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Résumé

Cette these décrit la synthese, la caractérisation, les réactivités, et les propriétés
physiques de complexes divalents et trivalents de Ni formés a partir de nouveaux
ligands «pincer» de type POCN. Les ligands POCN de type amine sont préparés
d’une facon simple et efficace via [D’amination réductrice de 3-
hydroxybenzaldéhyde avec NaBHs et plusieurs amines, suivie par la
phosphination de 1’amino alcool résultant pour installer la fonction phosphinite
(OPRy); le ligand POCN de type imine 1,3-(i-Pr),PC¢H4C(H)=N(CH,Ph) est
préparé de fagon similaire en faisant usage de PhCH,NH; en I’absence de NaBH4.
La réaction de ces ligands «pincer» de type POCN avec NiBr,(CH3CN)i en
présence d’une base résulte en un bon rendement de la cyclométalation du lien C-
H situé en ortho aux fonctions amine et phosphinite. Il fut découvert que la base
est essentielle pour la propreté et le haut rendement de la formation des
complexes «pincer» désirés. Nous avons préparé des complexes «pincer» plan-
carrés de type POCN, (POCN®?)NiBr, possédant des fonctions amines
secondaires et tertiaires qui démontrent des réactivités différentes selon les
substituants R et R’. Par exemple, les complexes possédant des fonctions amines
tertiaires ArCH,NR, (NR,= NMe,, NEt;, and morpholinyl) démontrent des
propriétés rédox intéressantes et pourraient €tre convertis en leurs analogues
trivalents (POCNRZ)NiBrz lorsque réagis avec Br, ou N-bromosuccinimide (NBS).
Les complexes trivalents paramagnétiques a 17 électrons adoptent une géométrie
de type plan-carré déformée, les atomes de Br occupant les positions axiale et
équatoriale. Les analyses «DSC» et «TGA» des ces composés ont démontré qu’ils
sont thermiquement stables jusqu’a ~170 °C; tandis que la spectroscopie
d’absorption en solution a démontré qu’ils se décomposent thermiquement a
beaucoup plus basse température pour regénérer les complexes divalents ne
possédant qu’un seul Br; I’encombrement stérique des substitutants amines

accélere cette route de décomposition de fagon significative. Les analogues NMe,
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et N(morpholinyl) de ces especes de Ni'

sont actifs pour catalyser la réaction
d’addition de Kharasch, de CX, a des oléfines telles que le styréne, tandis qu’il
fut découvert que 1’analogue le moins thermiquement stable (POCN®?)Ni est
completement inerte pour catalyser cette réaction.

Les complexes (POCN*")NiBr possédant des fonctions amines secondaires
permettent 1I’acces a des fonctions amines substituées de facon non symétrique via
leur réaction avec des halogénures d’alkyle. Un autre avantage important de ces
complexes réside dans la possibilité de déprotonation pour préparer des
complexes POCN de type amide. De telles tentatives pour déprotoner les
fonctions NRH nous ont permis de préparer des especes dimériques possédant des
ligands amides pontants. La nature dimérique des ces complexes [ ,x", & ,u"-
(2,6-(i-Pr),PC¢H3CH,NR)Ni], (R= PhCH, et Ph) fut établie par des études de
diffraction des rayons-X qui ont démontré différentes géométries pour les coeurs
Ni;N; selon le substituant N : I’analogue (PhCH;)N posseéde une orientation syn
des substitutants benzyles et un arrangement ressemblant a celui du cyclobutane
du Ni et des atomes d’azote, tandis que 1’analogue PhN adopte un arrangement de
type diamant quasi-planaire des atomes du Ni et des atomes d’azote et une
orientation anti des substituants phényles. Les especes dimériques ne se dissocient
pas en présence d’alcools, mais elles promouvoient 1’alcoolyse catalytique de
I’acrylonitrile. De fagon intéressante, les rendements de ces réactions sont plus
élevés avec les alcools possédant des fonctions O-H plus acides, avec un nombre
de «turnover» catalytique pouvant atteindre 2000 dans le cas de m-cresol. Nous
croyons que ces réactions d’alcoolyse procedent par activation hétérolytique de
I’alcool par I’espece dimérique via des liaisons hydrogenes avec une ou deux des
fonctions amides du dimere.

Les especes dimériques de Ni (II) s’oxydent facilement
électrochimiquement et par reaction avec NBS ou Br,. De fagon surprenante,
I’oxydation chimique mene a I’isolation de nouveaux produits monomériques

dans lesquels le centre métallique et le ligand sont oxydés. Le mécanisme
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d’oxydation fut aussi investigué par RMN, «UV-vis-NIR», «DFT» et
spectroélectrochimie.

Mots-clés: nickel (II), nickel (IIT), complexes «pincer» de type POCN, activation
C-H, diffraction des rayons-X, RMN, voltampérométrie cyclique (CV), analyse
thermogravimétrique (TGA), «differential scanning calorimetry» (DSC),

spectroélectrochimie, addition de Kharash, hydroalkoxylation des oléfines.
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Abstract

This thesis describes the synthesis, characterization, reactivities, and physical
properties of divalent and trivalent complexes of Nickel based on new POCN-type
pincer ligands. The amino-type POCN ligands were prepared in a simple and
efficient manner via reductive amination of 3-hydroxybenzaldehyde with NaBH,
and various amines, followed by phosphination of the resulting amino alcohol to
install the phosphinite (OPR;) functionality. The imino-type POCN ligand 1,3-(i-
Pr),PC¢H4sC(H)=N(CH,Ph) was prepared similarly using PhCH,NH, in the
absence of NaBHi. Reaction of these POCN-type pincer ligands with
NiBr,(CH3CN)y in the presence of a base results in the high yield cyclometalation
of the C-H bond which is ortho to the amine and phosphinite functionalities.

The base was found to be essential for a clean and high yield formation of
the desired pincer complexes. We have thus prepared square planar POCN-type
pincer complexes (POCN®?)NiBr featuring tertiary or secondary amine moieties
that exhibit different reactivities as a function of amine substituents R and R". For
instance, complexes bearing the tertiary amine moieties ArCH,NR; (NR,= NMe,,
NEt;, and morpholinyl) displayed interesting redox properties and could be
converted into their trivalent analogues (POCNRz)NiBrz when reacted with Br, or
N-bromosuccinimide (NBS). These 17-electron, paramagnetic trivalent complexes
adopt a distorted square pyramidal geometry with Br atoms at axial and equatorial
positions. DSC and TGA analyses of these compounds revealed them to be
thermally stable up to ~170 °C; whereas absorption spectroscopy in solution
showed that they undergo thermal decomposition at much lower temperatures to
regenerate the monobromo divalent complexes; increased steric bulk of the amine
substituents accelerate this decomposition pathway significantly. The NMe, and
N(morpholinyl) analogues of these Ni'' species are active catalysts for the
Kharasch addition of CX4 to olefins such as styrene, whereas the least thermally

stable analogue (POCN*%)Ni was found to be completely inert for this reaction.



\Y%

The complexes (POCNY)NiBr featuring secondary amine moieties allow
access to unsymmetrically substituted amine moieties via reaction with alkyl
halides. Another important advantage of these complexes lies in the possibility of
deprotonation to prepare amide-type POCN complexes. Such attempts at
deprotonating the NRH moieties have allowed us to prepare dimeric species
featuring bridging amido ligands. The dimeric nature of these complexes
[, &5, &, u"-(2,6-(i-Pr),PCcH;CH,NR)Ni], (R= PhCH, and Ph) was established
through X-ray diffraction studies that showed different geometries for the Ni,N;
cores as a function of N-substituent: the (PhCH,)N analogue featured a syn
orientation of the benzyl substituents and a cyclobutane-like arrangement of Ni
and of the nitrogen atoms, whereas the PhN analogue adopted a nearly planar
diamond-like arrangement of the Ni and of the nitrogen atoms and an anti
orientation of the phenyl substituents. These dimeric species do not dissociate in
the presence of alcohols, but they promote the catalytic alcoholysis of
acrylonitrile. Interestingly, yields of these reactions are higher with alcohols
possessing more acidic O-H moieties, with a catalytic turnover number reaching
up to 2000 in the case of m-cresol. These alcoholysis reactions are believed to
proceed through heterolytic activation of the alcohol by dimeric species via
hydrogen bonding with one or two amido moieties in the dimer.

The dimeric Ni (II) species were found to undergo facile oxidation both
electrochemically and in reaction with NBS or Br,. Surprisingly, chemical
oxidation led to isolation of new monomeric products in which both the metallic
center and the ligand were oxidized. giving a trivalent species featuring an imine-
type POCN ligand. Oxidation mechanism was investigated in detail by NMR,
UV-vis-NIR, DFT and spectroelectrochemistry.

Keywords: nickel (II), nickel (III), POCN-type pincer complexes, C-H activation,

X-ray diffraction, NMR, cyclic voltammetry (CV), thermogravimetric analysis
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(TGA), differential scanning calorimetry (DSC), spectroelectrochemistry,

Kharasch addition, olefin hydroalkoxylation.
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Chapter 1: Introduction

1.1 Pincer ligands and complexes

A pincer ligand is a type of tridentate chelating organic compound that
generally consists of two coordinating functionalities like amine, phosphine,
ether, thioether, carbene etc. and one anionic functionality like alkyl, aryl, silyl,
boryl, amide, phosphide between them (Figure 1.1). Together, these
functionalities allow the ligand to bind metal in a tridentate meridional chelating

manner.

—H 0-00000
Q x = C,N,Si, P

Figure 1.1. Example of Pincer ligand.

There are many different types of pincer ligands known in the literature
and all of them could be separated into two primary types: symmetric and

asymmetric pincer ligands (Figure 1.2).



5+n
n=0,1,2
—H
"0
Symmetric Asymmetric

Figure 1.2. Example of symmetric and asymmetric pincer ligand.

Symmetric pincer ligands have been known for a long time since the
original introduction of pincer complexes in 1976 by Shaw' and coworkers. First
pincer complexes featured a series of transition metals, primary late transition
metals, such as Ni, Pd, Pt, Rh, Ir and were based on the PCspZP pincer system
shown below (Figure 1.3).

ReP—>I<—PR,
X

M=Ni, Pd, Pt, Rh, Ir

Figure 1.3. First pincer complexes made by Shaw.

Shaw noticed potential use of these complexes in the catalytic
applications and highlighted their important features such as thermal stability and
ability to sustain the unusual oxidation state of the metal.

After introduction of pincer complexes by Shaw, this chemistry was
forgotten for few years and in 1979 pincer topic was continued by van Koten who
concentrated his work primarily on newly developed NCN pincer type ligand

(Figure 1.4).



—

NR, NR,

Figure 1.4. NCN ligand of van Koten.

Thus, van Koten’s group synthesized a series of complexes based on Ni, Pt
and Pd and for the first time, structurally characterized these complexes and
reported their chemical reactivities and catalytic activities in the reaction of

m complexes

Kharasch” addition. Also, this was the first group to report stable Ni
featuring Ni-C linkage and to highlight a great importance of this oxidation state
of the Nickel for catalytic activities in Kharasch addition reaction (

Scheme 1.1).

R:N—>Ni<—NR;

|
RPN + CCl, Hal - j\/ccu,

Scheme 1.1. Example of Kharasch addition.

First decades of pincer chemistry have witnessed the development of many other
pincer ligands. Thus, Fryzuk3 reported an interesting example of “hybrid” PNP-
type pincer ligand, featuring soft phosphine donors and hard anionic nitrogen
lligand. Additionally, this ligand was incorporating two dimethylsilane linkages
which were protecting metal from reductive elimination or oxidation (Figure 1.5)
Complexes of this type were synthesized with nickel and palladium, and were
structurally characterized. More recent advances of this chemistry demonstrated

by Caulton’s group will be discussed later on.
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I
thP—>IYI<—PPh2
Cl
M = Ni, Pd
Figure 1.5. PNP pincer system demonstrated by Fryzuk.

Majority of the earlier pincer complexes were based on the symmetric
pincer ligands with aromatic backbone featuring not only phosphines or amines as
coordination ligands but also sulfur, oxygen or even selenium atoms were used
(Figure 1.6). Thus NCN,* POCOP,” PNCNP,® SCS, CCC’ pincer ligands were

developed and their complexes was structurally characterized.

a0, 0 M

N N
| | | . .
NR, NR, PR, PR, PR, PR, SR SR &7 < J
N

Figure 1.6. Series of symmetric pincer ligands.

Some extensive studies in symmetric pincer ligand were done using
POCOP pincer system which was originally introduced by Jensen in 1998.°
Eventually, interesting reactivities of this type of system was discovered based on
Ir for dehydrogenation of alkanes to olefins.

Later, a number of asymmetric pincer ligands were developed containing
mixed donor atoms PCN,’ NCS'’ and PCS'-type pincer ligands. The chemistry of
these ligands remains significantly less developed compared to the chemistry of
symmetric ones (Figure 1.7) but the number of reports concerning the

nonsymmetrical pincer ligands grows every year.''



NR, PR, NR; SR PR, SR
PCN NCS PCS

Figure 1.7. Several asymmetric pincer ligands.

Aside from the interesting structural features of non symmetric pincer
ligands, there are interesting possibilities of tuning electronic properties of the
metal by changing donor substituents. Additionally, use of hemilabile ligands'
such as oxygen or nitrogen in unsymmetrical pincer ligand structure allows to
achieve control over other possible catalytic reaction pathway and this
significantly increases the numbers of active sites on the metal center thereby
increasing its performance. However, use of hemilabile ligand sometimes presents
a drawback where the ligand undergoes irreversible dissociation from the metal
core and decomposition ensues. For example, the reaction of a platinum hydride
PCN pincer complex with COy,, reported by Milstein and coworkers, leads to

reductive eliminateion and a formation of a structurally characterized cluster

(Scheme 1.2).
NMe, MezN
.o &L
AL

NMe, ——>
(t-Bu)oP—> Fit‘NMez (t-Bu),P—=Pt_
H

|"~Cxz
<0
H o)
P.

Me,N

Scheme 1.2. Pincer hemilabile effect with PCN Pt (II) complexes.



1.2 Strategy for ligand cyclometallation

The cyclometallation is a process during which the metal precursor
undergoes reaction with a chelating ligand and forms a metallacycle. In the case
of pincer ligands, the cyclometallation proceeds through formation of two
metallacycles arranged in a B-shaped formation. Generally, the most complicated
process in pincer complex formation is the XH activation and so many methods

have been developed to achieve such transformation.

1.2.1 Formation of pincer complexes via C-X activation with low oxidation

state of the metal precursors

Cyclometalation, could be achieved through different pathways. There are
a number of reports in the literature describing the use of low oxidation state
metal precursors in cyclometalation reaction which generally lead to formation of
corresponding metallacycles with a metal-X (X=H, CHs, CI, etc.) moiety in the

13,14,15 ! 1
1415 For instance, Ozerov'** and coworkers have reported the

resulting complex.
formation of pincer complexes based on PNP pincer type ligands via activation of

NX (X=H, CH3) bond (Scheme 1.3).

X=H, Me
M=Ni, Pd, Pt

Scheme 1.3. Cyclometalation reported by Ozerov.

Using the metal precursor based on a group 10 metal, Ozerov’s group was
able to achieve good to moderate yields of the hydrido- and methyl- complexes.
Interestingly, the best conversion in this case, was displayed with nickel and

palladium while platinum shows somewhat sluggish conversion.



Formation of pincer complexes via activation of C-C bonds has been
studied by Milstein’s group. In his pioneering report regarding cyclometalation
chemistry of PC(CHj3)P ligand Milstein demonstrated both activation of aliphatic
C-H bond as well as C-C bond activation by Rh and Ir precursors at room
temperature.'® Interestingly enough, the C-H bond activation adduct was reported
irreversibly converted to the C-C activation complex which is eventually, after
investigation of mechanistic details of this reaction, found to be the

thermodynamically favorable product. (Scheme 1.4).

MOL
E— +
R,P PR
PR, PR, RZP—>I\|’I<_PR2 2 ‘IY'I 2
CH; H
M=Rh, Ir thermodinamic product kinetic product

Scheme 1.4. Cyclometalation by Milstein.

Similar findings were reported by performing computational studies on
mechanism of the reaction.!” On the other hand, using OsHCI(PPh3), precursor
with PC(CH3)P ligand furnished PCPOsCIPPh; by elimination of methane via C-
C activation while C-H activation and formation of CH;Cl were not observed'®

(Scheme 1.5).

OSHCI(PPhy),

PR2 PRZ Rzl:’_> C}s<—PR2
Cl

Scheme 1.5. C-C activation with osmium precursor.

Although formation of pincer complexes via C-H or N-H oxidative
addition is fairly rare in literature, the oxidative addition of C-Hal is more
common and strongly exploited in van Koten’s chemistrylg. Similar to C-H

oxidative addition, C-Hal activation reaction generally proceeds through



oxidation of metal from O to 2 oxidation state and formation of M-Hal precursor
which is more stable than corresponding M-H species and usually much easier to
manipulate with. At the same time, cyclometalation of pincer ligand by high-
valent metal precursors such as bis(tolyl)platinum was also reported in literature
and in this case the oxidative addition pathway from Pt(Il) to Pt(IV) was

proposed®’ (Scheme 1.6).

(@\ PtTol,SEt,
_— _—
~(Tol-Tol)

NR; Br NR; RzN*P'\‘r—NRz R,N—> Pt <—NR,
Br I ol I
Tol Br

Scheme 1.6. Oxidative addition pathway from Pt(II) to Pt(IV).

1.2.2 Formation of pincer complexes with high valent metal precursors

One of the biggest disadvantages of the above method for formation of
pincer complexes formation is the need to preactivate the ligands prior to reaction
with metal precursors. Generally, halogenation in position 2 of aromatic core is
used. Additionally, use of highly reactive low-valent metal precursors is required
for which special conditions of manipulation and handling are necessary. From
economic point of view, low valent metal precursors are more expensive than
their high valent versions. Moreover, precursors with higher oxidation state of the
metal are much easier to handle since most of them are air stable and does not
require special inert atmosphere. On the other hand, sometimes it is almost
impossible to achieve cyclometalation of ligand with high valent precursors due
to their insufficient reactivity or domination of other side processes. For example
NC(H)N pincer ligand developed in van Koten’s group is almost impossible to
cyclometallate by the use of high-valent metal precursors. Just recently, using
pincer systems similar to van Koten’s NCN ligands, Richard’s group has reported
a new way to potentially overcome cyclometalation problem. In their work, they

used 1,3-diimino substituted NCN-type pincer ligand and K,PtCl, in glacial acetic



acid as a solvent to achieve the final complex in about 30-50 % vyield.?! These
findings are of great interest since they provide a relatively cheap synthetic

pathway toward one of the most used types of the pincer ligand (Scheme 1.7).

|
| K,PtCl, !
—_
AcOH, A

Scheme 1.7. Cyclometalation of NCN ligand reported by Richards.

Similar issues were addressed in some of our group’s earlier publications,
particularly with aliphatic PCsp’P ligands.”* During cyclometalation of these
ligands, significant amounts of side products such as dimeric Ni" species were

formed and eventually recovered from reaction mixture (Scheme 1.8)

P AN P
NiBr, YP\ B P\r<_/sr Y
- Ni— °F Ni + Ni—Br
Br— % BrT f/<

/z\

N/

Scheme 1.8. Side product formation with PCsp”P ligand.

Contrary to NCspZN pincer systems, PCssz type ligand was reported
having no difficulty to cyclometallate with various types of late transition metal
precursors. Use of pincer complexes based on this type of ligand with Ni, Pd, Pt,
Ir, and Rh was the pioneering work in the pincer chemistry originated by Shaw
and coworkers back in 1976. However, formation of dimers by using high valent
metal precursors, similar to that described above for nickel, can be spotted in
literature. Roddick®® have reported a PCsp’P ligand which undergoes the

formation of dimer prior to cyclometalation (Scheme 1.9).



10

(Fsc)zp/\©/\P(CF3)2
PtMe,COD A

—_— :e: t/Me —_—
e Me
P(CF3), P(CF;), T (F3C) P> Fit ~—P(CF3),
(F3C)2 P(CF;), Me

Scheme 1.9. Cyclometalation of PCP ligand by Adams.

1.2.3 Transmetallation and transcyclometallation

Aside from the direct metallation of pincer ligands, there are a number of
reports in the literature dealing with the preparation of pincer complexes via
transmetallation and this pathway is reported to be successful in cases where
direct cyclometalation route has failed. Generally, transmetallation is referred to
substitution reaction of one metal, usually lithium, by transition metals?* (Scheme

1.10).

BuLi MX2
—_— —_—
-LiX
LR, LR, LR, Li LR, RzL—>IYI<—LRz

Scheme 1.10. Example of transmetallation.

The major use of transmetallation can be found in the chemistry of LXL
(X=N, P) ligands. The X-H activation in these systems is complicated by the
formation of M-XH coordination bond, which is the kinetic intermidiate of
cyclometalation reaction. Further X-H activation is somewhat sluggish and
reported to take place only with certain types of transition metals. In these cases
lithiation or use of other strong bases, such as sodium or potassium alkyl or
alkoxide reagents are required in order to generate the metallation product.

The transmetallation approach for pincer complex formation was used by

several researchers with transition metals or ligands where the conventional direct
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cyclometalation route was found to be ineffective or impossible. For example,
NCN” and PNP'" type pincer ligand systems are generally very hard to
cyclometallate via the direct route and so preactivation of the ligands by lithiation
is required in order to achieve desirable complexation. Overall, use of
transmetallation pathway is proven to be successful and sometimes unique for
prepararation of pincer complexes.

Recently, van Koten’s group introduced to the pincer chemistry another
way of ligand transmetallation as transcyclometallation or TCM.?® However the
use of this method is limited for a narrow range of ligands. Original investigation
of TCM was conducted with NCN and PCP pincer ligands where (NCN)Ru
complex was used.”’” According to literature examples, nitrogen containing
ligands can be easily displaced by more strongly coordinating ligands such as
phosphines. As stated by van Koten, (PCP)Ru pincer complex can be smoothly
prepared by transcyclometalation route from (NCN)Ru system. Intermediate A

(Scheme 1.11) was not only observed but also was isolated and structurally

characterized.
sz PR, PR; NR:
hox + — > M-x  +
NR; PR, PR, NR;
R2
PR,
X
fM
PR,
NR,
A

Scheme 1.11. Example of transcyclometallation.

1.3 Transformations of the ligand backbone in pincer complexes
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One of the promising areas of the pincer chemistry is modification of
ligand backbone in the pincer complex. This would allow derivatization of the
pincer complexes and perhaps creation of new materials and more complex
catalytic systems. Most of the literature available on this subject, generally, deals
with ligand modification prior to the cyclometallation.”® This approach helps to
avoid the possible complication which might arise from using reactive reagents.

Unfortunately, presence of highly reactive metal center does not allow the
use of common reagents, which are necessary for organic transformation to take
place. Radical reactions, electrophilic substitutions in aryl cores and nucleophilic
substitutions are hard to imagine in pincer chemistry. Most of these reactions
utilize very strong acids, bases or highly active oxidants which, could damage or
transform the metal and its surroundings and perhaps lead to intractable mixtures
of products. Nevertheless, some of these transformations are possible and have
been illustrated previously by several research groups.

Remarkable reactivities in this area of research were demonstrated by
Rodriguez29 and Suijkerbuijk,30 based on (NCN)Pt complexes. Interestingly, the
platinum complexes reported in these papers undergo multistep modifications of
the ligand backbone without having significant influence on the platinum center

(Scheme 1.12).29

?r
MezN_> Pt "_NMGZ
RCH,Br
¢l G
Me,N—Pt=—NMe, Me,N—Pt<—NMe,
0—
BusNF ] R
(|3I
OTBDMS OH RCOCI| Me;N—Pt<—NMe,
R\”/O
o

Scheme 1.12. Alkylation and acylation of OH group in pincer ligand backbone.
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Interesting reactivities were demonstrated in the reaction of complex 4-1-
(NCN)PtCl1 with BuLi, which undergoes transformation of both metal Pt-Br and
ligand C-I bonds. However reactions with CO, and salt methathesis with Nal
subsequently introduces carboxylic group to the ligand structure and regenerates

platinum surrounding (Scheme 1.13).

Br |
[ |
Me,N—> Pt <«—NMe, Me,;N—> Pt <—NMe,
1) BuLi
2) CO,
I 3) Nal

o} OH
Scheme 1.13. Carboxylation of pincer ligand backbone.

Another interesting reactivity reported in these papers is the reduction of
aldehyde group, in the NCN pincer complex to an alcohol group with NaBH;CN

in the presence of acetic acid (Scheme 1.14).

Br NH; Br
' Br Me,N—>Pt<—NM
MezN—>Pt<_NMe2 MezN_>Pt<_NMeZ e2 t-— e2
A NaBH;CN
P HO
\H\fo
0

Scheme 1.14. The amination and reduction of aldehyde group in ligand backbone.

In some cases, the ligand transformation was found to be crucial in
catalytic activities of the Ru-based PNN pincer complex which is reported by

Milstein and coworkers.?' In this paper, the author elegantly demonstrated the use
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of ligand transformation for catalytic formation of amides and molecular

hydrogen from alcohol and amine®” (Figure 1.8).
j1

P(t-B
HO /H\ | ( u)2
7 ~Ru~co
N(Et),

P(t-Bu

N - R (-Bu):
___N-Ru—CO
0\|/R1

(Et)oN HN- 2

P(t-Bu),
/N H. | 1 2
_N\Rucco R'CONHR

H
N(Et),

Figure 1.8. Mechanism of amidation reaction.
1.4 Application of pincer chemistry

Thermal stability combined with robust ligand structure made pincer
complexes of interest for practical applications. Most of the applications of pincer
chemistry highlighted in the literature are catalytic applications. However, there
are several other studies describing use of these organometallic objects in light

harvesting, OLED devices as well as molecular sensors and switches.

1.4.1 Catalytic activities
1.4.1.1 Heck coupling
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Heck reaction or olefination reaction as it sometimes called, is the
transformation of alkyl halide (or OTs, OTf) and alkenes to substituted alkenes.

The basic concept of this reaction can be illustrated by the following equation:

R2 H R2 H
R L — Cat
1\/ g + —_— —
H H -LgH H R4

Scheme 1.15. Example of Heck reaction.

Heck reaction has long attracted much attention in the scientific
community especially in the past decade. This reaction provides access to the
substituted alkenes and is very useful for preparation of highly conjugated and
luminescent organic materials that find use in OLED displays.

One of the best series of catalysts for Heck coupling is the palladium based
pincer complexes. Different ligand structure and type of coordinated ligand seem
to have a dramatic influence on the performance of the palladium catalyst. One of
the first effective catalysts was reported by Shibasaki,* who showed up to 8.9-10°
TON with some substrates. Another catalyst reported by Takenaka® is one of the
most promising catalysts to date which in a way is comparable with palladium
catalyst reported by Liang™ (Figure 1.9). It is worth mentioning that the catalytic
system reported by Chung® is somewhat similar to Takenaka’s (Figure 1.9), but
use of aromatic instead of aliphatic amines as coordinating ligand in this pincer

complex leads to a decrease in performance of Chung’s catalysts.
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Figure 1.9. Examples of Heck catalysts.

Although it is difficult to compare reactivities of all catalysts due to the
different conditions of catalytic tests, the following observation could be noted
from the literature. First of all, the reaction seems to proceeds more easily with
more electron donating pincer ligands, which make palladium more electron rich
and render the requisite oxidative addition easier. Secondly, electron withdrawing
groups (EWG) in aryl or alkyl halide or olefinic substrate facilitate the olefination

reaction.
1.4.1.2 Kumada-Tamao-Corriu coupling.

_Hal 4 R,MgHaI - _R

R R

Scheme 1.16. Example of Kumada coupling.

Kumada coupling is the coupling reaction of aryl or alkyl halides with
Grignard reagents (Scheme 1.16). Initially, this reaction was conducted with
nickel precursor but subsequently many other late transition metals were used as
well. The mechanism of this reaction is believed to go through the following

steps: oxidative addition of alkyl or aryl halide to the metal precursor, followed
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by transmetallation with RMgX, and eventually the elimination of the coupling

product and the regeneration of metal precursor (Figure 1.10).

NiX,L,
'C RMgX
¥ RR
R-R NiL,

RX
oxidative
addition

reductive
elimination
0
L R-l‘ii-X
]
L-r‘fi-'R L
R
trans/cis
izomerization RMgX

transmetilation

0
R-l;l.-i-'R MgX,

Figure 1.10. Mechanism of Kumada Coupling37.

Nowadays, the mechanism of this reaction is becoming more and more of
interest among reseachers especially with use of pincer complexes as catalyst,
where the reductive elimination from M** to M” is improbable. At the same time,
the metathesis or M** to M** reductive pathway was proposed by several research
groups.”® Interesting advantages of using pincer complexes over conventional
catalysts were highlighted in several studies. Thus, the use of pincer complexes
can reduce or fully eliminate possible products of B-hydride elimination and
significantly improve regioselectivity of the reaction. Most promising class of
catalyst, for Kumada transformation among pincer chemistry are the pincer

complexes based on Nickel (Figure 1.11).
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R R
X R—P=N )I(
, ,
R,P—=Ni<—PR, \,x RoP—Ni=—PR,
N NG
N—-R
X PLR
R
Liang, 2006 Wang, 2007 Castonguay, 2008

Figure 1.11. Examples of catalyst for Kumada coupling®™**.

For most of these complexes, the metal center is reported to be very
electron rich and can undergo reversible alkyl-halogen exchange, a property that

can make these systems suitable for catalytic transformation in Kumada coupling.
1.4.1.3 Kharasch addition

Back to 1938, Kharasch and Mayo™ have reported the example of anti-
Markovnikov C-Cl addition to olefins catalyzed by peroxides (Scheme 1.17).

ROOR |
Z R T co —>C|3c\/T\
R

Scheme 1.17. Kharasch addition.

One of the key problems of this transformation is the formation of
undesirable products such as polymeric materials, products of olefination and low
regioselectivity of the process. Since then, many more catalysts have been
developed for this reaction.

One of the most efficient and selective class of catalyst in Kharasch
transformation are the Ni based NCN pincer complexes described by van Koten™.
These compounds were proven to be very efficient catalysts for the Kharsch
transformation with various olefinic substrates and different polyhalogenated
reagents. This reaction is possible under mild conditions around 40 °C in various

solvents and in some cases reaches up to 2000 catalytic turnovers. van Koten’s
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group extensively studied this reaction and found that Ni" undergoes oxidation to
Ni' via reaction with polychlorinated alkanes which transfer one of the halogens
to the metal (Ni"" — Ni'") and create a cage trapped ‘CX; radical (A in Figure
1.12). This radical is believed to be an active intermediate in this transformation
and it eventually reacts with the olefin to form the radical cage intermediate
CCI3CH,—CHR;" (B in Figure 1.12) that undergoes reductive elimination of the

product and regenerates the active catalyst (Figure 1.12)

; ccl,
oL Ry R;N—>Ni<-NR, K,
C X
R2
Cl” Cli

c1Lel

i
~ Cl
pe

NR,

NR 1
'*\x cl” ¢l

NR,

"= I !
— Cl
H R, i\/ j\

1 X Cl Cl

NR,

Figure 1.12. Mechanism of Kharasch addition reported by van Koten.

Interestingly, use of bulkier alkyl substituents like Et and n-Bu in the
amine moiety ligand of the (NCN)Ni complexes were significantly inhibiting the

reactivity of the catalyst. Eventually, van Koten’s group developed the
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heterogeneous catalyst based on a dendrimer backbone with multiple (NCN)Ni

pincer moieties*' to test it for possible industrial use.

1.4.1.4 Dehydrogenation of alkanes.

Cat ~
R/\ — R/\ + H2

Scheme 1.18. Example of dehydrogenation reaction.

There are several types of dehydrogenation reactions known in literature.
The most challenging is the transformation of alkanes to alkenes (Scheme 1.18).
The transformation of alkanes to alkenes is an organic reaction which presents
interesting possibilities for preparation of olefinic monomers for synthesis of
polyolefins and involves elimination of hydrogen gas. In general, this reaction
requires intense heat, photochemical activation or catalyst. For example, Cr,O3
was used at 500 °C in order to transform pentane to pentene. Much milder
condition was shown to be effective by using Iridium PCP pincer system

described by Goldman42’43(Figure 1.13).

R HH
\—  RP—>Ir=<—FPR,

16 & \

H R
R2P—;| r<—PR, R,P—>r<<—PR, RZP—>IIr<—PR2
H
~ N .l':‘l..
|

R H CHR /
B-H elimination R,P—>Ir<—PR, R-CH,H
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Figure 1.13. Mechanism of dehydrogenation reaction proposed by Goldman.

Interestingly, #-butylethylene was used as the hydrogen acceptor in order
to successfully convert alkanes to alkenes. Furthermore, iridium based PCP
system was found to be nitrogen sensitive and appropriate argon atmosphere was

needed for this transformation to proceed.
1.4.2 Other applications

Thermal stability of the pincer complex is one of the most important
attributes of the pincer chemistry, especially in the area of materials science.
Thus, light-emitting devices, sensors and switches were developed using pincer
complexes.

Square planar complexes are often found to be light emissive, and so can
be potentially used in OLED as an emissive layer. Most of the publications in this
area describe the platinum based pincer systems. Thus, Connick® and coworkers
have reported platinum based pincer complexes displaying strong emission in

640-765 nm (Figure 1.14) wavelength range at the temperature of liquid nitrogen.

%N—»Pﬁ‘—N%

Hal
Hal = ClI, Br, |

Figure 1.14. NCN platinum complex reported by Connick.

Similar findings were presented in 2006 by Yamamoto® and coworkers

with their NCN and SCS pincer system (Figure 1.15).
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g

Figure 1.15. Examples of NCN and SCS platinum pincer system.

Together with spectroscopic investigations of this chemistry, there were
some examples of manufacturing of an actual OLED* and testing its electro
luminescence. In this context, van Koten and coworkers have reported differently

substituted 4,4'-stilbenoid NCN-pincer Platinum(II) complexes (Figure 1.16).

R Q \ Q %tmc.

R= CN, NO, NMe,, OMe, H, I, NPh,
Figure 1.16. 4,4'-stilbenoid NCN-Pincer Platinum(II) complexes.

These compounds display an intense luminescence band at ~ 480 nm in
solution and a somewhat weaker band at 640 nm in electroluminescence spectra.
In addition, several stilbene substituted complexes were tested and promising
luminescence properties were found for complexes that contained accepting or
donating (CN, NO,, NR;) groups in the stilbene core. The actual OLED device
was assembled in sandwich-like five layers formation, where the most promising
cyano-substituted stilbene (NCN) complex was used as an emissive layer. Van
Koten has shown that, overall, electroluminescence of this device is significant at
liquid nitrogen temperature, but almost absent at room temperature and so
unsuitable for practical use.

Other interesting properties of NCN pincer system were noted by van

Koten’s group. It appears that an NCN system based on Nickel or Platinum could
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strongly bind SO,"" gas to its metal center and lead to dramatic color changes.
Thus, Platinum and Nickel based systems reversibly associate the SO, gas while
changing color from colorless or yellow to bright orange and therefore they can

be used as gas sensors (Scheme 1.19).

SO,(gas)
R2N—>IYI<—NR2 R:N—>M-<—NR,
M=Ni,Pt

Scheme 1.19. Reversible association of SO, to the NCN pincer complex.

In the case of Nickel based pincer complexes, the association with SO, was
partially leading to degradation of the complex while platinum showed good
reversibility upon prolonged exposure to SO,. In the case of the platinum
complex, the observed color changes were from colorless to intense orange; the
color depth depends on the gas concentration. These properties of the platinum
based NCN pincer complex allowed the determination of SO, gas not only
qualitatively but quantitatively. Van Koten has noticed that increase of bulk of
nitrogen donating ligand, from NMe, to NMekEt, significantly lowering the
sensor’s response. Interestingly, presence of another gas like HCI or CO together
with SO, had no effect on detection of the latter. Noteworthy, that the platinum
based NCN complex self-assembled in a polymer-like matrix, reported by van
Koten, undergoes association with SO, in solid state without significantly
perturbing the crystallinity of this material and reversibly transforming back to

the original complex in similar fashion.
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OH
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Figure 1.17. Retaining crystallinity during chemical transformation.

1.5 Nickel Pincer complexes: an overview.

Nickel has long been an attractive metal for ligand assisted C-H activation
as well as catalytic applications associated with these reactivities. The history of
nickel metallacycles goes back to 1963 when Kleimen and Dubeck® reported the
first Nickel-promoted C-H activation. In their work, nickelocene undergoes C-H
activation of azobenzene and formation of 5-membered metallacycle of nickel

(Scheme 1.20)

7
=
SO &= OO

Scheme 1.20. First C-H activation with Nickel.

This was a significant achievement that lay the foundation of nickel pincer
chemistry. As noted earlier, the first pincer-like metallacycle of nickel was
introduced in 1976 by the work of Shaw and coworkers who prepared various
metal PCP pincer complexes. Continuation of nickel chemistry by Fryzuk and van

Koten’s group brought many more advances in nickel pincer chemistry
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development and broadened the application to not only nickel chemistry but also
pincer chemistry in general. Remarkable work in nickel pincer chemistry was
done by Grove in van Koten’s group. He reported not only a series of different
NiX substituted pincer complexes,49 but also the first example of an octahedral
Ni'" pincer complex™® (Figure 1.18) and highlighted the use of this family of
complexes as catalysts in the Kharasch addition.

In our group’s first studies of pincer chemistry conducted by Annie
Castonguay and Valerica Pandarus, a series of Nickel pincer complexes were
prepared based on PCsp’P and POCsp’OP pincer ligands’' (Figure 1.18). It is
important to mention that these studies constituted some of the earliest examples
of pincer complexes conducted with aliphatic ligands. Another interesting work
was reported by Doux where he demonstrated new nickel pincer complexes based

d°** and underlined basic mechanistic details of

on original SPPPS pincer ligan
such cyclometalation.

Yet another rare example of nickel complexes was highlighted by Ingelson
and Caulton. Based on a PNP pincer ligand with very bulky coordinating
substitutents, they reported first example of Ni' pincer species (Figure 1.18). The

complex was isolated and structurally characterized.

// %
O\\//o N |
/\ “
N//N '\& S—>Niwe—7¢g
OO !
& /\
Grove 1986 Grove 1984 Doux 2003
\S/ \S/

(0] [N
>‘\(\K\\ il‘li‘—)< )\Cl) , IJ\ >\\ I}l \‘J<
PN p—=N=—F p—>Ni=—P

< Ak A A )
Castonguy 2006 Pandarus 2007 Ingleson 2007

Figure 1.18. Examples of the nickel pincer complexes.
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1.6 History and objectives of current research

The central theme of my Ph. D. studies is the use of POCN type pincer
ligands in the chemistry of nickel complexes. The development of POCN-type
pincer ligands and complexes were based on previously conducted research in our
group as well as several studies reported in the literature. Prior studies with
POCOP and PCP nickel systems described by Valerica Pandarus and Annie
Castonguay have shown that the electron richness of the nickel metal in these
complexes is much greater with PCP system while cyclometalation of these
ligands is much easier with POCOP. Both these studies have shown that metal
complexes featuring both PCP and POCOP ligands are durable and stable even
with use of harsh organolithium reagents which allowed synthesis of stable alkyl
complexes without visible decomposition. Contrary to PCspZP and POCspZOP
ligands, the PCsp’P and POCsp’OP systems have shown a greater ability to
stabilize Ni"™ complexes, many examples of which were synthesized and
structurally characterized. However, the nature of these ligands did not allow
much variation in its structure and it restricted the possibility to investigate more

detailed properties of Ni'"

complexes. In addition, based on reactivity studies of
these complexes, the catalytic application in reactions of hydrosilylation of
olefins, Kumada coupling and Kharasch addition were explored.

While POCOP and PCP pincer systems were proven to be interesting and
stable, their reactivities were found to be somewhat limited by only one reaction
center located on a nickel core. Also, presence of bulky substituents in the
phosphine ligands somewhat limits exploration of mechanistic details of catalytic
reactions in which these compounds get involved. On the other hand, using
nitrogen as one of the coordination ligand could potentially eliminate these
problems since vast varieties of amines are readily available commercially.
Moreover, amines are significantly cheaper than their phosphorus analogs and do

not require special handling. Use of NCN pincer ligand, on the other hand, is

shown to have difficulties to cyclometallate with nickel and, overall, has proven
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less attractive due to absence of phosphine moiety, which is not only a very good
ligand, but also helps characterization and monitoring of reactions by using *'P
NMR technique.

On the basis of the above considerations, preparation of a new POCN
(Figure 1.19) pincer ligand (Figure 1.19) was proposed to allow easy variation of
nitrogen moiety and explore the properties of POCN complexes in catalytic

reactions and perhaps to answer some of the fundamental questions of pincer

[ ; (0]
RlA ﬁ/R3

IN H PC
RZ R3

R1= R2 =Alk, Ar, H
R3= Alk or Ar

complex formation.

Figure 1.19. Example of POCN ligand.

The next few chapters of this thesis will describe the properties of POCN-type

pincer nickel complexes.
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2.1 Abstract

Unsymmetrical POC(H)N-type pincer ligands react with NiBr,(NCMe)y to
give the complexes (POCN)Ni'Br (POCN= &', x5, &-{2-(i-Pr,PO),6-(NR,CH,)-
C¢Hs}; NRy= 3-morpholino (2.3a), NMe, (2.3b), and NEt; (2.3¢)). The presence
of an added base such as NEt; in these metallation reactions maximizes the yields
of the target pincer complexes by suppressing the formation of side-products
arising from protonation of the ligand by the in-situ generated HBr. The cyclic
voltammograms of 2.3 exhibit a quasi-reversible, one-electron oxidation at ca.
+1.0 V, in addition to an irreversible oxidation at higher potentials likely due to
ligand oxidation. Reaction of the 16-electron, yellow complexes 2.3 with Br;, N-
Bromosuccinimide, or CBr4 gives black crystalline compounds identified as the
17-electron complexes (POCN)Ni"'Br; (2.5). Complexes 2.3 and 2.5 adopt square
planar and distorted square pyramidal geometries, respectively. The Ni-Br bond
lengths in 2.5 are significantly longer for the Br atom occupying the axial position
(2.43-2.46 vs. 2.37 A), consistent with the repulsive interactions expected
between the bromide lone pair and the singly-occupied d,»/d,, hybrid MO. In
agreement with this picture, the g-values obtained from the EPR spectrum of 2.5a
are gy~ Zyy~ 2.2, g,,~ 2.00, and strong Br hyperfine coupling is observed on the
g,, component. Our preliminary studies indicate that the thermal stabilities of 2.5,
both in the solid state (as probed by differential scanning calorimetry) and in
solution (as probed by UV-vis spectroscopy), vary in the order 2.5a ~ 2.5b > 2.5¢;
this order of stability is consistent with the relative steric demands of the N-
moiety. Complexes 2.5a (or 2.3a) and 2.5b (or 2.3b) promote the Kharasch
addition of CX4 (X= Cl, Br) to styrene at 80 °C, giving PhC(X)CH,CX3, the

product of an anti-Markovnikov addition, in up to 50 catalytic turnovers.
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2.2 Introduction

Since their initial introduction by Shaw’s group over 30 years ago,' pincer
type complexes have been shown to promote many interesting and useful
reactivities.” The initial phase in the development of the chemistry of pincer
complexes was dominated by complexes featuring monoanionic, terdentate
ligands based on bis(phosphine) (PCP)1 and bis(amine) (NCN)3 donor moieties.
More recent years have witnessed the introduction of complexes based on a large
variety of new ligands, including bis(phosphino)amides (PNP),* bis(phosphinites)
(POCOP),” bis(phosphinidines) (PNCNP),® and bis(carbenes) (CCC),” as well as
nonsymmetrical pincer ligands such as PCN,*’ CNS,'” NNN," etc. The relatively
facile access to such a diverse array of new ligands has accelerated the
exploration of the reactivities of their metal complexes, which has led in turn to
discovery of novel reactivities.'

Our long-standing interest in the chemistry of organonickel complexes'

be,d
3b.¢d and the

combined with van Koten’s landmark reports on NCN-Ni complexes
emerging chemistry of PCP-Ni complexes'® inspired us to investigate the
synthesis and reactivities of Ni compounds with various pincer-type ligands. In
earlier reports, we have described the chemistry of the PCSPZP—NiII species {1,3-
(Ph,PCH,CH,),-2-indenyl }NiC1'>  and the PCy3P-Ni"  complexes  {(t-
Bu,PCH,CH,),CH}-NiX (X = CI, Br, I, Me, H) and [{(t-
Bu,PCH,CH,),CH}NiL]* (L = CH3;CN, CH,=CHCN)."® Recently, we have
described new POC;,,OP and POC,,30P complexes of Ni' and Ni'! as well as
their catalytic activities in hydroamination (Michael addition) and Kharasch
addition."”"® Our studies to date indicate that the nature of the pincer ligand has a
major influence on the metallation step as well as the stabilities and reactivities of
the ensuing pincer complexes. For instance, metallation of the ligand’s central C-
H bond is more facile with POCOP vs. PCP and with ligands based on aromatic

vs. aliphatic linkers. Furthermore, stable and isolable trivalent species are

accessible with POCsp3OP— and PC,p3P-type ligands, whereas ligands based on
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aromatic linkers (POC,pOP- or PC,poP-type ligands) have not yielded high-valent
nickel complexes.'®
The latter observation, that PCP and POCOP ligands based on an aromatic

linker do not yield Ni'"

species, is in direct contrast to the relatively facile
preparation of trivalent species based on aromatic NCN ligands, as reported by
van Koten’s group.”™“! The discrepancy between the chemistry of PCP/ POCOP
vs. NCN ligands featuring an aromatic skeleton prompted us to investigate the
preparation of high-valent nickel complexes based on unsymmetrical PCN-type
ligands. Since bis(phosphinite) ligands have been found to undergo metallation
more readily than their bis(phopsphine) counterparts, our initial studies have been
focused on the phosphinite-amine ligands R,PO-C¢H4-CH,;NR, (POCN). The
present report describes the preparation of POCN-type pincer ligands and their di-

and trivalent complexes of nickel.

2.3 Results and Discussion

2.3.1 Synthesis of complexes

The synthetic route leading to the new complexes 2.3(a-c) is illustrated in
Scheme 2.1. The aminophenol precursors for the POCN ligands 2.2 were prepared
by condensation of 3-hydroxybenzaldehyde with the corresponding secondary
amines, followed by reduction of the in situ formed imine with NaBHj in
methanol."” Formation of the amino phenols 2.1 is quite exothermic, requiring
stepwise addition of NaBH, and cooling of the reaction mixture to avoid forming
side products such as 3-(hydroxymethyl)phenol that complicate separation of pure
2.1. The pre-ligands 2.1 were isolated in good yields as white solids (2.1a and
2.1b) or a pale yellow oil (2.1c); the identities of these compounds were
established by elemental analysis and NMR spectroscopy. The phosphination of
2.1 with chlorodiisopropylphosphine and triethylamine gave the corresponding
POC(H)N-type pincer ligands 2.2, which were isolated in high yields as colorless
oils and characterized by NMR spectroscopy and elemental analysis. All ligands

proved to be quite sensitive to residual moisture, but relatively inert to oxygen.
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Heating 2.2 with NiBrz(MeCN)X20 in the presence of triethylamine (benzene, 60
°C, 3-4 h) led to the metallation of the ligands and gave the new complexes 2.3 in
~86% yields as yellow solids. Use of different precursors such as NiBr,(THF) or
NiBr,, or different bases such as N,N-dimethylaminopyridine (DMAP), led to
significantly lower yields of the complexes (~35%). Pd and Pt complexes based
on similar POCN ligands have been reported previously,?' but complexes 2.3 are,

to our knowledge, the first examples of POCN-type complexes of nickel.

0 HNR, NR: (i-Pr),PCl NR; P(l Pr),
|.| NaBH, OH _NEt/THE
CH30H -5-0 °C, 10 min
2.1(a-c) 2.2(a-c) NiBry(NCCH;),

NR, NEt,/C¢Hq
N o@ r \Br 60°C,3-4 h
NMe, (b) R,N—=> |<—p(, -Pr), RoN—> | P(l -Pr),
NEt, (c)

2.5(a-c) 2.3(a-c)

Scheme 2.1. Synthesis of ligands and complexes.

It is noteworthy that the use of a base was found to be necessary in order
to maximize the reaction yield of complexes 2.3(a-c). When the reaction of 2.2a
was performed without any added base, we obtained the desired pincer complex
2.3a in poor yields (< 50%) along with variable amounts of a sparingly soluble,
NMR-silent turquoise-green solid 2.4. Interestingly, the latter side-product
generates the desired pincer complex 2.3a when treated with two equivalents of
Et;N. Unfortunately, we have not succeeded in growing suitable single crystals of
this compound due to its poor solubility in common aprotic and non-coordinating
solvents and its decomposition in coordinating solvents. Nevertheless, the above
observations and the results of a combustion analysis carried out on this solid

allow us to propose the structure shown in Scheme 2.2 (2.4). It should be noted
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that anionic, tetrahedral species analogous to 2.4 have been detected previously
during the preparation of PC,y3P-type pincer complexes of Ni (Scheme 2).'%* Such
side-products likely arise from the reaction of the HBr, liberated at the
cyclometallation stage of the synthesis, with the amino moiety of the ligand, prior
to or after the latter’s coordination to the metal center.

o-/\ P(i-Pr), ?r

V| Brii: NI‘
RoN—>
O NiBry(NCCH,), N RU-Pr)z T2 B‘

CeHe, 60 °C,3h J, \©/

2.2(a)

2.3(a)
| 2 Et;N, r.t., 50 min T
Br\ ‘\\Br
Ni
NiBr, ¥, TPR
Rzp/\/\/\PRz - . Br' e 2 4
CgHs , 60 °C, 3h

R,HP

Scheme 2.2. Effect of the base in cyclometallation.

The redox properties of complexes 2.3 were investigated by cyclic
voltammetry measurements in CH,Cl,. The voltammograms (Figure 2.1) showed
quasi-reversible redox waves at ca. 1.0 V; this redox process is assigned to
oxidation of the Ni center (Ni"'—Ni™).? Comparison of the oxidation potentials
of these POCN complexes to that of the previously reported complex
(POCszOP)NiBr”’18 suggests that high-valent compounds should be easier to
prepare and isolate with these POCN-based complexes. This is borne out by the

m species (vide infra).

successful chemical oxidation of 2.3 and the isolation of Ni
We conclude, therefore, that POCN ligands are more effective than their POCOP
homologues in stabilizing high-valent nickel species, which can be understood
both in terms of the greater nucleophilicity and ‘“hardness” of amine moieties

relative to OPR, moieties.
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2.3a

23b T

_—

E(V) vs Ag/Ag"

Figure 2.1. Cyclic voltammograms of 1mM solutions of complexes 2.3(a-c) in
dichloromethane containing 0.1M tetrabutylammonium hexafluorophosphate at 25

°C at a scan rate of 100 mV/s on a glassy carbon working electrode.

Chemical oxidation of 2.3 to their Ni!

counterparts was achieved by
reaction with bromine in dry diethyl ether, which gave the corresponding
(POCN)Ni"Br, complexes (2.5a-c) as black solids in greater than 90% yields
(Scheme 1). The relative thermal instability of 2.5¢ (vide infra) required that its
synthesis be performed at -78 'C (in dry solvents) over 10 minutes, followed by
addition of cold hexane to precipitate the product. N-bromosuccinimide (NBS)
and CBrs were also competent oxidants for generation of Ni'' species, but these
reagents furnished lower yields of the products (50-70%). The NBS reaction led
to formation of succinimide that has solubility properties similar to those of 2.5,

which complicated the isolation of pure products. Complexes 2.5 are soluble in

Et,0, THF, CH,Cl,, and CH3;CN. Et,0 or CH,Cl; solutions of complexes 2.5a and
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2.5b were found to be fairly stable at room temperature, whereas solutions of
complex 2.5¢ were significantly less stable and had to be handled rapidly and at

significantly lower temperatures (vide infra).
2.3.2 Characterization of 2.3(a-c)

The diamagnetic Ni"' complexes 2.3 were fully characterized by NMR
spectroscopy, elemental analysis, and single crystal X-ray diffraction studies. The
J'P{'"H} NMR spectra of 2.3 were straight forward, each consisting of a single
resonance at about 200 ppm; this signal is significantly downfield of the
corresponding signal for the free ligands (147 ppm) but close to the chemical shift
region where we find the *'P signal for the analogous (POCOP)NiBr compounds
(186 ppm)."® The 'H and "*C{'H} NMR spectra were much more complex, but
"H-COSY and HMQC correlation experiments allowed us to assign all 'H and "°C
signals. Together, these spectra indicate that complexes 2.3 possess a plane of
symmetry in solution, as reflected in the equivalence of the two CHMe, and the
NCH,Ar protons in 2.3a-¢, the two NCH, and OCH; carbons in 2.3a, and the two
signals for N(CH,CH3) (2.3¢) and N(CHj3) (2.3b). The plane of symmetry, which
coincides with the plane of coordination, also renders the following nuclei (sitting
above and below the plane) pair-wise equivalent: CH(CH3); in 2.3a-c¢; morpholine
protons in 2.3a; and NCH,CHj3; signals in 2.3c.

Single crystal X-ray diffraction studies of 2.3 showed that these complexes
adopt moderately distorted square planar geometries in the solid state (Figure
2.2), the greatest structural distortions appearing in the angles P-Ni-N (162-167°)
and P-Ni-C (82°) (Table 2.2); these distortions away from ideal geometry arise
presumably from the terdentate nature of the pincer ligand. The Ni center and the
aromatic ring are only slightly out of the coordination plane, which is consistent
with the existence in solution of a plane of symmetry. The Ni-P distances in these
POCN-type complexes are shorter than the corresponding distances in the
analogous (POCOP)Ni-X compounds (ca. 2.11 vs. 2.15-2.16 A),'® implying a

greater trans influence for the OPR; moieties vs. the amine ligands. Moreover, in
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comparison to their POCOP-type counterparts, the POCN-type complexes 2.3
display somewhat shorter Ni-C distances (ca. 1.85-1.86 vs. 1.88 A) and longer
Ni-Br (ca. 2.33-2.36 vs. 2.32 A) distances.



42

Figure 2.2. ORTEP diagram for complexes 2.3a (a), 2.3b (b), and 2.3c (c).
Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.

b)

C15
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Table 2.1. Crystal Data Collection and Refinement Parameters for Complexes

2.3a-c.
2.3a 2.3b 2.3¢
chemical formula C17H,7NO,PNiBr C5H,sNOPNiBr | C{7H,9NOPNiBr
Fw 446.99 409.00 433.00
T (K) 150 150 150
wavelength (A) 1.54178 1.54178 1.54178
space group P2/n P-1 Pna2,
a(A) 9.9289(2) 9.3512(2) 20.5409(5)
b (A) 8.2128(2) 9.4406(2)) 8.1439(2)
c(A) 23.0832(4) 10.7745(2) 11.5377(3)
a (deg) 90 67.668(1) 90
B (deg) 98.695(1) 79.819(2) 90
y (deg) 90 75.681(1) 90
Z 4 2 4
V(A% 1860.66(7) 847.19(2) 1930.06(8)
Pealed (2 cM™) 1.596 1.587 1.490
u (cm™) 48.94 52.60 46.56
0 range (deg) 3.87 — 67.94 4.46 — 67.81 4.30 — 68.13
RI*[1> 206(D)] 0.0293 0.0296 0.0218
wR2" [I > 26(I)] 0.0763 0.0781 0.0576
R1 [all data] 0.0293 0.0301 0.0219
wR2 [all data] 0.0763 0.0784 0.0576
GOF 1.143 1.060 1.102

T RI=x(IF-IF I/ZIF,|
b WR2={Z[W(F,=F 2)*/E[w(F,2)1}"
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Table 2.2. Selected Bond Distances (A) and Angles (deg) for Complexes 2.3a-c.

(2.3a) (2.3b) (2.3¢)
Ni-C(1) 1.853(2) 1.859(2) 1.856(2)
Ni-P(1) 2.1107(6) 2.1119(7) 2.1088(7)
Ni-N(1) 2.043(2) 2.021(2) 2.025(2)
Ni-Br 2.3319(4) 2.3407(5) 2.3615(4)
C(1)-Ni-Br 176.26(7) 177.16(8) 172.47(7)
P(1)-Ni-N(1) 162.20(6) 163.81(6) 166.63(5)
P(1)-Ni-Br 95.08(2) 95.56(2) 95.53(2)
N(1)-Ni-Br 99.65(5) 08.34(6) 97.82(5)
P(1)-Ni-C(1) 81.72(7) 81.99(9) 81.51(8)
N(1)-Ni-C(1) 83.85(9) 83.89(9) 85.15(9)
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2.3.3 Characterization of 3.5(a-c).

The identities of the Ni'l

complexes 2.5a-¢ were established by elemental
analyses and single crystal X-ray diffraction studies. As can be seen from their
ORTEP diagrams (Figure 2.3), these 17-electron compounds adopt square
pyramidal structures displaying a slight pyramidal distortion reflected in the out-
of-plane displacement of the Ni center from the basal plane defined by the atoms
P1, C1, N1, and Brl (by ca. 0.31 (2.5a), 0.34 (2.5b), and 0.30 (2.5¢) A). This
distortion results in trans angles of 158-162° and cis angles of 80-98°, in addition
to significantly longer (> 10 e.s.d.) Ni-X bonds relative to the corresponding
distances in the Ni" species 2.3: for Ni-C, ca. 1.89-1.90 vs. 1.85-1.86 A; for Ni-P,
ca. 2.19-2.21 vs. 2.11 A; and for Ni-N, 2.05-2.07 vs. 2.02-2.04 A (Table 2.4). The
Ni-Br bond for the Br atom occupying the axial position is also much longer than
that involving the basal Br atom (2.43-2.46 vs. 2.37 A); this is consistent with the
repulsive interactions anticipated between the bromide lone pair and the half-
filled d,»/dp, hybrid MO. Unequal axial and basal Ni-X bonds have been observed
in POCOPNi™X,'® and the closely related (but divalent) complex PCP-
Ni'/(catecholate) (Ni-O1= 1.92 A vs. Ni-02= 2.06 A),'* whereas the two Ni-I
bond distances in van Koten’s NCN-Ni'""(I), complex are fairly similar (2.61 and
2.63 A)* and identical for NCN-Ni"(Cl), (2.30 A).** Finally, close inspection of
the structural details for 2.5 reveals significant steric repulsions between the axial
Br and the N-alkyl substituents; this repulsion appears to be greatest in complex
2.5¢, which displays the longest Ni-Br2 bond and the least thermal stability (vide
infra).

We have subjected the Ni'™

complexes 2.5 to cyclic voltammetry
measurements and compared the results to those obtained with the divalent
species 2.3. The voltammograms (Fig. 2.10) show an irreversible reduction wave
(Ni'"— Ni") and an irreversible oxidation peak, which we assign to a ligand-

based oxidation process.
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Table 2.3. Crystal Data Collection and Refinement Parameters for Complexes

2.5a-c.
2.5a 2.5b 2.5¢
chemical
formula C17H,7NO,PNiBr, | C;sH,sNOPNiBr, | C;7H,0NOPNiBr,
Fw 526.90 484.86 512.91
T (K) 150 150 150
wavelength (A) 1.54178 1.54178 1.54178
space group Pna2, P2,/n P2¢/n
a(A) 21.1300(2) 9.3685(2) 8.1481(2)
b (A) 9.8048(8) 11.2260(3) 19.8813(4)
c (A) 9.3608(9) 18.1186(4) 12.9752(3)
a (deg) 90 90 90
B (deg) 90 100.817(1) 104.770(1)
v (deg) 90 90 90
Z 4 4 4
V(A 1939.3(3) 1871.69(8) 2032.46(8)
Pealed (gcm™) 1.805 1.721 1.676
u (cm™) 71.30 72.84 67.43
0 range (deg) 4.18-68.38 4.66-67.69 4.17-67.84
R1* [I> 26(I)] 0.0362 0.0229 0.0220
wR2 [I > 26(I)] 0.0869 0.0581 0.0580
R1 [all data] 0.0358 0.0259 0.0221
wR2 [all data] 0.0873 0.0593 0.0581
GOF 1.044 1.062 1.133

2 RI1=X(IIF |- IF/ZIF |
P wR2={Z[w(F,>=F ) /Z[w(F,*)*1}"




47

Table 2.4. Selected Bond Distances (A) and Angles (deg) for Complexes 2.5a-c.

2.5a 2.5b 2.5¢
Ni-C(1) 1.883 (4) 1.897(2) 1.891(2)
Ni-P(1) 2.201 (1) 2.1905(6) 2.2078(5)
Ni-N(1) 2.072(3) 2.051(2) 2.069(2)
Ni-Br(1) 2.3673(7) 2.3710(4) 2.3688(4)
Ni-Br(2) 2.4339(9) 2.4350(4) 2.4638(3)
C(1)-Ni-Br(1) 161.2(1) 159.60(6) 162.27(6)
C(1)-Ni-Br(2) 91.3(1) 95.24(6) 90.98(5)
P-Ni-N 159.9(1) 158.08(6) 159.42(5)
P-Ni-Br(1) 94.23(3) 92.43(2) 92.27(2)
N-Ni-Br(2) 95.8(1) 98.29(5) 98.09(4)
P-Ni-C(1) 80.1(1) 79.92(7) 80.31(6)
N-Ni-C(1) 83.9(1) 83.52(8) 84.47(7)




48

Figure 2.3. ORTEP diagram for complexes 2.5a (a), 2.5b (b), and 2.5¢ (c).
Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.

b)
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The bonding and electronic structure of 2.5a were investigated further by EPR

analysis. The EPR spectrum of this compound (Figure 2.4) is typical of Ni'

pincer compounds with halogen 1iga1nds3“1’23’25

and shows a nearly axial g-tensor
with strong hyperfine coupling to the halogen nucleus on the g,, component. The
splitting due to the spin 3/2 Br nucleus is shown schematically above the
spectrum. The z-component of the g-tensor is close to the free electron g-value
(2.0023) while the x- and y- components are in the vicinity of g = 2.2. The
deviation of the g-tensor from axial symmetry is hard to estimate accurately from
the spectrum, because the Br hyperfine coupling on the g,, component is of
similar magnitude to the g-anisotropy and a so-called “anomalous line” similar to
that found in many Cu" spectral26 is expected. Hence, it is not clear whether the
low-field peak is due to the gxx component or the anomalous line. In any case, this
combination of g-factors (g«=gyy > g,, =2.0023) is expected for a low-spin d’
metal ion with tetragonally elongated octahedral symmetry such that the unpaired

electron resides in the d,, orbital’*’

. The strong Br hyperfine splitting seen only
on the g,, component indicates that the d,, orbital is involved in bonding to Br and
is consistent with a bonding scheme in which the MOs involved in the axial Br
bond are derived from d,, and p, orbitals of the Ni'"" and hold three electrons.
Closer inspection of the spectrum reveals a large number of small partially
resolved hyperfine splittings due to coupling to the phosphorus (spin 1/2),
nitrogen (spin 1) and/or in-plane Br (spin 3/2). In principle, these couplings could
provide a clearer picture of the spin density distribution and, by extension, the
bonding in the molecular plane; without additional information, however, the

large number of unknown parameters precludes a meaningful simulation of the

spectrum.
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Figure 2.4. X-band (9 GHz) EPR spectrum of 2.5a in toluene at 120 K.
Microwave frequency 9.405102 GHz, microwave power 2 mW, modulation

amplitude 1.0 G

2.3.4 Thermal stabilities of 2.3 and 2.5.

The thermal stability of Ni" complexes was examined by
thermogravimetric analysis (TGA). The results showed no decomposition of Ni"
complexes 2.3 even above their melting points; the compounds simply evaporated
without leaving any significant amount of residue (see TGA thermograms in the

11T

supporting information). The thermal stabilities of the Ni™ complexes in solid
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state were established by studying their thermal profiles using Differential
Scanning Calorimetry (DSC). As can be seen in Figure 2.5, complexes 2.5a and
2.5b appear to be stable to well above 130 °C, showing exothermic decomposition
only above 150 and 140 °C, respectively. The onset of decomposition
(exothermic) for these complexes appears to coincide with an endothermic
process at ca. 165-173 °C (2.5a) and 160-165 °C (2.5b), which we attribute to the
melting of 2.3a (observed at 175-177 °C) and 2.3b (observed at 166-168 °C). A
second endothermic process is observed for 2.5b above 190 °C, which we
attribute to the evaporation of the decomposition product 2.3b. In constrast, 2.5¢
appears to be stable only up to 60 °C, beginning to decompose significantly at ca.
80 °C; for this sample, too, there was an endothermic process at 105-110 °C,
which we attribute to the melting of the decompostion product 2.3¢ (observed at
110-111 °C).

An examination of the thermal stabilities of complexes 2.5 in solution was
conducted by variable temperature UV-vis spectroscopy (Figure 2.6), and the
results point to the same order of thermal stability as in the solid state, namely:
2.5a~ 2.5b> 2.5c¢. Thus, 2.5a and 2.5b display a t;, of about 4 h and 3h,
respectively, at 70 °C, whereas Sc begins to decompose upon dissolution at room
temperature and displays a t;, of about 20 minutes at 30 °C. It is noteworthy that
the solution decomposition is faster in more concentrated solutions, implying a

bimolecular pathway.
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Figure 2.5. The DSC curve of complexes 2.5(a-c¢): nitrogen flow of 20 mL/min,

heating rate of 10 °C/min, ca. 8 mg samples weighed in an alumina crucible
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Figure 2.6. The UV-vis spectra of 0.001 M toluene solutions of 2.5a (70 °C) 2.5b
(70 °C) and 2.5¢ (30 °C) as a function of time.

2.3.5 Kharasch addition.

A wide variety of paramagnetic metal complexes are known to promote the
Kharasch addition of CCls to various olefins.”® Of relevance to our studies, van
Koten’s group has shown that Ni complexes based on NCN-type pincer ligands
are efficient promoters of the addition of polyhalogenated alkanes to olefins,
giving the anti-Markovnikov product (Scheme 2.3). Mechanistic studies by this
group have concluded that this reaction proceeds through a non-chain cycle
wherein the carbon-based radical entities are held within the solvent cage of the
Ni'" complex (NCN)NiX,, thereby favoring 1:1 additions over radical chain type

polymerization or telomerisation reactions.
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catalyst |
R X + CCl; ————> cCl,
R

Scheme 2.3. Kharasch addition.

We have reported recently that the (POCq,3OP)Ni"X/(POC,,;OP)Ni'" X,
systems promote the Kharasch addition of CCls to a number of olefins, but the
catalytic efficacy of these systems are inferior to the reactivities displayed by van
Koten’s (NCN)Ni"X system. For example, the latter catalyzes the addition of
CCly to styrene and methyl methacrylate with catalytic turnover numbers (TON)
of up to 1700 and an initial turnover frequency (TOF) of 400 h”' at room
temperature, compared to TON of 1000 over 24 h displayed by our POC,,;;OP
systems in refluxing acetonitrile.'"® Access to isolable samples of the
(POCN)NiIHXg complexes via the relatively facile oxidation of (POCN)NiHBr
complexes 2.3 with CCly; prompted us to screen the reactivities of these
complexes for the Kharasch addition reaction. The results of a preliminary study
on the addition of CCly to styrene are described below.

The catalytic runs were conducted over 18 h in acetonitrile at 80 °C with a
Ni: styrene: CCly ratio of 1:50:250. We obtained 95% yields of the anti-
Markovnikov addition product when using 2.3a/2.5a or 2.3b/2.5b as precursors
(TON= 45, TOF~ 2.5/h), but no conversion was noted when using 2.3¢/2.5¢ as
precursor. Analysis of the reaction mixture by NMR spectroscopy and GC-MS
showed nearly total conversion to the expected product and no side-products
arising from telomerization or oligomerization of styrene. In contrast to what was
observed in van Koten’s NCN system and our POC,30P system, we found that
virtually identical catalytic results are obtained whether or not the catalysis is
carried out in air or in an inert atmosphere.

The progress of the catalytic reactions can be monitored by the colors of
the catalytic mixtures: depending on whether divalent or trivalent Ni precursors

were used, the initial colors of the catalytic mixtures are yellow (when using 2.3a
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or 2.3b) or dark-brown (2.5a or 2.5b), but all mixtures become yellow-green as
the catalysis progresses. No color change is observed and no conversion takes
place over days when reaction mixtures are kept at room temperature. NMR
monitoring of the catalytic reactions in which 2.3a or 2.3b was the Ni precursor
revealed that the *'P signals of these species disappeared ca. 10 min after the start
of the reaction, whereas reaction mixtures in which 2.3¢ or 2.5¢ was used as the
Ni precursor displayed the *'P signal expected for 2.3¢ throughout the reaction.
These observations indicate that promotion of the Kharasch addition requires
relatively stable and long-lived Ni'" intermediates, which is consistent with the

generally accepted mechanism for this type of reaction.”

2.4 Conclusions

The current study has shown that POCN-type pincer ligands serve as very
attractive templates for preparing organonickel complexes: they undergo
relatively facile nickellation and form thermally robust (POCN)Ni"Br deriatives
that can, in turn, stabilize the high-valent species (POCN)NiHIBrZ. Two of the
latter, 2.5a and 2.5b, are thermally stable yet fairly reactive in the promotion of
the Kharasch addition of CCly to styrene

It is instructive to review the factors affecting the catalytic efficacy for the
Kharasch additions catalyzed by pincer-nickel complexes. van Koten has
established that the catalytic activities of (NCN)NiX complexes for the Kharasch
addition correlate reasonably well with the redox potential for the one-electron
oxidation of these complexes, the more easily oxidizable systems being more
effective catalysts. This correlation appears to hold across the series NCN,
POCOP, and POCN as the ease of oxidation (Ni"—Ni™) and catalytic efficacy in
the Kharasch addition follow the order NCN> POC,,;;0P> POCN, whereas
(POCpOP)NiBr does not form isolable high-valent species and does not promote
the Kharasch addition. Another important factor is the steric bulk of the donor
moieties in these systems, the highest catalytic activities in the NCN systems

being observed with the NMe, analogue. A similar phenomenon is in effect in the
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POCN systems, with the more bulky NEt, analogue 2.5c¢ displaying the lowest
thermal stability and being inactive in the Kharasch addition. By extension, we
speculate that the greater steric bulk of the i-Pr,P moiety in our POC,,30P and
POCN systems might be an important factor contributing to their lower levels of
catalytic activities and the lower stabilities of the high-valent species LNi"'X, in
comparison to van Koten’s NCN systems. These considerations might serve as
guiding principles for the design of a new generation of catalysts for the Kharasch
addition based on systems with less bulky donor moieties or larger and more

flexible metallacycle rings.

2.5 Experimental Section

2.5.1 General

All manipulations were carried out using standard Schlenk and glove box
techniques under nitrogen atmosphere. Solvents were degassed and dried using
standard procedures. The following were purchased from Aldrich and used
without further purification: Ni (metal), chlorodiisopropylphosphine, 3-
hydroxybenzaldehyde, triethylamine, and C¢Ds. A Bruker AV 400 spectrometer
was used for recording 'H, C{'H} (101 MHz), and *'P{'H} (162 MHz) NMR
spectra. 'H and ">C chemical shifts are reported in ppm downfield of TMS and
referenced against the residual C¢Dg signals (7.15 ppm for 1H and 128.02 ppm for
BC); *'P chemical shifts are reported in ppm and referenced against the signal for
85% H3PO4 (external standard, O ppm). Coupling constants are reported in Hz.
The correlation and assignment of '"H and >C NMR resonances were aided by 2D
COSY, HMQC, HMBC, DEPT and 1H{31P}experiments when necessary. GC/MS
measurements were made on an Agilent 6890N spectrometer. UV/Vis spectra
were recorded on Varian Bio 300 equipped with temperature controlling system
using standard sampling cells (1 cm optical path length). The EPR spectra of 2.5a
were collected on a Bruker Elexsys ES80 spectrometer operating in cw mode. A
solution of 2.5a in toluene (~1 mM) was prepared, filtered and placed in a 4 mm

o.d. EPR tube. The solution was then degassed by repeated freeze-pump-thaw
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cycles and the tube was sealed under vacuum. The sample was frozen to 120 K in
the spectrometer resonator. DSC curves were obtained using a PerkinElmer Jade
Thermoanalyser system with a nitrogen flow of 20 mL/min, a heating rate of 10
°C/min and with samples weighing about 8 mg; an alumina crucible was used in
the DSC measurements and samples were prepared by using standard techniques.
The elemental analyses were performed by the Laboratoire d’ Analyse Elémentaire
(Université de Montréal). Melting points for complexes 2.3a, 2.3b, 2.3¢c were
determined with a Mel-TEMP 1010 melting point apparatus equipped with digital
thermometer. Thermal gravimetric analysis (TGA) was performed using a 2950
TGA HR V5.4A system with nitrogen as purge gas and a heating rate of
20°C/min; a platinum crucible was used in the TGA measurements and samples

were prepared by using standard techniques.

2.5.2 Synthesis of Pre-ligands 2.1a-c

2.5.2.1 [3-((morpholino)methyl)phenol], 2.1a

To a solution of 3-hydroxybenzaldehyde (0.500 g, 4.10 mmol) in 10 mL of
methanol at r.t. was added a solution of morpholine (0.714 g, 8.20 mmol) in 6 mL
of methanol. The resulting mixture was stirred for one hour to obtain a yellow
solution. The latter was then cooled to -5 °C and NaBH, (0.200 g, 5.26 mmol) was
added portionwise during one hour. The pre-ligand was purified in one of two
ways.

Purification Method A.

The reaction mixture was concentrated under reduced pressure and then treated
with 10% HCI until pH=1, washed with a 1:1 mixture of EtOAc and Et,O (3x10
mL), and finally treated with concentrated aqueous ammonia solution until
pH=10. This mixture was then extracted with a 1:1 mixture of EtOAc and Et,O
(5x10 mL), the extracts combined and dried over MgSQsy, filtered through a glass
frit and evaporated to give a colorless oil, which crystallized over time to give a

white powder (0.664 g, 84%).
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Purification Method B.

The reaction mixture was evaporated and the residue re-solubilized in 20 mL of
benzene, filtered through a short column of silica gel, and evaporated under
dynamic vacuum to give a white powder. (0.736 g, 93%).

"H NMR (3, CDCls): 2.49 (m, 4H, 2xNCH>) 3.46 (s, 2H, ArCH,N), 3.72 (t, *J=5,
4H, 2xCH,0), 6.70 (dd, *J= 8, J= 3, 1H, {Ar}H®), 6.75 (s, 1H, {Ar}H%) 6.84 (d,
3J=8, 1H, {Ar}H"Y), 7.15 (t, °J= 8, 1H, {Ar}H’) 7.84 (br s, 1H, OH).

BC{'H} NMR (8, CDCl3): 53.48 (s, 2C, 2xNCH»), 63.22 (s, 1C, ArCH,N), 66.68
(s, 2C, 2xOCH,), 114.64 (s, 1C, {Ar}C®), 116.38 (s, 1C, {Ar}C?), 121.48 (s, 1C,
{Ar}CY), 129.45 (s, 1C, {Ar}C%), 138.70 (s, 1C, {Ar}C?), 156.03 (s, 1C, {Ar}Ch.
Anal. Calcd for C;;HsNO,: C,68.44; H,7.96; N,7.18; Found: C,68.37; H,7.82;
N,7.25.

2.5.2.2 [3-((N,N-dimethylamino)methyl)phenol], 2.1

The procedure described above for the preparation of pre-ligand 2.1a
(Purification Method B) was used with dimethylammonium chloride (1.174 g,
12.3 mmol) and triethylamine (1.71 mL, 12.3 mmol) to prepare 3-((N,N-
dimethylamino)methyl)phenol (2.1b), which was isolated as a white powder
(0.390 g, 63%).

"H NMR (8, CeDe): 2.26 (s, 6H, 2xCH3), 3.41 (s, 2H, ArCH,N), 6.74-6.67 (m,
2H, {Ar}H*®), 6.76 (d, °J = 8, 1H, {Ar}H"), 7.13 (t, °J= 8, 1H, {Ar}H"), 8.42 (br
s, 1H, OH).

BC{'H} NMR (8, C¢Ds): 44.72 (s, 2C, 2xCHs), 63.78 (s, 1C, ArCH,N), 115.44
(s, 1C,{Ar}C®), 117.19 (s, 1C, {Ar}C?), 121.24 (s, 1C, {Ar}C"), 129.36 (s, 1C,
{Ar}C?), 138.15 (s, 1C,{Ar}C?), 157.09 (s, 1C, {Ar}C").

Anal. Caled for CoH;3NO: C, 71.49; H, 8.67; N, 9.26; Found: C, 71.55; H, 8.75;
N, 9.13.

2.5.2.3 [3-((N,N-diethylamino)methyl)phenol], 2.1¢
The procedure described above for the preparation of pre-ligand 2.1a (Purification

method A) was used with diethyl amine to prepare 3-((N,N-
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diethylamino)methyl)phenol, 2.1¢, which was isolated as an off-white oil (0.594
g, 81%).

"H NMR (3, C¢Dg): 1.01 (t, >J="7, 6H, 2xCH3), 2.50 (q, >J= "7, 4H, 2xNCH,), 3.49
(s, 2H, ArCH,N), 6.83 (dd, *J=8, J=2, 1H, {Ar}H®), 6.96 (d, °J= 8, 1H, {Ar}H"),
7.03 (brs, 1H, OH), 7.06 (s, 1H, {Ar}H%), 7.17 (t, >J=8, 1H, {Ar}H’).

BC{'H} NMR (8, C¢De): 11.29 (s, 2C, 2xCH3 ), 46.61 (s, 2C, 2xNCH,), 57.69 (s,
1C, ArCH,N), 115.03 (s, 1C, {Ar}C®, 116.93 (s, 1C, {Ar}C?), 121.15 (s, 1C,
[Ar}CY), 129.59 (s, 1C, {Ar}C°), 140.79 (s, 1C, {Ar}C?), 157.36 (s, 1C, {Ar}Ch.
Anal. Calcd for C{H{7NO: C, 73.70; H, 9.56; N,7.81; Found: C,73.3; H, 9.62 ; N,
7.38.

2.5.3 Synthesis of POCN ligands 2.2a-c

2.5.3.1 [3-((morpholino)methyl)phosphinitobenzene], 2.2a

A solution of chlorodiisopropyl phosphine (0.427 mL, 2.59 mmol, 96%) in THF
(15 mL) was added to a solution of 2.1a (0.500 g, 2.59 mmol) and triethylamine
(0.400 mL, 2.85 mmol) in THF (35 mL) stirring at 0-5 °C. The resulting mixture
was allowed to warm to room temperature and stirred for 1 additional hour.
Evaporation of the solvent and extraction of the residue with Et;O (3x25 mL)
followed by filtration of the combined extracts and evaporation gave the desired
product as a colorless oil (0.768 g, 96%).

'H NMR (3, C¢Dg): 0.72 (dd, *Jup=9, Juu= 7, 3H, CHCH3), 0.73 (dd, *Jup= 8,
Jun= 7, 3H, CHCH3), 0.93-0.85 (m, 6H, 2xCHCH3), 1.57-1.47 (m, 2H, CH), 1.90-
1.92 (m, 4H, 2xNCH>), 2.95 (s, 2H, NCH;), 3.28-3.30 (m, 4H, 2xOCH,), 6.67 (d,
3Jun= 7, 1H,{Ar}H®), 6.85 (t, *Juu= 8, 1H,{Ar}H°), 6.89 (s, 1H,{Ar}H?), 6.95 (d,
3Jun= 8, 1H,{Ar}H"Y).

PC{'H} NMR (8, CsDe): 17.17 (d, *Jep= 8, 2C, 2xCHCH3) 17.89 (d, *Jep= 20,
2C, 2xCHCHj3), 28.64 (d, 'Jep= 19, 2C, 2xCH), 53.99 (s, 2C, 2xNCH>), 63.42 (s,
1C, ArCH;,N), 67.10 (s, 2C, 2xOCH>), 117.56 (d, *Jep= 11, 1C, {Ar}C®), 119.41
(d, *Jep= 10, 1C, {Ar}C?), 122.56 (s, 1C, {Ar}CY), 129.48 (s, 1C, {Ar}C°), 140.58
(s, 1C, {Ar}C), 160.11 (d, *Jep= 9,1C, {Ar}Ch).
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SIP{'H} NMR (8, C¢Dy): 147.5 (s).
Anal. Calcd for C7H2sNO,P C, 66.00; H, 9.12; N, 4.53; Found: C, 66.18; H, 9.36;
N, 4.32.

2.5.3.2 [3-((N,N-dimethylamino)methyl)phosphinitobenzene], 2.2b.

The procedure described above for the preparation of 2.2a was used to prepare 3-
((N,N-diethylamino)methyl)phosphinitobenzene, 2.2b, which was isolated as a
colorless oil (0.799 g, 91%).

"H NMR (3, CDs): 0.68 (dd, *Jup= 15, *Juu= 7, 6H, 2xCHCH3), 0.84 (dd, *Jup=
10, *Jun= 7, 6H, 2xCHCHj3), 1.46 (m, 2H, 2xCH), 1.76 (s, 6H, 2xNCH3), 2.94 (s,
2H, ArCH,), 6.68 (d, *Juu= 7, 1H, {Ar}H®), 6.81 (t, *Juu= 8, 1H, {Ar}H"), 6.85
(s, 1H, {Ar}H?), 6.89 (d, *Juu= 8, 1H, {Ar}H").

BC{'H} NMR (8, C¢De): 17.17 (d, *Jep= 9, 2C, 2xCH3), 17.87 (d, *Jep= 21, 2C,
2xCH3), 28.64 (d, 'Jep= 19, 2C, 2xCH), 45.34 (s, 2C, 2xCH3N), 64.29 (s, 1C,
ArCH,N), 117.48 (d, *Jep= 11, 1C, {Ar}C®), 119.29 (d, *Jep = 10, 1C, {Ar}C?),
122.43 (s, 1C, {Ar}CY), 129.44 (s, 1C, {Ar}C), 160.08 (d, “Jep= 9, 1C, {Ar}C°).
SIP{'"H} NMR (8, C¢Dg): 147.4 (s).

Anal. Calcd for C;sH,6NOP: C, 67.39; H, 9.80; N, 5.24; Found: C, 66.97; H, 9.96
. N, 4.91.

2.5.3.3 [3-((N,N-diethylamino)methyl)phosphinitobenzene], 2.2c.

The procedure described above for the preparation of 2.2a was used to prepare 3-
((N,N-diethylamino)methyl)phosphinitobenzene 2.2¢, which was isolated as a
colorless oil (0.730 g, 89%).

'H NMR (8, C¢Ds): 0.56 (t, *Jun= 7, 6H, 2xCH,CH3), 0.63 (dd, *Jup= 16, Juu= 7,
6H, 2xCHCH3), 0.79 (dd, *Jup= 11, Juu= 7, 6H, 2xCHCH3), 1.51-1.26 (m, 2H,
2xCH), 2.03 (q, *Jun= 7, 4H, 2xCH,), 3.06 (s, 2H, ArCH,N), 6.67 (d, *Juu= 8,
1H, {Ar}H®), 7.03-6.92 (m, 3H, {Ar}H"*).

BC{'H} NMR (8, C¢Dg): 12.00 (s, 2C, 2xCH,CH3), 14.76 (d, *Jep = 3, 2C,
2xCHCH3), 15.85 (d, *Jep = 2, 2C, 2xCHCH3), 24.82 (d, 'Jep = 64, 2C, 2xCH),
46.96 (s, 2C, 2xCH,CHj3), 58.15 (s, 1C, ArCH,N), 114.73 (s, 1C, {Ar}C®), 116.67
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(s, 1C, {Ar}C?), 119.93 (s, 1C, {Ar}C"),129.44 (s, 1C, {Ar}C’), 158.86 (s, 1C,
{Ar}Ch).

3P{'H} NMR (8, C¢Dg): 147.1 (s).

Anal. Calcd for C7H3NOP: C, 69.12; H, 10.24; N, 4.74; Found: C, 69.32 ; H,
10.37 ; N, 4.48.

2.5.4 Synthesis of complexes 2.3-2.5

2541 &,&, & -{2,6-(i-Pr,PO)(CeH3)(CH,[c-N(CH,),01) }NiBr, 2.3a

Slow addition of a solution of 2.2a (0.500 g, 1.62 mmol) and NEt; (0.23 mL,
1.62 mmol) in 20 mL of benzene to the suspension of NiBr,(CH3CN)y (0.485 g,
1.618 mmol) in benzene (10 mL) resulted in a dark brown mixture, which was
heated for 3 h at 60 °C. Filtration of the final mixture through a pad of silica gel
followed by evaporation of the volatiles gave the desired product as a yellow
powder (0.659g, 91%).

"H NMR (8, C¢Dg): 1.16 (dd, *Jup= 15, *Jun= 7, 6H, CH3) 1.47 (dd, *Jup= 18,
3Jun= 7, 6H, CH3), 2.27-2.12 (m, 2H, CH), 2.31 (d, *Juu= 13, 2H, NCH,CH,),
3.14 (dd, *Juu= 12 & 3, 2H, NCH,CHb>), 3.20 (td, *Juu= 12 & 2, 2H, OCH,), 3.62
(s, 2H, ArCH,N), 4.18 (m, 2H, OCH,), 6.44 (d, *Juu= 8, 1H, {Ar}H’), 6.61 (d,
3Jun= 8, 1H, {Ar}H%), 6.92 (t, *Juu= 8, 1H, {Ar}H").

BC{'H} NMR (8, C¢Dg): 16.90 (s, 2C, 2xCH3) 18.34 (d, *Jcp = 4, 2C, 2xCH3),
28.61 (s, 2C, 2xCH), 54.13 (s, 2C, 2xNCH>), 60.98 (s, 2C, 2xOCH,), 62.99 (s,
1C, ArCH,N), 108.29 (d, *Jep= 12, 1C, {Ar}C?), 108.42 (s, 1C, {Ar}C’), 115.92
(s, 1C, {Ar}Ch, 142.15 (d, *Jcp = 35, 1C, {Ar}C'-Ni), 150.75 (s, 1C, {Ar}C®),
165.96 (d, Jcp = 9, 1C, {Ar} CP).

SP{'H} NMR (8, C4Ds): 201.48 (s).

Anal. Calcd for C7H»7PO,NiBr: C, 45.68; H, 6.09; N, 3.13; Found: C, 45.69; H,
6.04; N, 3.04.
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2542 &5 & -{2,6-(i-Pr,PO)(CeH3)(CH,NMe,) }NiBr, 2.3b.

The procedure described above for the preparation of 2.3a was used to prepare
this complex, which was isolated as a yellow powder (0.583 g, 77%).

"H NMR (8, C¢De): 1.17 (dd, *Tup = 15, *Juu =7, 6H, 2xCHj), 1.47 (dd, *Jyp = 18,
3Jun = 7, 6H, 2xCH3), 2.19 (m, 2H), 2.44 (d, *Juu = 2, 6H, 2xNCH3), 3.25 (s, 2H,
NCH>), 6.40 (d, *Jun = 7, 1H, {Ar}H’), 6.62 (d, Jun = 8, 1H, {Ar}H’), 6.93-6.87
(m, 1H, {Ar}H"). "C{'H} NMR (8, C¢Dy): 16.87 (s, 2C, 2xCH3), 18.26 (d, *Jcp =
4, 2C, 2xCHj3), 28.49 (d, 'Jep = 24, 2C, 2xCH), 49.11 (s, 2C, 2xNCH3), 71.84 (s,
1C, CHy), 108.38 (d, *Jep = 13, 1C, {Ar}C?), 115.67 (s, 1C, {Ar}C?), 127.04 (s,
1C, {Ar}CY, 143.11 (d, *Jep = 33, 1C, {Ar}C'-Ni), 151.09 (s, 1C, {Ar}C®),
166.16 (d, 2Jcp = 11, 1C, {Ar}CP).

SIP{'"H} NMR (8, C¢Dg): 199.16 (s, P).

Anal. Calcd for C5H»7P{O,NiBr: C, 44.50; H, 6.22; N, 3.46; Found: C, 44.56; H,
6.41; N, 3.53.

2543 &,k K-{2,6-(i-Pr,PO)(C¢H3)(CH,NEL,) }NiBr, 2.3c.

The procedure described above for the preparation of 2.3a was used to prepare
this complex, which was isolated as a yellow powder (0.616 g, 84%).

'"H NMR (8, CgDg): 1.12 (dd, *Jup= 14, *Juu = 7, 6H, 2xCHCH3) 1.51-1.37 (m,
12H, 2xCH,CH;3 and 2xCHCH3), 2.08-1.96 (m, 2H, 2xCH), 2.17 (m, 2H,
CH,CHj3), 3.41-3.28 (m, 2H, CH,CH3), 3.43 (s, 2H, ArCH,N), 6.35 (d, *Juu= 8,
1H, {Ar}H’), 6.56 (d, *Jun= 8, 1H, {Ar}H), 6.85 (t, *Juu= 8, 1H, {Ar}H").
BC{™H} NMR (8, C¢De): 13.34 (s, 2C, 2xCH,CH3) 16.85 (d, *Jep= 2, 2C,
2xCH3), 18.19 (d, “Jep= 4, 2C, 2xCH3), 28.6 (d, 'Jep= 24, 2C, 2xCH), 56.3 (d,
3Jep= 2, 2C, 2xCH,CH3), 64.7 (d, *Jep= 2, 1C, ArCH,N), 107.96 (d, *Jep= 13, 1C,
(Ar}C%), 114.3 (d, *Jep= 2, C, {Ar}C), 126.8 (s, 1C, {Ar}Ch), 142.1 (d, *Jep= 33,
1C, {Ar}C'-Ni), 154.1 (s, 1C, {Ar}C®), 165.8 (d, *Jcp= 11, 1C, {Ar}C?).

SIP{'H} NMR (8, C¢Dg): 197.92 (s).

Anal. Calcd for C17Ha0OPNNiBr: C, 47.16; H, 6.75; N, 3.23;. Found: C, 47.71; H,
6.68; N, 3.26.
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2.5.4.4 &-[1,3-{(i-Pr,PO)(C¢H4)(CH2[c-NH(CH,),0])} INiBr3, 2.4

A solution of 2.2a (0.500 g, 1.618 mmol) in benzene (15 ml) was added to
NiBr(CH3CN)y (0.486 g, 1.62 mmol). The resulting brown mixture was stirred at
60 °C for 3 h, which resulted in the precipitation of a blue-green solid. Filtration
through a glass frit (under inert atmosphere) and washing the solid on a filter with
benzene followed by drying under vacuum gave a turquoise-green solid (0.423 g,
43%). The filtrate was passed through a pad of silica gel followed by removal of
solvent to give 2.3a as a yellow powder (0.333 g, 46%).

Anal. Calcd for C17H»90,P;NiBrs5: C, 33.54; H, 4.80; N, 2.30; Found: C, 33.58; H,
4.81; N, 2.39.

2545 & &5, K -{2,6-(i-Pr,PO)(CsHs)(CHa[c-N(CH,)40]) }NiBr, 2.5a

A solution of Br, (6.5uL, 0.123 mmol) in E;O (5 mL) was cooled to -15 °C and
then added to a solution of 3a (0.100 g, 0.224 mmol) in 10 mL of a 5:1 mixture of
Et;0 and CH,Cl,. The resulting mixture was stirred for 20 min and then
concentrated under reduced pressure to ~ 3-5 mL. The final mixture was layered
with cold hexane (5 mL) and placed in a -15 °C freezer to obtain black crystals,
which were collected by filtration (112 mg, 95%).

Anal. Calcd for C{7H»7;0,PNNiBr,: C, 38.75;.H, 5.17; N, 2.66. Found: C, 38.47;
H, 5.05; N, 2.57.

2.54.6 &,&K, & -{2,6-(i-Pr,PO)(CsH3)(CHNMe,) }NiBry, 2.5b

The procedure described above for the preparation of Sa was used to prepare this
complex, which was isolated as black crystals (114 mg, 96%).

Anal. Calcd for C;sH,sOPNNiBr,: C, 37.16.;.H, 5.20; N, 2.89. Found: C, 37.13;
H, 5.23; N, 2.97

2547 &,&, & -{2,6-(i-Pr,PO)(CsH3)(CHoNEL) } NiBry, 2.5¢
A modified version of the procedure described above for the preparation of Sa
(reaction temperature -78 °C) was used to prepare this complex, which was

isolated as black crystals (93 mg, 80%).
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Anal. Calcd for C;7H29OPNNiBr,: C, 39.81; H, 5.70; N, 2.73. Found: C, 39.34; H,
5.86; N, 2.73.

2.5.5 Cyclic voltammetry

Cyclic voltammetry measurements were performed using a BAS Epsilon
potentiostat. The electrochemical properties of these compounds were measured
at room temperature in dichloromethane using a standard three electrode system
consisting of a glassy carbon working electrode, a Pt auxiliary electrode, and a
Ag/AgCl reference electrode. BusNPFs was used as electrolyte (0.1 mol/L) and
the solutions were bubbled with nitrogen before each experiment. Reversible
redox waves of the ferrocenyl moieties were observed under these conditions (E;/,

{FeCp,/FeCp,}= +0.47 V).

2.5.6 Crystal Structure Determinations

Single crystals of 3a-3¢ were grown by slow diffusion of hexanes into
saturated benzene solutions of the complexes. Single crystals of S5a-5c¢ were
grown from dichloromethane-hexane mixtures at -20 °C. The crystallographic
data for complexes 3a-3c¢ and Sa-5c¢ were collected on a Bruker Microstar
generator (micro source) equipped with a Helios optics, a Kappa Nonius
goniometer and a Platinum135 detector. Cell refinement and data reduction were
done using SAINT.*® An empirical absorption correction, based on the multiple
measurements of equivalent reflections, was applied using the program
SADABS.?' The space group was confirmed by XPREP routine®* in the program
SHELXTL.? The structures were solved by direct-methods and refined by full-
matrix least squares and difference Fourier techniques with SHELX-97.%* All non-
hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were set in calculated positions and refined as riding atoms with

a common thermal parameter.
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Figure 2.7. TGA thermogram for complexes 2.3a-c recorded at 20 °C/min using a

platinum crucible.
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Figure 2.8. Cyclic voltammograms of 1 mM solutions of compound 2.1a and 2.2a
in dichloromethane containing 0.1 M tetrabutylammonium hexafluorophosphate

at 25 °C at a scan rate of 100 mV/s on a glassy carbon working electrode.
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Figure 2.9. Cyclic voltammograms of 1mM solutions of complexes 2.3(a-¢) and
{2,6-(i-PrPO),C¢H3 }NiBr in dichloromethane containing 0.1 M tetrabutylammonium

hexafluorophosphate at 25 °C at a scan rate of 100 mV/s on a glassy carbon working

electrode.
)2 — \M
) J
e M

{2,6-(-PrPO)_C H }NiBr

2 6 4

\

. —

) |} ) L
02 00 02 04 06 08 10 12 14 16 18 20
E(V) vs. AgIAg+



71

Figure 2.10. Cyclic voltammograms of 1 mM solutions of complexes 2.5(a-c) in
dichloromethane containing 0.1 M tetrabutylammonium hexafluorophosphate at
25°C at a scan rate of 100 mV/s on a glassy carbon working electrode. The minor
oxidation peak seen at ca. 1.08 V in the voltammogram of 2.5c¢ is due to the
Ni"-Ni™ process which is detectable since 2.5¢ undergoes ready decomposition
to 2.3c. The CV measurements were carried out using CH,Cl, solutions
containing BusNPFg as electrolyte; different starting potentials were employed for
2.5a and 2.5b (0 V, Ag/Ag") vs. the equilibrium potential for 2.5¢, with the same

result.
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3.1 Abstract

Reaction of NiBry(CH3CN)y with the unsymmetrical pincer ligand m-(i-
Pr,PO)(CH,NHBn)C¢H; (Bn= CH,Ph) gives the complex (R,S)-x", k" k" -{2-(i-
PrzPO),6—(CH2NHBn)—C6H3}NiHBr, 3.1, featuring an asymmetric secondary
amine donor moiety. Deprotonation of the latter with methyl lithium gave a dark
brown compound that could not be characterized directly, but fully characterized
derivatives prepared from this compound indicate that it is the LiBr adduct of the
l4-electron amido species [k',k%,k"-{2-(i-Pr,PO),6-(CH,NBn)-C¢H3}Ni], 3.2.
Thus, 3.2-LiBr reacts with water to regenerate 3.1, while reaction with excess
benzyl or allyl bromide gave the POCN-type pincer complexes 3.3 and 3.4,
respectively, featuring tertiary amine donor moieties. On the other hand, heating
2:LiBr at 60 °C led to loss of LiBr and dimerization to generate the orange
crystalline compound [uN;k", k%, kN-{2-(i-Pr,PO),6-(CH,NBn)-C¢H3 }Nil,, 3.5.
Solid state structural studies show that 3.1, 3.3, and 3.4 are monomeric, square
planar complexes involving one Ni-N interaction, whereas complex 3.5 is a Cs-
symmetric dimer involving four Ni-N interactions and a Ni;N, core featuring a
short Ni-Ni distance (2.51 A). Preliminary reactivity tests have shown that 3.5 is
stable toward weak nucleophiles such as acetonitrile but reacts with strong
nucleophiles such as CO or 2,6-Me,(CcH3;)NC. Reactions with protic reagents
showed that phthalimide appears to break the dimer to generate a monomeric
species, whereas alcohols appear to leave the dimer intact, giving rise instead to
adducts through N---H---O interactions. These ROH adducts of 3.5 were found to
be active precatalysts for the alchoholysis of acrylonitrile with up to 2000

catalytic turnover numbers.
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3.2 Introduction

The chemistry of pincer complexes has experienced much progress over
the past three decades as it has been shown that various metal-pincer ligand
combinations can generate compounds that act as versatile catalysts, molecular
sensors and switches, and diverse functional materials.' Pincer ligands can impart
enhanced reactivity or thermal stability to the metals they bind, thus facilitating
difficult reactions or allowing the isolation of rare reaction intermediates featuring
unusual oxidation states or bonding paltterns;2 this capacity to modulate
reactivities of metals is helping advance our fundamental understanding of
organometallic chemistry. During the early years following their introduction,’
the most commonly studied pincer ligands were LXL-type ligands (monoanionic,
terdentate) featuring tertiary phosphine or amine donor moieties linked to each
other through an aliphatic or aromatic skeleton encompassing a carbon- or
nitrogen-bound anionic anchor,® but a variety of ligand types has been introduced
recently (L= carbenes, alkenes, RSR, KO—R3P=O, RSeR, etc.; X= alkyl, aryl, SiR3,
BR,, etc.).’

Our group has investigated the chemistry of nickel complexes based on
symmetrical and unsymmetrical pincer ligands featuring tertiary phosphine,
phosphinite, and amine donor moieties (Figure 3.1.) and reported on their
reactivities in catalytic transformations such as Kumada-Corriu coupling,
hydroamination of acrylonitrile derivatives, Kharasch additions to olefins, as well
as oligomerization of PhSiH3 and its addition to styrene.6 As an extension of these
studies, we set out to prepare POCN-type complexes of nickel featuring
secondary amine donor moieties that might offer two attractive advantages over
their tertiary amine homologues.' First, alkylation of the N-H moiety in these
complexes should, in principle, provide an alternative pathway for the preparation
of difficult-to-access tertiary amine derivatives, including species featuring
tetradentate ligands encapsulating the Ni center (Scheme 3.1).” Second,
dehydrohalogenation of (POCN)NiX complexes featuring a secondary amine

donor moiety (X= halide) might generate 14-electron Ni-amido species that would
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be expected to display unique reactivities. The latter possibility was particularly
intriguing since, to the best of our knowledge, all previously reported pincer-type

compounds of Ni have more than 14 valence electrons (15,8 16,” or 1710).

0or 1+
o 0—P(i-Pr),
Ni(Br)4 or 2
E—PR2 NR2
E= CH, (PCP); O (POCOP) POCN

Figure 3.1. Examples of POCOP and POCN pincer systems.

0or1+
o0— P(l Pr), o— P(l Pr), O—P(i-Pr),

N|—L N|—Br Ni)

NR(H)

Scheme 3.1. Possible transformation pathways of (POCNHR)Ni complexes.

Whereas 14-electron species are expected to be highly reactive due to the
presence of two empty valence orbitals on the metal,'' many of these compounds
are only nominally unsaturated, because their operational unsaturation is usually

“quenched” by extraneous interactions that can be either intermolecular (e.g.,

solvent/anion association or dimerization) or intramolecular (e.g., T-donation or

.. . 112
agostic interactions).

We were, therefore, mindful of the possibility that our
plan to generate a highly reactive 14-electron species (Scheme 1) might be
thwarted by the propensity of the amido ligand to form a dimer. Initial tests
showed that dimerization does indeed take place, but the resulting dimer is fairly

reactive nonetheless. The present contribution describes the synthesis and
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reactivities of the dimeric species [},LN;KP,KC,KN—{2—(i—Pr2PO),6—(CH2NBn)—
CeH3}Ni],, 3.5, which was obtained from deprotonation of the monomeric (R,S)-
KP,KC,KN—{2—(i—PI‘zPO),6—(CH2NHBH)—C6H3}NiHBI‘, 3.1; also reported are the
synthesis and characterization of complexes 3.3 and 3.4, the N-allyl and N-benzyl

derivatives of 3.1, respectively.

3.3 Results and Discussion

3.3.1 Syntheses

The POCN-type ligand 3.b was prepared following a procedure used for
the preparation of analogous ligands featuring 3° amines'”' Thus, reaction of 3-
hydroxybenzaldehyde with benzyl amine followed by reduction of the in situ
formed  Schiff base with NaBHs; in  methanol gave  3-((N-
Benzylamino)methyl)phenol, 3.a (Scheme 3.2). Reaction of the latter with i-
Pr,PCl in the presence of NEt; led to exclusive phosphination at the O-H (vs. N-
H) moiety, thus facilitating isolation of the new pincer-type ligand 3.b as an
analytically pure colorless oil in 96% yield. It is worth noting that the phosphinite
moiety in 3.b is quite sensitive to hydrolysis but relatively stable toward
oxidation. Finally, heating a toluene suspension of 3.b and NiBr,(CH3CN)y at 60
°C in the presence of NEt; led to cyclometallation of 3.b and formation of the new
pincer complex 3.1. The presence of an added base in such metallation reactions
maximizes the yields of the target pincer complexes by suppressing the formation
of side-products arising from protonation of the ligand by the in situ generated

HBr'.
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0 NH(Bn)
H OH 1, (Bn)NH,/CH;OH /r.t./1h OH
2.NaBH,/CH;OH/-5°C/1h
3.2 (i-Pr),PCI
Br NEt,/THF
| -5-0°C,1h
(B)HN—>Ni—P(i-Pr), NH(Bn)  P(i-Pr);
0 NiBr,(NCCHj), °
NEt; / Toluene
31 60°C,3h 3b

Scheme 3.2. Synthesis of ligands and complexes

Reaction of 3.1 with MeLi in toluene at -78 °C gave an air-sensitive, oily
material which could not be characterized directly, but its conversion to
unambiguously characterized derivatives 3.3 and 3.4 has allowed us to identify
this substance as the LiBr adduct of the 14-electron species generated from
deprotonation of the NH moiety in 3.1 (Scheme 3.3)."? For instance, the in situ
generated 3.2 reacted readily with water or benzyl bromide to give analytically
pure samples of the starting material 3.1 or its Bn,N analogue 3.4, respectively.
The reaction of 3.2 with allyl bromide was more sluggish and produced
significant amounts of intractable materials in addition to the anticipated N-
allylated derivative 3.3 (Scheme 3.3); the latter was purified by chromatography
on silica gel and isolated in about 60% yield. That 3.2 can be hydrolyzed to
regenerate 3.1 and allylated or alkylated to give 3.3 and 3.4 lends strong support
for the proposed identity of 3.2; the formation of 3.3 and 3.4 also indicates that
this procedure is a viable synthetic route for modifying a metal-bound pincer

ligand.
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MeLi / Toluene Li-=-Br o

H r .78 °C / 30 min : : 1.RBr/-78°C/1h
(Bn)N-—>Ni<P(i-Pr)y ——M8M ——  » (Bn)N—>Ni—-=—P(i-Pr),
| - 1
H,0, r.t. 2.rt./12h
- LiOH n - LiBr
3.1 - 3.2 -
CI) R r

(i-Pr),P—Ni~<<N(Bn) Locciazn (B)N—>=Ni~—P(i-Pr);

- LiBr (o]

(Bn)N—> i<—F|>(i-F>r)2
o

3.5 R= allyl (3.3); Bn (3.4)

Scheme 3.3. Reactivities of complex 3.1.

Solutions of 3.2: lose LiBr slowly (over a week at r.t. or 32 h at 60 °C) to
give the dimeric species 3.5 (Scheme 3.3). Attempts to trap the postulated 14
electron intermediate, 3.2, as isolable monomeric adducts by doing the
deprotonation reaction in the presence of N- or P-based ligands led to intractable
mixtures of products, whereas running the deprotonation in coordinating solvents

(THF, MeCN) gave 3.5.
3.3.2 Characterization

The identities of the pre-ligand 3.a, the ligand 3.b, and the complexes 3.1
and 3.3-3.5 were discerned from NMR and elemental analyses, and corroborated
by single crystal structure determination in the case of the complexes. As will be
discussed below, the complex spectral features of the new pincer complexes were
interpreted on the basis of data from lH—COSY, lH—NOESY, and HETCOR
experiments as well as by comparisons to the characteristic NMR resonances of
the ligand (vide infra).

The *'P{'H} NMR spectra were straightforward, displaying a single
resonance for the ligand 3.b (147 ppm) and the complexes 3.1 (202 ppm), 3.3 and



84

3.4 (201 ppm), and 3.5 (192 ppm). Analysis of the 'H and "H-COSY NMR spectra
confirmed the presence of an NH proton in 3.1, indicating that complexation to
the Ni center left the NH moiety of 3.b intact. It is worth noting that complexation
/cyclometalation of the POCN ligand 3.b also leads to asymmetrization of the
nitrogen center in 3.1, which renders the NCH, protons diastereotopic and gives
rise to complex spin coupling patterns. This is evident when the signal for the
NCH,; protons in the ligand (a singlet resonance at ca. 3.3 ppm) is compared to the
multiplets displayed in the spectrum of 3.1 (Figure 3.2). Thus, the signals for NH
and the non-equivalent protons 7A and 7B" form an ABX pattern of which the
AB portion is centered at ca. 3.4 ppm and displays coupling constants of 16 (Jy7a.
u78), 6 (Juza-nn), and 4 Hz (Jy7s-nm), Whereas the corresponding signals for the
benzylic protons 30A and 30B resonate at significantly different chemical shifts
(Ad~ 1 ppm) but with a similar coupling constant (Juy3oanzos= 14 Hz);
interestingly, H30A couples fairly strongly with the NH proton (Jy3oa.ng= 10 Hz)
while H30B does not.

7AB

30B ,40B
Ph 3.,

/—N—>N|<—P(l Pr), 30A 40A

Q 130B,230B  27A,17A, 27B,17B

27 o ’
(i Pr)zP—>N| rli—z; 130A, 230A
130 N—>N|<—P(l Pr),
K(j 208 0A 7B, 7A
NH

N—>N|<—P(l Pr),

K©/ 51 4.9 4.7 45 43 4.1 3.9 3.7 3.5 3.3 3.1
&(ppm)
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Figure 3.2. The methylene region in the '"H-NMR spectra (C¢Ds) of complexes
3.1 (bottom), 3.5 (middle), and 3.4 (top).

The 'H and °C NMR spectra of complex 3.4 are simpler than those of 3.1,
because the Bn,N moiety gives rise to a plane of symmetry in 3.4 and renders the
symmetry-related nuclei above and below the plane of symmetry equivalent.
Hence, we observe one signal for the symmetry-related methyne carbons and
protons, two signals for the four methyl groups, one signal for the two benzylic
protons labeled 7 (Figure 3.1), and one signal for the benzylic carbons (C30 and
C40). Equivalence of the benzylic carbons coupled with the observation of two
different signals for their protons (Figure 3.1) implies that the latter are pairwise
equivalent (30A/40A, 30B/40B) and should appear as a pair of AB doublets,
which is the case (ca. 4.1 and 5.1 ppm; J~ 13 Hz). Interestingly, the more upfield
signal is further split into a doublet due to a through-space coupling with the P
nucleus (Jy.p= 3 Hz). The '"H NMR spectrum of complex 3.3 is similar to that of
complex 3.1 since both of these complexes contain a chiral N center, but there are
important differences: absence of NH in 3.3 eliminates a potential source of
coupling such that ArCH,N protons appear as two characteristic AB doublets,
whereas coupling due to the P nucleus leads to different multiplicities for the
methylene protons of the allyl moiety (ddd, Jp.y=4 Hz) and the benzyl moiety (dd,
Jp.u= 2 Hz). Finally, the '"H and C NMR spectra of complex 3.5 show the
equivalence of all symmetry-related protons and carbon nuclei, indicating that the
two halves of this dimer are related by a mirror plane and/or a C, axis of rotation.
As above, the coupling patterns of the methylene protons indicate the pairwise
equivalence of the chemically inequivalent protons (Figure 3.1: 130A/230A vs.
130B/230B; 17A/27A vs. 17B/27B); one of the benzylic protons is also coupled
to the P nucleus with a rather large coupling constant (Jp.y= 10 Hz).

Single crystals for complex 3.1, 3.3, 3.4, and 3.5 were obtained and
subjected to crystallography in order to determine solid state structural

parameters. Crystal and data collection details for all complexes are presented in
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Table 3.1 and Table 3.2, selected structural parameters are listed in Table 3.3 (3.1,
3.3, and 3.4) and Table 3.4 (3.5), and ORTEP diagrams are shown in Figures 3.2
(3.3 and 3.4) and 3 (3.5). Complexes 3.1 and 3.3 crystallize in the non-chiral
space groups Pna2; and P1, respectively. It is noteworthy that complex 3.3
crystallizes with one molecule per asymmetric unit so that the nitrogen atom
adopts either S or R configuration to generate a racemic mixture, whereas 3.1
crystallizes with two molecules per asymmetric unit and both molecules adopt the
same configuration (S,S or R,R) at the nitrogen atom. Ironically, the achiral
complex 3.4 crystallizes in the chiral space group P2; due to crystal packing. The
NH in complex 3.1 was located in the difference Fourier map, whereas all other
hydrogen atoms were placed in calculated positions and refined by using a riding
model. Although the amino moiety in complex 3.3 was disordered over two

positions, the structure refined quite well (R1=2.6%).



3.3.
3.1 3.3
chemical formula C,y0H,7NOPNIiBr | Cy3H;;NNiOPBr
Fw 467.01 507.08
T (K) 150 150
wavelength (A) 1.54178 0.71073
space group Pna2, P-1
a (A) 10.7398(2) 8.606(1)
b (A) 10.8633(2) 11.146(1)
c (A) 34.2587(5) 13.340(2)
o (deg) 90 79.686(2)
B (deg) 90 73.752(2)
7 (deg) 90 71.897(2)
Z 8 (2'=2) 2
V(A% 3997.0(1) 1161.6(3)
Pealea (g-Cm™) 1.552 1.450
u (cm™) 41.32 26.37
0 range (deg) 2.58—68.16 2.38—27.45
R1% [I> 26(])] 0.0330 0.0259
wR2" [1> 26(I)] 0.0875 0.0674
R1 [all data] 0.0337 0.0333
wR2 [all data] 0.0879 0.0694
GOF 1.157 1.037

* Ry=Z(IIF,l-IFI)/ZIF,|

> WR={Z[W(F,’—F )’ VE[W(F, )1}
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Table 3.1 Crystal Data Collection and Refinement Parameters for Complexes 3.1,
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Table 3.2. Crystal Data Collection and Refinement Parameters for Complexes

3.4, 3.5.

3.4 3.5
chemical formula | C,7H33NNiOPBr C40Hs52N,>Ni1,0O,P,
Fw 557.13 772.20
T (K) 150 150
wavelength (A) 1.54178 1.54178
space group P2, P2i/n
a (A) 7.3167(2) 13.0358(2)
b (A) 11.0759(2) 21.2671(4)
c (A) 16.2119(3) 13.9931(2)
o (deg) 90 90
B (deg) 101.144(1) 100.920(1)
Y (deg) 90 90
Z 2 4
V(AY) 1289.02(5) 3809.1(1)
Pealed (2cm™) 1.435 1.347
u (cm™) 36.25 22.96
0 range (deg) 2.78—58.00 3.83—67.81
RI1* [1> 20(D)] 0.0202 0.0344
wR2° [T > 26(I)] 0.0520 0.0969
R1 [all data] 0.0204 0.0444
wR2 [all data] 0.0521 0.1017
GOF 1.028 1.028

P Ri=X(IF|-IFN/ZIF |
> wR={Z[W(F,’—F )’V Z[w(F,>)*1}"*
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Table 3.3. Selected Bond Distances (A) and Angles (deg) for Complexes 3.1, 3.3,

and 3.4.
3.1 33 3.4
Ni(1)-C(1) 1.854(5) 1.849(2) 1.856(1)
Ni(1)-P(1) 2.105(1) 2.110(1) 2.100(1)
Ni(1)-N(1) 1.983(4) 2.033(2) 2.043(2)
Ni(1)-Br(1) 2.344(1) 2.344(1) 2.359(1)
C(1)-Ni(1)-Br(1) 171.9(1) 173.53(6) 175.41(8)
P(1)-Ni(1)-N(1) 166.2(2) 166.25(5) 163.86(5)
P(1)-Ni(1)-Br(1) 96.00(4) 95.00(2) 93.95(2)
N(1)-Ni(1)-Br(1) 97.56(2) 98.03(4) 99.51(5)
P(1)-Ni(1)-C(1) 82.1(1) 82.12(6) 82.27(7)
N(1)-Ni(1)-C(1) 84.1(2) 84.5(7) 83.83(9)




Table 3.4. Selected Bond Distances (A) and Angles (deg) for Complex 3.5.

3.5
Ni(1)-C(11) 1.864(2)
Ni(1)-N(1) 1.997(2)
Ni(1)-N(2) 1.970(1)
Ni(1)-Ni(2) 2.512(1)
Ni(1)-P(1) 2.122(1)
C(11)-Ni(1)-N(2) 168.96(8)
C(11)-Ni(1)-P(1) 81.34(7)
C(11)-Ni(1)-N(1) 85.09(8)
N(1)-Ni(1)-N(2) 85.81(6)
N(1)-Ni(2)-N(2) 86.06(6)
N(2)- Ni(1)-P(1) 107.72(5)
N(1)-Ni(1)- P(1) 166.43(5)

90
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Figure 3.3. ORTEP diagrams for complex 3.1 (a), 3.3 (b), and 3.4 (c). Thermal
ellipsoids are set at the 50% probability level. Calculated hydrogen atoms are

omitted for clarity.

b)

U
é @ C32A __.@[3319
C22 e
C23 H @ C36R
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Figure 3.4. ORTEP diagram for complex 3.5 (view a, b). Thermal ellipsoids are

set at the 50% probability level. Hydrogen atoms (phenyl groups view a),

isopropyl groups view b) are omitted for clarity.

a)

b)
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The main structural parameters of the three monomeric complexes 3.1, 3.3,
and 3.4 are quite comparable and similar to those of previously reported POCN-

type complexes of nickel featuring tertiary amines."™

Thus, these complexes
adopt moderately distorted square planar geometries wherein the nitrogen atom is
slightly displaced from the coordination plane (Figure 3.2); similar observations
have been reported for other nitrogen-containing pincer complexes.**%'* The Ni-C
distances in these complexes fall within a narrow range and are very similar to the
Ni-C distances in the previously reported analogues (1.849-1.856 A vs. 1.853-
1.859 A). Similar trends are observed for the Ni-Br (2.343-2.359 vs 2.332-2.362
A) and Ni-P distances (2.106-2.110 vs 2.109-2.112 A), but the Ni-N bond is
somewhat shorter (by about 10 e.s.d. values) in 3.1 (1.983(4) and 2.016(4) A) as
compared to 3.4 (2.043(2) A), 3.3 (2.033(2) A), and the previously reported
analogous complexes featuring tertiary amines (2.021-2.043 A)."' Not
unexpectedly, the olefinic moiety tethered to the new pincer ligand in 3.3 does not
interact with the nickel center.

Single crystal structure analysis of 3.5 revealed a dimeric species that
adopts an overall butterfly-like shape (ORTEP diagram in Figure 3.3, views a and
b). The structure consists of two T-shaped halves (as defined by the coordination
planes involving the Ni, C, P, and N atoms) that are rotated with respect to each
other by ca. 70° and connected to each other by two additional Ni-N linkages. The
latter create a central Ni,N, core that adopts a cyclobutane-like conformation
featuring a Ni-Ni distance of ca. 2.51 A, which is within one e.s.d. of the sum of
the two Ni' covalent radii (1.24(4) 10%),15 four acute angles (Ni-N-Ni~ 79°; N-Ni-
N~ 86°), and two Ni/N/Ni planes puckered at the Ni-Ni axis by ca. 124°; the
puckering places the two N-benzyl groups syn to each other. In comparison to the
monomeric species 3.3 and 3.4, each half of complex 3.5 displays slightly longer
Ni-C (ca. 1.864 vs. 1.856 and 1.849 A) and Ni-P bonds (ca. 2.122 vs. 2.100 and
2.110 A), but a shorter Ni-N bond (ca. 1.997 vs. 2.043 and 2.033 A).
Interestingly, the shorter Ni-N distance in the Ni,N; core (Ni-N~ 1.970 A)

involves the Ni and N atoms belonging to different halves of the complex (ANi-

N~ 16 e.s.d.).
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It is instructive to compare the main structural features of complex 3.5 to
those of [uN, k", k", k*-(PNP)Ni'], (PNP'= N[2-P(i-Pr),-4-methylphenyl],),*® to our
knowledge the only other structurally characterized pincer-nickel dimer.'® The
two phosphine moieties of each pu-PNP ligand in this dimer extend across the Ni'
centers to allow each phosphine to coordinate to a different Ni atom. The Ni,N,
core generated in this structure has a planar, diamond-like configuration
containing two Ni-N-Ni angles <70° and two N-Ni-N angles of ~111°, in contrast
to complex 3.5 that possesses a cyclobutane-like, puckered Ni,N, core defined by
four acute angles. Curiously, the two 17-electron Ni' centers in [u-PNPNil,
interact only weakly in spite of the rather short intermetallic distance of ca. 2.33
A; as a result, there is no Nil-Ni! bond and the dimer appears to be a diradical in
the solid state. On the other hand, a number of observations seem to indicate that
a dimer-monomer equilibrium might be operative in solutions of this complex,

whereas 3.5 appears to retain its dimeric structure even in solution.
3.3.3 Reactivity survey for 3.5

A series of NMR test reactions were undertaken in order to assess the
reactivities of the dimeric complex 3.5. Of primary interest is the reactivity with
Lewis bases and reagents featuring X-H bonds of varying degrees of acidity, the
main question being whether or not the dimer is prone to breaking up into

monomeric species (Scheme 3.4).

v X o ] y

HX
(Bn)N—> i<—l|°(i-Pr)z - — - (i-Pr)zP—>lTi<— (Bn) - - (Bn)N——Ni~—P(i-Pr),
?
o ? ?

(Bn)N—> i<—|l9(i-Pr)2

o

3.5

Scheme 3.4. Reactivity survey for complex 3.5.
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Monitoring '"H NMR spectra of a 1:1 mixture of 3.5 and m-Cresol at room
temperature showed that the OH signal shifted downfield from 3.9 ppm to 4.1
ppm, broadening and partially obscuring one of the doublets due to the methylene
protons 130/230 (Figure 3.5 in SI). Other spectral changes were also observed
after the mixture was allowed to equilibrate at 50 °C for about 10 min: the cresol
methyl group moved from 2.13 ppm to 2.34 ppm and a greater number of
multiplets appeared in the methylene region, indicating a loss of symmetry
(Figure 3.5 in SI). The IP{'"H} NMR spectrum of the mixture showed the
disappearance of the signal due to 3.5 (191.61 ppm) and emergence of two new
peaks at 190.23 ppm and 191.23 ppm.

Adding 7 equivalents of m-cresol to the above sample and allowing ca. 10
min for the mixture to equilibrate at 50 °C led to further spectral changes: the
pattern for the methylene signals became simpler and more similar to the original
signals for 3.5, except for protons 130/230 that appeared as two overlapping
doublets of doublets (Figure 3.7 in SI); the *'P{'"H} NMR spectrum showed only
one signal very close to the original chemical shift for 3.5 (191.43 vs. 191.61
ppm). Similar observations were noted in the reactions of 3.5 with 2,2,2-
trifluoroethanol (TFE) or N-hydroxyphthalimide (NHP). For example, the
Sp{'H} NMR spectra of the sample containing 8 equivalents of these reagents
showed that the original signal of 3.5 shifted slightly (from 191.61 to 192.46 ppm
for TFE and 191.50 for NHP), while the '"F{'"H} NMR spectrum of the mixture
containing TFE showed two triplets, one at 78.24 ppm (free TFE) and the other at
77.69 ppm (TFE associated with 3.5). To sum up, presence of excess m-cresol,
TFE, and NHP appears to bring about observable but very subtle changes to the
NMR spectra of 3.5, implying that the original structure of 3.5 is mostly
maintained in the presence of alcohols (dimer not broken up). We propose that
reacting 3.5 with alcohols gives rise to N----H:---O type interactions that only
minimally perturb the solution structure of the dimer, while serving to enhance
the nucleophilicities of ROH (vide infra).

In contrast to the reactions of ROH described above, distinct color changes

were observed when 3.5 was reacted with 5 equivalents of phthalimide (orange—
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pale yellow) or phenylacetylene (orange— dark brown) and new *'P{'H} signals
emerged in a chemical shift region associated with monomeric species (198.4 and
202.9 ppm, respectively). Moreover, GC/MS analysis of the reaction mixture
containing phenylacetylene showed the formation of cyclic trimers, 1,3,5- and
1,3,4-triphenylbenzene. Visible color changes were also noted during the
reactions with excess phenylsilane (dark-brown) and m-toluidine (deep red).
GC/MS analysis of the phenylsilane mixture showed the formation of
diphenylsilane, but no new *'P{'H} signal was observed for this reaction, whereas
the reaction with m-toluidine or aniline gave rise to new >'P{'H} signals at 188.8
or 190.5 ppm, respectively. Finally, reactions with CO or 2,6-
dimethyl(phenyl)isonitrile did not cause any color change, but produced two new
Sp{'H} signals at: 186.0 and 179.3 ppm for the reaction with CO, and at 181.0
and 178.2 ppm for the reaction with 2,6-dimethyl(phenyl)isonitrile. '"H NMR
spectra of the latter reaction mixtures indicate two non equivalent pincer moieties
that are fairly similar to the spectral pattern of complex 5. These observations are
consistent with the coordination of CO or 2,6-dimethyl(phenyl)isonitrile with only

one of the Ni atoms in 3.5 to give inequivalent phosphinite moieties.

3.3.4 Catalytic hydroalkoxylation of acrylonitrile

Catalytic hydroalkoxylation of olefins or allenes represents an atom-
efficient transformation that generates products with multiple commercial uses."’
Interestingly, hydroalkoxylation of some olefins can be promoted by different
acids'® or bases,"” and even nucleophilic phosphines,20 but a great variety of
hydroalkoxylations are also catalyzed by salts of Al*' and complexes of Cu,*
Ag,23 Au,zza’24 Ru,25 Rh,26 Pd,27 and Pt.* Metal-catalyzed hydroalkoxylation
reactions involving activated olefins (Michael receptors) have been investigated
more frequently, owing to the possibility of outer-sphere attack by nucleophiles
on metal-bound olefins.

In this context, Yi et al. have shown that a Ru(Il)-acetamido complex25

promotes hydroalkoxylation of cyanoolefins via a novel bifunctional mechanism
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that involves i) the heterolytic activation of the alcohol O-H bond by the
acetamido moiety (Lewis basicity) to generate an alkoxide ion, and ii) addition of
this in situ generated alkoxide to the C=C moiety of the cyanoolefin that has
become activated as a result of & -nitrile binding to an empty coordination site of
Ru(Il) (Lewis acidity). The observation, in our studies, that alcohol O-H bonds
can be activated through O---H-*N interactions with the Ni centers in 3.5 raised
the possibility that the latter might serve as a pre-catalyst for hydroalkoxylation of
activated olefins according to the above-noted bifunctional mechanism. This
possibility was borne out by a few initial tests: alcoholysis of acrylonitrile
proceeded in the presence of catalytic amounts of 3.5 to give the anti-
Markovnikov product (linear ether, Scheme 3.5). Optimization experiments have
shown that catalytic efficiency requires an excess of alcohol and elevated
temperatures, as described below.

"H NMR and GC/MS analyses of a 1:1 mixture of acrylonitrile (ACN) and
m-cresol in benzene (ca. 1.4 M with respect to ACN) that had been stirring in the
presence of 0.5% of 3.5 at room temperature indicated little conversion after 5.5 h
(ca. 11%), but repeating the reaction at 50 °C for 1 h led to 44% yield of the anti-
Markovnikov addition product ArOCH,CH,CN (Ar= 3-Me-Ph; Run 1, Table 3.5).
Doubling the ACN: m-cresol ratio provided a 92% yield in 0.5 h (Run 2), while
increasing the reaction time did not appear to have a significant beneficial effect
on the yield (Run 3). It is worth noting that good yields can be obtained at
ambient temperature if an excess of alcohol and longer reaction times are
employed (Run 4), and significantly larger catalytic turnovers can be obtained

with smaller catalyst loadings (Runs 5 and 6).

~Z>¢cn t R-OH 35) RO e

Scheme 3.5. Hydroalkoxylation reaction
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Table 3.5. Alcoholysis of Acrylonitrile Catalyzed by Complex 3.5%.

Run ROH 3.5:ACN:ROH | Time (h) | Yield (%) | TON
1 1:200: 200 1 44 88
2 0.5 92 184
3 1:200 : 400 1.0 93 186
m-cresol .
4 9.0 71 142
> 1: 2000 : 4000 6.0 >9 1180
6 36 99 ~2000
7 1:200: 200 1.0 8 16
8 MeOH 1:200 : 400 1.0 16 32
0 1:200 : 2000 0.5 74 148
10 1.0 100 200
11 1:200: 200 20 11 22
EtOH
12 1:200 : 2000 0-5 49 o8
13 1.0 87 174
14 CF;CH,O0H | 1:200:2000 O'Sb 20 180
15 5.5 100 200
16 0.5 23 46
17 n-PrOH 1:200 : 2000 1.0 43 86
18 8 64 128
19 i PrOH 1:200: 2000 0.5 Trace
20 1:200 : 2000 24 23 46
21 BnOH 1:200 : 2000 0.5 61 122
22 1:200 : 2000 1.0 100 200
23 H,O 1:200: 2000 24 Trace®

“ The catalytic reactions were monitored by 'H-NMR and the final mixtures

analyzed by GC/MS; reaction yields were determined on the basis of calibration

curves prepared using authentic samples of the anticipated products, as well as by

'"H NMR spectroscopy. bCaltallysis conducted at ambient temperature.

¢ The

hydrolysis reaction was conducted in THF or acetone/benzene; product found is:

O(CH,CH,CN),.
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When one equivalent of MeOH was used instead of m-cresol, the catalysis
proceeded to ca. 8% yield over 1 h (Run 7), but much higher yields were obtained
with higher MeOH:ACN ratios, up to quantitative yields over 1 h with a 10-fold
excess of MeOH (Runs 8-10). Similar results were also obtained for the catalysis
with EtOH (Runs 11-13), whereas 1,1,1-trifluoroethanol proved to be more
reactive, giving 90% yield over 30 min at 50 °C (Run 14) and a quantitative yield
over 5.5 h at ambient temperature (Run 15). These observations indicate that
alcohol acidity has a favorable influence for the hydroalkoxylation reaction,”
whereas comparing the catalytic results with MeOH, EtOH, n-PrOH, and i-PrOH
(Runs 10, 13, 17, and 20) implies that the steric bulk of the alcohol is detrimental
to its reactivity. Finally, BnOH proved very active (Runs 21 and 22), whereas
water proved nearly unreactive, giving traces only of the ether arising from a
double addition, O(CH,CH,CN),.

To our dismay, crotonitrile and methacrylonitrile reacted only very
sluggishly (ca. 5%), whereas activated olefins bearing substituents other than
nitrile were completely inert for the hydroalkoxylation reaction catalyzed by 3.5.
Benzene and toluene proved to be the most suitable solvents for the alcoholysis
reaction, since the catalyst precursor is freely soluble and stable in these solvents.
In contrast, little or no conversion was noted for the addition of m-cresol to
acrylonitrile conducted in chlorinated solvents such as CH,Cl, and CHCls;
solutions of 3.5 in these solvents undergo a color change from orange to green
over minutes, signaling a decomposition. With acetonitrile as co-solvent with
benzene,” the m-cresol reaction was found to be much less efficient, giving 23%
yield after 1 hour and ca. 60% over 24 h; in contrast, the catalysis proceeded
unhindered in ethyl acetate. The observation of inhibition in acetonitrile but not in
ethyl acetate, combined with the lack of reactivity observed for activated olefins
bearing functionalities other than nitrile, implies that x"-nitrile binding of
acrylonitrile might play an important role in the alcoholysis reaction, as stipulated

by Yi.”’
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3.4 Conclusion

This work has presented a convenient protocol for synthesis of a POCN-
type pincer complex of nickel bearing a secondary amine moiety, and shown that
the N-H moiety in this complex opens new paths for modification of the pincer
ligand via N-alkylation and for synthesis of a dimeric pincer species such as
complex 3.5. N-Ni interactions in 3.5 stabilize the Ni centers sufficiently to allow
isolation, but the dimeric species is reactive enough to activate alcohols for the
hydroalkoxylation of acrylonitrile with up to 2000 catalytic turnovers. It should
be noted that 3.5 is, to our knowledge, the first Ni complex to promote
hydroalkoxylation of acrylonitrile. Interestingly, although 3.5 also reacts with
aniline and p-toluidine, it appears to be ineffective in promoting hydroamination
of acrylonitrile with these amines, which suggests that reaction of amino alcohols
with acrylonitrile might proceed selectively with the addition of the O-H bond;
this possibility will be probed in future studies. We will also investigate the
feasibility of isolating monomeric 14-electron Ni-amido species from POCN-type

complexes analogous to 3.1 bearing a sterically bulky N-substituent.

3.5 Experimental Section

3.5.1 General

All manipulations were carried out using standard Schlenk and glove box
techniques under nitrogen atmosphere. All solvents used for experiments were
dried to water contents of less than 10 ppm (determined using a Mettler Toledo
C20 coulometric Karl Fischer titrator) by passage through activated aluminum
oxide columns (MBraun SPS) and freeze-thaw degassed. C¢D¢ was dried over 4 A
molecular sieves and then freeze-thaw degassed. The following were purchased
from Aldrich and, unless otherwise noted, used without further purification: Ni
(metal), chlorodiisopropylphosphine, 3-hydroxybenzaldehyde, triethylamine, and
all the alcohols and olefins used in the catalytic studies. A Bruker AV 400
spectrometer was used for recording 'H, “C{'H} (101 MHz), and *'P{'H} (162
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MHz) and Bruker AV 300 was used to record ’F NMR spectra. 'H and "*C
chemical shifts are reported in ppm downfield of TMS and referenced against the
residual C¢Dg signals (7.15 ppm for 'H and 128.02 ppm for B3C); *'P chemical
shifts are reported in ppm and referenced against the signal for 85% H3PO,
(external standard, O ppm). Coupling constants are reported in Hz. The correlation
and assignment of '"H and 'C NMR resonances were aided by 'H COSY, HMQC,
HMBC, DEPT, NOESY and 'H{’'P} experiments when necessary. GC/MS

measurements were made on an Agilent 6890N spectrometer.

3.5.2 Ligand Synthesis.

3.5.2.1 3-((N-Benzylamino)methyl)phenol (3.a)

To a solution of 3-hydroxybenzaldehyde (0.500 g, 4.10 mmol) in 10 mL of
methanol at r.t. was added a solution of benzylamine (0.439 g, 4.10 mmol) in 10
mL of methanol. The resulting mixture was stirred for one hour to obtain a white
suspension (the Schiff base). The suspension was then cooled to -5 'C and NaBH,
(0.30 g, 7.89 mmol) added portionwise over one hour. The resulting mixture was
concentrated under reduced pressure, treated with 10% HCI until pH=1, and
extracted with a 1:1 mixture of EtOAc : Et;O (3x10 mL) to remove the
components soluble in the organic phase. The remaining mass was then treated
with concentrated aqueous ammonia solution until pH=12 to free up the amine
pre-ligand, which was extracted with a 1:1 mixture of EtOAc and Et,O (5x10
mL). The organic extracts were then combined and evaporated to give a caramel-
like compound which was crystallized by adding a 1:4 mixture of Et;O/hexane
and scratching the flask walls just under the solvent level. Filtration of the
resulting suspension through a glass frit and drying under vacuum for 1 more hour
gave an off-white powder. (0.780 g, 89 %).

"H NMR (8, C¢Ds): 3.47 (s, 2H, CH,Ph), 3.55 (s, 2H, CH,N), 5.40 (br s, 2H, OH,
NH), 6.65 (d, J =8, 1H, {Ar}H"), 6.78 (dd, J = 8, 2, 1H, {Ar}H°), 6.84 (s, 1H,
{Ar}H?), 7.06-6.99 (m, 2H, {Ar}H’, {Bn}H™ ), 7.11 (t, J = 7, 2H,
2x{Bn}H™")), 7.16 (m, 2H, 2x{Bn}H*"™).
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BC{'H} NMR (8, C¢D¢): 52.71 (s, 1C, CH,), 52.85 (s, 1C, CHy), 115.39 (s, 1C,
{Ar}C®), 116.13 (s, 1C, {Ar}C?), 120.22 (s, 1C, {Ar}Ch, 127.47 (s, 1C, {Ar}C°
), 128.71 (s, 2C, 2x{Bn}C°™), 128.86 (s, 2C, 2x{Bn}C™"), 129.92 (s,1C,
{Bn}CP™), 139.21 (s, 1C, {Ar}C?), 140.69 (s, 1C, {Bn}C™°), 157.90 (s, 1C,
{Ar}Ch).

Anal. Calcd for C14H,sNO: C, 78.84; H, 7.09; N, 6.57; Found: C, 78.84; H, 7.24;
N, 6.59.

3.5.2.2 3-((N-Benzylamino)methyl)phosphinitobenzene (3.b)

To a solution of 3.a (0.500 g, 2.34 mmol) and triethylamine (0.360 mL, 2.85
mmol) in THF (35 mL) stirring at 0-5 °C was added a solution of
chlorodiisopropyl phosphine (0.385 mL, 2.34 mmol 96%) in THF (15 mL). The
resulting mixture was allowed to warm to room temperature, stirred for an
additional hour, and evaporated under decreased pressure to give an oily residue,
which was extracted with Et;O (3x25 mL). Evaporation of the combined extracts
furnished the product as a colorless oil ( 0.740g, 96%).

'H NMR (8, CDg): 1.00 (dd, *Jup = 16, *Jun = 7, 6H, 2xCHCH3), 1.17 (dd, *Jup =
11, *Juu = 7, 6H, 2xCHCH3), 1.87 — 1.73 (m, 2H, 2xPCH), 3.55 (s, 4H, 2xCH>)
6.94 (d, *Jun = 8, 1H, {Ar}H®), 7.07 — 7.13 (m, 2H, {Ar}H’ & {Ar}H"), 7.14 -
7.23 (m, 3H, 2x{Bn}H™" & {Bn}H" overlapping with C¢DsH ), 7.27 (d, *Juu =
7, 2H, {Bn}H""™), 7.43 (s, 1H, {Ar}H).

PC{'H} NMR (8, C¢Dg): 17.19 (d, *Jep= 9, 2C, 2xCHCH3), 17.90 (d, *Jep = 21,
2C, 2xCHCH3), 28.64 (d, 'Jcp = 18, 2C, 2xPCH), 53.21 (s, 1C, CH,), 53.35 (s,
1C, CH,), 117.26 (d, *Jep = 11, 1C, {Ar}C%), 118.60 (d, *Jcp = 10, 1C, {Ar}C?),
121.70 (s, 1C, {Ar}Ch, 127.01 (s, 1C, {Ar}C®), 128.42 (s, 2C, {Bn}C™),
128.49 (s, 2C, {Bn}C™"), 129.52 (s, 1C, {Bn}C™™), 141.11 (s, 1C, {Ar}C?),
142.94 (s, 1C, {Bn}C™*), 160.08 (d, Jep = 9, 1C, {Ar}C").

SIP{'"H} NMR (8, C¢Dg): 147.2 (s).

Anal. Calcd for C,0HsOPN: C, 72.92; H, 8.57; N, 4.25; Found: C, 72.20; H, 8.57;
N, 4.60.
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3.5.3 Synthesis of Complexes 3.1-3.5

3.5.3.1 &', k5, kN-{2,6-(i-Pr,PO)(C¢H3)(CH,NBnH) }NiBr (3.1).

A solution of 3.b (0.500 g, 1.52 mmol) in 20 mL of benzene was slowly added to
the stirring suspension of NiBr,(CH3CN), (0.503 g, 1.66 mmol) and triethylamine
(0.230 mL, 1.66 mmol) in toluene (5 mL) at r. t. The resulting dark brown mixture
was then heated for 3 h at 60 °C, washed with water (3x5 mL), and evaporated to
dryness to give the crude product as an oily yellow powder (0.656 g, 93 %).
Chromatography through a short pad of silica gel (eluents: hexane followed by
50:50 CH,Cl,:Hexane) gave an analytically pure sample (0.553 g, 78 %).

"H NMR (8, C¢Dg): 1.19 (dd, *Jup = 14, *Juy = 7, 3H, CHCHs) 1.25 (dd, *Jup =
15, *Juu = 7, 3H, CHCHs3), 1.50 (dd, *Jupmu = 7, 3H, CHCHs), 1.54 (dd, *Jupmun
=6, 3H, CHCHs), 2.33-2.11 (m, 2H, 2xPCH), 3.22 (br. s, 1H, NH), 3.33 (dd, “Jun
= 16, *Juu = 6, 1H, ArCH,N), 3.42 (dd, *Juy =16, *Juy = 4, 1H, ArCH,N), 3.83
(dd, “Jun = 14, *Juau = 10, 1H, {Bn}CH>), 4.63 (d, *Juu = 14, 1H, {Bn}CH>), 6.32
(d, *Juu = 7, 1H, {Ar}H), 6.62 (d, *Jun = 8, 1H, {Ar}H°), 6.86 (t, *Juu = 8, 1H,
(Ar}HY, 7.04 (m, 3H, 2x{Bn}H™"% {Bn}H"™), 7.11 (d, *Juu = 5, 2H,
2x{Bn}H™).

BC{™H} NMR (8, C¢D¢): 16.61 (d, *Jep = 2, 1C, CH3), 17.14 (s, 1C, CH3), 18.17
(d, 2Jep = 4, 2C, 2xCH3), 28.36 (d, 'Jep = 10, 2C, CH), 28.60 (d, 'Jep = 9, 1C,
CH), 54.27 (s, 1C, CH,), 57.62 (s, 1C, CH,), 108.27 (d, *Jep = 13, 1C, {Ar}C?),
115.59 (s, 1C, {Ar}C%), 127.10 (s, 1C, {Ar}C"), 128.55 (s, 1C, {Bn}CP*™), 128.83
(s, 2C, 2x{Bn}C°™), 129.25 (s, 2C, 2x{Bn}C™), 137.22 (s, 1C, {Bn}C"*),
143.46 (d, “Jop = 32, 1C, {Ar}C'Ni), 152.75 (s, 1C, {Ar}C®), 166.16 (d, *Jcp = 10,
1C, {Ar}C?).

SP{'H} NMR (8, C4Ds): 201.72 (s).

Anal. Caled for Co0H,;OPNNiBr: C, 51.44; H, 5.73; N, 3.00; Found: C, 51.28; H,
5.83; N, 2.90.
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3.5.3.2 &5, k5, kN-{2-(i-Pr,PO)(6-(CH,N(Bn)(allyl)(CsHs3)) } NiBr (3.3)

To a stirred solution of 3.1 (0.100 g, 0.216 mmol) in a dry and degassed 1:1
mixture of hexane : THF or dry and degassed toluene (5 mL) at -78 °C was added
a MeLi solution in diethoxymethane (0.108 mL, 3 M, 0.323 mmol) and the
resulting red mixture stirred for 30 min. Allyl bromide (0.042 mL, 0.485 mmol)
was then added and the mixture stirred for one more hour at -78 °C, and then
overnight at r.t. Complex 3.3 was isolated by flash chromatography (SiO,
benzene) as a yellow powder (0.071 g, 64 %).

"H NMR (8, C¢D¢): 1.17 (2xdd, *Jup = 15, *Juu = 7, 6H, 2xCHCHs), 1.48 (dd,
3Jup = 11, *Jun = 7, 3H, CHCH3), 1.53 (dd, *Jup = 11, *Jun = 7, 3H, CHCH,),
2.24 (m, 2H, 2xPCH), 2.87 (ddd, Juy = 12, 9, Jup = 4, 1H, CH,CH), 3.65 (d, *Jun
=16, 1H, ArCH>), 3.81 (d, *Juu = 16, 1H, ArCH,), 4.03 (dd, *Jun = 13, Jup = 2,
1H, CH>{Bn}), 4.33 (dd, *Juu = 13, *Jun = 5, 1H, CH,CH), 4.84 (d, *Jun = 13,
1H, CH,{Bn}), 4.96 (d, *Jun = 17, 1H, trans-CH,=), 5.04 (d, *Juy = 10, 1H, cis-
CHy=), 6.37 (d, *Juu = 8, 1H, {Ar}H’), 6.58 (d, *Juu = 8, 1H, {Ar}H’), 6.84 (t,
Jun = 8, 1H, {Ar}H"), 6.83-6,92 (m, 1H, CH,CH), 7.13-7.02 (m, 3H,
2x{Bn}H™®, {Bn}H"™™), 7.58 (d, *Jun = 6, 2H, {Bn}H™").

BC{™H} NMR (3, C¢De): 16.88 (d, *Jep = 22, 2C, 2xCHCH3), 18.19 (d, *Jep = 4
Hz, 1C, CHCH3), 18.24 (d, *Jcp = 4 Hz, 1C, CHCH3), 28.37 (d, 'Jep = 25 Hz, 1C,
PCH), 28.68 (d, 'Jcp = 25 Hz, 1C, PCH), 61.07 (s, 1C, ArCH,N), 61.20 (s, 1C,
BnCH,), 61.80 (s, 1C, AllylCH,), 108.16 (d, *Jcp = 13 Hz, 1C, {Ar}C?), 115.41
(s, 1C, {Ar}C”), 120.48 (s, 1C, CH,=CH), 127.09 (s, 1C, {Ar}C"), 128.25 (s, 1C,
{Bn}C™* found by DEPT), 128.43 (s, 2C, 2x{Bn}C™"), 131.99 (s, 2C,
2x{Bn}C°"™), 133.98 (s, 1C, CH,=CH), 134.03 (s, 1C, {Bn}C'™), 142.53 (d,
2Jep = 33 Hz, 1C, {Ar}C'Ni), 152.21 (s, 1C, {Ar}C®), 165.73 (d, *Jcp = 11 Hz,
1C, {Ar}CP).

SP{'H} NMR (8, C4Ds): 200.64 (s).

Anal. Calcd for C,3H3OPNNiBr: C, 54.48, H, 6.16; N, 2.76; Found: C, 54.70; H,
6.23; N, 2.73.
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3.5.3.3 ', k%, KN-{2,6-(i-Pr,PO)(C¢H3)(CH,NBn,) }NiBr (3.4).

The procedure described above for the preparation of 3.3 was used to prepare this
complex, which was isolated as a yellow powder (0.068 g, 57 %).

"H NMR (8, C¢Dg): 1.17 (dd, *Jup = 14, *Juu = 7, 6H, 2xCHCHs), 1.54 (dd, *Jyp =
18, *Jun = 7, 6H, 2xCHCH3), 2.21-2.34 ( m, 2H, PCH), 3.73 (s, 2H, ArCH,), 4.08
(dd, *Juu= 13, *Jup = 3, 2H, {Bn}CH>), 5.09 (d, *Jun = 13, 2H, {Bn}CH,), 6.34
(d, *Jun = 7, 1H, {Ar}H’), 6.58 (d, *Jun = 8, 1H, {Ar}H?), 6.83 (t, *Juu = 8, 1H,
(Ar}HY), 7.13-7.07 (m, 6H, 4x{Bn}H™"M 2x{Bn}H"?), 7.75-7.67 (m, 4H,
4x{Bn}H"™).

BC{'™H} NMR (3, C¢D¢): 16.81 (s, 2C, 2xCHCH3), 18.18 (d, *Jop = 4, 2C,
2xCHCH3), 28.42 (d, 'Jep = 25, 2C, 2xPCH), 58.91 (s, 1C, ArCH,), 59.49 (s, 2C,
2xBnCH,), 108.26 (d, *Jep = 13, 1C, {Ar}C?), 115.94 (d, *Jep = 2, 1C, {Ar}CY),
127.15 (s, 1C, {Ar}C", 128.42 (s, 4C, 4x{Bn}C™"*), 12845 (s, 2C,
2x{Bn}CP*™), 132.04 (s, 4C, 4x{Bn}C°"™), 134.32 (s, 2C, {Bn}C™*), 142.60 (d,
2Jep = 34, 1C, {Ar}C'Ni), 151.56 (s, 1C, {Ar}C®), 165.80 (d, “Jop = 10, 1C,
{Ar}C?)

SP{'H} NMR (8, C4Ds): 200.87 (s).

Anal. Caled for C,7H330PNNiBr: C, 58.21, H, 5.97; N, 2.51; Found: C, 58.24; H,
6.03; N, 2.49.

3.5.3.4 [«", «%, x"-{2,6-(i-Pr,PO)(CeH3)(CH,NBn) }Ni], (3.5).

To a stirred solution of 3.1 (0.500 g, 1.07 mmol) in dry and degassed toluene (10
mL) at -78 °C was added MeLi as a solution (0.393 mL of a 3 M solution in
diethoxymethane, 1.18 mmol) or a solid (26 mg, 1.18 mmol), and the resulting red
mixture was stirred for 30 min, allowed to warm to r.t., and stirred for additional
32 h at 60 °C (or stirred for 1 week at room temperature). Conversion of 3.1 to 3.5
was monitored by *'P{'H} NMR spectroscopy. At the end of reaction, the mixture
was washed with water (10 mLx3) and evaporated under reduced pressure to give
an orange powder (0.367 g, 89%).

'H NMR (3, CsDg): 1.12-0.91 (m, 12H, 4xCHCH3), 1.23 (dd, *Jup = 17, *Jun7,
6H, 2xCHCH3), 1.71 (dd, *Jup = 16, *Jyu = 7, 6H, 2xCHCH3), 2.13-1.86 (m, 4H,
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4xPCH), 3.58 (dd, *Juny = 17, Jup = 10 2H, BnCH,), 3.97 (d, *Jun = 18, 2H,
ArCHy), 4.16 (d, *Jun = 18, 2H, ArCH,), 4.55 (d, *Jun = 17, 2H, BnCH,), 6.49 (d,
SJun =7, 2H, 2x{Ar}H%), 6.67 (d, *Jun = 8, 2H, 2x{Ar}H"), 6.92 (t, *Jun = 8, 2H,
2x{Ar}H"Y), 7.06 (t, *Juu = 7, 2H, 2x{Bn}H™), 7.17 (m, 4H, 4x{Bn}H™",
overlapping with C¢DsH) 7.77 (d, *Juu = 7, 4H, 4x{Bn} H""™).

BC{™H} NMR (8, C¢Ds): 15.08 (d, *Jcp = 6, 2C, 2xCHCH3), 16.60 (d, *Jcp = 9,
2C, 2xCHCHa), 18.57 (s, 2C, 2xCHCHj3), 19.04 (s, 2C, 2xCHCH3), 28.97 (d, 'Jep
= 24, 2C, 2xPCH), 29.15 (d, 'Jep = 17, 2C, 2xPCH, ), 59.28 (s, 2C, 2xBnCH,),
72.42 (s, 2C, 2xArCHy), 106.75 (d, *Jep = 13, 2C, 2x{Ar}C?), 114.20 (s, 2C,
2x{Ar}C°), 126.09 (s, 2C, 2x{Ar}C®), 126.28 (s, 2C, 2x{Bn}C"™), 126.94 (s,
4C, 4x{Bn}C°™), 128.14 (s, 4C, 4x{Bn}C™", found by DEPT), 142.51 (s, 2C,
2x{Bn}C™°), 145.80 (d, *Jcp = 30, 2C, 2x{Ar}C'Ni), 158.31 (s, 2C, 2x{Ar}C®),
165.78 (d, “Jep = 11, 2C, 2x{Ar}C?).

SIP{'"H} NMR (8, C¢Dg): 191.6 (s, 2P).

Anal. Calcd for C4H5,0,P>,N>Ni,: C, 62.22, H, 6.97; N, 3.63; Found: C, 62.37; H,
6.94; N, 3.48.

3.5.4 General procedure for the reactivity survey.

An NMR tube was charged with a C¢Dg solution of 3.5 (10.0 mg, 0.013
mmol, in 0.6 mL) and the desired amount of the reagent to be studied as follows:
m-toluidine: 4.5 pL, 0.065 mmol; m-cresol: 10 puL of a 0.0013 M solution in C¢Dg
in the first step, followed by 9.5 uL of neat m-cresol, 0.091 mmol; 2,6-
dimethyl(phenyl)isonitrile: 8.5 mg, 0.065 mmol; phthalimide: 9.5 mg, 0.065
mmol; CO: excess; TFE 7.5 pL, 0.104 mmol; N-hydroxyphthalimide: 10.6 mg,
0.065 mmol. The NMR tube was capped with a rubber septum and placed in an oil
bath at 50 °C for a predetermined period of time. The progress of the reactions

was monitored by NMR spectroscopy.
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3.5.5 Typical procedure used for catalytic hydroalkoxylation of

acrylonitrile.

The catalytic runs were conducted in air. The reaction vessel was charged
with acrylonitrile (e.g., 0.100 g, 1.887 mmol), the alcohol (e.g., 0.810 g, 18.87
mmol of EtOH), and dodecane as the internal standard (0.046 g, 0.269 mmol).
The catalyst precursor § was then added (1.00 mL of a 0.0094 M solution in
C¢Hg). The mixture was stirred at 50 °C for a predetermined length of time and
then analyzed by GC/MS to identify the products and determine the yield using a
previously prepared calibration curve. The products 3-methoxypropionitrile®’ and
3—benzyloxypropionitrile32 are known compounds; characterization of the

remaining products is given below:

3.5.5.1 3-ethoxypropionitrile.

"H NMR (8, C¢Dg): 0.92 (t, J = 7, 3H, CHs), 1.60 (t, J = 6, 2H, CNCH,), 2.79 (t, J
=6, 2H, CH,0), 2.97 (q, J = 7, 2H, OCH,).

BC{'H} NMR (8, C¢De): 15.02 (s, 1C, CH3), 18.39 (s, 1C, CNCH,), 65.00 (s, 1C,
CH,0), 66.36 (s,1C, OCH>) 117.73 (s, 1C, CN).

3.5.5.2 3-(m-tolyloxy)propionitrile.

"H NMR (8, C¢Dg): 1.67 (t, J = 6, 2H, CNCH,CH,), 2.08 (s, 3H, CH3), 3.18 (t, J =
6, 2H, CH,0), 6.44 (dd, J = 8, 2, 1H, {Ar}H%, 6.51 (s, 1H, {Ar}H?), 6.67 (d, J =
7, 1H, {Ar}H"), 7.01 (t, J = 8, 1H, {Ar}H").

BC{'H} NMR (8, C¢Dg): 18.00 (s, 1C, CH3), 21.38 (s, 1C, CNCH,), 62.39 (s, 1C,
CH,0), 111.73 (s, 1C, {Ar}C), 115.84 (s, 1C, {Ar}C), 117.40 (s, 1C, CN), 122.62
(s, 1C, {Ar}C), 129.53 (s, 1C, {Ar}C), 139.67 (s, I1C, {Ar}C), 158.26 (s, 1C,
{Ar}Ch

3.5.5.3 3-(2,2,2-trifluoroethoxy)propionitrile.
"H NMR (8, C¢Dg) 1.58 (t, *Juu = 6, 2H, CH,CN), 2.79 (t,} Juy = 6, 2H, OCH,),
3.10 (q, *Jur = 9, 2H, CF;CH>).
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BC{'H} NMR (8, C¢Dq):18.48 (s, 1C, CH,CN), 67.14 (s, 1C, OCH,), 68.40 (q,
Jer=34, 1C, CF;CH,), 117.51 (s, 1C, CN), 124.57 (q, Jcr = 279, 1C, CF3). °F
NMR (300 MHz, 8, C¢D¢) 76.0 (t, Jur = 9, 3F).

3.5.5.4 3-propoxypropionitrile.

"H NMR (8, C¢D¢): 0.77 (t, J = 7, 3H, CHs), 1.40-1.30 (m, 2H, CH,CHj3), 1.63 (t,
J =6, 2H, CNCH,CH,), 2.83 (t, J = 6, 2H, CH,CN), 2.93 (t, J = 6, 2H, OCH,).
BC{'H} NMR (3, C¢De): 10.62 (s, 1C, CH3), 18.37 (s, 1C, CH,0), 23.02 (s, 1C,
CH,CHj3), 65.24 (s, 1C, CH,CN), 72.68 (s, 1C, OCH,), 117.71 (s,1C, CN).

3.5.6 Crystal Structure Determinations.

Single crystals of 3.1 and 3.3-3.5 were grown by slow diffusion of hexanes
into a saturated benzene solution of each complex. The crystallographic data for
complexes 3.1, 3.4, and 3.5 were collected on a Bruker Microstar generator
(rotating anode) equipped with a Helios optics, a Kappa Nonius goniometer and a
Platinum135 detector, whereas crystallographic data for complex 3.3 were
collected on a Bruker SMART generator (X-ray sealed tube) a Kappa Nonius
goniometer and a APEX II detector.

Cell refinement and data reduction were done using SAINT™. An
empirical absorption correction, based on the multiple measurements of
equivalent reflections, was applied using the program SADABS.** The space
group was confirmed by XPREP routine® in the program SHELXTL.*® The
structures were solved by direct-methods and refined by full-matrix least squares
and difference Fourier techniques with SHELX-97.%7 All non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms were set
in calculated positions and refined as riding atoms with a common thermal
parameter, except for those of the NH moiety of complexes 1, which were

positioned from residual peaks in the difference Fourier map.
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3.7 Supporting Information.

"H NMR spectra for the reactions of 3.5 with m-cresol. This material is
available free of charge via the Internet at http:// pubs.acs.org. Complete details of
the X-ray analyses for complexes 3.1, 3.3, 3.4, and 3.5 have been deposited at The
Cambridge Crystallographic Data Centre (CCDC) and can be retrieved with the
following reference numbers: 699466 (3.1), 772484 (3.3), 772485 (3.4), 699467
3.5). These data can be obtained free of  charge via

www.ccdce.cam.ac.uk/data_request/cif, or by emailing

data request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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Supporting information for:

Monomeric and Dimeric Nickel Complexes Derived From a Pincer Ligand

Featuring a Secondary Amine Donor Moiety
Denis M. Spasyuk and Davit Zargarian.

Département de chimie, Université de Montréal, Montréal (Québec), Canada
H3C 3J7

Figure 3.5. The aliphatic region (1.9 to 4.7 ppm) of the "H-NMR spectrum (CsDe)

right after mixing complex 3.5 (10 mg, 0.013 mmol) and m-cresol (100 uL, 0.013

mol/ dm”’ in CsDs).
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1

3.6. The H-NMR spectrum of the above mixture (same spectral region)

Figure

after about 10 min of reaction
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Figure 3.7. the 'H-NMR spectrum of the above mixture with additional 7

equivalents of m-cresol (same spectral region) after about 10 min of reaction.
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4.1 Abstract

The electrolytic and chemical oxidation of the dimeric pincer complex
(&, &5, & uN-(2,6-(i-Pr,POC¢H;CHoNBn)Ni],  (4.1; Bn= CH,Ph) has been
investigated by various analytic techniques. Cyclic voltammetry measurements
have shown that 4.1 undergoes a quasi-reversible, one electron, Ni-based redox
process (AEOUZ: -0.07 V), and spectroelectrochemical measurements conducted
on the product of the electrolytic oxidation, [4.1]", have shown electronic
transitions in the near IR region. Computational studies using Density Functional
Theory (B3LYP) have corroborated the experimentally obtained structure of 4.1,
provided complete MO and structural analyses for [4.1]", and helped interpret the
experimentally obtained absorption spectra for 4.1 and [4.1]". These findings
indicate that the radical cation [4.1]% is a dimeric, mixed-valent species (class III)
wherein most of the spin density is delocalized over the two nickel centers

(Ni***,N,), but some spin density is also present over the two nitrogen atoms

(Ni+22N2'). Examination of alternative structures for open shell species generated

from 4.1 has shown that the spin density distribution is highly sensitive towards
changes in the ligand environment of the Ni ions. NMR, UV-Vis, EPR, and single
crystal X-ray diffraction analyses have shown that chemical oxidation of 4.1 with
N-Bromosuccinimide (NBS) follows a complex process that gives multiple
products, including the monomeric trivalent species K , P KN—{2,6—(i—
Pr,PO)(C¢H3)(CH=NBn) }NiBr, (4.2). These studies also indicate that oxidation
of 4.1 with one equivalent of NBS gives an unstable, paramagnetic intermediate
that decomposes to a number of divalent species, including succinimide and the
monomeric divalent complexes &, &5, K-{2,6-(i-Pr,PO)(C¢H3)(CH=NBn) } NiBr
(4.3) and &, &, K-{2,6-(i-Pr,PO)(C¢H;)(CHN(H)Bn) }NiBr,  (4.4); a second
equivalent of NBS then oxidizes 4.3 and 4.4 to 4.2 and other unidentified
products. The divalent complex 4.3 was synthesized independently and shown to
react with NBS or bromine to form its trivalent homologue 4.2. The new

complexes 4.2 and 4.3 have been characterized fully.
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4.2 Introduction

Pincer complexes' have attracted much attention over the past two decades
due, primarily, to their demonstrated potential in catalysis and materials science,”
and the burgeoning interest in the chemistry of pincer complexes has led to a
significant expansion in the type of pincer systems being investigated. Despite
this expanding diversity, however, vast majority of pincer complexes reported to
date are monometallic species; moreover, a majority of the multimetallic pincer
complexes reported to date feature “spacer-type” ligands as opposed to short
bridging ligands that might facilitate interactions between proximate metal centers
(e.g., w-halide, ©-OR, u-NRj, etc.).” Given the important role played by
multimetallic complexes in probing paradigms such as cooperative reactivity and
various intermetallic electronic interactions (e.g., electron transfer, magnetism,
etc.),’ multimetallic complexes based on pincer-type ligands should present

interesting case studies.

During the course of our studies on pincer complexes of nickel,” we have
synthesized the bimetallic species [&, &5, &, u"-(2,6-(i-Pr,POC¢H3CH,NBn)Ni],
(4.1; Bn= CH,Ph) featuring two Ni" centers bridged by the amide moiety of a new
POCN-type pincer ligand (Figure 4.1).1% Noteworthy structural features of 4.1
include a puckered, cyclobutane-like Ni;N, core and a syn orientation of the N-
substituents; this compound is also an active catalyst for the Michael addition of
ROH to acrylonitrile, which gives anti-Markovnikov products of alcoholysis.
Complex 4.1 is a rare example of LXL pincer-type dinickel species, but a number
of structurally related “pincer-like” dinickel complexes are known, including the
complexes [LNi"5]*"**.° [LNi"Ni"™(NCCH3),1**,” [(SNS)Ni"],,® and [(PNP)Ni'],’
depicted in Figure 4.1. The latter species is a diradical featuring weak Ni-Ni
interactions, whereas the other systems do not appear to involve any intermetallic
interaction. Moreover, EPR measurements and DFT analyses have indicated that
the spin density is localized mostly on one Ni center in [LNi,]** (ca. 70%)®® and

[LNiIINiHI(NCCH3)2]3+ (ca. 90% on the six coordinate Ni).6b These observations
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are thought to be relevant for understanding the reactivities of the active site in

[NiFe] hydrogenases, for which these complexes are proposed as model systems.

B T2+or3+ [ 13+
E NCCH;,
B8n N N
0 | | N, S |N

(i-Pr);P—=Ni=—N NG SN N N
' l /N'\ /N'\ N N
N N S

N—=Ni=~—P(i-Pr),

| | o=
NCCH;,
[LNio(NCCH3),**

0]

Figure 4.1. Dimeric species 4.1

Our interest in the chemistry of Ni'! pincer complexes15 e

and the relatively facile
access to 4.1 prompted us to examine the redox behavior of this dimeric species in
order to answer some of the following questions: Would the dimeric structure of
4.1 be preserved upon oxidation? If so, would oxidation take place at both halves
of the dimer or just one? In either case, how would the spin density be distributed
over the Ni centers and the ligands? The generation of adjacent trivalent centers
(or proximate ligand-based radicals) would be expected to give rise to varying
degrees of spin-coupling and interesting magnetic properties, while single
electron oxidation at nickel would generate a mixed-valent species of localized or

delocalized spin density. A combination of spectroscopic, computational, and X-
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ray diffraction studies were undertaken to study the electrochemical and chemical

oxidation of 4.1, as reported herein.

4.3 Results and Discussions

4.3.1 Electrochemical oxidation of 4.1.

Cyclic voltammetry measurements of 4.1 revealed a redox profile (Figure
4.2) that is qualitatively similar to those of its monomeric analogues (POCN)NiBr
studied previously'”' (POCN= 2,6-i-Pr,POCsH3;CH,NR,). This result implies that
the observed oxidation of 4.1 is a quasi-reversible, Ni-based, one-electron
process,10 which rules out the possibility that electrochemical oxidation of 4.1
generates a doubly oxidized Ni"/Ni"' species or leads to major structural
reorganization that might entail collapse of the dimeric structure. The half cell
potential E'?, of 4.1 (-0.07 V) is much smaller than that of the monomeric amino
analogues (POCN)NiBr (ca. +0.60 V for NR,= NMe,, NEt,, and N-
morpholinyl)15i and the above-cited dinickel species [LNi2]2+ (ca. +0.55 V).6 The
facile oxidation of 4.1 can be attributed to the strongly electron-donating
character of the amido moieties as well as the destabilizing (albeit weak) Ni-Ni

interactions that would be expected to raise the energy of its HOMO (vide infra).
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Figure 4.2. Cyclic voltammogram measured at 25 °C for a 1 mM
dichloromethane solution of 4.1 containing tetrabutylammonium
hexafluorophosphate as supporting electrolyte (0.1 M). The measurements were
conducted using a glassy carbon working electrode at a scan rate of 100 mV/s.

See Experimental Section for full details on the electrochemical studies.

A spectroelectrochemical investigation of 4.1 was undertaken in an effort

to detect the product(s) of its electrochemical oxidation (Scheme 4.1).
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Bu,NPFg ATy
Bn
4.1*

Scheme 4.1. Electrochemical oxidation of 4.1

The electrolysis was carried out at 25 °C and 550 mV over 12 min on a 4

mM dichloromethane (DCM) solution of 4.1 containing (n-Bu);NPFg as
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supporting electrolyte (0.1 M), and observed changes in molar absorbance were
monitored by UV-Vis-NIR spectroscopy (Figure 4.3). A gradual darkening of the
sample was observed and an intensely dark solution was obtained at the end of the
electrolysis. Consistent with the observed color of the solution, the absorption
spectrum (Fig. 2b) displayed multiple low-energy transitions in the range of
10000-15000 cm™'; by comparison, the dinickel species [LNi,]** (Figure 4.1)
exhibits a low-intensity absorption band at ca. 11000 cm(e= 85 M em™),®
whereas the absorption spectra of monomeric complexes (POCN)Ni'"Br, contain
only bands higher than 15000 cm™''. These differences in the absorption spectra
imply important structural differences between [4.1]" and (POCN)Ni"Br,,
suggesting that the dimeric structure of 4.1 survives its electrolytic oxidation. As
will be discussed later, computational studies support this assertion and show that
electronic transitions from occupied orbitals to the low-lying B—spin LUMO of
[4.1]" give rise to multiple bands in the near-IR and visible region of its

absorption spectrum (vide infra).
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Figure 4.3. Absorption spectra of 4.1 in dichloromethane before (a) and after (b)

the electrochemical oxidation at E.x= 550 mV.
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4.3.2 Chemical oxidation of 4.1.

The relatively low oxidation potential of 4.1 and the reversible nature of
its redox process encouraged us to attempt a chemical oxidation and isolate the
resulting species. Since previous studies had shown that N-Bromosuccinimide
(NBS) and bromine are suitable oxidants for converting (POCN)NiBr to trivalent
species, we investigated the reaction of 4.1 with these oxidants. Portion-wise
addition of solid NBS to a concentrated solution of 4.1 in DCM caused an
instantaneous darkening of the initially orange solution, and a brown mixture was
formed when 2 equiv of NBS had been added; additional NBS resulted in the
formation of an increasingly darker reaction mixture. Adding cold hexane to the
nearly black reaction mixture containing 4.1 and 4 equiv of NBS resulted in the
precipitation of an off-white solid, which was isolated by filtration and identified
as succinimide. Storage of the dark filtrate at -18 °C for about one week gave a
small crop of purplish-black crystals that were identified as the monomeric Ni'"
species 4.2 featuring a new, imine-type POCN ligand (Scheme 4.2). The oxidation

with bromine also produced 4.2, but this reaction was less clean, producing a

greenish solid that we have not been able to identify.

0
4 N—Br
0
o) o |
—> N—H + (i-Pr)zP—>Ni\<—N—Bn 4+ e
CH,CI Br Br
2012 o)

(23%)

Scheme 4.2. Chemical oxidation of 4.1
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The observed formation of 4.2 involves oxidation of 4.1 at both the
ligand (ArCH,NR — ArCH=NR) and the metal (Ni" — Ni""), which raises many
questions about how and in which order the individual oxidation steps occur, and
whether the entire process proceeds via a cascade-type mechanism or a step-wise
mechanism going through observable intermediates. A number of studies have
been carried out to answer some of these questions, beginning with the
demonstration that the trivalent imine-type species 4.2 can be generated by
oxidation of its divalent analogue 4.3, which was prepared independently as
illustrated in

Scheme 4.3. Thus, the requisite imine-type POCN ligand was prepared in
two high-yield steps: reaction of benzylamine with 3-hydroxybenzaldehyde gave
the corresponding Schiff base, which was then reacted with (i-Pr),PCI in the
presence of base to give ligand 4.a as a colorless oil. Reaction of this new ligand
with NiBr,(CH3CN)x and NEt; gave the corresponding pincer complex 4.3 in good
yield, while treatment of the latter with one equivalent of NBS in DCM gave the
anticipated oxidation product 4.2 in about 62 % yield; the oxidation gave a much
better yield (94%) when 0.6 equiv of Br, was used as oxidant. These results
demonstrate that the trivalent dibromo species 4.2 can, in principle, arise from its
divalent monobromo analogue 4.3. To determine whether 4.3 is generated during
the oxidation of 4.1, we have examined the reaction of 4.1 with NBS using NMR,
EPR, and UV-visible spectroscopy, as described below.
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Scheme 4.3. Alternative synthesis of 4.2

4.3.3 Monitoring oxidation of 4.1 by NMR spectroscopy.

A 0.022 M DCM solution of 4.1 containing O=PPh3 as internal standard
was titrated with a 0.032 M solution of NBS, and the progress of the oxidation
reaction was monitored by the changes in the color of the sample and its NMR
signals. Thus, an instantaneous darkening of the solution was observed at the
point of contact each time an aliquot of NBS was added. The deep brown spot
dispersed after 2-3 seconds, but the initial yellow-orange color of the sample
darkened gradually to a reddish-brown up to the addition of ca. one equiv of NBS;
adding more NBS caused further darkening of the sample, giving a deep-
brown/black mixture at the end of the titration. The *'P {'H} NMR spectrum of
the sample containing the first 100 uL aliquot of NBS showed the emergence of a
few new peaks in the chemical shift region of ca. 198-202 ppm, whereas
subsequent additions of three more aliquots led to increases in the intensities of
some of these signals and a commensurate decrease in the intensity of the
precursor signal (at  193.16 in DCM). Addition of the fifth aliquot (ca. 1.2 equiv
of NBS in total) caused complete disappearance of the signal due to the starting

material 4.1, while additional aliquots of the oxidant led to a continuous decline



131

in the signal intensities for all product peaks in comparison to the internal
standard (OPPhj3). Finally, addition of the 9-th aliquot (ca. 2.2 equiv of NBS in
total) led to a complete disappearance of all 3lp signals. The above observations
indicate that the oxidation of 4.1 proceeds in two distinct stages. The first, which
takes place when less than one equiv of NBS is present in the mixture, involves
the initial conversion of 4.1 to an intensely-colored, short-lived species for which
no spectral signature was obtained; this species decomposes rapidly to give a few
relatively stable and diamagnetic species characterized by the appearance of a less
intense color and the emergence of new and persistent >'P signals. Close
inspection of the *'P{'H} NMR spectra showed two major peaks at ca. 202 ppm,
very close to the chemical shift region for the 3lp signals of the divalent imine-
type complex 4.3 (ca. 201.9 ppm in DCM) and the analogous N(Bn)H complex
4.4 shown in Scheme 4.4 (202.0 ppm in DCM). These assignments were
confirmed later when we noted increases in the intensity of the corresponding
NMR signals upon addition of authentic samples of each of 4.3 and 4.4 to
solutions containing 4.1 and 1.2 equiv of NBS. The '"H NMR spectra recorded for
samples containing lequiv each of NBS and 4.1 in dry C¢Dg were also consistent
with the formation of 4.3 (e.g., PhCH,;N and CH=N signals at ca. 4.9 and 7.3 ppm,
respectively) and 4.4 (e.g., characteristic NH and PhCH, signals at 3.2—4.8 ppm).

0
+ 1.2 —Br ——» ? | + ?
-2 €q (i-Pr)zP—>bfi<—N—Bn (i-Pr)zP—>l\|li<—”—Bn
B B
o) r r
o]

+ ?/@| + iéN—H + ...
P(-Pr), N—Bn

o

Scheme 4.4. Monitoring chemical oxidation by NMR
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The '"H NMR spectra also contained the characteristic signals for
succinimide and, curiously, the free ligand PhCH,;N=CH(CcH4)OP(i-Pr), (Scheme
4.4). The next stage of the oxidation, which occurs when the reaction mixture
contains more than one equiv of NBS, is characterized by a significant darkening
of the sample and the gradual disappearance of all *'P signals, implying the

formation of paramagnetic species.

4.3.4 Detection of oxidation products by EPR spectroscopy.

While NMR provides insight into the diamagnetic products of the
oxidation reaction, EPR can be used to detect the paramagnetic products. The
samples used for the EPR measurements were prepared by dissolving different
quantities of NBS in 0.22 mM toluene solutions of 4.1 and the resulting mixtures
were kept at ambient temperature for approximately 10 min before being degassed
by repeated freeze-pump-thaw cycles and cooled to 120 K in the EPR
spectrometer. It is important to note that variations in mixing time or NBS content
(up to 3 equiv) did not affect the EPR spectrum.

The EPR spectrum of this sample (Figure 4.4A) is typical of Ni™! pincer

11,151 . .
(151 therefore, we have simulated it

compounds possessing axial halogen ligands;
on this basis. The simulation includes an anisotropic g-tensor and hyperfine
coupling to one spin 3/2 nucleus; all other hyperfine couplings are simulated as an
anisotropic Gaussian linewidth. The simulation shows that the g-tensor has
principal values of gy=gyy = 2.22 and g,, = 2.01. Arrows above the spectrum
indicate the positions of features corresponding to these g-values. The hyperfine
coupling constants to the spin 3/2 nucleus are found to be A=Ay,=30 G and A,,
= 170 G; the features resulting from the large A,, component of the splitting are
also indicated in Figure 4.4A. The feature at ~2950 G is the so-called “anomalous
line” which occurs when one of the hyperfine components is similar in magnitude

to the g-anisotropy.'” The g-values and hyperfine couplings obtained from the

simulation are consistent with a Ni'"' complex possessing an axial Br ligand. Note
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that the simulation does not take the difference in magnetic moment between ' Br
and ®'Br into account and the reported couplings therefore represent an average of
the coupling for the two isotopes. Additional smaller hyperfine splittings are
visible in the experimental spectrum between ~3250 G and 3500 G indicating that

1II

the other atoms bound to the Ni "~ center have non-zero nuclear spin.

The experimental and simulated EPR spectra for 4.2 (0.22 M solution in
toluene, 120 °K) are shown in Figure 4.4A. The similarity of spectra A and B in
Fig. 3 suggests that 4.2 is the main oxidation product observed in situ. However,
careful inspection of the two spectra reveals some subtle differences. For
example, the trough near ~3100 G is shifted upfield in the spectrum of 4.2 by ~20
G compared to the spectrum of the oxidation reaction mixture. This difference can
be accounted for in the simulation by a small shift of the in-plane components of
the g-tensor to g.,=2.23 and g,,=2.19. Slightly more pronounced hyperfine
structure, probably due to Br, is also visible at ~3000 G in the spectrum of 4.2.
The origin of these differences is uncertain but might be expected if the oxidation
reaction mixture contained minor amounts of other Ni'" species. We note that the
spectrum does not show evidence for any organic radicals indicating that any such

species produced by the oxidation are unstable.
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Figure 4.4. X-band (9 GHz) EPR spectra (toluene, 120 K) of the oxidation
product(s) of 4.1 with 1 equiv of NBS (A) and compound 2 (B). The solid lines

are experimental spectra, the dashed curves are simulations. Simulation
parameters A: g.=g,,=g1=2.22, g..=g=2.01, I=3/2 nucleus A, =A,,=A =30 G,
A.=170 G; B: g,,=2.23 g,,=2.19, g.,=2.01, I=3/2 nucleus A,,=A,,=30 G, A_=170
G. Microwave frequency: 9.401599 GHz; microwave power: 2 mW; modulation

amplitude: 1.0 G.

4.3.5 UV-Vis studies on oxidation of complexes 4.1, 4.3, and 4.4 with NBS.

To complement the NMR and EPR studies discussed above, we have used
UV-Vis spectroscopy with the objective of identifying the paramagnetic
intermediates/products involved in the oxidation of 4.1. UV-Vis spectra were first
recorded for all the complexes as well as the mixtures obtained from NBS
oxidation of the divalent species in order to compare the spectral profiles to one

another. Not unexpectedly, the spectrum of independently prepared 4.2 was
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virtually identical to the spectrum recorded for the mixture of 4.3 and NBS, and
closely resembled the spectral profile of the mixture of 4.1 and NBS (Figure 4.5).
Interestingly, a similar spectrum was also obtained for the mixture of 4.4 and
NBS (Figure 4.5d), but in this case the oxidation product had a limited stability
and decomposed over ~5 min to an intractable green species. It is also noteworthy
that under similar conditions the NBS oxidation proceeds much more rapidly for
4.1 and 4.4. Finally, the spectra obtained for the trivalent complex 4.2 and the
oxidation mixtures display multiple electronic transitions extending across the
visible region (ca. 15000-28000 cm™', Figure 4.5), whereas the divalent complexes
display absorption bands above ca. 20000 cm™ (Figure 4.6).

To monitor the course of the oxidation reaction, we titrated a 0.4 mM
DCM solution of 4.1 (initial volume 2.50 mL) at ambient temperature with 50 pL
aliquots of a4 mM NBS solution and the spectra were recorded 20 s after addition
of each aliquot. The spectral profile for the entire titration (Figure 4.7) confirms
the conclusions drawn from the NMR studies: the oxidation reaction takes place
over two stages, each corresponding to the addition of 5-6 aliquots of NBS
(approximately one equiv); beyond the 11-th aliquot (550 pL, ca. 2.1 equiv of
NBS), the spectral profile remained fairly invariable and very similar to the

absorption spectrum observed for complex 4.2 (Figure 4.5¢).
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Figure 4.5. UV-Vis spectra of nickel complexes (0.4 mM in DCM, 25 °C) with or
without NBS: (a) 4.1 + 4 equiv NBS; (b) 4.3 +4.4 + 1.1 equiv NBS; (c) complex
4.2 alone; (d) 4.4 + 1.1 equiv NBS.
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Figure 4.6. UV-Vis spectra (25 °C) of the divalent complexes 4.3 (a) and 4.4 (b);
both samples ca. 0.4 mM.
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Evolution of the spectral profile for the oxidation of 4.1 can be seen more
clearly by examining the set of spectra corresponding to each of these two distinct
stages of the titration. Thus, we can see in Figure 4.8 that addition of the first few
aliquots of NBS results in a steady decrease in the intensities of the bands
belonging to 4.1 (ca. 21000, 27500, and 31000 cm'l), while a new band emerges
gradually at ca. 24000-26000 cm™. Significantly, the absorbance remains fairly
constant at ca. 26000 cm’! during this stage of the reaction, but no clear isosbestic
point was evident; this is consistent with the initial formation of an unstable
intermediate. Beyond the first equiv of NBS (>5 aliquots, Figure 4.9), there is a
continued decline of the high-energy absorption at ca. 31000 cm™ and a steady
growth of multiple, poorly resolved bands at ca. 15000-20000 and 22000-27000.
In contrast to what was observed in the first stage of the oxidation, a fairly clear
isosbestic point is found during the second stage (at ca. 30000 cm™, Figure 4.9),

implying a direct and intermediate-free transformation.
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Figure 4.7. UV-Vis spectra (25 °C) of 4.1 (2.5 mL of a 0.4 mM solution in DCM,
spectrum 0) with 50 uL aliquots of a 4 mM solution of NBS in DCM (spectra 1-14).
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Figure 4.8. UV-Vis spectra (25 °C) recorded during the initial stage of the

titration of 4.1 with NBS. See main text for titration details.
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Figure 4.9. UV-Vis spectra (25 °C) recorded during the second stage of the

titration of 4.1 with NBS. See main text for titration details.
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4.3.6 Computational studies.

Full molecular structures of 4.1 and [4.1]" have been investigated using density
functional theory (DFT) at the B3LYP'/TZVP" level of the theory, their
absorption spectra have been predicted using time-dependent DFT (TD-DFT),"
and the results compared to the corresponding experimental data. These studies
have corroborated the proposed (dimeric) structure of [4.1]° and provided
valuable details on the energies and compositions of the frontier molecular
orbitals and spin density distribution in the open shell species arising from the

oxidation of 4.1, as described below.

4.3.6.1 Calculated structures of 4.1 and [4.1]".

The calculated structure of 4.1 is in very good agreement with the solid state
structure of this compound, which has been established by single crystal
diffraction study.'” For instance, the puckered (or cyclobutane-like) arrangement
of the Ni,N, core and the syn orientation of the N-benzyl substituents observed in
the solid state structure of 4.1 are reproduced in the calculated structures; more
specifically, the angle between two Ni;N planes is 124° in the X-ray structure of
4.1 and 121.4° in the computed structures of 4.1 and [4.1]". There is also good
agreement between the experimentally observed (2.512(1) A) and calculated
(2.523 A) Ni-Ni distances in 4.1; moreover, the computed bond order (0.13)
indicates very little metal-metal interaction in this compound, as can be expected
for low-spin d® Ni" ions. On the other hand, a significantly shorter Ni-Ni distance
(2.393 A) and greater bond order (0.43) were found in [4.1]", resulting from the
diminished occupancy of the Ni-Ni ¢* orbital in the oxidized species that reduces

the destabilizing character of this interaction.

The shorter Ni-N distances in the experimentally established and

calculated structures of 4.1 correspond to the Ni and N atoms belonging to
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different halves of the dimer; this structural feature reflects the stronger covalency
of the Ni-N bonds between different halves of the dimer (bond order 0.56) vs.
those belonging to the same halves (bond order 0.47). In the calculated structure
of [4.1]", the corresponding bond orders are slightly greater (0.64 and 0.53,
respectively) and the Ni-N distances are somewhat shorter (1.985/1.997 wvs.
2.006/2.027). The opposite trend was observed for the Ni-C and Ni-P bonds,
which were found to be the most covalent metal-ligand bonds (calculated bond
orders 1.00 and 0.93, respectively). Thus, the calculated Ni-C distances were
1.885 A in 4.1 (vs. 1.864(2) A in the solid state structure) and 1.894 A in [4.1]";
the corresponding Ni-P distances were 2.203 in 4.1 (vs. 2.122(1) in the solid state
structure) and 2.268A in [4.1]". These results can be understood in terms of
HSAB theory: the greater compatibilities between a “softer” Ni' ion in 4.1 (NPA-
derived charge +0.70 a.u.) and “soft” phosphinite and aryl ligands should lead to
more covalent bonds, while the “harder” character of the nickel ions in [4.1]"
(NPA-derived charge +0.84 a.u.) should favor stronger interactions with the
“hard” amido ligands. Altogether, the valence index for the Ni atoms is 3.16 in

4.1 and 3.74 in [4.1]"".

Inspection of the frontier molecular orbitals for 4.1 and [4.1]™ (Figure 4.10
and Figure 4.11) and their compositions and energies (Table 4.1) has allowed us
to evaluate the impact of oxidation on the electronic structure of 4.1 and to map
out the spin density distribution in the oxidized species. Complete valence
delocalization of the NioN, core in [4.1]" is implied from the symmetrical spin
density distribution (0.77 ¢ from two Ni atoms and 0.29 e from two bridging N
atoms, Figure 4.10a); therefore, complex [4.1]" represents a class III mixed-
valence system16 (Ni**,N5) analogously to the oxidized binuclear Cu, center in

bio-inorganic chemistry (Cu*'?,S,).**"

The observation of symmetrical spin
density distribution in these bimetallic systems stands in contrast to the localized

spin density distribution reported for [LNi"Ni" (NCCH3),]** (Figure 4.1).’
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b)

Figure 4.10. Frontier molecular orbitals of 4.1: LUMO (a) and HOMO (b).
Isosurface value of 0.04 a.u. Spheres are coloured to signify the atoms in keeping
with convention: grey for carbon, blue for nitrogen, orange for phosphorus, red

for oxygen, light-blue for nickel. H atoms are not shown for clarity.
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Figure 4.11. Spin density and frontier molecular orbitals of [4.1]": spin density
(a; isosurface value of 0.004 a.u.), B-spin LUMO (b; isosurface value of 0.04
a.u.), B-spin HOMO-10 (c; isosurface value of 0.04 a.u.). Spheres are coloured to
signify the atoms in keeping with convention: grey for carbon, blue for nitrogen,
orange for phosphorus, red for oxygen, light-blue for nickel. H atoms are not

shown for clarity.
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Table 4.1. Spin-allowed absorption bands calculated for 4.1 and [4.1]*.*

4.1 [4.1]°
Ener Ener
%y f? Assignment %y f? Assignment
(cm™) (cm™)
18700 | 0.0046 | HOMO— LUMO (56%) 6400 0.0003 | B-HOMO-4— LUMO (55%)
HOMO— LUMO+1
19000 | 0.0010 6700 0.0027 | B-HOMO-3— LUMO (55%)
(58%)
21000 HOMO-3— LUMO 3-HOMO-13— LUMO (31%)
0.0081 8000 0.0019
(35%) 3-HOMO-10— LUMO (30%)
HOMO-9— LUMO
24300 | 0.0143 10800 | 0.0596 | B-HOMO-10— LUMO (38%)
(25%)
HOMO— LUMO+2
29600 | 0.0611 11500 | 0.0020 | B-HOMO-12— LUMO (64 %)
(74%)
B-HOMO-2— LUMO (28%)
13500 | 0.0047
3-HOMO— LUMO (25%)
14300 | 0.0020 | B-HOMO-2— LUMO (66%)
B-HOMO-7— LUMO (22%)
15500 | 0.0090

3-HOMO-13— LUMO (21%)

“Transitions in the near-IR, visible and near-UV region (6,000-30,000 cm’! for 4.1
and up to 16000 cm™ for [4.1]7), calculated at the BALYP/TZVP level of theory.

Excitation contributions greater than 10% are shown, smaller contributions are

omitted. ” f = oscillator strength. The complete list of calculated transitions can be

found in the Supporting Information.
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Table 4.2. Frontier molecular orbital energies and compositions (%) for 4.1 and
[4.1]".

Ez;fy Ni N P
4.1

LUMO+2 -0.49 16 3 18
LUMO+1 -0.86 44 10 23
LUMO -1.12 40 11 21
HOMO -5.08 55 28 2
HOMO-3 -5.70 71 10 4
HOMO-9 -6.47 77 10 5

[4.11"
B-LUMO -6.57 68 20 3
3-HOMO -8.72 7 0 1
3-HOMO-1 -8.81 8 0 1
3-HOMO-2 -8.97 0 0 0
B3-HOMO-7 -9.28 3 3 0
3-HOMO-3 -8.98 17 10 0
3-HOMO-10 -9.63 85 13 1
3-HOMO-13 -10.36 72 9 3
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In order to probe the influence of axial ligation on spin density distribution in our
system, we constructed a smaller model featuring N-Me substituents and
performed structure optimization for oxidized species bearing either an axial Br
ligand attached to one Ni, (u-L);Ni,Br, or a positive charge (analogously to
[4.117). Analysis of the electronic structures of these models showed that the
latter species has a more symmetrical spin density distribution on the Ni,N, core:
0.26 e- on each N and 0.23 € on each Ni. In contrast, the spin density distribution
is entirely localized on the Ni-Br,x moiety of the neutral species (1-L),Ni,Br, with
0.82 & on Ni (d,2) and 0.20 & on Br (p,), which implies that the bimetallic core in
this species can best be described as BrNi"™N,Ni". The Ni-Br,y bond in this model
was found to be quite long (2.547 A), which is anticipated on the basis of
theoretical considerations and consistent with experimental values observed in
solid state structures of related pentacoordinate, 17-electron complexes
(pincer)NiBr; (Ni-Bry~2.43-2.46 A).lSe'i It appears, therefore, that the spin
distribution in these dinickel complexes is highly sensitive towards changes in the
ligand environment around the Ni ions. This is in sharp contrast to behaviour of
systems with the softer Cu,S, core where high covalency of Cu-thiolate bonds

ensures high stability of spin distribution.*"

4.3.6.2 Calculated absorption spectra for 4.1 and [4.1]".

The calculated spectra for 4.1 and [4.1]" are depicted in Figure 4.12, while the
spectral details (energies, probabilities, and assignments of bands) are listed in
Table 2. The lowest-energy, spin-allowed absorption transition found in the
predicted spectrum for 4.1 at 18,700 cm™ is due principally to an electronic
transition from the metal-based HOMO to the metal-based LUMO. This transition
overlaps with two other transitions, a weak HOMO—LUMO+1 transition at
19000 cm™ and a stronger HOMO-3—LUMO transition at 21000 cm™, to form a
single band at 20500 cm’' with a shoulder at 18,700 cm’!. The second intense
band (at 24300 cm'l) is due to the HOMO-9—LUMO transition. For comparison,

the corresponding transitions in the experimental spectrum of 4.1 are manifested
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by poorly resolved bands at ca. 19000-21000 and 22500-25000 cm™, respectively
(Figure 4.3). In all these transitions, the donor and acceptor orbitals are located
primarily on the Ni;N; cluster. A very intense band due to the HOMO—LUMO+2
(m*) transition is also present in the predicted and experimental spectra, at 29,600

and ca. 27500 cm™', respectively.
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Figure 4.12. TD-DFT-calculated visible absorption spectra of 4.1 (solid line) and
[4.1]" (dash line), calculated at the B3LYP/TZVP level of theory.

Recall that conversion of 4.1 to [4.1]" involves the removal of an electron
from the HOMO (Figure 4.10) and generation of a 6*' ground state configuration
featuring a low-energy vacant orbital (B-spin LUMO, Figure 4.11b). This leads to
low-energy transitions from the fully-occupied orbitals to the B-spin LUMO, these
transitions appearing in the near-IR and visible region of the absorption spectrum
of [4.1]" (Figure 4.12, Table 4.2). The transition from the bonding B-spin
HOMO-10 (Ni d,; + dj, Figure 4.11c) to the B-spin LUMO is the main
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component of the intense absorption band at 10,800 cm™ in the predicted
spectrum of [4.1]", but a few minor contributions are also found for this transition

(Table 4.2).

4.3.7 Characterization of 4.2 and 4.3 by NMR and X-ray diffraction

analysis.

Complete characterization of the dimeric complex 4.1 and its monomeric
precursor 4.4 has been described previously. This section describes the
characterization of complexes 4.2 and 4.3 by single crystal X-ray crystallography
and elemental analysis; paramagnetic 4.2 was also analyzed by EPR studies, while
the diamagnetic complex 4.3 was characterized by NMR spectroscopy. The *'P
{'"H} NMR spectrum of 4.3 (C¢D) displays a singlet at 201.4 ppm (201.9 ppm in
DCM), downfield of the signals for the free ligand (149 ppm) and 4.1 (191.6
ppm), and very close to the corresponding signal for complex 4.4 (201.7 ppm in
C¢Dg, 202.0 ppm in DCM). The 'H NMR of this sample showed a singlet at ca.
4.9 ppm for PhCH,N and a doublet at ca. 7.3 ppm for CH=NBn (4JH_p= 4 Hz),
whereas the °C {'H} NMR spectrum showed a doublet at ca. 172 ppm for CH=N
(Jep= 3 Hz). As expected, fresh samples of 4.2 were NMR silent, but over time a
J'P{'H} NMR signal was detected at ca. 201 ppm in the spectrum, indicating that
this trivalent species undergoes thermal decomposition to form its divalent

analogue 4.3 (Scheme 4.5).

? | — 0 | +
(i-Pr)zP—>,Ni\<—N—Bn (i-Pr)zP—>r\fi<—N—Bn
Br Br Br

Scheme 4.5. Thermal decomposition of 4.2
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The experimental and simulated EPR spectra of a 0.22 M solution in
toluene at 120 °K 4.2 are shown in Fig. 4.4B. The simulation parameters are very
similar to those obtained for the species generated in situ from oxidation of 4.1
(spectrum A in Fig. 3), but careful inspection of the two spectra reveals that the
trough near ~3100 G is shifted upfield in the spectrum of 4.2 by ~20 G. The
simulation shows that this is because the g-tensor of 4.2 is not axially symmetric
and has g,,=2.23 and g,,=2.19. Slightly more pronounced hyperfine structure,
probably due to Br, is also visible at ~3000 G suggesting a possible difference in
the ligands or their geometry in the in situ oxidation product.

Suitable single crystals were obtained for complexes 4.2 and 4.3 and
subjected to single crystal diffraction analyses; the ORTEP diagrams are shown in
Figure 12, while selected crystal data and structural parameters are listed in
Tables 3 and 4. The nickel center in complex 4.3 adopts a nearly perfect square
planar geometry, thanks primarily to the planar configuration adopted by the
CH=NBn moiety. The sp>-hybridized and less sterically encumbered imine moiety
also forms a shorter bond to the Ni center in comparison to the corresponding
distance in previously reported POCN-type complexes featuring amine moieties
(1.990 vs. ca. 2.030 A)."”" Complex 4.2 displays a square pyramidal geometry
where the phosphinito moiety is slightly outside of the plane defined by the atoms
C, Ni, and N and the aromatic ring; this is a generally observed deformation that
can be attributed to the partially filed dz* orbital and steric repulsions between the
P-substituents and the lone pairs of the axial bromine atom. A slight pyramidal
distortion is also apparent from a) the out-of-plane displacement of the Ni center
in 4.2 (by ca. 0.35 A) from the basal plane defined by the atoms P1, C1, N1, and
Brl, and b) the C(1)-Ni-Br(1) angle that is much smaller in 4.2 than 4.3 (155° vs.
171°). Moreover, the pentacoordinate Ni"" center forms significantly longer bonds
with C1 and P. Similar pyramidal distortions and stretched bonds were also
observed when divalent (POCN)NiBr complexes were converted into the trivalent

congeners (POCN)NiBr,."
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Figure 4.13. ORTEP diagrams for complex 4.2 (a) and 4.3 (b). Thermal ellipsoids

are set at the 50% probability level. Hydrogen atoms are omitted for clarity.
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Table 4.3. Crystal Data Collection and Refinement Parameters for Complexes 4.2

and 4.3.
4.2 4.3
chemical formula C,0H»5NiPNOBr, C,0H,5NiPNOBr
Fw 546.93 464.99
T (K) 150 150
wavelength (A) 0.71073 1.54178
space group P2i/n P2,/c
a (A) 8.4257(8) 10.0435(2)
b (A) 26.053(3) 42.5527(7)
c (A) 10.051(1) 14.9885(2)
o (deg) 90 90
B (deg) 106.6550(1) 107.425(1)
Y (deg) 90 90
Z 4 12(2°=3)
V(A7) 2113.8(4) 6111.79(2)
Pealed (g cm™) 1.719 1.584
u (cm™) 47.84 45.14
0 range (deg) 1.56-27.54 2.08-72.78
R1% [I>26(D)] 0.0208 0.0656
wR2° [I > 26(D)] 0.0450 0.1641
R1 [all data] 0.0288 0.0688
wR2 [all data] 0.0464 0.1658
GOF 0.959 1.139

* Ry=Z(IIF,l-IFID/ZIF,|

P wRy={Z[W(F,’-F2)*V/Z[w(F,})?}"
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Table 4.4. Selected Bond Distances (A) and Angles (deg) for Complexes 4.2 and

4.3

4.2 4.3
Ni-C(1) 1.896(2) 1.860(5)
Ni-P 2.192(1) 2.125(2)
Ni-N 2.004(2) 1.990(5)
Ni-Br(1) 2.360(1) 2.338(1)
Ni-Br(2) 2.419(1) -
C(1)-Ni-Br(1) 155.43(5) 171.1(2)
C(1)-Ni-Br(2) 95.92(5) -
P-Ni-N 158.25(5) 162.7(2)
N-Ni-Br(1) 100.17(4) 100.2(2)
P-Ni-Br(1) 92.99(2) 97.11(5)
N-Ni-Br(2) 93.14(4) -
P-Ni-Br(2) 99.13(2) -
P-Ni-C(1) 78.43(6) 80.3(2)
N-Ni-C(1) 82.52(7) 82.6(2)
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4.3.8 Conclusions

The study reported herein has provided a survey of the oxidation pathways
traversed by complex 4.1, a rather rare dimeric compound featuring two Ni"
centers held by pincer ligands at sufficiently close proximity to allow electronic
interactions. The results described above have demonstrated that electrolytic
oxidation converts 4.1 to a radical cation that appears to maintain the original
dimeric structure; in contrast, chemically induced oxidation converts 4.1 to an
unstable intermediate species that decomposes to give, eventually, the monomeric
product 4.2 featuring a trivalent Ni center and an oxidized (imine-type) new

ligand (Scheme 4.6).

(o) .
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(i-Pr);P—=Ni<—N—Bn + ..... - (,'-Pr)zp—»Nh—ril\Bn + (i-Pr);P—Ni=—N-pg, + ..... 0
Br Br | H

Br Br

Scheme 4.6. Mechanism of oxidation of 4.1

NMR and UV-Vis monitoring of the reaction of 4.1 with NBS revealed the
formation of succinimide and two monomeric divalent species, 4.3 and 4.4, that
are among the intermediates generated in the chemical oxidation of 4.1. The
independent synthesis and full characterization of complex 4.3, and its direct

oxidation to 4.2, provided further support for the postulated pathway shown in
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Scheme 2. On the other hand, the initial product of the reaction of 4.1 with NBS,
species A in Scheme 2, could not be detected. The postulated structure of this
species involves formal oxidation at one Ni center and the concomitant formation
of a Ni-Br bond; this proposal is based on the observed tendency of POCN-type
pincer complexes of nickel complexes to undergo one-electron oxidation at the

nickel center as opposed to the ligand."’

Another ambiguous aspect of the chemical oxidation of 4.1 touches on
whether succinimide is generated via H-abstraction from the solvent or from the
ArCH, moiety in the postulated intermediates 4.A. One argument against the
prevalence of the latter pathway is that succinimide is also generated in the
conversion of (POCN)NiBr to (POCN)NiBr, with no concomitant oxidation of the
POCN ligand.15j It is tempting to argue that succinimide is generated by the H-
abstraction from the reaction medium, and to propose a hydrogen transfer
mechanism from one ArCH;N moiety in 4.A to another, thus generating the
CH=NBn moiety in 4.3 and the NH moiety in 4.4, but other possibilities can not

be ruled out.

The results obtained from cyclic voltammetry and spectroelectrochemical
measurements as well as computational investigations have allowed us to survey
the redox and absorption properties of 4.1 and compare them to the corresponding
data reported for monomeric species (POCN)NiBr,/;3 and related dinickel species
[LNi,]**** and [LNi,(NCCH3),]’* (L is a “compartmental macrocyclic ligand”
shown in Figure 4.1). When combined together, these results point out that
electrolytic oxidation of 4.1 removes an electron from the HOMO to generate a
dimeric radical cation, [4.1]"". Since the HOMO in 4.1 has anti-bonding character
with respect to the Ni-Ni bond, formation of [4.1]* brings about greater Ni-Ni
bond order in [4.1]". DFT studies have established that the experimentally
observed and computationally predicted low-energy electronic transitions
extending into the near-IR region originate from the presence of low-lying [3-

LUMO in [4.1]".
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Another important question addressed by the current study pertains to the
localization of the spin density on metal centers and ligand atoms. Previous
studies have shown that the spin density in the open shell monomeric pincer
complexes (POCN)NiBr,,'” (POCOP)NiX,,"”*' and (PCP)NiX,'® is entirely
localized on the Ni-Br,x moiety, as was found to be the case in complex 4.2. In the
case of the dinickel species [LNiIINiIII(NCCH3)2]3+, DFT studies have shown that
most of the spin density is localized on the six coordinate Ni ion (72% on 3d, and
16% on 3dyy) as well as the N atoms of the acetonitrile moieties coordinated to it
(ca. 15%).” Similarly, a DFT analysis has shown that the presence of an axial Br
in our system would localize the spin on the Ni-Br,x moiety, giving a
BrNi"'Ni"N, core; this might explain the diminished thermal stability of the
chemical oxidation intermediate A illustrated in Scheme 4.6. In contrast,
computational analysis of [4.1]" (no axial ligands, N-Me or N-Bn substitutents)
has revealed a delocalization of spin density over the Ni,N, core, with a
substantial amount of spin density residing over the two N atoms. We conclude
that [4.1]" is best described as a weighted average of two limiting resonance

structures featuring (a) anionic amide moieties and Ni*>

centers, and (b) an
amide moiety and an aminyl radical delocalized through the two Ni' centers
(Figure 4.14). Thus, the amide-type POCN ligand in 4.1 can be considered a new
example of the non-innocent pincer ligands introduced by Griitzmacher’s'® and

Mindiola’s" groups.?
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4.1

Figure 4.14. Mixvalent species

The unanticipated conversion of the dimeric complex 4.1 into the
monomeric 17-electron complex 4.2 featuring a new imine-type POCN ligand and
the successful, high-yield synthesis of this species have opened up a new avenue
for further exploration of its reactivities, including the possible promotion of
radical addition and cyclization reactions. Future studies will also probe the redox
behavior of new dinickel analogues of 4.1 in hopes of developing a better
understanding of the factors that determine the different oxidation pathways and

elucidating the structures of the oxidized species.

4.4 Experimental Section

4.4.1 General.

All manipulations were carried out using standard Schlenk and glove box
techniques under nitrogen atmosphere. All solvents used for experiments were
dried to water content of less than 10 ppm by passage through activated aluminum
oxide (MBraun SPS) and deoxygenated by vacuum-nitrogen extraction. C¢Dgs was
dried over molecular sieve (pore size 4 A) and then deoxygenated by 3-5
freeze—pump—thaw cycles. Quality of the solvents used for experiments was

tested using Mettler Toledo C20 coulometric Karl Fischer titrator. The followings
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were purchased from Aldrich and used without further purification: Ni (metal),
chlorodiisopropylphosphine, = N-Bromosuccinimide, 3-hydroxybenzaldehyde,
triethylamine, and C¢Ds. A Bruker AV 400 spectrometer was used for recording
'H, “C{'H} (101 MHz), and *'P{'H} (162 MHz). 'H and "*C chemical shifts are
reported in ppm downfield of TMS and referenced against the residual C¢Dg
signals (7.15 ppm for 'H and 128.02 ppm for '°C); *'P chemical shifts are reported
in ppm and referenced against the signal for 85% H3;PO,4 (external standard, O
ppm). Coupling constants are reported in Hz. The correlation and assignment of
"H and "°C NMR resonances were aided by "H COSY, HMQC and DEPT. UV-Vis
spectra were recorded on Varian Bio 300 equipped with temperature controlling

system using standard sampling cells (1 cm optical path length).

4.4.1.1 Synthesis of the &°, k&, ¥-{2,6-(i-Pr,PO)(C¢H3)(CH=NBn) } NiBr; (4.2).
Method A: To a solution of [pN((i—Pr)zPOCNBn)Ni]Z (200 mg, 0.260 mmol) in 5
mL of dry and degassed DCM cooled to -78 °C was added 181 mg of NBS ( 1.04
mmol). The resulting dark brown-black mixture was allowed to stir for an
additional 5 min and then treated with 5 mL of cold hexane follow by filtration of
formed precipitate. Solvent were reduced to approximately 2 mL in vacuum and
resulting mixture was left to crystallize at -18 °C for approximately one week.
After this time black crystal was collected washed with cold hexane and dried
under vacuum for 1 hour to furnish 4.2 in 23 % (64 mg) yield.

Method B: To a solution of 3 in 5 mL of dry and degassed DCM at -78 °C was
added a DCM solution of Br; (2 mL, 0.059 mM). Resulting dark brown-black
mixture was allowed to stir for additional 5 min and then solvent was removed in
vacuum yielding dark purple-black powder (0.110 g. 94 % ).

Anal. Calcd for C,0H,sOPNNIiBr,: C, 44.08; H, 4.62; N, 2.57; Found: C, 43.89; H,
4.77; N, 2.66.
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4.4.1.2 Synthesis of the 3-((benzylimino)methyl)phenol (4.a).

To a solution of 3-hydroxybenzaldehyde (1.00 g, 8.20 mmol) in 10 mL of
methanol at r.t. was added a solution of benzylamine (0.880 g, 8.20 mmol) in 10
mL of methanol. The resulting mixture was stirred for one hour to obtain the
anticipated Schiff base as a white suspension. Removal of volatiles under vacuum
for 1 hour gave 4.a as a white powder (1.68 g, 97 %). "H NMR (8, CDCls): 4.75
(s, 2H, Bn{CH,}), 6.84 (d, °J = 7, 1H, {Ar}H°®), 7.15 = 7.23 (m, 3H), 7.23 — 7.31
(m, 5H, overlapping with CHCl3), 8.23 (s, 1H, CH=N). *C{'H} NMR (5, CDCl5):
64.83 (s, 1C, CH,Ph), 114.13 (s, 1C, {Ar}C®), 118.70 (s, 1C, {Ar}C?), 121.72 (s,
1C, {Ar}CY), 127.30 (s, 1C, {Ar}C%), 128.25 (s, 2C, {Bn}C™"), 128.71 (s, 2C,
{Bn}C™), 130.04 (s, 1C, {Bn}CP™), 137.32 (s, 1C, {Bn}C™), 138.86 (s, 1C,
{Ar}C?), 156.43 (s, 1C, {Ar}C"), 162.58 (s, 1C, CH=N).

4.4.1.3 Synthesis of the 3-((benzylimino)methyl)(phosphinito)benzene (4.b).

To a solution of 4.a (1.00 g, 4.73 mmol) and triethylamine (0.788 mL, 5.20 mmol)
in THF (35 mL) stirring at 0-5 °C was added chlorodiisopropyl phosphine (96%
assay, 0.780 mL, 4.73 mmol). The resulting mixture was allowed to warm to room
temperature, stirred for an additional hour, and evaporated under decreased
pressure to give an oily residue, which was extracted with hexane (3x25 mL).
Evaporation of the combined extracts furnished the product as a colorless oil
(1.47 g, 95%). '"H NMR (3, C¢Dg): 0.94 (dd, *Jun = 7, *Jup = 16, 6H, CHCHj>),
1.10 (dd, *Jun = 7, *Jup = 11, 6H, CHCH3), 1.85 — 1.60 (m, 2H, CHCH3), 4.56 (s,
2H, {Bn}CH>), 7.12 — 7.04 (m, 2H, {Ar}H’ & {Bn}H"™), 7.17 (t, *Juu = 6, 2H,
{Bn}H™"™), 7.32 — 7.23 (m, 3H, {Ar}H® & {Bn}H"™), 7.37 (d, *Jun = 8, 1H,
{Ar}H*), 7.95 (br s, 2H, {Ar}H> & CH=N). "C{'H} NMR (3, C¢De): 17.14 (d,
*Jep = 9, 2C, CHCH3), 17.82 (d, *Jep = 20, 2C, CHCH3), 28.60 (d, 'Jep = 18, 2C,
CHCHj3), 65.14 (s, 1C, {Bn}CHy), 118.27 (d, *Jep = 11, 1C, {Ar}C?), 121.08 (d,
3Jep = 11, 1C, {Ar}C%), 122.41 (s, 1C, {Ar}Ch, 127.04 (s, 1C, {Ar}CY), 128.27
(s, 2C, {Bn}C"™), 128.68 (s, 2C, {Bn}C™"™), 129.83 (s, 1C, {Bn}C*™), 138.69
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(s, 1C, {Bn}C™°), 140.21 (s, 1C, {Ar}C?), 160.27 (d, Jop = 9, 1C, {Ar}C?),
161.20 (s, 1C, CH=N). >'P{'"H} NMR (8, C¢D¢): 148.7 (s).

4.4.1.4 Synthesis of the &, k&, ¥-{2,6-(i-Pr,PO)(CsH3)(CH=NBn) } NiBr (4.3).

A solution of 4.b (1.47 g, 4.49 mmol) in 20 mL of benzene was slowly added to a
stirring suspension of NiBr,(CH3CN), (1.350 g, 4.49 mmol) and triethylamine
(0.625 mL, 4.49 mmol) in toluene (15 mL) at r. t. The resulting dark brown
mixture was then heated for 5 h at 60 °C. Removal of the solvent and purification
of the solid residues by column chromatography (SiO,, eluents: hexane followed
by 70:30 CH,Cl,:Hexane) furnished the product as a brick-red powder (2.08 g, 89
%).

"H NMR (8, C¢De): 1.12 (dd, *Jun = 7, *Jup =15, 6H, 2xCHCH3), 1.41 (dd, *Jyu =
7, *Jup =18, 6H, 2xCHCH3), 2.28 — 2.03 (m, 2H, 2xCHCHjs), 4.90 (s, 2H,
(Bn}CH,), 6.41 (d, *Jun = 7, 1H, {Ar}H’), 6.60 (d, *Jun = 8, 1H, {Ar}H), 6.70
(t, *Jun = 8, 1H, {Ar}H"), 7.02 (t, *Juny = 7, 1H, {Bn}H™), 7.09 (t, *Juu = 7, 2H,
2x{Bn}H™), 7.21 (d, *Jun = 7, 2H, 2x{Bn}H™"%), 7.29 (d, *Jup = 4, 1H,
CH=N). PC{'H} NMR (8, C¢D¢): 16.76 (d, “Jcp = 2, 2C, CHCH3), 18.08 (d, *Jcp
=4, 2C, CHCH3), 28.79 (d, 'J = 23, 2C, CHCH3), 60.09 (s, 1C, {Bn}CH,), 113.14
(d, *Jep = 12, 1C, {Ar}C%), 120.91 (d, “Jep = 2, {Ar}C°), 126.51 (s, 1C, {Ar}CH,
12771 (s, 1C, {Bn}C"™), 128.88 (s, 2C, 2x{Bn}C°™), 129.65 (s, 2C,
2x{Bn}C™%), 138.15 (s, 1C, {Bn}C™°), 148.3 (s, 1C, {Ar}C?), 153.40 (d, *J =
35, 1C,{Ar}C" ), 165.76 (d, *J = 10, 1C, {Ar}C?), 172.18 (d, *Jep = 3, 1C,
CH=N). *'P{'H} NMR (8, C¢D¢): 201.35 (s).

Anal. Caled for Co0H,sOPNNiBr: C, 51.66; H, 5.42; N, 3.01; Found: C, 51.55; H,
5.59; N, 3.08.

4.4.2 Electrochemical measurements.

Cyclic voltammetry measurements were performed using a BAS Epsilon

potentiostat. The electrochemical properties of these compounds were measured
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at room temperature in DCM using a standard three electrode system consisting of
a glassy carbon working electrode, the Pt auxiliary electrode, and the Ag/AgCl
reference electrode. BusNPFs was used as electrolyte (0.1 mol/dm3) and the
solutions were bubbled with nitrogen before each experiment. Reversible redox
waves of the ferrocenyl moieties were observed under these conditions (E;;
{FeCp,/FeCp,}= +0.48 V).

The spectroelectrochemical (SEC) measurements on complex 4.1 were
performed at room temperature using Varian 500 UV-Vis-NIR spectrometer in
combination with BAS Epsilon potentiostat in DCM solutions containing (n-
Bu)4NPF¢ as electrolyte (0.1 M). The experiments were carried out on a three
electrode set-up consisting of a 5 mm diameter platinum mesh electrode as
working electrode, a platinum wire counter electrode, and an Ag/AgCl reference
electrode, and using micro sampling cells with a 1 mm optical path length. The
chemical reversibility of all processes was confirmed by reversing the applied
potential (from 0.07 V to -0.25 V) and regenerating the spectrum of the starting
complex 4.1. The spectrum shown in Figure 2 was obtained at the end of

oxidative electrolysis.

4.4.3 EPR Spectroscopy

EPR spectra were collected on a Bruker Elexsys E580 spectrometer operating in
cw mode. For compound 2, a solution (~0.5 mM) in toluene was prepared, and
placed in a 4 mm o.d. EPR tube. The solution was then degassed by repeated
freeze-pump-thaw cycles and the tube was sealed under vacuum. The sample was
frozen to 120 K in the spectrometer resonator. For the oxidation of 4.1, a solution
of 4.1 (0.67 mM) was mixed with a solution of NBS (6.7 mM) in DCM in the
volume ratio needed to give the desired mole ratio and diluted to give a final

concentration of 4.1 of 0.22 mM.
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4.4.4 Computational Details.

All DFT calculations were performed using the Gaussian 09 package. Stationary
points on the potential energy surface were obtained using the B3LYP hybrid
density functional method. Geometry optimizations were performed using the
TZVP basis set for all atoms. Tight SCF convergence criteria were used for all
calculations. The converged wave functions were tested to confirm that they
correspond to the ground-state surface. Mayer bond orders and the analysis of
molecular orbitals in terms of fragment orbital contributions were carried out
using the AOMix program. Absorption spectra were calculated from time-
dependent DFT (TD-DFT) simulations at the B3LYP/TZVP level. Calculated
excitation energies and oscillator strengths were converted into absorption spectra
using the pseudo-Voigt functions (50% Gaussian and 50% Lorentzian) and the
3000 cm™' half-bandwidths as described before.

4.4.5 Crystal Structure Determinations.

Single crystals of 4.2 and 4.3 were grown from a DCM/hexane solution by slow
diffusion of hexanes into a saturated solution of the complex 4.2, 4.3 The
crystallographic data for complexes 4.1 was collected on a Bruker Microstar
generator (rotating anode) equipped with a Helios optics, a Kappa Nonius
goniometer and a Platinum135 detector and crystallographic data for complexes
4.3 were collected on a Bruker SMART generator (X-ray sealed tube) a Kappa
Nonius goniometer and a APEX II detector.

Cell refinement and data reduction were done using SAINT?'. An
empirical absorption correction, based on the multiple measurements of
equivalent reflections, was applied using the program SADABS.? The space
group was confirmed by XPREP routine” in the program SHELXTL.* The
structures were solved by direct-methods and refined by full-matrix least squares

and difference Fourier techniques with SHELX-97.” All non-hydrogen atoms
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were refined with anisotropic displacement parameters. Hydrogen atoms were set
in calculated positions and refined as riding atoms with a common thermal
parameter. Publication materials and ORTEP drawings were prepared using

LinXTL and the Platon program integrated in it.
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Chapter 5: Isonitrile  Transformation to
Carbene in Reaction With POCN Nickel

Dimeric Species.

5.1 Abstract

The new bimetallic pincer complex has been synthesized by the reaction of
[nV;x” k€, k"-{2-(i-Pr,PO),6-(CH,NBn)-C¢H;3 }Ni], (3.5) with 2,6-dimethylphenyl
isocyanide. Surprisingly, only one amido fragment of 3.5 has undergone the
reaction even if 5 equivalents of 2,6-dimethylphenyl isocyanide was used and/or
harsher conditions were applied. Obtained complex was characterized structurally
and its purity was confirmed by combustion as well as NMR analysis. The crystal
structures showed that reaction of 3.5 with 2,6-dimethylphenyl isocyanide did not
lead to breakage of dimeric structure of 3.5, but instead transformed one of the
POCN-pincer moieties to POCC-type. The new fragment features a carbene
ligand detected at 214 ppm in carbon NMR which exhibits a strong coupling with
the phosphorus nucleus. An orange material (5.1) was isolated in a high yield.
Studies by cyclic voltammetry have shown a quasi-reversible oxidation, which
occurs at 0.39 V (AEp = 110 mV) and corresponds to one electron oxidation to

I
Ni .

5.2 Introduction

Nucleophilic addition to the coordinated isonitrile or carbonyl ligand has
long attracted much attention in the scientific community. This reaction
frequently leads to an interesting transformation such as CH activation of
coordinated isonitrile or supporting ligands'. At the same time isonitrile
nucleophilic addition is of great interest in organic chemistry since it provides

.. . .. 2
access to imines which are the fundamental compounds for imidazole® and
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pyrimidine heterocyles® preparation. Non catalytic nucleophilic addition to non-
coordinated isonitriles is hard to perform; however, the isonitrile coordinated to
the metal is much more susceptible toward nucleophilic attack and so use of
coordination compound is necessary to achieve this transformation®. While
nucleophilic addition of amines or amides is fairly well explored in the literature,
the reaction of amido complexes with isonitrile ligands remaining little explored.
At the same time, reactions of metal alkyl complexes with isonitrile or CO ligands
have been reported previously in literature’. Generally, these reactions were
leading to formation of acyl or formimino complexes which are very reactive
species and several examples of isolation of these materials were reported in
literature®. In this context the reactivities of isonitrile with bisamido [;.LN k" ,KC,KN -
{2-(i-Pr,PO),6-(CH,NBn)-CsH3 } Ni], (3.5) POCN pincer complex is of interest for
better understanding the nature of this organometallic species and for our quest

for 14 electron unsaturated species.

5.3 Results and Discussions

No visible color change was noted when one equiv of 2,6-dimethylphenyl
isocyanide was allowed to react with a 0.26 M dichloromethane (DCM) solution
of 3.5 at ambient temperature, but the >'P NMR spectrum of the mixture indicated
that the starting material had been consumed completely (vide infra).
Interestingly, increase of the quantity of 2,6-dimethylphenyl isocyanide up to the
5 molar excess as well as increasing the temperature of reaction up to 60 °C have
not furnished the double insertion product to the second amido fragment and only
form S5.1. Analysis of the orange solid obtained from this reaction confirmed the

formation of 5.1 and helped to establish its identity (Scheme 5.1.).
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Scheme 5.1. Synthesis of complex 5.1
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Thus, the appearance of two signals in the *'P NMR spectrum of the

product implied an unsymmetrical dimeric structure for S5.1. This was also

inferred from the 'H and *C NMR spectra that showed two different sets of

signals for the proton and carbon nuclei of the pincer ligands; in addition, the

appearance of 8 different '>C signals and 5 different 'H signals for the xylyl

moiety indicated the disappearance of the C2 axis present in the isonitrile

precursor. Most interestingly, the '*C NMR spectrum displayed a doublet at 214

ppm featuring a very large P-C coupling constant of 106 Hz which is consistent

with a new carbene ligand positioned trans to a phosphinite moiety. Interestingly,

all CH, protons of benzyl groups (Figure 5.1) displayed very strong geminal

coupling and appear as a pair of AB doublets.
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Figure 5.1. The methylene region in the "H-NMR spectra (C¢Dg) of complexes
5.1

It is interesting to note that, additional small coupling was spotted for CH,
protons at 4.07 and 4.52 ppm. Broad band phosphorus decoupled 'H NMR
experiments together with HMBC and HMQC were conducted in order to
understand the nature of such spin-spin interaction. To our surprise, we have
found that protons at 4.07 and 4.52 ppm belong to the same carbon nucleus
(NCH,Ar-a, a=POCN), however they are coupled to different phosphorus atoms.
Complementary crystallographic investigation of this problem helped us to
conclude about existence of the short contact between phosphorus nuclear (P2)
and one of the hydrogen of CH,Ar-a group resulting in small through space (Jup =
5 Hz, P2-H7A = 2.93 A) coupling. At the same time, the second hydrogen of
CH,Ar-a group displayed small through bond coupling (Jup = 4 Hz) with another
phosphorus (P1) nucleus. An X-ray diffraction study unequivocally established

the solid state structure of 5.1, as described below.
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The ORTEP diagram for complex 5.1 (Figure 5.2) shows that this
compound consists of two Ni centered square planes, linked to each other through
a bridging amido moiety and an unusual Fischer-type diamino carbene ligand that
binds to one Ni center via the C-centered lone pair and to the other Ni center via
one of the amine substituents. Geometrical parameters of the N-C-N carbine
moiety  (C48-N2=1.363(3), (C48-N3=1.330(3)), determined by X-ray
crystallogrphy, were correlated with similar literature examples’ and allowed us
to conclude the formation of a carbene ligand in a POCC type pincer moiety
(Figure 5.2). Interestingly, the Ni-P bond distances observed for both POCN and
POCC complexes were found to be significantly longer for POCC moiety
(2.237(1) A (Table 5.2) versus 2.177(1) A), suggesting strong trans influence of
the carbene ligand on coordination strength of the phosphinito ligand. Similar
characteristic changes were observed for Ni-C bonds, where POCC type moiety
displays somewhat longer C41-Ni2 bond comparated to similar type of bonding in

POCN moiety (C41-Ni2 = 1.910(2) A versus C1-Nil = 1.870 (2) A).
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Figure 5.2. ORTEP diagram for complexes 5.1. Thermal ellipsoids are shown at

the 50% probability level. Hydrogen atoms and benzyl group (C31) are omitted
for clarity.
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5.1.
5.1
chemical formula C49He1N3N1,O, P,
crystal colour Orange
Fw; E(000) 903.37; 956
T (K) 150
wavelength (A) 1.54178
space group P-1
a(A) 9.183(1)
b (A) 12.496(1)
c(A) 22.267(2)
o (deg) 75.612(3)
B (deg) 78.816(3)
v (deg) 76.488(3)
Z 2
V(A% 2381.3(3)
Pealed (grem™) 1.260
u (mm™) 1.919

0 range (deg); completeness

2.07 - 69.72;0.978

collected reflections; R,

43552; 0.0195

unique reflections; Riy

43552; 0.0344

R1% wR2° [1> 26(D)]

0.0530; 0.1454

R1; wR2 [all data]

0.0545; 0.1469

GOF

1.060

largest diff peak and hole

2.44 and -0.31

* Ry=Z(IIF,l-IFID/ZIF,|

P wRy={Z[W(F,’-F2)*V/Z[w(F,})?}"
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Table 5.1. Crystal Data Collection and Refinement Parameters for Complexes
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Table 5.2. Selected Bond Distances (A) and Angles (deg) for Complexes 5.1.

5.1

Ni(1)-C(1) 1.871(2)
Ni(1)-P(1) 2.179(1)
Ni(1)-N(1) 1.968(2)
N(1)-Ni(2) 1.976(2)
Ni(1)-N(3) 1.963(2)
Ni(2)-C(41) 1.911(2)
Ni(2)-P(2) 2.237(1)
N(2)-C(48) 1.363(3)
C(48)-N(3) 1.330(3)
Ni(2)-C(48) 1.899(2)
Ni(2)-N(1) 1.976(2)
Ni(1)-Ni(2) 2.751(1)
C(1)-Ni(D)-N(1) 83.93(9)
C(1)-Ni(1)-P(1) 79.94(8)
C(1)-Ni(1)-N(3) 170.15(9)
P(1)-Ni(1)-N(1) 161.84(6)
N(D-Ni(1)-N(2) 85.81(6)
N(3)-Ni(1)-N(1) 88.86(8)
C(41)-Ni(2)-N(1) 169.43(9)
C(41)-Ni(2)-P(2) 81.94(7)
C(41)-Ni(2)-C(48) 88.37(9)
P(2)-Ni(2)-C(48) 157.30(7)
N(2)- Ni(1)-P(1) 107.72(5)
Ni(1)-N(3)- C(48) 166.43(5)
C(2)-C(1)-C(6) 115.1(2)
C(42)-C(41)-C(46) 117.8(2)
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Interesting features of this complex were observed by electrochemistry.
Figure 5.3 illustrates the redox properties of complex 5.1 through its cyclic
voltammetric responses in dichloromethane solution. Surprisingly, despite the fact
that this complex contains two very different nickel nuclei, a single redox event
was observed in its voltammogram. The curve appearance and peak separation,
AEp=110 mV, were comparable to the ferrocene voltammogram which suggest
one electron oxidation process. At the same time, oxidation potential for complex
5.1 (0.39 V) was not significantly lower comparatively to complex 3.5 (0.41 V)

described earlier.

00 01 02 03 04 05 06 0.7 08
E(V), vs. Ag/Ag™
Figure 5.3. Cyclic voltammogram of 1 mmol/dm” solutions of complex 5.1, in

dichloromethane containing 0.1 mol/dm’ tetrabutylammonium hexafluorophosphate

at 25 °C at a scan rate of 100 mV/s on a glassy carbon working electrode.

5.4 Conclusion

To summarize, we have synthesized and fully characterized the new dinuclear
nickel species by reaction of isonitrile precursor with complex 3.5. This
transformation demonstrates an interesting way of POCN pincer ligand

modification to the unusual POCC-type pincer ligand. The properties of the
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carbene fragment were established via single crystal structure determination in
combination with NMR spectroscopy. Thus, the carbene moiety displays strong
coupling with one phosphorus nucleus as well as a strong trans effect which
elongates the P-Ni distance. We have shown that despite the asymmetric nature of
dinuclear complex 5.1, it shows only one quasi-reversible peak in its
volatammogram; perhaps suggesting possible communication between the two Ni
nuclei. Additional spectroelectrochemical as well as computational studies on this
subject might be required in order to better understand the properties of this

species (5.1).

5.4.1 General

All manipulations were carried out using standard Schlenk and glove box
techniques under nitrogen atmosphere. All solvents used for experiments were
dried to water content of less than 10 ppm by passage through activated aluminum
oxide (MBraun SPS) and deoxygenated by vacuum-nitrogen extraction. C¢Dgs was
dried over molecular sieve (pore size 4 A) and then deoxygenated by 3-5
freeze—pump—thaw cycles. Quality of the solvents used for experiments was
tested using Mettler Toledo C20 coulometric Karl Fischer titrator. The following
were purchased from Aldrich and used without further purification: Ni (metal),
chlorodiisopropylphosphine, = N-Bromosuccinimide, 3-hydroxybenzaldehyde,
triethylamine, benzylamine, 2,6-dimethylisonitrile and C¢D¢. A Bruker AV 400
spectrometer was used for recording 'H, “C{'H} (101 MHz), and *'P{'H} (162
MHz) 'H and "*C chemical shifts are reported in ppm downfield of TMS and
referenced against the residual C¢Dy signals (7.15 ppm for 'H and 128.02 ppm for
BC); *'P chemical shifts are reported in ppm and referenced against the signal for
85% HiPO, (external standard, O ppm). Coupling constants are reported in Hz.
The correlation and assignment of 'H and '>C NMR resonances were aided by 'H

COSY, HMQC, HMBC, DEPT, and 'H{’*'P} experiments
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5.4.2 Synthesis of the complex 5.1

To 17 mg (0.130 mmol) of 2,6-dimethylphenylisonitrile was added a solution of
w; &, &5, &8-{2-(i-Pr,PO),6-(CH,NBn)-C¢H3}Ni], (100 mg, 0.130 mmol) in
dichloromethane (0.5 mL), and the mixture was stirred under nitrogen atmosphere
for about 60 min at a room temperature. The complex was isolated by evaporation

of the solvent and drying under vacuum to obtain complex 5.1 as an orange solid

in a yield of 91 % (107 mg).

"H NMR (8, C¢Dg): 0.69 (dd, *Juu = 7, *Jup = 15, 3H, CHCH3;), 1.15 — 0.99 (m,
15H, 5xCHCH3), 1.28 (dd, *Jun = 7, *Jup = 17, 3H, CHCH3), 1.47 — 1.35 (m, 1H,
CH), 1.57 = 1.47 (m, 1H, CH), 1.75 - 1.62 (m, 1H, CH), 1.88 (dd, *Jun =7, *Jup =
16, 3H, CHCH3 ), 1.96 — 1.92 (m, 1H, CH), 1.97 (s, 3H, CHs), 2.85 (s, 3H, CH3),
3.35 (d, 2Juu = 15, 1H, CH,Bn-b), 3.66 (d, *Jun = 14, 1H, CH,Ar-b), 4.07 (dd,
*Jun = 19, Jup = 4, 1H, NCH>Ar-a), 4.09 (d, *Juu = 14, 1H, CH,Bn-b), 4.52 (dd,
*Juu = 19, Jup = 5, 1H, NCH,Ar-a), 4.59 (d, *Jun = 14, 1H, CH,Bn-a), 4.73 (d,
Jun = 14, 1H, CH,, CH,Ar-b), 5.08 (d, “Juu = 14, 1H, CH,Bn-a), 6.33 (d, *Juy =
8, 1H, {Ar-a}H"), 6.49 (d, *Juu = 7, 1H, {Ar-b}H’), 6.61 — 6.68 (m, 2H, {Ar-
bIH& {ArN}HP™™), 6.76 — 6.68 (m, 4H, 2x{Bn-b}H"™ & 2x{Ar“N}H™"),
6.81-6.88 (m, 3H, 2x{Bn-b}H™" & {Ar-a}H’), 7.00 — 6.88 (m, 3H, {Ar-alH'&
{Bn-b}HP*"*&{Ar-b}H"Y), 7.23 (t, *Jun = 7, 1H, {Bn-a}H"™), 7.33 (t, *Juu = 7,
2H, {Bn-a}H™"), 8.91 (d, *Jun = 7, 2H, {Bn-a}H""™).

BC NMR (8, C¢Dg): 15.92 (d, *Jep = 8, 1C, CHCH3), 16.95 (d, *Jep = 3, 1C,
CHCHjs), 17.01 (d, 2Jcp = 2, 1C, CHCH3), 17.53 (d, 2Jep = 2, 1C, CHCH3), 19.13
(d, 2Jep = 4, 1C, CHCH3), 19.25 (d, *Jep = 4, 1C, CHCH3), 19.51 (d, *Jep = 5, 1C,
CHCH3), 20.78 (s&d overlaping, 2C, N“CH; & CHCHa), 21.97 (s, 1C, N°CH3),
26.81 (d, 'Jep = 15, 1C, PCH), 28.13 (d, 'Jep = 15, 1C, PCH), 30.94 (d, Jcp = 17,
1C, PCH), 31.57 (d, Jcp = 6, 1C, PCH), 55.38 (d, Jcp = 2, 1C, CH,Bn-b), 60.45 (s,
1C, CH,Ar-b), 71.34 (s, 1C, CH,Bn-a), 77.93 (d, Jep = 8, 1C, NCH,Ar-a), 106.83
(d, *Jep = 12, 1C, {Ar-b}C%), 109.68 (d, *Jep = 9, 1C, {Ar-a}C?), 114.13 (s, 1C,
{Ar-a}C%), 118.40 (s, 1C, {Ar-b}C%), 123.33 (s), 125.50 (s), 126.31 (s), 127.09 (d,
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Jep = 2, 10), 128.45 (s), 128.59 (s), 128.89 (s, 1C, {NAr}C™"™), 129.04 (s, 1C,
{NAr}C™®), 129.34 (s, 2C, 2x{Bn}C*"™), 131.08 (s, 1C, {NAr}C™), 132.32
(s, 1C, {NAr}C™®), 136.64 (d, “Jcp = 18, 1C, {Ar-b}CNi), 137.74 (s, 1C, {Ar-
b}C%), 143.88 (d, Jop = 4, 1C, {Ar-a}C®), 144.69 (d, *Jep = 29, 1C, {Ar-a}CNi),
146.08 (d, Jcp = 2, 1C, {Ar-b}C®), 155.63 (d, Jcp = 5, 1C, {NAr} C'*), 159.35 (d,
3Jep = 4, 1C, {Ar-a}C®), 166.03 (d, *Jep = 11, 1C, {Ar-b}C?), 167.68 (d, *Jcp =
14, 1C, {Ar-a}C?), 214.42 (d, *Jcp = 106, 1C, CN{NAr}).

3P NMR (3, C¢Dg): 180.28 (s, 1P, P-b), 183.43 (s, 1P, P-a).

Anal. Caled for C40HgN3Ni;O.P,: C, 65.15, H, 6.81; N, 4.65; Found: C, 65.11; H,
7.14; N, 4.58

5.4.3 Cyclic voltammetry.

Cyclic voltammetry measurements were performed using a BAS Epsilon
potentiostat. The electrochemical properties of compound 5.1 were measured at
room temperature in dichloromethane using a standard three-electrode system
consisting of a glassy carbon working electrode, a Pt auxiliary electrode, and a
Ag/AgCl reference electrode. BusNPFs was used as electrolyte (0.1 mol/dm3) and
the solutions were bubbled with nitrogen before each experiment. Quasi-
reversible redox waves of the ferrocenyl moieties were observed under these

conditions (E;;, {FeCp,"/FeCp,}= +0.48 V).

5.4.4 Crystal Structure Determinations.

Single crystals of 5.1 were grown from a DCM/hexane solution by slow
diffusion of hexanes into a saturated solution of the complex S5.1. The
crystallographic data for complexes 5.1 was collected on a Bruker Microstar
generator (rotating anode) equipped with a Helios optics, a Kappa Nonius

goniometer and a Platinum135 detector.
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Cell refinement and data reduction were done using SAINT®. An empirical
absorption correction, based on the multiple measurements of equivalent
reflections, was applied using the program SADABS.” The space group was
confirmed by XPREP routine'” in the program SHELXTL.'' The structures were
solved by direct-methods and refined by full-matrix least squares and difference
Fourier techniques with SHELX-97."* All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were set in calculated
positions and refined as riding atoms with a common thermal parameter.
Publication materials as well as ORTEP drawing were prepared by using

LinXTL" and Platon in above program.
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Chapter 6: POCN pincer complexes of nickel

featuring secondary amine ligand arm.

6.1 Introduction

Many symmetric and asymmetric pincer ligands were reported in the
literature and their behavior was successfully explored with a large number of
different metal ions. Pioneering' and further work in this area was mostly
concentrated on symmetric pincer ligands featuring tertiary substituted donating
ligands. Later, some variations in conventional pincer ligands were demonstrated.
Thus, CNS? and PCN** pincer ligand were developed and their properties were
explored. Despite the variety of pincer system in the literature, there are almost no
or little studies conducted concerning reactivities of secondary amine substituted
pincer systems.

Previously, we have described POCN-type pincer nickel complexes with
various type of coordinating ligand in the amine arm.>® Some detailed properties
of POCN ligands have been described earlier in our previous reports. We have
shown that secondary amine-based pincer complexes could be easily prepared by
conventional, cyclometallation route. In our quest for 14 electron reactive species,
we have investigated the reaction of this type of complexes with various metalo-
organic reagents.6 However, these reactions did not furnish the 14 electron or
nickel alkyl complexes, but rather dimerise two pincer moieties to form bimetallic
systems. In the search for alternative ligand structures, we have decided to
investigate more bulky or weakly donating coordinating ligands in order to
prevent dimerisation. Herein, we describe properties of new POCN pincer
complexes featuring a secondary amine arm with different steric bulk of the

donating ligands.
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6.2 Results and Discussion

6.2.1 Syntheses.

A three step procedure was applied in order to achieve POCN pincer
complexes. The aminophenol precursors for the POCN ligands were prepared by
condensation of 3-hydroxybenzaldehyde with the corresponding secondary
amines, followed by reduction of the in sitru formed Schiff base with NaBH, in
methanol. Finally, phosphination of the obtained aminophenols with i-Pr,PCl or
t-Bu,PCl, exclusively furnished POCN pincer ligands as products of OH group
phosphination (Scheme 6.1).

HNR2 CIPR2
I OH NaBH4 Base
(0]

NHPh, P(i-Pr), (6.b); NH(t-Bu), P(i-Pr),;
NH(t-Bu), P(-Bu),; NH(i-Pr), P(i-Pr),;

Scheme 6.1. Synthesis of POCN-type ligand

NHR PR,

While reaction of the preligand with i-Pr,PCl was smooth in the presence
of NEt; as a base, the reaction with 7~-Bu,PCl was somewhat sluggish and much
stronger base (NaH) and harsher conditions (reflux CH3;CN 2 days) were
implemented for the reaction to occur. Ligand 6.b was isolated and fully
characterized while other POCN ligands were used without isolation.
Cyclometalations of POCN ligands were achieved under mild conditions and in

the presence of NEt; in order to quench in situ generated HBr (Scheme 6.2)
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Br
PRy NHR RoP—>Ni<—NHR
o NiBry(NCCHy), ©
NEt; / Toluene
60°C,3h 6.1-6.4

NHPh, P(i-Pr), (6.1); NH(t-Bu), P(i-Pr), (6.2);
NH(t-Bu), P(t-Bu), (6.3); NH(i-Pr), P(i-Pr), (6.4);

Scheme 6.2. Cyclometallation reaction

The synthesis of 6.5 was performed via reaction of 6.1 with solid methyl
lithium in toluene as a solvent (Scheme 6.3). Transformation of 6.1 to 6.5 was
monitored by 3P NMR spectroscopy over a week. During this time, the mixture
was gradually changing in color from yellow-brown to dark red and the peak at
202.6 ppm in phosphorus NMR was gradually disappearing with a grow of
another peak at 189.9 ppm. This reaction, as shown previously, was passing
through the formation of NMR silent lithium adduct, the identity of which was

realized previously® (Scheme 6.3).

iR v 60°c/32h | |
(Ph)N—> |<—F|’(1-Pr)2 MeLi (Ph)N—> i<_T(i_Pr)2 T (I-PI')ZP—>ITI<—T(Ph)
- LIbr
e (o] (Ph)N—>Ni—-=—P(i-Pr),
Toluene cl)
n
6.1 - -

6.5

Scheme 6.3. Transformation of 6.1 to 6.5

6.2.2 Characterisation

All precursors for ligand synthesis were fully characterized by NMR and
elemental analysis. Noteworthy, the preligand 6.c displayed somewhat limited

solubility in CDCl; and its NMR was performed in CD3;OD. As a consequence the
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NH and OH signals of this preligand were overlapping with residual OH peak of
CD3;OH. The identity of ligand 6.b was confirmed by NMR spectroscopy while all
other ligands were used without isolation. The diamagnetic pincer complexes
were fully characterized by NMR, elemental analysis and single crystal structure
determination. Due to the complex hydrogen coupling in 'H-NMR some
additional HETCOR experiments were performed. Assignments of all carbon and
hydrogen signals were carried out by using HMQC and 'H-COSY NMR
spectroscopy. Absence of symmetry in complexes 6.1-6.4 makes CH; and PCH
protons appears as an individual doublet of doublet and multiplet, respectively.
The presence of a chiral nitrogen center also complicates the appearance of
ArCH, protons in the complexes. Surprisingly, one of these hydrogens ArCH,
shows strong coupling with NH proton and appears as a doublet of doublet while
the other only couples with its germinal neighbor and gives a doublet (1-3 in

Figure 6.1).

NH ArCHH ArCHH
o
H\N—>|\||i<—Fl’(iPr)2 } \ MM M 6.1
@ Br
NH
He Q 6.2

N—>Ni=—P(tBu),

> o

MLL
H (@9 63
“N—>Ni=—P(Pr),
> b CH NH
s A

H Q
\N—>NI P@Pr), __
Br 5.5 5.0

5 4.0 3.5 3.0
fl (ppm)

Figure 6.1. The methylene region in the "H-NMR spectra (C¢Dg) of complexes
6.1-6.4

An additional complication, in "H-NMR spectral appearance, was spotted

in complex 6.4. Thus, the ArCH; protons display strong (Jyg = 16 Hz) geminal
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coupling between each other and typical, non equivalent (Jyg = 8 Hz, Jyy = 5 Hz),
coupling with the NH proton (4 in Figure 6.1). Interestingly, the CH proton in the
isopropyl group of complex 6.4 exhibits a small coupling to phosphorus (Jyp=2
Hz) and appears as a doublet of septuplets. It's worth noting, that the NH proton
for all aliphatic amines appears in 'H NMR around 3 ppm, while in the case of
complex 6.1, it appears much more downfield (5.5 ppm). Dimeric complex 6.5, on
the other hand, displays only two peaks in the methylene region and appears
similar to 6.1. Also complex 6.5 shows the equivalence of all symmetry-related
protons and carbon nuclei.

Analysis of phosphorus NMR spectra of these complexes was
straightforward, having a single resonance peak for complexes near 200 ppm (6.1,
202.6; 6.2, 196.6; 6.3, 195.11; 6.4, 198.4). Interestingly, more downfield chemical
shift in *'P was obtained for complexes with smaller amine or phosphine
substituents. However, these observations cannot be correlated with the observed
3lp peak for complex 6.5 (190 ppm).

All obtained complexes were additionally characterized by single crystal
structure determination in order to obtain their structural parameters. Crystal and
data collection details for all complexes are summarised in Table 6.1-6.4. The
ORTEP diagram for complexes 6.1-6.4 presented inFigure 6.3 and for complex
6.5 in
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Figure 6.4. Due to the presence of chiral nitrogen centers, all presented complexes

yielded a racemic mixture of R and S enantiomers.

NHR & PR, = NHPh, P(i-Pr), (6.1); NH(t-Bu),
P(i-Pr), (6.2); NH(t-Bu), P(t-Bu), (6.3);
(0] NH(i-Pr), P(i-Pr), (6.4);

|
e e A P—(—

Br

Figure 6.2. Structural featers of POCN pincer complexes

X-ray diffraction studies of 6.1-6.4 showed that these complexes adopt
moderately distorted square planar geometries in the solid state (Figure 6.3) with
the greatest structural distortions appearing in the angles P-Ni-N (163-167°).
Additional structural distortions were arising from the tilting of the amine ligand
off the plane defined by Ni-C1-C2 (Figure 6.2). However, phosphine ligands in
these complexes were always found in the plane. Unique example in this category
is the complex 6.4 has both phosphine and amine arms in the plane. This
behaviour is more likely a structural artifact which arises from packing of
individual molecules in the crystal lattice. The phosphorus-nickel distances in
complexes 6.1, 6.2, 6.4 were found to be much shorter (~2.11 A) than in complex
6.3 (2.15 A) for which (#-Bu),P was used as a ligand. Similar observations were
noted in variation of Ni-N bonds of these complexes. Thus, complex 6.4 displays
the shortest Ni-N (2.005(2) A) bond distances, while complex 6.3 was found to
have longest bond distances (2.032(2) A) in the series. These structural features
could be explained from a steric bulk point of view; the bulkier alkyl substituents
the smaller pyramidality of the donor ligand and longer the distance to the metal.
It is worth mentioning, that complex 6.5 resides on a symmetry element
(inversion center) and the second part of this dimeric species was generated by
symmetry (part “a”’). Contrary to the previously described complex 3.5 complex
6.5 crystallise as “Z” shape, where two pincer moieties are perfectly parallel one

to another. At the same time, atomic distances between two pincer moieties were
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found to be much longer for complex 6.5 (1.985(2) A) than for complex 3.5
(1.970(1) A) reported previously. Similar observations could be seen for Ni-Ni
distances. Thus, the Ni-Ni distance in complex 6.5 is much longer (2.838(1) A)
than for complex 3.5 (2.512(1) A).
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Figure 6.3. ORTEP diagrams for complexes 6.1 (a), 6.2 (b), 6.3 (c) and 6.4 (d).
Thermal ellipsoids are set at the 50% probability level. Calculated hydrogen

atoms are omitted for clarity.

a)

b)




d)

190
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Figure 6.4. ORTEP diagrams for complex 6.5. Thermal ellipsoids are set at the

50% probability level.
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Table 6.1. Crystal Data Collection and Refinement Parameters for Complexes 6.1

and 6.5.
6.1 6.5
chemical formula C1oH,sBINNiOP,0.5(C¢Hg) C33H4gNoNi,0,P,
crystal colour Yellow Red
Fw; F(000) 492.04; 506 744.14; 784
T (K) 150 150
wavelength (A) 1.54178 1.54178
space group P-1 P-1
a(A) 8.9115(2) 11.1174(2)
b (A) 10.2997(3) 12.0007(2)
c (A) 12.6496(3) 14.0031(3)
o (deg) 90.733(1) 107.425(1)
B (deg) 98.863(1) 90.600(1)
v (deg) 110.671(1) 101.891(1)
Z 2 2
V(A% 1070.50(5) 1739.04(6)
Pealed (grem™) 1.527 1.421
u (mm™) 4.281 2.494

0 range (deg); completeness

3.55 -60.48; 0.890

3.32 - 67.87;0.862

collected reflections; Rs

16909; 0.0190

25347; 0.0299

unique reflections; Rjy

16909; 0.0429

25347; 0.0378

R1% wR2° [1> 26(D)]

0.0278; 0.0775

0.0323; 0.0870

R1; wR2 [all data]

0.0280; 0.0777

0.0401; 0.0899

GOF

1.064

1.006

largest diff peak and hole

0.44 and -0.33

0.37 and -0.32

T R1=XZ(IF,-IF ID/ZIF,|
P wRy={Z[W(F,’-F2)*V/Z[w(F,>)*1}"”
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Table 6.2. Crystal Data Collection and Refinement Parameters for Complexes 6.2-6.4.

6.2 6.3 6.4
chemical formula C,9H33BrNNiOP C,7H29BrNNiOP C1sH27BrNNiOP
crystal colour Yellow Yellow Yellow
Fw; F(000) 461.05; 480 433.00; 896 418.98; 1728
T (K) 150 150 150
wavelength (A) 1.54178 1.54178 1.54178
space group P-1 P21/c Pbca
a(A) 7.9840(2) 9.3629(3) 10.8825(2)
b (A) 10.8172(3) 21.4243(6) 16.0131(3)
c(A) 13.0862(3) 11.3528(3) 21.0574(4)
a (deg) 106.663(1) 90 90
B (deg) 92.922(1) 121.931(2) 90
v (deg) 94.694(1) 90 90
Z 2 4 8.00(2’=2)
V(A7) 1075.8(1) 1932.7(1) 3669.5(1)
Pealed (grecm™) 1.423 1.488 1.517
u (mm™) 4.210 4.649 4.878

0 range (deg); completeness

3.54 - 72.68; 0.958

4.13 -72.83;0.944

4.20 - 72.34; 0.999

collected reflections; Rs

14325; 0.0222

20888; 0.0223

45256; 0.0123

unique reflections; Rjy

14325; 0.0329

20888; 0.0372

45256; 0.0344

R1% wR2°[1> 26(D)]

0.0383; 0.1017

0.0378; 0.1040

0.0302; 0.0828

R1; wR2 [all data]

0.0399; 0.1031

0.0404; 0.1109

0.0324; 0.0841

GOF

1.091

1.105

1.112

largest diff peak and hole

0.01 and -0.02

0.46 and -0.87

0.55 and -0.90

* Ry=Z(IIF,l-IFI/ZIF,|

P wRy={Z[W(F,’—F2)*V/Z[w(F,})?}"
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Table 6.3. Selected Bond Distances (A) and Angles (deg) for Complexes 6.1-6.4.

6.1 6.2 6.3 6.4
Ni(1)-C(1) 1.851(3) 1.856(2) 1.852(3) 1.853(2)
Ni(1)-P(1) 2.1058(7) 2.1446(6) 2.1133(9) 2.1170(6)
Ni(1)-N(1) 2.012(2) 2.032(2) 2.025(3) 2.005(2)
Ni(1)-Br(1) 2.3552(5) 2.3644(4) 2.3554(6) 2.3471(4)
C(1)-Ni(1)-Br(1) 176.26(7) 169.58(6) 168.8(1) 174.49(6)
P(1)-Ni(1)-N(1) 165.03(7) 163.30(6) 163.33(8) 166.83(5)
P(1)-Ni(1)-Br(1) 95.83(2) 99.82(2) 96.22(3) 96.054(2)
N(1)-Ni(1)-Br(1) 97.96(6) 96.11(6) 99.54(8) 96.73(5)
P(1)-Ni(1)-C(1) 81.95(7) 81.16(7) 81.6(1) 81.96(6)
N(1)-Ni(1)-C(1) 84.57(9) 84.08(8) 83.9(1) 85.02(7)

Table 6.4. Selected Bond Distances (A) and Angles (deg) for Complex 6.5.

6.5

Ni(1)-C(1) 1.854(2)
Ni(1)-N(1) 1.996(2)
Ni(1)-N(1A) 1.9847(2)
Ni(1)-Ni(1A) 2.8377(6)
Ni(1)-P(1) 2.1210(6)
C(1)-Ni(1)-N(1A) 157.68(8)
C(1)-Ni(1)-P(1) 81.38(7)
C(1)-Ni(1)-N(1) 83.79(8)
N(1)-Ni(1)-N(1A) 89.07(8)
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6.3 Conclusion.

To summarize, new POCN pincer-type nickel complexes featuring
secondary amine ligand have been synthesized. NMR studies of diamagnetic 6.1-
6.4 complexes reveal NH moiety intact after cyclometallation and absence of
{Ar}H* indicating successful complexation reaction. Structural studies of these
materials reveal slightly distorted square planar geometry, with the nitrogen
moiety slightly tilted off the plane of coordination. Interestingly, this tilt was
absolutely absent in the case of complex 6.4 and more likely arises from the
packing of individual molecules in solid state. Additionally, all complexes,
despite the presence of chiral center, have crystallized in non chiral space group;
therefore indicating presence of mixture of enantiomers in the studied crystalline
material. New dimeric complex 6.5 was synthesized and its structural as well as
spectroscopic analysis was performed. Structural analysis of this species reveals
the presence of two moiety of pincer complexes related one to another by the
inversion center. Additionally, atomic distances between two pincer moieties of
6.5 were found to be much greater than in previously discovered complex 3.5,
suggesting easier dissociation of this dimer in solution.

Further investigations of these complexes are needed to better understand

their reactivities.

6.4 Experimental Section

6.4.1 General.

All manipulations were carried out using standard Schlenk and glove box
techniques under nitrogen atmosphere. All solvents used for experiments were
dried to water contents of less than 10 ppm (determined using a Mettler Toledo
C20 coulometric Karl Fischer titrator) by passage through activated aluminum
oxide columns (MBraun SPS) and freeze-thaw degassed. C¢D¢ was dried over 4 A
molecular sieves and then freeze-thaw degassed. The following were purchased

from Aldrich and, unless otherwise noted, used without further purification: Ni
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(metal), chlorodiisopropylphosphine, 3-hydroxybenzaldehyde, NBS and
triethylamine (was distilled over CaH, under nitrogen atmosphere). A Bruker AV
400 spectrometer was used for recording 'H, ®C{'H} (101 MHz), and *'P{'H}
(162 MHz). 'H and "*C chemical shifts are reported in ppm downfield of TMS
and referenced against the residual C¢Dg (7.15 ppm for 'H and 128.02 ppm for
BC) and CDCl; signals (7.26 ppm for 'H and 77.16 ppm for '*C); *'P chemical
shifts are reported in ppm and referenced against the signal for 85% H3PO,
(external standard, O ppm). Coupling constants are reported in Hz. The correlation
and assignment of '"H and 'C NMR resonances were aided by 'H COSY, HMQC,
HMBC, DEPT, and 1H{31P} experiments when necessary. GC/MS measurements

were made on an Agilent 6890N spectrometer.

6.4.2 Synthesis of ligands.

6.4.2.1 [3-((N-phenylamino)methyl)phenol] (6.a)

The procedure described® for preparation of 3-((N-benzylamino)methyl)phenol
was used to prepare current preligand. Compound isolated as off white solid with
87% yield.

'H NMR (3, CsDe): 3.85 (s, 2H, CH,), 6.41 (d, *J = 8, 2H, {Ph}H*"™), 6.51 (d, *J
= 8, & s overlapping, 2H, {Ar}H°&{Ar}H?), 6.70 (m, 2H, {Ph}H"™™ &{Ar}H"),
6.97 (t,°J = 8, 1H, {Ar}H"), 7.10 (t, °J = 8, 2H, {Ph}H™")

PC{'H} NMR (3, C¢Dg): 47.99 (s, 1C, CH,), 113.28 (s, 2C, {Ph}C™™), 114.25
(s, 1C, {Ar}C®), 114.37 (s, 1C, {Ar}C?), 117.90 (s, 1C), 119.53 (s, 1C), 129.50 (s,
2C, {Ph}C™"™), 129.93 (s, I1C, {Ar}C’), 141.82 (s, 1C, {Ar}C?), 148.44 (s, 1C,
{Ph}C™°), 156.57 (s, 1C, {Ar}C")

Anal. Calcd for C13H3NO: C, 78.36; H, 6.58; N, 7.03;. Found: C, 78.21; H, 6.73;
N, 7.00
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6.4.2.2 [3-((N-phenylamino)methyl)phosphinitobenzene] (6.b)

Synthesis of 6.b was conducted according to the procedure reported earlier for
preparation of 3-((benzylamino)methyl)(phosphinito)benzene®. Final ligand
isolated as colorless oil with yield more than 96 %.

"H NMR (8, C¢Ds): 0.97 (dd, *Jup = 16, *Jun = 7, 6H, 2xCHs), 1.13 (dd, *Juy =
11, Jun = 7, 6H, 2xCH3), 1.64 — 1.87 (m, 2H, CH), 3.59 (br. s, 1H, NH), 3.94 (s,
2H, CH,), 6.43 (d, *Jun = 8, 2H, {Ph}H*"™), 6.71 (t, *Jun = 7, 1H, {Ph}H"*™),
6.82 (d, *Juu = 8, 1H, {Ar}H"), 7.03 = 7.13 (m, 3H), 7.28 (s, 1H, {Ar}H?)
BC{™H} NMR (3, C¢Dg): 17.14 (d, *Jep = 9, 2C, 2xCH3), 17.85 (d, *Jep = 21, 2C,
2xCH3), 28.59 (d, *Jep = 18, 2C, 2xCH), 48.07 (s, 1C, CHy), 113.18 (s, 2C,
{Ph}C™), 117.45 (d, *Jep = 11, 1C, {Ar}C®), 117.60 (s, 1C), 117.9 (d, *Jep =
10, 1C, {Ar}C?, 1209 (s, 1C, ) 129.39 (s, 2C, {Ph}C™"), 129.78 (s, 1C,
{Ar}C°), 141.92 (s, 1C, {Ar}C?), 148.59 (s, 1C, {Ph}C™°), 160.18 (d, *Jcp = 9,
1C, {Ar}ChH

3P NMR (162 MHz, C¢Dg) & ppm 147.4 (s, 1P)

6.4.2.3 [3-((N-tert-butylamino)methyl)phenol] (6.c)

To a solution of 3-hydroxybenzaldehyde (2.5 g, 20.45 mmol) in 40 mL of
methanol at r.t. was added a solution of t-butylamine (2.15 mL, 20.45 mmol) in
10 mL of methanol. The resulting mixture was stirred for two hour to obtain a
white suspension of Schiff base. The suspension was then cooled to 0 'C and
NaBH4 (0.78 g, 20.45 mmol) was added portionwise over 2 hour. The resulting
mixture was concentrated under reduced pressure, treated with 5% HCI until
pH~1, and then treated with concentrated aqueous ammonia solution until pH=12
to free up the amine pre-ligand. The obtained suspension of ¢ in water was treated
with solid KCI (5 g). Filtration of the resulting suspension through a glass frit and
drying under vacuum for 2 more hours gave a white powder. (3.67 g, 93 %). The
compound was found to have limited solubility in C¢Hg, CHCl3, and was partially

soluble in CH;OH, THF and CH;CN.
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'H NMR (8, CD;0D): 1.46 (s, 9H, 3xCHjs), 4.08 (s, 2H, CH,), 4.95 (br. s, 2H, NH
& OH overlapping with CD;0H), 6.86 (dd, *J = 2,°J =8, 1H, {Ar}H®), 6.97 (d, °J
=8, & s overlapping, 2H, {Ar}H* & {Ar}H%), 7.27 (t,°J = 8, 1H, {Ar}H’).

BC{'H} NMR (8, CD;0D): 25.84 (s, 3C, 3xCH3), 46.63 (s, 1C, CH,), 58.58 (s,
1C, C(CHs)3), 117.33 (s, 1C, {Ar}C®), 117.75 (s, 1C, {Ar}C?), 121.74 (s, 1C,
{Ar}CY), 131.38 (s, 2C, {Ar}C°), 134.43 (s, 1C, {Ar}CY), 159.32 (s, 1C, {Ar}CH.

6.4.2.4 [3-((N-iso-propylamino)methyl)phenol] (6.d)

The procedure described for preparation of 6.c was used to prepare current
preligand. Compound isolated a white solid with a yield of 79%.

'H NMR (8, CDCls): 1.16 (t, °J = 6, 6H, 2xCH3), 2.93 (hept, J = 6, 1H), 3.70 (s,
2H, CH,), 5.49 (br. s, 2H, NH&OH), 6.70 (dd, *J = 4, °J = 10, 1H, {Ar}H°), 6.76
(d,>J =8, & s overlapping, 2H, {Ar}H* & {Ar}H?), 7.11 (t, >J = 8, 1H, {Ar}H’).
BC{'"H} NMR (8, CDCls): 22.05 (s, 2C, 2xCHj3), 48.67 (s, 1C, CH,), 50.99 (s,
1C, CH), 115.55 (s, 1C, {Ar}C®), 116.24 (s, 1C, {Ar}C?), 120.06 (s, 1C, {Ar}Ch,
129.91 (s, 1C, {Ar}C?), 139.95 (s, 1C, {Ar}C?), 157.34 (s, 1C, {Ar}Ch.

6.4.3 Synthesis of Complexes 6.1-6.5.

6.43.1 &, &, &-{2,6-(i-Pr,PO)(CeH3)(CH,N(Ph)H) }NiBr (6.1).

The procedure described previously® for the preparation of &,k K¥-{2,6-

(i-Pr,PO)(CecH3)(CH,NBnH) } NiBr was used to prepare this complex, which was
isolated as yellow powder with a yield of 74%.
"H NMR (8, C¢Dg): 1.02 — 1.14 (m, 6H, 2xCHCH3), 1.19 (dd, *Juu = 7, *Jup = 18,
3H, CHCH3), 1.44 (dd, *Juu = 7, *Jup = 18, 3H, CHCH3), 1.86 — 2.01 (m, 1H,
PCH), 2.10 — 2.24 (m, 1H, PCH), 3.79 (d, *Jun = 16, 1H, CH,), 4.36 (dd, *Jun =7,
*Jun = 16, 1H, CH,), 5.48 (br. d, *Juy = 5, 1H, NH), 6.42 (d, *Juu = 7, 1H,
{Ar}H%), 6.63 (d, J = 8, 1H, {Ar}H), 6.86 (t, Jun = 7, 1H, {Ar}H"), 6.91 (t, 1H,
{Ph}HP™™), 7.01 (t, *Jun = 7, 2H, {Ph}H™"), 7.33 (d, 2H, {Ph}H"").
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BC{™H} NMR (8, C¢De): 16.26 (d, *Jep = 3, 1C, CHCH3), 17.20 (s, 1C, CHCHa),
17.90 (d, *Jep = 5, 1C, CHCH3), 18.18 (d, *Jep = 4, 1C, CHCH3), 28.16 (d, *Jep =
19, 1C, CHCH3), 28.40 (d, 2Jcp = 19, 1C, CHCH3), 62.67 (s, 1C, CH,), 108.52 (d,
2Jep = 13, 1C, {Ar}C%), 11491 (s, I1C, {Ar}C%), 12176 (s, 2C, {Ph}C™"),
124.84 (s, 1C, {Ph}C™®), 127.27 (s, IC, {Ar}C"), 128.99 (s, 2C, {Ph}C™™),
143.65 (d, *Jep = 33, 1C, {Ar}C'-Ni), 146.48 (s, 1C, {Ph}C'™°), 154.48 (s, 1C,
{Ar}C®), 166.09 (d, Jep = 10, 1C, {Ar}C?). *'P NMR (162 MHz, C¢Dg) & ppm
202.6 (s,1P)

Anal. Caled for C1oHy6NNiOPBr + ¥2 C¢He: C, 53.70; H, 5.74; N, 2.85;. Found: C,
53.64; H, 5.69; N, 2.93.

6.43.2 &, &, &-{2,6-(i-Pr,PO)(CsH3)(CH,N(s-Bu)H) }NiBr (6.2).

To a stirred solution of 6.c (0.500 g, 2.79 mmol) and triethylamine (0.400 mL,
2.85 mmol) the (i-Pr),PCI (0.460 mL, 2.79 mmol, 96%) was added at 0-5 °C. The
resulting mixture was allowed to warm to r.t. and stirred for additional five hours.
After that time, obtained solution was filtered through cannula into a suspension
of NiBry(CH3CN)x (0.917 mg, 3.058 mmol) and triethylamine (0.400 mL, 2.85
mmol) in toluene (10 mL) at r. t. The resulting dark brown mixture was then
heated for 3 h at 60 °C. After evaporation of the solvent to dryness, crude mixture
was resolubilised in DCM and filtered through a short pad of silica gel (eluents:
hexane followed by 50:50 CH,Cl,:Hexane). This gave yellow powder of complex
2 (0.818 g, 68 %) after evaporation of the solvent.

'H NMR (8, C¢De): 1.06 (dd, *Juu = 7, *Jup = 13, 3H, CH;CH), 1.15 (s, 9H,
3xCH3C), 1.33 —1.58 (m, 9H, 3xCH3CH), 2.00 — 2.17 (m, 1H, PCH), 2.27 — 2.47
(m, 1H, PCH), 2.90 (br s, 1H, NH), 3.38 (d, *Juu = 16, 1H, ArCH>), 3.57 (dd, *Jun
=7, Juu = 16, 1H, ArCH>), 6.37 (d, *Juu = 8, 1H, {Ar}H"), 6.58 (d, *Juu = 8, 1H,
{Ar}H?), 6.87 (t, *Juu = 8, 1H, {Ar}H").

BC{™H} NMR (8, C¢D¢): 15.72 (d, *Jep = 4, 1C, CH3;CH), 17.94 (m, 3C), 18.49
(d, 2Jep = 2, 1C, CH;CH), 28.38 (d, 'Jep = 23, 1C, CH;CH), 30.61 (s, 3C, 3xCH3),
53.78 (s, 1C, ArCH,), 57.57 (s, 1C, C(CH3)3), 108.14 (d, *Jep = 13, 1C, {Ar}C),
114.62 (s, 1C, {Ar}C%), 126.98 (s, 1C, {Ar}Ch), 142.53 (d, *Jep = 36, 1C, {Ar}C'-
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Ni), 154.36 (s, 1C, {Ar}C®), 166.06 (d, *Jcp = 11, 1C, {Ar}C?. *'P{'H} NMR (3,
CsDg): 196.90 (s, 1P).

Anal. Calcd for C7H,oNNiOPBr: C, 47.16; H, 6.75; N, 3.23;. Found: C, 47.47; H,
6.65; N, 3.06.

6.433 «, K, &-{2,6-(t-Bu,PO)(CeH3)(CH,N(#-Bu)H) }NiBr (6.3).

To a stirred solution of 6.c (0.500 g, 2.79 mmol) the NaH (0.70 mg, 2.79 mmol)
was added portionwise (caution H, evolution). The obtained mixture was then
treated with (-Bu),PCl (0.547 mL, 2.79 mmol, 96%) at r.t. and was left to stir at
100 °C overnight. After the obtained solution was filtered through cannula into a
suspension of NiBr,(CH3CN) (0.917 mg, 3.058 mmol) and triethylamine (0.400
mL, 2.85 mmol) in toluene (10 mL) at r. t. The resulting dark brown mixture was
then heated for 3 h at 60 °C. After evaporation of the solvent to dryness, crude
mixture was resolubilised in DCM and filtered through a short pad of silica gel
(eluents: hexane followed by 50:50 CH,Cl,:Hexane). This gave yellow powder of
complex 6.3 (0.781 g, 61 %) after evaporation of the solvent.

"H NMR (8, C¢De): 1.14 (s, 9H, 3xCHs), 1.47 (d, *Jup = 14, 9H, 3xCH;P), 1.55
(d, *Jup = 14, 9H, 3xCH5P), 2.96 (br. s, 1H, NH), 3.32 (d, *Juu = 16, 1H, ArCH>),
3.64 (dd, *Jun = 7, Jun = 16, 1H, ArCH>), 6.35 (d, *Juu = 7, 1H, {Ar}H’), 6.56
(d, “Jun = 8, 1H, {Ar}H’), 6.85 (t, Jun = 8, 1H, {Ar}H").

PC {"H} NMR (3, CeDy): 28.24 (d, *Jep = 4, 3C, 3xCH;C), 28.57 (d, *Jep = 4, 3C,
3xCH;C), 30.54 (s, 3C, 3xCH;3C), 38.73 (d, 'Jep = 16, 1C, CH3C), 39.76 (d, 'Jep
=13, 1C, CH3C), 53.56 (s, 1C, ArCH,), 57.38 (s, 1C, C(CH3)3), 108.20 (d, *Jcp =
12, 1C, {Ar}C?), 114.44 (s, 1C, {Ar}C), 126.85 (s, 1C, {Ar}Ch), 142.13 (d, *Jcp
=32, 1C, {Ar}C'-Ni), 154.66 (s, 1C, {Ar}C®), 166.70 (d, *Jcp = 10, 1C, {Ar}C?).
'P{'H} NMR (3, C¢Ds): 195.11 (s, 1P).

Anal. Calcd for C;9H33NNiOPBr: C, 49.50; H, 7.21; N, 3.04;. Found: C, 49.44; H,
7.30; N, 2.88
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6.43.4 &, &, ©&-{2,6-(i-Pr,PO)(CeH3)(CHoN(i-Pr)H) } NiBr (6.4).

The procedure described above for the preparation of 6.2 was used to prepare this
complex, which was isolated as yellow powder with 75% (0.875 g) yield.

"H NMR (8, C¢Dg): 0.62 (d, *Juy = 7, 3H, NCHCH5), 1.17 (dd, *Juu = 7, *Jup =
14, 3H, NCHCHs), 1.23 (dd, *Juu = 7, *Jup = 15, 3H, PCHCH; ), 1.26 (d, *Juu =
7, 3H, NCHCH3;), 1.46 (dd, J = 7, *Jup =17, 3H, PCHCH3), 1.53 (dd, *Juu = 7,
3Jup = 17, 3H, PCHCH3), 2.07 — 2.20 (m, 1H, PCHCH3), 2.23 — 2.36 (m, 1H,
PCHCH3), 2.96 (br. s, 1H, NH), 3.34 (dd, *Jun = 8, *Jun = 16, 1H, CH,), 3.47 (dd,
Jan = 5, e = 16, 1H), 3.91 — 4.08 (d sept, *Juu=7, *Jup=2, 1H, CHCH3), 6.43
(d, *Juu = 7, 1H, {Ar}H), 6.62 (d, *Jun = 8, 1H, {Ar}H), 6.91 (t, *Juu = 7, 1H,
{Ar}HY).

BC {"H} NMR (8, C¢De): 16.46 (d, “Jep = 3, 1C, PCHCH3), 17.34 (s, 1C,
NCHCHj3), 18.14 (d, “Jep = 5, 1C, PCHCH3), 18.35 (d, *Jcp = 4, 1C, PCHCHa),
20.16 (s, 1C, NCHCH3), 20.83 (d, 2Jcp = 2, 1C, PCHCH3), 28.42 (d, 2Jcp = 9, 1C,
PCH), 28.66 (d, 2Jcp = 9, 1C, PCH), 49.81 (s, 1C, NCH), 52.30 (s, 1C, ArCH,),
108.10 (d, °J = 13, 1C, {Ar}C?), 114.84 (s, 1C, {Ar}C), 126.92 (s, 1C, {Ar}CY),
142.83 (d, 2Jcp = 33, 1C, {Ar}C'-Ni), 154.52 (s, 1C, {Ar}C®), 166.14 (d, *Jcp =
11, 1C, {Ar}C%). *'P{'H} NMR (3, C¢D¢): 198.04 (s, 1P).

Anal. Calcd for C1sH,NNiOPBr: C, 45.87; H, 6.50; N, 3.34;. Found: C, 46.09; H,
6.56; N, 3.18.

6.43.5 [, &, £'-{2,6-(i-Pr,PO)(CeH3)(CH,NPh) }Ni], (6.5)

To a stirred solution of 6.1 (0.500 g, 1.10 mmol) in dry and degassed toluene (10
mL) at r.t. was added solid MeLi (27.0 mg, 1.21 mmol), and the resulting yellow-
brown mixture was stirred for 6 days at r.t. Conversion of 6.1 to 6.5 was
monitored by S'p{'H} NMR spectroscopy. At the end of reaction, the mixture was
washed with water (3x10 mL) and evaporated under reduced pressure to give a
red powder (0.217 g, 53%).

'H NMR (8, C¢Dg): 0.47 (dd, *Juu = 7, *Jup = 17, 6H, 2xPCHCH3), 0.71 (dd, *Jun
=17, *Jup = 14, 6H, 2xPCHCH;), 0.91 (dd, *Jun = 7, *Jup = 13, 6H, 2xPCHCH3),
1.25 (dd, *Jun = 7, *Jup = 18, 6H, 2xPCHCH5), 1.32 — 1.45 (m, 2H, 2xPCH), 1.65
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— 1.83 (m, 2H, 2xPCH), 4.21 (dd, *Jup = 5, 15, 2H, 2xCHH), 4.84 (d, *Juu = 15,
2H, 2xCHH), 6.46 (d, *Jun = 8, 2H, {Ar}C"), 6.79 (t, *Juu = 7, 2H, {Ar}C"), 6.88
(d, *Jun = 7, 2H, {Ar}CY), 6.93 (t, *Jun = 7, 2H, {Ar}C?), 7.00 (d, *Juu = 8, 2H,
{Ar}CY, 7.05 (d, *Juu =7, 1H, {Ar}C"), 7.09 — 7.20 (m, 16H, {Ar}C").

BC {"H} NMR (8, C¢Dg): 15.27 (d, *Jep = 3, 11C), 16.09 (s, 15C), 16.58 (s, 12C),
18.27 (d, *Jep = 3, 11C), 27.49 (d, *Jep = 18, 9C), 28.77 (d, *Jep = 22, 8C), 62.36
(s, 9C), 107.50 (d, Jep = 6, 1C), 115.99 (s, 5C), 118.77 (s, 7C), 120.46 (s, 14C),
125.70 (s, 4C), 126.95 (s, 8C), 128.57 (s, 82C), 129.27 (s, 3C), 129.33 (s, 2C),
137.89 (s, 1C), 144.41 (d, “Jcp = 30, 1C), 156.90 (s, 1C), 158.44 (s, 3C), 165.48
(d, *Jep =5, 1C). *'P{'"H} NMR (8, C¢Ds): 189.95 (s, 2P).

Anal. Calcd for CsgH3,0,P>,N,>Niy: C, 62.22; H, 6.79; N, 3.63;. Found: C, 61.55;
H, 6.75; N, 3.69

6.4.4 Crystal Structure Determinations.

Single crystals of 6.1-6.5 were grown by slow diffusion of hexanes into a
saturated DCM (complex 6.2-6.4) or C¢He (complex 6.1, 6.5) solution of each
complex. The crystallographic data for complexes 6.1-6.5 were collected on a
Bruker Microstar generator (rotating anode) equipped with Helios optics, a Kappa
Nonius goniometer and a Platinum135 detector.

Cell refinement and data reduction were done using SAINT’. An empirical
absorption correction, based on the multiple measurements of equivalent
reflections, was applied using the program SADABS.® The space group was
confirmed by XPREP routine’ in the program SHELXTL.' The structures were
solved by direct-methods and refined by full-matrix least squares and difference
Fourier techniques with SHELX-97."" All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were set in calculated
positions and refined as riding atoms with a common thermal parameter, except
for those of the NH moiety of complexes 6.1-6.4, which were positioned from

residual peaks in the difference Fourier map.
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Chapter 7: Conclusions and perspectives

7.1 General

Undoubtedly, the chemistry of pincer complexes is one of the most valuable
part of the organometallic chemistry. It opens a new possibility toward building
new materials, exploring catalytic systems and brings us to the new level of
multinuclear chemistry. However, pincer chemistry is not free of limitation. There
are several challenges in this area such as: accessibilities of pincer ligands, ease
of ligand tunability, cyclometalation step of pincer formation, cost of the starting
materials and so on. By developing the POCN pincer system, we hoped to
overcome these limitations and develop robust and easy accessible ligand

structure with multi-diverse possibilities to tune properties of the metal hosting it.
7.2 Synthesis of ligands and complexes

In our work, we have shown that synthesis of POCN pincer ligand could
be easily achieved in two simple steps via reductive amination of 3-
hydoxybenzaldehyde follow by phosphination of obtained aminophenol by

various amines (Scheme 7.1).
HNR2 CIPR2
| OH NaBH4 Base
o

NR, = Morpholine, NEt;, NMe,, NHPh,
NHBnN, NH(i-Pr), NH(t-Bu)

NR, PR,

PR, = P(i-Pr),, (t-Bu),
Scheme 7.1. Synthesis of POCN pincer ligand.

Although, amination reaction was proven to be successful with various

primary and secondary amines, it was somewhat limited when using bulkier
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amines like diisopropylamine or isopropylethylamine. As a consequence no

products were obtained for this type of starting materials (Scheme 7.2).

“HN

| OH BH, OH
o NR:
NRz = N(i-Pr),, N(i-Pr)Et

Scheme 7.2. Reductive amination with bulkier amines.

Additional complications occurred during reduction of the obtained Schiff
base and iminium salt, in a form of 3-hydroxybenzylalcohol, which made the
purification process of preligands difficult.

The  phosphination of obtained aminophenol with  various
chlorophosphines furnish POCN ligands in almost quantitive yields. POCN
ligands were also isolated in a good yield when the primary amine adducts were

subjected to phosphination reaction (Scheme 7.3).

CIPR,
_— and no or
OH Base C|> OH

NHR NHR PR, NR PR, hR

NHR = NHPh, NHBn, NH(i-Pr), NH(¢-Bu)

PRy = P(i-Pr),, (t-Bu),

Scheme 7.3. Phosphination of primary amine adducts.

Cyclometalation of all POCN pincer ligands was smoothly achieved by
using the NiBr,(CH3CN)y precursor which was found to be very reactive and
valuable in ligand-assisted C-H activations. Interestingly, cyclometalation of

secondary amine POCN ligands did not affect the NH moiety of these ligands and
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smoothly furnished final complexes as racemic mixtures of S and R enantiomers

in good yield (~70 %).

B 7o

NR, I|°(i-Pr)z R,N— i<—|r(i-Pr)2 BB'"")Ni‘Fl»(i.pr)z
O NiBry(CH3CN), o) H, o o
—_— =+ R2N
no base @
| NiBry(CHsCN), i 2Et,N |
Et,N

Scheme 7.4. POCN pincer complex formation.

Also, use of base was necessary for successful cyclometallation and to
achieve a high yield of desirable pincer complex. Furthermore, excluding the base
from this reaction furnished the targeted pincer complex together with side-
product (in 50:50 ratio) arising from protonation of the ligand by the in situ
generated HBr (Scheme 7.4). The resulting protonated species could then be
easily converted to the desirable pincer complex by reaction with two equivalents
of the base. The protonated species might be of interest for kinetic studies of
cyclometalation, since it excludes the ligand association process.

Depending on ligand structure, the general procedure that was developed
for POCN nickel complex allowed high yield (~ 80%) isolations of the final
compounds. Ease of wrap-up cyclometalation was in a way comparable with
POCOP pincer system where cyclometalation with NiBr,(CH3CN)x was as
efficient. These findings not only facilitate the exploration of the POCN pincer
chemistry, but also make it more attractive from commercial perspective. All
nickel complexes and most of the starting ligands were fully characterized by
NMR, elemental analysis as well as single crystal structure determination.
Interestingly, the nitrogen arm of the POCN ligand was found to be slightly tilted
from the Ni-C1-C6 plane (Figure 7.1) while phosphinito moiety was almost

perfectly in plane.
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NR2 = NMGZ; NEtz; NMOI"ph; Nan; NH(i-Pr), P(i-Pr)2 ;
0 NAlylBn; NHBn; NHPh; NH(t-Bu); (POCNSP2)NiBr

| NH(t-Bu), P(t-Bu), ;
i (t-Bu), P(t-Bu),

Br P—‘@\ P—@—‘N

Figure 7.1. Structural features of (POCN)Ni complexes.

Noteworthy, that imino based pincer complex 4.3 and isopropyl complex 6.4 were
having their nitrogen moiety perfectly in plane (Figure 7.1). Planarity of nitrogen
arm in the complex 4.3 can be explained in term of sp” character of nitrogen atom,
at the same time isopropyl complex 6.4 displays unusual behavior for this type of
complex and more likely appears this way due to packing of individual molecules

in a crystal lattice.

7.3 Tertiary amine-based POCN pincer complexes of nickel and their

properties

Robust and electronically rich POCN ligand structures and ease of tunability
allowed us to explore reactivities and physical properties of these materials.
Electrochemical oxidation of (POCN®M)NiBr complex by means of cyclic
voltammetry showed sets of peaks at 1.0 V and 1.4 V. While, the first peak was

11 .
transformation, the

found to be pseudo-reversible and corresponded to Ni" to Ni
peak at 1.4 V was irreversible. Subsequently, after analysis of electrochemistry
obtained for the corresponding ligands and preligand, the second peak was
attributed to oxidation of ligand. These observations allowed us to conclude that
(POCN®®)NiBr pincer complexes are much more electron rich than corresponding
(POCOP)NiBr pincer complexes and somewhat less electron rich than PCP and
NCN pincer systems, reported earlier. Additionally, all (POCN*®)NiBr complexes

I and so the

demonstrated very similar oxidation potentials from Ni" to Ni
properties of these complexes, as well as ability to furnish stable Ni'" species, will

depend only on the steric bulk of alkyl substitutents in the amino moiety.
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Chemical oxidation of (POCN®®)NiBr was performed by using Br, or
NBS. It is important to note, that use of dry solvent under nitrogen atmosphere
was essential for successful outcome of reaction; otherwise significant amount of
ligand protonated species was obtained arising from in situ generated HBr.
Thermal stabilities of (POCNRR)NiHIBrz complexes were established in solution
(UV-Vis) and in solid state (TGA, DSC). Interestingly, complexes with small
substituents on the amine moiety, were found to be highly stable in both solid
state and in solution while the complex bearing ethyl groups in the amine arm was
decaying very rapidly (Figure 7.2). This helped us to conclude that since
electronic properties of (POCN®®)NiBr complexes are the same, the steric factor

is dominant for formation of stable Ni'™.

O\/—N—> )‘lk<_ P(i-Pr); Me,N—> )‘IK4_ P(i-Pr), Et,N—> }1{4— P(i-Pr),
Br Br Br Br Br Br
Elctron richness = —
of Ni'!
Stability in _
solid state - >>
Stability in
solution > >>
Activity of [Ni'] in ¢ acti
Kharasch addition 50 TON S0 TON notactive
Figure 7.2. Comparison of Ni'" stability.

The catalytic activities of (POCN*®)NiBr complexes were investigated in

I - .
is essential.

reaction of Kharasch addition for which oxidation from Ni" to Ni
Our findings have shown that the most stable (POCN®?)NiBr complex displayed
strongest reactivities in Kharasch addition while unstable (POCNEt)NiBr or
(POCN"™)NiBr, were ineffective in this transformation (Figure 7.2). Based on this

observation we have concluded that catalytic efficiency as well as electron
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richness of the metal in the nickel pincer complexes, follow the order NCN>
POC,,30P> POCN. However, we have shown that the steric bulk of the ligand
also greatly influences the reactivities of the pincer nickel complexes in the
Kharasch addition. We hope that this new discovery would be the potential
guidance to develop new catalysts for this type of transformation.

In addition to these features of POCN pincer complexes we have found
that these materials are double luminescent in solid state and further investigation

of spectroscopy of these materials will be continued.

7.4 Seconday amine-based POCN pincer complexes of nickel and their

properties

Interesting properties of (POCN®™)NiX complexes were discovered in
reactions with alkyl lithium reagents. Surprisingly, reaction of (POCN®")NiBr
with methyl lithium did not furnish any detectable quantities of (POCN*")NiMe
complex. However, it led to deprotonation of NH moiety and formation of lithium
bromide adduct. Unexpectedly, no methyl complex was obtained even when

excess of alkylation reagent was used (Scheme 7.5).

Li---Br
HoBr MeLi / Toluene b RBr
(RIN—> i<—F|’(i-Pr)2 > (R)N—> i<—F|’(i-Pr)2
(0] < fo)
H20, r.t.
- LiOH

=]

(o] $1 ?r
' | | 60°C/32h

(i-Pr)2P—>rTi<—T(R) (Bn)N—=>= Ni<—P(i-Pr),
N

C
w
S
o—1

(R)N—>Ni——P(i-Pr),

R=Bn, Ph R1=allyl; Bn

Scheme 7.5. Reactivities of secondary amine complexes.
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Unfortunately, we were unable to isolate the lithium bromide adduct, but
its identity was confirmed by a series of reactions with alkyl halides and water.
Thus, reaction of the lithium bromide adduct with water regenerated the starting
(POCN*NiBr complex while benzyl bromide or allyl bromide furnished
corresponding (POCN®®)NiBr complexes in good yield (Scheme 7.5). These
reactions not only allowed us to conclude about the nature of the lithium adduct
but also elegantly demonstrated the ways of ligand transformation associated with
metal center. Potentially, this transformation could help to create polymeric
pincer complexes suitable for industrial heterogeneous catalysis or introduce
unusual functionality close to the metal center.

Heating the lithium bromide adduct for 32 h at 60 °C lead to elimination of
LiBr and to generation of dimeric [KP,KC,KN,MN—(2,6—(i—Pr)2PC6H3CH2NR)Ni]2
species (Scheme 7.5). Interestingly, the properties of these materials are in a way
comparable with the properties of amido complex reported by Camporal.
However, the dimeric complex was found to be much more stable toward reaction
with water.

The dimeric species 3.5 displayed multi-diverse reactivities with various
types of organic ligands. We found that these complexes can easily associate
alcohol and react with weak acids like phenyl acetylene or phthalimide. Based on
these reactivities, the catalytic hydroalkoxylation of olefin by various alcohols

was established (Scheme 7.6).

~Z>¢cn t R—OH 39) RO N

Scheme 7.6. Hydroalkoxylation reaction.

It is noteworthy, that water can also catalytically react with olefins, but the

product of such transformation was found only in trace amount. Interestingly,
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alcohols with higher acidity were performing much better with up to 2000
catalytic turnovers, while bulkier and less acidic alcohols were less reactive.
Mechanism of such transformation is believed to proceed through activation of
alcohol by dimeric species via hydrogen bonding with one or two amido moieties
followed by reaction with acrylonitrile and elimination of the products. The futher
investigation of mechanism of this transformation would be simpler with
(POCN)NiOR, complexes since it is known that similar alkoxy complexes can
easily associate alcohol and can be potential catalysts for this transformations.
Also, since dimeric complex 3.5 does not promote hydroamination it would be
interesting to investigate possible hydroalkoxylation of amino alcohols.
Unexpected reactivity of dimeric species (3.5) were discovered while
investigating the oxidation chemistry of this material. Complex 3.5 was found to
be much more electron rich and displayed the half cell potential E'%; at -0.06 V
than monomeric amino analogues KP,KC,KN -(2,6-(i-Pr,POCcH;CH,NR,)NiBr (ca.
0.60 V for NR,= NMe,, NEt,, and N-morpholinyl). Using mild oxidants like NBS
or any monomeric (POCN)Ni™

splits into the (POCN**)NiBr, complex (Scheme 7.7). Eventually 23 % of

complexes we have shown that dimeric species

(POCN**)NiBr, (D) was recovered from the reaction mixture and fully
characterized. Mechanistic insight into this reaction was gained through a series

of NMR, EPR, UV-Vis-NIR and spectroelectrochemical experiments.
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(i-Pr);P—=Ni~—N—Bn . -e CH,Cl, PN '
anlhﬁrliﬁP(i-Pr) i i N
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Scheme 7.7. Oxidation of dimeric POCN complex.

Therefore, we have concluded that oxidation of 3.5 to (POCNSPZ)NiBrz is a
multistep process. It involves oxidation of one of the metal centers in 3.5 and
formation of meta-stable intermediate A, evidence of which was found by
spectroelectrochemistry (B). The structural features of intermediate A were
established by density functional theory. The calculated and experimentally found
electronic spectra for intermediate A are in good agreement with each other,
therefore providing convincing proof of the structure of A. The intermediate A
was found to be unstable and rapidly decayed to monomeric Ni' complexes B and
C as confirmed by '"H NMR and *'P NMR spectroscopy. The subsequent
oxidation of obtained species to Ni'" complexes D and E was monitored by UV-
Vis and EPR. Results of these investigations have confirmed the identity of D and
E, where D was also isolated in 23 % yield from reaction mixture.

The investigated oxidation chemistry of dimeric species 3.5 is of interest
for our further catalytic studies of this unique species in reaction of Kharasch
addition and Kumada coupling for which Ni(IIl) intermediate is essential.

Unusual reactivity of complex 3.5 was observed in reaction with 2,6-
dimethylphenyl isocyanide. Transformation of dimeric nickel species 3.5 resulted
in cleavage of coordinate Nil-N1 and anionic Ni2-N1 bonds of the dimer and
formation of new POCC-type 5,6—metalocycles featuring phosphinito and

carbene moiety directly coordinated to the metal center.
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Scheme 7.8. Transformation of complex 3.5 in reaction with 2,6-(CH3),CcHsNC.

Interestingly, increase of the quantity of 2,6-dimethylphenyl isocyanide up
to 5 molar excess and increasing the temperature of reaction to 60 °C did not
furnish a double insertion product. These findings would be potentially of interest
for catalytic amination of isonitrile by amine and formation of amidines as

valuable organic materials.

7.5 References
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Chapter 8: Appendices

8.1 General

All supplementary materials such as crystallographic information files and source

code of LinXTL were deposited on CD (or online) attached to the present thesis.

8.2 LinXTL

LinXTL is the crystallographic toolbox and text editor combining the power of
SHELX and popular sets of programs for crystal structure refinement. LinXTL
does not include any of the commercial or non commercial programs or source
code used in these programs, however provides GUI environment for these

program. LinXTL distributed under terms and conditions of GNU license.

8.2.1 General introduction to LinXTL

LinXTL was originally written for Linux, but I might release a Windows version
as well. For those who are familiar with “SHELXTL” software, originally
developed by Bruker inc., it would be an easy switch. LinXTL includes basic
options of the text editor like Copy, Paste, Delete, Undo (Figure 8.1), program
also contains sets of useful options helping to solve X-Ray structures like
automatic weight refinement, completion of the structure and many more. It also
provides an easy way to prepare tables of crystallographic information and helps
to validate, combine, and manipulate the cif files. Some additional tools are
currently under development. This software was very useful for me during my

studies and for those who tested and gave their feedback about it.
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Figure 8.1. Screenshot of LinXTL

For practical purposes, I decided to not include all 50 pages of source code of this
software in to this thesis. LinXTL as well as some additional information is

available online on my website at http://dsn.self.com or at

http://sourceforge.net/projects/linxtl/files/. Software can be obtained free of

charge and distributed under GNU license.
8.2.2 Installation

The current version of LinXTL is available for Linux users only. It was
successfully tested on Fedora 9-12" and Ubuntu® 8-9.10-10.4. Additional 3™ party
programs might be required to use LinXTL. You will need Python3, Tkinter*
(wxPython5 for version 1.05 and higher), xterm,6 SHELX97,7 and Platon®
installed on your machine. Some additional programs might be quite handy for
structural solutions:

Publcif’ — useful for cif validation and publishing

Rasmol'’ - 3D molecular viewer

SADABS'""? - SADABS provides useful diagnostics and can correct for errors
such as variation in the volume of the crystal irradiated, incident beam

inhomogeneity, and absorption by the crystal support.
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XPREP,"” XP," XSHELL6" and XSHELL" (XSHELL" old version is only
available as windows executable via crossover office or wine). The content of the
linxtl.tar archive must be extracted somewhere on your machine, for example
/home/user/. All executable files of the above programs must be placed into
“~/.linxtl/bin” and must have the following names: xl, xp(Xpx), xs, xprep, xh,
xpro, platon, xcif, cell_now, sadabs, xshell.exe. “xpublcif”, “XSHELL” and
“bruker” folders of publcif XSHEEL must be placed in the “./linxtl/” folder. To
make XSHELL6 work, you will require libstdc.so.5 which you will need to place
into the “/.linxtl/xshell/lib/” folder.

Finally, if you did everything the right way you can run LinXTL in a terminal like
the following: “python /home/user/.linxtl/linxtl.pye” or you can make a shortcut
to LinXTL with above command on your desktop (this shortcut is available in
linxtl.tar). If you do not place some executable files in the correct folder or if you
do not have them at all, you will not see options available for this program in the

menu of LinXTL.
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* http://www.python.org/

* http://tcl.sourceforge.net/
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10 http://www.umass.edu/microbio/rasmol/
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