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Abstract

The aim of this work was to investigate CO binding to different kinds of Fe(II) PNP pincer
complexes and to synthesize a hydride species that can be used for catalysis of hydrogena-
tion reactions. The second goal was to find new PNP pincer ligands that increase the

solubility of the FePNP-complexes for better analysis and application.

In the first part of this thesis the synthesis of the ligand systems used is described.
Several known tridentate ligands were synthesized and based on their synthetic routes
new ligand systems could be obtained. These products were characterized by NMR, spec-

troscopy.

In the second part of this work the CO binding to complexes formed from iron(II)chloride
and the above mentioned pincer ligands was investigated. The complexes were analyzed
by NMR and IR spectroscopy and X-ray crystallography. The binding of CO is important

because it is assumed, that it is a crucial co-ligand for hydrogenation catalysts.

The last objective of this work was to synthesize hydride species of the FePNP com-
plexes via various routes. It was tried to first reduce the Fe(II) precursor to a Fe(0)
species and then do a oxidative addition of HX (X = CI7, BF},...), which resulted in the
desired product but in very low yields. Reactions with Fe(II) precursors with superhydride
(LiEt3BH) gave only wild mixtures of products. When it was discovered that a hydride
species is formed when the [Fe(I)PNP(CO)2Cl]*t precursors were reacted with Zn this

route was further investigated but could not yield clean products until now.
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Kurzfassung

Das Ziel dieser Arbeit war es das Additionsverhalten von CO an verschiedene Fe(II) PNP
Pincer Komplexe zu untersuchen und weiters die fiir die Katalyse von Hydrierungsreak-
tionen wichtigen Hydridspezies herzustellen.

AuBerdem sollten neue PNP Pincer Liganden gefunden werden, die die Loslichkeit der

FePNP-Komplexe erhohen, um bessere Analyse und Einsetzbarkeit zu gewéhrleisten.

Im ersten Teil dieser Arbeit wird die Synthese der verwendeten Ligandensysteme be-
schrieben. Es wurden verschiedene, bereits bekannte dreizédhnige Liganden synthetisiert,
auf Basis deren Synthesewege neue Liganden entwickelt werden konnten. Die Produkte

wurden mit NMR Spektroskopie charakterisiert.

Im zweiten Teil wurde die Addition von CO an Komplexe, welche aus Eisen(II)chlorid
und den oben genannten Liganden erhalten wurden, untersucht. Die Komplexe wurden
mittels NMR und IR Spektroskopie und Einkristallrontgendiffraktion untersucht. Die
Koordination von CO ist ein wichtiges Forschungsgebiet, da vermutet wird, dass der

Carbonyl-Ligand ein entscheidender Co-Ligand bei Hydrierungsreaktionen ist.

Im letzten Teil der Arbeit wurde auf verschiedene Arten versucht Hydridkomplexe aus
den FePNP-Systemen herzustellen. Zunéchst wurde die Fe(II) Vorstufe reduziert um dann
eine oxidative Addition von HX (X = Cl17, BF ,...) durchzufiihren, was auch gelang, aller-
dings nur in sehr geringen Ausbeuten. Reaktionen der Fe(II) Vorstufen mit Superhydrid
(LiEt3BH) resultierte in Produktmischungen mit sehr vielen Nebenprodukten. Nachdem
wir entdeckten, dass sich eine Hydridspezies bildet, wenn die [Fe(II)PNP(CO)2Cl]* Vor-
stufen mit Zn umgesetzt wurden, wurden einige Versuche in diese Richtung gestartet,

allerdings konnte bis zu diesem Zeitpunkt kein sauberes Produkt isoliert werden.
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1. Introduction and Scope

Catalysis of hydrogenation reactions of unsaturated functional groups is one of the most

important topics in organic synthetic chemistry. Even more desirable are catalysts that

yield enantiomerically pure products.

There is already a large amount of well-defined reduction catalysts known, but mostly
transition-metals like ruthenium, rhodium, iridium, platinum or palladium are used. The

catalysts containing these elements are highly active and selective, but are also expensive

and toxic, which makes their use problematic for industrial purposes.
Therefore the research in this field is still ongoing and it is tried to find new well-defined

highly active catalysts containing cheaper metals like copper, nickel, iron, manganese and
The most obvious choice is iron due to the fact, that it is the most abundant

transition-metal in the Earth’s crust.

been reported in literature. Figure shows the three of them, where a was described

zinc.
Already three examples for iron catalysts in the field of hydrogenation reactions have
by Casey and Guan [1], b by Morris et al. [2] and ¢ was described by Milstein and co-

workers [3].
E = NR,, PRy, P(OR),, OR, SR, NHCs, AsR,, SeR

X=CH,N;Y=CH,N

X M—L, A = CH,, NH(R), O
M = Ru, Rh, Ir, Pt, Pd, Fe, Ni,...
L=CO, CI, Br,...

Y%
A—E
Figure 1.1: General structure of pincer complexes

In the last couple of years our research group is trying to develop catalysts featuring
modular build bi- and tridentate ligands with aminophospine groups (Figure [1.1)). The

desired complexes all bear CO as co-ligand, as do all three examples mentioned above



SiMe3 Cy7
0 $‘$ T 2+
“H N/A N\
I SiMes =N
\\\Fe\ P~ | R
<[> AN

L = CO, chiral phosphoramidite
a b

Figure 1.2: Well-defined iron complexes for hydrogenation reactions

It has also been reported that an Fe-CO moiety is present in the active site of hydroge-
nases |4/, therefore it is reasonable to assume that carbonyl ligands are of vital importance

for the activity of the catalyst.

The objective of this work was to investigate CO binding to different kinds of Fe(II)
PNP pincer complexes and to try to synthesize the hydride species that can be used for
catalysis. The second goal was to find new PNP pincer ligands that increase the solubility

of the FePNP-complexes for better analysis and application.
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2. PNP Ligands

The content of this chapter refers to the work published by Benito-Garagorri and Kirchner
in 2008 [5].

Pincer ligands are neutral or anionic tridentate ligands with a central aromatic ring,
that is ortho,ortho-disubstituted with two electron-donor substituents. Examples are
shown in figure [2.1] There have also been reports of anionic pincer ligands without a

aromatic ring in their backbone [6-9)].

A—E
R _( E = NRy, PRy, P(OR),, OR, SR, NHCs, AsR,, SeR
NN X = CH, N
< _ Y =CH, N
Y—< A = CH,, NH(R), O
R = alkyl, aryl
N yl, ary

Figure 2.1: Different pincer ligands

The aromatic ring can be either a pyridine or pyrimidine or benzene ring. The sub-
stituents are connected to it via spacers, which can be methylene groups (-CHs-), amines
(-NR-) or oxygen atoms (-O-). Typically amines (NRg), phosphines (PRg2), phosphites
(P(OR)2), ethers (OR) and thioethers (SR) are used as electron-donor substituents, but
N-heterocyclic carbenes (NHCs), arsines (AsRz) and selenoethers (SeR) are also suitable.
However in most cases phosphines or phosphites are used. Pincer ligands with two different
donor groups have also been reported [10-14].

Pincer ligands are easily variable and have high stability and activity, three properties
that are very important in organometallic chemistry. They coordinate to the metal center
via the two electron-donor groups and metal-nitrogen (for pyridine- or pyrimidine-based
PNP pincer) or metal-carbon (for benzene-based PCP ligands) o bonds.

They can be modified by variation of the aromatic ring used and its substitution, the

donor groups and the spacers or combinations of the three.



The first pincer compounds have been reported in the 1970s [15-19], but they have not
been much explored until the 1990s, when some applications were discovered. In catalysis
for example they were used for C-C bond forming reactions, to investigate C-C, C-H and
C-O bond activation, polymerization reactions, transfer hydrogenation and dehydrogena-
tion reactions. Pincer complexes were also used as sensors and were serving as building

blocks for self-assembled supramolecular structures [20%21].

When amines are used as spacer groups an easy method to introduce different phos-
phines with one synthetic strategy using electrophilic chlorophosphines opens up. Both
achiral and chiral phosphines can be introduced into the system this way. Already some
applications in catalysis have been found for PNP complexes with aminophosphine groups:
palladium PNP and PCP complexes are usable for Suzuki-Miyaura coupling reactions, iron
PNP compounds for the coupling of aromatic aldehydes with ethyl diazoacetate to give

3-hydroxyacrylates [5].

Z Z
/\ Y | /\ v
| PR,CI, base (2 equiv.) |
%
/L toluene/THF, -78 to 80°C )\
HoN X NH, Hll\l X I|\IH
PRz PR,
X=CH,N
Y=CH,N
Z = alkyl, aryl, halide
Ph\ /L ROOC,, _o
eg. PR, = P— p— Y
9 2 y,
PR ( rooc” 0

Figure 2.2: Synthesis of PNP pincer ligands, parts of this figure were taken from [5]

The synthetic route is shown in figure 2.2} P-N bonds are formed via condensation of
primary or secondary amines and chlorophosphines in presence of a base. This method
was first reported by Haupt and colleagues [22] and has been extended for PNPs [23] and
PCPs [24].



3. CO Addition to Iron Complexes

This chapter takes strong reference from the work of Benito-Garragori et al. published in

2011 [25).

3.1 Introduction

The reactivity of transition-metals towards small molecules is an interesting topic in
organometallic chemistry. The development of more sustainable chemistry depends on
the incorporation of small molecules such as N9, Ho, CO5 or CO into complex chemicals.

To understand the bonding and the coordination properties of transition-metals to such
small molecules typically the interactions of specific ligands with specific metal centers in
different oxidation and spin states is examined. Thereby CO is often used as model ligand,
because it is a mimic to N9 and could help understand the reactivity regarding nitrogen
fixation.

CO and iron in combination are linked to a number of industrial processes, such as
the water-gas shift reaction and the Fischer-Tropsch reaction. Additionally the binding of
CO to iron plays an important role in nature, e.g. the strong interaction of CO to iron in
hemoglobin, which leads to an incapability of the molecule to absorb oxygen [26-29).

Since it was discovered that an Fe-CO moiety is present in the active site of hydroge-
nases the study of iron carbonyl compounds has increased [4,30H38]. The carbonyl ligand
generates some of the largest splitting of ligand field energy levels in transition-metal
complexes. Coordination of CO therefore usually leads to a high-spin/low-spin crossover
from S=2 or S=1 to S=0. High-spin, coordinatively unsaturated iron(II) complexes show
different reactivities towards CO, ranging from very strong and irreversible to completely
rejecting CO binding if spin-state changes are kinetically or thermodynamically unfavor-
able. Whether CO binding takes place or not depends on a number of factors: the number
and nature of co-ligands (which determines the overall ligand field strength), the charge

of the complex, the geometry of the complex and the spin-state of the metal center.



3.2 Spin-state Changes

The spin state of a complex if a given geometry is determined by the energy difference
between the orbital splitting difference (AE, HOMO-LUMO gap) and the electron pairing
energy (PE). The pairing energy is the energy required to pair up two electrons in one
orbital. Whenever the energy difference AE of two or more orbitals is comparable to PE,
different electron configurations with different spin states can be adopted. If AE>PE the
low-spin state will be favored, is AE<PE the high-spin configuration will be preferred.

In general predictions about spin-state changes for each electronic configuration as a
function of coordination number and geometry are easy. The overall ligand field strength
naturally increases with an increasing coordination number. In first-row transition-metals
the ligand field splitting is typically smaller than in second- and third-row transition-
metals. Therefore coordinatively unsaturated iron complexes will favor a high-spin state.

In reactions, that involve open shell systems as starting material, intermediate or
product, a spin state change will affect the thermodynamics or the kinetics of the reaction,
since different spin states have different energies. Reactions, where a kinetic effect can
result in a barrier that hinders the crossing between the spin states, are generally called
”spin-blocked” or ”spin-forbidden”.

Spin state changes occur at the minimum energy crossing point (MECP). This corre-
sponds to the lowest energy point at witch both the energy and the geometry of a molecule
is the same on both the low-spin and the high-spin energy surface. Once a system reaches
the MECP there is a certain possibility of "hopping” from one surface to the other, which
means that the ”spin-forbidden” reaction takes place [39,40].

Figure [3.1] shows energy profiles for the coordination of CO to a coordinatively un-
saturated metal complex ML, (16e™) resulting in a coordinatively saturated complex
ML, (CO) (18¢™) with possible spin crossovers.

When AE>PE both the unsaturated starting complex and the saturated CO complex
are existent in the same low-spin configuration. The reaction follows the same spin state
surface S (figure [3.1h).

If the starting compound has a high-spin ground state there are three different possi-
bilities: In the case described in figure AE is bigger than PE and CO binding can
still take place, if the MECP lies at low enough energies so that the energy gained by the
reaction outweighs the loss of energy needed to reach the MECP. If the minimum energy
crossing point is too high in energy the reaction will be ”spin-blocked” and will not take

place.



ML, + CO — ML,(CO)

energy S
s S
S+1
S + 1 -~ ~&— Spin crossover
spin crossover MLn(CO)
ML, + CO ML, + CO
S+ 1 ML (CO)
S ML(CO) ML, + CO S+1
ML, + CO
ML,(CO)
AE >> PE AE>PE AE < PE AE << PE
(@ (b) © (d)
N J N J
Y g
CO binding takes place rejection of CO binding

Figure 3.1: Energy profiles of the addition of CO to a coordinatively unsaturated complex

in different spin states

In figures and the CO addition is thermodynamically disfavored. AE in figure
is smaller than PE and the system is more stable in the unsaturated high-spin state,
CO addition will not take place.

The system will naturally also remain in the high-spin configuration, when AE is much

smaller than PE like shown in figure [3.14d.

In this work the coordination of CO to Fe(PNP-iPr)Cly complexes was examined.
Figures 3.2 and show earlier described DFT calculations for the energy surfaces of
these systems .

The cis-isomer (1) is formed in solid state despite of its thermodynamically slightly
less stable state compared to the trans-product (2). Benito-Garagorri et al. explained
this by the fact that in solid state the mobility is restricted due to the crystal packing.
The formation of 2 requires more extreme changes in geometry than for 1.

The DFT studies show that first the high-spin Fe(PNP)COC]I; is formed when CO
reacts with Fe(PNP)Cl,. This high-spin species then undergoes a spin-crossover to yield

the more stable low-spin complex.
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Figure 3.2: Energy profile (DFT/PBE) for the addition of CO to Fe(PNP)Cl, yielding
cis-[Fe(PNP)(CO)Cls] (1) (in the solid state)
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Figure 3.3: Energy profile (DFT/PBE) for the addition of CO to Fe(PNP)Cly yielding
trans-[Fe(PNP)(CO)Cly] (2) (in solution)



4. Hydride Complexes in Catalysis

Many different pincer complexes have already been used in catalytic applications. The
backbone is very robust and rigid and allows many structural modifications. Also it limits
the number of active sites at the metal center, which ensures selectivity and stability of
the catalyst.

Palladium pincer complexes mediate a number of catalytic reactions, mostly C-C bond
forming reactions, ruthenium (II) PCP and NCN complexes have been effectively used in
transfer hydrogenation reactions of ketones [41]. Dinuclear rhodium(III)-rhodium(I) PCP
and NCN complexes have been used to catalyze the polymerization of phenylacetylene [42],
several iridium(III) PCP pincer complexes have been found to catalyze alkane dehydro-

genation [43], etc.

The contents of the following paragraphs are mostly taken from the short review of
Gerald Bauer and Karl A. Kirchner published in 2011 [44].

The stereoselective hydrogenation of ketones with transition-metal catalysts to the cor-
responding enantiomerically pure alcohols is an important reaction in synthetic chemistry.
Usually these hydrogenation reactions are catalyzed by complexes of precious metals such
as rhodium, ruthenium or iridium [45,46].

Ligand-metal bifunctional catalysis (metal-ligand cooperation) is often involved in
these reactions [47-49], which means that as a result of heterolytic dihydrogen cleav-
age the complexes contain electronically coupled hydride ligands (blue in fig. and
acidic (red in fig. hydrogen atoms (figure [4.1h). There are two possibilities for the
reaction of these complexes with ketones shown in figure and c. KEither the groups
can be transferred to the substrates in an outer-sphere mechanism (b) or by insertion of
the substrate into the metal-H bond (c) [50].

Noble metals however are limited in availability, high in price and toxic for which
reasons more attractive alternatives need to be found. The most obvious choice are iron

complexes. Iron is the most abundant transition-metal in the Earth’s crust. Even nature

10
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Figure 4.1: Key steps of catalytic hydrogenation of ketones to alcohols with a bifunctional

catalyst

often uses iron-based catalysts for hydrogenation reactions [51,52]. It is therefore not
surprising that the preparation of well-defined iron catalysts of comparable activity to the
noble metal catalysts is rapidly evolving field [53-57].

The first efficient iron catalyst for ketone hydrogenation was reported in 2007 |[1].
Casey and Guan used the complex 1 shown in figure [4.2| originally prepared by Knélker et
al. [08]. With complex 1 the reduction of ketones to alcohols can be accomplished under

mild conditions with TON = 50 and with high chemo- and diastereoselectivity.

TMS
(0]
AN
H
l TMS
Fe
oC H

TMS = trimethylsilyl

Figure 4.2: First efficient iron catalyst for hydrogenation of ketones

Two other iron complexes for catalytic hydrogenation of acetophenone have been pre-

pared by Morris and co-workers [2,)59]. Several dicationic iron complexes of the types trans-
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[Fe(MeCN)2(Z-P2Ny)|(BF4)2 and trans-[Fe(MeCN)q(Z-P3N3)](BF4)2 have been used, where
PyNy can be various achiral and chiral ligands (figure [4.3)).

For the first time an enantioselective hydrogenation could be achieved, but both the

conversion (40%) and the enantioselectivity (27% ee) were only modest.

PPh2 thp%__} d PPh, Ph,P b

Z-P2N2 ethpz(NH)Q
N M
(R,R)-cy eth
(S, S)-ipr-eth (R,R)-ph-eth

Figure 4.3: Examples of tetradentate PNy ligands

Monohydride iron(II) pincer complexes of the type [Fe(PNP-iPr)Br(CO)H] (figure[4.4)
have been reported by Milstein and co-workers in 2011 [3]. This is the most efficient well-
defined bifunctional iron catalyst reported so far. The hydrogenation reaction takes place

under mild conditions (26 — 28 °C) with turn over numbers up to 1880 (when 4.1 atm Hj

pressure is used).

co

Figure 4.4: Monohydride iron(II) pincer complex developed by Milstein and co-workers
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The disadvantage of these sorts of PNP complexes is their relatively difficult synthesis,
that does not allow the easy introduction of chiral phosphines like in PNP ligands using
aminophospine groups. On the other hand the NH-groups of the PNP ligands used in our
research group seem to influence the reactivity and preparation of hydride complexes due

to their high activity.

H H
H
N—I-—\PRZ 1+ N— =PR;
Z  N—Fe—CO <_ N—Fe—co
/l 7/
HN-PR; HN-PR;
CcO [o]]
deprotonation |-COQOor-X
R
H )_
R _N—|=<PR R
. |37 &
’ “ N—Fe——-CO
=0 H 7
HN-PR,
A 0.0 0.4 H
H N H N—|-PR, |
N—I-\PRz N—|-PR; ¢ e ¢L
S - & —_—rs R'
/ —FE (/__ FN—/’FG—'O/ y —___N /Fe o]
HN- pR2 >< HN- PR2 ><R' HN-PR, I -2.9
-29.7 B
heterolytic .
dihydrogen cleavage 282 9.9
ketone insertion
R
N PR f i
__\ ) Ne—
Z F§ - I;Rz
— N e 0 H /__ N—;Fe-—"'o
HN-PR l >< ' ‘
2 o R R HN—PR, -5.6
-20.2 E
Cc
5.4 0.6
N $PR20 H
& _N—Fe— \eR'
H 7\
2 HN-PR, R
[e]
-18.3 D

Figure 4.5: Proposed catalytic cycle for the hydrogenation of ketones to alcohols catalyzed
by [Fe(PNP-iPr)Cl(CO)H]

Figure |4.5| shows the proposed catalytic cycle for the hydrogenation of ketones to
alcohols catalyzed by [Fe(PNP-iPr)Cl(CO)H]. The catalytically active species is formed
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after deprotonation and dearomatization of the precursor to yield a pentacoordinated 16e™
species A. To this complex the ketone can coordinate (B) followed by its insertion into the
iron-H bond (C) to give the alkoxide complex D. This intermediate readily adds Hy (E),
which can then be heterolytically cleaved to give either F1 or F2. The activation energies
calculated and listed in figure [4.5] show, that formation of F1 is more likely. The catalytic
cycle is closed upon elimination of the desired alcohol, whereby the starting species A is

regained.
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5. Ligands

5.1 Introduction

Transition metal complexes are important tools for synthetic chemists [5]. A simple way
to modify the properties of transition metal complexes is via their ligands, such as pincer
ligands. Those tridentate ligands have good stability, activity and variability. The first
pincer complexes were synthesized in the 1970s [15], but only in the 1990s several appli-
cations were found, for example catalysts in C-C bond forming reactions, polymerization

reactions, transfer hydrogenation and dehydrogenation reactions [20,21].
In this work known PNP pincer ligands (1a, 1b, 2b and 3c) as well as new ones (2a,
3b, 4b and 4c) were synthesized via a modular synthetic route, which allows the use of

many different substrates to give ligands with different properties, e.g. chirality.

The aminophosphine groups used allow to introduce various different phosphines by

condensation reaction of aromatic diamines and electrophilic chlorophosphines [5].

16
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5.2 PNP Ligands

Synthesis
z z
Xy Xy
PR,CI, NEt5 (2 equiv.)
Toluene, 80°C ‘
/ /
H.N N NH, HI|\I N I|\IH

Y =CH, N PR; PR,
Z =H, CI, OEt, Oiamyl R=/Pr, Ph

Figure 5.1: PNP ligand synthesis

The synthesis of PNP ligands was conducted according to literature [5].

O

R ] _P _P

Z o 7
\ v

Y=CH:

Z=H PNP-Ph (1a) PNP-iPr (1b)

/
Hil\l N ITJH Y=N:
— Clpym._ Clpym_j
PR, PR, Z=Cl PNP Ph (2a) PNP iPr (2b)

Z=0Et PNPOE®YM.Ph(3p)  PNPOE®RY™.iPr (3c)
Z = Oiamyl PNPOIsopym.ph (4h)  PNPOIsopym.ipr (4c)

Figure 5.2: different PNP ligands

To a suspension of 2,6-diaminopyridine or the respective 2,6-diaminopyrimidine in
toluene 2 equivs of NEt3 were added and the mixture was cooled to 0°C. Then 2 equivs
of the corresponding chlorophosphine were added dropwise. The reaction was heated to
80°C and stirred at that temperature for 12h. Thereby a precipitate of NEts - HCl was
formed, which was filtered off after the reaction was completed. The solvent was removed
under vacuum and the ligands were obtained in moderate to excellent yields (55-96%) as

white solids.
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Using this procedure the PNP ligands 1a, 1b, 2a, 2b, 3b, 3c, 4b and 4c were syn-
thesized. Many other achiral and chiral chlorophosphines can be used in the same way.
Chiral precursors would lead to chiral PNP ligands, which are interesting for enantiose-

lective reactions.

The precursors for the pyrimidine based ligands 3b, 3c, 4b and 4c were prepared
using 2,6-diamino-4-chloro-pyrimidine as starting material [60].

Two equivs of NaH were added to an excess of ethanol or isoamyl alcohol to give
the alkoxide, to which the 2,6-diamino-4-chloro-pyrimidine was added. The mixture was
refluxed for 12h, after which the solvent was removed under reduced pressure to give the
substituted 2,6-diaminopyrimidines as white solids. Both precursors could be obtained in
very good yields (78-86%).

Using this procedure the precursors 3a and 4a were synthesized. It was also tried to
react propargylic alcohol with 2,6-diamino-4-chloro-pyrimidine in different ways to give
an alkyene functionalized ligand for immobilization of the complexes on surfaces, but no

reaction could be found that yielded the desired product.

Characterization

The ligands and precursors were all characterized by 'H, 3'P{'H} and 3C{'H} NMR
spectroscopy. The progress of the reaction can be monitored using 3'P{'H} NMR spec-
troscopy. Ligands la and 1b and the starting materials exhibit a single peak, whereas
ligands 2a, 2b, 3b, 3c and 4b show two singlets and ligand 4c gives rise to a broad singlet.
The signals of the ligands are shifted to higher fields compared to the chlorophosphines.
Moreover, the signals for the ligands bearing isopropyl groups are shifted to lower fields

than the ones with phenyl substituents. Tableﬂshows the 3'P{'H} shifts for each ligand.

Table 5.1: 3'P{'H} NMR shifts of PNP ligands

\ PNP \ PNpCipym \ PNpPOEpym \ PNpOsopym
Ph | 37.8 | 39.6 37.6 |37.9 37.6 |379 373
iPr| 60.4 | 62.9 60.3 | 61.6 60.5 60.1

The 'H and ¥C{'H} NMR show the peaks in the expected areas.



6. Complexes

6.1 Introduction

The development of new iron-based catalysts for the hydrogenation of ketones is an im-
portant topic in organometallic chemistry. Especially the stereoselective hydrogenation of
ketones to the corresponding enantiomerically pure alcohols is a key step in the synthesis

of, e.g., pharmaceuticals and fine chemicals [44].

Many transition metal complexes containing noble metals such as rhodium, ruthenium
or iridium are known to catalyze this reactions [45,46]. However noble metals are available
only in limited quantities, are expensive and toxic. That is why environmentally friendly
and more economical alternatives need to be found.

Iron-based catalysts of comparable activity would be a cheaper and cleaner way to
catalyze those reactions. Some efficient iron catalysts have already been reported [1},2,59,
61,62).

In all these cases strong-field tridentate or tetradentate ligands and sometimes CO

ligands are required so that the iron center can maintain a low spin state [44].
The complexes synthesized in the course of this work all bear easily modifiable tri-

dentate PNP pincer ligands described in chapter o} This allows the facile introduction of

chiral components to give eventually stereoselective hydrogenation catalysts.

19
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6.2 Fe(PNP-iPr)Cl, Complexes

Synthesis

HCI

N— [-PiPr,

v \/
Y s
RT, 12h B
FeCl, + | ALING R4 \N—Fe\
/ Acetone - Cl
HII\I N II\IH

PP, PP, HN—"PIPr,

1,

(1) Y=CH;Z=H (3d) Y =N;Z = OFEt
2c)Y=N;Z=Cl (4d)Y =N:Z = Ofamyl

Figure 6.1: Synthesis of Fe(PNP-iPr)Cly complexes

The Fe(PNP-iPr)Cly complexes were synthesized according to the literature [63].

To a suspension of anhydrous FeCl, in acetone one equiv of the PNP-;Pr ligand was
added. The mixture was stirred for 12h. Thereby, depending on the ligand, a white to
yellow solid formed. The solvent was removed under reduced pressure and the paramag-
netic complexes were obtained in very good yields (94-99%). The synthesis also worked

when THF or CH3NOy were used as solvents.

Using this procedure the complexes 1c, 2¢, 3d and 4d could be obtained. This reaction
could only be conducted with the PNP-iPr ligands 1b, 2b, 3c and 4c. When PNP-Ph
ligands were used in the same reaction, it resulted in different complexes shown in chapter
6.5

All these complexes synthesized via this route are air stable in both solid state and

solution for several days.

Characterization

Due to their paramagnetic behavior the complexes could only be characterized using 'H
NMR spectroscopy, which resulted in the same signals already described in literature [64].
The new complex 4d showed very similar signals with the CH groups of the isopropyl
moieties shifted to the lowest and the protons of the isoamyl chain at the highest fields.
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Complexes 2c and 4d was also characterized by X-ray crystallography, whereas the
structure of 2c was already described in literature [64] and is shown in figure The
crystals of 4d were grown by slow diffusion of diethyl ether into a concentrated solution of
the complex in THF (Figure [6.3). The complex is bridged via N-H- - - Cl hydrogen bonds
to four neighboring complexes. Because of the long and flexible isoamyl chain and the two
possible positions for the pyrimidine ring the obtained crystals showed defects, which lead

to a poor structure.

Figure 6.2: ORTEP plot of Fe(PNP¢!?Y"_;Pr)Cl, 2¢ showing 50% thermal ellipsoids (C-

bound H atoms are omitted for clarity)

Selected bond lengths (A) and angles (deg): Fe-P(1) 2.4904(12), Fe-P(2)
2.5188(12), Fe-N(1) 2.270(3), Fe-Cl(1) 2.4200(12), Fe-Cl(2) 2.2601(4); CI(1)-Fe-Cl(2)
110.21(6), P(1)-Fe-P(2) 146.20(4).
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Figure 6.3: Molecular structure of Fe(PNPOZsopym_iPr)Cl, 4d

Selected bond lengths (A) and angles (deg): Fe-P(1) 2.468(3), Fe-P(2) 2.454(2),
Fe-N(1) 2.205(6), Fe-Cl(1) 2.357(2), Fe-C1(2) 2.310(2), P(1)-N(2) 1.688(9), P(2)-N(3

1.855(17), O(1)-C(2) 1.332(12), O(1)-C(17) 1.27(3), N(1)-C(1) 1.372(12), N(1)-C(4
13), N(4)-C(1) 1.359(13), N(4)-C(2) 1.366(16), C(2)-C(3) 1.321(15), C(3)-C(4
12); C1(1)-Fe-C1(2) 111.29(8), P(1)-Fe-P(2) 146.03(11).

)
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6.3 Fe(PNP-:Pr)(CO)Cl, Complexes

Synthesis
Cl
H
N— "E.fprz
N ;
Z 7 N—~Fe
_ Tl
HN —PPr,
. 1c, 2c¢, 3d, 4d ‘
solid state +CO +CO solution
-CO -CO
Cl Cl
HN —|—PiPr, HN —|—PiPry
o \: ":S isomerization J \: ]
z 4 N—Fe Ccl — —— 7 4 N—Fe co
—_ / in solution \ - \/ /
HN 'PiPrz HN 'PiPr2
CO o]]
(le) Y=CH; Z=H (1d)Y=CH; Z=H
(2e) Y=N;Z=ClI (2d)Y=N;Z=Cl
(3f) Y =N; Z=0Et (3e) Y =N; Z = OEt
(4f) Y =N; Z = Qiamyl (4e) Y = N; Z = Ojamyl

Figure 6.4: Synthesis of Fe(PNP)(CO)Cly complexes

The cis- and trans-Fe(PNP)(CO)Cly complexes 1d, 1e, 2d, 2e, 3e, 3f, 4e and 4f were
synthesized according to literature [64.(65].

trans-Fe(PNP-iPr)(CO)Cl; was synthesized by bubbling CO through a solution of
the corresponding Fe(PNP)Cly complex in acetone or THF. The progress of the reaction
could be observed through the color change from white or yellow to violet or blue. The
solvent was then removed under reduced pressure to give the complexes 2d, 3e and 4e as
violet solids and 1d as blue solid in excellent yields (95%-99%).

These complexes are air stable in solid state and in solution for several days. After

some time they begin to lose the CO ligand, when they are not stored under argon or CO

atmosphere.

CO was passed over a solid sample of the Fe(PNP)Cly complexes to give cis-Fe(PNP-
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iPr)(CO)Cl;y. During the reaction the color changed from white or yellow to red. The

complexes le, 2e, 3f and 4f could all be obtained with 100% yield as deep red solids.
The cis-complexes are relatively stable in solid state, but lose the CO ligands much

faster than the trans-complexes. In solution very fast isomerization to the trans-complexes

can be observed.

Characterization

The trans-Fe(PNP-iPr)(CO)Cly complexes were characterized by 'H, 3! P{'H} and *C{'H}
NMR spectroscopy. >'P{'H} spectra of 1d and le show single peaks, all the other com-
plexes show two doublets due to the coupling of the two chemically different phosphor
atoms. Table shows the obtained 3'P{'H} shifts and the coupling constant for all
complexes.

The 'H and *C{'H} NMR spectra show the peaks in the expected areas. The CO
peak in the 3C{'H} NMR appears as triplet at very low fields (221-225 ppm).

The cis-Fe(PNP-iPr)(CO)Cly complexes could only be characterized by 'H and 3! P{'H}
NMR spectroscopy due to their very fast isomerization to the trans-complexes. The 'H
spectra are often very hard to analyze depending on the rate of isomerization. All peaks
appear as singlets and are not integrable because of the fast isomerization reaction in so-
lution. Based on these results it was refrained from measuring 3C{'H} NMR spectra as

they would not yield the desired peaks but rather the ones belonging to the trans-species.

Table 6.1: 3'P{*H} NMR shifts of Fe(PNP-iPr)(CO)Cly complexes

PNP | PNPC¢wym | PNPOFtrym | pNPOlsorym
trans | 133.1 | 142.5 128.0 | 138.8 126.2 | 140.0 127.0
J 177 Hz 177 Hz 179 Hz
cis 117.3 | 126.8 113.5 | 123.9 112.4 | 123.7 112.0
J 210 Hz 234 Hz 206 Hz

Due to the presence of carbonyl groups IR-spectroscopy was also used to characterize

the complexes 1d, 1e, 2d, 2e, 3e, 3f, 4e and 4f. The wave numbers obtained are sum-

marized in table [6.2

Molecular structures of 1d and 2d was already described in literature [64,/65]. Figure
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Table 6.2: CO stretching bonds of Fe(PNP-iPr)(CO)Cly complexes

‘ PNP ‘ PNPCipym ‘ PNPOEtpym ‘ PNPOIsopym
1956 | 1972 1958 1967

trans

cis 1947 1958 1955 1956

[6.5] shows the structure of 2d. Crystallization experiments for 3e and 4e so far yielded
highly disordered crystals that were not suitable for X-ray crystallography. Because of the

fast isomerization of the cis-complexes no molecular structures could be obtained.

Figure 6.5: Molecular structure of Fe(PNPCP¥y™_iPr)(CO)Cl; 2d (solvent molecules and

H atoms are omitted for clarity)

Selected bond lengths (A) and angles (deg): Fe-P(1) 2.2546(5), Fe-P(2) 2.2469(5),
Fe-N(1) 1.9890(14), Fe-Cl(1) 2.3304(5), Fe-C1(2) 2.3067(5), Fe-C(17) 1.7659(18); C1(1)-Fe-
C1(2) 175.36(2), P(1)-Fe-P(2) 166.74(2), N(1)-Fe-C(17) 178.98(7).
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6.4 [Fe(PNP-iPr)(CO),Cl]" Complexes

Synthesis
Cl co 7
HN —(—PiPr, HN —[—PiPr;
Y \< AgSbFs, CO Y \< g
z 4 N—Fé co 2800 N—Fé Cl
/ THF/acetone \ \/ /
HN-P/Pry HN-PiPr,
Cl co
1d, 2d, 3e, 4e (1) Y=CH;Z=H
(2f) Y=N:Z=Cl

(3g) Y =N; Z=OFEt
(4g9) Y = N; Z = Ojiamyl

Figure 6.6: Synthesis of Fe(PNP-iPr)(CO),Cl]T complexes

The [Fe(PNP-;iPr)(CO)2Cl]™ complexes were prepared according to literature [66].

To a solution of either cis- or trans-Fe(PNP-iPr)(CO)Cly or Fe(PNP-iPr)Cly in THF
or acetone one equiv of AgSbFg was added as chloride scavenger in the presence of CO.
The reaction mixture was stirred for 30 minutes and the precipitate of AgCl was filtered
of. The solvent was removed under reduced pressure to give the products as red solids in
good yields (83%-94%).

The complexes with PNP-iPr and PNPOF®#Y™_iPr as ligands (1f and 3g) the reac-
tion resulted in pure product composed only of the trans-Fe(PNP-iPr)(CO)2Cl|™ species,
whereas the complexes with PNPCPY™_iPr and PNPOTsoPym_;Pr (2f/2g and 4g/4h)

yielded in mixtures of the cis- and trans-products.

It was also tried to use Fe(PNPCP¥™_Ph)(CO)Cl, as starting material, which was the
only PNP-Ph complex to give a pure precursor, but the reaction yielded a mixture of cis-

and trans-species and in addition [Fe(PNPCPY™_Ph),ClJ* (see chapter .

Characterization

All complexes were characterized by 'H, 3'P{*H} and *C{*H} NMR spectroscopy. The
'H NMR spectra all show the expected peaks, but the ones of the mixtures 2f/2g and
4g/4h only show broad single peaks in the expected areas. 3C{'H} NMR spectroscopy
gave the expected shifts similar to the free ligands and additionally the CO ligands, which
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both appear at the same resonance.

The molecular structure of trans-[Fe(PNP-iPr)(CO)2Cl*" (as the CF3SO3 salt) was
described in literature [66] and is shown in figure Once again it was not possible to
obtain measurable single crystals of the complexes with pyrimidine-based ligands due to

their high disordering.

Figure 6.7: ORTEP plot of [Fe(PNP-iPr)(CO),Cl]" 1f showing 50% thermal ellipsoids

(solvent molecules and H atoms are omitted for clarity)

Selected bond lengths (A) and angles (deg): Fe-P(1) 2.2557(9), Fe-P(2) 2.2558(9),
Fe-N(1) 1.987(3), Fe-Cl 2.3019(10), P(1)-N(2) 1.692(3), P(2)-N(3) 1.692(3), N(2)-C(1)
1.368(4), N(3)-C(5) 1.369(4), P(1)-C(6) 1.855(3), P(1)-C(9) 1.846(4), P(2)-C(12) 1.844(3),
P(2)-C(15) 1.853(3); C(18)-Fe-C(19) 171.34(16), C(18)-Fe-N(1) 94.86(13), C(19)-Fe-N(1)
93.79(13), N(1)-Fe-Cl 178.22(8), P(1)-Fe-P(2) 167.80(3).
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6.5 [Fe(PNP-Ph),Cl]* Complexes

Synthesis

FeCl, + | RT.1h,
)\ T THF

Hl]l N lilH
PPh, PPh,
(1a)Y=CH;Z=H Cl
(2a)Y=N;Z=Cl (1h)Y =CH; Z=H

(2h)Y =N;Z=Cl

Figure 6.8: Synthesis of [Fe(PNP-Ph),Cl]* complexes

The synthesis of these complexes was conducted by reacting one equiv of FeCly with two
equivs of the corresponding PNP-Ph ligand for 1h in THF. To change the counterion from
chloride to BF,, 4 equivs of NaBF4 were added to the reaction mixture. The precipitate
was then filtered off and the remaining green solution was evaporated to give the products
as green solids in good yields (95%).

When PNPOEym_Ph 3b and PNPO/soPym_Ph 4b were used as ligands similar com-
plexes could be obtained, but the dangling aminophosphine arm of the x2-bound ligand
was missing like shown in figure The dangling arm is prone to hydrolysis and traces

of water in solvents lead to P-N bond cleavage.

Characterization

The obtained complexes 1h and 2h were characterized by 'H, 3'P{*H} and *C{*H} NMR
spectroscopy, whereas the compound 2h showed two different isomers A and B (figure
. The '"H NMR shows signals in the expected areas. The NH protons each give an
own signal, the one on the dangling arm giving a doublet, but the protons of the phenyl
groups and the ones of the pyrimidine rings only give broad singlet peaks.

The 3'P{'H} NMR is shown in figure for complex 2h. The three phosphor co-

ordinated to the iron center are shifted to lower fields compared to the free ligand and
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NH
N——[—PPh,
\ ,:‘f
rRo—Z Fé PPh,
e
HN—PPh, R = Et, iamyl
Cl

Figure 6.9: [Fe(PNP-Ph),Cl]" complexes without the aminophosphine arm

Cl Cl
PhaR Ph,R
N
[ \ / N
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NH H NH
N——[—PPh; / N——[—PPh,
\
Cl Z N Fe PPh, Cl 4 N N Fe PPh,
N N —
HN—PPh, HN—PPh,
Cl Cl
A B

Figure 6.10: Two different isomers are possible with pyrimidine ligand bearing complexes

give two doublet on doublets and one triplet. The phosphor of the dangling arm gives a
singlet with similar chemical shift as the free ligand. Two different isomers are obtained
in this reaction, which can easily be seen in the 3!P{'H} NMR spectrum. It could not be
determined, which isomer corresponds to the unmarked signals and which to the signals
marked with a red star in figure |6.12

Complex 1h was also characterized by X-ray crystallography. The crystals were grown
by slow diffusion of diethyl ether into a concentrated solution of the complex in THF (figure
. It can easily be seen, that one of the ligands is coordinated in a s fashion and the

other one in k2. The crystals are a solvate with two well-ordered THF solvent molecules
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hydrogen bonded to NH-groups. A third solvent molecule, not hydrogen bonded to NH,
was badly disordered and is thought from its elongated shape to be an Et2O molecule. Due
to its disorder, this solvent molecule was squeezed with program PLATON. Also affected
by this solvent disorder is the BF4 anion. As no reasonable disorder model could be
constructed, the BF4 anion was refined as a single moiety with partly very large anisotropic
displacement ellipsoids. The BF} anion is hydrogen bonded to one of the NH-groups of

the Fe complex.

Figure 6.11: ORTEP plot of [Fe(PNP-Ph),Cl]* 1h showing 50% thermal ellipsoids (solvent

molecules and H atoms are omitted for clarity)

Selected bond lengths (A) and angles (deg): Fe-P(1) 2.2439(7), Fe-P(2) 2.2530(7),
Fe-P(3) 2.1845(7), Fe-N(1) 2.064(2), Fe-N(4) 2.084(3), Fe-Cl(1) 2.3330(7), P(1)-N(2)
1.693(2), P(2)-N(3) 1.692(2), P(3)-N(5) 1.679(2), P(4)-N(6) 1.742(2); P(1)-Fe-P(2)
163.33(3), N(4)-Fe-Cl 172.36(6), P(3)-Fe-N(1) 170.02(6), N(1)-Fe-Cl 81.43(6), N(1)-Fe-
N(4) 105.91(8).
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Figure 6.12: 3'P{'H} NMR spectrum of [Fe(PNP“»¥™_Ph),Cl|BF,
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6.6 Fe(PNP-Ph)(CO)CIl, Complexes

Synthesis
Cl
\ HN —|—PPh,
CO, 15 min.
FeCl, + r o / N N—Fe Cl
= acetone N
HN N NH
| | HN-PPh,
PPh; PPh, Co

(1a) (10)

Figure 6.13: Synthesis of Fe(PNP-Ph)(CO)Cl, complexes

The Fe(PNP-Ph)(CO)Cly complex 1i was synthesized by reacting anhydrous FeCly
with one equiv of the PNP-Ph ligand (1a) in acetone or THF under CO atmosphere.
Thereby the color of the solution turned red. After a reaction time of about 15 minutes
the solvent was removed under reduced pressure to give the product as red solids in high
yields (89-90%).

When the reaction was tried with the pyrimidine based ligands, only mixtures of the
cis- and trans-complexes and to some part also the k3-x?-complexes (see chapter

could be obtained. Therefore no adequate spectra could obtained for analysis.

Characterization

The complex 1i was characterized by 'H, 3!'P{'H} and 3C{'H} NMR spectroscopy. In
comparison to the complexes with the iPr ligands, the shifting of the ' P signals compared
to the free ligands to lower fields is higher (110.2 ppm for the complex and 37.8 ppm for
the free PNP-Ph ligand). It is actually comparable to the shift of the trans-species of the
1Pr complexes.

The other NMR spectra showed signals in the expected areas and *C showed the CO
ligand at 162.3 ppm as triplet.

The molecular structure of cis-[Fe(PNP-Ph)(CO)Cly] is shown in figure
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C14

Figure 6.14: ORTEP plot of [Fe(PNP-Ph)(CO)Cly] 1i showing 50% thermal ellipsoids

(solvent molecules and H atoms are omitted for clarity)

Selected bond lengths (A) and angles (deg): Fe(1)-P(1) 2.2248(4), Fe(1)-P(2)
2.2279(4), Fe(1)-N(1) 1.9798(11), Fe(1)-CI(1) 2.3173(4), Fe(1)-Cl1(2) 2.3461(4), P(1)-N(2)
1.6836(13), P(2)-N(3) 1.6907(12), N(1)-C(1) 1.3548(17), N(1)-C(5) 1.3558(16), N(2)-C(1)
1.3700(18), N(3)-C(5) 1.3721(17), P(1)-C(12) 1.8137(15), P(1)-C(6) 1.8172(14), P(2)-
C(24) 1.8151(14), P(2)-C(18) 1.8154(14); C(30)-Fe-Cl(2) 177.79(4), P(1)-Fe-P(2)
167.215(15), N(1)-Fe-C1(1) 176.80(4).
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6.7 Synthesis of Hydride Complexes

The first attempt to synthesize the hydride complex 1j was by reducing the Fe(PNP-
iPr)(CO)Cly complex under CO atmosphere to yield the Fe(0) species, which then would
be converted to the hydride species with HX (X = Cl~, BF, ). The reaction is shown in
figure [6.15)

As reducing agent Zn, Na, Li and sodium naphthalide were used but none of the reac-
tions yielded a clean product. The Fe(0) species could be isolated by treating the product
mixture obtained by the reducing step with toluene. After filtering off the remaining solids
the red solution treated with ethereal HCl or HBF4 and the solvent was then removed un-

der vacuum to give the desired hydride species as white solid in very low yields (<3%).

cl
HN— |—P/Pr, HN——P/Pr,
¥ s co
Y ) 5
THF, CO
z 7 Ny co -7 \N—Fe/

_ reducing agent — \

.
4
4,

cO
HN -PiPr, HN-PiPr,
Cl
HX | X =CI, BFy,...
(1d) Y =CH; Z=H
(2d)Y=N; Z=Cl H +
(3e) Y =N; Z=0Et
(4e) Y =N; Z = Ojamyl HN— -—Ii’lPr2
Y g
z 4 N N—Fe co
HN-PiPr,
3
CO

Figure 6.15: Synthesis of hydride complexes via Fe(0)

When the Fe(PNP-iPr)(CO),Cl complexes were used as starting materials and treated
with Zn in THF for 12-24h the hydride species formed immediately. With this reaction
much better yields could be obtained, but the product could not be isolated from the
unknown byproducts. Conducting the reaction under hydrogen atmosphere reduced the
reaction time to a few hours. Figure shows the proposed mechanism leading to the
hydride complexes. It is suggested that the resulting species is the neutral complex 2

contrary to the reaction in figure where the cationic complex 3 is formed.
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CoO H
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Figure 6.16: Proposed mechanism of hydride formation under reductive conditions



7. CO Binding at Iron Pincer

Complexes

The selective and reversible binding of CO to Fe(PNP-;Pr)Cls (1c) was already described
in literature [65]. In the course of this work the complexes Fe(PNPC?y™_iPr)Cly (2c)
and Fe(PNPOIsopym_;pPr)Cl, (4d) were analyzed regarding their ability to bind and cede
CO. The time dependency of this process was monitored with IR spectroscopy, where the
change of the stretching vibration of coordinated CO in 2e (Fg—p= 1957 cm™!) and 4f
(7c=0= 1959 cm™!) was determined. Powder samples of the complexes were used and
measured in diffuse reflectance. The reaction of 2c and 4d with CO was carried out at
room temperature with 0.4 bar CO pressure for 5 minutes. The desorption of CO was
performed by raising the temperature to 70 °C for 2e and 50 °C for 4f respectively within
5 minutes and then holding the temperature for another 25-30 minutes. Figures and
show the time dependency curves obtained.

As can easily be seen comparing the two figures, the addition and desorption of CO
is much faster with the Fe(PNPO7sP¥"_iPr)Cly (4d) complex than with Fe(PNPCPym.
iPr)Cly (2c¢) even at lower temperatures. Compared to Fe(PNP-;Pr)Cly (1c) described in
literature [65] the two systems examined in this work (2c and 4d) show faster desorption
at lower temperatures and at higher pressures despite of approximately the same addition
rate.

The Fe(PNPO/soPvm_iPr)Cly (4d) complex already loses CO when stored at room
temperature over night. The loss is about the same as if the complex was heated to 50 °C

for 10 minutes.

36
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Figure 7.1: Time dependence of the intensity of the stretching frequency vo—o= 1957
cm~! of 2e: a) increase during the reaction of 2c and CO at RT and 0.4 bar COj; b)
decrease upon heating to 70°C at 970 mbar
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Figure 7.2: Time dependence of the intensity of the stretching frequency vo—o= 1959
cm~! of 4f: a) increase during the reaction of 4d and CO at RT and 0.4 bar CO; b)
decrease upon heating to 50 °C at 970 mbar



8. Summary

The PNP ligands used in this work are very easy to prepare and modulate with a wide range
of commercially available precursors. All ligand syntheses work with large quantities in

excellent yields. With this synthesis route even chiral phosphines can be introduced easily.

The paramagnetic Fe(PNP-iPr)Cl, are prepared easily and give air and moisture stable
complexes in very good yields with all PNP-iPr ligands prepared in this work.

The mono-CO complexes Fe(PNP-iPr)Cl,CO can be prepared as cis- and trans-
complexes in excellent yields. The stability of the cis-complexes depends largely on which
ligands were used. The pyridine based complex is the most stable one and loses CO very
slowly, whereas the pyrimidine based ligands lose CO much faster when stored under air.

The synthesis of Fe(PNP-iPr)CICOy complexes was also very simple and resulted in
relatively air and moisture stable compounds in good yields.

Reactions conducted with the PNP-Ph ligands gave unexpected [Fe(PNP-Ph)yCl|™
complexes and the mono-CO complexes could be obtained when the reaction was carried

out under CO atmosphere.

Syntheses of hydride complexes did not give enough product or did not yield in clean

compounds so no catalytical studies could be done.
CO addition and desorption studies were carried out with Fe(PNPO75P¥™_iPr)Cly and

Fe(PNP¢Py™_iPr)Cly, which showed that these complexes can easily emit the CO ligand

and therefore would be nice chromogenic gas sensors.
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9. General

All reactions, unless stated differently, were performed under inert atmosphere using
Schlenk techniques or inside a glove box. Solvents were dried and purified according
to standard procedures [67]. Deuterated solvents were purchased from Aldrich and Eu-
risotop, degassed using freeze-pump-thaw technique and stored over 4 A molecular sieves.
H, BC{'H} and 3'P{'H} NMR spectra were recorded on a Bruker AVANCE-250 spec-
trometer operating at 250.13 (1H), 62.86 (13C) and 101.26 (*P) MHz and were referenced
to SiMes and H3POy (85%), respectively.
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10. Organic Precursors

10.1 Diaminopyrimidines

2,6-Diamino-4-ethoxypyrimidine [60] (3a)

o/\
o
)\ Z
H,N N NH,

To a solution of NaH (2.32 g, 97 mmol) in ethanol (100 mL) 2,6-diamino-4-chloropy-
rimidine (7 g, 48 mmol) was added. The mixture was refluxed for 12 h. After cooling
the solvents were removed under vacuum and the remaining oil was purified by flash chro-

matography on silica gel (CH2Cly/MeOH 4:1) to give 3a as a white solid.

Yield: 5.79 g (78%) white solid; CeHioN4O (MW: 154.17); 46.74% C, 6.54% H, 36.34%
N, 10.38% O.

'H NMR (6§, DMSO-dg, 20°C): 5.98 (bs, 2H, NH;), 5.81 (bs, 2H, NH), 5.00 (s, 1H,
pym5), 4.09 (q, J = 7.0 Hz, 2H, OCH,CH3), 1.19 (t, J = 6.9 Hz, 3H, OCH,CH3).
BC{'H} NMR (J, DMSO-dg, 20°C): 170.4 (pym?), 166.4 (pym®), 163.4 (pym?), 76.5
(pym®), 60.7 (O CH2CHs), 15.1 (OCH; CHs).
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2,6-Diamino-4-isoamyloxypyrimidine (4a)

(0]
NN
P
H,N N NH,

This compound was prepared analogously to 3a using NaH (2.32 g, 97 mmol), isoamyl

alcohol (100 mL) and 2,6-diamino-4-chloropyrimidine (7 g, 48 mmol) as starting materials.

Yield: 8.13 g (86%) white solid; CoH16N4O (MW: 196.25); 55.08% C, 8.22% H, 28.55%
N, 8.15% O.

'H NMR (5, DMSO-dg, 20°C): 5.95 (bs, 2H, NH>), 5.80 (bs, 2H, NH3), 5.00 (s, 1H,
pymb5), 4.08 (t, J = 6.6 Hz, 2H, OCH,CH,CH(CHs)3), 1.66 (sept, J = 6.6 Hz, 1H,
OCH2CH,CH (CHsz)z), 1.48 (q, J = 6.7 Hz, 2H, OCHyCH,CH(CHs)2), 0.88 (d, J = 6.5
Hz, 6H, OCHyCHyCH(CH3)z).

BC{!H} NMR (J, DMSO-dg, 20°C): 170.6 (pym?), 166.4 (pym®), 163.4 (pym?), 76.5
(pym®), 634 (OCHCHCH(CH3)2), 379 (OCHyCH,CH(CH3)z),  25.0
(OCH,CH, CH(CH3)s), 22.9 (OCHCHCH(CH3)z).



11. Ligands

N,N’-Bis(diphenylphosphino)-2,6-diaminopyridine (PNP-Ph) [63] (1a)

X

=

HN N NH

Ph,P PPh,

Triethylamine (10.0 mL, 73 mmol) was added to a suspension of 2,6-diaminopyridine
(4.0 g, 37 mmol) in toluene (120 mL). The mixture was cooled to 0°C and PPhyCl (13
mL, 73 mmol) was added dropwise. The reaction mixture was heated to 80°C and was
stirred at that temperature overnight. The solution was then filtered and the solvent was
removed under reduced pressure to give la as a white solid. If necessary (NMR) the ob-

tained solid was recrystallized from toluene/n-hexane (1:1).

Yield: 14.3 g (81%) white solid; CogHasN3Py (MW: 477,48); 72.95% C, 5.28% H, 8.80%
N, 12.97% P.

'H NMR (3, CDCl3, 20°C): 7.46-7.34 (m, 21H, Ph, py?), 6.50 (dd, J = 7.9 Hz, J = 1.6
Hz, 2H, py>?), 5.04 (s, 2H, NH).

BC{'H} NMR (4§, CDCl3, 20°C): 157.6 (d, J = 20.2 Hz, py>), 139.9 (d, J = 12.1
Hz, py?), 134.0 (Ph'), 131.3 (d, J = 20.9 Hz, Ph?%), 129.2 (Ph?*), 128.58 (d, J = 6.7 Hz,
Ph3%), 99.2 (d, J = 14.8 Hz, py>°).

SIP{'H} NMR (§, CDCl3, 20°C): 37.8.
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N,N’-Bis(diisopropylphosphino)-2,6-diaminopyridine (PNP-‘Pr) [63] (1b)

X

/
HN N NH

| |

iPryP PPr,

This ligand was prepared analogously to la with NEts (9.7 mL, 70 mmol), 2,6-
diaminopyridine (3.82 g, 35 mmol) and P:PrsCl (11.6 mL, 70 mmol) as starting materials.

Yield: 9.6 g (80%) white solid; C17H33N3Py (MW: 341.41); 59.81% C, 9.74% H, 12.31%
N, 18.14 % P.

'H NMR (6, CDCl3, 20°C): 7.26 (t, J = 8.0 Hz, 1H, py*), 6.44 (dd, J = 8.0 Hz, J = 2.1
Hz, 2H, py?®), 4.49 (d, J = 8.9 Hz, 2H, NH), 1.80-1.66 (m, 4H, CH(CH3)s), 1.09-0.99
(m, 24H, CH(CH3),)

BC{'H} NMR (6, CDCl3, 20°C): 159.5 (d, J = 20.3 Hz, py>"), 139.1 (py?), 98.1 (d, J
= 18.4 Hz, py>°), 26.3 (d, J = 10.7 Hz, CH(CH3)3), 18.6 (d, J = 19.6 Hz , CH(CHz)s),
17.2 (d, J = 7.7 Hz, CH(CHjs)3).

SIP{'H} NMR (§, CDCl3, 20°C): 60.4.

N,N’-Bis(diphenylphosphino)-2,6-diamino-4-chloropyrimidine
(PNPC!Pym_Ph) (2a)

Cl
N \
P
Hl|\l N ll\lH
Ph,P PPh,

This ligand was prepared analogously to 1a with NEt3 (9.6 mL, 69 mmol), 2,6-diamino-
4-chloropyrimidine (5 g, 35 mmol) and PPhyCl (12.8 mL, 69 mmol) as starting materials.

Yield: 9.78 g (55%); CagHazCIN,Py (MW: 512.91); 65.57% C, 4.52% H, 6.91% Cl, 10.92%
N, 12.08 % P.
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'H NMR (8, CDCls, 20°C): 7.36-7.18 (m, 20H, Ph), 6.49 (d, J = 1.25 Hz, 1H, pym?),
5.46 (d, J = 8.9 Hz, 1H, NH), 5.40 (d, J = 8.8 Hz, 1H, NH).

BC{'H} NMR (5, CDCls, 20°C): 165.8 (d, J = 21.3 Hz, pym®), 162.4 (d, J = 19.5 Hz,
pym?), 160.7 (s, pym?*), 139.1 (d, J = 13.4 Hz, Ph'), 137.7 (d, J = 10.6 Hz, Ph'’), 131.6
(d, J = 5.7 Hz, Ph?%), 131.3 (d, J = 5.9 Hz, Ph?"%), 129.8 (s, Ph?), 129.4 (s, Ph?*), 128.8
(d, J = 6.9 Hz, Ph*5), 128.6 (d, J = 6.7 Hz, Ph¥"), 95.9 (d, J = 18.9 Hz, pym?).
SIP{'H} NMR (6, CDCl3, 20°C): 39.6, 37.6.

N,N’-Bis(diisopropylphosphino)-2,6-diamino-4-chloropyrimidine
(PNPCPym_iPr) [64] (2b)

Cl
NN
P
Hl|\l N ll\lH
iPryP PPr,

This ligand was prepared analogously to 1a with NEt3 (3.8 mL, 28 mmol), 2,6-diamino-
4-chloropyrimidine (2.0 g, 14 mmol) and PiPryCl (4.6 mL, 28 mmol) as starting materials.

Yield: 4.44 g (85%) white solid; C16H3; CIN4Py (MW: 376.84); 50.99% C, 8.29% H, 9.41%
Cl, 14.87% N, 16.44 % P.

'H NMR (5§, CDCls, 20°C): 6.51 (d, J = 2.25 Hz, 1H, pym®), 5.04-4.86 (m, 2H, NH),
1.80-1.72 (m, 4H, CH(CH3z)s), 1.06-0.99 (m, 24H, CH(CH3)s).

BC{'H} NMR (5, CDCls, 20°C): 167.7 (d, J = 21.3 Hz, pym®), 163.8 (d, J = 13.8 Hz,
pym?), 159.8 (s, pym?), 95.4 (d, J = 20.7 Hz, pym®), 26.1 (d, J = 10.3 Hz, CH(CHs)3),
26.0 (d, J = 11.0 Hz, CH(CHz),), 18.5 (d, J = 19.5 Hz, CH(CHs),), 18.4 (d, J = 19.5
Hz, CH(CHs)2), 17.2 (vt, J = 8.6 Hz, CH(CHjs)2).

3Ip{'H} NMR (d, CDCl3, 20°C): 62.9, 60.3.
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N,N’-Bis(diphenylphosphino)-2,6-diamino-4-ethoxypyrimidine
(PNPOFPym_Ph) (3b)

o/\
D
P
Hll\l N Il\lH
Ph,P PPh,

This ligand was prepared analogously to 1a with NEt3 (3.6 mL, 26 mmol), 2,6-diamino-
4-ethoxypyrimidine (3a) (2 g, 13 mmol) and PPhyCl (4.7 mL,26 mmol) as starting mate-

rials.

Yield: 6.54 g (96%) white solid; C30HasN4OPy (MW: 522.52); 68.96% C, 5.40% H, 10.72%
N, 3.06% O, 11.86 % P.

'H NMR (5, CDCl3, 20°C): 7.43-7.19 (m, 20H, Ph), 5.89 (d, J = 1.60 Hz, 1H, pym®),
5.27 (s, 1H, NH), 5.23 (s, 1H, NH), 4.22 (q, J = 7.08 Hz, 2H, OCH,CHj3), 1.27 (t, J =
7.04 Hz, 3H, OCH,CH3).

BC{'H} NMR (§, CDCl3, 20°C): 171.2 (s, pym?*), 166.1 (d, J = 24.5 Hz, pym®), 162.2
d, J = 16.2 Hz, pym?), 139.8 (d, J = 14.5 Hz, Ph!), 138.7 (d, J = 11.4 Hz, Ph'"), 131.6
d, J = 3.5 Hz, Ph?6), 131.3 (d, J = 3.2 Hz, Ph?"%), 129.4 (s, Ph*), 129.1 (s, Ph?*), 128.6
d, J = 6.8 Hz, Ph%), 128.4 (d, J = 6.7 Hz, Ph?"*), 80.2 (d, J = 18.2 Hz, pym®), 62.0
s, OCH,CHz3), 14.5 (s, OCH, CH3).

SIP{'H} NMR (5, CDCl3, 20°C): 37.9, 37.6.

(
(
(
(
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N,N’-Bis(diisopropylphosphino)-2,6-diamino-4-ethoxypyrimidine
(PNPOEPym_ipr) [64] (3c)

o/\
N
P
Hl|\l N ll\lH
iPr2P PiPrz

This ligand was prepared analogously to 1a with NEt3 (9 mL, 65 mmol), 2,6-diamino-
4-ethoxypyrimidine (3a) (5 g, 32 mmol) and PiPrCl (15.5 mL, 65 mmol) as starting

materials.

Yield: 10.46 g (83%) white solid; C1gH3sN,OPy (MW: 386.45); 55.94% C, 9.39% H,
14.50% N, 4.14 % O, 16.03 % P.

'H NMR (6, CDCl3, 20°C): 5.85 (d, J = 2.2 Hz, 1H, pym®), 4.72 (vt, J = 9.6 Hz, 2H,
NH), 4.25 (q, J = 7.0 Hz, 2H, OCH,CHj), 1.85-1.69 (m, 4H, CH(CHz),), 1.34 (t, J =
7.0 Hz, OCHyCH3), 1.12-0.99 (m, 24H, CH(CH3)s).

BC{!H} NMR (§, CDCl3, 20°C): 170.8 (s, pym?), 167.7 (dd, J = 2.7 Hz, J = 20.3 Hz,
pym®), 163.5 (dd, J = 2.3 Hz, J = 11.9 Hz, pym?), 79.0 (s, pym®), 62.0 (s, CHs), 26.2
(d, J = 13.1 Hz, CH(CHs)3), 26.1 (d, J = 11.5 Hz, CH(CHz3)s), 18.7 (d, J = 15.0 Hz,
CH(CHs)s), 18.5 (d, J = 14.6 Hz, CH(CH3)3), 17.4 (d, J = 8.8 Hz, CH(CHj3)3), 17.1 (d,
J = 8.0 Hz, CH(CHs)s), 14.6 (s, CH3).

SIP{'H} NMR (§, CDCl3, 20°C): 61.6, 60.5.
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N,N’-Bis(diphenylphosphino)-2,6-diamino-4-isoamyloxypyrimidine
(PNPO%soPym_Ph) (4b)

o)
[
P
Hll\l N l|\lH
Ph,P PPhs

This ligand was prepared analogously to 1a with NEt3 (8.1 mL, 58 mmol), 2,6-diamino-
4-isoamyloxypyrimidine (4a) (5.7 g, 29 mmol) and PPhyCl (9.5 mL, 58 mmol) as starting

materials.

Yield: 12.30 g (75%) yellow solid; C33H34N4OPy (MW: 564.60); 70.20% C, 6.07% H,
9.92% N, 2.83% O, 10.97 % P.

'H NMR (5, CDCl3, 20°C): 7.45-7.34 (m, 20H, Ph), 5.89 (d, J = 1.3 Hz, 1H, pym?®),
5.27 (s, 1H, NH), 5.23 (s, 1H, NH), 4.19 (t, J = 6.7 Hz, 2H, OCH,CHCH(CHj3)s2)) ,
1.79-1.49 (m, 3H, OCHoCHoCH (CH3)s), 0.95-0.87 (m, 6H, (CH3)s).

BC{!H} NMR (§, CDCl3, 20°C): 171.3 (s, pym?), 166.1 (d, J = 22.5 Hz, pym®), 162.1
(d, J = 16.5 Hz, pym?), 139.8 (d, J = 14.3 Hz, Ph'), 138.7 (d, J = 11.0 Hz, Ph'"), 131.6
(d, J = 4.1 Hz, Ph?%), 131.3 (d, J = 3.7 Hz, Ph?"%), 129.4 (s, Ph?), 129.1 (s, Ph?*), 128.6
(d, J = 6.7 Hz, Ph3?), 128.4 (d, J = 6.5 Hz, Ph3’,5'), 80.1 (d, J = 18.4 Hz, pym?®), 64.7
(s, OCH,CH2CH(CH3z)s), 37.7 (s, OCHa CHoCH(CH3)z), 24.9 (s, OCH,CHy CH(CH3)s),
22.5 (s, OCHyCH,CH(CHs)s).

SIP{'H} NMR (4, CDCls, 20°C): 37.9, 37.33.

)
)
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N,N’-Bis(diisopropylphosphino)-2,6-diamino-4-isoamyloxypyrimidine
(PNPOIsoPym_iPI.) (4(3)

o
NN
A
HI|\I N rlxjH
'PryP PIPr,

This ligand was prepared analogously to 1a with NEt3 (7.1 mL, 51 mmol), 2,6-diamino-
4-isoamyloxypyrimidine (4a) (5 g, 25 mmol) and PiProCl (8.5 mL, 51 mmol) as starting

materials.

Yield: 6.31 g (58%) yellow solid; CoiHsoN4OPy (MW: 428.53); 58.86% C, 9.88% H,
13.07% N, 3.73% O, 14.46 % P.

'H NMR (6, CDCl3, 20°C): 5.83 (d, J = 2.2 Hz, 1H, pym®), 4.74 (vt, J = 8.6 Hz, 2H,
NH), 4.19 (t, J = 6.7 Hz, 2H, OCH,CHCH(CH3)s), 1.84-1.69 (m, 4H, CH(CHz)2), 1.58
(q, J = 7.0 Hz, OCHyCH»CH(CHj3)3), 1.28-1.17 (m, 1H, OCHyCH2CH (CH3z)2), 1.11-0.90
(m, 24H, CH(CH3)s).

BC{'H} NMR (5§, CDCl3, 20°C): 171.0 (s, pym?*), 167.7 (d, J = 20.4 Hz, pym®), 163.4
(d, J = 14.2 Hz, pym?), 79.2 (d, J = 20.2 Hz, pym®), 64.7 (s, OCHyCHyCH(CHj3)s),
37.8 (s, OCHy CHoCH(CH3)2), 26.3 (d, J = 6.4 Hz, CH(CHz3)s), 26.1 (d, J = 4.4 Hz,
CH(CHs)s), 24.9 (s, OCH,CHy CH(CH3z)s), 22.6 (s, OCH,CHyCH(CHs)z), 18.8 (d, J =
14.7 Hz, CH(CHzs)2), 18.5 (d, J = 14.0 Hz, CH(CHzs)3), 17.5 (d, J = 8.7 Hz, CH(CHs)s),
17.1 (d, J = 7.9 Hz, CH(CHzs)3), 14.6 (s, CHs).

3lp{lH} NMR (6, CDCl3, 20°C): 60.1.



12. Complexes

12.1 PNP-iPr Complexes

Fe(PNP-iPr)Cl, [63] (1c)

Cl
H
N—|PiPr,
/7 Nn—r
- \
Cl
HN—P/Pr,

To a suspension of FeCly (185 mg, 1.46 mmol) in acetone PNP-iPr (500 mg, 1.46
mmol) was added. The reaction mixture was stirred overnight at room temperature. The
solvent was then removed under reduced pressure and the remaining yellow solid was

washed thrice with Et2O (10 mL) and dried under vacuum.

Yield: 625 mg (94%) yellow solid; C17H33CloFeNsPy (MW: 468.16); 43.61% C, 7.10% H,
15.15% Cl, 11.99% Fe, 8.98% N, 13.23% P.

'H NMR (6, acetone-dg, 20 °C, all peaks appear as broad singlets): 140.00 (CH (CHg)s),
72.89 (NH), 47.52 (py>®), 12.98 (CH(CH3)2), 6.84 (CH(CH3)z), -21.10 (py*).
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trans-[Fe(PNP-iPr)(CO)Cl,] [65] (1d)

/ N N—F¢ co

HN-P/Pr,
Cl

CO was bubbled into a solution of 1c (625 g, 1.34 mmol) in acetone for 5 minutes,
whereupon the color of the reaction mixture turned from yellow to blue. The solvent was

then removed under reduced pressure and the remaining solid was dried under vacuum.

Yield: 629 mg (95%) blue solid; C1gH33ClaFeN3OPy (MW: 496.17); 43.57% C, 6.70% H,
14.29% Cl, 11.26% Fe, 8.47% N, 3.22%0, 12.49% P.

'H NMR (§, DMSO-dg, 20°C): 8.50 (s, 2H, NH), 7.42 (t, J = 7.3 Hz, 1H, py?), 6.47 (d,
J = 7.2 Hz, 2H, py>°), 2.76 (m, 4H, CH(CHs)3), 1.43-1.27 (m, 24H, CH(CH3)s).
BC{'H} NMR (§, DMSO-dg, 20°C): 224.81 (t, J = 22.7 Hz, CO), 163.1 (t, J = 9.2
Hz, py*%), 139.8 (py?), 98.7 (py>®), 25.5 (t, J = 11.8 Hz, CH(CH3z)2), 19.3 (CH(CHz)s3),
18.1 (CH(CHs)y).

SIP{'H} NMR (6, DMSO-dg, 20°C): 133.1.

IR (ATR, cm™!): 1956 (vc—0).

cis-[Fe(PNP-iPr)(CO)Cl,] [65] (1e)

A cl

HN-P/Pr,
co

CO was passed over a sample of 1c (625 mg, 1.34 mmol) in acetone for 5 minutes,

whereupon the color of the solid turned from yellow to red.
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Yield: 662 mg (100%) red solid; C1gH33CloFeN3OPy (MW: 496.17); 43.57% C, 6.70% H,
14.29% Cl, 11.26% Fe, 8.47% N, 3.22%0, 12.49% P.

'H NMR (6§, DMSO-dg, 20°C): 8.20 (s, 2H, NH), 7.06 (t, J = 6.7 Hz, 1H, py*), 6.01 (d,
J = 6.8 Hz, 2H, py>°), 2.48 (m, 4H, CH(CH3)3), 1.42-1.27 (m, 24H, CH(CH3)s).
SIP{'H} NMR (5, DMSO-dg, 20°C): 117.3.

IR (ATR, cm™1): 1947 (ve—0).

trans-[Fe(PNP-iPr)(CO),Cl]SbFg [66] (1f)

2 Cl

HN-P/Pr,
co

To a solution of 1d (500 mg, 1.08 mmol) in acetone AgSbFg (346 mg, 1.08 mmol)
was added and CO was bubbled into the reaction mixture for 5 minutes. The reaction
mixture was stirred for 30 minutes. Then the precipitate of AgCl was filtered off and the
remaining solvent was then removed under reduced pressure. The red solid was washed

thrice with Et2O (10 mL) and dried under vacuum.

Yield: 686 mg (94%) red solid; C19H33CIFgFeN3O2PoSh (MW: 724.48); 31.50% C, 4.59%
H, 4.89% Cl, 15.73% F, 7.71% Fe, 5.80% N, 4.42%0, 8.55% P, 16.81% Sb.

'H NMR (§, CD3NOg, 20°C): 7.29 (t, J = 7.8 Hz, 1H, py*), 6.63 (s, 2H, NH), 6.21 (d,
J = 7.8 Hz, 2H, py>®), 3.25 (m, 4H, CH(CHs)2), 1.56 (d, J = 7.5 Hz, 24H, CH(CH3)>).
BC{'H} NMR (8, CD3NO,, 20°C): 211.6 (t, J = 24.4 Hz, CO), 161.4 (t, J = 6.2 Hz,
py>9), 141.2 (py*), 100.0 (t, J = 3.0 Hz, py>?), 31.7 (vt, J = 12.2 Hz, CH(CH3)s), 16.9
(d, J = 3.7 Hz CH(CH3)s).

SIP{IH} NMR (4§, CD3NO2, 20°C): 129.7.

IR (ATR, cm™1): 2015 (vo—0).
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Fe(PNPC»™_iPr)Cl, [64] (2¢)

Cl
N—|P/Pr,

N
AN :
Cl 7 N—Fe

- \
Cl
HN—PiPr,

This complex was prepared analogously to 1c with FeCly (680 mg, 5.37 mmol) and
PNP-iPr (2.02 g, 5.37 mmol) as starting materials.

Yield: 2.65 g (98%) yellow solid; Cy6Hs, ClsFeN,Py (MW: 503.60); 38.16% C, 6.20% H,
921.12% C1, 11.09% Fe, 11.13% N, 12.30% P.

'H NMR (6, acetone-dg, 20°C): 139.61 (s, 2H, CH(CHgz)2), 138.92 (s, 2H, CH(CH3)s),
75.61 (s, 1H, NH), 75.27 (s, 1H, NH), 35.17 (s, 1H, pym®), 12.41 (s, 6H, CH(CH3)s),
11.59 (s, 6H, CH(CH3)s), 7.12 (s, 6H, CH(CH3)a), 6.66 (s, 6H, CH(CHj)s).

trans-[Fe(PNP“?.iPr)(CO)Cl,] [64] (2d)

e
N—|—P#Pr,
N
c— \N—Fé co
HN-P/Pr,
Cl

This complex was prepared analogously to 1d with 2c¢ (2.65 g, 5.21 mmol) as starting

material.

Yield: 2.77 g (99%) violet solid; C17Hz;Cl3FeN4OPy (MW: 531.61); 38.41% C, 5.88% H,
20.01% Cl, 10.50% Fe, 10.54% N, 3.01%0, 11.65% P.

'H NMR (6, DMSO-dg, 20°C): 9.75 (s, 1H, NH), 9.63 (s, 1H, NH), 6.69 (s, 1H, pym®),
2.74 (s, 4H, CH(CHs)z), 1.38-1.02 (m, 24 H, CH(CH3)2).

SIP{IH} NMR (§, DMSO-dg, 20°C): 142.5 (d, J = 177), 128.0 (d, J = 177).

IR (ATR, cm™1): 1972 (ve—0).
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cis-[Fe(PNPC#m_iPr)(CO)Cl,] [64] (2e)

H
N—|—PiPr,

N :
c—& A N—Fe Cl
HN-P/Pr,

[ole)

This complex was prepared analogously to 1e with 2¢ (500 mg, 0.99 mmol) as starting

material.

Yield: 528 mg (100%) red solid; C17H3; Cl3sFeON4Py (MW: 531.61); 38.41% C, 5.88% H,
20.01% Cl, 10.50% Fe, 10.54% N, 3.01%0, 11.65% P.

SIP{IH} NMR (6, DMSO-dg, 20°C): 126.8 (d, J = 211 Hz), 113.5 (d, J = 209 Hz).
IR (ATR, cm™1): 1958 (vo—0).

trans/ cis-[Fe(PNPP¥"_iPr)(CO),Cl|SbF; [66] (2f/2g)

H §O T 4 O T+
N—|—PiPr; N—|—PiPry
co—< \N—/Fé c / o— N r co
HN-P/Pr, HN-P/Pr,
Cco Cl

This complex was prepared analogously to 1f with 2d (1.4 g, 2.63 mmol) and AgSbFg
(958 mg, 2.63 mmol) as starting materials. A 42:58 mixture of the cis/trans isomers was

obtained.

Yield: 1.74 g (87%) red SOlid; 018H31012F6F6N402P28b (MW: 759.91); 28.45% C, 4.11%
H, 9.33% Cl, 15.00% F, 7.35% Fe, 7.37% N, 4.21%0, 8.15% P, 16.02% Sb.

trans-[Fe(PNPCP¥"_iPr)(CO),Cl]SbFg
'H NMR (9, acetone-dg, 20°C): 8.76 (bs, 2H, NH), 6.37 (bs, 1H, pym?), 3.17 (bs, 4H,
CH(CHg)Q), 1.39-1.08 (Hl, 24H, CH(CHg)Q)
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SIP{'H} NMR (4, acetone-dg, 20°C): 127.6 (d, J = 84 Hz), 113.0 (d, J = 84 Hz).
IR (ATR, cm™1): 2021 (vo—0).

cis-[Fe(PNPCPym_iPr)(CO),CI|SbFg

'H NMR (§, acetone-dg, 20°C): 9.09 (bs, 2H, NH), 6.67 (bs, 1H, pym®), 3.43 (bs, 4H,
CH(CH3)2), 1.69-1.51 (m, 24H, CH(CH3)s).

SIP{'H} NMR (0, acetone-dg, 20°C): 146.5 (d, J = 149 Hz), 129.9 (d, J = 149 Hz).
IR (ATR, cm™1): 2057 (vc—0), 2021 (vo—0).

Fe(PNPOEwym_iPr)Cl, [64] (3d)

Cl
N—PiPr,
N
N\ :
EtO / N—~Fe
— \CI
HN—PiPr,

This complex was prepared analogously to 1c with FeCly (230 mg, 1.81 mmol) and 3¢

(700 mg, 1.81 mmol) as starting materials.

Yield: 920 mg (99%) yellow solid; CigHgsCloFeN4OPy (MW: 513.20); 42.13% C, 7.07%
H, 13.82% Cl, 10.88% Fe, 10.92% N, 3.12% O, 12.07% P.

'H NMR (6, acetone-dg, 20°C): 146.54 (s, 2H, CH(CHz)z), 144.72 (s, 2H, CH(CH3)2
75.92 (s, 1H, NH), 68.80 (s, 1H, NH), 32.01 (s, 1H, pym®), 13.11 (s, 6H, CH(CH3),
12.95 (s, 6H, CH(CH3)s), 7.12 (s, 12H, CH(CHj)s), 5.89 (s, 2H, OCH,CHj), -0.22 (s,
3H, OCHyCHsy).

);
)

)

trans-[Fe(PNPOE»™ iPr)(CO)Cl,] [64] (3e)

y C
N—/|—PiPr,
N S
El0—& \N—Fé co
HN-P/Pr,

Cl
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This complex was prepared analogously to 1d with 3d (920 mg, 1.79 mmol) as starting

material.

Yield: 961 mg (99%) violet solid; C19HgsClaFeN4OoPo (MW: 541.21); 42.17% C, 6.70%
H, 13.10% Cl, 10.32% Fe, 10.35% N, 5.91%0, 11.45% P.

'H NMR. (5, DMSO-dg, 20°C): 9.10 (d, J = 4.8 Hz, 1H, NH), 8.94 (d, J = 5.1 Hz,
1H, NH), 5.94 (s, 1H, pym®), 4.36 (q, J = 6.9 Hz, 2H, OCH,CH3), 2.85-2.71 (m, 4H,
CH(CHz3)s), 1.49-1.23 (m, 27 H, OC2CH3 and CH(CH3)s).

SIP{'H} NMR (5, DMSO-dg, 20°C): 138.8 (d, J = 177 Hz), 126.2 (d, J = 177 Hz).
IR (ATR, cm™1): 1958 (vo—0).

cis-[Fe(PNPOE»m_iPr)(CO)Cl,] [64] (3f)

y C
N—|—PPr,
N S
Eo— \N—Fé Cl
HN-P/Pr,
Co

This complex was prepared analogously to 1e with 3d (500 mg, 0.97 mmol) as starting

material.

Yield: 527 mg (100%) red solid; C1oHssClaFeN,OoPy (MW: 541.21); 42.17% C, 6.70%
H, 13.10% C1, 10.32% Fe, 10.35% N, 5.91%0, 11.45% P.

'H NMR (6, DMSO-dg, 20°C): 8.72 (bs, 2H, NH), 5.46 (s, 1H, pym?), 4.02 (s, 2H,
OCH,CHs), 2.45 (s, 4H, CH(CHj)), 1.33-1.01 (m, 27H, CH(CH3), and OCH,CHj).
31p{'H} NMR (5, DMSO-dg, 20°C): 123.9 (d, J = 234 Hz), 112.4 (d, J = 234 Hz).
IR (ATR, cm™1): 1955 (vo—0).
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trans-[Fe(PNPYEPvm_iPr)(CO),Cl|SbF; [66] (3g)

4 o +
N—|—P#Pr,
N s
Et0— \N—Fé Cl
HN-P/Pr,
Cco

This complex was prepared analogously to 1f with 3e (690 mg, 1.27 mmol) and AgSbFg

(438 mg, 1.27 mmol) as starting materials.

Yield: 810 g (83%) red solid; CogH36ClFsFeN4O3P2Sh (MW: 769.52); 31.22% C, 4.72%
H, 4.61% Cl, 14.80% F, 7.26% Fe, 7.28% N, 6.24%0, 8.05% P, 15.82% Sb.

'H NMR (6, acetone-dg, 20°C): 8.58 (s, 1H, NH), 8.41 (s, 1H, NH), 5.68 (s, 1H,
pym®), 4.21 (q, J = 6.7 Hz, 2H, OCH,CH3), 3.43 (m, 4H, CH(CHj3)3), 1.72-1.10 (m, 27H,
OCH2CH3 and OCHyCH3).

BC{'H} NMR (9, acetone-dg, 20°C): 208.4 (t, J = 23.3 Hz, CO), 170.0 (pym?), 167.2
(pym®), 165.9 (d, J = 1.7 Hz, pym?), 81.7 (d, J = 10.3 Hz, pym®), 63.1 (O CH,yCH3),
30.2 (d, J = 21.8 Hz, CH(CH3)s), 29.7 (d, J = 23.0 Hz, CH(CH3)3), 15.5 (d, J = 5.2
Hz, CH(CHj3)s), 10.9 (OCH, CH3).

SIP{!H} NMR (4, acetone-dg, 20°C): 124.9 (d, J = 83 Hz), 112.4 (d, J = 83 Hz).

IR (ATR, cm™1): 2014 (vo—0).

Fe(PNPO!soym_iPr)Cl, (4d)

Cl
N—| PiPr;
N
. J N :
i-amylO N—Fe
— \CI
HN—P/Pr,

This complex was prepared analogously to 1c with FeCly (169 mg, 1.33 mmol) and 4c

(571 mg, 1.33 mmol) as starting materials.
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Yield: 726 mg (98%) white solid; Ca;HipCLFeN,OPy (MW: 555.28); 45.42% C, 7.62%

H, 12.77% Cl, 10.06% Fe, 10.09% N, 2.88% O, 11.16% P.

'H NMR (6, acetone-dg, 20°C): 145.21 (s, 2H, CH(CHgz)s), 142.81 (s, 2H, CH(CH3)s),

77.61 (s, 1H, NH), 70.09 (s, 1, NH), 31.56 (s, 1H, pym®), 13.08 (s, 12H, CH(CH3)), 7.37

(s, 12H, CH(CH3)2), 6.07 (s, 2H, OCH2CH2CH(CHs)2), 2.05-0.13 (m, 9H, OCHyCHCH (CH3)3).

trans-[Fe(PNPO/srvym_iPr)(CO)Cl,] (4e)

H Cl
N—([—PiPry
N
i-amylO 4 \N—Fé CO
HN-P/Pr,
Cl

This complex was prepared analogously to 1d with 4d (726 mg, 1.31 mmol) as starting

material.

Yield: 755 mg (99%) violet solid; CooHyoClaFeN4OoPo (MW: 583.29); 45.30% C, 7.26%
H, 12.16% Cl, 9.57% Fe, 9.61% N, 5.49%0, 10.62% P.

'H NMR. (5, DMSO-dg, 20°C): 9.06 (d, J = 5.3 Hz, 1H, NH), 8.95 (d, J = 4.7 Hz,
1H, NH), 5.96 (s, 1H, pym®), 4.30 (t, J = 6.4 Hz, 2H, OCH,CHCH(CHj3)s), 2.87-2.68
(m, 4H, CH(CH3)z), 1.79-1.67 (m, 1 H, OCHyCH,CH (CH3)3), 1.58 (q, J = 6.5 Hz,
2H, OCH,CH2CH-(CH3)s), 1.47-1.22 (m, 24H, CH(CH3)z2), 0.90 (d, J = 6.4 Hz, 6H,
OCH2CH,CH(CH3)s).

BC{!H} NMR (6, DMSO-dg, 20°C): 224.3 (t, J = 21.8, CO), 170.9 (pym?), 169.4
(dd, J = 6.0 Hz, J = 13.5 Hz, pym®), 167.3 (dd, J = 5.5 Hz, J = 19.9 Hz, pym?),
80.5 (d, J = 7.7 Hz, pym®), 65.4 (OCH,CH,CH(CHs)z), 37.8 (OCHy CH,CH(CHs)s),
25.6 (CH(CH3)z), 25.2 (CH(CHs)z), 23.0 (OCHyCH, CH(CHs)z), 19.4 (d, J = 4.0 Hz,
CH(CH3s)s), 19.3 (d, J = 3.9 Hz, CH(CH3)s), 18.2 (OCH,CH,CH(CHz)s).

SIP{'H} NMR (3§, DMSO-dg, 20°C): 140.0 (d, J = 179), 127.0 (d, J = 179).

IR (ATR, cm™!): 1967 (vo=0).
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cis-[Fe(PNPO!=nm_iPr) (CO)Cl] (4f)

e
N—|—P#Pr,
N $
i-amylO 7 \N—Fé Cl
HN-P/Pr,
co

This complex was prepared analogously to 1e with 4d (500 mg, 0.97 mmol) as starting

material.

Yield: 525 mg (100%) red solid; CooHyoClaFeN4OoPy (MW: 583.29); 45.30% C, 7.26%
H, 12.16% Cl, 9.57% Fe, 9.61% N, 5.49%0, 10.62% P.

SIP{'H} NMR (5, DMSO-dg, 20°C): 123.7 (d, J = 206 Hz), 112 (d, J = 206 Hz).

IR (ATR, cm™1): 1956 (vo—0).

trans / cis-[Fe(PNPO/s»ym_iPr) (CO),Cl]SbF; (4g/4h)

g 0 Tt w 0 Tt
N—[—P/Pr; N—/|—PiPr;
N N
i-amylO 7 N N—Fé o /iamyo—& N N—/Fé co
HN-P/Pr, HN-P/Pr,
co Cl

This complex was prepared analogously to 1f with 4e (1.5 g, 2.57 mmol) and AgSbFg
(884 mg, 2.57 mmol) as starting materials. A 29:71 mixture of the cis/trans isomers was

obtained.

Yield: 1.88 g (90%) red SOlid; C23H4QCIF6FGN403PQSb (MW 81160), 3404% C, 522%
H, 4.37% Cl, 14.05% F, 6.88% Fe, 6.90% N, 5.91%0, 7.63% P, 15.00% Sb.

trans-[Fe(PNPOIsrym_iPr) (CO),Cl|SbFg
'H NMR (6, acetone-dg, 20°C): 8.49 (s, 1H, NH), 8.31 (s, 1H, NH), 5.68 (s, 1H, pym®),
4.18 (s, 2H, OCH,CH,CH(CH3)2), 3.59-3.00 (m, 4H, CH(CHjz)s), 1.61-0.89 (m, 33H,
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CH(CH3)s and OCHyCHoCH (CH3)s).

BC{'H} NMR (6, acetone-dg, 20°C): 210.3 (t, J = 19.1 Hz, CO), 171.5 (pym*), 166.7
(d, J = 10.4 Hz, pym®), 1652 (d, J = 13.4 Hz, pym?), 83.3 (pym’), 66.7
(OCH,CH,CH(CH3)), 37.7 (OCHyCH,CH(CH3)z), 27.8 (CH(CHs)p), 24.9
(OCH,CHy CH(CH3)s), 22.5 (OCH,CHoCH(CHs)s), 18.9 (CH(CH3z)s), 18.7 (CH(CHz3)2),
18.5 (CH(CHs3)s), 18.3 (CH(CHs)s).

SIP{'H} NMR (4, acetone-dg, 20°C): 124.9 (d, J = 83 Hz), 112.5 (d, J = 83 Hz).

IR (ATR, cm™!): 2012 (vo=0).

cis-[Fe(PNPO/spym_iPr) (C0O),Cl]SbFg

'H NMR (6, acetone-dg, 20°C): 8.79 (s, 1H, NH), 8.57 (s, 1H, NH), 5.96 (s, 1H, pym?®),
4.31 (s, 2H, OCH5CH,CH(CHz3)s), 3.59-3.00 (m, 4H, CH(CHz3)s), 1.61-0.89 (m, 33H,
CH(CH3)y and OCHyCH,CH (CH3z)s).

BC{'H} NMR (4, acetone-dg, 20°C): 211.8 (t, J = 24.4 Hz, CO), 171.7 (pym?), 167.7
(d, J = 11.3 Hz, pym®), 1659 (d, J = 10.5 Hz, pym?), 83.3 (pym®), 66.7
(OCH,CH,CH(CH3)), 37.7 (OCHyCH,CH(CH3)z), 28.3 (CH(CHs)p), 24.9
(OCH,CH, CH(CHz3)3), 22.6 (OCH,CHoCH(CHs)s), 19.5 (CH(CHz)s), 19.2 (CH(CHs)3),
18.1 (CH(CHs)s), 17.9 (CH(CHs)s).

SIP{'H} NMR (0, acetone-dg, 20°C): 143.1 (d, J = 149 Hz), 128.6 (d, J = 149 Hz).
IR (ATR, em™!): 2045 (vo=0), 1995 (vo=0).

12.2 PNP-Ph Complexes

[Fe(PNP-Ph),CI|BF, (1h)

PPh,
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To a solution of PNP-Ph 1a (1.4 g, 2.92 mmol) and NaBF, (641 mg, 5.84 mmol) in
THF FeCly (185 mg, 1.46 mmol) was added. The reaction mixture was stirred for 3h.
After the solids were filtered off the solvent was removed under reduced pressure. The

remaining green solid was washed thrice with EtoO (10mL) and dried under vacuum.

Yield: 1.56 g (94%) green solid; C5sH50BCIF4FeNgP, (MW: 1133.05); 61.48% C, 4.45%
H, 0.95% B, 3.13% Cl, 6.71% F, 4.39% Fe, 7.42% N, 10.93% P.
'H NMR (5, THF-dg, 20°C): 8.97-8.82 (m, 4H, NH), 7.80-6.75 (m, 46H, Ph and py>*?).
BC{!H} NMR (6, THF-dg, 20°C): 131.3-125.3 (m, Ph, py).
SIP{'H} NMR (6, THF-dsg, 20°C): 107.3 (d,J = 50.2), 105.8 (d, J = 49.3), 101.9, 43.7.

cis-[Fe(PNP-Ph)(CO)Cl,] (1i)

y C
N—|—PPh,

/ \N—Fé: Cl

HN-PPh,
co

CO was bubbled into a solution of PNP-Ph (697 mg, 1.46 mmol) in acetone and FeCls
(185 mg, 1.46 mmol) was added. CO was applied for further 10 minutes. The solvent
was then removed under reduced pressure and the remaining red solid washed thrice with

Et20 (10 mL) and dried under vacuum.

Yield: 821 mg (89%) red solid; C3gHas5ClaFeN3OPy (MW: 632.24); 56.99% C, 3.99% H,
11.22% Cl, 8.83% Fe, 6.65% N, 2.53%0, 9.80% P.

'H NMR (6, DMSO-dg, 20°C): 9.81 (bs, 2H, NH), 8.16-7.26 (m, 21H, Ph and py*), 6.37
(bs, 2H, py>?).

BC{!H} NMR (5§, DMSO-dg, 20°C): 162.3 (t, J = 18.4 Hz, CO), 132.8 (py*%), 130.7
(py?), 130.2 (Pht), 129.4 (Ph29), 128.9 (Ph%), 128.1 (Ph®9), 99.5 (m, py>").

Slp{1H} NMR (6, DMSO-dg, 20°C): 100.2.

IR (ATR, cm™!): 1958 (vo—0).
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[Fe(PNPC»m_Ph),C1|BF, (2h)

HN -PPh,
\S\ _N
Cl 4 N N Fo N Cl
HN—PPh,
ClHN

PPh,

This complex was prepared analogously to 1h with 2a (1.5 g, 2.92 mmol), FeCly (185
mg, 1.46 mmol) and NaBF, (642 mg, 5.85 mmol) as starting materials.

Yield: 1.68 g (95%) green solid; CssHy6BClsF4FeNgP4 (MW: 1203.92); 57.06% C, 4.55%
H, 0.86% B, 8.42% Cl, 6.02% F, 4.42% Fe, 8.87% N, 9.81% P.

'H NMR (0, acetone-dg, 20°C): 10.02 (d, J = 4.9 Hz, 1H, NH), 9.96 (s, 1H, NH), 9.87
(s, 1H, NH), 9.77 (s, 1H, NH), 7.88-6.96 (m, 41H, Ph and pym?®)

BBC{'H} NMR (4, acetone-dg, 20°C): 131.4-125.8 (m, Ph and pym)

SIP{'H} NMR (6, acetone-dg, 20°C): 112.5 (dd, J = 46 Hz, J = 153 Hz), 106.4 (t, J
= 48 Hz), 98.9 (dd, J = 49 Hz, J = 152 Hz), 35.9.

cis-[Fe(PNPC»m_Ph)(CO)Cl,] (2i)

e
N— |[—PPh,
N
c—& Ny Cl
HN-PPh,
CO

This complex was prepared analogously to 1i with 2a (1.5 g, 2.92 mmol) and FeCly

(371 mg, 2.92 mmol) as starting materials.



Yield: 1.76 g (90%) red solid; Co9Ha3ClsFeN,OPy (MW: 667.67); 52.17% C, 3.47% H,
15.93% Cl, 8.36% Fe, 8.39% N, 2.4%0, 9.28% P.

'H NMR (6, DMSO-dg, 20°C): 11.18 (s, 1H, NH), 10.78 (s, 1H, NH), 8.06-6.57 (m,
23H, Ph and pym®)

S'p{1H} NMR (6, DMSO-dg, 20°C): 106.8 (d, J = 249 Hz), 94.5 (d, J = 249 Hz).
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