Isomerisierung von terminalen Alkenen.

Um besser zu verstehen, wie sich die Eigenschaften der Liganden auf die
Reaktivitdt und Stabilitdt der Metallkomplexe auswirken, wurde in Kapitel 5 eine
Vergleichsstudie einer Reihe von Halogencarbonyl Mo(ll) und W(Il) PNP Pincer
Komplexen durchgefuhrt. Die Halogencarbonyl Komplexe wurden durech Umsatz von

[Mo(PNP)(CO);] mit stéchiometrischen Mengen von |, bzw. Br, dargestellt. Im Falle der



PNP Komplexe mit NH-Linkern wurden kationische siebenfach koordinierte Komplexe
vom Typ [M(PNP)(CO);X]" erhalten. Mit Systemen mit NMe und NPh-Linker wurden
neutrale siebenfach koordinierte Komplexe vom Typ [M(PNP)(CO).X,] gebildet. DFT-
Berechnungen weisen darauf hin, dass alle Komplexe unter thermodynamischer
Kontrolle stehen. Die einzige Ausnahme sind Molybdankomplexe in Verbindung mit
dem PNP-jiPr-Liganden, bei dem der koordinativ ungesattigte Komplex [Mo (PNPe-
iPr)(CO)X,] gebildet wird. Die Einflihrung verschiedener Linker mit gleichzeitiger
Modifikation der Phosphinreste veranderte die sterischen und elektronischen
Eigenschaften des PNP-Liganden signifikant und flhrte zu verschiedenen Arten von
Halogencarbonyl komplexen. Reaktivitatsstudien zeigen deutlich, dass Komplexe vom
Typ [M(PNP)(CO)sX]* auch Zwischenprodukte der beiden anderen Mo und W
Halogencarbonylkomplexe [M(PNP)(CO),X,] (M = Mo und W) und [Mo(PNP)(CO)X;]
sind.

In Kapitel 6 wurde die Synthese von kationischen, koordinativ ungesattigten
mono oxo Mo(IV) Komplexen des Typs [Mo(PNPY-iPr)(O)X]* synthetisiert. Diese
Verbindung wurde durch ein Zusammenspiel von Wasser und molekularem Sauerstoff
mit [Mo(PNP"e-iPr)(CO)X]" erhalten. Dieser Komplex wurde in situ durch Umsetzung
von [Mo(PNP"®-jiPr)(CO)X,] mit Silbersalzen hergestellt. ESI-MS-Messungen mit
markiertem Wasser (H,'®0) und molekularem Sauerstoff ('°0,) zeigen, dass der
Sauerstoff der Mo=O-Einheit aus Wasser stammt. Dies wird auch durch DFT-
Berechnungen untermauert.

Eine Reihe von neuen Tribromo Mo(lll) PNP Komplexen vom Typ [Mo(PNP)Br;]
wurden in Kapitel 7 beschrieben. Es wurden jedoch keine weiteren Reaktionen
erfolgreich durchgefuhrt.

In Kapitel 8 wurde dann eine Untersuchung von PCP-Pincer Liganden zur
Darstellung von Hydridocarbonyl-Mo(ll) und W(Il) Komplexen vom Typ [M(PCPe-
iPr)(CO);H] durchgefiihrt. Im Falle von Cr und Mo wurden jedoch die agostischen
Komplexe [M(*P,CH,P-P(CH)P"e-iPr)(CO);] gebildet und es erfolgte keine CH
Bindungsspaltung. Bei Wolfram hingegen wurde der erwartete Hydridocarbonyl-W(ll)

Komplex erhalten.
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Chapter 1 — Introduction

The synthesis of well-defined catalysts is a very important topic in
organometallic and organic chemistry, especially with respect to the development and
improving of chemical processes that are efficient, selective, high yielding and
environmentally friendly. A starting point for the discovery of new and improved
catalysts is the creation of appropriate ligand systems, which are able to stabilize a
reactive metal center in a unique coordination environment while simultaneously
conferring desirable reactivity properties.

Therefore, from a wide range of polydentate ligand systems available in
literature, the one attracting considerable attention in the last decades are so called
pincer ligands. This tridentate ligand system, named after their particular coordination
mode to the metal center, exhibit an aromatic or aliphatic backbone bound to two-
electron donor fragments by a variety of spacer groups. The major advantages of
pincer ligands lie in the formation of metal complexes that are incredibly robust and
have unusual thermal stability. These are the key factors for a variety of applications
such as medicinal chemistry, chemical sensing and catalysis, especially the ones
requiring high temperatures and pressures. Nevertheless, the modular nature of this
tridentate ligand design offers an attractive way of manipulating the steric and
electronic features of the subsequent metal complexes.'?

For metal complexes created from pincer ligands, nomenclature shown in
Figure 1.1. is used, where the three atoms directly attached to the metal center are
indicated by EYE’. The pioneer and most widely studied complexes of this type are the
phosphine-based PCP pincer complexes reported by Shaw in the 1970s.® Since then,
significant effort has been devoted to the synthesis of systems where strategic

alterations have been introduced to the pincer framework."?

X),—FE' Xm/X,' = CHy, O, NR, S, P
R. ,_--< Y =C, N, Si, Ge, Sn, P, B
(:,,\ v M L E/E' = NR,, PR,, P(OR),, OR, SR, AsR, SeR, ...
| N— R = diverse groups

M = Mo, W, Cr, Fe, Ni, Pd, Pt, Ru, ...
L, =CO, NCCHjs, CI', Br, I, F, ...

Figure 1.1. Schematic structure of pincer complexes

1.1. Fragments of the pincer framework

The advantage of pincer ligands is their huge variability of possible

modifications to the central moiety, the donor fragments and changes of

2



Chapter 1 — Introduction

electronic/steric effects, which can be accomplished in numerous ways, some
examples are depicted in Figure 1.2.. The first change is the ligand backbone, which is
most commonly an aromatic ring. However, possible modifications are in the ring itself
(benzene, pyridine, acridine, pyrrole, etc.) (A4), in the ring size (five, six, or seven
membered), in the nature of the ring (aromatic or aliphatic), or even conversion of the
ring in an acyclic pincer (A;). Nonetheless, the properties can be change in the
presence of diverse substituents either in the aromatic or in the aliphatic central group,

in many cases, providing unsymmetrical backbones (A;)."?

S PtBU2 NMez SMez
Cl |
N—MLn MLn MLn l\|/ILn
S PtBu, NMe, NMe,
A, A, Az B

Ph
Ph_ /
PiPr, P—sS /——PPh;
MLn MLn MLn
PPh, /c—_ S PPh;
RHN
c D E F

Figure 1.2. Examples of different pincer complexes

The central donor (Y) has largely been restricted to the elements C and N,
however in recent years the study of pincer ligands featuring other types of central
donor elements, such as B, Si, Ge, Sn and P, can be found in the literature. Depending
on the formal charge on the central atom, two main categories are distinguished, the
anionic and the neutral ones.

Regarding the donor groups (E/E’), typically amines (NR>), phosphines (PR>),
phosphites (P(OR),), ethers (OR), thioethers (SR), and even N-heterocyclic carbenes
(NHCs), arsines (AsR;), and selenoethers (SeR) are used. In general these fragments
are identical, however systems with two different donor groups (B), or with identical
donating atoms but with different substituents (C), structuring an unsymmetrical pincer,

were already reported.



Chapter 1 — Introduction

The substituents E/E’ are connected to the ligand backbone by different spacers
(X/X’) that contain elements like C, N, P, O and S empowering the possibility of
methylene groups, amines and so fourths. These linkers can be identical but there are
some examples in literature were these are unequal (D). The extension of the spacer
groups forming pincer complexes featuring differently membered fused metallacycles
(E) is another possible modification. Additionally to all of these transformations a further
possibility is the implementation of chiral ligand (F), which is a field of growing

interest.!?

1.2. Binding modes and metalation of pincer ligands

All of the possible modifications in the framework of the ligand provide a huge
range of pincer ligands that routinely coordinates in a terdentate way to the metal
center. In some cases the pincer complexes present other binding modes such as «'-Y
monodentate (A) (Figure 1.3.) or x*E,Y bidentate (B). The dominant tridentade
coordination mode is usually the meridional (C), nonetheless facial coordination (D)
occasionally has been observed. Another rare bonding mode that has been reported is

the center atom binding to two metals (E)."?

E' E
Ny N e N Y
e Rl Rl | Rl | R |
e M o N—n 7 NY—m ¢ Y—M & yM
“\.---< ‘\-.':< / ‘c::':< / “\----< l “c:--.< M
/
X—E X—E X~ X—E
e’
.y k2-Y,E mer-x*-E,Y E' fac-*-E,Y,E' E
A B c D

Figure 1.3. Coordination modes found for EYE’ pincer complexes

Considering the attention that pincer metal complexes are attracting, the
strategies for metalation of these ligands have played a significant role in the synthesis
of such compounds. Diverse methods for the metalation of the pincer ligands have
been developed and it was discovered that the appropriate route of synthesis strongly
depends on the transition metal (M) and the nature of the E and E’ donor atoms of the
ligand."?

Presumably, the simplest and most efficient way to synthesize pincer
complexes is implementing the direct metalation (Scheme 1.1.), however it is restricted

to the synthesis of those complexes incorporating heteroatoms in the three

4



Chapter 1 — Introduction

coordination sites, where the cleavage of a bond is not necessary. The steric effect
around the donor centers of the pincer ligand has great impact on the probability of

bonding to the metal center.

X'—FE' X'—E'
<Y > < Y—M—IL,
\_____( direct metalation ‘\._.:._.< /

X—E X—E

Scheme 1.1. Direct metalation of pincer ligands

In this method, the use of a suitable metal precursor with labile coligands is
sufficient, due to the chelating coordination mode of the pincer ligands, the metal
precursor coligands are easily displaced and the coordination usually takes place in
short reaction time under mild conditions. The best candidates for this type of method
are the pyridine based pincer ligands, e.g. PNP, PNN, PNS, NNN.

When the pincer ligands require the cleavage of a bond, one particularly
attractive method is the direct cyclometalation (Scheme 1.2.) since it does not need

prefunctionalization of the pincer ligands to form the new M-C bond.

X'—FE' X'—E
e M, e
< Y- > S Y—M—Lpq
\c""< cyclometalation L —
X—E X—E

Scheme 1.2. Cyclometalation of pincer ligands

Cyclometalation refers to the transition metal-mediated activation of a C-R bond
to form a metallacycle comprising a new metal-carbon o-bond. Some types of pincer
ligands, such PCP with a wide variety of phosphanes, were successfully used in this
type of metalation.

Another method to synthesize pincer complexes is oxidative addition (Scheme
1.3.), necessary for some ligands, such as NCN, since they are more resistant to direct

cyclometalation.
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o X — "
R ,---< R. ,---< \
& R n N (n+2)
o \Y/ M < \Y—M—R'
N _< oxidative addition N
X—E X—E

Scheme 1.3. Oxidative addition of pincer ligands

The metal precursor in a low oxidation state adds to the carbon-halogen bond of
the pincer ligand via oxidative addition. This prevents the formation of acid-labile or
thermally unstable substituents and has the advantage of reaction under milder
conditions.

Transmetalation (Scheme 1.4.) is a reaction that involves the transfer of ligands
from one metal to another. During transmetalation the metal—-carbon bond is activated,
leading to the formation of new metal-carbon bonds. Silver or lithium pincer complexes
easily undergo exchange reaction with metal precursors, due to formation of very

stable precipitating salts.

- X—E 1. BuLi or AgO, - F—E

(4 Y > Y —M—L,

‘\._.:._.< transmetalation \‘c::':< /
X—E X—E

Scheme 1.4. Transmetalation addition of pincer ligands

Additionally, the exchange of a cyclometallated ligand at the metal center with
another one without the formation of significant amounts of purely inorganic

compounds is designated a transcyclometalation (Scheme 1.5.).

X'—E B'—A' X'—E
— R. yeoe- R_ joee
4 < R 4 < SEN \
(Y + (¢ N C—M—L,, » ¢ Y—M—L,
‘\._.:.__< \'::':< / transcyclometalation ‘\__.:___< /
X—E B—A X—E

Scheme 1.5. Transcyclometalation addition of pincer ligands

In this method, the relatively weakly coordinated ligand is substituted by an
incoming stronger bonding ligand, such as the substitution of NCN with PCP, were the

hard amine ligands are replaced by the phosphine ligands.
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1.3. Transition metals for pincer complexes

Over the years, the chemistry of pincer complexes were mainly focus on the
platinum group metals (Ru, Os, Rh, Ir, Pd, Pt), some examples are display in Figure
1.4.. The formation and the properties of a large variety of these pincers complexes
have provided direct access to a fundamental understanding of a variety of reactions in

organometallic chemistry and to a range of new applications of these complexes.**

PPh,
HN—RumminCl

LH// \co

PPh,
Beller Rigo Ahn
(6]
—Pteu; Bu \j< %
N
@/\“ / N
~ Pd Pt
N /N
PtBu O N Cl
" \/‘\ o \ ,N
Jensen Connell Peters

Figure 1.4. Examples of precious metals pincer complexes

Pincer complexes with precious metals possess a long and successful history in
homogeneous catalysis, however the limited availability of precious metals, their high
price and their toxicity diminish their attractiveness in the long run. Therefore, more
economical and environmentally friendly alternatives have to be found which are in the
line with green chemistry strategies. A few examples of this type of compounds are

depicted in Figure 1.5.."%"
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Cl H
N—|—P1Pr2 ‘. K PR
< < —/V—CI [ - N—/Fe—CO
N PlPr2l / PR2 l
Cl L
, R = iPr, tBu
R =H, Me R = Et, iPr, Cy
Bell L =Br, H, BH,
Kirchner elier

Milstein

N_I -PiPr, Q\NMe
~~
N_( / cl N cl
HN-PiPr, Me,
R=Me, NC3H5
Kempe Chirik Hu

Figure 1.5. Examples of non-precious metal pincer complexes

1.4. Examples for applications

In terms of chemical sensing, an example are complexes with organoplatinum
NCN pincer ligands (Albrecht and van Koten, 1999) that turned out to be excellent
candidates for SO, detection (Scheme 1.6.). Theses complexes bind SO, reversibly in
the solid state and in solution accompanied by color change upon coordination of
S0,."

E E SO,
\ SOz \ /
R Pt—X —_— R Pt—X
- |
E X=Cl, Br, Cl E
E = NMe,, NEt,, NBu,
colorless R =H, OH, OSIMe,tBu orange

Scheme 1.6. Example of a pincer complex applied as gas sensor (SO, detection)

An example for a medical application are the new fluorescent Re tricarbonyl
bioconjugates (Figure 1.6.) synthesized by Doyle, Zubieta, and co-workers that
targeted the cubilin receptor through the vitamin B12 uptake pathway. This study
demonstrated great potential of cubilin as a new target for the delivery of B12 based

conjugates for cancer diagnostics and treatment."”
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Figure 1.6. Example of a pincer complex applied in medical applications

Among all possible applications, the major focus is in homogeneous catalysis,
since these species exhibit a well-defined stoichiometry, which allows conscious
catalyst design and fine-tuning of the reactivity and selectivity of the catalyst. Not to
mention the unusual thermal stability of the metal complexes provided by the special
tridentate ligands. Some recent examples of catalytically active pincer complexes and
the reactions they catalyze are noteworthy.

Neutral and cationic nickel catalysts supported by diethylamine- or aza-crown
ether-containing aminophosphinite (NCOP) pincer ligands catalyze the insertion of
benzaldehyde into a C-H bond of acetonitrile (Scheme 1.7.).

The neutral tert-butoxide precatalysts are active without any added base and
give good yields of product after 24 h, while the cationic precatalysts require a base
cocatalyst and operate more slowly. The deactivated cationic species is inactive under
standard base-free conditions. However catalysis can be reinitiated by the addition of

catalytic amounts of base.
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+ PhCHO

- PhCHO
o PiPry oO— PIPI’Z OoO— P/Prz ph
S CchN X
Ni o N CH,CN N o] CH,CN
7 \< OHtBu
NR; N

2

R=Et CHzCN CH3CN
NR;, = aza-15-crown-5
CHSCN
HDBU*
HOCH(Ph)CH,CN CH4CN
tBuP1

+ DBU
(0] PlPrz

PlPrz CHZCN
CH3CN
Ni- DBU NCCH,
/7 DBU
NR NR2

2

Scheme 1.7. Proposed mechanism for the Ni-catalyzed benzaldehyde insertion into a C-H bond

In 2016, an inexpensive and robust homogeneous precatalyst and catalyst
using earth-abundant iron, [Fe(PNP"-jPr)(CO)(H)(Br)] and [Fe(PNP“e-iPr)(H),(CO)],
based on the 2,6-diaminiopyridine scaffold where the PiPr2 moieties of the PNP ligand
connect to the pyridine ring via NMe spacers, was developed and applied to the
hydrogenation of several aldehydes to alcohols in the presence of DBU as base
(Scheme 1.8.).

These systems were found to be among the most efficient catalysts for this
process reported to date and constitute rare examples of a catalytic process which
allows selective reduction of aldehydes in the presence of ketones and other reducible
functionalities. In some cases, TONs and TOFs of up to 80000 and 20000 h™

respectively, were reached.
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Scheme 1.8. Proposed simplified catalytic cycle for the chemoselective hydrogenation of

aldehydes with dihydrogen to give alcohols on the baseis of experimental findings

In the same year, it was demonstrated for the first time that pincer complexes
based on nontoxic and easily available manganese successfully promote the selective
dehydrogenation of aqueous methanol (Scheme 1.9.). Under optimized reaction
conditions, an impressive TON of more than 20000 was attained and the catalyst was
still active after one month. These promising results show that such molecularly defined
nonnoble metal catalysts can be extremely stable and robust, which is also of

importance for future applications.
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Scheme 1.9. Proposed catalytic cycle for the Mn-catalyzed aqueous-phase reforming of

methanol

1.5. Aim of the research

The central focus of the work presented in this thesis involves the study of
coordination and reactivity of molybdenum and tungsten PNP pincer complexes based
on a 2,6-diaminopyridine scaffold with modifications on the amino group and different
phosphine moieties. The unique reactivity displayed by pincer complexes, coupled with
their great thermal stability, makes the synthesis of novel pincer ligands and complexes
a highly relevant and important field of research. The modular nature of pincer ligands
gives rise to a large number of opportunities for innovation. Therefore, the first
keystone of this project deals with the synthesis of new PNP pincer ligands using
different substituents on the phosphorus donor and on the spacer groups.

Molybdenum and tungsten compounds are found to be stable in a wide variety
of oxidation states (M>-M"') and because of the possibility to switch easily between
these oxidation states they are commonly used for catalytic applications. Surprisingly,
the chemistry of pincer complexes with Mo and W is still hardly explored.
Consequently, an important part of this thesis involves the synthesis of Mo and W
complexes in different oxidation states with diverse PNP pincer ligands. To assess the
impact of the modifications on the pincer ligands comparative studies of the Mo and W

complexes and mechanistic studies will be investigate.
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Several important reactions that can be efficiently catalyzed by Mo, such as
olefn metathesis, olefin epoxidation and fixation and activation of dinitrogen. Therefore,
reactions will be carried out with molybdenum compounds, to evaluate their effects on
the catalytic activity. Finally, parallel to this study is the preliminary research of PNP

versus PCP pincer complexes of molybdenum and tungsten.
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Chapter 2 — Phosphine Based Pincer Ligands

Among the legion of pincer complexes reported in the literature, the ones which
demonstrated the highest applicability contain at least one phosphorus atom directly
attached to the metal center. The benefit of incorporating this group donor is due to its
soft electronic nature and its o-donor/mr-acceptor character." The PYP metal complexes
are famous for their performance in homogenous catalysis and small molecule
activation. Reactions such as Kumada? (A) (Figure 2.1.), Heck (B),® Suzuki-Miyaura
(C),* Sonogashira (D),°> and Negishi (E) cross-coupling® as well as hydroaminations
(F),” hydrogenations (G)® and conversion of alcohols to esters, amides or peptides (H)°

are examples of their potential.

QT% I|°/Pr2 o—||=Ph2 HN—F|>R2
N—Ni—CI Pd—TFA i Ni—Cl Pd—Cl
| | | |

PPh, PiPr, O—PPh;, HN—PR,
R = piperidyl
Wang Milstein Morales-Morales Frech
A B (o3 D
1+
HN—PI/Pr r\N PPh \N PiPr PtBI
—Ppj —_ —_ u
2 /, 2 = 2 / 2
N=— N — S H H
. : 74 7/
MeoN \ N—Ni—Cl : Rh—ClI N—Fe—CO N—Ru—CO
/ N\ 7/ 7 —
N N Br
N
HN—PiPr, N—PPh, N—PiPr, NEt,
/
Kirchner Meek Kirchner Milstein
E F G H

Figure 2.1. Examples of PYP pincer ligands applied in different catalytic reactions

In contrast to the N or O donor sites that only act as o—donor, the o—donor and
Tr-acceptor properties of the phosphines donate electron density from their lone pair to
an empty d-orbital of the metal center and simultaneously interact with filled d-orbitals

of the metal center via their empty o* orbitals (Figure 2.2.)."

o bond 1t backbond

M TED> PR, 8@6%
filled

empty empty
_orbi c-orbital filled
d or m-orbital d-orbital o*-orbital

Figure 2.2. Coordination between metal and phosphines
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The atomic radii of the phosphorus atom is another aspect to take in
consideration since it promotes steric constrains, the metal-phosphorus bond is longer
than for example the nitrogen bond.

The donor/acceptor properties of the phosphines fluctuate with their electronic
assets, i.e., electron withdrawing substituents at the phosphine decrease its o donation
and strengthen the 1r-backbonding by reducing the energy of the o orbital. Therefore,
strong o donors, such as triphenylphosphine increase the electronic density on the

metal center, in opposite weak donors withdraw the electronic density (Figure 2.3.).""

PMej < PPhs < P(OMe)3 < P(OPh)s < P(NRy)3 < PCl5

-

increasing m-acidity

A

increasing ¢ donation

Figure 2.3. Classification of different phosphines

Additionally, the incorporation of phosphine arms in the pincer ligands’
framework provides a convenient tool for monitoring the reactions by *'P{'"H} NMR
spectroscopy. This technique is very useful because the phosphorus &-shifts depend
on the nature, electronegativity, steric properties, T-bonding effects and bond angles of
the substituents at the phosphorus atom. For example, the presence of aryl or primary

amino as well as sterically demanding substituents increase the shielding effect.

2.1. Pyridine backbone
Innumerable transformations can be performed with the pincer framework,
previously described in Chapter 1, with respect to the phosphine based pincer ligands

the central donor atom can change from B, C, Si, Ge, Sn, N, P to O and are inserted in

an aromatic or aliphatic backbone, some examples are illustrated in Figure 2.4.."
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PR, PR, PRy PR,
|
B——MLn MLn MLn MeSi MLn
|
PR, PR, PRy PR,
A B c D

PR, O——PR,; PRy
/ \
MeE——MLn N——MLn P——MLn
PR, O——PR, PR,
E = Ge, Sn
E F G H

Figure 2.4. Examples of PYP pincer ligands

The selection of the central atom is an important task since it offers strong

1."* was the first to

variation of the donor properties. In the early 1980s, Fryzuk et a
explore the chemistry of pincers incorporating a central amido donor and boosted the
PNP pincer ligands. Over the years the central amido donor have gain an increase
attention, unfortunately until recent years this type of ligands are still less common
compared with PCP pincers."

The amido ligand is a stronger t-donor and has a weaker frans-influence.
Therefore, PNP ligands provide an environment that incorporates comparatively soft
phosphine donors and a hard amido donor. In the literature it is possible to find anionic
or neutral PNP pincer ligands that incorporate core structures such as diarylamide,
disilylamide, dialkylamide, triazine, pyridine, pyrrole and acridine.""

From all the possibilities that a central amido donor implement, pyridine is the
most alluring, since it is easy to modify and is capable of acting as either a ™ or o
ligand. The strength of the pyridine varies from metal to metal and depends on the

steric interactions in the inner coordination sphere.

2.2. Amine spacers

Focusing on the PNP pincer ligands that exhibit a central pyridine functionality
and peripheral phosphine donor groups, a few types of spacer groups can be found in
literature. Several synthetic routes have been explored for the straightforward synthesis
of PNP ligands with CH, spacers by different groups, such as Sacco,'® Taube'’ and

Milstein'® (Figure 2.5.). In the last years, Balakrishna'® achieved a derivation of this
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spacer group by implementing a carbonyl linker. Furthermore, Ozama® was the first to
synthesized a PNP ligand containing a linker with a P=C bond. In addition to CR
spacers, other linkers have also been explored, like the pyridine analogue of
Brookhart's?> POCOP ligands recently synthesized by the same group. The
introduction of heteroatoms into the skeleton of the PNP ligand has accomplished by

Haupt and co-workers®? and continues to be explored by the Kirchner’s®® group.

® ® »
R ~ R O, ~Z O R P R’
N N N
PR, PR, PR, PR, PR PR
Sacco Balakrishna Ozawa
Taube
Milstein
L ®
Z R 7 R’
R T i
PR, PR, PR, PR,
Brookhart Haupt

Kirchner
Figure 2.5. Examples of PNP pincer ligands with pyridine backbones

Since spacers have a profound impact on the steric of the ligands and
consequently on the reactivity of transition metal PNP complexes, amine linkers seem
to be most promising due to the lack of a general methodology for PNP pincer ligands
as well as the difficulty of introducing chirality into the pincer structure.

Aminophosphines are very thermally stable, but for their safe handling a dry and
inert atmosphere is required. Due to the higher electronegativity of nitrogen, they are
sensitive to oxidation by air and moisture. This even the case with stabilization by the

aromatic ring.?*
2.3. Synthesis of PNP ligands

The first phosphine based pincer ligand featuring a pyridine backbone and
amine spacer was the N,N’-bis(diphenylphosphino)-N,N’-2,6-diaminopyridine (PNP-Ph)
reported by Haupt and co-workers.? The synthetic pathway to achieve this type of PNP

" The generic terminology “PNP” will be applied to pincer ligands based on a 2,6-diamino-
pyridine scaffold with different phosphine moieties
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ligands is through a simple nucleophilic substitution on the phosphorus. Over the years,
a series of PNP ligands were developed by Kirchner’s working group from a wide range

of chlorophosphines starting with a 2,6-diaminopyridine scaffold (Scheme 2.1.).%

N AN
| R,PCI (2 equiv) l P

p/ P HN N NH
HzN N NH> NEt; or nBulLi | |
PR, PR,

Scheme 2.1. Synthesis of PNP ligands

This reaction is accomplished in aprotic solvents (toluene, THF) under inert
conditions at room temperature in the presence of an excess of base and leads to the
desired product in yields >90 %. The P-N bond is established by deprotonation by a
base followed by a condensation reaction releasing HCI. The incorporation of N-alkyl or
N-Aryl spacers in the pincer framework represents a challenge, especially since the
2,6-diaminopyridines are commercially not available.

The first synthetic approach, carried out in 2006, presents an acylation followed
by a reduction with LiAIH; of the 2,6-diaminopyridine to create different N,N’-di-
substituted 2,6-diamino pyridines. Surprisingly, the next step occurs differently from the
methodology applied for the PNP ligands with a 2,6-diaminopyridine scaffold, since
double deprotonation doesn’t occur simultaneously. Several phosphorus-containing
species were formed including tetraphenyldiphosphine and tetraphenyldiphosphine
monoxide. To achieve the desirable PNP pincer ligand it is necessary to employ a two-

step procedure with intermediate workup (Scheme 2.2.).%°

(R',PCI, nBuLi, toluene,
| AN 18 h, rt) x 2 I
o R = R
Z R SN N7
N N NT | |
H H PR, PR’

Scheme 2.2. Synthesis of PNP ligands with different amine spacers

Unfortunately this procedure is not appropriate to prepare N,N-dimethylpyridine-
2,6-diamine. Thus, in 2013 a new method has been developed via a three-step
procedure involving borane protection of the phosphine, a deprotonation/alkylation
step, and deprotection of the phosphine starting at the PNP-iPr.®

However, a simple, general method for the selective formation of N,N’-di-

substituted 2,6-diamino pyridines is still of great importance for the design of new PNP
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ligands. In 2015 a different approach was developed using microwave assisted copper-

catalyzed amination (Scheme 2.3.).%

RNH,
I AN Cul (1.2 mol%) I N

P R Z R

B SN Npr uW,80-224°C SNTNTN

Scheme 2.3. Synthesis of N,N’-di-substituted 2,6-diamino pyridines

This process provides a selective substitution of one or two halogens by aryl or
alkylamines with little reaction time to afforded the different 2,6-diaminopyridines in a
good to excellent yield. The synthesis of the bis-phosphorylated 2,6-diaminopyridines

was carried out by the same reaction shown in Scheme 2.2..
2.4. Results and discussion

In the last years, a series of PNP pincer ligands with a NH bridge has been
developed. The expansion of the pincer series by substitution of the amine spacer
groups (N-alkyl and N-aryl) and the phosphine moieties is the major focus. This
modification promotes a significant change in the steric and electronic properties of the
PNP ligand and consequently influences the stability and reactivity of the pincer metal
complexes.

In this thesis, the new PNP ligands PNP"°-Et and PNP"*-Ph?*’ were synthesized
analogously to a previously reported methodology (Scheme 2.4.). The precursor for

this synthesis was afforded by the method depicted in Scheme 2.3..%°

(R',PCI
nBulLi, toluene,
AN 18h ryx 2
| /
N N N
H H
1i PNPMe_Et
1k PNPMe_pp

Scheme 2.4. The PNP ligands synthesized in this research

The reaction display in Scheme 2.4. is performed in toluene under inert
conditions at 80 °C and in the presence of an excess of base. This two-step procedure

can be carried out also as a one-pot reaction. Alternatively, upon workup with NaHCO;
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and extraction after the first step, the purity and yield of the ligand increases. The
ligands were isolated as yellow oil containing small amounts of impurities of unreacted
starting materials that upon purification were obtained as white oil and white solid,
respectively.

The PNP pincer ligands investigated in this research is shown in Figure 2.6.. All
feature a pyridine backbone with diverse amine spacers (NR, R = H, Me, Ph) and

different phosphines as donor groups.?%232527-30

R'N

PR,

<% va
¢ = {% »4

1a(R'=H) 1b (R' = H) 1c (R'=H) 1d (R'=H) 1e (R'=H) 1g (R'=H) 1h (R'=H)
PNP-Et PNP-iPr PNP-Cy PNP-tBu PNP-Ph R =H) PNP-BIPOL PNP-TADDOL
iPr-PNP-Ph

o~ Qo

C g Oy

1i (R' = Me) 1j(R'=Me) 1k(R'=Me) 11 (R =Ph) 1m (R’ = Ph)
PNPMe.Et PNPMe.jpr PNPMe.ph PNPPh-Et PNPPP-nPr

Figure 2.6. The PNP ligands investigated in this research

Characterization of all PNP pincer ligands was accomplished by "H, ">C{'H} and
¥P{'"H} NMR spectroscopy and elemental analysis. In the *'P{"H} NMR spectra one
singlet at varying &-values is observed, depicted in Tables 2.1. and 2.2.. The only
exception is the /Pr-PNP-Ph ligand that exhibits two singlets as the substituents in the

phosphines are not equivalent.
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Table 2.1. *'P{"H} NMR shifts of PNP-R ligands

PNP Et iPr Cy Bu Ph iPr-Ph BIPOL | TADDOL

p{'H} 1 &
(Ppm)

33.3 | 478 | 413 | 58.8 | 26.0 | 48.0/25.7 | 146.0 134.0

Table 2.2.>'P{"H} NMR shifts of PNPR-R ligands

PNP Me gt | Me-ipr | -Ph | P-Et | ""-nPr
3M1p 1
P{H} S | 513 | 693 | 496 | 570 | 496
(Ppm)

The phosphorus &-values depend on several factors. It is possible to roughly
order phosphines according to their o-donor T-acceptor properties.’ This classification
was described and published by Tolman®' in 1977 where he introduced the Tolman’s
cone angle to describe the space occupied by a coordinated phosphine. The
substituent steric effect seems to play an important role in the influence of the 6P
values. Compounds with very similar environment around the phosphorus centre
exhibit a very similar 6P value.

A rough ordering the pincer ligands PNP-Ph < PNP-Et < PNP-Cy < PNP-iPr <
PNP“-Ph = PNP™-nPr < PNP"-Et < PNP™-Et < PNP-tBu < PNP"-iPr < PNP-
TADDOL < PNP-BIPOL. The donating/withdrawing properties also affect the basicity of
the phosphine. Being a moderately strong Lewis base, depending on the substituents,
the pK,-values vary between 2.7 to 11.4. An ordering of the Tr-accepting and o-
donating capabilities of phosphines can be accomplished by synthesizing a series of

complexes in which the only difference is the nature of the phosphine ligand.

2.5. Conclusions

In sum, it was shown that new achiral and chiral PNP ligands are easily
prepared from commercially available and inexpensive 2,6-diaminopyridine, which can
be varied in modular fashion by choosing the appropriate chlorophosphine R,PCI. In
addition, to incorporate N-alkyl or N-aryl spacers into the ligands’ framework is
necessary to perform the amination via a microwave protocol. The different 2,6-
diaminopyridines are valuable precursors for the synthesis of bis-phosphorylated 2,6-

diaminopyridines which are used as PNP pincer ligands in transition metal complexes.
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2.6. Experimental part

All manipulations were performed under inert atmosphere of argon by using
Schlenk techniques. The solvents were purified according to standard procedures.®
Commercially available substrates were purchased via Sigma-Aldrich and used without
further purification. The deuterated solvents were purchased from Aldrich and dried
over 4 A molecular sieves. 'H, *C{'H}, and *'P{"H} NMR spectra were recorded on
Bruker AVANCE-250, AVANCE-400 DPX and AVANCE-600 spectrometers. 'H and
3C{'H} NMR spectra were referenced internally to residual solvent resonances and are
reported relative to tetramethylsilane (5 = 0 ppm). *P{"H} NMR spectra were
referenced externally to H;PO4 (85%) (8 = 0 ppm)." The ligand precursor 2,6-N,N’-
dimethyldiaminopyridine and the ligands N,N’-Bis(diethylphosphino)-2,6-
diaminopyridine (PNP-Et) (1a), N,N’-bis(di-iso-propylphosphino)-2,6-diaminopyridine
(PNP-iPr)  (1b), N,N’-bis(dicyclohexylphosphino)-N,N’-dimethyl-2,6-diaminopyridine
(PNP-Cy) (1¢), N,N’-bis(di-tert-butylphosphino)-2,6-diaminopyridine (PNP-{Bu) (1d),
N,N’-bis(diphenylphosphino)-2,6-diaminopyridine ~ (PNP-Ph)  (1e), N,N’-bis(iso-
propylphosphino, phenylphosphino)-2,6-diaminopyridine (iPr-PNP-Ph) (1f) N,N’-
bis(dibenzo[d,f][1,3,2]dioxaphosphepine)-2,6-diaminopyridine (PNP-BIPOL) (1g), N,N’-
bis((3aR,8aR)-2,2-dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-e][1,2,3]-
dioxaphosphenin-6-yl)pyridine-2,6-diamin  (PNP-TADDOL) (1h), N,N’-bis(di-iso-
propylphosphino)-N,N’-dimethyl-2,6-diaminopyridine (PNP"e-jPr) (1j), N,N’-
Bis(ethylphosphino)-N,N’-diphenyl-2,6-diaminopyridine (PNP™"-Et) (11) and N,N’-Bis(n-
propylphosphino)-N,N’-diphenyl-2,6-diaminopyridine (PNP""-nPr) (1m), were prepared

according to literature and avaible in the working group. #2330

2.6.1.Synthesis

A solution of 2,6-N,N’-dimethyldiaminopyridine (36.45 mmol) in toluene (125
mL) was cooled down to -20 °C and n-BuLi (2.5 M solution in hexane, 38.28 mmol) was
added. The mixture was stirred at room temperature for 2 h. After this period, the
mixture was cooled down to -60 °C and then PR,CI (R = Et, Ph; 36.45 mmol) was
added. The mixture was stirred for 2 h at room temperature and then refluxed overnight
at 80 °C. The mixture was allowed to cool down to room temperature and 8 mL of a
saturated solution of NaHCO; was added. The two phases were separated and

anhydrous Na,SO, was added to the organic phase. The mixture was filtered and the

" The same experimental conditions in the following chapters.
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solvent was evaporated under reduced pressure leading to a yellow oil. The oil was
dissolved in 125 mL of toluene and cooled down to -20 °C and then n-BuLi (2.5 M
solution in hexane, 38.28 mmol) was added. The mixture was stirred at room
temperature for 2 h. After this period, the mixture was cooled down to -60 °C and then
again PR,CI (R = Et, Ph; 36.45 mmol) was added. The mixture was stirred for 2 h at
room temperature and then refluxed overnight at 80 °C. After this period a saturated
solution of NaHCO; was added to the mixture at room temperature. The two phases
were separated and anhydrous Na,SO, was added to the organic phase. The mixture
was filtered and the solvent was removed under reduced pressure yielding a yellow oil
for PNPM®-Et and a yellow oil together with a white precipitate for PNPM*-Ph. The crude
product of PNPM-Et was purified with CH;CN at low temperature to give a white oil and

PNPM-Ph was purified by washing with hot CH5CN vyielding white powder.

N,N’-bis(diethylphosphino)-N,N’-methyl-2,6-diaminopyridine (PNP"°-Et) (1i)

H3C
N—PEt,
\
z N

N—PEt,
/
HsC

The product was obtained as a white oil in 61.6% yield. Anal. Calcd. for Cy5HygN3P2
(313.36). C, 57.49; H, 9.33; N, 13.41. Found: C, 56.71; H, 9.57; N, 13.59. "H NMR (5,
CDCl;, 20 °C): 7.26 (t, J = 8.0 Hz, 1H, py*), 5.76 (d, J = 7.8 Hz, 2H, py*®), 3.02 (d, J =
2.4 Hz, 6H, NCH3), 1.92-1.72 (m, 4H, CH,), 1.60-1.40 (m, 4H, CH,), 1.12-0.94 (m, 12H,
CHs). ®*C{'H} NMR (8, CDCl;, 20 °C): 160.5 (d, J = 23.2 Hz, py*°), 137.3 (py*), 99.3 (d,
J = 23,5 Hz, py*®), 30.0 (t, J = 5.0 Hz, NCCHs), 21.1 (d, J = 13.3 Hz, CH,), 9.3 (d, J =
16.1 Hz, CHs). *'P{"H} NMR (5, CDCl;, 20 °C): 51.3.

N,N’-bis(diphenylphosphino)-N,N’-methyl-2,6-diaminopyridine (PNP"-Ph) (1k)

H3C
N—PPh,
\)
z N

/N—PPh2
H3C

The product was obtained as a white solid in 54.2% yield. Anal. Calcd. for C31HxgN3P2
(505.54): C, 73.65; H, 5.78; N, 8.31%. Found: C, 73.79; H, 5.50; N, 8.23%. 'H NMR (3,
CDCl;, 20 °C): 7.38-7.44 (m, 21H, Ph, py*), 6.87 (d, J = 7.4 Hz, 2H, py*®), 2.89 (s, 6H,
NCHs). *C{'"H} NMR (3, CDCls, 20 °C): 159.6 (vd, J = 27.4 Hz, py*®), 138.4 (vt, J = 3.0
Hz, py*), 137.5 (vd, J = 16.0 Hz, Ph"), 132.2 (vd, J = 20.8 Hz, Ph?°), 129.2 (Ph*), 128.5
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(vd, J = 5.9 Hz, Ph*?), 99.9 (vd, J = 21.2 Hz, py*®), 34.1 (vd, J = 8.6 Hz, NCHj;). *'P{'H}
NMR (3, CDCls, 20 °C): 49.6. ESI-MS (m/z, CH;0H, HCOOH) positive ion: 506.19 [M
+HJ".
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Chapter 3 — Tricarbonyl Molybdenum and Tungsten Complexes

Metal carbonyl complexes possess a very unique focus of interest in the
inorganic and organometallic chemistry becoming over the years one of the most
important families of compounds. For every transition metal there is at least one known
type of carbonyl derivative, as well as evidence supporting the existence of the
carbonyls of some lanthanides and actinides, although often in combination with other
ligands.™®

Many carbonyls compounds are conventional starting materials for the
synthesis of low-valent metal complexes and clusters. The ability of the carbonyl ligand
to provide electron density to the 1 orbitals to form 1 backbonds is responsible for the
stability of metals in low oxidation states. A large number of other ligands may
substitute carbonyl ligands, however the presence of the remaining CO groups
provides, among others, stability against oxidation or thermal decomposition,
proprieties that are important for further applications.”

Through the years, carbonyl compounds were involved in the preparation of
high purity metals as in the Mond process for the extraction of nickel from its ores, in
the synthesis of organic compounds and plays an essential role in many catalytic
processes. Detailed mechanistic studies on metal carbonyls have become increasingly
important in understanding the factors influencing ligand substitution processes,

especially as they apply to catalytic activity.?
3.1. Carbonyl ligand

Carbon monoxide, CO, has unique properties as a ligand due the remarkable
donating and accepting capabilities. In many cases, CO acts like a good spectator
ligand, strongly bound an inert, but can also act as a reacting partner. Ligands
isoelectronic to CO are also wellknown in metal compounds among them relatively
stable molecules or ions such as N,, NO*, and CN", as well as less stable species such
as vinylidene. Nonetheless, the number of complexes with neutral isoelectronic
diatomic molecules terminally ligated to transition metals is somewhat limited, mainly
restricted to complexes with ligands of the type CE (E = S, Se, Te, NR, CH,) and N,.

However, none of these other ligands seems to be as versatile as co.*®
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Figure 3.1. MO diagram of Carbon monoxide

The HOMO in CO is the 3o orbital which contains a nonbonding lone pair of
electrons situated on the carbon atom, recognized in the molecular orbital diagram
(Figure 3.1.). The larger lobe of this orbital projects out of the molecule, in line with the
C-O bond. The LUMO contains the pair of doubly degenerate antibonding T orbitals.
This combination of frontier orbitals allows the carbonyl ligand not only to donate
electrons via a o-bond, but also to accept electrons via m-back donation from the
metal. The CO group donates its electrons from the 30 HOMO, into a vacant d-orbital
of o symmetry on the metal, forming a weak o bond. This is accompanied by 1-back
donation by the metal, from a filled d-orbital, into the vacant 2m* molecular orbitals on
the ligand. The effect of m-back donation weakens the carbon-oxygen bond, since
electron density is being forced into the n* antibonding orbitals of this bond (Figure
3.2.). There is a fundamental similarity between the nature of carbonyl-metal bonding

and that of alkenes, acetylenes, phosphines and dihydrogen.*®

o bond nt backbond

S

Figure 3.2. Coordinated bond between metal and carbonyl

The two components of this bonding are synergistic, the more sigma donation
by the carbonyl (or other sigma-donors on the metal center) the stronger the -

backbonding interaction. Notice that although this involves the occupation of a m*
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orbital on the CO, it is still a bonding interaction as far as the metal center is
concerned. The presence of strongly electron-donating groups on a metal center, such
as alkyl phosphines, tends to increase the electron density available for back donation,
enhancing its effect and weakening the C-O bonds.

The variations in carbon-oxygen bond strength are reflected in the frequency of
their vco bands observed in the IR spectra. These are indicative for the bond strength
that correlates to the relative electron density on the metal, and hence its ability to back
donate electrons. In such a manner, two consequences are expected from the
weakening of the carbon-oxygen bonds (stronger back donation) that would be a
lengthening of the C-O bond and a decrease in the carbonyl stretching frequency.
Consequently, vco can serve as a reliable qualitative indicator of the level of electron
density on a particular metal center when compared with other metal carbonyl
complexes, where the variations of the frequency are from 2125 to 1850 cm™ for
terminal CO (free CO ~ 2143 cm™). Also with each charge added to the metal center,
the CO stretching frequency decreases by approximately 100 cm™.3®

The presence of the other ligands coordinated to the metal influence the CO
stretching frequency, as better the sigma-donating capability (or worse the pi-acceptor
ability) of the other ligands on the metal, the lower the CO stretching frequency.

Many transition metal carbonyl complexes contain more than one CO ligand so
the symmetry plays an important role in the determination of the number of IR CO
stretching bands. Generally, group theory is used to predict which vibrational modes
will be IR active or inactive. In practice, the number of anticipated CO stretching bands
and their relative intensities can be modeled for a range of substituted carbonyl

complexes.?®
3.2. Carbonyl pincer complexes

The chemistry of pincer complexes with carbon monoxide is fundamental to
better understand the chemical nature of these compounds and allows further
modification of the donor properties of pincer ligands. This better understanding of the
electronics of different substituents in the pincer backbone provided by the presence of
CO, allows envisioning the potential employment of these compounds in industrially
relevant catalytic processes.>’

Some carbonyl pincer complexes have been identified as kinetic resting pools in
different catalytic processes and transformations mediated by pincer complexes. Thus,

it is expected that the development pincer compounds have witnessed in the past few
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years will continue, with carbon monoxide as common partner, for the study,
understanding, and discovery of novel pincer species. >’

This class of compounds normally embodies every pincer complex that
possesses at least one CO ligand, independently of the other type of ligands bond to
the metal. In this Chapter only pincer complexes with carbonyl ligands are discussed.
Carbonyl pincer complexes can be obtained from the reaction of pincer ligands with
metal carbonyls as starting materials (A, B, Figure 3.3.),%° from the direct reaction of

10,11

pincer species with carbon monoxide (C, D), as well as from decarbonylative

processes of organic substrates (E, F).”*"
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Figure 3.3. Mono, di and tri-carbonyl complexes with several PNP pincer ligands

Only a few examples of the molybdenum and tungsten PNP pincer carbonyl
complexes have been described, however group VI carbonyl complexes without pincer
ligands have been of great relevance. They can play different roles like acting as
catalysts, biological assays, or as therapeutic measures depending on the
substituents.'>"

The first molybdenum and tungsten carbonyl pincer complexes of the type
[M(PNP-Ph)(CO);] (M = Mo, W; PNP-Ph = N,N'-bis(diphenylphosphino)-N,N’-2,6-

diaminopyridine) were reported by Haupt and co-workers (Figure 3.4.)."
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Figure 3.4. Tricarbonyl complexes with several PNP pincer ligands (M = Mo or W)

In 1998 Haenel et al" published a patent including the preparation of novel
transition metal (Pd, Ni, Pt, Rh, Mo) compounds featuring a 4,5-diphosphinoacridine
ligand. In all cases the coordination to the transition metals is accomplished through
both phosphorus atoms and the acridine nitrogen. In the particular case of
molybdenum, the tricarbonyl complex is formed.

In the same year coordination to both tungsten and molybdenum has been
observed with a neutral six electron donor PNP ligand H;CN(CH,CH,PPh,), to provide
the respective tricarbonyl pincer complexes.”® The ligand backbone is flexible enough
to adopt either a facial or a meridional coordination mode. However, the methyl group
on the amino nitrogen limits the flexibility.

A series of PNP molybdenum and tungsten tricarbonyl complexes were
developed by Kirchner and coworkers. The pincer ligands based on a 2,6-
diaminopyridine scaffold with some modifications on the amino group and with different
phosphine moieties.?’

Templeton and co-workers synthesized tungsten tricarbonyl pincer complexes
featuring a PNP pincer-type ligand HN(SiMe,CH,PPh,),, both facial and meridional
isomers, in a similar way of the Angelici group.?

In 2016 the Jones’s group investigated the chemistry of molybdenum and
tungsten complexes featuring PONOP pincer ligand based on a 2,6-dihydroxypyridine

scaffold with different phosphine moieties.??
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3.3. Synthesis of Mo and W PNP carbonyl complexes

In general, the synthesis of the Mo and W PNP pincer tricarbonyl complexes is
accomplished by a simple reaction of the ligand with [M(CO)s] (M = Mo, W) under
refluxing conditions. The first pincer complex of the type [M(PNP)(CO);] (M = Mo, W;
PNP = N,N'-bis(diphenylphosphino)-N,N’-2,6-diaminopyridine (PNP-Ph)) was reported
by Haupt and co-workers.®

Over the years, Kirchner and coworkers used the same synthetic pathway
developing a series of PNP tricarbonyl complexes. Reacting the intermediate
compound [M(CO)3(CH3CN)3] (M = Mo W), prepared in situ by refluxing a solution of
[M(CO)¢] (M = Mo, W) in CH5CN with the PNP ligands (Scheme 3.1.).2"%

| A N— —PR2
. . CH3;CN
M(CO)s  + RN SR —— —M
| | 135 °C
PR; PR; N PRZ
M= Mo, W 1a-1m

Scheme 3.1. Synthesis of [MPNP(CO);3] (M = Mo, W) complexes

However, in general the traditional thermal synthesis of these complexes is not
very effective, since it requires high temperatures, extensive reaction times (days) and
affords low yields, especially in the case of tungsten. This may explain the lack of
examples from the Mo and W carbonyl complexes described in literature. Accordingly,
an alternative simple and efficient route to synthesize these types of complexes is
desirable. Diverse strategies have been used to improve the reaction conditions such
as the employment of catalysts like sodium borohydride and sodium hydroxide or
performing the reactions at high temperatures or at high pressures (e.g. under
microwave conditions).'®'6%°

An alternative method was developed to obtain tricarbonyl complexes, special
for the tungsten [W(PNP)(CQO);], via the intermediacy of the known dinuclear complex
[W(CO)4(p-Br)Brl,, prepared in situ from W(CO)s and stoichiometric amounts of Br; in
CH,CI, at -70 °C. Treatment of a solution of [W(CO)4(p-Br)Br], in CH,Cl, at room
temperature with the PNP ligands produce the seven coordinated tungsten(ll)
complexes [W(PNP)(CO)s;Br]Br. Which subsequently were reduced with an excess of
10% sodium amalgam in THF to yield the desired W(0) complexes [W(PNP)(CO);] in
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70-80% isolated yields (Scheme 3.2.).>* This methodology also yields the analogous

Mo(0) complexes thus being an alternative method to that described previously.

A
+
I z oc i
HNT SN NH H B
N—|—PR __pR
PR, PR, - 2 NaHg (10%) 2
[W(CO)(u-BBrl;, —m 3 & N—/W{CO
HN-F’Rzl co HN— PR2

Br

Scheme 3.2. Two-step synthesis of W(0) complexes via the [W(PNP)(CO);Br]Br intermediate
3.4. Results and discussion

In this Chapter the synthesis and reactivity of new tricarbonyl molybdenum and
tungsten complexes containing PNP pincer ligands with different amine linkers and
phosphine substitutes, NR'PR,, was expounded. In the beginning, the molybdenum
tricarbonyl complex [Mo(PNP"e-Ph)(C0);]* was synthesized by the method described
above (Scheme 3.1.). Nevertheless in order to further develop the chemistry of Mo and
W pincer systems, is essential to establish a new synthetic protocol that improves
reaction times and yields and reduces steps, especially for the tungsten.

In 2016 the improved synthesis of several Mo and W carbonyl pincer complexes
from the corresponding hexacarbonyl complexes using a solvothermal process

(Scheme 3.3.) was developed.?’

N CH4CN, 2-5h, N— —PR2
R | _ R 135-160 °C
M(CO)g + N N N
PR

solvothermal

3 PR, N PR2
M = Mo, W 1a-m

Mo: 2a-m
W: 3a-m

Scheme 3.3. Synthesis of [MPNP(CO);] (M = Mo, W) complexes under solvothermal conditions
in CH3;CN

A suspension of hexacarbonyl complexes M(CO)s (M = Mo, W) and PNP

ligands 1a-m in CH3CN were placed in a sealed microwave glass tube and stirred for

2-5 h at 135-160 °C. This methodology allows the generation of higher pressures and
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superheating of the solvent, resulting in significantly decreased reaction times and
highly increased product yields and purity.

The acetonitrile binds sufficiently strong to give isolable adducts but is labile
enough for facile substitution. The synthesis conditions support the use of thermally
more sensitive ligands because of reduced reaction times and guaranties the exclusion
of moisture. Moreover, the formation of crystals in almost every reaction was observed,

for example Figure 3.5..

/

Figure 3.5. Sealed microwave glass tube with the [Mo(PNP-Et)(CO);] complex

All complexes in this Chapter are yellow solids obtained in 79-99% isolated
yields. They are thermally and air stable in solid state but slowly decompose in
solution. Characterization was accomplished by combination of "H, "*C{'H}, and *'P{'H}
NMR spectroscopy, IR spectroscopy, and elemental analysis.

Characteristic features comprise, in the C{'"H} NMR spectrum, two low-field
triplet resonances (1:2 ratio) in the range of 234-206 ppm for the molybdenum
complexes (Table 3.1.) and of 225-196 ppm for the tungsten complexes (Table 3.2.)
assignable to the carbonyl carbon atoms trans and cis to the pyridine nitrogen,
respectively. The *'P{'"H} NMR spectra exhibit singlet resonances in the range of 205 -
104 ppm, except for [Mo(/iPr-PNP-Ph)(CO3)] (2f) that gives two singlets due to the
unequal phosphines (132.1 and 104.7 ppm). In the case of the tungsten complexes
(Table 3.2.), the *'P{"H} NMR spectra exhibit singlet resonances with "Jwp coupling
constants of 319-495 Hz. The tungsten—phosphorus coupling was observed as a
doublet satellite due to "W, 14% abundance with | = 1/2, superimposed over the
dominant singlet.

The Tr-accepting/o-donating capabilities of phosphines can be studied through
the &P values, since the nature of the phosphine ligand is the only difference in the
series of tricarbonyl complexes, allowing the order PNP-Ph < PNP-Et < PNP-Cy =
PNP™"-nPr < PNP™"-Et < PNPM*-Ph < PNP"-Et < PNP-iPr < PNP-tBu < PNP"*-jPr <
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PNP-TADDOL < PNP-BIPOL (Table 3.1. and 3.2.). Concerning the free ligands, the
order of the 6P values varies slightly for some of them PNP-iPr < PNP-Ph = PNP™"-

nPr < PNPM-Et < PNP""-Et (Chapter 2).

Table 3.1. Selected *C{"'H} and *'P{"H} NMR and IR data of pincer tricarbonyl Mo complexes

Complexes CZCCH} lgo P{H}I 8 veo 5 /v;n : veo
[Mo(PNP-Et)(CO),] (2a) 230.3 | 213.8 111.3 1929 | 1840 | 1780
[Mo(PNP-iPr)(CO);] (2b*) 2314 | 216.9 132.7 1936 | 1809 | 1790
[Mo(PNP-Cy)(CO)s] (2¢) 2311 | 2164 122.6 1941 1828 | 1790
[Mo(PNP-tBu)(CO)s] (2d*) 233.1 | 224.0 148.8 1922 | 1808 | 1771
[Mo(PNP-Ph)(CO);] (2e*) 2284 | 211.2 104.0 1964 | 1858 | 1765
[Mo(iPr-PNP-Ph)(CO)s] (2f) | 229.4 | 213.8 | 132.1/104.7 | 1956 | 1844 | 1757
[Mo(PNP-BIPOL)(CO)s] (2g) | 224.7 | 208.4 204.8 1985 | 1876 -
[Mo(PNP-TADDOL)(CO)s] (2h) | 221.6 | 206.7 172.7 1980 | 1946 | 1867
[Mo(PNP-Et)(CO)4] (2i) 2306 | 214.9 132.3 1942 | 1822 | 1806
[Mo(PNPY-/Pr)(CO)4] (2j*) 230.8 | 217.9 159.0 1936 | 1810 | 1795
[Mo(PNP"*-Ph)(CO)5] (2k) 2278 | 211.9 131.0 1956 | 1911 | 1850
[Mo(PNPP"-Et)(CO),] (21) 2299 | 214.3 129.5 1949 | 1815 -
[Mo(PNP-nPr)(CO)s] (2m) | 229.6 | 213.8 122.6 1951 1857 | 1821

*Previous prepared in the literature’®*"?*

Both the carbonyl resonances (6CO) and the phosphorus resonances (6P)
exhibit a significant upfield shift comparing Mo and W (Table 3.1 and 3.2.). Upon
coordination with to the metal, the proton of the NH linker becomes more acidic. This is
evident from the downfield shift of the corresponding signal in the 'H NMR for both Mo
and W complexes.

In all complexes, the PNP pincer ligand adopts the typical mer coordination
mode with no evidence for any fac isomers. The IR spectra show, in most cases, the
typical three strong to medium absorption bands of a mer CO arrangement assignable
to one weaker symmetric and two strong asymmetric ones. The vco frequencies, in
particular the symmetric CO stretch which presents the highest stretching frequency, is
indicative for the increasing electron donor strengths of the PNP ligands and follow the
order PNP-BIPOL< PNP-TADDOL < PNP-Ph < iPr-PNP-Ph = PNP"-Ph < PNP™-nPr <
PNPP"-Et < PNP"-Et < PNP-Cy < PNP-iPr = PNP"*-jPr < PNP-Et < PNP-tBu (Tables
3.1. and 3.2.). Due to the higher electron density at the tungsten, there is a slight shift

for lowest v¢o frequencies of the three carbonyls ligands.
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Table 3.2. Selected "°C{'H} and *'P{"H} NMR and IR data of the pincer tricarbonyl W complexes

Complexes C;’C{1H} /go 3 P{1H} 18 Voo IR lvz;nq Voo
[W(PNP-Et)(CO);] (3a) 2220 | 208.2 94.0 1921 1834 1768
[W(PNP-iPr)(CO)3] (3b*) 2211 | 2106 116.5 1929 1805 1784
[W(PNP-Cy)(CO)3] (3c) 2223 | 2113 109.5 1933 1807 1773
[W(PNP-tBu)(CO);] (3d*) 2247 | 2194 135.2 1914 1799 1759
[W(PNP-Ph)(CO);] (3e*) 206.0 | 196.6 88.2 1955 1847 1759
[W(PNP-BIPOL)(CO)s] (3g) | 2155 | 201.4 188.2 1979 1858 .
[W(PNP"®-Et)(CO),] (3i) 2224 | 208.9 115.8 1934 1795 -
[W(PNP"®-iPr)(CO)3] (3]) 2225 | 2116 144.0 1928 1890 1797
[W(PNP-Ph)(CO);] (3k) 2211 | 207.4 114.7 1954 1839 1801
[W(PNPP"-Et)(CO)3] (31) 221.7 | 208.4 112.7 1934 1804 -

*Previous prepared in the literature®*

In addition to spectroscopic characterization, the solid-state structures of 2h, 2k
and 3l were determined by single-crystal X-ray diffraction. Structural views are depicted
in Figures 3.6.-3.8. with selected bond distances given in the captions. The
coordination geometry around the molybdenum center of 2h and 2k corresponds to a
distorted octahedron with a P-Mo-P and trans—C¢o-Mo-C¢o bond angle of 155.61(5)°
and 175.8(2)° (Mo(PNP-TADDOL)(CO);) and of 155.48(1)° and 166.15(5)° (Mo(PNP"®-
Ph)(CO),), respectively.

Figure 3.6. Structural view of [Mo(PNP-TADDOL)(CO);]-CH,Cl; (2h-CH,Cl,) showing 50%
thermal ellipsoids (hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A)
and bond angles (°): Mo1-C68 2.029(6), Mo1-C69 1.967(6), Mo1-C70 2.037(6), Mo1-P1
2.329(1), Mo1-P2 2.361(1), Mo-N1 2.242(4), P1-Mo1-P2 155.61(5), N1-Mo1-C69 175.3(2),
C68-Mo1-C70 175.8(2)
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Figure 3.7. Structural view of [Mo(PNPME-Ph)(CO)S]-CHZCIZ (2k-CHCI,) showing 50% thermal
ellipsoids (hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond
angles (°): Mo1-C32 2.020(1), Mo1-C33 1.957(1), Mo1-C34 2.030(1), Mo1-P1 2.3816(4), Mo1-
P2 2.3890(4), Mo-N1 2.246(1), P1-Mo1-P2 155.48(1), N1-Mo1-C33 176.22(5), C32-Mo1-C34
166.15(5)

For comparison, in the [Mo(PNP)(CO);] complexes 2b, 2d, 2e, 2j the
P1-Mo-P2 angles are also hardly affected by the size of the substituents of the
phosphorus atoms, being 155.0(2)°, 155.62(1)°, 155.3(1)°, and 151.73(1)°,
respectively. The carbonyl-Mo-carbonyl angles of the CO ligands trans to one another
deviate significantly from 180° and typically vary strongly with the bulkiness of the PR,
moiety (PNP-TADDOL < PNP-Ph < PNP“®-Ph > PNP-iPr < PNP"-jPr < PNP-tBu).
Reflecting a decrease from 175.8(2)° in [Mo-(PNP-TADDOL)(CO);] (2h) to 171.1(8)° in
[Mo(PNP-Ph)(CO);]"™® to 166.15(5)° in [Mo(PNP“-Ph)(CO)s] (2k) to 166.03(5)° in
[Mo(PNP-iPr)(CO)]*" to 162.93(7)° in [Mo(PNPe-iPr)(CO)s]**, and finally to 156.53(4)°
in [Mo(PNP-tBu)(CO)s]*".

The coordination geometry around the tungsten center, as in the case of
analogous molybdenum complexes, corresponds to a distorted octahedron. The
complex [W(PNP™-Et)(CO)s] (Figure 3.8.) presents P-W-P and trans-Cco—-W-Cco
bond angles 156.11(3)° and 164.6(1)° (3l). For comparison, in the [W(PNP)(CO)]
complexes 3b and 3d the P1-W-P2 angles are 154.43(4)° and 151.42(2)°, respectively.
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Figure 3.8. Structural view of [W(PNP™™-Et)(CO)s]:CHsCN (31:CH;CN) showing 50% thermal
ellipsoids (hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond
angles (°): W1-C54 2.04(3), W1-C55 1.966(3), W1-C56 2.015(3), W1-P1 2.405(1), W1-P2
2.385(1), W1-N1 2.262(2), P1-W11-P2 156.11(3), N1-W1-C55 179.8(1), C54-W1-C56 164.6(1)

Similar to the analogous [Mo(PNP)(CO);] complexes the P1-M-P2 angles are
slightly affected by the size of the substituents of the phosphorus atoms. The
carbonyl-W-carbonyl angles vary with the bulkiness of the PR, moiety and decrease
from 165.7(2)° in [W(PNP-iPr)(CO)s]** to 164.6(1)° in [W(PNP"™-Et)(CO)s] (2k) and
finally to 156.53(4)° in [W(PNP-tBu)(CO)s]*. Accordingly, the bulkiness of the PNP
ligands follows roughly the order (PNP- iPr < PNP™™-Et < PNP-tBu).

3.4.1.Pyridine versus triazine backbones

The alterations on the atoms in the backbone influence the central atom that
consequently suggests strong variation of the donor proprieties. With this in mind, the
substitution of pyridine with triazine, that under normal conditions is an electron poor
unimportant and weak coordinative ligand, was performed (Figure 3.9.). The increasing
number of nitrogen atoms in the aromatic ring makes the 1T electron density in the ring
decreases, making the backbone of the pincer ligands more electron-deficient.?®

Over the years new pincer molybdenum tricarbonyl complexes, based on a 2,6-
diamino-1,3,5-triazine scaffold with some modification on the para position, were

developed by Kirchner and coworkers through the same methodology (Figure 3.9.).2"*°
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H
N—]|—PPh, N—]|—PPh, < N—|=pPPh,
N— K N— R N— S
@—(/_ N—~Mo——CO " SN—Mo—-cC —_ SN—Mo—-co
N N N
HN—PPh, HN—PPh, HN—PPh,
co co co

Figure 3.9. Pincer triazine-based tricarbonyl Mo complexes

In this work, only one example is presented, the pincer ligand with 2,6-diamino-
4-methyl-1,3,5-triazine scaffold (Triaz"®-iPr) that was coordinated to Mo and W
following the same procedure developed for pyridine-based systems (2n, 3n).

Both the carbonyl resonances (6CO) and the phosphorus resonances (dP)
exhibit an upfield shift on going from pyridine to a triazine backbone for both Mo and W
tricarbonyl complexes (Table 3.3.). The *'P{'"H} NMR of the W complex spectra exhibit
singlet resonances with Jwe coupling constant of 318 Hz lower than the others
tricarbonyl tungsten complexes (Table 3.2.). The [Mo(Triaz®-Ph)(CO)s] complex,
already described in literature, behaves in an identical way when compared with its
analogous complex [Mo(PNP-Ph)(CO),].

Table 3.3. Selected "*C{'"H} NMR and *'P{'H} NMR and IR data of the triazine-based tricarbonyl

Mo and W PNP pincer complexes

1341 |

C{ H} 18 31 1 IR/cm
Complexes co O P{H}/5 oo veo
[Mo(Triaz™®-iPr)(CO);] (2n) 228.9 215.4 131.0 1946 1822
[W(Triaz®-iPr)(CO)3] (3n) 220.6 209.2 113.2 1943 1818

One more time, the mer coordination mode is preferred, with no evidence for
any fac isomers. The IR spectra show, two strong to medium absorption bands in the
range of 1946-1818 cm™" assignable to one weaker symmetric and the merged two
strong asymmetric vgo stretching modes. When compared with the [M(PNP-iPr)(CO);]
(M = Mo, W), the vco frequencies shift for an highest numbers, which means less
backdonation that implies that the backbone of the pincer ligand decreases the electron

density at the metal center, like it was expected.

3.4.2.Steric effect of linkers

Since spacers have a profound impact on the steric demand of the ligands and

consequently on the reactivity of transition metal PNP complexes, in addition to the
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previous investigation, the research of molybdenum and tungsten complexes featuring
different bridges in the PNP ligands possess a necessary obligation. Aside from the
previous series of Mo and W tricarbonyl PNP pincer complexes with diverse amine
spacers (NR, R = H, Me, Ph), recently a series of molybdenum and tungsten PONOP

pincer complexes were synthesized by Jones’s* working group (Figure 3.10.).

PIPI’2 PIPTZ PIPrZ PIPI’Z
HN— P/Pr2 N P/Pr2 O- P/Pr2 H,C— P/Pr2
Kirchner Kirchner/this work Jones this work
2006 2013/2016 2016 2016

Figure 3.10. Mo and W PNP pincer tricarbonyl complexes with different linkers

The famous PNP ligand with a CH; linker is well known for forming complexes
with a variety of transition metals (e.g., Fe, Ru, Rh, Ir, Pd, Pt)3°, except for Mo and W.
Compounds 2p and 3p were synthesized by a solvothermal reaction. The *C{'"H} NMR
spectra of the these complexes present also two low-field triplet resonances (1:2 ratio)
in the range of 236-215 ppm (Table 3.4.). In comparison to the complexes M(PNP-
iPr)(CO)s (2b, 3b), M(PNP"°-iPr)(CO); (2j, 3j) and M(PONOP-iPr)(CO); (20, 30), the
carbonyl resonances (0CO) exhibit an downfield shift for all the complexes with CH,
linker and always an upfield shift for the O linker (Table 3.1., 3.2., 3.4.). The carbonyl

resonances (6CQO) also exhibit a significant upfield shift on going from Mo to W.

Table 3.4. Selected "*C{'"H} NMR and *'P{"H} NMR and IR data of the pincer tricarbonyl Mo and

W complexes with “O” and “CH,” linkers

Complexes CSC{1H} 1(830 p{'H} /8 e IR /Vz:)n“ v
Mo(PONOP-Pr)(CO)s (20%) | 2266 | 216.5 228.9 1957 | 1861 | 1833
Mo(PNP(CH,)-Pr)(CO)s (2p) | 2359 | 21938 81.2 1928 | 1816 | 1793
W(PONOP-Pr)(CO)s (30%) | 217.9 | 2102 209.8 1950 | 1839 | 1820
W(PNP(CH,)-Pr)(CO); 3p) | 2278 | 2151 675 1920 | 1808 | 1787

*Previous prepared in the literature®®

Similar to the carbonyl resonances (6CO) the phosphorus resonances (6P)

exhibit a significant upfield shift on going from the O, NCH3;, NH to the CH, linker,
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ordering in the reversed way the m-accepting/c-donating capabilities of phosphines.
The IR spectra of the tricarbonyl complexes contain the typical three strong to medium
absorption bands of a mer CO arrangement in the range of 1957-1790 cm™". The veo
frequencies, follow the order PONOP-iPr < PNP"e-jPr = PNP-iPr < PNP(CH,)-iPr which
indicate the increasing electron donor strengths of the PNP ligands, for both Mo and W

complexes.
3.5. Conclusions

In summary, it was demonstrated that the solvothermal synthesis technique
provides a powerful, simple, and practical synthetic method to afford molybdenum and
tungsten PNP pincer carbonyl complexes of the type [M(PNP)(CO);] (M = Mo, W) in
high isolated yields in a short time. It has to be emphasized that in particular the short
reaction times allow the use of thermally more sensitive ligands. As far as W
complexes are concerned, these complexes are not readily accessible with
conventional methods. Moreover, this study also allows a direct comparison of steric

and electronic properties of Mo and W metal PNP pincer complexes.
3.6. Experimental part

The metal precursors hexacarbonyl of molybdenum and tungsten were
purchased from commercial vendors. The precursor complexes [Mo(CO),(u-Br)Br], and
[W(CO)4(u-Br)Br], were prepared according to the literature.®’ The IR spectra were
recorded on Bruker Tensor 27 spectrometer, in the range between 600 and 4000 cm’™’

with a resolution of 4 cm™.”

3.6.1.Syntheses

General synthetic procedure for tricarbonyl molybdenum and tungsten
complexes: A suspension of the metal hexacarbonyl (0.60 mmol) and 1 equiv. of the
respective PNP ligand (0.60 mmol) in CH3CN (4 mL) were placed in a 20 mL sealed
glass tube and stirred for 2 h at 135 °C (unless otherwise noted) whereupon a clear
solution was obtained. The reaction mixture was allowed to cool to room temperature
without stirring. In most cases the product was obtained as crystalline material and was

decanted and washed with n-pentane. In all other cases the solvent was removed

" The same experimental conditions in the following chapters.
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under reduced pressure. The remaining solid was washed with n-pentane and dried
under vacuum.

Alternative synthetic procedure: Method A: A suspension of [Mo(CO)g] (1.0
mmol) in CH3CN (20 mL) was refluxed for 3 h under an argon atmosphere. The
resulting yellow solution was cooled down to room temperature and 1 equiv. of
respective PNP ligand (1.0 mmol) in toluene (8 mL) was added and the solution was
refluxed for 1-4 days, depending on the ligand. After this period the solvent was
evaporated under vacuum and the compound was washed with CH;CN and n-pentane.
The compound was dried under vacuum affording a yellow powder.

Method B: A solution of [W(CQO)4(u-Br)Br], (1.0 mmol) in CH,CI, (10 mL) was
treated with 0.5 equiv. of PNP ligand (1.0 mmol) and the mixture was stirred for 5 h at
room temperature. After removal of the solvent under reduced pressure, a solid was
obtained, which was washed with diethyl ether mixture and dried under vacuum yield
the [W(PNP)(CO)sBr]Br compound. The compound is dissolved in THF (15 mL) and
stirred in the presence of NaHg (10%) (3.0 mmol) for 8 h at room temperature. The
solvent was then removed under reduced pressure. The residue was redissolved in
acetone (10 mL), and the solution was filtered through Celite. After removal of the
solvent under reduced pressure, a yellow solid was obtained, which was washed twice

with diethyl ether (10 mL) and dried under vacuum.

[Mo(PNP-Et)(CO);] (2a)

H
N—|—PEt,
§
A\ &
= N Mo

Cco

HN—PEt,
co

The product was obtained as yellow crystals in 91% vyield. Anal. Calcd. for
C16H2sMoN3;05P, (465.30). C, 41.30; H, 5.42; N, 9.03. Found: C, 41.21; H, 5.55; N,
9.11. "H NMR (8, CD,Cl,, 20 °C): 7.12 (t, J = 7.9 Hz, 1H, py*), 6.07 (d, J = 8.0 Hz, 2H,
py*°), 5,32 (s, 2H, NH), 2.11-2.06 (m, 4H, CH,), 2.03-1.97 (m, 4H, CH,), 1.26-1.13 (m,
12H, CHs). *Cc{'H} NMR (5, CD,Cl,, 20 °C): 230.2 (t, J = 5.2 Hz, CO), 213.8 (t, J =
10.5 Hz, CO), 160.2 (vt, J = 8.6 Hz, py?®), 137.1 (py*), 97.4 (vt, J = 2,8 Hz, py*°), 28.1
(vt, J = 10.8 Hz, CH,), 7.8 (CHs). *'P{"H} NMR (5, CD,Cl,, 20 °C): 111.3. IR (ATR,
cm™): 1929 (veo), 1840 (veo), 1780 (veo).
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[Mo(PNP-Cy)(CO);] (2c)

H
N— —SPCyZ
D\ &
< N Mo

Cco

HN—PCy,
co

The product was obtained as a yellow solid in 96% yield. Anal. Calcd. for
Cs2HisMoN;05P, (681.67). C, 56.38; H, 7.25; N, 6.15. Found: C, 56.21; H, 7.35; N,
6.31. "H NMR (8, CD,Cl,, 20 °C): 7.16 (t, J = 7.6 Hz, 1H, py?), 6.11 (d, J = 7.8 Hz, 2H,
py>°), 5.32 (s, 2H, NH), 2.14-1.77 (m, 22H, Cy), 1.63-1.19 (m, 22H, Cy). *C{'"H} NMR
(8, CD,Cl, 20 °C): 231.1 (br, CO), 216.4 (t, J = 10.0 Hz, CO), 160.9 (vt, J = 7.0 Hz,
py?®), 137.6 (py*), 97.5 (py*>®), 42.9 (vt, J = 8.9 Hz, Cy), 28.8 (d, J = 32.3 Hz, Cy), 27.5
(d, J = 25.6 Hz, Cy), 26.7 (Cy). *'P{'"H} NMR (5, CD,Cl,, 20 °C): 122.6. IR (ATR, cm™):
1941 (vco), 1828 (veo), 1790 (veo).

[Mo(Ph-PNP-iPr)(CO)s] (2f)
CcO

H
N—|—PiPr,
S

N\ >
Z SN—MS co

HN—PPh,
co

The product was obtained as a yellow solid in 92.7% vyield. Anal. Calcd. for
Ca6H2sMON;05P, (589.43). C, 52.98; H, 4.96; N, 7.13. Found: C, 52.34; H, 5.09; N,
7.38. '"H NMR (8, acetone-ds, 20 °C): 8.16 (d, J = 5.1 Hz, 1H, Ph), 7.73-7.63 (m, 4H,
Ph), 7.44-7.30 (m, 6H, Ph, py*), 7.21 (dd, J = 10.0 Hz, 5.9 Hz, 2H, NH), 6.43 (d, J =
7.9, 1H, py*®), 6.27 (d, J = 8.0 Hz, 1H, py>®), 2.48-2.27 (m, 2H, CH), 1.31 (d, J = 6.9
Hz, 3H, CHs), 1.24 (dd, J = 7.0 Hz, J = 3.8 Hz, 6H, CHs), 1.17 (d, J = 7.2 Hz, 3H, CHs).
3C{"H} NMR (3, acetone-dg, 20 °C): 229.4 (t, J = 5.3 Hz, CO), 213.8 (t, J = 10.3 Hz,
CO), 161.5 (dd, J = 11.8 Hz, J = 4.4 Hz, py*®), 160.4 (dd, J = 15.2 Hz, J = 4.3 Hz,
py*®), 141.8 (py*), 141.2 (py*), 137.5 (Ph), 130.5 (vd, J = 14.6 Hz, Ph), 129.2 (vd, J =
1.7 Hz, Ph), 128.0 (vd, J = 9.9 Hz, Ph), 97.8 (d, J = 6.0 Hz, py*®), 97.7 (d, J = 7.3 Hz,
py*?), 32.1 (d, J = 20.0 Hz, CH), 18.2 (vt, J = 6.9 Hz, CH5). *'P{'"H} NMR (3, acetone-
ds, 20 °C): 132.1 (d, J = 97.6 Hz), 104.7 (d, J = 97.4 Hz). IR (ATR, cm™): 1956 (vco),
1844 (voo), 1757 (vco).
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[Mo(PNP-BIPOL)(CO);] (29)

(of6]

¢ e
HN—PR,

CcO

The product was obtained as a yellow solid in 95% vyield. Anal. Calcd. for
CazH21MoN5;O,P, (717.44). C, 53.57; H, 2.95; N, 5.86. Found: C, 53.51; H, 2.89; N,
5.80. '"H NMR (3, acetone-dg, 20 °C): 8.96 (s, 2H, NH), 7.78 (dd, J = 7.7 Hz, J = 1.7
Hz, 4H, Ph), 7.55-7.48 (m, 5H, Ph, py*), 7.44-7.37 (m, 8H, Ph), 6.62 (d, J = 8 Hz, 2H,
py*>®). *C{'"H} NMR (5, acetone-dg, 20 °C): 224.7 (t, J = 8.5 Hz, CO), 208.4 (t, J = 13.7
Hz, CO), 159.4 (vt, J = 11.4 Hz, py*®), 150.7 (vt, J = 4.5 Hz, Ph), 139.8 (py*), 131.5
(Ph), 130.6 (2Ph), 126.6 (Ph), 123.2 (Ph), 100.7 (py*°). *'P{"H} NMR (5, acetone-ds,
20 °C): 204.8. IR (ATR, cm™): 1985 (vco), 1876 (vco).

[Mo(PNP-TADDOL)(CO);] (2h)

CcO

Ph o
H
N— —\\\PRZ o o
\ S
= N Mo co PR, = p< ><
7/ J
HN—PR, \ °
pr/ Ph

CO

The product was obtained as a yellow solid in 89.6% vyield. Anal. Calcd. for
CroHs1MoN;04,P, (1278.15). C, 65.78; H, 4.81; N, 3.29. Found: C, 65.23; H, 4.37; N,
3.08. '"H NMR (5, CD,Cl,, 20 °C): 7.57 (d, J = 7.3 Hz, 4H, Ph), 7.44-7.39 (m, 4H, Ph),
7.34 (vt, J = 7.4 Hz, 4H, Ph), 7.30 (vt, J = 7.2 Hz, 2H, Ph), 7.26-7.11 (m, 26H, Ph), 6.90
(t, J = 7.9 Hz, 1H, py*), 5.34 (dd, J = 36.4 Hz, 7.9 Hz, 4H, CH™P), 5.27 (d, J = 8.0, 2H,
py*®), 5.09 (s, 2H, NH), 0.50 (s, 6H, CH;™P), 0.40 (s, 6H, CH5™P). *C{'"H} NMR (3,
CD,Cly, 20 °C): 221.6 (t, J = 8.1 Hz, CO), 206.7 (t, J = 13.0 Hz, CO), 155.4 (t, J = 10.3
Hz, py?®), 144.2 (Ph), 141.5 (Ph), 140.9 (Ph), 140.0 (Ph), 136.3 (py*), 127.9 (Ph), 127.8
(Ph), 127.6 (Ph), 127.3 (d, J = 12.9 Hz, Ph), 127.1 (Ph), 126.4 (d, J = 10.6 Hz, Ph),
126.2 (Ph), 126.1 (Ph), 126.0 (Ph), 114.2 (CCH5™P), 97.6 (py*°), 87.9 (t, J = 7.9 Hz,
C(Ph),), 85.9 (C(Ph),), 78.7 (d, J = 27.6 Hz, CH™P), 25.7 (CH5™P), 25.3 (CH5"P).
3'P{"H} NMR (5, CD,Cl,, 20 °C): 172.7. IR (ATR, cm™): 1980 (vco), 1946 (vco), 1867

(vco)-

46



| Chapter 3 — Tricarbonyl Molybdenum and Tungsten Complexes

[Mo(PNP"e-Et)(CO),] (2i)

CcO

H3C co

The product was obtained as yellow crystals in 91% vyield. Anal. Calcd. for
C1sH2sMoN305P, (493.35). C, 43.82; H, 5.92; N, 8.52. Found: C, 43.21; H, 5.44; N,
8.09."H NMR (5, CD,Cl,, 20 °C): 7.32 (tt, J = 8.2 Hz, J = 1.1 Hz, 1H, py*), 5.98 (d, J =
8.2 Hz, 2H, py*?), 2.92 (t, J = 1.7 Hz, 6H, NCH3), 2.16-2.08 (m, 4H, CH,), 2.04-1.92 (m,
4H, CH,), 1.20-1.04 (m, 12H, CH3). *C{'"H} NMR (5, CD,Cl,, 20 °C): 230.6 (t, J = 5.2
Hz, CO), 214.9 (t, J = 10.7 Hz, CO), 162.1 (vt, J = 10.2 Hz, py*®), 137.9 (py*), 97.4 (vt,
J =2,7 Hz, py®®), 32.7 (t, J = 1.7 Hz, NCHs), 27.1 (vt, J = 10.0 Hz, CH,), 8.1 (t, J = 2.4
Hz, CHs). *P{'"H} NMR (8, CD,Cl,, 20 °C): 132.3. IR (ATR, cm™): 1942 (v¢o), 1822
(veo), 1806 (vco)

[MO(PNPme-Ph)(C0)3] (2k)
HC ¢o
N—|—PPh,

S

\ N
= N——Mo

(o]0

N—PPh,
H3C co

The product was obtained as a yellow solid in 92 % yield. Anal. Calcd. For
CasH2N303P,Mo (685.51): C, 59.57; H, 4.26; N, 6.13%. Found: C, 59.74; H, 4.19; N,
6.23%. 'H NMR (5, CD,Cl,, 20 °C): 7.44-7.60 (m, 21H, Ph, py*), 6.34 (d, J = 8.2 Hz,
2H, py*®), 2.99 (s, 6H, NCH;). *C {"H} NMR (5, CD,Cl,, 20 °C): 227.8 (t, J = 4.9 Hz,
CO0), 211.9 (t, J = 9.9 Hz, CO), 161.0-161.1 (m, py*®), 143.9 (py*), 136.3 (vt, J = 5.8 Hz,
py?*®), 134.9 (vd, J = 45.5 Hz, Ph'), 131.8 (Ph*), 130.6 (vt, J = 5.2 Hz, Ph*°), 130.5
(Ph*), 129.0 (vd, J = 58.8 Hz, Ph'), 128.4 (vt, J = 4.9 Hz, Ph®°), 127.9 (vt, J = 5.4 Hz,
Ph?®), 100.0 (py*®), 35.7 (NCH3). *'P{"H} NMR (8, CD,Cl,, 20 °C): 131.0. IR (ATR, cm’
"): 1956 (vco), 1911 (veo), 1850 (veo).

47



| Chapter 3 — Tricarbonyl Molybdenum and Tungsten Complexes

[Mo(PNPP"-Et)(CO);] (21)

Ph ¢o

AN
N—|—PEt,
S
A\ &
< N——Mo

Cco

N—PEt,
Ph coO

The product was obtained as a yellow-brown solid in 99% yield. Anal. Calcd. for
CasH33sMoN505P, (617.50). C, 54.46; H, 5.39; N, 6.81. Found: C, 54.50; H, 5.35; N,
6.88. "H NMR (3, CD,Cl,, 20 °C): 7.54-7.38 (m, 6H, Ph), 7.27-7.12 (m, 4H, Ph), 6.89
(br, 1H, py*), 5.35 (br, 2H, py*>®), 1.98 (br, 8H, CH,), 1.29 (br, 12H, CH3). *C{'"H} NMR
(8, CD,Cl,, 20 °C): 229.9 (t, J = 5.0 Hz, CO), 214.3 (t, J = 10.5 Hz, CO), 163.5 (vt, J =
10.6 Hz, py*®), 140.5 (Ph), 136.7 (py*), 130.8 (Ph), 130.4 (Ph), 128.3 (Ph), 100.8
(py*®), 28.3 (vt, J = 9.9 Hz, CH,), 9.1 (CHs). *'P{"H} NMR (8, CD.Cl,, 20 °C): 129.5. IR
(ATR, cm™): 1949 (vco), 1815 (veo).

[Mo(PNPP"-nPr)(C0O)s] (2m)

Ph ¢o

N— —\\\PnPrz

\ S
= N Mo co

N—PnPr,
Ph co

The product was obtained as a yellow-brown solid in 97.1% yield. Anal. Calcd. for
Cs2H41MoN;05P, (673.59). C, 57.06; H, 6.14; N, 6.24. Found: C, 56.81; H, 5.95; N,
6.02. "H NMR (3, CD,Cly, 20 °C): 7.57-7.36 (m, 6H, Ph), 7.17-7.09 (m, 4H, Ph), 6.84 (t,
J = 8.2 Hz, 1H, py*), 5.30 (d, J = 8.2 Hz, 2H, py*®), 2.03-1.68 (m, 8H, CH,), 1.68-1.49
(m, 8H, CH,), 1.07-0.96 (m, 12H, CH3). "*C{'"H} NMR (5, CD,Cl,, 20 °C): 229.6 (t, J =
5.1 Hz, CO), 213.8 (t, J = 10.6 Hz, CO), 163.0 (vt, J = 10.9 Hz, py*®), 140.3 (Ph), 136.3
(py*), 130.6 (Ph), 130.1 (Ph), 128.0 (Ph), 100.5 (py*®), 38.0 (vt, J = 9.7 Hz, CH,), 18.5
(vt, J = 3.8 Hz, CH,), 15.7 (vt, J = 8.3 Hz, CHs). *'P{"H} NMR (5, CD,Cl,, 20 °C): 122.6.
IR (ATR, cm™): 1951 (vco), 1857 (vco), 1821 (veo).

[Mo(Triaz""e-iPr)(CO)3] (2n)
co
N—|—PiPr,
_</T_—\(N M;
= 7/
HN—PiPr,
co

Cco

The product was obtained as a yellow solid in 84.8% yield. Anal. Calcd. for
C19H33MoNsO3P, (539.11). C, 42.46; H, 6.19; N, 13.03. Found: C, 41.71; H, 5.85; N,
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12.83. '"H NMR (3, CD,Cl,, 20 °C): 5.96 (s, 2H, NH), 2.37-2.24 (m, 4H, CH), 2.16 (s,
3H, CH;), 1.18 (ddd, J = 16.1 Hz, J = 13.5 Hz, J = 7.1 Hz, 24H, CH3). *C{'"H} NMR (5,
CD,Cl,, 20 °C): 228.9 (t, J = 5.5 Hz, CO), 215.4 (t, J = 10.1 Hz, CO), 174,0 (Triaz®),
169.7 (vt, J = 11.0 Hz, Triaz**), 31.5 (vt, J = 9.2 Hz, CH), 25.0 (CH5), 18.4 (vt, J = 2.7
Hz, CHs), 17.9 (vt, J = 3.6 Hz, CH5). *'P{'"H} NMR (8, CD,Cl,, 20 °C): 131.0. IR (ATR,
cm™): 1946 (vco), 1822 (veo).

[Mo(PNP(CH)-iPr)(CO);] (2p)
CcO

\)
= N Mo co

PiPr,
co

The product was obtained as yellow powder in 91% vyield. Anal. Calcd. for
Ca2H3sMoNOsP, (519.43). C, 50.87; H, 6.79; N, 2.70. Found: C, 50.34; H, 6.09; N, 2.23.
'"H NMR (5, CD,Cly, 20 °C): 7.48 (t, J = 7.7 Hz, 1H, py*), 7.20 (d, J = 7.7 Hz, 2H, py*®),
3.51-3.43 (m, 4H, CH,), 2.41-2.18 (m, 4H, CH), 1.26 (dd, J = 14.4 Hz, J = 7.0 Hz, 12H,
CHs), 1.12 (dd, J = 14.7, J = 7.2 Hz, 12H, CH3). *C{'"H} NMR (5, CD,Cl,, 20 °C): 235.9
(t, J = 5.8 Hz, CO), 219.8 (t, J = 9.5 Hz, CO), 163.0 (vt, J = 5.0 Hz, py*®), 135.7 (py*),
119.9 (vt, J = 3.8 Hz, py*°), 42.7 (t, J = 7.1 Hz, CH,), 28.5 (vt, J = 8.7 Hz, CH), 19.1-
18.6 (m, CHs). *'P{"H} NMR (8, CD,Cl,, 20 °C): 81.2. IR (ATR, cm™): 1928 (vco), 1816
(veo), 1793 (vco)-

[W(PN P-Et)(C0)3] (3a)

N— —PEt2

HN— PEt2

The product was obtained as a yellow solid in 79% yield. Anal. Calcd. for
C16H2sWN3O4P, (553.18). C, 34.74; H, 4.56; N, 7.60. Found: C, 34.61; H, 4.65; N, 7.55.
'H NMR (8, CD,Cl,, 20 °C): 7.06 (t, J = 8.0 Hz, 1H, py*), 6.06 (d, J = 8.0 Hz, 2H, py*°),
5,63 (s, 2H, NH), 2.18-2.11 (m, 4H, CH,), 2.02-1.95 (m, 4H, CH,), 1.15-1.07 (m, 12H,
CHs). ®*C{'H} NMR (8, CD.Cl,, 20 °C): 222.0 (br, CO), 208.2 (t, J = 7.5 Hz, CO), 161.4
(vt, J = 8.7 Hz, py*®), 137.0 (py*), 97.1 (vt, J = 2,8 Hz, py*°), 28.7 (vt, J = 13.4 Hz,
CH,), 8.1 (CHs). *'P{"H} NMR (8, CD,Cl,, 20 °C): 94.0 ('J,,,, = 324.4 Hz). IR (ATR, cm"
"): 1921 (veo), 1834 (veo), 1768(veo).
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[W(PNP-Cy)(CO)s] (3c)

H
N—[<PCy2
/7 (|

c
A ,

__n
HN—PCy, \
C

Cco

O
The reaction was performed at 155 °C for 5 h and the product was obtained as yellow
crystals in 84% yield. Anal. Calcd. for C3,HsWN305P, (769.55). C, 49.95; H, 6.42; N,
5.46. Found: C, 49.80; H, 6.49; N, 5.53. '"H NMR (3, acetone-dg, 20 °C): 7.40 (s, 2H,
NH), 7.04 (t, J = 8.4 Hz, 1H, py*), 6.19 (d, J = 7.8 Hz, 2H, py*°), 2.09-1.19 (m, 44H,
Cy). ®*C{'H} NMR (5, acetone-dgs, 20 °C): 222.3 (br, CO), 211.3 (t, J = 7.3 Hz, CO),
162.8 (vt, J = 8.5 Hz, py?®), 137.3 (py*), 96.9 (py*>°), 43.5 (vt, J = 12.4 Hz, Cy), 27.3 (v,
J = 5.6 Hz, Cy), 26.9 (vt, J = 5.6 Hz, Cy), 26.4 (Cy). *'P{'"H} NMR (5, acetone-dg, 20
°C): 109.5 ("Ju., = 320.3 Hz). IR (ATR, cm™): 1933 (vco), 1807 (vco), 1773 (veo).

[W(PNP-BIPOL)(CO);] (39)

CcO

CO

The product was obtained as yellow solid in 93 % yield. Anal. Calcd. for
Ca2H21WN;0;P, (805.32). C, 47.73; H, 2.63; N, 5.22. Found: C, 47.60; H, 2.72; N, 5.13.
'H NMR (8, acetone-ds, 20 °C): 9.26 (s, 2H, NH), 7.68 (dd, J = 7.6 Hz, J = 1.6 Hz, 4H,
Ph), 7.55-7.47 (m, 5H, Ph, py*), 7.45-7.38 (m, 8H, Ph), 6.67 (d, J = 8 Hz, 2H, py*°).
*C{'"H} NMR (3, acetone-dg, 20 °C): 215.5 (t, J = 4.3 Hz, CO), 201.4 (t, J = 10.1 Hz,
CO0), 160.7 (vt, J = 11.5 Hz, py*®), 150.7 (vt, J = 4.4 Hz, Ph), 140.0 (py*), 130.6 (2Ph),
126.7 (Ph), 123.3 (Ph), 100.16 (vt, J = 3.9 Hz, py*®). *'P{'"H} NMR (5, acetone-ds, 20
°C): 188.2 ("Ju., = 494.1 Hz). IR (ATR, cm™): 1979 (vco), 1858 (vco).

[W(PNP"-Et)(CO);] (3i)

HeG co

The product was obtained as yellow crystals in 91% yield. Anal. Calcd. for
C1sH20WN;05P, (5681.23). C, 37.20; H, 5.03; N, 7.23. Found: C, 36.96; H, 4.85; N,
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7.01."H NMR (5, CD,Cl5, 20 °C): 7.34 (tt, J = 8.2 Hz, J = 1.0 Hz, 1H, py*), 6.00 (d, J =
8.3 Hz, 2H, py*®), 2.93 (t, J = 1.9 Hz, 6H, NCH3), 2.29-2.16 (m, 4H, CH,), 2.13-1.99 (m,
4H, CH,), 1.15-1.02 (m, 12H, CHs). *C{"H} NMR (8, CD.Cl,, 20 °C): 222.4 (br, CO),
208.9 (t, J = 7.7 Hz, CO), 163.1 (vt, J = 10.2 Hz, py*®), 137.6 (py*), 97.4 (vt, J = 2,7 Hz,
py*>®), 32.9 (br, NCCH;), 27.8 (vt, J = 12.8 Hz, CH,), 8.3 (t, J = 1.6 Hz, CH;). *'P{'H}
NMR (8, CD,Cl, 20 °C): 115.8 ("J,., = 329.9 Hz). IR (ATR, cm™): 1934 (v¢o), 1795

(vco)-

[W(PNP"-iPr)(CO)3] (3j)
H3C, co
N—/|—PiPr

A\ &
~  “N—wW——co

N—PiPr,
HsC co

The product was obtained as yellow needles in 92% yield. Anal. Calcd. for
Ca2H37WN303P,-CH;CN (678.40). C, 42.49; H, 5.94; N, 8.26. Found: C, 42.54; H, 6.06;
N, 8.23. '"H NMR (8, CD,Cl,, 20 °C): 7.44 (t, J = 6.9 Hz, 1H, py*), 6.07 (d, J = 8.0 Hz,
2H, py*?), 3.04 (s, 6H, NCH3), 2.47-2.36 (m, 4H, CH), 1.40-1.30 (m, 12H, CHs), 1.17-
1.02 (m, 12H, CH3). *C{'H} NMR (8, CD,Cl,, 20 °C): 222.5 (t, J = 1.7 Hz, CO), 211.6
(t, J = 7.8 Hz, CO), 163.5 (vt, J = 9.3 Hz, py*®), 137.7 (py*), 96.9 (py*®), 34.2 (NCH,),
33.8 (vt, J = 11.7 Hz, CH), 19.6 (vt, J = 6.1 Hz, CHj;), 18.3 (CHs). *'P{'"H} NMR (5,
CD,Cly, 20 °C): 144.0 ("J,., = 326.2 Hz). IR (ATR, cm™): 1928 (v¢o), 1890 (vco), 1797

(vco)-

[W(PNP"2-Ph)(CO),] (3k)

HaC 70

N—|[—PPh,
S
A\ &
= N—/W co
N—PPh,
H3C co

The product was obtained as yellow needles in 95 % yield. Anal. Calcd. for
C34H20WN303P,-CH;CN (814.46). C, 53.09; H, 3.99; N, 6.88. Found: C, 53.15; H, 4.05;
N, 6.92. "H NMR (3, acetone-dg, 20 °C): 7.71 (t, J = 8.4 Hz, 1H, py*), 7.65-7.60 (m, 8H,
Ph), 7.54-7.41 (m, 12H, Ph), 6.54 (d, J = 8.4 Hz, 2H, py*°), 3.07 (t, J = 2.1 Hz, 6H,
NCH;). *C{'H} NMR (5, acetone-ds, 20 °C): 221.1 (br, CO), 207.4 (t, J = 7.0 Hz, CO),
163.5 (vt, J = 11.3 Hz, py*®), 139.1 (py*), 138.9 (Ph), 138.7 (Ph), 131.7 (vt, J = 6.4 Hz,
Ph), 130.4 (s, Ph), 129.2 (vt, J = 4.9 Hz, Ph), 100.4 (vt, J = 3.3 Hz, py>°), 38.1 (vt, J =
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1.7 Hz, NCH3). *'P{'"H} NMR (3, acetone-ds, 20°C): 114.7 ('J,, = 342.1 Hz). IR (ATR,
cm™): 1954 (veo), 1839 (veo), 1801 (veo).

[W(PNPP"-Et)(CO);] (31)

Ph ¢o

AN
N— —PEt2

Z  “N—w—-co

N—PEt,
Ph co

The product obtained were yellow crystals in 94% vyield. Anal. Calcd. for
CasH3sWN304P, (705.38). C, 47.68; H, 4.72; N, 5.96. Found: C, 47.71; H, 4.81; N, 5.92.
'H NMR (5, CD,Cl,, 20 °C): 7.62-7.47 (m, 6H, Ph), 7.25-7.19 (m, 4H, Ph), 6.92 (tt, J =
8.3 Hz, J = 1.2 Hz, 1H, py*), 5.40 (d, J = 8.3 Hz, 2H, py*®), 2.17-2.02 (m, 8H, CH,),
1.37-1.19 (m, 12H, CHs;). *C{"H} NMR (8, CD,Cl,, 20 °C): 221.7 (bt, CO), 208.4 (t, J =
7.0 Hz, CO), 164.5 (vt, J = 10.5 Hz, py*®), 140.7 (Ph), 136.6 (py*), 130.7 (Ph), 129.3
(Ph), 128.4 (Ph), 100.8 (py*>®), 29.0 (vt, J = 12.7 Hz, CH,), 9.4 (s, CHs). *'P{'"H} NMR
(8, CD,Cl,, 20 °C): 112.7 ("J,., = 328.6 Hz). IR (ATR, cm™): 1934 (v¢o), 1804 (veo).

[W(Triaz"-iPr)(C0O)s] (3n)

CcO

,N— —PlPr2
N—W‘—co
~=
HN—P/Pr,

CcOo

The product was obtained as a yellow solid in 91.8% vyield. Anal. Calcd. for
C19H33WNsO3P, (625.28). C, 36.50; H, 5.32; N, 11.20. Found: C, 36.16; H, 5.06; N,
11.02. "H NMR (8, CD,Cly, 20 °C): 6.35 (s, 2H, NH), 2.41-2.29 (m, 4H, CH), 2.17 (s,
3H, CHs), 1.17 (ddd, J = 21.2 Hz, J = 16.3 Hz, J = 7.1 Hz, 24H, CH;). *C{'"H} NMR (3,
CD.Cl,, 20 °C): 220.6 (t, J = 2.1 Hz, CO), 209.2 (t, J = 7.4 Hz, CO), 173,7 (Triaz°),
170.8 (vt, J = 10.9 Hz, Triaz**), 32.3 (vt, J =11.7 Hz, CH), 25.0 (CH3), 18.6 (vt, J = 2.1
Hz, CH3), 18.2 (vt, J = 3.0 Hz, CH3). *'P{"H} NMR (8, CD,Cl,, 20 °C): 113.2 ("J,., =
318.9 Hz). IR (ATR, cm™): 1943 (vco), 1818 (veo).
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[W(PNP(CH,)-iPr)(CO)s] (3p)

A\ &
< N——W co

PiPry
co

The product was obtained as yellow powder in 87% yield. Anal. Calcd. for
Ca:H3sWNO5P, (607.31). C, 43.51; H, 5.81; N, 2.31. Found: C, 43.13; H, 5.22; N, 2.03.
"H NMR (5, CD,Cly, 20 °C): 7.52 (t, J = 7.5 Hz, 1H, py*), 7.25 (d, J = 7.7 Hz, 2H, py*®),
3.66-3.58 (m, 4H, CH,), 2.46-2.24 (m, 4H, CH), 1.25 (dd, J = 14.5 Hz, J = 7.1 Hz, 12H,
CHs), 1.11 (dd, J = 14.9, J = 7.1 Hz, 12H, CHs). *C{'"H} NMR (5, CD,Cl,, 20 °C): 227.8
(t, J = 3.4 Hz, CO), 215.1 (t, J = 6.8 Hz, CO), 164.3 (vt, J = 5.0 Hz, py*°), 135.6 (py*),
119.7 (vt, J = 3.8 Hz, py*®), 44.7 (t, J = 9.1 Hz, CH,), 29.0 (vt, J = 11.1 Hz, CH), 18.9
(CH3). *'P{"H} NMR (3, CD,Cl,, 20 °C): 67.5 ('J,., = 304.3 Hz). IR (ATR, cm™): 1920
(veo), 1808 (vco), 1787 (veo)-

3.6.2. X-ray structure determinations

X-ray diffraction data were collected at T = 100 K on a Bruker Kappa APEX-2
CCD diffractometer with an Oxford Cryosystems cooler using graphite-
monochromatised Mo-K, radiation (A = 0.71073 A) and fine sliced ¢- and w-scans
covering complete spheres of the reciprocal space. After data integration with program
SAINT corrections for absorption and detector effects were applied with the program
SADABS*? The structures were solved by direct methods (SHELXS97) and refined on
F2 with the program SHELXL97® Non-hydrogen atoms were refined anisotropically.
Most H atoms were placed in calculated positions and thereafter refined as riding on
the parent atoms. All crystal structures were checked with the program PLATON®

Molecular graphics was generated with program MERCURY?®.*
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Chapter 4 — Hydrido Carbonyl Molybdenum and Tungsten PNP
pincer complexes

Transition metal hydrides play a central role in synthetic, structural and catalytic
organometallic chemistry. The first transition metal hydride compound was reported by
W. Heiber in 1931 when he synthesized Fe(CO)4H2.1 Although he claimed that the
Fe(CO)4H; contained a Fe—H bond, it was not accepted until 1950s, when the concept
of covalent M—H bonds was widely recognized. However, in 1984 a new phase in
hydride chemistry was opened with the discovery of Kuba’s dihydrogen complex
[W(H2)(CO)s(PCys)a].?

The methods of preparing transition metal hydrides are organized in
protonation, hydrogenation, H atom transfer from the medium, oxidative addition of H,
on 16-electron complexes, hydrogenolysis of d° metal-alkyl complexes by o-bond
metathesis, hydrogenation by n-Bu;SnH involving o-bond metathesis, decomposition of
a ligand and deprotonations of H, complexes.®> A wide range of chemical processes,
from organometallic catalysis to energy conversion and hydrogen storage applications,
are accomplishing through the metal hydrides compounds. Isomerization of olefins,

hydrogenation, hydroformylation and hydrosilylation are their most common catalysis.*®
4.1. Metal-hydrogen bonds

In organometallic chemistry the metal-hydrogen bonds are ubiquitous X-type
ligands. They vary enormously in polarization and pK, and they may be acidic or
hydridic depending on the nature of the metal center and on reaction conditions. The
most prominent is the terminal hydride ligand. However many complexes are known
where the H ligand bridges two or three metals. The small hydride ligand, H", acts as a
o donor to the metal center giving a very strong M-H bond.>®

The metal-H distances are typically quite short ranging from 1.5 to about 1.8 A.
However, a hydride ligand is sometimes difficult to be detected via X-ray diffraction due
to its small electron density. In the proton NMR, the hydride is normally observed in the
range of -5 to -25 ppm due to the proximity to the metal causing a large shielding.
Terminal M-H bonds can be observed in the region of 2200-1600 cm™ by infrared
spectroscopy. These resonancs are sometimes weak or unobservable or coupled to

other vibrational modes in the molecule.’®
4.2. Mo and W hydrides

Molybdenum and tungsten hydride complexes are used as catalyst precursors

in homogeneous catalysis for reactions such as hydrogenation of ketones,
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hydrosilylation of ketones, hydrolysis reactions, and hydration of nitriles.* Darensbourg
and coworkers found that cyclohexanone could be hydrogenated to cyclohexanol by
molybdenum and tungsten complexes (5 mol%), with turnover numbers of 3.5 for Mo
and 10 for W, after 24 h (Scheme 4.1.). The loss of CO from [M(CO)s(OAc)]” followed
by heterolytic cleavage of H, would give the anionic hydride [M(CO)sH]” and HOAc.
Insertion of the C=0 bond into the M—H bond would give an anionic alkoxide complex
that would produce the alcohol upon reaction with HOAc, regenerating
[M(CO)s(OAc)]".”

[M(CO)s(OAc)I
M = Mo or W

H, (41 atm)
123°C

Scheme 4.1. Hydrogenation of cyclohexanone catalyzed with Mo and W complexes

Hydrogenation of C=C bonds through the reaction with triflic acid (HOTf) and
metal hydrides, such as Cp(CO);WH, Cp*(CO)sWH, (Cp* = n°>-CsMes), Cp(CO)sMoH,
can be accomplished within minutes at low temperature (Scheme 4.2.). Excellent yields
(> 90 %) were obtained for the 1,1-disubstituted, trisubstituted and tetrasubstituted
alkenes. However, with styrene, stilbene and related C=C compounds lower yields
(around 50 %) were achieved.® The same tungsten hydride complexes can also
hydrogenate C=0 bonds of ketones in the presence HCF3;SO; (HOTT).?

MCp(CO)3H]

M = Mo, W
= + HOTf — g
-50 °C

5 min
Scheme 4.2. Hydrogenation of C=C bonds catalyzed with Mo and W complexes

The tungsten and molybdenum ketone complexes [Cp(CO),(PR3)M(O=CEt,)]"
BAr'y (Ar = 3,5-bis(trifluoromethyl)phenyl; R = Me, Ph, Cy) catalyze the hydrogenation
of Et,C=0 at 23 °C under 4 atm of H, (Scheme 4.3.). In the case of the Mo complexes
the use of phosphines accelerates the rate of catalysis. The catalysts with more bulky
phosphines are faster indicating that steric factors predominate over electronic
effects. ™
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< _ o
BAr',

l@ OH

M
O /~
T \\OC<Et)2
oc PR3
ol = Et
Et Et H, (4 atm) b
23°C

Scheme 4.3. Hydrogenation of Et,C=0 catalyzed with Mo and W complexes

To overcome the problem of dissociation of the phosphine that leads to catalyst
desactivaction, molybdenum complexes with a two-carbon linkage between the
phosphine and cyclopentadienyl ring were synthesized and successfully used in ketone

hydrogenation (Scheme 4.4.)."

| OH
o M
H/: T~
$ \ PR;
N
oc co
> Et Et
Et Et H, (4 atm) b

23°C

Scheme 4.4. Hydrogenation of Et,C=0 catalyzed with Mo and W complexes featuring

phosphine ligands

Another type of reaction that shares several similarities to catalytic hydrogenations
is the hydrosilylation in which a Si-H bond is added across a C = C or C = O bond. The
hidrosilylation of ketones is accomplish with 0.2 mol% of the tungsten catalyst
[WCp(CO),(IMes)(ketone)]” under solvent-free conditions at 23 °C with a turnover
frequency of 370 h™ (Scheme 4.5.). The precipitation of the catalyst at the end of the
reaction represents an advantage since it can be easily separated from the reaction
mixture and recycled, a feature that is characteristic of a heterogenous catalyst. This
catalyst remains activity after five cycles of recovery and recycling. The resting state of
the catalyst was found to be a mixture of [CpW(CO),(IMes)(SiEt;)H]" and the dihydride
[CPW(CO),(IMes)(H),]*." These studies clarified the fundamental reaction pathways

and point the way for further development of new classes of catalysts.
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0 (@)

W catalyst
+ HSiEt; L
23°C
R R'

R R’

Scheme 4.5. Hidrosilylation of ketones by a tungsten complex

4.3. Mo and W pincer hydrides

Similar to tricarbonyl Mo and W complexes described in Chapter 3, only a few
examples of Mo and W pincer hydrides complexes are described in the literature.
Addition of 1 equiv of triflic acid to either fac- or mer-isomers of [M(PNP)(CO);] (PNP =
H3;CN(CH,CH,PPh,),) resulted in the formation of the fluxional seven-coordinate
hydride complexes [M(PNP)(CO);H][CF5SO3] (M = Mo, W) (Scheme 4.6.)."

1 cras0,
PPh, PPh,
co co
| . W\ CF3SO3H | R 8\
N ME—co — 27 g Ty ME—co
OC/ l oc/ | \H
PPh, PPh,
M = Mo, W

Scheme 4.6. Synthesis of Mo and W hydride PNP pincer complexes with an aliphatic backbone

A few years ago, Templeton and co-workers described the synthesis of a series
of hydrido carbonyl tungsten complexes featuring the silazane-based PNP pincer-type
ligand HN(SiMe,CH,PPh,),."* Addition of tetrafluoroboric acid to a CH,Cl, solution of
the respective tricarbonyl complex resulted in an immediate color change to pale yellow
consistent with protonation at the tungsten center to form the desired W(ll) hydride
complex (Scheme 4.7.)

The fluxional behavior of seven-coordinate complexes in solution is well-

known, '

since typically none of the idealized geometries such as capped prism,
capped octahedron, and pentagonal bipyramid or any of the less symmetrical
arrangements are typically characterized by a markedly lower total energy.” Hence,

interconversions between these various structures are quite facile.

60



Chapter 4 — Hydrido Carbonyl Molybdenum and Tungsten PNP
pincer complexes

9

BF
N /\PPh2 N /\PPh2 )
/ \ | oo HBF, / \ I a\eo
si OC
N PP \/F’F’h2
XD
\ '~
2 2
904_ ,961‘
\Si/\Pth
-~ '\N v|v“\\\ccoo
\s{ oclll:H
\/ 2

Scheme 4.7. Synthesis of tungsten hydride complexes with a silazane-based PNP pincer

Addition of triethylamine to the cationic hydride complex at 195 K resulted in
selective kinetic deprotonation of the amine proton to form W(PNP)(CO);H. The
resulting lone pair on the nitrogen atom may have provided some electron density to
the tungsten center, but all of the original ligands remained bound to the 18-electron
tungsten in the neutral product. When warmed to room temperature, the proton was
transferred to the amide nitrogen to reform the thermodynamically favored isomer
W(PNP)(CO); in a formal reduction to W(0).

In the last years, a series of new hydrido carbonyl complexes featuring PNP
pincer ligands based on 2,6-diaminopyridine of the type [M(PNP)(CO)sH]* (M = Mo, W),
were developed by Kirchner and coworkers through the synthesis of [M(PNP)(CO);] (M
= Mo, W) with HBF, in CH,Cl, (Scheme 4.8.)."

co

R

AN
N—|—PR, N— —PR2
B HBF,
<& _ _N—N—-co e < M Sanco
7 NEt3 /
N—PR, N- PR2
R co

PNP-iPr 2b M = Mo; 3b M =W
PNP-tBu 2d M = Mo; 3d M = W
PNP-Ph 2e M = Mo; 3e M = W
PNPMe_jPr 2j M = Mo

PNP-iPr 4b M = Mo; 5b M = W
PNP-tBu 4d M = Mo; 5d M = W
PNP-Ph 4e M = Mo; 5e M = W

PNPMe.iPr 4j M = Mo

Scheme 4.8. Synthesis of molybdenum and tungsten hydride complexes with an 2,6-

diaminopyridine-based PNP pincer ligand
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These cationic hepta-coordinate complexes will suffer full reversible protonation
upon addition of NEt; as base, reforming quantitatively the Mo(0) and W(0) complexes
[M(PNP)(CO)3]. In analogy to Templeton’s complexes the Mo and W metal hydrides are
acidic' and this often gives rise to unique reactivity.*

In an indistinguishable approach, Jones’s working group research the chemistry
of molybdenum and tungsten featuring a PONOP pincer ligand based on a 2,6-
dihydroxypyridine scaffold with different phosphine moieties. The molybdenum hydride
complex was shown to catalyze the isomerization of 1-hexene to internal isomers

under mild conditions.?
4.4. Results and discussion

In order to further develop the chemistry of Mo and W pincer systems with a
central pyridine ring donor contains NR'PR; in the two ortho positions, the synthesis of
a series of new hydrido carbonyl Mo and W was achieved. Addition of HBF, to a
CH,CI; solution of [M(PNP)(CO)3] (M = Mo, W) resulted in an immediate color change
consistent with protonation at the molybdenum and tungsten centers, generating
[Mo(PNP)(CO);H]BF, and [W(PNP)(CO);H]BF, complexes, respectively (Figure 4.1.).
In the same manner, the Mo(ll) and W(ll) hydride complexes featuring a CH, linker (4p,
5p) were synthesized by protonation of the precursors [M(PNP(CH,)-iPr)(CO);] (M =
Mo, W).

R' o . PNP-Cy, 4c M = Mo; 5¢ M = W;
\N—,_\PRZ iPr-P“;\lP-Ph, 4f M = Mo;
S PNPMe.Et, 4i M = Mo; 5i M = W;
<{_ ::\ N——M €O PNPMe_ipr, 5 M = W;
/ \ PNPMe.ph, 4k M = Mo; 5k M = W;
N=PR, H PNPPM-Et, 41 M = Mo; 51 M = W;
R' 7 o) PNP(CHo,)-iPr, 4p M = Mo; 5p M = W;

M
Ci
Figure 4.1. Molybdenum and tungsten hydride PNP complexes

All hydride complexes are thermally robust pale yellow solids that are air stable
in the solid state but slowly decompose in solution. Characterization was accomplished
by elemental analysis and by "H, *C{"H}, and *'"P{'H} NMR and IR spectroscopy, table
4.1, for molybdenum and tungsten complexes respectively.

The IR spectra of these seven-coordinated complexes show the three v¢o

bands for a mer CO arrangement assignable to one weak symmetric and two strong

asymmetric vco stretching modes in the range of 2045-1848 cm™ (Table 4.1.). In some
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cases only two bands are observed since the two strong asymmetric band overlap. The
complex [W(PNP"®-jPr)(CO);H]" display two sets of resonances in the IR spectrum,
which are 81 and 19 cm™ apart, may be due to intermolecular interactions, e.g.,
CO---H-Mo bonds in the solid state. Based on the IR data a rough ordering of the PNP
ligands can be made: PNP"-Ph < PNP-Ph < PNP™Et < jPr-PNP-Ph < PNPM-Et <
PNP-iPr < PNP-Cy < PNPY.iPr < PNP-tBu < PNP(CH,)-iPr < PONOP-iPr. This
indicates an increasing electron donor strengths of the PNP ligands for both Mo and W
complexes.

Moreover, when compared with the tricarbonyl complexes [M(PNP)(CO);] (M =
Mo, W) (see Chapter 3) the hydride complexes display a shift of almost 100 cm™ to
higher energy for the three carbonyl frequencies due to a decrease of the m
backbonding since the metal center becomes more electropositive by forming the M-H
bond. The only exception are Mo and W complexes with the PONOP-/Pr ligand where

the shift is around 10 cm™ to lower energy.

Table 4.1. Selected *'P{"H} NMR shifts and IR data of the pincer hydrido carbonyl Mo and W

complexes

Mo complexes W complexes
Ligands
p'H}/8 | IR/em™ veo Ypf'Hy 1 6 IR/cm” veo
. T 1423 7 1259
(PNP-iPr) (4b%) | 527 | 2035,1923,1920 | (8b%) | 1200 | 20271910, 1906
X 122.2 104.9 2023, 1976, 1898
(PNP-Cy) (4c) | 1222 2029, 1920 (5¢) o
(PNP-Bu) (4d) ]Zg'g 2019, 1937, 1916 | (5d¥) 1‘2‘;'; 2021, 1934, 1897
| 1115 " 95.5
(PNP-Ph) (4en) | 10| 2042,1940,1937 | () |  oos 2038, 1963, 1918
(iPr-PNP-Ph) @4f) | Broad 2038, 1921 (5) ] ]
(PNPVe-Et) (4i) ﬁg'g 2036, 1914 (5i) ]gf? 2030, 1944, 1902
.y U 1661 : 136.6 2023, 1942
(PNPV_Pr) @) | 1951 | 2028, 1928, 1910 | (5)) o To12 1865
Ve 122.7 106.2
(PNPV_Ph) (k) | 12T 2045, 1939 (5k) ot 2038, 1919
Ph 127.5 109.5
(PNP™"-Et) @y | 1272 | 2040, 1907, 1889 | (s) s 2034, 1914
. T 22112 o 20211
(PONOP-Pr) | (40%) | 22712 | 1048 1808, 1848 | (50%) | “oo7 | 1940, 1919, 1908
(PNP(CH2)-Pr) | (4p) gi'g 2026, 1905 (5p) 2‘1"; 2019, 1933, 1887

*Previous prepared in the literature '®%°
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Characteristic features in the "*C{'"H} NMR spectrum comprise two low-field
triplet resonances (1:2 ratio) assignable to the carbonyl carbon atoms trans and cis to
the pyridine nitrogen, respectively, for molybdenum and tungsten complexes, like it was
observed for the analogous tricarbonyl complexes. An upfield is display when
compared the molybdenum with the tungsten complexes, as well as for the hydrides
complexes to the corresponding tricarbonyl complexes.

The presence of the hydride in the coordination sphere influence slightly the
acidity of the proton of the NH linker, proven by the shift of the signal in the '"H NMR
comparing between [MPNP(CO);] (Chapter 3) and [MPNP(CO);H]".

All complexes exhibit a fluxional behavior that was evident from variable-
temperature 'H and *'P{'"H} NMR." At room temperature, the '"H NMR spectrum of Mo
and W complexes confirmed the presence of one hydride ligand, which appeared either
as triplets or as a not resolved doublet of doublets. As regards the *'P{'"H} NMR, at
room temperature present particularly broad peaks signals for molybdenum and
tungsten complexes due to their fluxional behavior.

As an example the variable-temperature 400 MHz 'H NMR spectra of the
hydride region (a) and the *'P NMR spectra (b) of [W(PNP"-jPr)(CO);H]BF, (5j) are
shown in Figure 4.2.. At -40 °C, the hydride resonances appear as a well-resolved
doublet of doublets with one large and one small coupling constant of about 21 and 54
Hz, respectively. The hydride signal, at lower temperature constitutes the X part of an
AMX spin system, giving rise to a doublet of doublets which, at elevated temperatures
in the fast exchange regime, becomes a simple A,X spin system where the X part
exhibits a triplet resonance. However, the *'P{'"H} NMR spectra, at -40 °C of [W(PNP"¢-
iPr)(CO);H]BF, (5j) give rise to two doublets with a large geminal coupling constant of
about 84 Hz, which is indicative of the phosphorus atoms being in mutually trans

positions.

" Due to technical problems the NMR measurements at low temperature were not accessible

64



Chapter 4 — Hydrido Carbonyl Molybdenum and Tungsten PNP
pincer complexes

Figure 4.2. Variable-temperature 400 MHz 'H NMR spectra of the hydride region (a) and the
*'P NMR spectra (b) of [W(PNP"®-iPr)(CO)sH]BF, (5j) in CD,Cl,

Independently which type of PNP ligand, the synthesis of [M(PNP)(CO)3] (M =
Mo, W) with HBF, in CH,CI, originates the cationic hepta-coordinate complexes of the
type [M(PNP)(CO)sH]" (M = Mo, W). These cationic hepta-coordinate complexes upon
addition of trimethylamine will full reverse to the Mo(0) and W(0) complexes
[M(PNP)(CO)3]. The deprotonation suggest that the hydride moieties present in these

complexes are indeed acidic in nature, comparable to example in the literature.
4.4 1.Catalytic applications

Metal hydrides complexes can accomplish a wide range of chemical process
due to their unique reactivity provide special from the acidity of the hydride. Since the
hydride moiety present in the molybdenum complexes is quite acidic, speculation that
they might act as catalytic agents. These studies indicate that molybdenum hydrides
complexes are inactive in the hydrogenation of acetophenone. The study of different
solvents, effect of base, reaction time and hydrogen pressure was performed

unfortunately no conversion was observed in any of these cases.
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OH

-

Scheme 4.9. Hydrogenation of acetophenone with Mo hydride complexes

Catalytic isomerization of terminal alkenes was achieved by the molybdenum
hydrido carbonyl complexes. The conversion of 1-hexene to the internal isomers was
performed at 60 °C in CD,Cl, with 10 mol % of the catalyst, Scheme 4.10..

Mo complexes
10 mol %
/\/\/ > /\/\/ * |\/\/
60 °C, CD,Cl,

1-hexene E-2-hexene

Z-2-hexene

Scheme 4.10. Isomerization of 1-hexene with Mo hydride complexes

The internal standard blocks catalytic activity of the Mo complexes so was
added only when the reaction is finished. All conversions were measured every hour
until 7h and then at 24h from 'H NMR spectroscopy with 1,3,5-trimethylbenzene as an
internal standard (Table 4.2.). The preliminary results show that [Mo(PNPMe-
iPr)(CO);H]" was the best catalytic agent for the isomerization of 1-hexene to 2-
hexenes, probably both E- and Z-isomers. There is no prove of the existence of 3-
hexene.

Table 4.2. Conversion at 7h and 24h of the isomerization of 1-hexene to 2-hexene

Catalytic agent (10 mol %) Cc(>:/|°\)re(|_',shi)o n ng)v (ezr:::;n
[Mo(PNP-iPr)(CO)sH]" (4b) 471 54.6
[Mo(PNP-tBu)(CO);H]" (4b) 2.4 3.1
[Mo(PNPY®-iPr)(CO);H]" (4d) 93.6 94.2
[Mo(PNP(CH,)-iPr)(CO)sH]" (4e) 0.0 0.0
[W(PNP-iPr)(CO)sH]" (5b) 0.0 0.0
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4.5. Conclusions

In resume, the seven-coordinate cationic hydrido carbonyl Mo(ll) and W(II)
complexes of the type [M(PNP)(CO)sH]* (M = Mo, W) featuring PNP pincer ligands
based on 2,6-diaminopyridine were prepared and fully characterized.

All seven-coordinate complexes exhibit fluxional behavior in solution, since
none of the idealized geometries (capped prism, capped octahedron, and pentagonal
bipyramid) or any of the less symmetrical arrangements are typically characterized by a
markedly lower total energy. The protonation of these complexes is fully reversible, and
upon addition of NEt; as base the Mo(0) and W(0) complexes [M(PNP)(CO),] are re-
formed quantitatively. Attempts to performer hydrogenation of acetophenone employing
the hydrido Mo complexes as catalytic agents were unsuccessful. However the same
complexes were active for isomerization of terminal alkenes. The Mo complex that
demonstrated the best results features the N,N’-bis(di-iso-propylphosphino)-N,N’-
dimethyl-2,6-diaminopyridine ligand (PNP"®-iPr).

4.6. Experimental part

The syntheses of precursor complexes [MPNP(CO);] (M = Mo, W) were
reported in Chapter 3.

4.6.1.Synthesis

To a solution of [MPNP(CO);3] (M = Mo, W) (0.300 mmol) in CH,CI, (10 mL) was
added HBF, (0.400 mmol), the reaction was performed at room temperature. The
reaction was stirred for 18 h and after this period the solution was filtered, solvent was
removed under vacuum, and the solid was washed twice with Et,O and n-pentane and

then dried under vacuum.
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[Mo(PNP-Cy)(CO);H]BF, (4c)
co 4

H
N—I|—PCy. BF4~
S
=~ N M;;‘ W CO

HN—PCy, H

CcO

The product was obtained as a pale yellow solid in 92% vyield. Anal. Calcd. for
CazHsoBFsMoNsOsP, (769.47). C, 49.95; H, 6.55; N, 5.46. Found: C, 49.26; H, 6.12; N,
5.29. '"H NMR (8, CD,Cl,, 20 °C): 7.30 (t, J = 7.9 Hz, 1H, py*), 6.59 (s, 2H, NH), 6.47
(d, J = 7.9 Hz, 2H, py*®), 2.21-1.67 (m, 22H, Cy), 1.50-1.18 (m, 22H, Cy), -5.52 (vt, J =
37.2 Hz, 1H, H). ®C{"H} NMR (8, CD,Cl,, 20 °C): 212.2 (br, CO), 206.1 (t, J = 9.5 Hz,
CO0), 159.3 (dd, J = 10.0 Hz, J = 4.0 Hz, py?*®°), 140.9 (py*), 100.6 (d, J = 7.6 Hz, py*®),
41.9 (Cy), 41.5 (Cy), 28.8 (Cy), 28.0 (Cy), 26.9 (Cy), 26.7 (Cy), 26.4 (Cy), 25.8 (Cy).
3P{"H} NMR (5, CD,Cl,, 20 °C): 122.2 (d, J = 63.4 Hz), 101.7 (d, J = 63.2 Hz). IR
(ATR, cm™): 2029 (vco), 1920 (veo).

[Mo(Ph-PNP-iPr)(CO);H]BF, (4f)
Co 4

H
N—|—piPr,
3 BF4”

=z ) N ME:-"“““ Cco

HN—PPh, H
co

The product was obtained as a pale yellow solid in 94% vyield. Anal. Calcd. for
CasH30BF sMoN3OsP, (677.25). C, 46.11; H, 4.46; N, 6.20. Found: C, 45.88; H, 4.31; N,
6.07. '"H NMR (8, CD,Cl,, 20 °C): 7.79-7.70 (m, 4H, Ph), 7.63-7.45 (m, 7H, Ph, NH),
7.37 (t, J = 8.0 Hz, 1H, py*), 6.93 (s, 1H, NH), 6.72 (d, J = 8.0 Hz, 1H, py*°), 6.61 (d, J
= 8.1 Hz, 1H, py*?), 2.77-2.56 (m, 2H, CH), 1.41 (d, J = 7.0 Hz, 3H, CH3), 1.32 (dd, J =
9.7 Hz, J = 7.1 Hz, 6H, CHs), 1.23 (d, J = 7.1 Hz, 3H, CHs), -5.07 (dd, J = 39.8 Hz, J =
33.8 Hz, 1H). *C{'"H} NMR (5, CD,Cl,, 20 °C): 212.4 (t, J = 11.8 Hz, CO), 204.5 (t, J =
9.7 Hz, CO), 159.6 (dd, J = 9.7 Hz, J = 4.6 Hz, py*®), 158.1 (dd, J = 14.0 Hz, J = 4.0
Hz, py*®), 141.3 (Ph), 135.2 (py*), 134.3 (py*), 131.8 (Ph), 130.6 (vd, J = 13.3 Hz, Ph),
129.1 (vd, J = 11.4 Hz, Ph), 101.8 (d, J = 7.2 Hz, py*®), 101.2 (d, J = 8.7 Hz, py*°),
31.8 (d, J = 25.9 Hz, CH), 18.2 (dd, J = 7.6 Hz, J = 2.9 Hz, CH;). *'P{'"H} NMR (5,
CD,Cl,, 20 °C): broad peaks. IR (ATR, cm™): 2038 (vco), 1921 (vco).
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[Mo(PNP"-Et)(CO);H]BF, (4i)

cH,  §° T

\

N—I|—PEt, -
S BF4

z \ N ME;.-mm\CO

— //\

N—PEt, H

The product was obtained as a pale yellow in 91% yield. Anal. Calcd. for
C1sH30BF sMoN3O3P; (581.08). C, 37.20; H, 5.20; N, 7.23. Found: C, 37.41; H, 5.03; N,
7.08."H NMR (5, CD,Cl,, 20 °C): 7.79 (tt, J = 8.4 Hz, J = 1.2 Hz, 1H, py*), 6.47 (d, J =
8.3 Hz, 2H, py*®), 3.23 (d, J = 4.7 Hz, 6H, NCHj3), 2.64-2.52 (m, 4H, CH,), 2.46-1.26
(m, 4H, CH,), 1.33 (dt, J = 19.9 Hz, J = 7.6 Hz, 12H, CH,), -5.40 (vt, J = 36.8 Hz, H).
*C{"H} NMR (5, CD,Cl,, 20 °C): 212.4 (t, J = 11.6 Hz, CO), 204.2 (t, J = 10.1 Hz, CO),
160.4 (dd, J = 15.3 Hz, J = 3.2 Hz, py?®), 141.8 (py*), 101.1 (d, J = 6,7 Hz, py>°), 33.7
(t, J = 3.7 Hz, NCH,), 25.4 (br, CH,), 7.8 (br, CHs). *'P{'"H} NMR (8, CD,Cl,, 20 °C):
130.4 (d, J = 71.6 Hz), 115.0 (d, J = 71.6 Hz). IR (ATR, cm™): 2036 (vco), 1914 (vco).

[Mo(PNP"e-Ph)(CO);H]BF, (4k)

CcO T4

The product was obtained as a pale yellow solid in 96% vyield. Anal. Calcd. for
CasH30BFsMoN3OsP; (773.33). C, 52.81; H, 3.91; N, 5.43. Found: C, 52.51; H, 3.67; N,
5.18. '"H NMR (8, CD,Cly, 20 °C): 7.90 (tt, J = 8.4 Hz, J = 1.4 Hz, 1H, py*), 7.61-7.56
(m, 8H, Ph), 7.54-7.50 (m, 12H, Ph), 6.66 (d, J = 8.4 Hz, 2H, py*®), 3.06 (d, J = 5.1 Hz,
6H, NCH3), -4.59 (vt, J = 36.9 Hz, H). *C{'"H} NMR (5, CD,Cl,, 20 °C): 212.3 (t, J =
11.4 Hz, CO), 203.3 (t, J = 9.4 Hz, CO), 160.1 (dd, J = 17.9 Hz, J = 3.7 Hz, py*®), 142.7
(py*), 135.4 (d, J = 3.0 Hz), 132.4 (Ph), 131.3 (d, J = 12.9 Hz, Ph), 129.7 (d, J = 11.0
Hz, Ph), 102.9 (d, J = 7.4 Hz, py*°), 37.38 (br, NCH;). *'P{"H} NMR (5, CD,Cl,, 20 °C):
122.7 (d, J = 85.5 Hz), 109.5 (d, J = 85.5 Hz). IR (ATR, cm™): 2045 (vco), 1939 (vco).
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[Mo(PNP""-Et)(CO);H]BF, (4l)

Cco

The product was obtained as a pale yellow solid in 89% vyield. Anal. Calcd. for
CasH34BF sMoN3O3P; (705.30). C, 47.68; H, 4.86; N, 5.96. Found: C, 47.40; H, 4.53; N,
5.78. "H NMR (8, CD.Cl, 20 °C): 7.71-7.62 (m, 6H, Ph), 7.31-7.24 (m, 5H, Ph, py*),
5.73 (d, J = 8.3 Hz, 2H, py*®), 2.43-2.19 (m, 8H, CH,), 1.34 (dt, J = 20.3 Hz, J = 7.5 Hz,
12H, CHs), -5.25 (t, J = 37.6 Hz, H). *C{'"H} NMR (8, CD,Cl,, 20 °C): 212.2 (t, J = 11.7
Hz, CO), 204.5 (t, J = 10.1 Hz, CO), 161.6 (dd, J = 17.3 Hz, J = 3.6 Hz, py*®), 140.7
(Ph), 135.8 (py*), 131.3 (Ph), 130.0 (d, J = 7.6 Hz, Ph), 129.9 (Ph), 104.2 (d, J = 5.2
Hz, py*°), 26.3 (d, J = 31.1 Hz, CH,) 25.6 (d, J = 20.3 Hz, CH,), 15.1 (CHs), 8.5 (CHs).
3'P{"H} NMR (5, CD,Cl,, 20 °C): 127.5 (d, J = 94.9 Hz), 111.6 (d, J = 94.8 Hz). IR
(ATR, cm™): 2040 (vco), 1907 (vco), 1889 (veo).

[Mo(PNP(CH,)-iPr)(CO);H]BF. (4p)
co 4

—PiPry _
< S BF4
z N MowwCO

N

PiPr,
co

The product was obtained as a pale yellow powder in 95% yield. Anal. Calcd. for
Ca2H36BFWNO3P, (607.24). C, 43.51; H, 5.98; N, 2.31. Found: C, 42.54; H, 6.06; N,
2.09. '"H NMR (8, CD,Cl,, 20 °C): 7.89 (t, J = 7.6 Hz, 1H, py*), 7.61 (d, J = 5.7 Hz, 2H,
py*°), 3.83 (s, 2H, CH,), 3.52 (dd, J = 13.6 Hz, J = 6.7 Hz, 2H, CH,), 2.61 (vd, J = 38.1
Hz, 4H, CH), 1.47-1.34 (m, 12H, CHs), 1.23 (dd, J = 20.1, J = 7.1 Hz, 12H, CH,), -5.43
(dd, J = 41.6 Hz, J = 22.2 Hz, 1H). "*C{'"H} NMR (8, CD,Cl,, 20 °C): 213.2 (dd, J = 18.0
Hz, J = 6.6 Hz, CO), 207.5 (t, J = 8.8 Hz, CO), 161.1 (vd, J = 39.2 Hz, py*®), 140.7
(py*), 123.4 (vd, J = 8.5 Hz, py*®), 40.6 (d, J = 16.8 Hz, CH,), 38.6 (d, J = 19.8 Hz,
CH,), 27.7 (vt, J = 26.1 Hz, CH), 27.0 (vt, J = 21.2 Hz, CH), 18.7 (CH3), 18.0 (CHa).
3'P{"H} NMR (8, CD,Cl,, 20 °C): 79.9 (d, J = 72.4 Hz), 64.3 (d, J = 72.5 Hz). IR (ATR,
cm™): 2026 (vco), 1905 (veo).
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[W(PNP-Cy)(CO);H]BF, (5c)

CcO u
N—\—PCy2 BF4
=z ° N—— \V/ st CO
HN—PCy, / H

The product was obtained as a pale yellow solid in 89.0% vyield. Anal. Calcd. for
CasHsoBF,WN303P, (900.44). C, 46.69; H, 6.38; N, 4.67. Found: C, 46.52; H, 6.19; N,
4.33. "H NMR (5, CD,Cl,, 20 °C): 7.39 (t, J = 8.0 Hz, 1H, py*), 6.83 (s, 1H, NH), 6.76 (s,
1H, NH), 6.54 (d, J = 8.0 Hz, 2H, py*®), 1.50-1.38 (m, 22H, Cy), 1.34-1.22 (m, 22H,
Cy), -5.52 (dd, J = 56.6 Hz, J = 21.6 Hz, 1H, H). *C{'"H} NMR (5, CD,Cl,, 20 °C): 204.8
(dd, J = 12.9 Hz, J = 5.7 Hz, CO), 198.4 (t, J = 7.4 Hz, CO), 159.9 (dd, J = 30.4 Hz, J =
7.4 Hz, py*°), 141.2 (py*), 100.4 (dd, J = 37.4 Hz, J = 6.4 Hz, py*®), 42.1 (dd, J = 76.7
Hz, J = 28.5 Hz, Cy), 29.0 (vt, J = 74.3 Hz, Cy), 28.1 (d, J = 81.4 Hz, Cy), 26.5 (d, J =
12.4 Hz, Cy), 25.8 (Cy). *'P{'H} NMR (5,CD,Cl,, 20 °C): 104.9 (d, 2J,, = 82.2 Hz, "Jy.p1
= 288.8 Hz, "Jy.p2 = 123.3 Hz), 87.6 (d, 2Jyp = 82.3 Hz, "Jyp1 = 306.7 Hz, "Jyp2 = 141.9
Hz). IR (ATR, cm™): 2023 (vco), 1976 (vco), 1898 (veo).

[W(PNP"-Et)(CO);H]BF, (5i)

CcO

The product was obtained as a pale yellow in 97% vyield. Anal. Calcd. for
C1sH30BF s WN303P, (669.06). C, 32.31; H, 4.52; N, 6.28. Found: C, 31.98; H, 4.57; N,
6.01. "H NMR (8, CD,Cl,, 20 °C): 7.79 (tt, J = 8.3 Hz, J = 1.4 Hz, 1H, py*), 6.49 (d, J =
8.3 Hz, 2H, py*°), 3.22 (s, 6H, NCH;), 2.72-2.60 (m, 4H, CH,), 2.56-2.38 (m, 4H, CH,),
1.31 (dt, J = 19.8 Hz, J = 7.6 Hz, 12H, CH3), -5.07 (dd, J = 54.6 Hz, J = 22.8 Hz, H).
3C{'"H} NMR (8, CD,Cl,, 20 °C): 205.1 (dd, J = 18.3 Hz, J = 2.1 Hz, CO), 196.6 (t, J =
7.8 Hz, CO), 160.9 (dd, J = 14.6 Hz, J = 4.3 Hz, py*®), 141.8 (py*), 101.2 (s, py>°), 33.8
(d, J = 15.4 Hz, NCH3), 26.5 (d, J = 35.8 Hz, CH,), 25.5 (d, J = 30.6 Hz, CH,), 8.4
(CHs), 7.7 (CHs). *P{'H} NMR (3, CD.Cl,, 20 °C): 112.6 (d, %J,, = 82.1 Hz, .1 =
291.1 Hz, "Jup2 = 130.1 Hz), 101.1 (d, *J,, = 82.1 Hz, "Jyp1 = 315.9 Hz, "y = 151.1
Hz). IR (ATR, cm™): 2030 (vco), 1944 (vco), 1902 (veo).
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[W(PNP"°-iPr)(CO);H]BF, (5j)
cr; §° T
N—|—pPiPr,

3§ BF4~
=z N— W wint CO

N—PiPr, H
7

The product was obtained as pale yellow solid in 98.0% vyield. Anal. Calcd. for
C,,H3sBF,WN303P, (725.15). C, 36.44; H, 5.28; N, 5.79. Found: C, 36.66; H, 5.02; N,
5.56. 'H NMR (3, CD,ClI,, -40 °C): 7.68 (t, J = 8.3 Hz, 1H, py*), 6.34 (d, J = 8.4 Hz, 2H,
py*®), 3.10 (t, J = 5.1 Hz, 6H, NCH3), 2.94-2.74 (m, 4H, CH), 1.38 (ddd, J = 34.8 Hz, J
=19.6 Hz, J = 6.9 Hz, 12H, CHs), 1.09 (ddd, J = 16.3 Hz, J = 7.0 Hz, J = 1.7 Hz, 12H,
CHs), -5.29 (dd, J = 54.8 Hz, J = 21.2 Hz, 1H, H). *C{'"H} NMR (8, CD.Cl,, 20 °C):
203.2 (br, CO), 196.9 (t, J = 7.5 Hz, CO), 161.6 (dd, J = 12.0 Hz, J = 4.1 Hz, py?®),
142.0 (py*), 100.8 (d, J = 5.2 Hz, py*®), 35.5 (NCHs), 33.1 (br, CH), 19.9 (br, CHs), 19.2
(br, CH3), 18.2 CH3). *'P{'"H} NMR (3, CD,Cl,, 20 °C): 136.6 (d, J = 83.6 Hz, "Jyp1 =
297.5 Hz, "Jyp2 = 130.5 Hz), 119.9 (d, J = 83.5 Hz, "Jy.p1 = 314.5 Hz, "0 = 147.3 Hz).
IR (ATR, cm™): 2023 (vco), 1942 (veo), 1912 (veo), 1893 (veo).

[W(PNP"°-Ph)(CO);H]BF, (5k)

CHj co L

\
N—I\—PPh, 3
S BF4

~ N-wi-uu\ll co

N—PPh, H
/7

The product was obtained as a pale yellow solid in 95.1 % vyield. Anal. Calcd. for
CasH30BFWN303P; (861.21). C, 47.42; H, 3.51; N, 4.88. Found: C, 47.64; H, 3.26; N,
4.57. "H NMR (5, CD,Cl, 20 °C): 7.91 (tt, J = 8.4 Hz, J = 1.5 Hz, 1H, py*), 7.60-7.55 (m,
8H, Ph), 7.53 (br, 12H, Ph), 6.68 (d, J = 8.4 Hz, 2H, py*°), 3.05 (d, J = 5.3 Hz, 6H,
NCH,), -4.21 (t, J =39.8 Hz, H). *C{'H} NMR (5, CD,Cl,, 20 °C): 205.4 (t, J = 9.1 Hz,
CO), 196.5 (t, J = 7.1 Hz, CO), 160.4 (d, J = 14.5 Hz, py>*®), 142.5 (py*), 132.4 (Ph),
131.3 (Ph), 129.5 (Ph), 103.0 (d, J = 7.0 Hz, py*®), 37.5 (d, J = 3.1 Hz, NCH3), 36.8 (d,
J = 5.4 Hz, NCH;). *'P{'"H} NMR (5, CD,Cl, 20°C): 106.2 (d, 2J,, = 85.9 Hz, "Jy.p1 =
302.0 Hz), 96.4 (d, °J,, = 83.8 Hz, "J,.p1 = 329.5 Hz). IR (ATR, cm™): 2038 (v¢o), 1919

(vco)-
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[W(PNPP"-Et)(CO);H]BF, (5l)

CcO

Ph L
\
N—I|—PEt, B
S BF4
z N—— W st CO
N—PEt, / H
7/
Ph

The product was obtained as a pale yellow solid in 86% vyield. Anal. Calcd. for
CasH34BF sMoN3O3P; (793.18). C, 42.40; H, 4.32; N, 5.30. Found: C, 42.08; H, 4.17; N,
5.18 'H NMR (5, CD,Cl,, 20 °C): 7.58-7.51 (m, 6H, Ph), 7.10-1.05 (m, 4H, Ph), 7.34 (t,
J =79 Hz, 1H, py*), 5.59 (d, J = 8.3 Hz, 2H, py*®), 2.33-2.24 (m, 4H, CH,), 2.19 (br,
4H, CH,), 1.21-1.11 (m, 6H, CHs), 1.05 (t, J = 7.0 Hz, 6H, CHs), -5.08 (dd, J = 55.5 Hz,
J = 23.4 Hz, H). ®*C{'"H} NMR (5, CD,Cl,, 20 °C): 204.8 (dd, J =10.2 Hz, J =8.6 Hz,
CO), 196.9 (t, J = 7.8 Hz, CO), 162.1 (dd, J = 16.4 Hz, J = 3.9 Hz, py*®), 140.7 (Ph),
135.8 (py*), 131.4 (Ph), 130.0 (Ph), 129.9 (Ph), 104.3 (d, J = 8.9 Hz, py*®), 27.3 (d, J =
35.8 Hz, CH,), 26.1 (d, J = 30.6 Hz, CH,), 9.1 (s, CH3), 8.5 (s, CH5). *'P{'"H} NMR (5,
CD,Cly, 20°C): 109.5 (d, 2Jyp = 82.9 Hz, "Jyp1 = 293.8 Hz, "Jypo = 149.5 Hz), 97.3 (d,
2Jop = 83.1 Hz, "Jupr = 315.0 Hz, "y = 147.1 Hz). IR (ATR, cm™): 2034 (vco), 1914

(vco)-

[W(PNP(CH)-iPr)(CO);]BF, (5p)

co T4

\T\\\PIPFZ BF4”
= N_W":..-|||\||CO
PiPr, \ H

CcO

The product was obtained as pale yellow solid in 87% yield. Anal. Calcd. for
Ca:H36BFWNO3P, (695.12). C, 38.01; H, 5.22; N, 2.02. Found: C, 38.14; H, 5.01; N,
1.96. '"H NMR (8, CD,Cl,, 20 °C): 7.81 (t, J = 7.8 Hz, 1H, py*), 7.54 (d, J = 7.8 Hz, 2H,
py*°), 3.80 (dd, J 8.8 Hz, J = 6.4 Hz, 4H, CH,), 2.63-2.43 (m, 4H, CH), 1.28 (ddd, J =
21.3 Hz, J = 16.8 Hz, J = 7.0 Hz, 12H, CHs), 1.16-1.05 (m, 12H, CHs), -4.77 (dd, J =
47.1 Hz, J = 21.1 Hz, 1H). *C{'"H} NMR (5, CD,Cl,, 20 °C): 205.7 (dd, J = 17.4 Hz, J =
3.5 Hz, CO), 200.7 (t, J = 6.6 Hz, CO), 162.1 (dd, J = 5.1 Hz, J = 2.9 Hz, py*®), 161.7
(t, J = 3.9 Hz, py*®), 140.8 (py*), 123.4 (d, J = 8.9 Hz, py>®), 41.1 (d, J = 21.2 Hz, CH,),
39.3 (d, J = 23.6 Hz, CH,), 28.0 (d, J = 28.7 Hz, CH), 27.2 (d, J = 25.2 Hz, CH), 18.8
(CHs), 18.7 (CHs), 17.9 (CHs). *'P{"H} NMR (5, CD,Cl,, 20 °C): 64.1 (d, °J,, = 69.0 Hz,
wpt = 266.9 Hz, "Jyo = 128.9 Hz), 51.5 (d, 2J,, = 68.9 Hz, "J,.p1 = 284.6 Hz, "Jypm =
146.7 Hz). IR (ATR, cm™): 2019 (vco), 1933 (vco), 1887 (veo).
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4.6.2.General procedure for the catalytic applications

Method for hydrogenation reactions: To a solution of the substrate (1 mmol)
dissolved under argon in degassed isopropanol (2.5 mL) was added the appropriate
catalyst (5%) dissolved in degassed isopropanol (2.5 mL). KO{Bu (4%) was added and
the reaction mixture was transferred through a stainless steel capillary into a steel
autoclave. The argon gas was then replaced by hydrogen gas (3-5 cycles) and the
pressure was set. All hydrogenations were carried out for 18 h at r.t. under hydrogen
gas at a pressure of 20 bar. After completion of the reaction, diethyl ether (10 mL) was
added and the reaction was quenched by the addition of an aqueous solution of H;PO,
(20%). The organic phase was separated, washed with brine, dried over MgSO, and
filtered through a plug of aluminium oxide.

Method for isomerization reactions: In a Young NMR tube was loaded
[Mo(PNP)(CO)3H]" (0.016 mmol) (10 mol %), 10 equiv. of alkene isomer (0.16 mmol)
and 0.5 mL of CD,Cl,. The resulting solution was heated at 65 °C in an oil bath, and 1H
NMR spectra were recorded periodically to monitor the progress of the reaction. In the
end of every result it was had the internal standard 1,3,5-trimethylbenzene (39 mg,
0.16 mmol).
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Chapter 5 — Halocarbonyl Molybdenum and Tungsten PNP
pincer complexes

Although metal carbonyl halides are known for a fairly long time, they have
become the subject of renewed interest in recent years. The ligand substitution
reactions play a fundamental role in organometallic chemistry, because they are
systematically involved in the syntheses of complexes and in wide range of catalysis.’
The halogen derivatives of substituted metal carbonyls are generally prepared either by
the reaction of donor species with metal halocarbonyls or by the treatment of halogens
with substituted metal carbonyls.? A more detail concept of metal carbonyls compounds
is described on the beginning of Chapter 3. However, the presence of strongly
electron-withdrawing ligands, such as halogen makes the metal more electropositive
upon formation of the metal-halogen bond. The IR measurements supports this
statement, since the vco absorptions of the complex tends to shift to a higher frequency

due to decreasing of metal-CO T-backbonding.?
5.1. Molybdenum and tungsten

The synthesis of dihalotetracarbonyls of molybdenum and tungsten by Colton
and coworkers, promote the study of a variety of neutral, cationic and anionic halometal
carbonyl complexes displaying uncommon oxidation states, geometries and magnetic
properties have been synthesized.*® In particular, the heptacoordinated halocarbonyl
complexes of molybdenum (II) and tungsten (llI) have been increasingly important due
to the catalytic activity. Seven coordinate halocarbonyl Mo(ll) and W(ll) complexes of
the type [ML3(CO)3X] where M = Mo, W; X = CI, Br, | and L; are neutral (z = 0) or
anionic (z = -1) tridentate ligands adopting fac geometries such as Cp, Cp*,
trispyrazolylborates, trispyrazolylmethanes, 1,4,7-triazacyclononane, or 1,59-
triphosphacyclododecane are a common class of compounds. These are typically
formed via oxidative addition of X, to M(0) complexes fac-[ML;(CO);]*. As L; ligands
with a mer geometry are concerned such reactions have been rarely studied.’

Oxidation to molybdenum (Il) and tungsten (ll) is most commonly achieved by
addition of elemental halogens to zero-valent carbonyl complexes containing at least

' and chlorine™

one non-carbonyl donor ligand.®? Halogenation by iodine,' bromine,’
are common in the literature. Oxidative decarboxylation with hydrofluoric acid™ or
addition of fluoride to a neutral tungsten (11) dicarbonyl complex' can provide access to
the less common tungsten fluoride complexes. This can be due the much lower
electronegativity of the halogens other the fluoride, that the X" ion has at least modest

1-donor ability, in this degree they are more softer bases than F".
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5.2. Mo and W PNP pincer halocarbonyl compexes

In a fashion way to the Chapters 3 and 4, the chemistry of the Mo and W of
PNP pincer halocarbonyl complexes is very limited. In the years of 2006 and 2008, the
development of a series of halocarbonyl molybdenum PNP pincer complexes, with a
central pyridine ring donor containing NHPR;, in the two ortho positions, was achieved
by the direct oxidation addition of respective tricarbonyl complexes, show on Scheme
5.1.%

q+
co
H X
X, N—|—PRo 6bR=/Pr; X =
a2 N & 7b R =jPr; X =Br
s ~ N——Mo ' CO 6e R=Ph: X =1
2Cly 7|\ 7e R=Ph; X =Br
HN—PR, co
co
H X
N—|<PRe
—Mo CO
HN- PR2

—I +
2bR = jPr N— —PRz 6b'R = iPr; X =1
2eR = Ph \\ » \ 7b'R = iPr; X = Br
< ; —'V'O 1 eo 6e' R = Ph; X = |

NCCH;3 7e' R =Ph; X = Br
HN— PR2

NCCH;
Scheme 5.1. Synthesis of a series of halocarbonyl molybdenum PNP pincer complexes

The cationic seven-coordinated species of the type [MoPNP(CO);X]X and
[MoPNP(CO),(CH3CN)X]X are achieved by adding stoichiometric amounts of X, in
CH.Cl, or CH;CN to the precursors [MoPNP(CO);] complexes. The analogous
tungsten complexes are obtain via the intermediacy of the known dinuclear complex
[W(CO)y(p-X)X]2 (X = Br, Cl), prepared in situ from W(CO)s and stoichiometric
amounts of X; in CH,CI, at -70 °C. Treatment of a solution of [W(CQO)4(u-X)X]; in
CH,CI, at room temperature with the PNP ligands afforded the sevencoordinate
tungsten(ll) complexes [W(PNP)(CO);X]X (X = Br, Cl), Scheme 5.2..
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Scheme 5.2. Synthesis of a series of halocarbonyl tungsten PNP pincer complexes

This methodology also yields the analogous Mo(0) complexes thus being an
alternative method to that described previously. Templeton and coworkers described
the synthesis of a series of halocarbonyl tungsten pincer complexes featuring the
silazane-based PNP pincer-type ligand HN (SiMe,CH,PPh,),."®

.
~ /\PPh2 \Si /\Pph2 _|
/ | WCO L e \ | ‘\\\\CO
NH w—co — NH w\— co
2
\ si ocC | ’ \3{ oc/| X
/ N PP / N PP

Scheme 5.3. Synthesis of tungsten hydride complexes with a silazane-based PNP pincer

The series of cationic tungsten (Il) halide complexes was synthesized,
[W(PNP)(CO):X]" (X =1, Br, Cl, F), by various routes, due to the differing reactivities of

the halogens.

5.3. Results and discussion

A new series of halocarbonyl molybdenum and tungsten PNP complexes was
achieved succeeding the exploration of the chemistry of these type of pincer
complexes. For the complexes with a central pyridine ring donor contains NHPR; in the
two ortho positions the reaction of the tricarbonyl PNP complexes [MPNP(CO);] (M =
Mo, W), with X, in CH,Cl, was carried out like is demonstrated in Scheme 5.4..

In general this reaction results in the cationic seven-coordinated

molybdenum(ll) and tungsten(ll) halocarbonyl complexes of the type
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[Mo(PNP)(CO);X]X (X =1, Br). However, in most reactions a mixture of products was
achieved impossible to purify due to similar solubility. The same outcome was reached
even after several attempts of syntheses with different reactions conditions, taking
special consideration in the selection of solvent since one of the CO ligands is labile

and easily replace.

+
CcO i
H X
_PR2 X2 N \\PRZ
—_— / N —M |||\CO
CH20|2 / \
HN- PR2 HN=-PR,
X
R=Et,2aM=Mo;3aM=W R =Et, M =Mo, 6a X =1,
R=Cy,2c M=Mo;3c M=W R=Et,M=W,8aX=1;
R = jPr/Ph, 2f M = Mo R =Cy,M=Mo, 6¢c X=1;7¢c X=Br
R =BIPOL, 2g M = Mo; 3g M =W R=Cy,M=W,8cX=1;9¢c X=Br
TriazMejPr, 2n M = Mo; 3n M = W R = iPr/Ph, M = Mo, 6f X =1

R =BIPOL, M = Mo, 6g X = |
R=BIPOL,M=W, 8g X =1
TriazMeiPr, M = Mo, 6n X = |
TriazMeiPr, M =W, 8n M = |

Scheme 5.4. Synthesis of the cationic seven-coordinated halocarbonyl Mo and W PNP pincer

complexes with NH linkers

Additionally, the complexes with PNP-Et (6a, 8a) and PNP-BIPOL (6g, 89)
ligands show two strong absorption bands in the IR spectra assignable to the
symmetric and asymmetric vco stretching modes of CO ligands suggesting that
complexes of the type [MoPNP(CO),l,] were obtained. Due to their poor solubility full
characterization by NMR spectroscopy was precluded.

Complexes 6¢-9c¢ are thermally robust red to yellow solids obtained in 85-89%
isolated yield. They are air stable in the solid state but slowly decompose in solution.
Characterization was accomplished by combination of 'H, *C{'H}, and *'P{'H} NMR
spectroscopy, IR spectroscopy, and elemental analysis.” In the *C{'H} NMR spectrum
two low-field triplet resonances (2:1 ratio) were found, assignable to the carbonyl
carbon atoms frans and cis to the pyridine nitrogen (Table 5.1.). In general, compared
to the Mo complexes, the NMR signals of the W complexes afre typically upfield
shifted. The halide ligands do not influence the NMR shifts.

Al complexes in Chapter 5 were characterized by these techniques
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Table 5.1. Selected "°C{'H} and *'P{'H} NMR and IR data of [M(PNP-Cy)(CO)sX]" (M = Mo, W;
X =1, Br)

Complexes B¢c{'H} 18 CcO | *'P{'H} /& IR/cm™ veo
[Mo(PNP-Cy)(CO)sl]* (6¢c) 232.8,215.5 109.0 2027, 1964, 1928
[Mo(PNP-Cy)(CO)sBr]" (7c) | 234.8,218.2 109.6 2037, 1970, 1936
[W(PNP-Cy)(CO)I]" (8c) 224.9,208.7 88.4 2022, 1951, 1915
[W(PNP-Cy)(CO)sBr]" (9c) | 224.3,212.1 90.7 2024, 1948, 1911

The *'P{"H} NMR spectra exhibit singlet ressonances in the range of 110-87
ppm, where is observed an upfield shift between the molybdenum and the tungsten
complexes. The phosphorus resonances (0P) exhibit a slight upfield shift between the
complexes with Br or | ligands, probably related to the increasing electronegativity of
the halide ligands.

In the '"H NMR spectrum, is observed a low-field signal assignable to the proton
of the NH spacer, that present a higher acidity when compare with the precursor
complexes [MPNP(CO);] (M = W, W; Chaper 3). The presence of the halogen
influences the acidity of the proton for both Mo and W complexes, however the Br
ligand promotes a higher effect.

In all complexes, the PNP pincer ligand adopts the typical mer coordination
mode with no evidence for any fac isomers. The IR spectra show, in most cases, the
typical three strong to medium absorption bands of a mer CO arrangement in the range
of 2037-1911 cm™, assignable to one weaker symmetric and two strong asymmetric
vCO stretching modes. When the respectively halocarbonyl complexes are compare to
their precursors, [M(PNP)(CO);] (M = Mo, W) (Chapter 3), there is a shift of almost 100
cm™ to higher energy for the three carbonyl frequencies. This is due to the decrease of
the 11 backbonding since the metal becomes more electropositive by forming the M-X
bond. The only exception is the cationic seven-coordinated molybdenum complexes
featuring a di-tert-butylphosphino, that presents the same geometry then the hydride
carbonyl complexes, i. e. the halogen atom is trans to the pyridine nitrogen (Scheme
5.5.). A thermally robust green solid that slowly decompose in solution like the previous

complexes.
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Scheme 5.5. Synthesis of the halocarbonyl molybdenum PNP-{Bu pincer complexes

The IR spectra of the [Mo(PNP-tBu)(CO)sX]* (X = I, Br) complexes show the
three vco bands for a mer CO arrangement, assignable to one small symmetric and
two strong asymmetric v¢o stretching modes (2070, 1935, 1867 (6d), 2029, 1919, 1805
(7d)). When compare with the analogous hydride complex [Mo(PNP-tBu)(CO)sH]" in
Chapter 4, there is a shift to higher energy, since the metal-halogen bond makes the
metal more electropositive.

The "C{"H} NMR for these complexes display two low-field triplet resonances
(1:2 ratio) at 219.0, 208.2 ppm for 6d and 220.4, 209.6 ppm for 7d assignable to the
carbonyl carbon atoms trans and cis to the pyridine nitrogen. The *'P{'"H} NMR
spectrum of complexes 6d and 7d exhibit two doublets at 137.6, 108.2 and 139.8,
113.2, respectively, due to the position of halogen atom, trans to the pyridine nitrogen,
that indicate a effected in one of the phosphines making them unequal. There is an
upshield compared with the precursor [Mo(PNP-tBu)(CO);] (2d) (see Chapter 3) and to
the analogous [Mo(PNP-tBu)(CO)s;H]" (4d) (see Chapter 4).

Considering the reactivity of [M(PNP)(CO);] where the PNP ligands contain
different PR, and NR’ units, the addition of X, in CH.Cl, yields the neutral seven-
coordinated molybdenum(ll) and tungsten(ll) halocarbonyl complexes of the type
[M(PNP)(CO)2Xz] (M = Mo, W; X = I, Br) shown in Scheme 5.6..

This reaction was independent of the substituents at the P and N sites,
respectively, and the chemistry of tungsten strongly parallels that of molybdenum. All
complexes are thermally robust red to yellow solids, which are air stable in the solid
state but slowly decompose in solution. Due to the poor solubility and thus the low
concentration of the some complexes, quaternary carbons could not be detected or

were completely precluded, thus solid-state ">*C NMR spectra were recorded.
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Scheme 5.6. Synthesis of the cationic seven-coordinated halocarbonyl Mo and W PNP pincer

complexes with NR (R = Me, Ph) linkers

The ™C{'H} NMR spectra give rise to two characteristic low-field triplet
resonances assignable to the carbonyl carbon atoms trans and cis to the pyridine
nitrogen, respectively, for the molybdenum and tungsten complexes (Table 5.2.). The
*'P{'H} NMR spectra exhibit singlet resonances in the range of 141-108 ppm. The pi-
accepting/sigma-donating capabilities of phosphines can be study through the 6P
shifts, since the nature of the phosphine ligand is the only difference in the series of
tricarbonyl complexes following the order PNP™"-nPr < PNPM-Ph < PNPP"-Et < PNPMe-
Et < PNP".iPr (Table 5.2.). The phosphorus resonances (5P) exhibit a significant
upfield shift on going from Br to |, obviously directly related to the increasing
electronegativity of the halide ligands. Both the carbonyl resonances (6CO) and the
phosphorus resonances (6P) exhibit a significant upfield shift on going from Mo to W

for the two halocarbonyl complexes (Table 5.2.).

Table 5.2. Selected *C{'"H} NMR and *'P{'"H} NMR and IR data of the pincer tricarbonyl Mo

complexes

Complexes CSC{1H} Igo “P{'H} 18 vCoIR : cm-1V<:o
[Mo(PNPY°-Et)(CO),l,] (6i) 257.9 224.6 135.9 1964 1840
[Mo(PNPY°-Ph)(CO),l,] (6k) 228.5 218.2 129.3 1946 1870
[Mo(PNPP"-Et)(CO),l,] (6l) 258.3 224.3 133.3 1974 1850
[Mo(PNP"-nPr)(CO),l,] (6m) | 258.3 224.2 127.9 1954 1831
[W(PNP"°-Et)(CO),l,] (8i) 2495 207.9 112.8 1953 1828

W (PNPY®-iPr)(CO),l,] (8]) 225.3 204.2 123.9 1946 1823
[W(PNP"°-Ph)(CO),l,] (8k) 246.9 222.2 108.0 1952 1850
[W(PNPP"-Et)(CO),l,] (81) 227.6 205.9 109.5 1958 1826
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The IR spectra show, in most cases, the typical two strong bands in the range
of 1979-1815 cm™" (cf. 2143 cm™" in free CO) assignable to one symmetric and one
asymmetric v¢o stretching modes, for the mutually cis CO ligands. When compare with
the analogous bromide complexes [Mo(PNP)(CO).X;], there is a shift to higher energy,
since the metal-halogen bond makes the metal more electropositive.

The only exception is the [Mo(PNP-iPr)(CO);] where instead of [Mo(PNPe-
iPr)(CO).X;] (X = I, Br) the unusual coordinatively unsaturated six-coordinate
complexes [Mo(PNPMe-iPr)(CO)X,] ( X = 1, Br) (6j, 7j) were formed (Scheme 5.7.).

X

N
N— —PIPF2 N— —P/Prz
Xo (X =1, Br) \
< : —Mo > < N—I\/ o —x
N P/Prz N—PiPr; \
CH3
. 6j X =1
2j 7j X =Br

Scheme 5.7. Synthesis of the halocarbonyl molybdenum PNPYe-jPr pincer complexes

All complexes are thermally robust bluish-green solids, which are air stable in
the solid state but slowly decompose in solution and characterization was
accomplished with the same techniques described before.

The unusual type [Mo(PNPYe-iPr)(CO)X,] (X = I, Br) exhibited one low-field
triplet resonances at 247.3 and 247.9 in the C{'H} NMR spectrum, respectively,
assignable to the carbon atom of the CO ligand. In the *'P{"H} NMR spectrum singlets
at 190.4 and 195.2 ppm, respectively, are observed, that also line with the increasing
electronegativity of the halide ligands. In the IR spectrum the complexes 6j and 7j
exhibit one strong vCO band at 1824 and 1816 cm™", respectively which suggests that
Br is a better electron donor. For comparison, complexes [Mo(PNP"2-Ph)(CO),X,] (X =
[, Br) that displayed to two strong CO stretching due to weaker Tr-back-bonding
interactions and thus the metal center in [Mo(PNP™*-iPr)(CO)X,] seems to be slightly
more electron rich than in the seven coordinate complexes [Mo(PNP"-Ph)(CO),Xy].

Alternatively, the previous complexes were also obtained by reacting the metal
precursors [Mo(CO)3(CH3CN).X;] (X = I, Br) with the PNP pincer ligands. The reaction
of [Mo(CO)4(p-CI)Cl], in CH;CN with the respective ligand affords the analogous
chlorine complexes [M(PNP"®-jPr)(CO)Cl,] (10j) and [M(PNPM-Ph)(CO),Cl,] (10k).
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Noteworthy, this methodology also works very well for the synthesis of the bromide

complexes.

\ &
z N— Mo ——X

Scheme 5.8. Alternative methods of synthesis of halocarbonyl Mo and W PNP pincer

complexes

The two chloride complexes [Mo(PNPYe-iPr)(CO)Cl,] (10j) and [Mo(PNPe-
Ph)(CO).Cl;] (10k) behave identical to the analogous iodine and bromine complexes.
The phosphorus resonances (5P) of the series of halocarbonyl PNP"®-jPr and PNPMe-
Ph complexes exhibit a significant upfield shift on going from CI to Br to |, obviously
directly related to the increasing electronegativity of the halide ligands. In the IR
spectrum the complex 10j exhibit one strong v¢o band and the complex 10k two strong
veo bands. The complex [M(PNPMe-Ph)(CO),Cl,] display two sets of resonances in the
IR spectrum, which are 26 and 16 cm” apart, may be due to intermolecular
interactions, e.g., CO---CIl-Mo bonds in the solid state.

Moreover, some molybdenum and tungsten complexes were also characterized
by means of ESI-MS. This technique enables the detection and the study of reaction
substrates and products but also detects short-lived reaction intermediates and
decomposition products as they are present in solution. These studies (in the positive
and negative ion mode) revealed that complexes with NH linkers in CH;CN solutions
remain largely intact [M]". Further abundant fragments are [M-CO]* and [M-2CQJ’,
where the dissociated suggesting that CO ligands are labile (vide infra). In the case of
complexes with N-Me and R-Ph linkers in CH3CN or MeOH solutions in the presence of
NaX (X = I, Br, Cl) remain largely intact and fragments of the sodiated complexes
[M+Na]" or halide adducts [M+X]". Further abundant fragments are [M-X]" and [M-X-
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CO]J" where one halide and CO ligand, respectively, is dissociated suggesting that one
halide and one CO ligand are labile (vide infra). For the ESI-MS analysis of the
exception complexes [Mo(PNP™e-iPr)(CO)X,] in CH;CN and the corresponding sodium
halide were subjected to “soft ionization” conditions, in the absence of air signals
corresponding to the sodiated complexes [Mo(PNPYe-iPr)(CO)X,] ([M+Na]*) and also
[Mo(PNPYe-iPr)(CO)X]" ([M-X]*) where one halide ligand is dissociated. The formation
of the last fragment is in keeping with the fact that the halide trans to the CO ligand is
labile.

An example of this ESI-MS analysis is [Mo(PNP"-Ph)(CO),Br,] where under so
called “soft ionization” conditions, the most abundant signals observed at m/z is 805.91
which correspond to the sodiated complexes [Mo(PNP“-Ph)(CO)Br,] ([M+Na-CO]J")
where one CO ligand is dissociated suggesting that one CO ligand is labile (vide infra).
Further abundant fragments are [Mo(PNPY-Ph)(CO)Br]* ([M-(CO+NaBr)]") and
[Mo(PNP"-Ph)Br]* ([M-(2CO+NaBr)]*) as shown in Scheme 5.9..

Na* A+
CHy. Br & CHy Br CHy Br
§ AN AN
N—\—5—PPh, N—|—PPh: N——/—PPh,
N\ =:\\‘\\\ + Na* / \ e‘\\\ \ \\\\\\
= N MO, — . {___ _N—Mo B g /_ N Ma
/ ~co -co / - NaBr
N—PPh, 27 keal/mol /N—Pphz co 105 keal/mol N=PPh;  co
CHg3 Co CH3 CHg
CHg3 T+
S PPh
3 S
Z ON—wo.
™ \= T~ar
_co 7
N—PPh,

47 kcal/mol
CHj

Scheme 5.9. Fragmentation pattern of [Mo(PNPMe-Ph)(CO)zBrZ] complexes observed in the

ESI-MS experiments and the DFT calculated energy balance for X = Br

Corresponding positive-ion ESI full scan mass and MS/MS (low energy CID)
spectra of [Mo(PNPM-Ph)(CO),Br,] (7k) are depicted in Figure 5.1..
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Figure 5.1. Positive-ion ESI mass spectrum of [Mo(PNPMe—Ph)(CO)zBrz] (7k) (A) and
corresponding MS/MS-spectrum of source-generated [M+Na-CO]" precursor ions (B). Insert:
Calculated and measured MS of [M+Na-COJ". In both spectra only signals containing the Mo-

isotope of highest abundance (**Mo) are annotated

Additionally to the previous characterization, the solid-state structures of 6i, 7i,
6j, 7], 6k, 7k, 6l, 8j, 8k, 9k, 8l, 10j, 10k and 8’j were determined by single-crystal X-ray
diffraction. Structural diagrams of a few examples are illustrated in Figures 5.2.-5.6.
with selected bond distances given in the captions.

With the exception of 6j, the coordination geometry around the molybdenum
and tungsten complexes may be described as a trigonal mono capped antiprism with
one CO as the capping ligand. The crystal structures show the tridentate PNP ligand
bound meridionally with two carbonyl and two halide ligands filling the remaining four
sites. In the molybdenum complexes 6k and 61, the metal-CO bond lengths in the three
complexes average to 1.96 A (1.92-2.00 A). The P1-M-P2 angles in the diiodo
molybdenum complexes are also hardly affected by the size of the substituents of the
phosphorus atoms, being 111.84(2) and 111.98(2)°, respectively. In all complexes the
molybdenum center is significantly bent out of the least squares plane defined by the

atoms of the pyridine ring.
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(a) (b)

Figure 5.2. (a) Structural view of [Mo(PNP"°-Ph)(CO),l,]:CD,Cl, (6k:CD,Cl,) showing 50%
thermal ellipsoids (hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A)
and bond angles (°): Mo1-I1 2.8888(5), Mo1-I2 2.8911(5), Mo1-P1 2.4364(7), Mo1-P2
2.4181(6), Mo-N1 2.276(2), Mo-C32 1.937(2), Mo-C33 1.991(2); P1-Mo1-P2 111.84(2), N1-
Mo1-11 94.11(4), N1-Mo1-12 88.10(4), N1-Mo1-C32 122.64(7), N1-Mo1-C33 124.49(7), I11-Mo1-
12 82.27(1), C32-M0o1-C33 73.60(8). (b) Side view of 6k (hydrogen atoms, most phenyl carbon
atoms, and solvent omitted for clarity)

Figure 5.3. Structural view of [Mo(PNPPh-Et)(CO)ZIZ] (61) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
Mo1-P1 2.4384(8), Mo1-P2 2.4385(7), Mo1-C26 2.002(2), Mo1-C27 1.922(2), Mo1-I1
2.9159(5), Mo1-12 2.9131(5), P1-Mo1-P2 111.98(2), I1-Mo1-12 82.89(1), C26-Mo1-C27
72.01(10)

The tungsten complexes, 8j, 8k and 8l, analogous to the molybdenum
complexes, have a metal-CO bond lengths in the three complexes average to 1.97 A

(1.93-2.00 A). The P1-M-P2 angles in the diiodo tungsten complexes are also hardly
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affected by the size of the substituents of the phosphorus atoms, being 114.97(2),
113.69(1) and 112.93(3), respectively.

Figure 5.4. Structural view of [\N(PNPMe—Ph)(CO)zlz] (8k) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
W1-P1 2.4252(5), W1-P2, 2.4255(5), W1-N1 2.253(1), W1-C32 1.948(2), W1-C33 1.988(2),
W1-11 2.8924(3), W1-12 2.8958(3), P1-W1-P2 113.69(1), I1-W1-12 81.15(1), C32-W1-C33
73.46(6)

Figure 5.5. Structural view of [W(PNP""™-Et)(CO),l,] (8l) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
W1-P1 2.4237(8), W1-P2 2.4322(8), W1-C26 1.932(3), W1-C27 1.997(3), W1-11 2.9013(3), W1-
12 2.8978(3), P1-W1-P2 112.93(3), I1-W1-12 81.40(1), C26-W1-C27 72.45(12)

For the series of seven-coordinate neutral halocarbonyl Mo(ll) complexes of the
type [Mo(PNPM-Ph)(CO),X;] (X = | (6k), Br (7k), and Cl (10k)), the coordination

geometry around the molybdenum center may be described as a trigonal monocapped
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antiprism with C32-O1 as capping ligand. The P1-Mo1-P2 angles increases from
111.84(2) to 118.46(3) to 120.18(2)°, respectively. The corresponding X1-Mo1-X2 and
C32-Mo1-C33 angles are essentially independent of the nature of the halide being
82.27(1), 80.56(2) and 81.07(2)°, and 73.60(8), 74.3(2) and 72.92(7)°, respectively.
The same is accurate for the tungsten complexes [W(PNP"-Ph)(CO),X,] (X = | (8k), Br
(9k)).

Related with the tricarbonyl molybdenum precursor, 2k, which possess a
distorted octahedron geometry with pyridine and one CO perfectly coplanar, in all the
halocarbonyl complexes the molybdenum center is significantly bent out of the least
squares plane defined by the atoms of the pyridine ring (N1, C1-C5) by 0.687(3),
0.788(5), and 0.632(3) A. While Mo-N and Mo-P bonds in all complexes are similar,
this deformation leads to a decrease in the intramolecular P-P distance in halocarbonyl
complexes and of the P-Mo-P angle from ca. 155° in tricarbonyl precursors to 112-120°
in halocarbonyl complexes.

In a related way, a distortion of the Mo coordination has been observed for the
six coordinate complexes [Mo(PNP"-iPr)(CO)X,] (X = | (6j) (Figure 5.6.), Br (7j), and
Cl (10j)), in which the Ph; fragment is replaced by the more bulky /Pr, fragment and the
two halogen atoms are in cis/trans-disposition and oriented approximately
perpendicular to the P1-P2 vector. In all the complexes, the Mo-N and Mo-P bonds are
similar, this deformation leads to a decrease in the intramolecular P-P distance from
4.7 in the tricarbonyl precursor to 4.25 A in [Mo(PNP™®-iPr)(CO)X,] complexes and of
the P-Mo-P angle from ca. 155° to 126—128°, respectively. This means that the PNP
ligand in halocarbonyl complexes are on a transition from meridional to facial
coordination that would end with a final ideal P-Mo-P angle of 90°. By a concomitant
rotation of the PiPr, fragments about their N-P bonds the space between the iPr,
fragments on the upper side of the complex above Mo becomes more open, while

below it becomes more congested.
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Figure 5.6. Structural view of [Mo(PNPMe-iPr)(CO)Iz] (6j) showing 50% thermal ellipsoids (H
atoms and a second independent complex omitted for clarity). Selected bond lengths (A) and
bond angles (°): Mo-N(1) 2.275(2), Mo-C(20) 1.915(3), Mo-P(1) 2.3825(7), Mo-P(2) 2.3764(7),
Mo-I(1) 2.7657(3), Mo-I(2) 2.8504(3), P(1)-Mo-P(2) 126.11(2), N(1)-Mo-(1) 74.11(6), N(1)-Mo-
P(2) 70.91(6), N(1)-Mo-I(1) 165.50(5), N(1)-Mo-I(2) 79.54(5), N(1)-Mo-C(20) 115.13(9), I(1)-Mo-
1(2) 86.36(1), 1(1)-Mo-C(20) 79.32(8), 1(2)-Mo-C(20) 163.17(7)

The coordination geometry around the molybdenum center, for the complexes
[Mo(PNPMe-iPr)(CO)X,] ( X = 1, Br, Cl) corresponds to a distorted octahedron with the
atom pairs P1/P2 N1/X1, and C20/X2. Except for the Mo—halide bond lengths, the bond
distances and bond angles and conformations of the three complexes 6j, 7j, and 10j,
are very similar and average to Mo—C 1.919 A, Mo-N 2.270 A, and Mo-P 2.374 A.

5.3.1.Reactivity

In all the previous PNP complexes, the modifications of the 2,6-diaminopyridine
scaffold by introducing the N-Me and N-Ph instead of N-H linkers conjoined with the
modification of the phosphine moieties has a profound impact on the steric and
electronic properties of the ligands and consequently also on the stability and reactivity
of these metal complexes. Thus far, all complexes with PNP ligands bearing NH
moieties, independent of the substituents at the phosphine donor, were generally found
to form cationic seven-coordinated species of the type | (Figure 5.7.), except for the
tert-butyl substitutes in a molybdenum complexes (type Il). Whereas Mo and W
complexes with PNP ligands bearing NR’ moieties (R’ # H) lead to the formation of
neutral dihalo species that are seven-coordinate (type Ill) or in one case with R = jPr

and R' = Me a six-coordinate complexes (type IV).
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Figure 5.7. Synthesis of seven and six-coordinate iodocarbonyl molybdenum and tungsten

complexes
Interestingly, when the oxidative addition of I, to [Mo(PNP"®-iPr)(CO)s] (2j) and
[W(PNPe-jPr)(CO)s] (3j) was performed in the presence of CO in both cases seven-
coordinate complexes [Mo(PNP“e-iPr)(CO);l]l (6’j) and [W(PNP“e-iPr)(CO)sl]l (8’))
were formed (Scheme 5.10.). These complexes could be isolated in pure form in 98
and 96% isolated yield. However, in solution in the absence of CO both complexes

slowly release CO (about 1 h for Mo, about 3 h for W) and form again the respective

neutral six- and seven-coordinate complexes [Mo(PNPYe-iPr)(CO)l,] (6j) and

[W(PNPMe-iPr)(CO),l,] (8j).
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Scheme 5.10. Synthesis of [MPNP(CO);l] (M = Mo, W) complexes under CO atmosphere

A structural view of complex 8’j is depicted in Figure 5.8. with selected bond
distances and angles given in the caption. The coordination geometry around the
molybdenum center corresponds to a distorted capped. The metal-halogen, metal-
phosphorus and metal-nitrogen bond length in the complexes [W(PNPYe-iPr)(CO),l;]
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(8j) and [W(PNP"e-iPr)(CO)sl]l (8’j) are hardly affected. However the P-Mo-P angles
decrease from 150° in the [W(PNPM°-iPr)(CO);l]l to 115° in the [W(PNPYe-iPr)(CO),l.].

Figure 5.8. Structural view of [W(PNP"-iPr)(CO)l]l (8’j) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
W1-11 2.8835(14), W1-P1 2.5049(13), W1-P2 2.4945(17), W1-N1 2.244(3), W1-C20 1.991(3),
W1-C21 1.982(4), W1-C22 2.021(3), P1-W1-P2 150.32(3)

Upon treatment of 6j and 8j with a halide scavenger (e.g., AgSbFe) in the
presence of CO, [Mo(PNPM-iPr)(CO)l] (65) and [W(PNP"-iPr)(CO)l] (8’)),
respectively, are quantitatively formed again. This reaction was performed in CD,Cl, in
an NMR tube and monitored by 'H and *'P{'"H} NMR spectroscopy. Moreover, upon
heating 8j under vacuum no reaction took place and there was no evidence for the
formation of [W(PNP"e-iPr)(CO)l,]. Likewise, treatment of 6j with CO for several hours
did not result in the formation of [Mo(PNP"®-iPr)(CO),l,].

An extra example was done over time by monitored in the *P{'H} NMR
spectroscopy the reaction of [WPNPY-Ph(CO)s] with iodine in CD,Cl, in an NMR tube
(Figure 5.9.). In the beginning the complex [WPNP“-Ph(CO)s] exhibit one singlet
resonance, upon addition of iodine is observed an extra signals correspondent of
[WPNPY-Ph(CO)sl] at high field. Over time the first signal disappear and a second one
appear correspondent to the [WPNPM-Ph(CO),l,] at lowfield compared to the
[WPNPY-Ph(CO)sl], until only the final complex [WPNPYe-Ph(CO),l,] is observed.

93



Chapter 5 — Halocarbonyl Molybdenum and Tungsten PNP
pincer complexes

24h

WPNP"Ph(CO), +1,

— — .._AK._‘_‘.._..‘_LA.A.__._.__.,.__._..‘_A“_k_m__,«_\.“JL.,__w,‘,g“k_.
WPNP"“Ph(CO), +I,
" f\ .
WPNP"Ph(CO), +I,
15 min. \
WPNP"Ph(CO), +1,
5 min. ‘_,J\__
WPNP"°Ph(CO),

123 121 19 17 115 13 m 109 107 105 103 101 99 97

ppom

WPNP"Ph(CO)_ +1, l

95 93 91 89 87 85

Figure 5.9. Synthesis of [VVPNPMe-Ph(CO)QIZ] monitored over time by 31P{1H} NMR

spectroscopy

These experiments clearly suggest that complexes of type | are intermediates
on the way to complexes of the types lll and IV, but compounds of the type lll are

apparently not intermediates on the way to complexes of the type IV (Scheme 5.11.).
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Scheme 5.11. Synthesis of seven and six-coordinate halogencarbonyl Mo and W

In order to get a better understanding of the mechanism of the above reactions,
DFT calculations were performed. First, the free energy values presented in Figure
5.10. indicate that practically all reactions are thermodynamically controlled. The

seven-coordinate neutral complexes of type lll are the most stable species for most
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combinations of metal and PNP ligand and, thus, are the observed products in most

cases.
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PNPMe_ph 8.6 @ 4.5 M = Mo
PNPPM-Et 16.2 @ 15.5 M = Mo
PNPMe_jpr 9.1 @ 17.8 M=W

Figure 5.10. DFT calculated free energies (in kcal/mol) of bromocarbonyl complexes referred to

[M(PNP)(CO)2Br,] (1l

The cationic complex of type | is obtained in the case of the PNP ligand with a
NH linker, in accordance its relative stability calculated by DFT. Interestingly, the
existence of an H-bond between the N-H group in the PNP ligand and the bromide

counter ion stabilizes the corresponding ion pair by 10.9 kcal/mol.
The special case of the PNP ligands with a NH linker, [Mo(PNP-{Bu)(CO)3Br], is

also under thermodynamic control proven by the free energy values depicted in Figure

5.11.. Unlike the other complexes with NH spacers, the halocarbonyl molybdenum

PNP-tBu complexes of type Il are the most stable species.

cO .
. H .
N— —PtBu2 Br N— —PtBu2 Br
—MO nu\\\\CO / N —Mo m\\\\\CO
HN— PtBu2 HN— PtBuz\

O -
= exp. obs.

Figure 5.11. DFT calculated free energies (in kcal/mol) of bromocarbonyl complexes referred to
[Mo(PNP-{Bu)(CO);Br]
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The only abnormality in the free values calculated for the complexes presented
in Figure 5.10. corresponds to the Mo complex with PNP"°-iPr. Here, the observed
product is the six-coordinated complex with structure IV being also the least stable one
of all three species with a free energy value 15.5 kcal/mol higher than complex I, the
most stable one. In this case the product obtained is not the thermodynamic product of
the reaction and, thus, we studied the reaction mechanism trying to find a kinetic
reason for the formation of complex IV. The free energy profiles obtained are
represented in Figures 5.12. and 5.13..

The mechanism starts with the ion pair [Mo(PNP-iPr)(CO);Br]Br, i.e., structure
I, labeled A in the profile of Figure 5.12.. Interestingly, this species is observed
experimentally if the reaction is performed in the presence of CO. In order to obtained
complex [Mo(PNP™e-iPr)(CO)Br,] with structure IV, the initial complex (A) has to lost
two CO ligands and to add one bromide to the metal center. The first step of the
mechanism corresponds to loss of the first CO ligand, from A. There are two
possibilities for that process to occur. The CO ligand lost can be one of the two
equatorial CO ligands (the equatorial plane being defined by the PNP ligand) or,
alternatively, it can be the axial one, trans to the Br-ligand in A. Both processes were
explored and are represented in Figure 5.12.. Loss of the axial CO leads to complex B,
and the corresponding barrier has a high value of 30 kcal/mol, corresponding to
transition state TSg.

On the other hand, dissociation of one equatorial CO ligand, from A to C,
presents a barrier significantly lower (19 kcal/mol, TSac) and, thus, will be the most
favourable process. In the last step, from D to E,' the bromine counter ion coordinates
the metal producing the neutral seven-coordinate complex [Mo(PNPYe-iPr)(CO),Br,],
with structure Ill. This process occurs smoothly with a negligible barrier of only 1
kcal/mol (TSpg). In short, formation of E, from A, is a rather facile process, plausible to
happen under the experimental conditions, with an overall barrier of 19 kcal/mol and a
favourable free energy balance of AG = -10 kcal/mol.

In order to obtain the observed product, [Mo(PNP"e-jPr)(CO)Br,] with structure
IV, there must be a second CO loss from the metal center and this must happen before
bromide coordination, because once the Br coordinates the metal, [Mo(PNP'\"e-
iPr)(CO).Brs] (E, with structure Ill) is formed and this is the thermodynamic product,

considerably more stable than the six-coordinate species. Thus, in the reaction path

"D and F are similar to C without the neighbour CO molecule.
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leading to [Mo(PNP"-jPr)(CO)Br,] there will be a second CO loss following the one

that yield intermediate C in the previous profile.

Figure 5.12. Energy profile for the dissociation of CO from [Mo(PNP™®-iPr)(CO);Br]Br (A) and
formation of seven-coordinate [Mo(PNPMG—iPr)(CO)ZBrZ] (E). The free energy values (kcal mol'1)

are referred to A

The profile for the formation of complex [Mo(PNP"¢-jPr)(CO)Br,] is represented
in Figure 5.13.. The path starts with F, corresponding to C without the free CO
molecule. From F, loss of another CO ligand leads to G, an intermediate with a five-
coordinated cationic complex in the ion pair [Mo(PNP™e-iPr)(CO)Br]Br. This process
has a high barrier of AG” = 35 kcal/mol (TSkg, relative to A) and is clearly unfavourable,
from the thermodynamic point of view (AG = 22 kcal/mol). G rearranges to H and, in a
final step, adds Br™ to yield the product, [Mo(PNP™®-iPr)(CO)Br,] (J).* This is a facile
process with barrier of only 1 kcal/mol (TSy) and a free energy balance of AG = -20
kcal/mol. Overall, the reaction path leading to the 6-coordinate complex J presents a

barrier of 35 kcal/mol and is endergonic with AG = 14 kcal/mol.

* J and I are similar to C without the neighbour CO molecule.
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Figure 5.13. Energy profile for the formation of six-coordinate [Mo(PNPMe—iPr)(CO)zBr] (J). The
free energy values (kcal mol™") are referred to [Mo(PNP“*-iPr)(CO);Br]Br (A)

In summary, the conclusions obtained from the DFT mechanistic studies, are
that the seven-coordinate complex, [Mo(PNP"®-iPr)(CO),Br,] (E) with a structure of
type lll should be the thermodynamic as well as the kinetic product. Since J is the
observed product this means that the reaction must follow an alternative path, not
described by the calculations, such as, for example, one involving radical
intermediates. This and other possibilities will be the subject of future mechanistic
studies. Through DFT calculations it was also possible to evaluate the electronic
structure of the unsaturated 16e low spin complex, 7j. In the frontier orbitals calculated
for complex 7j, one can observe the splitting of the metal d-orbitals that is expected in a
distorted octahedral d* complex. As expected, all orbitals represented in Figure 5.14.

have an important contribution from Mo d-orbitals.

98



Chapter 5 — Halocarbonyl Molybdenum and Tungsten PNP
pincer complexes

LUMO+7

|lzeg (1]
65% Mo

LUMO+2
49% Mo

62% Mo
LUMO

A by

HOMO

56% Mo J
12% Br

HOMO-1

51% Mo
17% Br

Figure 5.14. Frontier orbitals (d splitting) of [Mo(PNP"®-iPr)(CO)Br.] (7j)

There is a lower energy group of three orbitals that would correspond to the t2g
set in a perfect octahedral molecule, and then the two d orbitals pointing directly to the
coordinated atoms that would correspond to the 2.4 set in a symmetric molecule. In the
tyg set the first two orbitals are occupied, being HOMO-1 and HOMO, and show a Mo—
Br m* character indicating that the bromine ligands are acting as T-donors
compensating the electron deficiency of the molybdenum center. This is reflected in a
significant participation of the Br ligands on the electron density of those orbitals (see
Figure 5.14.). In the 2., set, the x*-y” orbital lies in an equatorial plane defined by the
three coordinating atoms of the PNP ligand and by the Br ligand trans to pyridine N-
atom, while the z? orbital points towards the two axial ligands, the Br-atom and the CO

ligand trans to each other.
5.3.2.Fluorine complexes
A small area of investigation in this thesis is the chemistry of carbonyl-

containing complexes of Mo and W with a variety of fluorinating agents. The addition of
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1 equiv. of 1-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate, a reagent acting as net
source of “F”, to a solution of [Mo(PNP"-Ph)(CO);] in CH;CN yielded the analogous
fluorine complex [Mo(PNPY-Ph)(CO),F,] (11k) in 93% isolated yield (Scheme 5.12.).

I+
co | N e F
N—(—=PPh, N N—\—::T\PPhZ
3 S F 0 N
7 N—NMo—CO Z_ N—Mo__
CH5CN co
N=PPh; N=PPh,
H3C co HsC Co

Scheme 5.12. Synthesis of the [Mo(PNP“®-Ph)(CO),F] complex

The long reaction time required (3 days) and the high yield of this reaction
clearly suggest that the BF, counterion acts as an additional fluoride source which has
indeed precedence in molybdenum and tungsten chemistry.” The complex is thermally
robust red to yellow solids and characterization was accomplished by elemental
analysis and by 'H, *'P{'"H} and "*C{'"H} NMR, and IR spectroscopy. Due to the poor
solubility and thus the low concentration of the some complexes, quaternary carbons
could not be detected or were completely precluded, thus solid-state >C NMR spectra
were recorded.

Identical to the other complexes of series PNP"e-Ph, the "*C{'"H} NMR spectra
give rise to two characteristic low-field triplet resonances assignable to the carbonyl

carbon atoms trans and cis to the pyridine nitrogen, respectively (Table 5.3.).

Table 5.3. Selected "°C{'H} and *'P{'H} NMR and IR data of the [Mo(PNP"*-Ph)(CO),(X),]

complexes
13 1 -1
C{'H}/& 31 o1 IR/cm
Complexes P{'H}/d

P CO CO {H} veo Veo
[Mo(PNPMe-Ph)(CO)ZIZ] (6k) 228.5 218.2 129.3 1946 1870
[Mo(PNPMe—Ph)(CO)ZBrZ] (7k) 224.8 225.7 133.2 1979 1858
[Mo(PNPMe-Ph)(CO)zclz] (10k) 257.6 215.1 135.2 2000 1974
[Mo(PN PMe-Ph)(CO)ZFz] (11Kk) 250.4 214.3 143.7 1977 1880

The *'P{"H} NMR spectra exhibit singlet resonance at 143.7 ppm, exhibit a
small downfield shift on going from | to Br to Cl to F, obviously directly related to the

increasing electronegativity of the halide ligands. Since the fluorine is much more
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electronegative then the other halides, it was expected that higher ppm values for the
fluorine complex.

The IR spectra show the typical two strong bands assignable to one symmetric
and one asymmetric vco stretching modes, for the mutually cis CO ligands. The values
suggest an ordering of Cl > Br > F > | for the better electron donors.

The characterization of the fluoride complex by means of ESI-MS detects a
different behavior from the other complexes of the same series [Mo(PNPMe-
Ph)(CO).X;]. This complex forms after loss of CO and NaF exclusively the cationic
fragment [Mo(PNP"°-Ph)(CO)F],** ([M-(CO+NaF)],>* which is apparently a doubly
charged dimer based on isotope spacings (0.5 Da). Higher molecular mass fragments
were not observed in this particular case.

Additionally, efforts to characterize this complex by single-crystal X-ray
diffraction were unsuccessful. The only achievement was after a few weeks appearing
dark red blocks corresponding to the compound [Moy4(p2-O,PPh,)4(u3-0)404], depicted
in Figure 5.15., apparently caused by the presence of oxygen. In 1989, Schirmer et al.
report a chloroform disolvate of the same compound, [Mo4(H2-O2PPhy)s(s-
0),04]-2CHCl;, accomplish from the Mo(PNP-Ph)(C0O),.*®

Figure 5.15. Structural view of [Mo4(u2-C12H100P2)4(u3-0)404], showing 50% thermal ellipsoids

(hydrogen atoms and solvent omitted for clarity).

Attempts to obtain the analogous fluorine complex [Mo(PNPY°-iPr)(CO)F,] (11j)
upon addition of 1 equiv. of 1-fluoro-2,4,6-trimethylpyridinium as the tetrafluoroborate
salt, which is known to act as net source of “F™ while the BF,~ counterion donates

fluoride ions,'® to a solution of [Mo(PNP"e-jPr)(CO)s] in CH,Cl, was unsuccessful.
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5.4. Conclusions

A comparative study of a series of halocarbonyl Mo(ll) and W(Il) complexes of
the types [M(PNP)(CO)s:X]X and [M(PNP)(CO).X;] (M = W, Mo; X = |, Br), featuring
PNP pincer ligands based on a 2,6-diaminopyridine scaffold, was carried out. The
synthesis of these complexes was accomplished by treatment of [Mo(PNP)(CO);] with
stoichiometric amounts of |, and Br,, respectively. The modification of the PNP ligand
by introducing NMe and NPh instead of NH spacers between the aromatic pyridine ring
and the P-atoms with concomitant modification of the phosphine moieties changed the
steric and electronic properties of the PNP ligand significantly and led to different types
of halocarbonyl complexes. While in the case of NH linkers in general cationic seven-
coordinate complexes of the type [M(PNP)(CO)s;X]" were obtained, with NMe and NPh
spacers neutral seven-coordinate complexes of the type [M(PNP)(CO).,X,] were
afforded. The only exception is the molybdenum in conjunction with the PNPMe-iPr
ligand, where the coordinatively unsaturated complex [Mo(PNPYe-iPr)(CO)X,] is
formed. For the two latter cases, when the reaction is performed in the presence of CO
also [M(PNP)(CO):X]* complexes are formed which slowly lose CO to yield the
[M(PNP)(CO),X;] and [M(PNP)(CO)X,], respectively. Upon treatment of
[Mo(PNP)(CO)l;] and [W(PNP)(CO),l;] with a Ag® salt in the presence of CO,
[Mo(PNP)(CO);l]" and [W(PNP)(CO)l]*, respectively, are quantitatively formed again.
These experiments clearly suggest that complexes of the type [M(PNP)(CO);X]" are
intermediates on the way to complexes of the types [M(PNP)(CO).X;] and
[M(PNP)(CO)X2].

In general, the halocarbonyl tungsten chemistry parallels that of molybdenum.
The only exception, where the coordinatively unsaturated complex [Mo(PNPMe-
iPr)(CO)X;] is formed, was study by DFT mechanistic revealing that the seven-
coordinate complexes should be thermodynamic as well as kinetic products. The fact
that [Mo(PNPMe-iPr)(CO)X,] is the observed product suggests that the reaction follows
an alternative path, for example, one involving radical intermediates. This and other

possibilities will be the subject of future mechanistic studies.
5.5. Experimental part

The metal precursors hexacarbonyl of molybdenum and tungsten as well as 1-
fluoro-2,4,6-trimethylpyridinium tetrafluoroborate were purchased from commercial
vendors. The precursor complexes [Mo(NCCH;),(CO)sls], [Mo(NCCH3),(CO);3Bry],
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[Mo(CQO)4(u-Br)Br],, [Mo(CO)4(u-CNCI], and [W(CO)4(u-Br)Br], were prepared according
to the literature.™

All solid-state ®C NMR spectra were recorded on a Bruker Avance-300
spectrometer (standard bore), equipped with a 4 mm broad-band MAS probe-head and
ZrO, rotors. The rotational speed for all experiments was 12 kHz.

All mass spectrometric measurements were performed on an Esquire 3000°"
3D-quadrupole ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) in
positive-ion mode electrospray ionization (ESI-MS). Mass calibration was done with a
commercial mixture of perfluorinated trialkyl-triazines (ES Tuning Mix, Agilent
Technologies, Santa Clara, CA, USA). All analytes were dissolved in methanol or
acetonitrile hypergrade for LCeMS Lichrosolv (Merck,Darmstadt, Germany) to a
concentration of roughly 1 mg/mL and doped with sodium halides (Merck, Darmstadt,
Germany) to promote [M + Na]'-adduct ion formation of the neutral molybdenum
complexes as previously described for titanium and zirconium complexes.?®?' Direct
infusion experiments were carried out using a Cole Parmer model 74900 syringe pump
(Cole Parmer Instruments, Vernon Hills, IL, USA) at a flow rate of 2 uL/min. Full scan
and MS2-scans were measured in the mass range m/z 100-1100 with the target mass
set to m/z 1000. Further experimental conditions include: dry gas temperature: 150 °C;
capillary voltage: -4 kV; skimmer voltage: 40 V; octapole and lens voltages: according
to the target mass set. Helium was used as buffer gas for full scans and as collision
gas for MS2-scans in the low energy CID mode. The activation and fragmentation
width for tandem mass spectrometric (MS/MS) experiments was set to 14 Da to cover
the entire isotope cluster for fragmentation. The corresponding fragmentation amplitude
ranged from 0.3 to 0.8 V in order to keep a low abundant precursor ion intensity in the
resulting spectrum. All mass calculations are based on the lowest mass molybdenum
isotope (**Mo-isotope) and tungsten ("®W-isotope). Mass spectra and tandem mass
spectra were averaged during data acquisition time of 1 to 2 min and one analytical
scan consisted of five successive microscans resulting in 50 and 100 analytical scans,

respectively, for the final mass spectrum or MS2 spectrum.$
5.5.1.Syntheses

General synthetic procedure for halocarbonyl molybdenum and tungsten
complexes: To a solution of [M(PNP)(CO);3] (M = Mo (2a-2n), W (3a-3n)) (0.300 mmol)

$The same experimental conditions in the following chapters.
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in CH,Cl> (10 mL) was added 1 equiv. of |, (0.300 mmol). In the case of Br, (0.300
mmol), the reaction was performed at -78 °C and slowly warmed to room temperature.
In both cases, the reaction was stirred for 18 h. After this period the solution was
filtered, solvent was removed under vacuum, and the solid was washed twice with Et,O
and n-pentane and then dried under vacuum.

Method B: A solution of [Mo(CH3;CN),(CO)3X5] (X = 1, Br) (0.300 mmol) in
CH3;CN (10 mL) was treated with 1 equiv. of PNP (0.300 mmol). The solution was
stirred for 18 h and then filtrated. The product was washed twice with Et,O and n-
pentane and then dried under vacuum to yield a powder.

Method C: A solution of [Mo(CO)4(u-Br)Br], (0.300 mmol) in CH,CI, (10 mL)
was treated with 2 equiv. of PNP (0.600 mmol) and was stirred for 18 h. After this
period the solution was filtered, the solvent was removed under reduced pressure, and

the remaining solid was washed twice with Et,O and n-pentane.

[Mo(PNP-Et)(CO).l.] (6a)

HN—PEt,
co

The product was obtained as yellow solid in 96.9% vyield. Anal. Calcd. for
C15H2s1,MoN3O,P, (691.09). C, 26.07; H, 3.65; N, 6.08. IR (ATR, cm™): 1967 (vco),
1853 (VCO).

[Mo(PNP-Cy)(CO);l]I (6¢c)

co T,
H I
N— —\\\PCyz

S

7 S\\—M g,..m\\\\ co

HN—PCy, co

The product was obtained as an orange-red solid in 87% yield. Anal. Calcd. for
CazHagl2MON3O5P, (935.48): C, 41.09; H, 5.28; N, 4.49. Found: C, 40.98; H, 5.33; N,
4.57. "H NMR (3, CD,Cl,, 20 °C): 7.94 (s, 2H, NH), 7.03 (br, 1H, py*), 6.98 (br, py*°),
1.94-1.32 (m, 22H, Cy), 1.28-0.86 (m, 22H, Cy). *C{'"H} NMR (8, CD,ClI,, 20 °C): 232.8
(t, J = 19.5 Hz, CO), 215.5 (t, J = 13.0 Hz, CO), 160.2 (py>®), 142.6 (py*), 103.0 (py*?),
42.6 (vt, J = 10.8 Hz, Cy), 41.6 (vt, J = 11.5 Hz, Cy), 30.1-28.1 (Cy), 27.3-26.5 (Cy),
26.1-25.6 (Cy). *'P{'"H} NMR (8, CD,Cl,, 20 °C): 109.0. IR (ATR, cm™): 2027 (vco),
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1964 (vco), 1928 (vco). ESI-MS (m/z, CH;CN) positive ion: 804.0 [M]*, 776.0 [M -
COJ’, 748.1 [M - 2COT".

[Mo(PNP-Cy)(CO);Br]Br (7c)

co a4+

H Br
N—I|—Pcy, r
s

D)\ e
HN—PCy,
Br

CO

The product was obtained as an yellow solid in 85% yield. Anal. Calcd. for
CazH4sBroMoN; 03P, (841.48): C, 45.68; H, 5.87; N, 4.99. Found: C, 45.57; H, 5.93; N,
5.20. '"H NMR (3, CD,Cl,, 20 °C): 9.03 (s, 2H, NH), 7.20 (br, 3H, py*, py*°), 2.03-1.60
(m, 22H, Cy), 1.48-1.24 (m, 22H, Cy). *C{'"H} NMR (5, CD,Cl,, 20 °C): 234.8 (t, J =
17.0 Hz, CO), 218.2 (t, J = 13.9 Hz, CO), 160.2 (py*®), 142.5 (vt, J = 16.6 Hz, py?),
102.2 (py*®), 41.3 (vt, J = 11.7 Hz, Cy), 39.9 (vt, J = 10.7 Hz, Cy), 30.1-28.4 (m, Cy),
28.0-26.6 (m, Cy), 26.5-25.3 (m, Cy). *'P{"H} NMR (8, CD.Cl,, 20 °C): 109.6. IR (ATR,
cm™): 2037 (veo), 1970 (veo), 1936 (veo).

[Mo(PNP-tBu)(CO)sl]l (6d)
co a4+

H
N—|—PtBu,
S
Y MEj--“‘“‘“ co
HN—P(Bu,
CcO

The product was obtained as a green solid in 96% vyield. Anal. Calcd. for
CasH411:MoN305P, (832.98): C, 34.67; H, 4.97; N, 5.77. Found: C, 34.28; H, 4.31; N,
5.46. "H NMR (8, CD,Cl,, 20 °C): 7.58 (t, J = 7.1 Hz, 1H, py*), 7.45 (d, J = 7.6 Hz, 1H,
py>°), 7.23 (d, J = 7.6 Hz, 1H, py*®), 6.71 (d, J = 6.1 Hz, 1H, NH), 6.06 (d, J = 6.6 Hz,
1H, NH), 1.64 (d, J = 14.1 Hz, 18H, CHj), 1.58 (d, J = 15.0 Hz, 18H, CHs). *C{'H}
NMR (8, CD,Cl,, 20 °C): 219.0 (dd, J = 42.2 Hz, J = 7.5 Hz, CO), 208.2 (dd, J = 10.0
Hz, J = 8.0 Hz, CO), 160.5 (dd, J = 6.3 Hz, J = 2.3 Hz, py?®), 158.9 (dd, J = 6.0 Hz, J =
1.8 Hz, py*®), 142.8 (py*), 104.6 (d, J = 5.7 Hz, py*®), 104.3 (d, J = 2.8 Hz, py*°), 45.3
(d, J = 7.4 Hz, C(CHa)s), 44.4 (d, J = 11.7 Hz, C(CHs)s), 30.1 (d, J = 2.3 Hz, CH3), 29.5
(d, J = 3.0 Hz, CH5). *'P{'"H} NMR (8, CD,Cl,, 20 °C): 137.6 (d, J = 50.3 Hz), 108.2 (d,
J =50.3 Hz). IR (ATR, cm™): 2070 (vco), 1935 (veo), 1867 (vco). ESI-MS (m/z, CH;CN)
positive ion: 701.0 [M]", 673.0 [M - COJ*, 645.0 [M - 2COJ".
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[Mo(PNP-tBu)(CO);Br]Br (7d)

co L
H -
N—|—pBu, B
S
2 \ N MS W CO

/ \Br

HN—P{Bu,
co

The product was obtained as a green solid in 96% yield. Anal. Calcd. for
C24H41Brz,MoN;05P, (737.32): C, 39.10; H, 5.60; N, 5.70. Found: C, 39.28; H, 5.27; N,
5.51. 'TH NMR (5, CD,Cl,, 20 °C): 8.30 (br, 1H, py*), 7.50 (br, 1H, py*®), 7.16 (d, J = 4.2
Hz, 1H, py*®), 6.26 (d, J = 5.4 Hz, 1H, NH), 5.41 (d, J = 8.2 Hz, NH), 1.54 (d, J = 14.6
Hz, 18H, CH3), 1.43 (br, 18H, CH3). *C{"H} NMR (5, CD,Cl,, 20 °C): 220.4 (dd, J = 7.3
Hz, J = 2.1 Hz, CO), 209.6 (dd, J = 13.3 Hz, J = 6.6 Hz, CO), 161.1 (dd, J=7.1 Hz, J =
3.8 Hz, py*®), 160.6 (dd, J = 6.7 Hz, J = 2.4 Hz, py*®), 140.1 (py*), 103.8 (d, J = 5.2 Hz,
py*®), 103.5 (d, J = 3.8 Hz, py*°), 44.6 (d, J = 7.7 Hz, C(CHs)3), 44.2 (d, J = 7.4 Hz,
C(CHs);), 30.8 (d, J = 7.1 Hz, CH3), 28.8 (d, J = 10.8 Hz, CHs). *'P{"H} NMR (3,
CD,Cl,, 20 °C): 139.8 (d, J = 43.6 Hz), 113.2 (d, J = 43.6 Hz). IR (ATR, cm™): 2029
(Vo) 1919 (veo), 1805 (veo)

[Mo(PNP-BIPOL)(CO),l,] (6g)

|
',,""'mil","” "

%.

ZT

0

Y
9

A

CcO

The product was obtained as a yellow solid in 95% vyield. Anal. Calcd. for
Cs1Ha211,MON3O6P;, (944.24). C, 39.43; H, 2.35; N, 4.45. IR (ATR, cm™): 2008 (vco),
1900 (VCO).

[Mo(PNPYe-Et)(CO),l,] (6i)

H3C\ I

z
|
|

"y,
| ity

%.

T
m
5

\) S
= N Mo
— \

co
N—PEt,
HaC co

The product was obtained as an orange-red solid in 86% yield. Anal. Calcd. for
C17H2912MON3;0,P, (719.15): C, 28.39; H, 4.06; N, 5.84. Found: C, 28.13; H, 3.89; N,
5.67. "H NMR (8, CD,Cl,, 20 °C): 7.53 (it, J = 8.2 Hz, J = 1.1 Hz, 1H, py*), 5.99 (d, J =
8.2 Hz, 2H, py*®), 3.21-3.09 (m, 2H, CH,), 3.01 (d, J =4.1 Hz, 6H, NCH3), 2.59-2.47 (m,
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2H, CH,), 2.26-2.17 (m, 2H, CH,), 1.98-1.86 (m, 2H, CH,),1.09-1.00 (m, 12H, CHy).
3C{'H} NMR (8, CD,Cl,, 20 °C): 257.9 (t, J = 41.6 Hz, CO), 224.6 (t, J = 8.8 Hz, CO),
161.7 (t, J = 7.5 Hz, py?*®), 143.3 (py*), 99.0 (t, J = 1.9 Hz, py*®), 35.2 (t, J = 3.2 Hz,
NCHs), 24.9-24.4 (m, CH,), 20.5-19.9 (m, CH,), 8.9 (t, J = 4.1 Hz, CH3), 7.1 (t, J = 3.9
Hz, CHs). *'P{'"H} NMR (8, CD,Cl,, 20 °C): 135.9. IR (ATR, 25 °C): 1964 (vco), 1840
(vco). ESI-MS (m/z, CH3CN) positive ion: 710.88 [M + Na - COJ*, 560.99 [M - (CO +
Nal)]".

Mo(PNP"*-Et)(CO).Br.] (7i)

H3C Br o

[

/
iy,

N—\—5§—PEt

" Ms“‘
o]
/ \CO
N—PEt,

HaC co

The product was obtained as an yellow solid in 84% yield. Anal. Calcd. for
C17H26Br,MoN;0;P, (624.92): C, 32.66; H, 4.68; N, 6.72. Found: C, 31.28; H, 4.23; N,
6.47. '"H NMR (8, CD,Cl,, 20 °C): 7.53 (t, J = 8.2 Hz, 1H, py*), 6.02 (d, J = 8.2 Hz, 2H,
py>?), 3.02 (d, J = 4.1 Hz, 6H, NCH3), 2.96-2.86 (m, 2H, CH,), 2.39-2.27 (m, 2H, CH,),
2.20-2.09 (m, 2H, CH,), 1.91-1.80 (m, 2H, CH,), 1.13-1.05 (m, 6H, CHs), 1.04-0.97 (m,
6H, CHs). *C{"H} NMR (8, CD.Cl,, 20 °C): 263.2 (t, J = 42.9 Hz, CO), 225.8 (t, J = 9.0
Hz, CO), 161.1 (t, J = 7.4 Hz, py?*®), 143.2 (py*), 98.9 (t, J = 1.9 Hz, py®*®), 34.9 (t, J =
3.0 Hz, NCH;), 25.0-24.5 (m, CH,), 17.9-17.3 (m, CH,), 8.3 (t, J = 3.9 Hz, CH,), 7.4 (t, J
= 3.9 Hz, CHs). *'P{"H} NMR (5, CD.Cl,, 20 °C): 140.8. IR (ATR, 25 °C): 1966 (vco),
1834 (vco).

[Mo(PNP"e-iPr)(CO)l,] (6j)

|
HiC

N—I—PiPr,

/

N—PiPr,
HsC

Cco

The product was obtained as an green solid in 90% vyield. Anal. Calcd. for
C20H371,MoN3OP, (747.23): C, 32.15; H, 4.99; N, 5.62. Found: C, 32.19; H, 5.09; N,
5.58. 'TH NMR (5, CD,Cl,, 20 °C): 7.66 (t, J = 8.3 Hz, 1H, py), 6.22 (d, J = 8.3 Hz, 2H,
py), 3.13 (s, 6H, NCH3), 2.88-2.79 (m, 2H, CH), 2.52-2.29 (m, 2H, CH), 1.52-1.22 (m,
18H, CHs), 0.72 (d, J = 6.9 Hz, 3H, CHs), 0.66 (d, J = 6.9 Hz, 3H, CHs). *C{'"H} NMR
(8, CD,Cl,, 20 °C): 247.3 (t, J = 26.5 Hz, CO), 162.0 (t, J = 7.6 Hz, py*®), 142.3 (py*),
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99.1 (py*®), 34.4 (t, J = 2.7 Hz, NCHs), 30.2 (d, J = 28.8 Hz, CH), 20.0 (d, J = 18.3 Hz,
CH), 19.2 (CHj), 17.8 (CHs), 17.7 (CHj), 16.9 (CHs). *'P{'"H} NMR (5, CD,Cl,, 20 °C):
190.4. IR (ATR, cm™): 1824 (vco). ESI-MS (m/z, CH;CN, Nal) positive ion: 764.9 [M
+ NaJ’, 616.1 [M - I]". In the presence of air: 604.1 [M - (I + CO) + O]", 620.0 [M - (I +
CO) + 207", 493.1 [M - (2 + CO) + 207".

[Mo(PNP"-iPr)(CO)Br,] (7j)

HsC, il
3
N

N—|-PiPr2

/7

N—PiPr,
co

H3C

The product was obtained as a blue solid in 95% vyield. Anal. Calcd. for
C20H37BroMoN3;OP, (653.23): C, 36.77; H, 5.71; N, 6.43. Found: C, 36.65; H, 5.59; N,
6.42. C, 36.77; H, 5.71; N, 6.43. "H NMR (5, CD,Cl,, 20 °C): 7.58 (t, J = 8.3 Hz, 1H,
py), 6.21 (d, J = 8.0 Hz, 2H, py), 3.14 (s, 6H, NCH3), 2.89-2.70 (m, 2H, CH), 2.69-2.48
(m, 2H, CH), 1.52 (d, J = 6.9 Hz, 3H, CH3), 1.45 (d, J = 6.8 Hz, 3H, CH3), 1.37-1.23 (m,
12H, CHs), 0.71 (d, J = 7.0 Hz, 3H, CHs), 0.64 (d, J = 7.0 Hz, 3H, CHs). *C{'"H} NMR
(8, CD,Cly, 20 °C): 247.9 (t, J = 32.0 Hz, CO), 161.5 (t, J = 8.1 Hz, py*®), 141.0 (py*),
98.2 (py*®), 34.6 NCHs), 30.2 (d, J = 29.1 Hz, CH), 20.3 (d, J = 24.5 Hz, (CH,), 18.2
(CH3), 17.9 (CHs), 17.5 (CH3), 16.3 (CHs). *'P{"H} NMR (5, CD,Cl,, 20 °C): 195.2. IR
(ATR, cm™): 1816 (vco). ESI-MS (m/z, CH;CN, NaBr) positive ion: 670.0 [M + Na]’,
568.1 [M - Br]". In the presence of air: 556.1 [M - (Br + CO) + Q]", 572.1 [M - (Br + CO)
+20]", 493.1 [M - (2Br + CO) + 20]".

[Mo(PNP"-Ph)(CO).l,] (6k)

H3C\ I

j
i)
2, [y —

Al

T

T

=
Iy

~ "\ M
o]
/ \CO
N—PPh,
HaC co

The product was obtained as an red solid in 81% yield. Anal. Calcd. for
CasHaoloN30,P,Mo (911.31): C, 43.49; H, 3.21; N, 4.61%. Found: C, 43.30; H, 3.18; N,
4.73%. "H NMR (5, CD,Cl,, 20 °C): 7.86 (t, J = 8.2 Hz, 1H, py*), 7.63 (t, J = 8.2 Hz, 4H,
Ph?®), 7.52 (t, J = 7.0 Hz, 2H, Ph?), 7.41 (t, J = 6.9 Hz, 4H, Ph?°), 7.07 (t, J = 7.2 Hz,
2H, Ph*), 6.85 (t, J = 7.1 Hz, 4H, Ph®®), 6.60 (t, J = 7.3 Hz, 4H, Ph*°), 6.36 (d, J = 8.2
Hz, 2H, py*®), 3.14 (s, 6H, NCH3). *C{'"H} NMR (3, CD,Cl,, 20 °C): 162.1-163.1 (m,
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py>®), 144.8 (py*), 138.7 (t, J = 5.7 Hz, py*®), 132.6 (Ph*),130.6 (t, J = 5.7 Hz, Ph®?),
130.5 (Ph*), 129.0 (t, J = 4.9 Hz, Ph*®), 128.3 (t, J = 5.5 Hz, Ph?°), 100.3 (py>®), 36.1
(NCHs). The quaternary Ph and CO carbon atoms could not be detected. *C solid-
state NMR (5, 12 kHz, 25 °C): 228.5 (CO), 218.2 (CO). *'P{'"H} NMR (3, CD,Cl,, 20
°C): 129.3. IR (ATR, cm™): 1946 (vco), 1870 (vco). ESI-MS (m/z, CH;OH, Nal)
positive ion: 901.88 [M + Na - COJ*, 751.99 [M - (CO + Nal)]".

Mo(PNP"¢-Ph)(CO),Br,] (7k)

HC. Br &

\N— —S—PPh
Z  N—Mo.
7 ~co
N—PPh,
HsC Co

iy

The product was obtained as an yellow solid in 84% yield. Anal. Calcd. for
Ca3H2eBraN;O,P,Mo (817.31): C, 48.50; H, 3.58; N, 5.14%. Found: C, 48.42; H, 3.63;
N, 5.06%. '"H NMR (3, CD,Cl,, 20 °C): 7.84 (t, J = 7.8 Hz, 1H, py*), 7.63 (t, J = 7.4 Hz,
4H, Ph?®), 7.53 (t, J = 7.2 Hz, 2H, Ph4), 7.44 (t, J = 7.1 Hz, 4H, Ph?°), 7.16 (t, J = 7.2
Hz, 2H, Ph%), 6.93 (t, J = 7.2 Hz, 4H, Ph*°), 6.64 (t, J = 8.0 Hz, 4H, Ph*°), 6.39 (d, J =
8.0 Hz, 2H, py*®), 3.11 (s, 6H, NCH3). *C{'H} NMR (5, CD,Cl,, 20 °C): 161.4-161.6
(m, py*®), 144.6 (py*), 137.6 (t, J = 6.0 Hz, py*®), 135.8 (d, J = 45.9 Hz, Ph'), 132.2
(Ph%), 130.3 (t, J = 4.9 Hz, Ph*®°), 130.2 (Ph*), 129.3 (d, J = 56.2 Hz, Ph"), 128.5 (t, J =
4.8 Hz, Ph*®°), 128.2 (t, J = 5.5 Hz, Ph?®), 100.1 (py*®), 35.9 (s, NCH3). The quaternary
CO carbon atoms could not be detected. *C solid-state NMR (5, 12 kHz, 25 °C):
244 .8 (CO), 225.7 (CO). *'P{'"H} NMR (3, CD,Cl,, 20 °C): 133.2. IR (ATR, cm™): 1979
(vco), 1858 (vco). ESI-MS (m/z, CH;0H, NaBr) positive ion: 805.91 [M + Na - COJ’,
704.00 [M - (CO + NaBr)]".

[Mo(PNPP"-Et)(CO)l,] (61)

Ph |

gy,
T
m
o
N

.

N—PEt,
Ph co

The product was obtained as an yellow solid in 96% vyield. Anal. Calcd. for
Ca7H33l.MoN3O,P; (843.430): C, 38.46; H, 3.94; N, 4.98%. Found: C, 38.37; H, 4.10; N,
4.88%. 'H NMR (5, CD,Cl,, 20 °C): 8.2 (d, J = 6.9 Hz, 2H, Ph), 7.53-7.46 (m, 2H, Ph),
7.45-7.34 (m, 4H, Ph), 7.08 (vt, J = 8.1 Hz, 3H, Ph, py*), 5.39 (d, J = 8.1 Hz, 2H, py*®),
3.22-3.01 (m, 2H, CH,), 2.49-2.25 (m, 4H, CH,), 1.98-1.85 (m, 2H, CH,), 1.17 (dt, J =

109



Chapter 5 — Halocarbonyl Molybdenum and Tungsten PNP
pincer complexes

14.2 Hz, J = 7.4, 6H, CHs), 1.10-0.94 (m, 6H, CHs). *C{'"H} NMR (8, CD,Cl,, 20 °C):
258.3 (t, J = 4.2 Hz, CO), 224.3 (t, J = 4.8 Hz, CO), 162.6 (vt, J = 8.2 Hz, py?®), 142.4
(Ph), 138.1 (py*), 131.1 (Ph), 130.7 (Ph), 129.9 (Ph), 129.6 (Ph), 129.1 (Ph), 101.0
(py>®), 26.0 (vt, J = 9.2 Hz, CH,) 24.0-23.4 (m, CH,), 9.1 (CH5), 7.1 (CH5). *'P{'"H} NMR
(6, CD,Cl,, 20 °C): 133.3. IR (ATR, cm™): 1974 (vco), 1850 (vco). ESI-MS (miz,
CH;CN, Nal) positive ion: 861.8 [M + Na]*, 833.8 [M + Na - COJ", 711.8 [M - I]*, 683.9
M- (I + CO)J".

[Mo(PNPP"-Et)(CO),Br,] (71)

Ph.  Br O
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The product was obtained as an yellow solid in 94% yield. Anal. Calcd. for
Ca7H33Br.MoN;0,P, (749.30): C, 43.28; H, 4.44; N, 5.61%. Found: C, 43.27; H, 4.53;
N, 5.80%. '"H NMR (8, CD,Cl,, 20 °C): 8.0 (d, J = 8.0 Hz, 2H, Ph), 7.51-7.47 (m, 2H,
Ph), 7.44-7.36 (m, 4H, Ph), 7.09-7.04 (m, 3H, Ph, py*), 5.39 (d, J = 8.2 Hz, 2H, py*°),
2.94-2.82 (m, 2H, CH,), 2.31-2.23 (m, 4H, CH,), 1.67-1.54 (m, 2H, CH,), 1.20-1.12 (m,
6H, CHs), 1.02-0.93 (m, 6H, CHs). *C{'H} NMR (8, CD,Cl,, 20 °C): 263.0 (t, J = 41.3
Hz, CO), 225.0 (t, J = 8.9 Hz, CO), 161.8 (vt, J = 8.2 Hz, py*®), 142.1 (Ph), 138.0 (vt, J
= 3.3 Hz, py*), 131.1 (Ph), 130.7 (Ph), 129.7 (Ph), 129.1 (Ph), 128.9 (Ph), 100.8 (py*®),
25.6 (vt, J = 10.4 Hz, CH,) 21.3 (vt, J = 18.5 Hz, CH,), 8.4 (vt, J = 2.4 Hz, CH3), 7.2 (t,
J = 3.5 Hz, CHs). *'P{'"H} NMR (5, CD,Cl,, 20 °C): 138.1. IR (ATR, cm™): 1975 (vco),
1848 (vco).

[Mo(PNPP"-nPr)(CO),l,] (6m)

Ph I
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The product was obtained as an yellow-brown solid in 97.2% vyield. Anal. Calcd. for
C31H41MoN3O,P, (899.39). C, 41.40; H, 4.59; N, 4.67. Found: C, 41.07; H, 4.13; N,
4.31%. "H NMR (8, CD,Cl,, 20 °C): 8.17 (d, J = 7.2 Hz, 2H Ph), 7.54-7.47 (m, 2H, Ph),
7.46-7.37 (m, 4H, Ph), 7.10-7.01 (m, 3H, Ph, py*), 5.36 (d, J = 8.1, 2H, py*®), 3.15-3.03
(m, 2H, CHy), 2.36-2.21 (m, 4H, CH,), 1.82-1.67 (m, 2H, CH,), 1.63-1.48 (m, 8H, CH,),
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0.97 (vt, J = 7.2 Hz, 6H, CH3), 0.93-0.85 (m, 6H, CH;). *C{'"H} NMR (8, CD,Cl,, 20 °C):
258.3 (t, J = 5.6 Hz, CO), 224.2 (t, J = 9.2 Hz, CO), 162.3 (vt, J = 8.2 Hz, py?®), 142.2
(Ph), 138.0 (py*), 131.0 (Ph), 130.8 (Ph), 130.0 (Ph), 129.1 (Ph), 128.9 (Ph), 100.8
(py*®), 36.0 (vt, J = 9.1 Hz, CH,), 32.7 (vt, J = 18.8 Hz, CH,), 18.1 (CH,), 17.0 (CHy),
15.6 (vt, J = 6.3 Hz, CH3), 15.5 (vt, J = 5.3 Hz, CH5). *'P{"H} NMR (8, CD,Cl,, 20 °C):
127.9. IR (ATR, cm™): 1954 (vco), 1831 (vco). ESI-MS (m/z, CH;CN, Nal) positive
ion: 918.9 [M + NaJ*, 890.9 [M + Na - COJ", 768.9 [M - I, 741.0 [M - (I + CO)]".

[W(PNP-Et)(CO),l,] (8a)

H
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The product was obtained as yellow solid in 88.9% yield. Anal. Calcd. for
Ci5Has1,WN3OLP, (778.97). C, 23.13; H, 3.23; N, 5.39. IR (ATR, cm™): 1963 (vco), 1849

(vco)-

[W(PNP-Cy)(CO)gl]I (8¢c)

N— —PCy2

< m\\\\ CcOo

HN— PCy2

The product was obtained as an orange-red solid in 89% yield. Anal. Calcd. for
CazHagl2WN30,P; (1023.36): C, 37.56; H, 4.83; N, 4.11%. Found: C, 37.64; H, 4.88; N,
4.00. "H NMR (5, CD,Cl,, 20 °C): 8.25 (s, 2H, NH), 7.31 (t, J = 7.8 Hz, 1H, py*), 7.20 (d,
J =7.6 Hz, 2H, py*®), 2.00-1.54 (m, 22H, Cy), 1.49-1.20 (m, 22H, Cy). *C{'H} NMR (3,
CD,Cly, 20 °C): 224.9 (t, J = 11.1 Hz, CO), 208.7 (t, J = 10.7 Hz, CO), 160.9 (vt, J = 4.8
Hz, py*®), 142.8 (py"), 102.2 (py*®), 41.7 (vt, J = 11.1 Hz, Cy), 41.4 (vt, J = 13.0 Hz,
Cy), 30.2-27.9 (m, Cy), 27.0-26.3 (m, Cy), 25.8-25.5 (m, Cy). *'P{'"H} NMR (8, CD,Cl,,
20 °C): 88.4 ('Ju, = 173.3 Hz). IR (ATR, cm™): 2022 (v¢o), 1951 (veo), 1915(veo). ESI-
MS (m/z, CH;CN) positive ion: 894.0 [M]*, 866.0 [M - COJ", 838.1 [M - 2COJ".
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[W(PNP-Cy)(C0)3Br]Br (9¢)

PCy2
—W m\\\\ CO

HN— PCy2

The product was obtained as a yellow-orange solid in 85% yield. Anal. Calcd. for
CazHaoBraWN;O,P, (929.36): C, 41.36; H, 5.31; N, 4.52%. Found: C, 41.47; H, 5.23; N,
4.60. '"H NMR (3, CD,Cl,, 20 °C): 9.33 (s, 2H, NH), 7.18 (br, 3H, py*, py*®), 1.97-1.54
(m, 22H, Cy), 1.47-1.18 (m, 22H, Cy). *C{'"H} NMR (8, CD,Cl,, 20 °C): 224.3 (t, J =
10.3 Hz, CO), 212.1 (t, J = 9.8 Hz, CO), 161.1 (vt, J = 4.9 Hz, py*®), 142.3 (py*), 101.7
(py*®), 41.1 (vt, J = 11.0 Hz, Cy), 39.0 (vt, J = 9.8 Hz, Cy), 29.5-28.7 (m, Cy), 27.6-26.3
(m, Cy), 26.0-25.5 (m, Cy). *'P{"H} NMR (8,CD,Cl,, 20 °C): 90.7 ('J,,, = 185.4 Hz). IR
(ATR, cm™): 2024 (vco), 1948 (veo), 1911 (veo).

W(PNP-BIPOL)(CO).l;] (8g)
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The product was obtained as a yellow solid in 95% vyield. Anal. Calcd. for
Cs1H211,WN306P, (1031.12). C, 36.07; H, 2.15; N, 4.07. Found: C, 35.87; H, 1.99; N,
3.86. IR (ATR, cm™): 2003 (vco), 1898 (vco).
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The product was obtained as yellow crystals in 87% vyield. Anal. Calcd. for
C1gH20l,WN3043P;, (807.03). C, 25.30; H, 3.62; N, 5.21. Found: C, 25.16; H, 3.33; N,
5.02. '"H NMR (8, CD,Cl,, 20 °C): 7.80 (it, J = 8.4 Hz, J = 1.3 Hz, 1H, py*), 6.50 (d, J =
8.4 Hz, 2H, py*®), 3.23 (d, J = 4.8 Hz, 6H, NCHs), 2.64-2.52 (m, 4H, CH,), 2.29-2.19
(m, 4H, CH,), 1.30-1.20 (m, 6H, CHs), 1.14-1.06 (m, 6H, CHs). *C{'"H} NMR (5,
CD,Cl,, 20 °C): 249.5 (t, J = 30.0 Hz, CO), 207.9 (t, J = 12.7 Hz, CO), 161.6 (vt,J=7.5
Hz, py*®), 143.5 (py*), 101.7 (d, J = 6,0 Hz, py*®), 34.6 (t, J = 2.9 Hz, NCCHs), 23.3 (vt,
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J = 33.9 Hz, CH,), 20.5 (vt, J = 32.4 Hz, CH,), 8.1 (t, J = 3.8 Hz, CH3), 6.5 (t, J = 3.4
Hz, CH;). *'P{'"H} NMR (3, CD,Cl,, 20 °C): 112.8 ('J,., = 253.0 Hz). IR (ATR, cm™):
1953 (vco), 1828 (vco).

[W(PNP"¢-Et)(CO).Br,] (9i)
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The product was obtained as yellow crystals in 90% vyield. Anal. Calcd. for
C1gH29Br,WN3;O4P, (713.03). C, 28.64; H, 4.10; N, 5.89. Found: C, 38.26; H, 3.99; N,
5.72."H NMR (5, CD,Cl,, 20 °C): 7.81 (t, J = 8.4 Hz, 1H, py*), 6.52 (d, J = 8.4 Hz, 2H,
py*°), 3.22 (d, J = 3.9 Hz, 6H, NCH3), 2.55-2.41 (m, 4H, CH,), 1.97-1.81 (m, 4H, CH,),
1.29-1.21 (m, 6H, CH3), 1.14-1.03 (m, 6H, CH;). *C{'"H} NMR (8, CD,Cl,, 20 °C): 257.0
(t, J = 31.1 Hz, CO), 211.3 (t, J = 12.1 Hz, CO), 162.0 (vt, J = 7.5 Hz, py*®), 143.0
(py*), 98.9 (br, py*®), 35.1 (t, J = 2.6 Hz, NCCH;), 25.0 (vt, J = 27.6 Hz, CH,), 20.9 (vt,
J =35.6 Hz, CH,), 8.5 (t, J = 3.7 Hz, CH3), 7.9 (t, J = 3.5 Hz, CH,). *'P{'"H} NMR (3,
CD,Cly, 20 °C): 118.8 ("Jy, = 249.0 Hz). IR (ATR, cm™): 1953 (v¢o), 1819 (veo).

[W(PNP"-iPr)(C0O).l,] (8j)
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The product was obtained as a yellow solid in 83% yield. Anal. Calcd. for
C21H371,WN30,P, (863.14): C, 29.22; H, 4.32; N, 4.87%. Found: C, 29.17; H, 4.40; N,
4.90. "H NMR (3, CD,Cl,, 20 °C): 7.64 (t, J = 8.3 Hz, 1H, py*), 6.06 (d, J = 8.3 Hz, 2H,
py*?), 3.98-3.71 (m, 2H, CH), 3.21 (d, J = 3.9 Hz, 6H, NCHj3), 2.99-2.70 (m, 2H, CH),
1.65 (dd, J =11.4 Hz, J = 7.2 Hz, 6H, CH3), 1.58-1.29 (m, 12H, CH3), 1.21 (dd, J =12.8
Hz, J = 7.4 Hz, 6H, CH3). *C{'"H} NMR (5, CD,Cl,, 20 °C): 225.3 (t, J = 13.5 Hz, CO),
204.2 (br, CO), 162.4 (vt, J = 7.2 Hz, py*®), 143.1 (py*), 99.0 (py>®), 38.1 (vt, J = 9.9
Hz, CH), 36.6 (t, J = 3.0 Hz, NCH3), 31.0 (vt, J = 14.4 Hz, CH), 22.5 (vt, J = 5.4 Hz,
CHs), 20.0 (CHs), 19.8 (vt, J = 3.1 Hz, CHs), 17.6 (CHs). *'P{'"H} NMR (8, CD,Cl,, 20
°C): 123.9 ("Jyp = 253.2 Hz). IR (ATR, cm™): 1946 (vco), 1823 (veo). ESI-MS (m/z,
CH;CN, Nal) negative ion: 987.9 [M + I]".
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[W(PNP"°.iPr)(CO),Br;] (9j)
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The product was obtained as a yellow solid in 81% vyield. Anal. Calcd. for
C21H3Br,WN;O,P, (769.14): C, 32.79; H, 4.85; N, 5.46%. Found: C, 32.80; H, 4.91; N,
5.53. "H NMR (8, CD,Cl,, 20 °C): 7.57 (t, J = 8.2 Hz, 1H, py*), 6.04 (d, J = 8.2 Hz, 2H,
py*°), 3.48-3.33 (m, 2H, CH), 3.13 (d, J = 3.9 Hz, 6H, NCH3), 2.80-2.56 (m, 2H, CH),
1.53 (dd, J = 12.2 Hz, J = 7.2 Hz, 6H, CH3), 1.39 (dd, J =20.3 Hz, J = 7.5 Hz, 6H, CHs),
1.24-1.08 (m, 12H, CHs). *C{'H} NMR (8, CD.Cl,, 20 °C): 228.3 (t, J = 11.9 Hz, CO),
210.1 (t, J = 11.0 Hz, CO), 161.8 (vt, J = 6.8 Hz, py*®), 143.0 (py*), 98.9 (py*°), 37.3
(vt, J = 9.3 Hz, CH), 36.4 (t, J = 2.9 Hz, NCH3), 28.5 (vt, J = 14.6 Hz, CH), 22.8 (vt, J =
4.5 Hz, CHs), 19.7 (vt, J = 2.2 Hz, CH3), 19.4 (CH3), 17.7 (CHs). *'P{"H} NMR (3,
CD,Cl,, 20 °C): 127.7 ('J,., = 246.5 Hz). IR (ATR, cm™): 1952 (v¢o), 1815 (vco).
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The product was obtained as a yellow solid in 89% vyield. Anal. Calcd. for
CasH2el,WN3O,P, (999.21): C, 39.67; H, 2.93; N, 4.21. Found: C, 39.56; H, 3.03; N,
4.18. "H NMR (8, CD,Cly, 20 °C): 7.81 (t, J = 8.2 Hz, 1H, py*), 7.59-7.51 (m, 4H, Ph),
7.43 (t, J = 6.9 Hz, 2H, Ph?), 7.33 (t, J = 7.0 Hz, 4H, Ph), 6.98 (t, J = 7.3 Hz, 2H, Ph),
6.78 (t, J = 6.9 Hz, 4H, Ph), 6.51 (t, J = 8.7 Hz, 4H, Ph), 6.28 (d, J = 8.3 Hz, 2H, py*®),
3.12 (d, J = 5.0, 6H, NCHs). *C{'"H} NMR (8, CD,Cl, 20 °C): 246.9 (t, J = 29.2 Hz,
CO), 222.2 (t, J = 7.0 Hz, CO), 163.0 (vt, J = 8.3 Hz, py*®), 144.0 (Ph), 138.4 (vt, J =
5.9 Hz, py*), 132.1 (Ph), 130.1 (vdd, J = 9.4 Hz, J = 4.4 Hz, Ph), 128.3 (vt, J = 5.0 Hz,
Ph), 127.8 (vt, J = 5.6 Hz, Ph), 99.7 (py*°), 36.1 (vt, J = 3.0 Hz, NCH3). *'P{'"H} NMR
(8, CD,Cl,, 20°C): 108.0 ('Ju.,, = 266.8 Hz). IR (ATR, cm™): 1952 (vco), 1850 (vco).
ESI-MS (m/z, CH;CN, Nal) positive ion: 1019.8 [M + Na]*, 991.9 [M + Na - COJ",
869.9 [M-1]", 841.9 [M - (I + CO)".
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The product was obtained as a yellow solid in 88% vyield. Anal. Calcd. For
CasH2oBroWN;O,P, (905.21): C, 43.79; H, 3.23; N, 4.64. Found: C, 43.88; H, 3.13; N,
4.70. "H NMR (8, CD,Cl,, 20 °C): 7.85 (t, J = 8.2 Hz, 1H, py*), 7.70-7.55 (m, 4H, Ph),
7.52-7.37 (m, 6H, Ph), 7.15 (t, J = 7.4 Hz, 2H, Ph), 6.94 (t, J = 6.9 Hz, 4H, Ph), 6.61 (t,
J = 8.6 Hz, 4H, Ph), 6.38 (d, J = 8.3 Hz, 2H, py*°), 3.12 (d, J = 5.0 Hz, 6H, NCH).
3C{'H} NMR (8, CD,Cl,, 20 °C): 249.0 (t, J = 12.7 Hz, CO), 223.8 (t, J = 9.1 Hz, CO),
162.2 (vt, J = 8.3 Hz, py?*®), 143.8 (Ph), 137.1 (vt, J = 5.8 Hz, py*), 131.9 (Ph), 130.6-
130.2 (Ph), 128.3 (vt, J = 4.9 Hz, Ph), 127.9 (vt, J = 5.6 Hz, Ph), 99.9 (vt, J = 2.4 Hz,
py>®), 36.1 (vt, J = 2.7 Hz, NCH3). *'P{'"H} NMR (8, CD,Cl,, 20°C): 112.7 ('J,., = 259.6
Hz). IR (ATR, cm™): 1953 (vco), 1859 (veo).
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The product was obtained as a yellow solid in 90% yield. Anal. Calcd. for
Ca7H33l,WN30,P, (931.18): C, 34.83; H, 3.57; N, 4.51%. Found: C, 34.90; H, 3.66; N,
4.41. "H NMR (8, CD,Cl,, 20 °C): 8.3 (d, J = 7.0 Hz, 2H, Ph), 7.58-7.49 (m, 4H, Ph),
7.45-7.34 (m, 1H, py*), 7.28-7.17 (m, 4H, Ph), 5.50 (d, J = 8.1 Hz, 2H, py*®), 3.38-3.11
(m, 2H, CH,), 2.66-2.40 (m, 4H, CH,), 2.19-1.94 (m, 2H, CH,), 1.37-1.24 (m, 6H, CH;),
1.16-1.00 (m, 6H, CH3). *C{'"H} NMR (5, CD,Cl,, 20 °C): 227.6 (t, J = 26.1 Hz, CO),
205.9 (t, J = 13.7 Hz, CO), 163.3 (vt, J = 7.3 Hz, py*°), 142.1 (Ph), 138.1 (py*), 130.8
(Ph), 130.6 (Ph), 129.8 (Ph), 129.5 (Ph), 129.0 (Ph), 100.7 (py*°), 26.1-25.4 (m, CH,),
24.0-22.8 (m, CH,), 9.1 (CHs), 7.3 (CHs). *'P{"H} NMR (8, CD,Cl,, 20 °C): 109.5 ("J,p
= 249.6 Hz). IR (ATR, cm™): 1958 (vco), 1826 (vco). ESI-MS (m/z, CH,CN, Nal)
negative ion: 1055.8 [M +I]".
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The product was obtained as a yellow solid in 88% yield. Anal. Calcd. for
Ca7H33Br,WN;0,P, (837.18): C, 38.74; H, 3.97; N, 5.02%. Found: C, 39.00; H, 4.03; N,
5.11. '"H NMR (5, CD,Cl,, 20 °C): 8.6 (d, J = 7.0 Hz, 2H, Ph), 7.65-7.47 (m, 4H, Ph),
7.33 (t, J = 3.0 Hz, 1H, py*), 7.24-7.16 (m, 4H, Ph), 5.51 (d, J = 8.2 Hz, 2H, py*®), 3.12-
2.86 (m, 2H, CH,), 2.58-2.27 (m, 4H, CH,), 2.91-1.62 (m, 2H, CH,), 1.38-1.18 (m, 6H,
CHs), 1.16-0.99 (m, 6H, CHs). *C{"H} NMR (5, CD.Cl,, 20 °C): 256.4 (t, J = 32.7 Hz,
CO0), 222.6 (t, J = 18.3 Hz, CO), 162.6 (vt, J = 7.7 Hz, py*®), 141.9 (Ph), 138.1 (py*),
130.9 (Ph), 130.7 (Ph), 129.8 (Ph), 129.1 (Ph), 128.9 (Ph), 100.7 (py*®), 26.3-24.7 (m,
CH,), 22.4-20.7 (m, CH,), 8.5 (CHj3), 7.7 (CHs). *'P{"H} NMR (5, CD,Cl,, 20 °C): 115.4
("Jwsp = 243.7 Hz). IR (ATR, cm™): 1952 (vco), 1823 (veo).

Synthetic procedures of the chloride complexes: A solution of [Mo(CO)4(p-
CNCI], (0.300 mmol) in CH,CI, (10 mL) was treated with 2 equiv. of PNP (0.600 mmol)
and the solution was stirred for 18 h. After this period the solution was filtered, the
solvent was removed under reduced pressure, and the remaining solid was washed

twice with Et,O and n-pentane.

[Mo(PNP"e-iPr)(CO)Cl,] (10j)
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The product was obtained as an blue-green solid in 92% yield. Anal. Calcd. for
C20H37CI,MoN;OP; (564.33): C, 42.57; H, 6.61; N, 7.45. Found: C, 42.65; H, 6.51; N,
7.55. 1H NMR (8, CD,Cl,, 20 °C): 7.58 (t, J = 8.8 Hz, 1H, py), 6.19 (d, J = 7.8 Hz, 2H,
py), 3.14 (s, 6H, NCHs), 2.89-2.74 (m, 2H, CH), 2.76-2.63 (m, 2H, CH), 1.51 (d, J=6.3
Hz, 3H, CHs), 1.44 (d, J = 6.3 Hz, 3H, CHj), 1.30 (m, 12H, CH3), 0.71 (d, J = 6.7 Hz,
3H, CHs), 0.65 (d, J = 6.7 Hz, 3H, CH3). *C{"H} NMR (5, CD,Cl,, 20 °C): 248.5 (t, J =
35.2 Hz, CO), 161.3 (t, J = 7.1 Hz, py?*®), 140.8 (py*), 97.9 (py*®), 34.4 (N(CHs),), 30.2
(d, J = 29.93 Hz, CH), 21.3 (d, J = 26.3 Hz, CH), 17.8 (CHs), 17.6 (CHs), 17.4 (CHs),
16.0 (CH5). *'P{'"H} NMR (5, CD,Cl,, 20 °C): 197.9. IR (ATR, cm™): 1813 (vco). ESI-
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MS (m/z, CH;CN, NaCl) positive ion: 582.1 [M + Na]*, 524.1 [M - CI]". In the presence
of air: 512.1 [M - (Cl + CO) + O], 528.1 [M - (Cl + CO) + 207".
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The product was obtained as an yellow solid in 81% yield. Anal. Calcd. for
Ca3H2sCloN30,P;Mo (728.41): C, 54.22; H, 4.01; N, 5.77%. Found: C, 54.10; H, 3.91; N,
5.81%. "H NMR (5, CD,Cl,, 20 °C): 7.83 (t, J = 7.6 Hz, 1H, py*), 7.67 (t, J = 8.9 Hz, 4H,
Ph2%), 7.54 (t, J = 7.4 Hz, 2H, Ph*), 7.45 (t, J = 6.9 Hz, 4H, Ph?®), 7.24 (t, J = 7.3 Hz,
2H, Ph*), 7.00 (t, J = 7.3 Hz, 4H, Ph*®®), 6.69 (t, J = 7.6 Hz, 4H, ph®®), 6.40 (d, J = 7.3
Hz, 2H, py*®), 3.07 (s, 6H, NCH;). *C{'H} NMR (3, CD,Cl,, 20 °C): 161.4-161.7 (m,
py?®), 144.3 (py*), 136.7 (t, J = 5.9 Hz, py*®), 132.3 (Ph*), 131.12 (t, J = 5.1 Hz, Ph*®),
130.9 (Ph*), 128.9 (t, J = 4.9 Hz, Ph®?),128.4 (t, J = 5.4 Hz, Ph*%),100.5 (py*®), 36.2
(NCH,). The quaternary Ph and CO carbon atoms could not be detected. "*C solid-
state NMR (5, 12 kHz, 25 °C): 257.6 (CO), 215.1 (CO). *'P{'"H} NMR (3, CD,Cl,, 20
°C): 135.2. IR (ATR, cm™): 2000 (vco), 1974 (veo), 1862 (vco), 1846 (veo). ESI-MS
(m/z, CH;0H, NaCl) positive ion: 718.01 [M + Na - COJ", 660.05 [M - (CO + NaCl)]".

General synthetic procedure for the mechanist study of the halocarbonyl

molybdenum and tungsten complexes:

Method a) To a solution of [MPNP(CO);3] (M = Mo, W; 0.300 mmol) in CH,Cl,
(10 mL) was added 1 equiv. of I, (0.300 mmol) in a CO atmosphere. The reaction was
stirred for 18 h and after this period the solution was filtered, solvent was removed
under vacuum, and the solid was washed twice with Et,O and n-pentane and then
dried under vacuum.

Method b) A solution of [Mo(PNP“-iPr)(CO)l,] and [W(PNP"-iPr)(CO),l,
(0.067 mmol) in CD,Cl, (1 mL) was reacted with AgSbFs (0.067 mmol) in a CO
atmosphere. The mixture was controlled for 24h by *'P{"H} NMR. NMR spectra of two
achieved complexes are identical with those of [M(PNP"°-iPr)(CO)l]l (M = Mo, W).
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[Mo(PNP"-iPr)(CO),I]I (6]’)
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N—PiPr,
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HaC i

Cco

The product was obtained as a red-brown solid in 98% yield. Anal. Calcd. for
Ca2H371,MoN;05P;, (803.27): C, 32.90; H, 4.64; N, 5.23. Found: C, 32.80; H, 4.73; N,
5.29. '"H NMR (3, CD.Cl,, 20 °C): 7.96 (t, J = 8.3 Hz, 1H, py4), 6.63 (d, J = 8.4 Hz, 2H,
py3,5), 3.56-3.36 (m, 2H, CH), 3.32 (d, J = 2.7 Hz, 6H, NCH3), 3.24-3.02 (m, 2H, CH),
1.67-157 (m, 6H, CHs), 1.56-1.42 (m, 12H, CHj), 1.28-1.13 (m, 6H, CH;). *C{'H} NMR
(8, CD,Cl,, 20 °C): 231.9 (br, CO), 213.8 (t, J = 13.8 Hz, CO), 161.3 (vt, J = 6.1 Hz,
py>®), 144.3 (py*), 102.9 (py*®), 36.9 (br, CH), 32.7-31.7 (CH), 30.6 (t, J = 10.8 Hz,
NCHj3), 21.9 (CHs), 19.9 (CH3), 19.0 (CH3), 18.9 (CHs). *'P{'"H} NMR (5, CD.Cl,, 20
°C): 137.1. IR (ATR, cm™): 2027 (vco), 1971 (veo), 1938 (vco).

[W(PNP"e-iPr)(CO)l]I (6k’)

CcO
A+
H3C\
N—/|—PiPr,
S

z \ N— Wimm\\\ cO

H3C/N_Pip/r2| \Co

The product was obtained as a red-brown solid in 96% yield. Anal. Calcd. for
CaHa7l,WN3O3P, (891.15): C, 29.65; H, 4.19; N, 4.72%. Found: C, 29.57; H, 4.20; N,
4.83. "H NMR (8, CD,Cl,, 20 °C): 7.95 (dt, J = 8.4 Hz, J = 1.2 Hz, 1H, py*), 6.66 (d, J =
8.4 Hz, 2H, py*®), 3.53-3.35 (m, 2H, CH), 3.29 (t, J = 2.7 Hz, 6H, NCH3), 3.25-3.05 (m,
2H, CH), 1.64-1.36 (m, 18H, CHs), 1.24-1.06 (m, 6H, CHs). *C{"H} NMR (8, CD,Cl,, 20
°C): 255.2 (t, J = 25.9 Hz, CO), 207.2 (t, J = 11.0 Hz, CO), 162.8 (br, py*®), 146.1 (py*),
103.2 (py*®), 37.5 (br, NCH3), 31.3 (CH), 31.1 (CH), 19.5 (CH3), 19.2 (CHs), 17.6 (CH5),
17.4 (CHs). *'P{'"H} NMR (5, CD.Cl,, 20 °C): 117.4 (br). IR (ATR, cm™): 2020 (vco),
1955 (vco), 1915 (veo).
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[W(PNP"e-Ph)(CO).l]I (8k’)

CcO .

HsC |

The product was obtained as a red-brown solid in 96.8% yield. "H NMR (8, CD,Cl,, 20
°C): 8.11 (t, J = 8.4 Hz, 1H, py*), 7.67-7.28 (m, 20H, Ph), 6.92 (d, J = 8.4 Hz, 2H, py>®),
3.21 (s, 6H, NCH3). "*C{'"H} NMR (5, CD,Cl,, 20 °C): 222.3 (t, J = 11.3 Hz, CO), 206.5
(t, J = 14.8 Hz, CO), 160.6 (vt, J = 9.1 Hz, py*®), 145.1 (Ph), 138.4 (vt, J = 5.8 Hz, py*),
133.3 (vt, J = 5.7 Hz, Ph), 133.0 (vd, J = 7.1 Hz, Ph), 131.5 (vt, J = 5.9 Hz, Ph), 129.8
(vt, J = 5.5 Hz, Ph), 128.7 (vt, J = 5.9 Hz, Ph), 104.7 (py>®), 39.4 (NCHs). *'P{'"H} NMR
(8, CD,Cl, 20 °C): 90.6 ("Jy., = 194.1 Hz). IR (ATR, cm™): 2033 (vco), 1963 (vco),
1934 (vco).

Synthetic procedures of the fluorine complexes: To a solution of
[MoPNP(CO);] (0.300 mmol) in CH;CN (10 mL) 1 equiv. of 1-fluoro-2,4,6-
trimethylpyridinium tetrafluoroborate (0.300 mmol) was added. The solution was stirred
for 3 days. After this period the solution was filtered, the solvent was then removed
under vacuum, and the remaining orange solid was washed twice with Et,O and n-

pentane and dried under vacuum.

[Mo(PNP"¢-Ph)(CO),F,] (11k)

HsC F
\N
§§Pph2
\ S
= N Mo,
71
N—PPh,
HsC Co

"y

',

CcO

The product was obtained as an orange solid in 93% vyield. Anal. Calcd. for
Ca3H29F2N3;0,P,Mo (695.50): C, 56.99; H, 4.20; N, 6.04%. Found: C, 57.15; H, 4.26; N,
6.11%. '"H NMR (5, CD;CN, 20 °C): 7.98 (t, J = 8.1 Hz, 1H, py*), 7.58 (dd, J = 14.2, 6.9
Hz, 4H, Ph?®), 7.11-7.49 (m, 8H, Ph* Ph?®), 7.01 (t, J = 7.2 Hz, 4H, Ph*°), 6.66 (d, J =
8.3 Hz, 2H, py*®), 6.37 (dd, J = 10.8 Hz, 7.7 Hz, 4H, Ph*®°), 2.54 (s, 6H, NCH3). "*C
solid-state NMR (3, 12 kHz, 25 °C): 250.4 (CO), 214.3 (CO). *'P{"H} NMR (3, CD;CN,
20 °C): 143.7 (t, 2Jpr = 41.7 Hz). IR (ATR, cm™): 1977 (vco), 1880 (vco). ESI-MS (m/z,
CH;OH, NaF) positive ion: 644.08 [M - (CO + NaF)]".
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5.5.2.Computational details

All calculations were performed using the Gaussian 09 software package,?
without symmetry constraints. The optimized geometry and the relative stability of all
the complexes with different PNP ligands for the two metal atoms (M = Mo and W),
presented in Figure 5.10. and 5.11., were obtained with the B3LYP functional.?® This
functional includes a mixture of Hartree—Fock?** exchange with DFT? exchange—
correlation, given by Becke’s three parameter functional with the Lee, Yang and Parr
correlation functional, which includes both local and non-local terms. The basis set
used (basis b1) consisted of the Stuttgart/Dresden ECP (SDD) basis set® to describe
the electrons of the metal atoms, and a standard 6-31g(d,p) basis set?” for all other
atoms. The electronic energies (Eps) obtained at the B3LYP/b1 level of theory were
converted to free energy at 298.15 K and 1 atm (Gy1) by using zero point energy and
thermal energy corrections based on structural and vibration frequency data calculated
at the same level. Gb1 represents the free energy values shown in Figure 5.10. and
5.11..

The mechanism for the formation of the Mo complexes with the PNPMe-iPr
ligand, represented in the profiles of Figure 5.12. and 5.13., was obtained with an
improved methodology. The geometry of all the species were optimized with the PBEO
functional and a basis set (basis b1') equivalent to b1 but with an f-polarization function
added to describe the electrons of the Mo atom.?® The PBEO functional uses a hybrid
generalized gradient approximation (GGA), including 25% mixture of Hartree—Fock
exchange with DFT exchange—correlation, given by Perdew, Burke and Ernzerhof
functional (PBE),® and proved to describe well weak interactions,*® such as the ones
that may exist in a transition state. Transition state optimizations were performed with
the Synchronous Transit-Guided Quasi-Newton (STQN) Method developed by
Schlegel et al.,*" following extensive searches of the potential energy surface.

Frequency calculations were performed to confirm the nature of the stationary
points, yielding one imaginary frequency for the transition states and none for the
minima. Each transition state was further confirmed by following its vibrational mode
downhill on both sides and obtaining the minima presented on the energy profiles. The
electronic energies (Eb1’) obtained at the PBEO/b1’ level of theory were converted to
free energy at 298.15 K and 1 atm (Gy1) by using zero point energy and thermal energy
corrections based on structural and vibration frequency data calculated at the same
level.

Single point energy calculations were performed using the M06 functional and

an improved basis set (basis b2), with the geometries optimized at the PBEO/b1’ level.
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Basis b2 consisted of a 3-21G basis set® with an added f-polarization function for
Mo23 and a standard 6-311++G(d,p) basis set® for the rest of the elements. The M06
functional is a hybrid meta-GGA functional developed by Truhlar and Zhao,* and it
was shown to perform very well for the kinetics of transition metal molecules, providing
a good description of weak and long range interactions.** Solvent effects (CH2CI2)
were considered in all calculations (geometry optimizations included) using the
Polarizable Continuum Model (PCM) initially devised by Tomasi and coworkers®® with

radii and non-electrostatic terms of the SMD solvation model, developed by Truhlar et

soln

al.*” The free energy values presented in the profiles (Gp,>™*" ) were derived from the

electronic energy values obtained at the M06/b2//PBEQ/b1’ level (E,,**") according to

the following expression: Gp,*" = Ep,™" + Gy - Epyr.
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5.7. Annex

Figure 5.16. Structural view of [Mo(PNP"°-Et)(CO),l,] (6i) showing 50% thermal ellipsoids
(hydrogen atoms and solvent molecules omitted for clarity). Selected bond lengths (A) and bond
angles (°): Mo1-11 2.9186(2), Mo1-12 2.8966(2), Mo1-P1 2.4126(5), Mo1-P2 2.4171(4), Mo-N1
2.279(1), Mo-C16 1.985(2), Mo-C17 1.922(2); P1-Mo1-P2 113.42(2), N1-Mo1-I1 91.59(4), N1-
Mo1-12 891.90(4), N1-Mo1-C32 118.55(6), N1-Mo1-C33 168.85(7), 11-Mo1-12 81.92(1), C32-
Mo1-C33 72.59(8)

Figure 5.17. Structural view of [Mo(PNPMe-Et)(CO)zBrz] (7i) showing 50% thermal ellipsoids
(hydrogen atoms and solvent molecules omitted for clarity). Selected bond lengths (A) and bond
angles (°): Mo1-Br1 2.697(2), Mo1-Br2 2.689(2), Mo1-P1 2.426(2), Mo1-P2 2.433(2), Mo-N1
2.270(3), Mo-C32 1.931(3), Mo-C33 1.983(3); P1-Mo1-P2 115.23(3), N1-Mo1-Br1 91.94(7), N1-
Mo1-Br2 89.05(7), N1-Mo1-C32 120.1(1), N1-Mo1-C33 167.9(1), Br1-Mo1-Br2 82.57(1), C32-
Mo1-C33 72.0(1)
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(a) (b)

Figure 5.18. (a) Structural view of [Mo(PNPMe-iPr)(CO)Brz] (7j) showing 50% thermal ellipsoids
(H atoms omitted for clarity). Selected bond lengths (A) and bond angles (°): Mo-N(1)
2.2665(12), Mo-C(20) 1.9209(15), Mo-P(1) 2.3847(4), Mo-P(2) 2.3620(4), Mo-Br(1) 2.5494(2),
Mo-Br(2) 2.6301(3); P(1)-Mo-P(2) 128.01(2), N(1)-Mo-P(1) 72.13(3), N(1)-Mo-P(2) 73.97(3),
N(1)-Mo-Br(1) 163.60(3), N(1)-Mo-Br(2) 78.98(3), N(1)-Mo-C(20) 115.05(5), Br(1)-Mo-Br(2)
84.79(1), Br(1)-Mo-C(20) 81.26(4), Br(2)-Mo-C(20) 165.88(4). Space filling representation to
illustrate crowding. Viewed down the 01-C20-Mo1-Br2 axis revealing a relatively close contact

between iPr moieties of the PNPMe-iPr ligand

(a) (b)

Figure 5.19. (a) Structural view of [Mo(PNPMe—Ph)(CO)zBrz]-3CDCI3 (7k-3CDCI3) showing 50%
thermal ellipsoids (hydrogen atoms and solvent molecules omitted for clarity). Selected bond
lengths (A) and bond angles (°): Mo1-Br1 2.6887(6), Mo1-Br2 2.6537(5), Mo1-P1 2.429(1),
Mo1-P2 2.422(1), Mo-N1 2.249(3), Mo-C32 1.929(4), Mo-C33 2.016(4); P1-Mo1-P2 118.46(3),
N1-Mo1-Br1 92.01(8), N1-Mo1-Br2 87.46(7), N1-Mo1-C32 120.5(2), N1-Mo1-C33 165.2(2), Br1-
Mo1-Br2 80.56(2), C32-Mo1-C33 74.3(2). (b) Structural view of the inner coordination sphere of

3b emphasizing the capped-trigonal-prism description (Br2 caps the quadrilateral face)
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Figure 5.20. Structural view of [W(PNPMe-iPr)(CO)zlz] (8j) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
W1-11 2.9255(2), W1-12 2.8999(2), W1-N1 2.2553(18), W1-P1 2.4616(7), W1-P2 2.4594(6), W1-
C20 1.940(3), W1-C21 1.982(2), 11-W1-12 79.855(5), P1-W1-P2 114.97(2), C20-W1-C21
69.54(10)

Figure 5.21. Structural view of [VV(PNPMe-Ph)(CO)zBrz] (9k) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
W1-P1 2.4190(7), W1-P2 2.4203(8), W1-N1 2.240(2), W1-C32 1.953(2), W1-C33 1.984(2), W1-
Br1 2.6871(3), W1-Br2 2.6444(3), P1-W1-P2 120.44(2), Br1-W1-Br2 79.43(1), C32-W1-C33
73.44(9)
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Figure 5.22. Structural view of [Mo(PNPMe-iPr)(CO)CIZ] (10j) showing 50% thermal ellipsoids (H
atoms omitted for clarity). Selected bond lengths (A) and bond angles (°): Mo-N(1) 2.2691(8),
Mo-C(20) 1.9208(10), Mo-P(1) 2.3783(3), Mo-P(2) 2.3579(3), Mo-CI(1) 2.4052(2), Mo-Cl(2)
2.4792(3); P(1)-Mo-P(2) 128.03(1), N(1)-Mo-P(1) 72.20(2), N(1)-Mo-P(2) 73.65(2), N(1)-Mo-
Cl(1) 163.04(2), N(1)-Mo-ClI(2) 79.27(2), N(1)-Mo-C(20) 114.82(4), CI(1)-Mo-Cl(2) 83.88(1),
Cl(1)-Mo-C(20) 82.07(3), Cl(2)-Mo-C(20) 165.87(3)

Figure 5.23. Structural view of [MO(PNPMe'Ph)(CO)chz]'1.5CD2C|2 (10k-1.5CD,Cl,) showing
50% thermal ellipsoids (hydrogen atoms and solvent molecules omitted for clarity). Selected
bond lengths (A) and bond angles (°): Mo1-Cl1 2.5424(7), Mo1-CI2 2.5031(8), Mo1-P1
2.4253(9), Mo1-P2 2.4259(8), Mo-N1 2.248(1), Mo-C32 1.950(2), Mo-C33 1.990(2); P1-Mo1-P2
120.18(2), N1-Mo1-Cl1 92.20(4), N1-Mo1-CI2 86.96(3), N1-Mo1-C33 117.00(6), N1-Mo1-C32
169.96(6), Cl1-Mo1-CI2 81.07(2), C32-Mo1-C33 72.92(7)
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Complexes with M=0O bonds exhibit very different reactivities depending on the
nature of the transition metal. The early transition metals are very oxophilic and form
M=0O bonds that are not very reactive called oxides. On the other hand, metal-oxo
complexes are late transition metals form labile M=O bonds because of the repulsion
between the filled d metal orbitals and p oxygen orbitals. They are often obtain by
transfer of an oxygen atom onto a transition metal using an oxygen atom donor such as
H,O, or from O,. These complexes are key species that are important from a
theoretical point of view, in biochemistry, organic synthesis and catalysis of metathesis,

dimerization, polymerization and oxidation of olefins."

6.1. Metal-oxo complexes

An important feature in the structure of M=0O complexes is the duality of
behavior concerning the number of electrons given to the metal. Indeed, if the metal
center is electron deficient the O donates 4 electrons (a). On the other hand, if the

metal already has 18 valence electrons, the O donates only 2 electrons (b).

%Bi %

M=0 M=0

a b
Figure 6.1. Coordination between metal and oxygen

The larger electronegativity of oxygen causes a polarity of the bonds with a
metal, M®>"'=0°%, consequence of the strong polarization is the lack of such a double
bond in early transition metal (groups 3 to 5), lanthanide and actinide complexes
because of systematic M-O-M bridging. On the other hand, the later transition metals,
where the number of d-electrons is larger, there is a repulsion between these filled d-
non-bonding orbitals and the non-bonding orbitals of the heteroatom. The consequence
is that M=O bonds are unstable at the right of the iron column. Between these two
sides of the periodic table, the most stable metal-oxo (M=0) complexes are found
along a diagonal from V to Os with the most common ones from Mo.

The M=0 complexes are most often do-complexes, i.e., they do not have non-

bonding electrons that would have to face the non-bonding oxygen 1 lone pairs. Some
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d2-complexes are known, however, and even some d*-ones, but not in octahedral

geometry because the latter would maximize this destabilization."?
6.2. Molybdenum oxo complexes

The chemistry of molybdenum in its higher oxidation states is dominated by
oxo-species which may have terminal oxide, bridging oxide or both. A feature of the
oxo-species is multiple bonding from oxide to molybdenum which gives rise to a strong
characteristic infrared absorption at 900-1000 cm ~."?

Mo(lV) complexes featuring a mono oxo unit comprise an important class of
compounds.>** On the one hand, besides of being intrinsically interesting,” such
complexes are well documented to act as catalysts for various oxidation processes
involving, for instance molecular oxygen.® They are also known to generate hydrogen
from water’ and are applied in several catalytic reactions such as hydrosilylation® and
sulfur transfer to alkenes and allenes.’

Moreover, Nature efficiently utilizes the Mo=0O unit to achieve difficult
multielectron redox catalysis with oxotransferases, which catalyze oxygen atom
transfer to and from substrates.'®"? Accordingly, many mono oxo Mo(IV) compounds
are intensively studied with dithiolene-type ligands as mimics for this class of
enzymes.">"® High valent Mo=0O or M=O species are often generated accidently by
trace amounts of O, or water contaminations due to the high affinity of molybdenum
towards oxygen.

One catalytic application of molybdenum oxo compounds is the episulfidation of
(E)-cyclooctene and (E)-cyclononene achieved with elemental sulfur (Scheme 6.1.)."

O

Sg, 2 0.07 eq.
o~ / >

(CHa), Acetone, 56°C, 15h

@
(7]

X

S

S
EtzN—<\ \Mo/ \>—NEtz
s/ \s
2

Scheme 6.1. Catalytic sulfur-transfer reaction with (E)-cyclooctene and (E)-cyclononene

Another example is the activation of molecular oxygen forming a monooxo

peroxo Mo(VI) compound. This is achieved with mono oxo Mo(lV) compounds that
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contain a bis(B-ketiminato) ligand. This research, reported by Mdsch-Zanetti and

coworkers, represents a new entry into molybdenum peroxo derivatives.
6.3. Results and discussion

Treating of the [Mo(PNPMe-iPr)(CO)(X),] (X = | (6j), Br (7j), Cl (10j)) and
[Mo(PNPY-Ph)(CO)x(X),] (X = | (6k), Br (7k)) (Chapter 5) with silver salt (AgSbFg or
AgCF3S03) in a coordinating solvent such as CH3;CN, THF or Acetone led to the
immediate precipitation of AgX (Scheme 6.2.). Subsequent the formation of the bluish-
green cationic 16e-complexes [Mo(PNP"°-iPr)(CO)(L)(X)]" (L = solvent; X = I, Br, Cl)

was achieved, although the complexes with the PNPY-Ph ligand provide different

compounds.
HaC. X HsC bk 1
N—|— N—|—
\ \‘\\P R2 Ag * \ \\\\P R2
Z  N—Mo—X e & N—Mo—X
N-PR \ N-PR \
/ 2 co / 2 co
HaC HaC
R =iPr; 6j X =, 7j X = Br,10j X = CI R=iPr;12j X =1, 13j X = Br,14j X = Cl
R =Ph; 6k X =, 7k X = Br, R =Ph; 12k X = |, 13k X = Br,

Scheme 6.2. Synthesis of cationic complexes [Mo(PNP'V'e-R)(CO)(L)(X)]+ (R =iPr, Ph; L =
CH4CN, THF, Acetone; X = |, Br, Cl) upon halide abstraction with Ag” salts

All complexes are thermally stable both in the solid state and in solution if air is
excluded but readily decompose in the presence of oxygen to give several as yet not
identified (oxidation) products. The use of non-coordinated solvents such as CH,Cl,
also promotes the formation of secondary products. The sensitivity towards oxygen in
comparison to precursor complexes may be due to the liability of these complexes
which are actually latent 14e systems.

Characterization was accomplished by elemental analysis and by 'H, "*C{'H}
and *'P{'H} NMR, IR spectroscopy and elemental analysis. The "*C{'"H} NMR spectrum
of 12j, 13j and 14j exhibit the characteristic low-field resonances of the CO ligand as
poorly-resolved broad signals at 250.0, 230.1 and 235.0 ppm, respectively. In the
¥P{'"H} NMR spectrum of these complexes singlets at 183.3, 179.4 and 186.0 ppm
were observed. Due to the decreased electron donor strengths of the molybdenum

center, in the cationic complexes 12j, 13j and 14j the CO stretching frequencies are
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shifted to higher wavenumbers (1832, 1840 and 1836 cm™') as compared to those of
the neutral compounds 6j, 7j and 10;j.

Attempts to crystallize the cationic molybdenum complexes were not so
successful. The complex 12j only provide amorphous crystals, while the complexes 13j
and 14j from CH3;CN solutions gave large and highly solvated but very unstable
crystals for which only a poor crystal structure model could be derived. Even so, it was
possible to identify that the coordinated acetonitrile molecule in trans disposition to CO.
However if the complex 14j is crystalized from a THF solution, the CH;CN ligand was
replaced by a THF molecule and the crystal of [Mo(PNP"®-iPr)(CO)(THF)CI]SbF¢ (14j’)
was obtained (Figure 6.2.)." This complex features essentially the same coordination
geometry like the dihalogenide precursors 6j, 7j, and 10j. Thus, all bond distances
involving Mo except for the Mo—OTHF agree within 0.02 A with those of 10j, and also
bond angles, the distance P1-P2, and other geometric parameters are in good

agreement with halocarbonyl precursors.

Figure 6.2. Structural view of [Mo(PNPMe-iPr)(CO)(THF)CI]SbFG (14j’) showing 50% thermal
ellipsoids (H atoms and SbFg~ anion omitted for clarity). Selected bond lengths (A) and bond
angles (°): Mo-N(1) 2.260(2), Mo-C(20) 1.913(4), Mo-P(1) 2.3853(9), Mo-P(2) 2.3717(8), Mo-
CI(1) 2.3966(8), Mo-O(2) 2.312(3), P(1)-Mo-P(2) 125.66(4), N(1)-Mo-P(1) 73.80(6), N(1)-Mo-
P(2) 71.82(6), N(1)-Mo-CI(1) 162.97(9), N(1)-Mo-O(2) 80.18(9), N(1)-Mo-C(20) 113.20(14),
CI(1)-Mo-O(2) 83.09(7), CI(1)-Mo-C(20) 83.79(13), O(2)-Mo-C(20) 165.21(13)

Remembering that the ESI-MS is a technique that enables not only the
detection and the study of reaction substrates and products but also short-lived
reaction intermediates and decomposition products as they are present in solution. As
shown in the Chapter 5, the solutions of 6j, 7j and 10j in CH3CN and the corresponding
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sodium halide in the absence of air signals corresponding to the sodiated complexes
[Mo(PNPMe-iPr)(CO)X,] (IM + Na]*) and also [Mo(PNPYe-iPr)(CO)X]* (IM - X]*) where
one halide ligand is dissociated.

However, in the presence of air not only the cationic specie [Mo(PNP"e-
iPr)(CO)X]* (A, [M - X]") was detected but additional species which no longer feature a
CO ligand, but contain instead one oxygen atom [Mo(PNP“-iPr)(O)X]* (B, [M - X -
CO + O]" and two oxygen atoms [Mo(PNP"®-iPr)(0),X]* (C or D, [M - X - CO + 207",
Figure 6.3..

Figure 6.3. Positive-ion ESI-MS of [Mo(PNPMe—iPr)(CO)Brz] in CH3CN covering the mass region
of the [M - Br]" and the [M - Br - CO + 20]" fragments. Insets show the isotope pattern match
for [Mo(PNP"®-iPr)(CO)Br]"* (M - Br]*) and [Mo(PNP"°-iPr)(0),Br]* ([M - Br - CO + 207"

Additionally, for X = | and Br a different dioxo species with the general formula
[Mo(PNPY-iPr)(0),]" (E, M - 2X + 20]* was detected, presumably due to loss of an
iodine and bromine radical, respectively. It is interesting to mention that in the case of
[Mo(PNPY°-iPr)(CO)I,] all dioxygen containing fragments as well as the cationic specie
were vanished after 24 h to yield among several intractable species the doubly oxidized
both protonated and sodiated PNP"e-iPr ligand (m/z 402.2 and 424.2), while the signal
of the mono oxo species B remained. Positive ion ESI full scan mass spectra is
depicted in Figure 6.4..

Identical results are observed for the measurements of the cationic PNP
complexes 12j, 13j and 14j, as expected since during reaction was detected several

not identified oxidation products in the presence of oxygen.
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Figure 6.4. (a) Positive-ion full scan ESI-MS of [Mo(PNPME—iPr)(CO)Ig] (6j) in CH3CN in the

presence of air after 15 min (b) and after 24 h

Possible structures based on their m/z values are shown in Scheme 6.3.. The
formation of A is in keeping with the fact that the halide trans to the CO ligand is labile,
like is observed experimental. The stability of [M — X — CO + 20]" (C or D) was further
tested in CID (MS/MS) experiments revealing that no O, release took place. This
observation seems to support the formation of a cis dioxo Mo(VIl) complex (D) rather

than a molybdenum species with a k?-bound O ligand (C).

o—"9 o I+ HaC_ o q+
ON- [ PfPrz N—] L PiPr, N—I’tplpfz
+0.
o or < _ —Mo\ o —» N—MOQ
-co / 7 /4 O
/N PiPry /N PiPry /N—PiPrz
HaC
x  Na* HiC ¢ H<” p X 3 E
HaC [M-X-CO+20]* [M-X-CO+20]* [M-2X-CO+20]"
N—|<PiPr; SN— P/Pr2 miz = _
_— " miz = 620.0 () 493.1 X =1, Br)
Z_ N—po—X X —M° 572.1 (Br)
7/ 528.1 (Cl)
N-PiPr, N- PlPr2
HaC co
[M+Na]* [M Xt H3C I+
miz=764.9 () _ +1120, N_l | 7P
670.0 (Br) m/z=616.1 (1) Z  N—Mo
582.1 (Cl) ggi-] (Elr) -co 4 ~x
e /N PiPr,
HsC B miz=604.1 (1)
" 556.1 (Br
[M-X-CO+Q] 512.1 Ecn)

Scheme 6.3. Fragmentation pathways of [Mo(PNPMe-iPr)(CO)Xz] in CH3;CN in the presence of
molecular oxygen as established by ESI MS experiments. Structural suggestions are based on

DFT calculations
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The DFT calculations, employing the cationic complex [Mo(PNP"e-iPr)(CO)Br]*
(A) as model system, supports the ESI-MS measurements. The optimized structures
and the free energy balances for the reaction steps are depicted in Figure 6.5.. The
highly unsaturated 14e species [Mo(PNP"®-iPr)(CO)Br]* is almost equally stable in the
triplet state, 3A, and in the singlet state, 1A (AG = 1.8 kcal mol™"). Addition of oxygen to
any of those species would lead to the cationic mono oxo Mo(IV) complex [Mo(PNPe-
iPr)(O)(Br)]* (B) or to the dioxygen Mo(lV) and Mo(VI) species [Mo(PNPe-iPr)(k?-
0,)(Br)]" (C) or cis-[Mo(PNP"°-iPr)(0),(Br)]" (1D), respectively. Complex C is slightly
more stable in the triplet state (3C), while the opposite is observed for the mono oxo
species, where 1B is significantly more stable than 3B (by 18.5 kcal mol™). All O,
addition steps are thermodynamically strongly favored. 1B and 1D are the most stable
products for each O-stoichiometry, the corresponding reactions being exergonic by
59.9 and 85.9 kcal mol™, respectively. Also, given the stability differences, the k-0,

species C are probably intermediates in the formation of 1D as the dioxo product.

Figure 6.5. Reactions of [Mo(PNP""e—iPr)(CO)Br]+ (A) in the presence of air based on ESI-MS

experiments and DFT/B3LYP calculations (free energies in kcal mol_1)

Accordingly, based on the ESI-MS measurements and the DFT calculations is
possible that the predominant 1B and 1D are formed if complexes [Mo(PNPMe-
iPr)(CO)X]" are exposed to air, however a full study is extremely necessary. It has to
be noted that a related mono oxo Mo(IV) PCP pincer complex was recently formed as
side product while synthesizing a Mo(lV) PCP nitride complex.?’ Molybdenum
complexes with the cis-[MoOz]2+ core, on the other hand, are very common which have

found wide applications in organic synthesis due to their oxidation properties.?'
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6.3.1.Mono oxo molybdenum complexes

The preliminary ESI-MS studies and DFT/B3LYP calculations of complexes
[Mo(PNPMe-iPr)(CO)X,] (6, 7j) readily form, via the cationic fragments [Mo(PNPe-
iPr)(CO)X]" (12j, 13j), in apparently parallel pathways mono oxo complexes and the
presumably dioxo species. It was not clear whether the source of oxygen was
molecular oxygen from air, traces of water in the solvent, or both.

The synthesis of cationic coordinately unsaturated mono oxo Mo (IV)
complexes of the type [Mo(PNPM-iPr)(O)X]* (15j, 16j) was achieved after a full
research on the reactions condition, i.e. different solvents, times of reactions, different
oxygen sources, etc. Ultimately, the oxo complexes are formed through an interplay
between water and molecular oxygen, from the [Mo(PNP™e-iPr)(CO)X]" (12j, 13j)
prepared in situ by reacting [Mo(PNP"e-iPr)(CO)X,] (6j, 7j) with silver salt, or direct

form the isolated intermediates (Scheme 6.4.).

HsC X + H3C\ o . T+
N— —PlPr2 AN . N—||[=PiPr,
Ag* N——[=PiPr, 0, H,0 &
N—Mo/x VR A 22 2 “N—Mo,
AgX — N—/MO -co — 7 >y
N PIF’T acetone ' —pi
2 N-PiPr, ‘O N-PiPr
HsC HsC
6, X=1 120 X = 15), X = |
ol j, X =1 AR
7j, X =Br 13, X = Br 16j, X =Br

Scheme 6.4. Synthesis of mono oxo Mo(IV) complexes

When a solution of [Mo(PNP™e-iPr)(CO)X]" (12j, 13j) in acetone, prepared in
situ by reacting [Mo(PNPMe-iPr)(CO)X,] (6], 7j) with AgSbF¢ followed by removal of
AgX, is exposed shortly to air and subsequently treated with an excess of water, the
cationic mono oxo complexes [Mo(PNPe-iPr)(0)X]* (15j, 16j) are afforded in 72 and
66% isolated yields. These complexes were characterized by a combination of
elemental analysis, 'H, "*C{'H}, and *P{'H} NMR, IR and ESI-MS. Characteristic are
the Mo=0 stretching frequencies at 955 and 940 cm™, respectively. In the ESI-MS the
most abundant signals are observed at m/z 604.1 and 556.1, respectively, which
correspond to the intact complexes ([M]").

NMR and IR monitoring of the reaction with 6j after addition of the halide
scavenger revealed the immediate formation of 12j. This intermediate gives rise to a
signal at 183.3 ppm in the *'"P{'"H} NMR spectrum and exhibits one strong vco band at
1832 cm™ (cf 1824 cm™ in 6j). Upon admission of air and addition of water, a new
resonance at 149.2 ppm was observed due to the formation of 15j. In addition, small
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amounts (ca 8%) of the known tricarbonyl complex [Mo(PNP™e-iPr)(CO)sl]*" are formed
as side product due to reaction of 12j with CO, which is released during the oxidation
process. Another two extra compounds are found in small quantities (ca 10%) at 78.9
and 73.7 ppm. The same observations are found for the complex 16j.

The solid state structure of 15j was determined by single-crystal X-ray
diffraction and is depicted in Figure 6.6.. This complex 15j is best described as having
a pseudo square pyramidal structure. The Mo1-O1 bond distance of 1.663(2) A

comparatively short but in the typical range for a Mo=0 triple bond."®'52224

Figure 6.6. Structural diagram of [Mo(PNPMe-iPr)(O)I]SbFG (15j) showing 50%-ellipsoids
(hydrogen atoms and SbFg counterion omitted for clarity). Selected bond distances and angles
(A, deg): Mo1-01 1.663(2), Mo1-N1 2.143(2), Mo1-P2 2.4413(8), Mo1-P1 2.4455(8), Mo1-I1
2.7359(4), O1-Mo1-N1 108.67(11), O1-Mo1-P2 104.89(8), O1-Mo1-P1-107.02(8), P2-Mo1-P1
144.81(3), O1-Mo1-11 108.40(9), N1-Mo1-11 142.92(6)

In the several attempts to crystallize the [Mo(PNP"®-iPr)(O)X]" (15j) complex,
another compound was formed in CHCI; (Figure 6.7.) that correspond to the observed
*'P{'H} NMR peak at 73.7 ppm. Unfortunately, the analogous bromide complex was not

successful crystallize.

" lllustrated in chapter 5
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Figure 6.7. Structural diagram of [Mo(PONOPMe-iPr)(O)Clg]SbFe (15j’) showing 50%-ellipsoids
(hydrogen atoms and SbFg counterion omitted for clarity). Selected bond distances and angles
(A, deg): Mo1-01 2.212(4), Mo1-02 2.078(4), Mo1-03 1.724(5), Mo1-Cl1 2.369(2), Mo1-CI2
2.287(2), Mo1-CI3 2.368(2), Cl1-Mo1-CI3 166.79(7), O1-Mo1-02 76.0(2), CI2-Mo1-0O3 100.3(2),
CI3-Mo1-03 96.1(2)

Concerning the frontier orbitals of 15j (Figure 6.8.), the pattern obtained is
typical of a d*metal complex with a square planar (SP) geometry.?' The HOMO can be
seen as the xy orbital (the z axis being defined by the Mo-O bond) and the LUMO is
mostly centered in the ligand pyridine ring. The two following orbitals (LUMO+1 and
LUMO+2) are based on metal yz and xz, respectively (see Figure 6.9). Those are Mo—
O T orbitals and, thus, are the two empty antibonding counterparts of T-donation from
the oxo ligand to the metal, indicating a Mo=0O triple bond. Finally, the two upper

orbitals in Figure 6.8. are based on the metal z* and x*—y?.
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LUMO+4
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LUMO+2
-0.152
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HOMO
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Figure 6.8. Frontier orbitals (d-splitting) of [Mo(PNP"°-iPr)(O)I]" (15j). Orbital energy values in

atomic units

LUMO+1 LUMO+2

Figure 6.9. Mo—O 1* orbitals of complex [Mo(PNP'\"e—iPr)(O)I]+ (15j)

In order to evaluate the role of H,O or O, as a source of oxygen, solutions of 6j
in CH3CN were subjected to ESI-MS analysis in the positive ion mode in the presence
of H,'®0 and ®0,, respectively (Figure 6.10., for simulated spectra see Figure 6.11.). In
the case of H,'®0 a significantly higher amount of '®0 was incorporated compared to

'®0, (rough estimation 90% vs 50%). There was little '®0/'®O isotope back exchange
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observed in the case of water due to the higher concentration of H,'®O present in

contrast to 0, in air.

Figure 6.10. Part of the positive-ion ESI-MS spectra of [Mo(PNP"-iPr)(CO)I,] (6j) in CHsCN:

a) In the presence ot air, In the presence O 2, (C), INn the presence O 2
(@) in th f air, (b) in th f %0, (c), in th f H,'®0

oo, &nnE00000 4. C19H37IMONIPZ0. M 610,05
1

Figure 6.11. Expected isotopic pattern from the simulated spectra of [Mo(PNPMe-iPr)(O)I]+ (13j):
C19H37IMoN3;OP; (upper spectrum) and C19H37IM0N3180P2 (lower spectrum)
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In an attempt to get further mechanistic insights, in particular the role of water,
the reaction of [Mo(PNPY°-iPr)(CO)X,] (X = I, Br) with water in the absence of oxygen
was performed. Complexes which were tentatively assigned as bis hydroxo
[Mo(PNPe-iPr)(OH),X]* or mono oxo aquo [Mo(PNPYe-iPr)(H,0)(O)X]" (15j and 16j)
were obtained but could not be unequivocally characterized and obtained in pure form

(Scheme 6.5.). Attempts to crystalize any of these complexes were unsuccessful.

OH
—_— —P|Pr2 —_ —PIPI’2 PIPI’2
< _ : —Mo/x —Mo/OH —MONOHZ
N P|Pr2 N P|Pr2 N P|Pr2
j, X =1 15j, X =1
7j, X =Br 16j, X =Br

Scheme 6.5. Reaction of [Mo(PNPY-iPr)(CO)X,] (X = I, Br) with water

From IR spectroscopy it was apparent that the carbonyl ligand was no longer
present. In the *'P{"H} NMR spectrum of singlets were observed suggesting that the
phosphines are equivalent and that the oxidation state of the metal is Mo(ll) or Mo(1V).
The 'H NMR spectrum shows two signals at 14.21, 8.84 ppm (15j) and 14.18, 9.54
ppm (16j) which disappeared upon addition of D,O consistent with an OD" or a D,O
exchange.

The molybdenum complexes were also characterized by means of ESI-MS.
This study revealed that under so called “soft ionization” conditions the most abundant
signals are observed at m/z 604.1 and 555.9 which correspond to the oxo complexes
[Mo(PNPY®-iPr)(CO)X]" (X = I, Br). Moreover, a fragment with m/z 525.9 for both
complexes was detected which may correspond to a [Mo(ONO"®-iPr)(O)OH]* fragment
with no halide being coordinated and both phospine moieties being oxidized to R,P=0
units. Further fragmentation also reveals the loss of m/z 134 which indeed corresponds
to a R,P=0 unit.

Based on our observation a mechanistic of formation of the mono-oxo complex
was studied with DFT calculations and the resulting free energy profiles are

represented in Figures 6.12. and 6.13..
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Figure 6.12. Free energy profile calculated for the oxidation of complex A. The free energy
values (kcal/mol) are referred to the initial reactants (A + O,) and relevant distances (A) are

presented

The mechanism starts with intermediate 13j (A in the profile), formed after Br~
removal from the initial reactant, 7j. Dissociation of the CO ligand directly from 13j
proved to be unfavorable, with AG = 34 kcal/mol. Alternatively, O, coordination to A is
a rather facile process. The reaction proceeds along the spin triplet Potential Energy
Surface (PES), O, being a triplet, and starts with A’, the pair of reactants, 13j and O,,
producing a superoxo complex, B, with O, and CO occupying opposite coordination
positions, and Br trans to the pyridine N-atom. The energy barrier is 8.8 kcal/mol
(TSag) and after re-orientation of the O, ligand, from B to C, the process is practically
thermoneutral with respect to the initial reagents (C is only 0.6 kcal/mol less stable than
the separated reactants, A). In the transition state, TSag, the new Mo—O bond is only
incipient with a distance of 2.81 A, still far from the coordination distance of 2.05 A,
observed in B.

The second part of the mechanism corresponds to CO dissociation. Loss of the
CO ligand, from C, has a barrier of 9.8 kcal/mol (TS¢p) and yields a coordenatively
unsaturated species, with the O, ligand and the halide, beside the PNP ligand, in D and
D’. The transition state, TScp, is a late one with a Mo—C(CO) separation of 3.79 A, and
the entire process, from C to D’, is again essentially thermoneutral (AG = 0.7 kcal/mol).

From D’ there is coordination of the dangling O-atom with formation of a
peroxide k>-O, ligand, corresponding to an oxidative addition, with the metal changing

from Mo(ll) in D’ and in the previous species, to Mo(IV) in E. This is a very easy
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process with a barrier of only 0.7 kcal/mol (TSpg) and, in the transition state, the new
Mo—-O bond is still far from being formed with a distance of 2.58 A, significantly longer
than the Mo—-O bonds in E (d = 1.97 A). Formation of the peroxide complex is
thermodynamically favorable, E being 16.4 kcal/mol more stable than the initial
reagents.

The reaction path proceeds, from E to F, with a change in spin state, from triplet
(S = 1) to singlet (S = 0). That corresponds to a “spin-forbidden” or “non-adiabatic”
reaction and, thus, its profile goes through a minimum-energy crossing point (MECP) of
the two potential energy surfaces (PES) involved.? In this MECP both the energy as
well as the geometry of the molecule are the same in the two surfaces. Once that point
is reached, following the reaction coordinate, there is a given probability for the system
to change spin state and hop from one PES to the other and, thus, give rise to the
“spin-forbidden” reaction.”® The barrier calculated for the spin change of E is only 6.4
kcal/mol (CPgg) but the spin singlet intermediate, F, is 4.4 kcal/mol less stable than its
high spin counterpart, and, thus this corresponds to a rather facile but noticeably

endergonic step.

Figure 6.13. Free energy profile calculated for the competitive formation of mono- and dioxo
complexes K and L, respectively. The free energy values (kcal/mol) are referred to the initial

reactants (A + O,) and relevant distances (A) are presented
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Following intermediate F, the reaction profile proceeds along the spin singlet
PES and is depicted in Figure 6.13.. There are two alternative paths. In one case, there
is scission of the O-O bond in F (marked in Figure 6.13.) originating another oxidative
addition process that leads to the di-oxo Mo(VI) complex L. This is a single-step
process represented on the left side of the profile in Figure 6.13., being highly
exergonic as the product, L, is 86.2 kcal/mol more stable than the initial reagents (A).
The barrier associated with this step is 15.1 kcal/mol and, in the corresponding
transition state, TSg, the O-O is already clearly elongated (doo = 1.89 A), when
compared to the distance present in intermediate F (do_o = 1.47 A).

Alternatively, there may be water addition to F in the four-step process
represented to the right of that intermediate in the profile of Figure 6.13. Coordination
of water to F is a facile process with a barrier of only 4.8 kcal/mol. The corresponding
transition state, TSgg, is an early one with the incoming water molecule quite remote
from the metal centre (duo_o = 5.92 A\), but the process is exergonic since the resulting
water adduct (G) is 7.3 kcal/mol more stable than the pair H,O + [Mo(PNP"®-iPr)(i%-
O,)(Br)]" (in F’). In G, there is a pseudo-octahedral coordination around the metal with
the O, and the halide in opposite positions, and the water trans to pyridine N-atom.

From G to H there is H-transfer from the water to the O, ligand, transforming the
peroxide into a hydroperoxide k>-OOH ligand. This process has a barrier of 10.9
kcal/mol and is clearly endergonic (AG = 9.9 kcal/mol). In the transition state, TSgy, the
new O—-H bond is almost formed (d = 1.14 A) while the former one, H-O (water) is
practically broken (d = 1.32 A).

From H to | the hydroperoxide goes from k% to «k'-coordination with the
breaking of one Mo—O bond in a facile process with a barrier of 3.9 kcal/mol. In the
corresponding transition state, TSy, the Mo—O distance (2.68 A) is already 0.46 A
longer than the one existing in the k¥*>~-HOO intermediate, H.

From | to J there is a re-orientation of the x'-HOO ligand and, then in a final
step takes place H-transfer from the hydroxo ligand to the second O-atom in HCOO,
forming hydrogen peroxide and the mono-oxo complex, [Mo(PNP™e-iPr)(O)(Br)]", in K.
In the corresponding transition state, TSk, the new O—H bond is still far from formed (d
= 1.46 A) and the H-O(OH) bond is practically intact (d = 1.07 A), only 0.1 A longer
than the one present in intermediate J. Also, in TS, the OOH ligand is starting to
decoordinate, the Mo—O distance being 0.33 A longer than the one existing in J, in the
process that will lead to the release of one H,O, molecule, in K. This last step has a
barrier of 16.4 kcal/mol and is clearly exergonic with AG = —12.0 kcal/mol, resulting in a

final product 26.5 kcal/mol more stable than A.
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In the formation of the mono-oxo complex (from F to K) the less stable transition
state is the last one, TSk, with a free energy 1.9 kcal/mol above the initial reactants.
On the other hand, TSg., the transition state associated with the formation of the di-oxo
product (from F to L) has an energy of 3.1 kcal/mol, relative to A. Although the
difference between the total barriers of the two paths is only 1.2 kcal/mol and, thus,
they can be considered competitive, formation of the mono-oxo complex [Mo(PNPe-
iPr)(0)(Br)]*, in K, following water addition to the intermediate with a «*-peroxide ligand
(F) is slightly more favorable than O-O splitting with formation of the corresponding di-
oxo species [Mo(PNP"-iPr)(0),(Br)]* (L). Importantly, in the calculated mechanism the
O-ligand in the final complex is originated from the incoming water molecule, in

agreement with the experimental results obtain with H,'®O.
6.4. Conclusions

In sum, we have prepared and fully characterized new cationic Mo pincer
complexes of the type [Mo(PNP"e-iPr)(CO)X]* (X = I, Br, Cl) featuring the PNP pincer
ligand N,N"-bis(diisopropylphosphino)-N,N'-dimethyl-2,6-diaminopyridine (PNP"°-iPr).

The preliminary ESI MS studies and DFT/B3LYP calculations support that one
halide ligand in [Mo(PNP™-/Pr)(CO)X,] is labile to give the cationic formally 14e
fragments [Mo(PNP"°-iPr)(CO)X]" which are able to react with molecular oxygen in
parallel pathways to yield mono and dioxo Mo(lV) and Mo(VI) species. A detailed
experimental and theoretical study in order to establish the nature of these oxygen
containing molybdenum species and the mechanisms of the corresponding reactions
are currently underway and results will be reported in due course.

The new cationic mono oxo Mo (IV) PNP complexes of the type [Mo(PNPMe-
iPr)(O)X]* (X =1, Br). These compounds are coordinatively unsaturated and feature a
strong Mo-O triple bond. The bonding mode of the oxo ligand is as also supported by
DFT calculations. The formation of these complexes requires the interplay between
water and molecular oxygen. ESI MS measurements with "0 labeled water (H,'0)
and molecular oxygen (0,) reveal that the oxygen of the Mo=0 unit is originated from
water. The X-ray structure of [Mo(PNP"-jPr)(O)I]SbFs is presented. Currently detailed
experimental and theoretical studies are underway in order to establish a reasonable
mechanism for the formation of mono as well as dioxo molybdenum complexes and to

explain the ®0/"°0 isotope scrambling.
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6.5. Experimental part

The precursor complexes [Mo(PNPYe-iPr)(CO)(X),] (X = Br, I, Cl) were prepared
according to Chapter 5.

6.5.1.Syntheses

Synthesis of the cationic metal complexes: A solution of [Mo(PNPMe-
iPr)(CO)(X),] (X =1, Br, CI; 0.46 mmol) in CH3CN, THF or Acetone (10 mL) was reacted
with AgSbF¢ or AgCF3SO; (0.46 mmol) and the mixture was stirred for 16 h. After
filtration over glass wool and Celite, the solvent was removed under reduced
pressureand a blue-green solid was obtained which was washed twice with diethyl
ether (10 mL) and dried under vacuum.

Synthesis of the oxo-metal complexes: A solution of [Mo(PNPYe-iPr)(CO)X,]
(0.15 mmol) in acetone (10 mL) was reacted with AgSbF (0.15 mmol) and the mixture
was stirred for 4 h. After filtration over glass wool and Celite, the solution was exposed
to air for 2 min and an excess of H,O (3 mL, 0.17 mol) was added. 30 minutes later the
solution was filtrated over glass wool and Celite and the solvent was removed under
reduced pressure and a green solid was washed twice n-pentane and then dried under
vacuum.

Synthesis of the aquo-metal complexes: A solution of [Mo(PNPMe-
iPr)(CO)(X),] (X =1, Br; 0.46 mmol) in acetone was reacted with H,O (3 mL) and the
mixture was stirred for 3h. After filtration over glass wool and Celite, the solvent was
removed under reduced pressure and a blue-green solid was obtained which was

washed twice with diethyl ether (10 mL) and dried under vacuum.

[Mo(PNP 2.iPr(CO)(O(CHs),)I]SbFs (12j).
O(CHjz),
\ 1+

N—|-PiPr2

H3C

Z  n—tio—"
/7
N—PiPr,
H,C
The product was obtained as a green solid in 81.2% (SbFg); 85.6% (OTf) yield. Anal.
Calcd. for Cy3HasFsIMON3;O,P, (915.18) (SbFg): C, 30.18; H, 4.85; N, 4.59. Found: C,
31.20; H, 4.43; N, 4.12. Anal. Calcd. for Cy;H44F3IMoN3;O5P,S (828.50) (OTf): C, 34.79;
H, 5.35; N, 3.87. Found: C, 33.57; H, 5.01; N, 3.29. "H NMR (5, CD,Cl,, 20 °C): 7.73 (t,
J = 8.2 Hz, 1H, py*), 6.33 (d, J = 8.3 Hz, 2H, py*®), 3.13 (d, J = 3.9 Hz, 6H, NCH3),
146
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2.90-2.70 (m, 2H, CH), 2.69-2.49 (m, 2H, CH), 1.52-136 (m, 6H, CHs), 1.32-1.12 (m,
12H, CHs), 0.70-0.56 (m, 6H, CHs). *C{'"H} NMR (8, CD.Cl,, 20 °C): 250.0 (t, J = 30.0
Hz, CO), 161.1 (vt, J = 8.4 Hz, py*®), 142.0 (py*), 99.0 (py*®), 34.1 (t, J = 3.6Hz,
NCHs), 29.9-29.1 (CH), 22.1-21.3 (CH), 17.4 (vt, J = 2.9 Hz, CHs), 17.2 (CH;), 16.5
(CHs), 16.4 (vt, J = 4.1 Hz, CHs). *'P{"H} NMR (5, CD,Cl,, 20 °C): 183.3. IR (ATR, cm"
"): 1832 (vco).

Mo(PNP"-iPr)(CO)(CH;CN)Br]SbF; (13j)

CH4CN

N 1+
N—|—PiPr,
S

H;C

N

\ $
7 ON—Mo—Fr

N—PiPr,

HsC co

The product was obtained as a green solid in 90.0% vyield. Anal. Calcd. for
CxH4oFsBrMoN,OP,Sb (850.14): C, 31.08; H, 4.74; N, 6.59. Found: C, 31.12; H, 4.81;
N, 6.62. '"H NMR (5, CD.Cl,, 20 °C): 7.65 (t, J = 8.0 Hz, 1H, py*), 6.40 (d, J = 7.5 Hz,
2H, py*°), 3.12 (s, 6H, NCHs), 2.80 (br, 2H, CH), 2.67 (br, 2H, CH), 2.20 (s, 3H,
NCCH,), 1.36-124 (m, 12H, CH3), 1.15-1.03 (m, 12H, CHs). *C{'H} NMR (3, CD.ClI,,
20 °C): 230.1 (br, CO), 162.1 (t, J = 6.4 Hz, py*®), 143.6 (py*), 132.4 (NCCH,), 99.0
(py*>®), 34.6 (NCHs), 30.7 (d, J = 27.0 Hz, CH), 22.1 (d, J = 20.1 Hz, CH3), 17.5 (CHa),
17.2 (CHs), 17.3 (CH3), 15.7 (NCCHs). *'P{'"H} NMR (5, CD,Cl,, 20 °C): 179.4. IR
(ATR, cm™): 2279 (vcn), 1840 (veo). ESI-MS (m/z, CH;CN) positive ion: 568.1 [M -
Br]".

[Mo(PNP"-iPr)(CO)(CH5CN)CI]SbF; (14j)

CHyCN

N 1+
N—|—=PiPr,

B/CI

H3C.

\
~ N——N
N—PiPr,

The product was obtained as a green solid in 90.0% vyield. Anal. Calcd for
C2H40CIFsMoN,OP,Sb (806.67): C, 32.80; H, 5.00; N, 6.95. Found: C, 32.85; H, 4.89;
N, 7.02. '"H NMR (5, CDCls, 20 °C): 7.79 (t, J = 8.1 Hz, 1H, py), 6.48 (d, J = 8.1 Hz, 2H,
py), 3.65 (s, 6H, NCHj3), 3.26 (br, 2H, CH), 2.85 (br, 2H, CH), 2.23 (s, 3H, NCCHj,),
1.49-1.35 (m, 12H, CHs), 1.21-1.11 (m, 12H, CHs). *C{'"H} NMR (3, CD,Cl,, 20 °C):
235.0 (br, CO), 162.0 (t, J = 7.8 Hz, py*°), 143.7 (py*), 130.0 (NCCH,), 99.8 (py*°),
35.2 (NCHg), 30.7 (d, J = 23.6 Hz, CH), 22.5 (d, J = 28.8 Hz, CH), 18.0 (CHj3), 17.9
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(CHy), 17.7 (CHs), 16.1 (CH,), 15.5 (NCCHs). *'P{"H} NMR (5, CD,Cl,, 20 °C): 186.0.
IR (ATR, cm™"): 2277 (ven), 1836 (veo). ESI-MS (m/z, CHsCN) positive ion: 582.1 [M -
CIJ*.

[Mo(PNP"-iPr)(O)I]SbF (15j)

HaC s

N
N

— L—PiPrz
s
Z N Mo\
/7
N—PiPr,
HsC

The product was obtained as a green solid in 72.0% vyield. Anal. Calcd for
C1gH37IFsMoN3;OP,Sb (844.08): C, 27.04; H, 4.43; N, 4.98. Found: C, 26.76; H, 4.12; N,
4.66. "H NMR (8, CD,Cl,, 20 °C): 8.05 (it, J = 8.5 Hz, J = 1.2 Hz, 1H, py*), 6.60 (d, J =
8.5 Hz, 2H, py*®), 3.49-3.33 (m, 2H, CH), 3.33-3.28 (m, 6H, NCH3), 3.16-2.94 (m, 2H,
CH), 1.71-1.53 (m, 6H, CHs), 1.50-136 (m, 6H, CHj), 1.31-1.17 (m, 6H, CH5), 0.79-0.63
(m, 6H, CHs). *C{'"H} NMR (8, CD.Cl,, 20 °C): 165.3 (vt, J = 7.4 Hz, py*°), 148.1 (py*),
100.9 (vt, J = 3.0 Hz, py*®), 36.0 (NCH3), 28.2 (t, J = 11.6 Hz, CH), 23.5 (t, J = 9.9 Hz,
CH), 18.0 (vt, J = 5.4 Hz, CHs), 17.4 (vt, J = 2.3 Hz, CH3), 17.1 (CH3), 16.6 (CHa).
¥P{"H} NMR (3, CD,Cl,, 20 °C): 149.2. IR (ATR, cm™): 955 (vu-0). ESI MS (m/z,
CH3CN) positive ion: [M]* 603.9.

[Mo(PONOP"°-iPr)(0)Cls]SbFs (15j)

N——PiPr,
N
z \N Q/CI
— z/—0
\u"MO/
N—pi—°" /' \

The product was obtained as a red solid. '"H NMR (8, CD,Cl,, 20 °C): 7.95 (t, J = 8.6
Hz, 1H, py*), 7.02 (d, J = 8.5 Hz, 2H, py*°), 3.10 (d, J = 7.2 Hz, 6H, NCH;), 2.59-2.37
(m, 4H, CH), 1.38-1.15 (m, 24H, CH,). *'P{"H} NMR (5, CD,Cl,, 20 °C): 73.7.
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[Mo(PNP"-iPr)(0)Br]SbFs (16j)

o T+
L\PiPrz
\!
z N

_ —Mo
/ \Br

N—PiPr,

HsC
The product was obtained as a green solid in 66.0% vyield. Anal. Calcd for
C1oH3;BrFgMoNsOP,Sb (797.08): C, 28.63; H, 4.68; N, 5.27. Found: C, 29.02; H, 4.43;
N, 4.99."H NMR (5, CD,Cl,, 20 °C): 8.06 (t, J = 8.2 Hz, 1H, py*), 6.63 (d, J = 8.3 Hz,
2H, py*®), 3.32 (s, 6H, NCH;), 2.88-2.74 (m, 2H, CH), 2.68-2.56 (m, 4H, CH), 1.76-1.46
(m, 12H, CH3), 1.44-0.96 (m, 12H, CH;). *C{'H} NMR (3, CD,Cl,, 20 °C): 161.9 (vt, J =
7.0 Hz, py*®), 146.6 (py*), 101.7 (vt, J = 2.6 Hz, py*®), 36.6 (NCHs), 31.6 (t, J = 12.8
Hz, CH), 29.8 (t, J = 8.6 Hz, CH), 20.2 (CHs), 19.4 (br, CHs), 18.6 (vt, J = 5.8 Hz, CHj),
17.2 (CH3). *'P{"H} NMR (3, CD,Cl,, 20 °C): 145.2. IR (ATR, cm™): 940 (vy-0). ESI MS
(m/z, CH3CN) positive ion: [M]* 555.9.

[Mo(PNP"-iPr)I(L).] (17j)

The product was obtained as a green solid in 68.0% yield. '"H NMR (8, CD,Cl,, 20 °C):
14.21 (br, 1H), 8.84 (br, 1H), 7.90 (t, J = 8.2 Hz, 1H, py*), 6.49 (d, J = 8.0 Hz, 2H, py*°),
3.31 (s, 6H, NCHj3), 2.90-2.72 (m, 2H, CH), 2.52-2.34 (m, 2H, CH), 1.66 (dd, J = 16.4
Hz, J = 7.3 Hz, 12H, CH;), 1.51-1.23 (m, 12H, CHs). *C{'"H} NMR (8, CD,Cl,, 20 °C):
161.6 (vt, J = 6.3 Hz, py?*®), 144.7 (py*), 100.5 (br, py*°), 36.8 (NCHj;), 36.8 (br, CH),
28.2 (br, CH), 19.8 (br, CHs), 19.2 (br, CHj), 18.7 (br CHj), 17.7 (br, CHs). *'P{'"H} NMR
(8, CD,CI,, 20 °C): 129.2. ESI MS (m/z, CH5CN) positive ion: [M] 604.1 and [M] 525.9.

[Mo(PNP"-iPr)Br(L).] (18j)

The product was obtained as a green solid in 64.0% yield. '"H NMR (5, CD,Cl,, 20 °C):
14.18 (br, 1H), 9.54 (br, 1H), 7.70 (t, J = 8.4 Hz, 1H, py*), 6.31 (d, J = 8.4 Hz, 2H, py*°),
3.14 (br, 6H, NCHs), 3.02-2.92 (m, 2H, CH), 2.76-2.62 (m, 2H, CH), 1.64-1.42(m, 12H,
CHs), 1.26-0.90 (m, 12H, CHs). *C{'"H} NMR (5, CD,Cl,, 20 °C): 161.1 (vt, J = 6.5 Hz,
py?®), 143.3 (py*), 99.8 (t, J = 2.5 Hz, py*°), 36.7 (NCH3), 33.0 (br, CH), 28.1 (br, CH),
19.5 (br CHj3), 19.0 (br, CHs), 17.8 (br, CHs), 17.3 (br, CH3). *'P{"H} NMR (5, CD,ClI,,
20 °C): 128.2. ESI MS (m/z, CH5CN) positive ion: [M] 555.9 and [M] 525.9.
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Although transition metal carbonyl complexes are well-known, a more frequently
applied synthetic procedure involves transition metal halides or oxides, synthesized a
huge amount of complexes.”

The halides of molybdenum play an increasing role in the chemistry primarily
because of their use as starting materials for a wide range of chemical reactions and
preparations. A variety of methods are used to prepare the molybdenum fluorine,
chlorides, bromides and iodides compounds in their di-, tri-, penta-, and hexavalent
states. Another type of halide precursors are the oxide halides, sulphide-halides and

selenide-halides of molybdenum.?

7.1.Molybdenum and tungsten PNP pincer halides

Walton and co-workers described the synthesis of the first molybdenum
complex containing the 2,6-bis(dicyclohexylphosphinomethyl)pyridine ligand (PNP).
The reaction of K;Mo,Cls, afford the dinuclear molybdenum complex
[Mo,Cl,(PNP)(HPCy,)] Figure 7.1..3

Cl Cl

|_“Pcy2 |/C' c
Z _ N—Mo Mo—p”
/ / AN
H Cy
PCyZ

Cl

Figure 7.1. The dinuclear molybdenum complex [Mo,Cl;(PNP)(HPCys,)]

In 2011, Nishibayashi and coworkers reported a diamagnetic dinitrogen-bridged
dimolybdenum pincer complex [Mo,(N.)>(PNP)]2(u-No)] by treatment of [MoCl3(PNP)]
(PNP = 2,6-bis(di-tertbutylphosphinomethyl) pyridine with 6 equiv. of Na—Hg in THF at
room temperature for 12 h under an atmospheric pressure of dinitrogen (Scheme
7.1).4

Cl

—p
3 S Na-Hg (6
Z N—wo—c e o 2
/ | N, (1atm) —
P

Cl

Scheme 7.1. Synthesis of cationic complexes
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This complex works as an effective catalyst for the reduction of dinitrogen to
ammonia with 23 equiv. of ammonia being produced with the catalyst (12 equiv. of

ammonia are produced based on the molybdenum atom of the catalyst) (Scheme 7.2.).

[Mo]

N=N——[Mo]

nH*
Mol [Mo]—H,™
NH

[Mo]

N=N + oo -
N 2H", 2e

[Mo] N=N——[Mo]

Ny

[Mo] N=N Il [Mo]==N—NH,

3H% 3e Il!ll

Scheme 7.2. Reaction pathway for catalytic conversion of dinitrogen into ammonia in
the presence of Mo catalyst

Another example of N, splitting catalyzed by a pincer complex was reported in
2017 by Schneider and coworkers. The new molybdenum PNP pincer complex (PNP =
N(CH,CH,P{Bu,),) was achieved by reduction of the molybdenum(lV) complex
[MoCI3(PNP)] with Na/Hg (2 equiv) in THF at room temperature under N, (Scheme
7.3.).°

Cl

HN(CH,CH,PtBU), 1Bu2
MoCl4(CH3CN)s » _N—NMo—Cl
NEts Ptgu Na-Hg
benzene Ny
cl
N P
P
~|IfB- HOTf/ THF < H | >
”L - © N—Mo—N=N—Mo

N—~Mo, or —N
<_ /7 [H(OEt,),]BArF,,/ Et,O < / | CI/ | >
PtBu, P g P

Scheme 7.3. Dinitrogen splitting with Mo pincer complex

154



Chapter 7 — Molybdenum(lIl) PNP Pincer Complexes
7.2. Results and discussion

The synthesis of a series of new halide Mo(lll) complexes with a central pyridine
ring donor contains NR’PR; in the two ortho positions, was achieved by the addition of
the PNP ligands to the metal precursor [MoBr3(THF);] in THF. This resulted in the

tribromide molybdenum complexes of the type [Mo(PNP)Br;] shown in Scheme 7.4..

Br 19b PNP-iPr
19d PNP-tBu
\PRZ 19e PNP-Ph
19j PNPVMe.jpr
19k PNPMe_ph
N PRz 19n TriazMe-jPr

PNP Ligands
[MoBr3(THF);] —Mo

I’

Scheme 7.4. Synthesis of [MPNP(Br)3] (M = Mo, W) complexes

The six-coordinate 15e complexes are thermally robust red to orange solids, in
81-91% isolated yield, which are air stable in the solid state but slowly decompose in
solution. All complexes display large paramagnetic shifted so very broad 'H NMR
signals and no detection was found in the *'P{'"H} NMR. However, they exhibit solution
magnetic moments in the range of 3.9-4.2 yg (Evans method, in acetone) in agreement
with a d* high-spin electron configuration.

Alternatively, [Mo(PNP)Br;] complexes are obtained by the oxidation of the
tricarbonyl complexes [Mo(PNP)(CO);] with an excess of Br, (Chapter 3). Unfortunately
this reaction afforded also several as yet intractable side products making it dufficult to

obtain pure complexes (Scheme 7.5.).

Cco
H
N—|—PR, N— —PR2
S :
\ N excess
= N——Mo Cco —Mo + secondary products
HN—-PR, HN— PR2
CcO
2bR =iPr 19b' R = jPr
2e R=Ph 19¢e’' R = Ph

Scheme 7.5. Synthesis of [MPNP(Br);] (M = Mo, W) complexes under reflux conditions

The Mo(lll) complexes were also characterized by means of ESI-MS. These

studies (in the positive and negative ion mode) revealed that complexes in CH;CN
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solutions in the presence of NaBr remain largely intact and fragments of the sodiated
complexes [M+Na]". Further abundant fragments are [M-(Na+Br)]" where one halide is

dissociated more easily (Scheme 7.6.).

Na*t T+
R Br R Br @ HiC Br
N—|—PR, N—l—\PRZ N—/—\PRZ
N \) \)
S +Na* A\ R _ \ ™
2 N N——Mo Br - = N /MO Br &» </ N—/MO
_ / N—=PR, \Br N=PR; \Br
N—PR, Z Y
R B R HsC

Scheme 7.6. Fragmentation pattern of [Mo(PNP)Br;] complexes observed in the ESI-MS

experiments

For the ESI-MS analysis of Mo (lll) complexes 19b’ and 19e’ in CH;CN and the
corresponding sodium halide were subjected to “soft ionization” conditions, signals
corresponding to the sodiated complexes ([M+Na]") and also ([M+(Na+Br)-H]") for 19b’
and the extra ([M+(Na+2Br)-2H]") for 19e’. These measurements suggest that the
secondary products corresponding to the complexes [Mo(PNP)Br,] and [Mo(PNP)Brs]
probably with 4-bromopyridine and 3,5-dibromopyridine in the frame of the PNP pincer
ligands.

In addition to spectroscopic characterization, the solid-state structures of 19b,
19j and 19n were determined by single-crystal X-ray diffraction. Structural views are

depicted in Figures 7.2.-7.4. with selected bond distances given in the captions.

Figure 7.2. Structural view of [Mo(PNP-iPr)Brs] (19b) showing 50% thermal ellipsoids (hydrogen
atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°): Mo1-P1
2.5170(7), Mo1-P2 2.5221(7), Mo1-Br1 2.5405(4), Mo1-Br2 2.5256(3), Mo1-Br3 2.5807(3), P1-
Mo1-P2 156.20(2), N1-Mo1-Br2 178.79(6), Br1-Mo1-Br3 176.63(1)
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Figure 7.3. Structural view of [Mo(PNPMe-iPr)Brz] (19j) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
Mo1-P1 2.5141(8), Mo1-P2 2.5194(8), Mo1-Br1 2.5531(4), Mo1-Br2 2.5463(4), Mo1-Br3
2.5637(4), P1-Mo1-P2 156.62(3), N1-Mo1-Br2 177.44(6), Br1-Mo1-Br3 175.94(1)

Figure 7.4. Structural view of [Mo(TriazMe-iPr)Brz] (19n) showing 50% thermal ellipsoids
(hydrogen atoms and solvent omitted for clarity). Selected bond lengths (A) and bond angles (°):
Mo1-P1 2.5303(7), Mo1-P2 2.5221(7), Mo1-Br1 2.5509(4), Mo1-Br2 2.5404(4), Mo1-Br3
2.5570(4), P1-Mo1-P2 153.72(2), N1-Mo1-Br2 178.52(5), Br1-Mo1-Br3 176.14(1)

The structures show a distorted-octahedral trivalent molybdenum center
surrounded by three meridionally placed donor atoms of the PNP ligand. The three
bromide atoms occupy the three remaining positions. In all complexes the trans-Br—M—
Br angles deviate from linearity being 176.63(1)°, 175.94(1)° and 176.14(1)°,
respectively, and are contracted towards the pyridine ring. The same pattern is
observed for the P-M-P angles which are 156.20(2)°, 156.62(3)° and 153.72(2)°,
respectively.

For comparison, in analogous tricarbonyl complexes [Mo(PNP)(CO)3] (2b, 2j),

behave similar for the P1-Mo-P2 angles that hardly affected by the size of the
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substituents of the phosphorus atoms. Though, the Cco-Mo-Cco and the Br-Mo-Br
angles are different, while CO ligands trans to one another deviate significantly from
180° and typically vary strongly with the bulkiness of the PR, moiety, the Br ligands
almost don’t deviate from a straight angle.

Attempts of reduction of the Mo(lll) halides complexes with NaHg in THF under
nitrogen atmosphere were unsuccessful (Scheme 7.7.). Several reducing agents such
as CgK, sodium naphthalenide or magnesium were tested yielding in all cases mixtures

of intractable paramagnetic materials.

R
e vl
N —PIPFQ N_N_P P_);/‘///
S N
A Na-Hg (6 eq) A I\‘ |
___N—Mo—Br Z N Mo—N=N—NE—N] N
7/ N, (1atm) N/| =
N—PiPr. -
R/ 2B /N PN /// P—N\
r & R
19b R’ = H N
19j R = Me

Scheme 7.7. Synthesis of [Mox(N2)2(PNP)]>(u-N2)] complexes

In addition, the Mo(lll) complexes were treated with NaHg in THF in the
presence of O, or pyridine-N-oxide to obain mono oxo complexes (Scheme 7.8.).
Unfortunately the complexes were not achieved, there is no visible color change of the

reaction and NMR measurements shows a mix of compounds.

B "
R r AN -
N—|||—PR
N—|—PR;, NaHg, THF S
S S — . 7 ~

A NI

2 N—Mo Br — N Mo\

/ AN / Br
N—PR, 0, or | _ N=PR,
R’ Br ';l R

19b R' = H
19j R' = Me

Scheme 7.8. Attempted synthesis of [MoPNP(O)(Br)]"

7.3. Conclusions

In this Chapter, the synthesis of several Mo(lll) PNP pincer complexes of the

type [Mo(PNP)Br;] was achieved. Preliminary studies of reduction of the

158



Chapter 7 — Molybdenum(lIl) PNP Pincer Complexes

molybdenum(lll) halides complexes with different reducing agents under nitrogen
atmosphere were unsuccessful. Identical results with an oxygen source to pepare the

mono oxo complexes failed.
7.4. Experimental part

The precursor complex [Mo(Br);(THF)s] was prepared according to the

literature.®
7.4.1.Synthesis

General synthetic procedure for molybdenum (lll) complexes: To a solution
of [MoBr;(THF);] (0.300 mmol) in THF (10 mL) was added 1 equiv. of ligand (0.300
mmol). The reaction was stirred for 18 h. After this period the solution was filtered,
solvent was removed under vacuum, and the solid was washed twice with Et,O and n-
pentane and then dried under vacuum.

Alternative synthetic procedure: A solution of [MoPNP(CO);] (0.300 mmol) in
CH,CI, (10 mL) was cooled down to -78 °C and excess of Br, was added. The solution
was slowly warmed to room temperature and stirred for 18 h. After this period the
solution was filtered, solvent was removed under vacuum, and the solid was washed

twice with Et,O and n-pentane and then dried under vacuum.

[Mo(PNP-iPr)Br;] (19b)
Br
H
N— —\\PiPrz
/__ ) N Mg Br
7/
HN—P/Pr;,
Br

The product was obtained as an yellow-orange solid in 87% yield. Anal. Calcd. for
C17H33BrsMoN;P, (677.08): C, 30.16; H, 4.91; N, 6.21. Found: C, 29.88; H, 4.53; N,
5.97. Perr = 3.9(9) uB (Acetone, Evans method). ESI-MS (m/z, CH;CN) positive ion:
695.0 [M+Na]", 593.0 [M - (Na +Br)]".
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[Mo(PNP-tBu)Br] (19d)

H
N—|—PtBu,
S
A\ &
< N Mo

Br

HN—PtBu,
Br

The product was obtained as an yellow-orange solid in 81% yield. Anal. Calcd. for
C21H44BrsMoN3P, (733.19): C, 34.40; H, 5.64; N, 5.73. Found: C, 34.12; H, 5.23; N,
5.51. Yesr = 4.0(4) uB (Acetone, Evans method). ESI-MS (m/z, CH;CN) positive ion:
755.3 [M+Na]", 648.1 [M - (Na +Br)]".

[Mo(PNP-Ph)Br3] (19¢)

H
N—|—PPh,
S

\ &
< N Mo Br

/

HN—PPh,
Br

The product was obtained as an yellow-orange solid in 84% yield. Anal. Calcd. for
Ca9H2sBrsMoNsP, (813.15): C, 42.83; H, 3.10; N, 5.17. Found: C, 42.48; H, 2.98; N,
4.86. Peir = 3.9(7) us (Acetone, Evans method). ESI-MS (m/z, CH;CN) positive ion:
831.2 [M+Na]", 729.0 [M - (Na +Br)]".

[Mo(PNP"-iPr)Brs] (19j)

Br

N ,
N—|—PiPr;
S
\ S
= N Mo Br
N—PiPr,
H3C Br

The product was obtained as an yellow-orange solid in 82% yield. Anal. Calcd. for
C19H37BrsMoN3P, (705.14): C, 32.36; H, 5.29; N, 5.96. Found: C, 31.96; H, 5.03; N,
5.59. et = 4.1(2) uB (Acetone, Evans method). ESI-MS (m/z, CH;CN) positive ion:
723.1 [M+Na]", 619.0 [M - (Na +Br)]".

[Mo(PNP"¢-Ph)Br;] (19k)

Br
Hac\
N—[—PPh,
S

\ &
< N Mo Br

N—PPh,
H3C Br
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The product was obtained as an yellow-orange solid in 89% yield. Anal. Calcd. for
C31H29BrsMoN;P, (841.20): C, 44.26; H, 3.47; N, 5.00. Found: C, 44.02; H, 3.14; N,
4.76. U = 4.0(1) uB (Acetone, Evans method). ESI-MS (m/z, CH;CN) positive ion:
859.3 [M+Na]", 757.1 [M - (Na +Br)]".

[Mo(Triaz"e-iPr)Brs] (19n)

Br

N— —P/Pr2
s L
N—NMo Br
="
HN—PlPrZ

Br
The product was obtained as an yellow-orange solid in 83% yield. Anal. Calcd. for
C16H33BrsMoNsP, (693.09): C, 27.73; H, 4.80; N, 10.10. Found: C, 27.41; H, 4.29; N,
4.56. Yerr = 4.2(1) uB (Acetone, Evans method). ESI-MS (m/z, CH3;CN) positive ion:
711.2 [M+Na]", 607.0 [M - (Na +Br)]".
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Pincer complexes play a particular almost privileged role, which have received
tremendous attention among the many types of transition metal complexes found in the
literature. Most conventional are still pincer systems with phosphine donors tethered to
an aromatic benzene backbone, so called PCP pincer ligands."? Shaw and co-workers®
synthesized the first PCP pincer complexes in the mid-1970s, like it as introduce in the
first Chapter.

Over the years, the very well known PCP pincer ligand continues to gain a vast
attention, with both precious and non-precious metals. Surprisingly, the chemistry of
group 6 PCP complex is still hardly explored, the first and only molybdenum PCP
complex was prepared through lithiation of 1-iodo-2,6-[OP(t-Bu).].CsH3; and reaction of
that lithium reagent with Mols(THF); to give [Mo(PCP)(I);] (A) (Scheme 8.1.).* However
this compound A was obtained in the modest yield (46%) since a diamagnetic impurity

was present (10-15%), which was proposed to be the Mo(IV) oxo complex (B).

o ;‘O | O
I |

PtBu, ' PtBuy, O—[ZPBu: o— l_\\PtBUZ
3 . R
Moly(THF); ~————————————3 Mo—_ e
nBuLi, Et,0 / ! / —
-78°Ctor.t. O—PiBu; O—PtBu,
A B

Scheme 8.1. Synthesis of Mo(lll) and Mo(IV) POCOP pincer complexes

In 2016, Kirchner and coworkers synthesized two diamagnetic molybdenum
pincer complexes [Mo(PCP"e-iPr)(O)Br] and [Mo(PCP"¢-iPr)(CO),Br] (Scheme 8.2.),
from molybdenum precursors [Mo(Br)s(THF)s] and [Mo(CO).(u-Br)Br],, respectively.®

o %,(\,\?\’3 Mo,
W

N=PiPr
HiC /©\ CH / 2
3 3 3 A
\I |/

U

Mo
PiPr, PiPr, o, HsC €0
& SN—|—piPr
7 ? S
Mo——co

/N—Pigz \

Br
B

Scheme 8.2. Synthesis of Mo(lll) and Mo(lV) PCP pincer complexes

163



Chapter 8 — PNP vs PCP Pincer Complexes

Curiously, there is no more information in literature of PCP complexes with the

rest of the non-precious metals of group 6.
8.1. Pincer complexes with agostic interaction

As electron rich low-valent late transition metal PCP pincer complexes are
concerned a common synthetic approach goes through oxidative addition.” This
pathway leads to the formation of PCP hydride complexes that can involve an
intramolecular, directed C-H bond activation of the P(CH)P ligand followed by an
oxidative addition of the C-H bond (Scheme 8.3.).%7

This method is associated with a formal two electron oxidation of the metal
center. The oxidative addition step seems to require pre-coordination of the C-H bond,

i.e., the formation of an agostic intermediate or, at least, transition state.?®

X_PR2
H
X— X PR.
" X—PR; H sPR2  oxidative addition S
n - \MI‘_ : MLn_H
X=CHy O, NR 7 n /
low valent metal X~PR X—=PR
fragment 2 ’
agostic hydride complex
intermediate

Scheme 8.3. General synthesis of transition metal PCP pincer complexes

In a few cases, as yet limited to the precious metals Ru, Rh, and Ir, such
intermediates were detected and even isolated and structurally characterized (Figure
8.1.). Furthermore, other types of pincer complexes, featuring for example NCN

ligands, also follow the same process, presenting the agnostic interaction.'®"”

" Discussed in Chapter 1
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Figure 8.1. Examples of PCP and related pincer complexes featuring a C-H agnostic interaction

Complexes with n?-C-H agostic arene bonds, however, could be derived via
alternative routes.’®?' An example is the synthesis of an agostic Co(l) complex via
protonation of the coordinated PCP ligand in [Co(PCP“®-iPr)(CO),] (Scheme 8.4.).%°
Similar reactions were also reported for Rh(I) and Pd(Il) complexes. """

SR H—PR:
~ —_— &
™
ML, —-—— ~wmL,
/ base /
X—PR2 X\F’R2

agostic complex

Scheme 8.4. Examples of PCP and related pincer complexes featuring a C-H agostic
interaction

8.2. Results and discussion

Throughout this research, the chemistry of group 6 with pincer ligands, PNP,
based on a 2,6-diaminopyridine scaffold with some modification on the amino group

and with different phosphine moieties, was explored and perceived. Nonetheless, a
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study with the analougous PCP pincer ligands with a 1,3-diaminobenzene scaffold is
inevitable, special since the group six PCP pincer complexes are scarce.

Adopting an identical methodology of the tricarbonyl complexes of the type
[M(PNP)(CO)s] (M = Mo, W) (Chapter 3),?* a suspension of hexacarbonyl complexes
M(CO)s (M = Cr, Mo, W) and PCP ligands 1g-1t in CH;CN was placed in a sealed

microwave glass tube and stirred for 5 h at 150 °C (Scheme 8.5.).

—PR2
. L OHON
M(Co)e + R\N N/ M"“‘CO
| ) 135 °C /

R
PR, PR, N_PR2
_ 1q - P(CH)P-iPr
M= Cr, MO, W 1r - P(CH)P-tBLI 2q - 2t, M=Cr
1s - P(CH)PMe.Pr 39 - 3t, M =Mo
1t - P(CH)PVe-Ph 49-4t, M=W

Scheme 8.5. Synthesis of [MPCP(CO)z;H] (M = Cr, Mo, W) complexes

Surprisingly, the desirable hydridocarbonyl complexes of the type
[M(PCP)(CO);H] (M = Cr, Mo, W) was not accomplished with the PCP pincer ligands.
The achived products were of the type [M(PCP)(CO)s] (M = Cr, Mo, W), conetected to
the metal center only through one of the phosphine arms of the pincer ligands. To
confirm this, one example the [Mo(PCP-{Bu)(CO)s] 3r complex was characterized. The
*'P{'H} NMR spectra exhibit two doublets which proves only one phosphorus atoms is
bond to the metal. Both the "*C{'"H} NMR spectra at downfield and several bands in IR
show the presence of five CO ligands coordinated to the metal.

In addition to spectroscopic characterization, the solid-state structure was
determined by single-crystal X-ray diffraction. Structural views depicted in Figures 8.2.

shows that molybdenum only coordinates to a phosphorus atom of the pincer ligand.
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Figure 8.2. Structural view of [Mo(P(CH)P-tBu)(CO)s] (3r) showing 50% thermal ellipsoids

(most H atoms omitted for clarity)

The only exception is the case of the ligand N,N'-bis(di-iso-propylphosphino)-
N,N’-dimethyl-1,3-diaminobenzene (P(CH)P“®-iPr) that for Cr and Mo, the tricarbonyl
complexes [Cr(P(CH)P"e-iPr)(CO)s] (2s) and [Mo(P(CH)P"e-iPr)(CO)s] (3s) were
isolated in 96 and 98% isolated yield (Scheme 8.6.). While with W the seven coordinate
hydridocarbonyl complex, of the type [W(PCPMe-iPr)(CO)s;(H)] (4s) was obtained in
95% isolated yield. Complexes 2s and 3s feature an r]z-CaryrH agostic bond, while 4s
contains strong W-C and W-H o-bonds as a result of an oxidative addition.

All thermal robust complexes were fully characterized by a combination of 'H,
BC{'H}, "*C and *'P{'"H} NMR spectroscopy, IR, ESI MS, and elemental analysis.

Additionally, all complexes were characterized by X-ray crystallography.

H3C CH
\TQ\N/ 3 H3C\ CcO H3C\ co

b N _ N—|—PiPr,
PiPr, PiPr, T/;P’Prz S
~ N W..\\\CO
M(CO)g » M—co VAR
150°C, 5h, CHaCN N\Pi/ \ N—PiPr, H
He” PR
solvothermal 3 Hs3C co
2s, M =Cr 4s
3s, M = Mo

Scheme 8.6. Synthesis of the Cr, Mo and W Complexes 2s-4s

An important feature of the '"H NMR spectra of 2s and 3s is the high-field shift of
the proton attached to the jpso-carbon giving rise to triplets at -2.06 and 1.23 ppm,
respectively. The latter is superimposed with the signals of the CH; groups of the iPr

moieties and was derived from "H-">C correlation spectra.
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In the *C{"H} NMR spectra the jpso-carbon atom exhibits a triplet at 71.5 (Jcp =
6.3 Hz) and 72.3 ppm (Jcr = 4.6 Hz), respectively (cf 105.0 ppm in the free P(CH)PMe-
iPr ligand, Figure 8.3.). Proton-coupled *C NMR data of 2s and 3s reveal relatively low
"Juc coupling constants of 124.9 and 126.0 Hz, respectively, as compared to about 160
and 157 Hz for the other aromatic C-H bonds in the P(CH)P“-iPr ligand, which is

characteristic for a strong C-H metal interaction.

Figure 8.3. Section of the 'H-">C HSQC spectrum of 2s in CD,Cl, exhibiting a cross-peak

between the agostic H1 and C1 atoms

The three CO ligands give rise to three low-field resonances as triplets centered
at 238.0, 227.9, and 226.8 ppm for 2s, and 232.4, 219.6, and 216.4 ppm for 3s,
corresponding to the carbonyl carbon atoms on trans and two cis to the benzene C1.

The *'P{"H} NMR spectra exhibit singlet ressonances at 165.5 ppm for
[CrP(CH)P™-iPr)(CO3)] (2s) and 149.7 ppm for the complexe [Mo(P(CH)PYe-iPr)(CO5)]
(3s), which means the metal increases the electron density on phosphorus, and thus
results in a upfield shift.

Both the carbonyl resonances (6CO) and the phosphorus resonances (6P)
exhibit a significant upfield shift on going from Cr to Mo.

In the IR complex 2s exhibits only two bands at 1933 and 1821 cm™ assignable
to the symmetric and the two superimposed asymmetric CO stretching frequencies,
while complex 3s shows the expected three strong vco bands at 1942, 1839, and 1823
cm™.

As complex 4s is concerned, this complex is fluxional in solution at room
temperature which is well known for seven-coordinate complexes group six metals,
since none of the idealized geometries such as capped prism, capped octahedron, and

pentagonal bipyramid, nor any of less symmetrical arrangements are typically
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characterized by a markedly lower total energy.?**® Hence, interconversions between
these various structures are quite facile. Accordingly, the 'H and *'P NMR resonances
are not well resolved at room temperature so they were recorded at -40°C. In '"H NMR
spectrum the hydride resonance appears as a well-resolved doublet of doublet at -5.65
ppm with one large and one small coupling constant of 56.4 and 21.1 Hz. The *'P{'H}
NMR spectrum gives rise to two doublets centered at 138.3 and 120.8 ppm with a large
geminal coupling constant of 89.0 Hz which is indicative for the phosphorus atoms
being in a mutual frans position. The tungsten—phosphorus coupling was observed as a
doublet satellite due to "W, 14% abundant with | = 1/2 superimposed over the
dominant singlet. In the "*C{'"H} NMR spectrum the most noticeable resonances are
two low-field resonances of the carbonyl carbon atoms frans and cis to the ijpso carbon
observed as two triplets in a 1:2 ratio. The IR spectrum shows three strong to medium
absorption v, bands of the symmetric and the two asymmetric vibration modes which
is typical for a mer CO arrangement.

Compared with the analogous PNP pincer tungsten complex, [W(PNPe-
iPr)(CO)3H]" (5j), the presence of the very electronegative heteroatom nitrogen in the
pincer ligand withdraws electron density from the metal making it more electropositive.
The IR measurements and *C{’"H} NMR spectrum show in table 8.1. supports this

statement.

Table 8.1. Selected "C{'H} and*'P{'H} NMR and IR data of PCP and PNP pincer W

complexes

Complexes Bc{'Hy1s | *'P{'H} /5 IR/cm”

M. 207.8 138.3 1991, 1909,
[W(PCPT-Pr)(CO)H] (4s) 200.6 120.8 1860

Mo ; ‘o 210.8 166.1 2028, 1928,
[WPNPT=PrICO3HT (3)) 205.4 147.7 1910

Structural views of 2s and 3s are depicted in Figures 8.4. and 8.5. with selected
bond distances given in the caption. The overall geometry about the Cr and Mo centers
is best described as distorted octahedron where the three carbonyl ligands and the
agostic nz-Cary.-H bond define the equatorial plane and the phosphine moieties the axial
positions. The P1-M-P2 and frans-Cco-M-Cco bond angles are 155.46(2) and
161.92(8)° (2s), and 151.90(1) and 159.98(4)° (3s), respectively. The distance between
the ipso-carbon and the Cr and Mo atoms is relatively long (2.323(2) and 2.433(1) A)

relative to regular Cr and Mo-carbon o©-bonds (the Cr-C bond in
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[CrCp(NO)(NiPr,)(CH,SiMes)] is 2.111(2) A,? the Mo-C bond distance in [Mo(POCOP-
tBu)(N)(1)][Na(15-crown-5)] is 2.167(3) A%). The H(1) atom (which was located in
difference Fourier maps and refined freely) interacts with the Cr and Mo centers
(1.89(2) and 2.11(2) A) which was also evident from the "H NMR spectra of 2s and 3s.
It is noteworthy that this hydrogen is severely removed from the aromatic plane by ca.
32 and 28° (cf in related Ru, Rh, and Pd complexes this angle is in the range of 14-
30°,'%"2" while in Co® it is 35°). The C1-H1 bond length of 1.00(2) A is in the range
observed in X-ray diffraction measurements for unactivated hydrocarbons (e.g., 1.08 A
in CeHe).

Figure 8.4. Structural view of [Cr(P(CH)PMe-iPr)(CO)3] (2s) showing 50% thermal ellipsoids
(most H atoms omitted for clarity). Selected bond lengths (A) and bond angles (°): Cr1-P1
2.3280(7), Cr1-P2 2.3411(7), Cr1-C1 2.323(2), Cr1-H1 1.89(2), Cr1-C21 1.871(2), Cr1-C22
1.821(2), Cr1-C23 1.868(2), C1-H1 1.00(2), P1-Cr1-P2 155.46(2), C1-Cr1-C21 108.24(8), C1-
Cr1-C22 171.95(7), C1-Cr1-C23 89.83(7), C1-Cr1-H1 24.9(6), C21-Cr1-C22 79.73(9), C21-Cr1-
C23 161.92(8), C22-Cr1-C23 82.21(8)
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(a) (b)

Figure 8.5. (a) Structural view of [Mo(P(CH)PMG—iPr)(CO)g] (3s) showing 50% thermal ellipsoids
(most H atoms omitted for clarity). (b) Side view of 2 displaying the orientation of the aryl ring
and H1. Selected bond lengths (A) and bond angles (°): Mo1-P1 2.4558(4), Mo1-P2 2.4592(4),
Mo1-C1 2.433(1), Mo1-C21 2.015(1), Mo1-C22 1.946(1), Mo1-C23 2.012(1), Mo1-H1 2.11(2),
C1-H1 1.00(2), P1-Mo1-P2 151.90(1), C21-Mo1-C22 78.78(4), C21-Mo1-C23 159.98(4), C22-
Mo1-C23 81.32(4), C1-Mo1-H1 24.0(4)

The molecular structure of 4s is shown in Figure 8.6. with selected bond
distances given in the caption. The coordination geometry around the tungsten center
corresponds to a distorted capped octahedron, in which a hydride ligand occupies the

capping position of an octahedral face. The W-C1 o-bond is 2.266(4) A.

Figure 8.6. Structural view of [\N(PCPMe-iPr)(CO)3(H)] (4s) showing 50% thermal ellipsoids
(most H atoms omitted for clarity). Selected bond lengths (A) and bond angles (°): W1-P1
2.497(2), W1-P2 2.480(3), W1-C1 2.266(4), W1-C15 2.040(3), W1-C16 2.039(5), W1-H1
1.64(2), P1-W1-P2 150.47(2), C15-W1-C15 173.27(4), C15-W1-C16 86.69(3), C1-W1-C16
161.30(8)
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The carbonyl trans to carbon C1 was pushed toward one of the phosphine
ligands to accommodate the hydride ligand H1. The hydride to carbonyl C16 atom
distance is 1.72 A. However, the almost linear attachment of the equatorial carbonyl
group W1-C16-02 of 177.8° does not indicate a significant bonding interaction between
the hydride and the adjacent carbonyl C atom. A 'H-">C correlation spectrum also
shows only a weak interaction. The structure of this complex is very similar to those of
the previously reported cationic molybdenum and tungsten hydrido carbonyl complexes
[M(PNP)(CO);H]* (M = Mo, W) featuring neutral PNP pincer ligands based in the 2,6-
diaminipyridne scaffold, in Chapter 4.%°

ESI-MS studies (in the negative ion mode) of complexes 2s-4s in CH3;CN
solutions revealed that under these reaction conditions these complexes are readily
deprotonated and fragments of the anionic complexes [M(PCP"®-iPr)(CO)s]" (IM-H])
were observed at m/z 503.2 (based on the *’Cr-isotope, the most abundant one), 543.1
(based on the ““Mo-isotope, the first one), and 633.2 (based on the '**W-isotope, the
first abundant one), respectively. Further abundant fragments are exclusively detected
at m/z 475.2, 515.2, and 633.2, respectively, as a result of CO loss from 4s
(IM-H-COJ). A representative negative ion ESI mass spectrum of [Mo(PCPYe-
iPr)(CO)y] is depicted in Figure 8.7. showing the isotopic pattern of the [M-H] ion in

comparison with the theoretical pattern, which turned out to correlate quite well.

Figure 8.7. Negative-ion ESI MS of [Mo(P(CH)PMe-iPr)(CO)3] (3s) in CH3CN showing the
calculated and measured isotopic pattern of the anionic fragment [Mo(P(CH)Pme-iPr)(CO)g]' ([M-
HI)
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8.2.1.Mechanist study

The nature of the interaction between the C1-H1 bond and the Mo-atom in
complex 3s was investigated by means of DFT calculations. The relevant Wiberg
indices (WI)?® indicate the formation of weak Mo-C and Mo-H bonds, with Wl = 0.19
and 0.07, respectively, suggesting the existence of an agostic C-H:--Mo bond. As a
consequence, there is a clear weakening of the C-H bond, much longer (1.12 A) and
weak (WI = 0.74) than the remaining C,y-H bonds (1.08-1.09 A and WI = 0.91).
Moreover, the HOMO-4 of complex 3s (Figure 8.8.) represents clearly a Mo-C1 o
bonding interaction resulting from back donation from a Mo d-orbital to the C-H o*-
orbital, being characteristic of an agostic bond. The frontier orbitals of complex 3s are

presented in Figure 8.9..

Figure 8.8. HOMO-4 of complex 3s (1.6 eV below the HOMO)
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Figure 8.9. Frontier orbitals of complex 3s (d-splitting). Energy values in atomic units
(italics)

174



Chapter 8 — PNP vs PCP Pincer Complexes

A reaction pathway for the formation of hydride complexes was also
investigated by DFT calculations in order to get insights why they are formed for M =
W, but not in the case of Cr and Mo. The free energy profiles obtained for the C,y-H

oxidative addition in the cases of Mo and W are represented in Figure 8.10..

Figure 8.10. Free energy profiles (in kcal/mol) for the oxidative addition of the arene C—H bond

in complexes 3s and 4s (bond distance in A)

The mechanism obtained starts with cleavage of the agostic C-H bond in the
initial complexes (A, in Figure 8.10.), leading to hydride seven-coordinated
intermediates (B). In B, the geometry is capped octahedral with the hydride ligand
capping a face defined by C,y, Cco and one P-atom. C—H oxidative addition is an
accessible process, with barriers of 18 and 21 kcal/mol, for W and Mo, respectively, but
the hydride intermediates, B, are clearly less stable than the initial agostic species: AG
= 10 kcal/mol (W) and 16 kcal/mol (Mo). The following step, from B to C, corresponds
to a re-orientation of the hydride and the nearby CO ligand, with the hydride moving
between adjacent C,,-Cco-P faces of the capped octahedron. The process has small
barriers of 6 kcal/mol (W) and 4 kcal/mol (Mo) and is unfavorable from the
thermodynamic point of view, with AG = 5 kcal/mol (W) and 3 kcal/mol (Mo). In the final
step, from C to D, the structure of the complexes relaxes to the one observed in
complex 3, with the hydride ligand capping a Cco-Cco-P face of the capped

octahedron, in an orientation close to the mean plan defined by the two P-atoms the
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Caryi and its trans CO ligand. This final step has barriers of 5-6 kcal/mol and is clearly
exergonic with AG = -14 kcal/mol (W) and -12 kcal/mol (Mo).

Overall, the mechanisms calculated for the two metal atoms parallel each other.
In both cases, the highest barrier corresponds to the last step and the values obtained
(26 kcal/mol for Mo and 20 kcal/mol for W, relative to the initial reagent) are in
accordance with the experimental conditions. However, the reaction is endergonic and,
thus, thermodynamically unfavorable in the case of Mo, with AG = 7 kcal/mol, while in
the case of W it is essentially thermoneutral (AG = 1 kcal/mol). This is accordance with
the formation of the hydride complex for M = W and not for M = Mo. The reason for the
different reactivity observed can be traced to the M-H bond strength. In fact, in the
hydride species D, the M—H is considerably stronger for the W species than for Mo
complex, as indicated by the corresponding Wiberg indices: W1 = 0.51 (W) and 0.46
(Mo).%®

8.2.2.Reactivity

The agostic C-H arene bond in several Rh(l) and Co(l) was shown to be acidic
and could be readily deprotonated in the presence of even comparatively weak bases
such as pyridine or NEt; to give the respective PCP complexes.®'® In the case of Cr
and Mo complexes 2s and 3s, even in the presence of strong bases such as NaH,
nBuLi, and KOfBu, no deprotonation was observed to afford anionic tricarbonyl
complexes of the type [M(PCP"e-iPr)(CO)s] (Scheme 8.7.).

H

H3C\ co _
p,prz P base N_l—\Pinz
.m co &
M\Co / /M—CO
/N\E’r NP Pr? N—PiPr,
HsC 2 Hye” co
25, M=Cr
3s, M =Mo 4s

Scheme 8.7. Synthesis of desprotonation the Cr, Mo and W complexes

Likewise, also the hydrido carbonyl complex 4s did not react with bases, which
strongly contrasts the behavior of the cationic hydrido carbonyl Mo and W complexes
[M(PNP)(CO);H]" (Chapter 4) were deprotonation took place readily.? Contrarily, in the
presence of strong acids such as HBF,, CF;SO3;H, and CF;COOH decomposition to

intractable materials took place.
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Additional, synthetic approach through oxidative addition to achieved the
[Mo(PNP)(CO).X] ( X =1, Br) complexes was not successful. The only successful

reaction is of the molybdenum pincer complex with selectfluor display in Scheme 8.8..

(\ —cl

-N

H3C\ co [Ng H3C\ CO.

N\/-\p,-prz 2BF, N—/<PiPr,
M

+
~ ~ ~
Mo—— o

7 co > / \CO

NP CHsCN _N=PPr,
H3C 2 cO H3C X

3s 5s X =Cl, BF,?
Scheme 8.8. Reaction of 3s with selectfluor

Due to the solubility of the selectflour the reaction is solvent depend, only
occurring in CH;CN to vyield the dicarbonyl complexes of the type [Mo(PCPMe-
iPr)(CO),]".

The NMR characterization of complex 5s shows no evidence for the proton
attached to the ijpso-carbon. The 'H NMR spectra neither the proton on C1 or hydride
resonances appears. In the *C{'H} NMR spectrum the ipso-carbon atom exhibits a
triplet at 123.4 ppm, downfield from both the PCHP ligand and the 3s precursor,
proving the existence of a normal metal-carbon bond. It is also visible two low-field
resonances of the carbonyl carbon atoms trans and cis to the benzene C1 observed as
two triplets in a 1:1 ratio. The *'P{"H} NMR spectra exhibit singlet resonance at 135.9
ppm shifted upfield from the corresponding precursor (149.7 ppm, 3s), which means
the metal increases the electron density on phosphorus. The "F{'H} NMR at -151.6
ppm corresponding to the BF, anion but there was no evidence of a fluoride ligand
being coordinated to the molybdenum. In the IR complex 5s exhibits two bands
assignable to the symmetric and the asymmetric CO stretching frequencies which is

characteristic of two CO ligands being cis to one another.

8.3. Conclusions

The reaction of hexacarbonyl group six complexes with the P(CH)P pincer
ligand N,N'-bis(di-iso-propylphosphino)-N,N’-dimethyl-1,3-diaminobenzene was
investigated with the objective to obtain hydridocarbonyl M(Il) complexes of the type
[M(PCP"e-iPr)(CO);H]. In the case of Cr and Mo, the agostic complexes [Cr(P(CH)Pe-
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iPr)(CO)s] (2s) and [Mo(P(CH)P"e-iPr)(CO)s] (3s) were formed and no C-H bond
cleavage took place, while with tungsten the expected seven coordinate hydrido
carbonyl W(Il) complex of [W(PCP"®-iPr)(CO);H] (4s) was formed. DFT mechanistic
studies corroborate the experimental observations and indicate that the M—H bond
strength grows in the order Cr—H < Mo—H < W-H, explaining the preference for the
hydride complex only in the case of W. Complexes 2s - 4s, even in the presence of
strong bases such as NaH, nBulLi, and KOfBu, could not be deprotonated to afford

anionic tricarbonyl complexes of the type [M(PCP-iPr)(CO)s]".
8.4. Experimental Part

The ligand N,N'-bis(di-iso-propylphosphino)-N,N’-dimethyl-1,3-diaminobenzene

(P(CH)P™-jPr) was prepared according to the literature.*

8.4.1.Syntheses

A suspension of the metal hexacarbonyl (0.60 mmol) and 1 equiv. of the
respective P(CH)P ligand (0.60 mmol) in CH3CN (4 mL) were placed in a 20 mL sealed
glass tube and stirred for 2 h at 135°C (unless otherwise noted, see information below)
whereupon a clear solution was obtained. The reaction mixture was allowed to cool to
room temperature without stirring. In most cases the product was obtained as
crystalline material and was decanted and washed with n-pentane. In all other cases
the solvent was removed under reduced pressure. The remaining solid was washed

with n-pentane and dried under vacuum.

[Mo(P(CH)P-tBu)(CO)s] (3r)

H
N PtBu,

OC\\ co

—M
oc—Mo___

HN—P{Bu, co

co
The product was obtained as yellow oil in 96% yield. 'H NMR (8, CD.Cl,, 20 °C): 6.92
(t, J = 8.0 Hz, 1H, Ph), 6.76 (d, J = 19.1 Hz, 1H, Ph), 6.59 (s,1H, Ph), 6.38 (d, J = 7.8
Hz), 3.99 (d, J = 10.5 Hz, NH), 3.79 (d, J = 4.6 Hz, NH), 1.30 (dd, J = 13.4, J = 2.5 Hz,
CHs), 1.03 (dd, J = 11.8, J = 2.5 Hz). *C{'"H} NMR (5, CD,Cl,, 20 °C): 209.6 (d, J =
25.7 Hz, CO), 205.9 (d, J = 8.7 Hz, CO), 205.8 (d, J = 8.5 Hz, CO), 202.9 (CO), 149.8
(dd, J = 17.3 Hz, J = 10.3 Hz, Ph), 144.3 (dd, J = 4.5 Hz, J = 3.6 Hz, Ph), 128.6 (t, J =
9.0 Hz, Ph), 114.2 (d, J = 3.0 Hz, Ph), 111.8 (dd, J = 9.5 Hz, 3.1 Hz, Ph), 110.3 (d, J =
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15.4 Hz, Ph), 38.7 (d, J = 10.9, J = 5.7 Hz, CCHs), 33.3 (dd, J = 20.0 Hz, J = 2.3 Hz,
CCHjs), 28.3 (d, J = 7.0 Hz, CH3), 27.1 (dd, J = 15.2 Hz, J = 10.0 Hz, CH5). 3'P{'H}
NMR (5, CD,Cl,, 20 °C): 125.4(d, J = 37.8 Hz), 57.9 (d, J = 58.7Hz).

[Cr(P(CH)P"°-iPr)(CO)] (2s)

HaC ¢
N .
N—|—PiPr,
H D
~—~—Cr——CO

N—PiPr,
HsC co

The product was obtained as red needles in 96% yield. Anal. Calcd. For
Ca3H3sCrN,O3P, (504.51): C, 54.76; H, 7.59; N, 5.55. Found: C, 54.56; H, 7.67; N, 5.73.
'H NMR (8, CD,Cly, 20 °C): 7.09 (t, J = 7.9 Hz, 1H, Ph*), 6.12 (d, J = 8.0 Hz, 2H, Ph®®),
2.87 (s, 6H, NCH3), 2.52-2.42 (m, 2H, CH), 2.42-2.30 (m, 2H, CH), 1.28 (dd, J = 16.3
Hz, J = 6.8 Hz, 7H, CHs), 1.20-1.09 (m, 12H, CHs), 1.04 (dd, J = 14.1 Hz, J = 6.9 Hz,
6H, CHs), -2.15 (t, J = 6.2 Hz, 1H, Ph"). *C{"H} NMR (5, CD,Cl,, 20 °C): 238.0 (t, J =
8.1 Hz, CO), 227.9 (t, J = 13.1 Hz, CO), 226.8 (t, J = 16.2 Hz, CO), 164.5-164.0 (m,
Ph?®), 132.6 (Ph?), 103.3-102.9 (m, Ph*°), 71.1 (t, J = 6.3 Hz, Ph'), 33.9 (d, J = 15.7
Hz, CH), 33.0 (d, J = 5.4 Hz, NCH,), 31.6 (d, J = 20.8 Hz, CH), 18.6-18.4 (m, CHs),
18.1 (CHs), 17.6-17.4 (m, CHs). *C NMR (5, CD.Cl,, 20 °C): 164.5-164.0 (m, Ph?®),
132.6 (d, J = 157.2 Hz, Ph*), 103.1 (d, J = 160.7 Hz, Ph®®), 71.1 (d, J = 124.9 Hz, Ph").
¥P{"H} NMR (8, CD,Cl,, 20 °C): 165.5. IR (ATR, cm™): 1933 (vco), 1821 (vco). ESI-MS
(m/z, CH3;CN) negative ion: 503.2 [M-HJ, 475.2 M-H-COJ".

[Mo(P(CH)P"-iPr)(CO)] (3s)

CcO
H3C,
N .
N——|—PiPr,
HOS

~—~Mo

/

N—PiPr,
H3C co

CcO

The product was obtained as orange needles in 98% yield. Anal. Calcd. For
Ca3H3sMoN,O;P, (548.48): C, 50.37; H, 6.98; N, 5.11. Found: C, 50.34; H, 7.14; N,
5.13. "H NMR (8, CD,Cl,, 20 °C): 7.13 (tt, J = 8.1 Hz, J = 1.1 Hz, 1H, Ph*), 6.18 (dd, J =
8.1 Hz, J = 1.7 Hz, 2H, Ph®°), 2.92-2.85 (m, 6H, NCHj3), 2.50-2.38 (m, 2H, CH), 2.36-
2.24 (m, 2H, CH), 1.27-1.20 (m, 7H, CHs, Ph'), 1.15-1.05 (m, 12H, CH,), 0.97-0.90 (m,
6H, CHs). *C{'"H} NMR (5, CD,Cl,, 20 °C): 232.4 (t, J = 5.8 Hz, CO), 219.6 (t, J = 8.5
Hz, CO), 216.4 (t, J = 10.3 Hz, CO), 164.1 (vt, J = 9.9 Hz, Ph?®), 133.4 (Ph*), 104.6 (t,
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J =3.3 Hz, Ph®?), 72.8 (t, J = 4.6 Hz, Ph"), 33.7-33.2 (m, CH, NCH,), 31.1 (vt, J = 10.8
Hz, CH), 19.1 (vt, J = 7.1 Hz, CH;), 18.4 (vd, J = 4.5 Hz, CHs), 18.1 (vt, J = 6.2 Hz,
CHs). ®C NMR (5, CD,Cl,, 20 °C): 164.2-163.8 (m, Ph?®), 133.4 (d, J = 157.4 Hz, Ph?),
104.5 (d, J = 161.0 Hz, Ph®°), 72.7 (d, J = 126.0 Hz, Ph"). *'P{"H} NMR (5, CD,Cl,, 20
°C): 149.7. IR (ATR, cm™): 1942 (vco), 1839 (veo), 1823 (vco). ESI-MS (m/z, CH;CN)
negative ion: 543.1 [M-HJ, 515.1 M-H-COJ.

[W(PCPMe-iPr)(H)(CO)g,] (4s)

N— —F’/Pr2

N PiPry

The product was obtained as yellow-green needles in 95% vyield. Anal. Calcd. For
CasH3sN,03P,W (636.36): C, 43.41; H, 6.02; N, 4.40. Found: C, 43.38; H, 6.12; N, 4.51.
'H NMR (8, CD,Cl,, -40 °C): 6.83 (t, J = 7.9 Hz, 1H, Ph*), 5.99 (d, J = 8.0 Hz, 2H,
Ph3?), 2.83 (dd, J = 7.6 Hz, J = 5.5 Hz, 6H, NCH3), 2.65-2.32 (m, 4H, CH), 1.21 (ddd, J
=382 Hz, J=17.5Hz, J = 6.9 Hz, 12H, CH;), 0.92 (dd, J=14.7Hz, J=7.1 Hz, J =17
Hz, 12H, CHs), -5.75 (dd, J = 56.4 Hz, J = 21.1 Hz, 1H). *C{'H} NMR (8, CD,Cl,, 20
°C): 207.8 (vt, CO), 200.6 (t, J = 7.9 Hz, CO), 158.6 (dd, J = 52.7 Hz, J = 24.5 Hz,
Ph2%), 130.9 (t, J = 10.0 Hz, Ph"), 125.3 (Ph*), 101.6 (Ph*®), 34.1-32.5 (NCH3, CH),
20.6 (CHs), 19.7 (CHs), 18.4 (CH3). *C NMR (8, CD.Cl,, 20 °C): 159.1-158.2 (m, Ph?®),
131.1-130.8 (m, Ph'"), 125.3 (d, J = 156.8 Hz, Ph*), 101.5 (d, J = 156.5 Hz, Ph®°).
3'P{"H} NMR (5, CD,Cl,, -40 °C): 138.3 (d, J = 89.0 Hz, "J,.,, = 311.2 Hz), 120.8 (d, J =
89.0 Hz, "J,., = 322.2 Hz). IR (ATR, cm™): 1991 (vco), 1909 (veo), 1860 (veo). ESI-MS
(m/z, CH3;CN) negative ion: 633.2 [M-H], 605.2 M-H-COJ".

To a solution of the 3s (0.60 mmol) in CH;CN (10 mL) 1 equiv. of selectfluor
(0.60 mmol) was added and the solution was stirred for 3 days. After this period the
solution was filtered, the solvent was then removed under vacuum, and the remaining

yellow solid was washed twice with Et,O and n-pentane and dried under vacuum.

180



| Chapter 8 — PNP vs PCP Pincer Complexes

[Mo(PCP e-iPr)(CO),(X)] (5s)

X = Cl, BF ?

The product was obtained as yellow powder 86% vyield. '"H NMR (8, CDs;CN, 20 °C):
7.17 (tt, J = 8.0 Hz, J = 1.3 Hz, 1H, Ph*), 6.30 (d, J = 8.0 Hz, J = 1.7 Hz, 2H, Ph%®),
3.03 (t, J = 2.8 Hz, 6H, NCH3), 2.79-2.70 (m, 2H, CH), 2.69-2.58 (m, 2H, CH), 1.27 (dd,
J =16.2 Hz, J = 7.2 Hz, 6H, CH3), 1.25-1.19 (m, 12H, CH3), 1.13 (dd, J = 16.5 Hz, 7.1
Hz, 6H, CH3). *C{'"H} NMR (5, CDsCN, 20 °C): 256.0 (t, J = 15.5 Hz, CO), 230.3 (t, J =
13.2 Hz, CO), 162.0 (vt, J = 11.4 Hz, Ph?®), 132.7 (Ph*), 123.4 (t, J = 7.3 Hz, Ph"),
105.2 (t, J = 4.6 Hz, Ph®®), 35.3 (vt, J = 2.4 Hz, NCH;), 32.0 (vt, J = 11.6 Hz, CH), 31.0
(vt, J = 7.4 Hz, CH),19.9 (vd, J = 23.9 Hz, CH3), 19.7 (vt, J = 3.0 Hz, CH3), 19.2 (vt, J =
3.3 Hz, CHs). *'P{'"H} NMR (8, CD5CN, 20 °C): 135.9. ®F{'"H} NMR (5, CD;CN, 20 °C):
-151.6. IR (ATR, cm™): 1935 (vco), 1719 (veo).
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8.6. Annex

13C NMR, no decoupling (400 MHz, CD,Cl,)
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13C NMR, no decoupling (400 MHz, CD,Cl,)
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13C NMR, no decoupling (600 MHz, CD,Cl,)
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