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Kurzfassung

Die Ablésung von Edelmetallen in der homogenen Katalyse durch unedle Metallen ist
ein Hauptziel der metallorganischen Chemie. Es ist dabei notwendig ein kompatibles
Ligandensystem bereitzustellen, um katalytische Aktivitat zu erhalten. Der Einfluss
von strukturierten Liganden auf unedle Metalle wird am Beispiel von Eisen(ll) und
Mangan(l) Verbindungen gezeigt. Die Grundlage dieser Forschung bilden
dreizéhnige ,Pincer® Liganden mit einem Pyridin Fragment, welches mit zwei
Phosphan-Donoren verbunden ist (PNP-Liganden). Die Liganden unterscheiden sich
im Aufbau der Verknlpfung (CHz, NH, NMe, O) sowie der Phosphan-Reste (PRy).

Eine neue Klasse von Eisen(ll) PNP Pincer Komplexes, mit zwei Pincer-Liganden
unterschiedlicher Zahnigkeit (zweizahnig und dreizahnig) wird prasentiert. Diese
Komplexe der Formel K3,K2-[Fe(PNP)2X]+ sind nur in Gegenwart kleiner Phosphan-
Reste (PRy; R = Me, Et, nPr, nBu, Ph) und NH als Verknipfung (Linker) im PNP
Liganden zu beobachten. Die Bildung dieser Komplexe geschieht unabhangig von
der Stéchiometrie. Im *'P {"H} NMR erhalt man ein A;B Spin-System fiir die
koordinierten Phosphane, und ein Singulett flir den freien nicht koordinierten
Phosphan-Rest. Die Kristallstrukturen zeigen, dass eine Wasserstoffbrickenbindung
zwischen den NH Linkern und dem Pyridin Stickstoff die Struktur stabilisiert. Dder
verzerrte Oktaeder fuhrt zu einer groRen Spannung, welche den zweizahnig
koordinierten Liganden destabilisiert. Eine Umordnung zu Dreizahnigkeit oder
Ligandaustausch durch ein Kohlenmonoxid Molekul (CO) ist mdglich. Carbonyl
Komplexe der Form [Fe(PNP)(CO)X;] werden so erhalten, welche bei
Hitzeeinwirkung wiederum leicht CO verlieren konnen. Dieser Effekt ist umso starker,
je groRer die Phosphan-Reste sind.

Mangan(l) PNP Pincer Komplexe des Typs [Mn(PNP)(CO);H] stellten sich als
Katalysatoren fur die selektive Hydrierung von Aldehyden heraus. Funktionelle
Gruppen wie Ketone, Nitrile, Ester und Olefine werden dabei toleriert. Unter den
verwendeten PNP Liganden, zeigten jene mit NH Linkern die besten Ergebnisse. Die
Ergebnisse lassen schlieRen, dass die Bifunktionalitat der Liganden, und Ligand-
Metall Wechselwirkung eine wichtige Rolle fur den Mechanismus spielen.
Umsatzzahlen von bis zu 10.000 Substraten pro Molekul wurden erreicht. Die
Hydrierung verlauft bei Raumtemperatur, ohne Zusatze in protischen Lésungsmitteln.
Analoge Rhenium(l) PNP Pincer Komplexe [Re(PNP)(CO);H] zeigten deutlich
schlechtere Umsatze (<100). Die Hydrid-Komplexe aktivierten aullerdem
Kohlendioxid (CO,) in einer 1,2-Addition, wobei Formiat-Komplexe erhalten werden.

Die Ergebnisse bieten einen Leitfaden der Fe(ll) und Mn(l) Pincer Chemie, zur
gezielten Anpassung derer chemischen Eigenschaften.



Abstract

Base metal catalysis is an emerging field in organometallic chemistry to replace
precious metals by earth abundant metals. To achieve so, a suited ligand backbone
to support the non-precious metals is needed, in order to get catalytic activity. The
influence of well designed ligands on base metal chemistry is exampled on a series
of iron(ll) and manganese(ll) compounds. The research bases on tridentate “pincer”
ligands with a pyridine backbone connected with two phosphine donors (PNP-
ligands). The ligands vary in the set-up of linkers (CH,, NH, NMe, O) and phosphine
moiety PRo.

A new class of iron(ll) PNP pincer complexes, made up of two pincer ligands in
different bonding modes (tridentate and bidentate) is described. The complexes of
general formula K3,K2-[Fe(PNP)2X]+ are only observed when small phosphines (PRy;
R = Me, Et, nPr, nBu, Ph) and a NH linker is apparent in the PNP ligands. In solution,
the formation is inevitable, even when altering the stoichiometry. The *'P {'"H} NMR
gives rise to an A;B spin system for the coordinated phosphines, and a singlet for the
vacant, non-coordinating phosphine. The X-ray structures reveal that a hydrogen
bonding between NH linker and the pyridine nitrogen is stabilizing the coordination
geometry. The distorted octahedral structure leads to a high degree of stress, which
makes the bidentate ligand labile. Rearrangement to tridentate mode and
displacement by carbon monoxide (CO) are possible. Carbonyl complexes of type
[Fe(PNP)(CO)X;] are accessible, which are prone to CO release on thermal
treatment, with increasing steric demand of the phosphine.

Manganese(l) PNP pincer complexes of type [Mn(PNP)(CO),H] were found to be
pre-catalysts for the selective hydrogenation of aldehydes. Functional groups like
ketones, nitriles, esters and olefins are tolerated. Among the selected PNP ligands,
NH linkers delivered the best results. The results suggest that bifunctionality of the
ligand along with ligand-metal cooperation is essential for the mechanism. Turnover
numbers (TON) of up to 10,000 could be achieved. The hydrogenation proceeds at
room temperature, without additives in protic media. Analogue rhenium(l) PNP pincer
complexes [Re(PNP)(CO),H] had inferior performance below 100 TONs. Additionally,
the hydrido complexes [Mn(PNP)(CO);H] and [Re(PNP)(CO).H] activate carbon
dioxide (CO,) at ambient conditions. The 1,2-addition of CO, leads to a series of
formate complexes of the types [Mn(PNP)(CO)(OCHO)] and
[Re(PNP)(CO)2(OCHO)].

In summary, these results offer a guide for Mn(l) and Fe(ll) pincer chemistry allowing
to alter the chemical properties in a modular fashion.
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Introduction 1

1 Introduction

The field of organometallic chemistry is generally considered as a discipline that
combines organic (ligand) and inorganic (metal) frameworks to design molecules of a
distinct structure. Further transformations on the obtained intermediates often lead to
characteristics of severe interest. Especially transition metals pose remarkable
reactivities. These include the activation of chemical bonds, a vital requirement for
catalysts. Metal based asymmetric catalysis was honored with the Nobel Prize for
chemistry in 2001. Organometallic compounds of noble metals, especially those of
the platinoid group (Ru, Rh, Pd, Os, Ir, Pt) exhibited astonishing reactivity so far and
new synthetic pathways were allowed. While highly active, many compounds proved
to be stable enough for a convenient usage.

However, for economic and ecologic reasons, this research field is slowly parting
ways from precious metals. Major drawbacks are increasing costs, limited abundance
and none the less, health issues because of toxicity on very low levels. Throughout
the years, this became a turning point, where research focuses on environmentally
benign metals.’ Especially the 1! row transition metals offer a nice selection of “non-
toxic” and earth abundant elements. Base-metal chemistry is untenably overtaking
the spotlight. Iron (Fe) and manganese (Mn) are among the two most common
transition metals in the earth crust.? Catalysts based on these metals are of virtually
endless supply and low price would relieve superb benefits.

To achieve so, ligands and metal precursors have to suit well. It is necessary to
develop leading structures which enable a structured study on these components.
This work contributes fundamental results to the understanding of the underlying
chemical properties of such compounds.

1.1 Pincer Ligands

Pincer ligands or pincers are tridentate chelate ligands that utilize a meridional
bonding geometry, which means that all coordinative bonds to the central atom
(usually a metal) are in plane. The name pincer originates from its imaginative
fixation of the metal center like a pincer tongs and was introduced by van Koten in
1989.% Figure 1 demonstrates the basic structure of pincer ligands. Three donor
groups (D'? and E) are linked together by any desired framework (Y). The
surrounding backbone may be made up of rigid aromates or flexible aliphatic chains.
Via coordinative bonding of a lone pair, a desired central atom (M) may be
stabilized.*
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Y = Linker

/\\ . /\ D = Donor Group (vacent)

Y E Y E = Donor Group (centered)
1 2

'Ey M <3P

M = Central Atom (Metal)
Figure 1: Basic structure of a pincer ligand and coordination to a metal center

For simplicity, groups of pincers are termed after its three donor atoms, generally
denominated as DED. The characters, entitle the element-symbols of the donor
atoms, most often C, N, P, S or O. Figure 1 displays a selection of common pincer
ligands including their abbreviation. The charge of the pincers may also be altered
according to the application, including anionic, neutral and (infrequent) cationic
functionalities.’

1.1.1 Pincer Complexes

Pincer complexes are made up of their parent ligands. The “first” pincer complexes
are always related to the syntheses of Moulton and Shaw, back in 1976.° The nature
of this complex class was studied into the early 80’s (Figure 2).” These complexes
exhibit an anionic PCP pincer backbone which resulted from C-H activation of a
benzene or “CH,” fragment. Since this was accomplished in alcoholic solvents, the
driving force is not a deprotonation. This habit is naturally exclusive for noble metals
(Rh, Ir, Pt) which is the reason why pincer chemistry stepwise emerged from precious
metal coordination chemistry.

A AT N
| T MCl, | T
= =
C C C C/\
| D | )
H -HCI R

PR, H PR, PR, PR, P M——PR, RyP M——PR;
R = alkyl, aryl M = Ni, Pd, Pt, Rh, Ir 3 a

-

Figure 2: Synthesis of PCP pincer complexes by Shaw

For most pincer complexes, a five-membered metallacycle is the most favored, but
depending on the ligand and size of the metal, also six-membered metallacycles are
possible. Shaw and coworkers reported exceptional high thermal stability which is a
huge benefit in organometallic catalysis. Numerous manuscripts comprise the sheer
potential and finesse of precious pincer complexes, in countless applications as
catalysts, switches and sensors.® These include activation of small molecules,
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transfer hydrogenations, cross-couplings, hydrogenations, oxidations and many more
(Figure 3).

R
R R*
0 0
PrzPl! Pd PiPry tBu2||D Ir,”, PtBu;  (Bu,P Ru PtBus Ph,P Pd——PPh,
TFA H H cl 7”PPh3 TFA
Suzuki-Miyaura Coupling Dehydrogenation of alkanes  Hydrogen Transfer Reaction  Aldolic Condensations

Figure 3: Applications of precious metal pincer complexes

1.1.2 Pyridine based PNP Pincer Ligands

Among the class of PNP pincers, the aromatic pyridine is known since before the
works of Shaw. Based on a 2,6-Lutidine PNP pincer, Nelson et al. characterized a
series of 1% row transition metal PNP pincer complexes.9 It wasn’t until Sacco et al.
that these complexes were utilized in noticeable reactions like water-gas-shift and
Pd-chemistry.m Meanwhile, the pyridine motive underwent considerable popularity in
modern pincer chemistry. Despite its plain structure, a 2,6-substituted pyridine frame
has many possibilities to systematically alter the ligand profile (Figure 4).

heteroatoms
electronic

electronic/steric
stereo-information “a

re
Y Y

. electronic/steric
electronic . .
stereo-information

Figure 4: Versatility of 2,6-substituted pyridine moiety

e Modifying the 3, 4 or 5 position changes electronics and solubility

¢ Introducing additional hetero atoms (N, O) influences the n-electron density
e Linkers Y can vary in bulkiness, chirality and electron withdrawing habits

e Donors P"? can be adjusted to any means, once the leading structure is set

Pyridine precursors, for the synthesis of PNP pincer ligands fulfill all features, which
are desired in comparative catalytic applications: Stability, simplicity, tunability and
cost efficiency (low price, good availability). The selection of the ligands, used in this
work, originates from these indispensable benefits (Figure 5).""
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‘ = ‘ P R ‘ P R ‘ =
H2C|> N THz HT N l\|lH \T N T/ C|> N (|3
PR, PR PR, PR, PR, PR, PR, PR,

Figure 5: PNP pincer ligands used in this work

1.2

Noticeably, the listing of pincer-complexes was imbued with phosphorus containing
ligands. Indeed, the presence of phosphines is inevitable for many of the praised
homogeneous catalysts.12 Compared to nitrogen, phosphorus is a soft Lewis base
and tends to form stronger bonds towards soft transition metals. Tertiary phosphines
PR3 are considered as strong os-donors but weak n-acceptors.’ This effect can be
increased by electron donating groups EDG (silyl or alkyl) or decreased by electron
withdrawing groups EWG (alkoxy, aryl, amino). This thermodynamic impact makes it
possible to shape the nature of the metal center for successful catalysis. At the same
time, kinetic impact can be adjusted by the size of the phosphine, without much
change in electronics. These parameters have been summarized in an extensive
review by Chadwick Tolman." An additional advantage of phosphines as ligand, is
the excellent sensitivity of the *'P nucleus in nuclear magnet resonance (NMR)
spectroscopy.15 Combined with its natural abundancy of 100%, this is a superb
method for characterization of intermediates and facilitates the study of reactive
intermediates. Even small amounts may be traced in solution and pathways can be
monitored in real time.

Phosphine Ligands

1.2.1 Phosphine Building Blocks

Planning the synthesis of ligands usually involves a retrosynthetic analysis to figure
out alternative routes for a successful implementation.”® The synthesis of a 2,6-
lutidine PNP pincer may be executed from two different synthetic approaches (Figure
6).

Retron Synthons Synthetic Equivalents
\ AN
X R R R R |
: + ., > P =
‘ H,C ‘ N/ CH g | ' N
N/ e ® H ol cl
PR, PR, R R
R
— s AN T TN s
PNPCH2.R e ch ® |
2e 2 a b b

Figure 6: Retrosynthetic analysis of a PNP pincer with CH, linkers
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For the building block of the phosphine rest PR,, two synthons are plausible — a
nucleophilic and an electrophilic. This also counts for the 2,6-lutidine. The decision is
naturally made after considering convenience, costs, supply and sustainability. In this
case, both synthetic routes are reported in literature — still after modifications either
could fail.

The practical aspect about tertiary phosphine precursors is the great variety of
procedures to convert one synthon into another (Figure 7). The most important
precursors are chlorophosphines and secondary phosphines since they are atom
economic and straight forward. Chemical vendors have many of the commonly used
chlorophosphines (usually cheaper) and secondary phosphines in stock. Both can be
interconverted by strong chlorinating agents/strong reducing hydrides.17

R3S SR}y cl Cl [ ]
s N ' : ' cl Cl
P P MgRX : R R + HNR2 R R MgRX
| | — \T/ E ~p \F|,/
SiR' Cl H i HC
’ : Cl : NR', NR',
R R : :
1. MeLi ~p~ : ;
2. RX l _ i CoClg || LifAIH,]
Li H !
Ar H !
i H o) (|)|
R R : ! H,0, R R MgRX RO OR
~p R\P/R : R\P/R i 10 \|F!/ g ~p~
L | H0 _ | 'DIBALH | |

Figure 7: Synthetic concept for the preparation of tertiary phosphine precursors

Grignard alkylation of cheap PClI; is a very robust technique for a majority of
phosphineprecursors.18 Size and electronic composition of R may need alternative
routes through aminophosphines. The P-H bond is then cleaved cleanly by dry HCI
gas.” A smooth way to secondary phosphines, avoiding sensitive starting materials,
is the alkylation of dialkoxyphosphites followed by reduction of the phosphine oxide
with DIBAL-H.?° A special synthetic case is the reduction of tertiary phosphines with
Li when one aryl group (Ar) is apparent.?' Chiral phosphines usually need a synthetic
approach via silylphosphino precursors.?

1.3 Carbon Monoxide — Carbonyl Complexes

Carbon monoxide (CO) is a gaseous molecule of little reactivity in absence of
oxidizing agents. However, to the human body (respiration cycle), CO is a serious
threat because of its irreversible affinity to the heme molecule.?* Homoleptic carbonyl
complexes were studied very early in history. Metalcarbonyl research was initiated
after the innovative protocol of Ludwig Mond, who isolated nickel of high purity from
an equilibrium with nickel tetracarbonyl [Ni(CO)4]. ** Nowadays, CO plays a key role
as a spectator/non-innocent ligand in catalysis and organometallic chemistry.?®
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MO Metal MO Carbonmonoxide

norbital (( >M ) D C—o® o omitl

(empty) . ~
Q. o Q

7 orbital —O0 n* orbital

(filled) ‘ b O (N

Figure 8: lllustration of c-donor/n-acceptor interaction in metal-CO complexes

The prowess of CO as a stabilizing ligand lies in the nature of its n* molecule orbital
(MO). Molecule orbitals of metals may interact in two ways with CO (Figure 8).

e The c* molecule orbital of CO is centered at the carbon atom and filled with 2
electrons. Through centrosymmetric interaction with an empty d-orbital of the
metal (M) electron density can be transferred to the metal center. This effect
has usually little overall influence.

e The n* MO of CO is also centered at the C-atom and empty. Electrons of an
electron-rich metal center can be shifted into this empty orbital, resulting in
thermodynamic stabilization, which favors a low spin state of the metal. This
effect has tremendous consequences on the stability of the overall complex.

The reversible binding of CO combined with a color change is a subject of molecular
gas sensors and switches.?

1.4 Iron(ll) PNP Pincer Chemistry

First catalytic applications of iron complexes grounded on the lewis acidic character
of the metal center in ionic iron salts, e.g. halides, sulfates and oxides. Until today,
iron oxides as heterogenous contact-catalysts, are indispensable in the production of
ammonia via Haber-Bosch process.?” Iron undergoes changes in oxidation states
easily, which makes characterization challenging. “Quick-shot” approaches with
crude iron oxides, delivered reasonable results in cross couplings, but the true
reactive species is unknown. Through time and experience, it was figured out, that
chelating ligands improve the stability of the catalysts. This was the initiator for the
quest towards well defined iron complexes.?® Pincer ligands offer a toolbox of
stabilizing ligands with easy tunability, which unfolded the true capacity of this
underrated metal.?® A very pronounced feature is the hydrogenation of multiple bonds
of polar nature like aldehydes, ketones, nitriles, esters, nitrates and even carbon
dioxide.
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Traditional mechanisms of related precious metal catalysts estimate that the
formation and breaking of bonds happens exclusively at the metal center. Non-
precious metals like iron usually need a cooperative agent, which helps shuttling
protons/electrons. Often, pincer ligands already have integrated aiding functionalities
like NH, CH, and conjugated aromatic systems. The terms “non-innocent” or
“bifunctional” ligand are favorably used in this context.®® All these circumstances
propel the investigations of many research groups to utilize the full potential of iron
complexes.

1.4.1 Aromatic Backbones

A classic structural motif of Fe(ll) PNP pincer complexes is the pentacoordinated iron
PNP dihalide [Fe(PNP)(Xz)]. These high spin complexes (s = 5/2) are 16-electron
complexes of distorted square pyramidal geometry (Figure 9).

PRz PRz 0—PR,
CI CI Cl
N—Fe N— /
¢ l \CI
Hzc_PRz HZC—PR2 N—PR2 O—FPR,
R =Ph =iPr, 1Bu R =iPr, tBu R =iPr, 1Bu
Nelson 1971 Milstein 2006 Kirchner 2007 Shrodi 2014

Figure 9: Selection of pentacoordinated Fe(ll) PNP dichloro complexes

Aromatic pyridine-based pincers are the most frequently reported amongst them, with
variations of the linker group (CHz, NH, O). Although the earliest examples date back
to the works of Nelson and Sacco, it wasn’t before the mid 2000s that the reactivity of
Fe(ll) pincer complexes was studied (Figure 10). These studies rely on sterically
demanding alkyl-phosphine moieties PR,.*!

4 N\

Fe(0) R=jPr Chirik 2006
PR, PR,
— P F/CO NaHg | /=N F?/C'
T co o IN_¢ 4T o
PR, PR,
N
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' N—Fe—H ———> —Fe :
ON— : N\~ /‘e -, N AN /Fe SiHzPh :
PR PR l i
PRZ H N :
______________ R= tBU . unstable :

Flgure 10: Synthesis of Fe(0) PNP biscarbonyl complexes
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The isolation of stable Fe(0) PNP complexes was achieved by Chirik and Goldman,
by reduction of Fe(ll) PNP halides under CO atmosphere. Other highly reduced
species were often too sensitive for full characterization. These results point out, that
CO is a vital m-acceptor ligand to stabilize the electron rich Fe(0) center of d®-
configuration. The geometry of [Fe(PNP)(CO),] depicts perfect trigonal-bipyramidal
geometry. They are diamagnetic, 18 electron complexes and the carbonyls show two
stretching frequencies in IR-spectroscopy.

Fe(ll) PNP carbonyl complexes are also accessible in a very convenient way.
Unsaturated Fe(ll) PNP halides readily bind CO in solid state and solution.>®* The
reaction is accompanied by a color change from yellow to bright red/blue and may be
monitored by the naked eye. The early works of the Kirchner group devoted several
papers on these studies. The resulting complexes [Fe(PNP)(CIl;)CQO] are air-stable,
octahedral 18 electron complexes. Two isomers (cis or trans) are observed,
depending on the media (solid state, solution). Notably, this is a reversible process,
since [Fe(PNP)CI;] is formed when heat and vacuum are applied (Figure 11).

H +
N—\PRQ . H co
e Cl A N—|-PR,
----------------- —Fe —  » — $
R = iPr ¢ ¢ CO § N—Fe—cl
Kirchner 2008 ! HN—PR, 4
----------------- . HN-PR,
-CO CO
+CO
+ CO -CO
H Cl H Cl
.
N—PR, L N—I-PR, Ag
— 5 isomerization — S co
N—Fe— —Fe—
\ VY / e—Cl solvent \ VY N /Fe co
HN-PR, HN—PRZ,
(610)] Cl
solid state solution

Figure 11: Reversible binding of CO by an iron(ll) PNP pincer complex

Abstraction of a halide is achieved by silver(l) salts, which are strong halide
scavengers. Under CO atmosphere, the vacant coordination site is occupied by a CO
molecule. In absence of CO, the complex disproportionates to [Fe(PNP)CI;] and
[Fe(PNP)(CO),CI]*. The process is irreversible, and only the trans-isomer was
observed. In a very recent published work it was devoted, that also the cis-isomer is
formed, after irradiation with visible light.>*

1.4.2 Denticity of PNP Pincer Ligands

In coordination chemistry, the term of denticity, describes the number of donors in
one ligand, which are bound to the metal center. The notation k (“kappa”), a greek
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letter, and a subscript n (n = 1, 2, 3...) is used for clarification. Pincers are expected
to adopt a tridentate (k°) bonding mode, but in Fe(ll) pincer complexes also other
bonding modes (k%) have been observed (Figure 12).%°

Kirchner 2014 ‘: : Kirchner 2015

: m * RZP‘NH PTadd pTadd
bOReP N_ PRy ;:> solid state

NH N NH Ag
H N—I|PR; Fe—N _Fe/x - _Fe/x
: N—FéﬁpR
IN_¢ ¢ 2 HN PRZ N HN- PR HN- F’R
HN-PR,
X 1L solution
: ph_Ph H
RZP‘NH H
R=Ph; X=Cl : N—P1a0
N— PR . —
' i Praga = N—rFe—%
not observed \ N—Fe—- ! N\ 7 / AN
HN-PR, X
HN- PR2 x 2

R=iPr, tBu; X=Cl, Br !

Flgure 12: Fe(ll) PNP pincer complexes with bldentate (K ) bonding modes

One example is a cationic octahedral Fe(ll) complex, chelated by two 2,6-
diaminopyridine PNP ligands. Remarkably, one pincer acts as tridentate, and the
other as bidentate ligand, with the pyridines in cis configuration. The *'P{'H} NMR
displays a A;B spin system for the coordinated PR;, and a singlet for the vacant, non
bonding PR,. Offering an additional coordination site by Ag(l)-salts or coordinating
solvents, a dicationic complex of general formula [Fe(PNP),)]** is formed. The other
example uses a non-symmetrical PNP* pincer ligand, with one chiral phosphinite
moiety. In solid state, apparently a tetrahedral complex of type [Fe(PN)-P*X;] is
present, while in solution an equilibrium with the pentacoordinated [Fe(PNP*)Xz]
exists.

1.4.3 Application in Catalysis

Applications in catalysis were still not quite ready. Fe(ll) PNP carbonyls were too
stable and Fe(0) carbonyls were too reactive for a convenient usage. However, these
precursors were key for the breakthrough of Fe(ll) pincer complexes in catalysis.
Substitution of halides by hydrides and hydrido-equivalents uncovered a remarkable
pool of highly active and selective catalysts in reductive chemistry.

Reduction of Aldehydes and Ketones to Alcohols

Hydrogenation uses molecular H; for saturation of multiple bonds. This reaction is
unmatched in terms of sustainability, since it provides an atom efficiency of nearly
100 %. The activation barrier is very high at ambient conditions and needs a catalyst
to get going. Transfer hydrogenation uses an alcohol, most commonly iso-propanol,
as a “Hy” source. Several Fe(ll) PNP pincer hydrides have been developed, which
are efficient pre-catalysts for hydrogenation and transfer hydrogenation.*
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Figure 13: Pre-catalysts for hydrogenation of ketones and aldehydes

The Fe(ll) PNP hydrido carbonyls in Figure 13 are prepared from their parent
dibromo carbonyls via ligand exchange by H". Borohydrides and alkyl-borohydrides
are popular reagents used for this reaction. But, hydrido complexes may also be
formed in situ after addition of base in H, atmosphere. Notably, no related chloro
compounds are reported.

; Milstein 2011 E i Kirchner 2014 : Hu 2015
’ H e P H
e b
e — PR2 N—}-\PRZ N *ﬁF’Rz P o‘ﬁp Ro
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; P B R=jpr Br P B
: R = jPr b b R = jPr
Ketones Ketones + Aldehydes Aldehydes Aldehydes
1 ! , N e
(@] 0.05-5 mol% [Fe] OH (0] 0.05-5 mol% [Fe] OH
KOfBu KOtBu
—_— - =
4-5 atm H, 4-5 atm H
R R alcohol R R R H alcohol : R H

Figure 14: Pre-catalysts for hydrogenation of ketones and aldehydes

The pre-catalysts in Figure 14 are suited for the reduction of some carbonyl
functionalities. Typical reaction conditions are very mild, with ambient temperatures
and H; pressure. A common mutuality is the need of a strong base, especially at low
catalyst loadings. The estimated role of the base is depending on the ligand system.
Milstein proposed a deprotonation of the ligand, followed by cooperative activation of
H-H bond. Kirchner proved the formation of a dihydrido species which is supposed to
be the active catalyst in his cycle.

Reduction of ketones and aldehydes by hydrosilylation and aqueous workup was
done by the group of Findlater.®” The active catalyst was generated in situ, also by an
alkyl borohydride agent (Figure 15).
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Y_
_Si(OEY; — PRagy
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Figure 15: Hydrosilylation of secondary alcohols

Reduction of Carbon Dioxide

Carbon dioxide is a sustainable source for C1-buildingblocks, and in its reduced form
(formaldehyde) also a futuristic candidate for energy storage.*® Fe(ll) formates are
isolated as intermediates in a catalytic cycle of carbon dioxide reduction by
dihydrogen.39 Milstein’s pyrazine based Fe(ll) complexes activate and bind molecular
CO in a ligand-metal cooperated mechanism under basic condition. Also base-
triggered is Gonsalvi’'s pyridine based Fe(ll) system via outer-sphere mechanism
(Figure 16).

[Fe] Milstein 2015
Ol
H, 7 i CO, + Hy + B
2 - > + Hy, + Base
C —|-PR C—I|-PR :
/:< S 2 Base, COZ /:<H S 2 :
N N—Fe—CO ——»» N N—Fe—CO
\ /< / \ /< /
PRzl PR, :
Gonsalvi 2016 1
’ 0
Me O‘(
N —[-PR, Me H ;
— > N —[-PR; :
N—Fs—CO Base, CO, — S5 : . + :
N\ 7/ - N—Fe—co :[HCOoJ[BaseH]” + HyO
/‘ N/ : :
MeN-PR, MeN-PR, S ;
Br H

Figure 16: Hydrogenation of CO, catalyzed by Fe(ll) PNP pincer complexes

Aliphatic Backbones

Iron PNP complexes based on aliphatic backbones like bis(phosphino)ethylamine,
were established later on a time scale. A situational drawback is the flexibility of alkyl-
chains. Compared to rigid aromatic structures, these tend to change coordination
geometry after breakage of bonds. On the other hand, the bifunctionality of NH,
directly at the metal center reveals new possibilities.*

None the less, Fe(ll) PNP pincer complexes on basis of bis(phosphino)ethylamine
have shown impressive results in reduction of imines and dehydrogenation of
methanol.*’
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Figure 17: Hydrogenation of esters to alcohols catalyzed by Fe(ll) PNP pincer complex

The reduction of esters by molecular hydrogen was performed in parallel works by
the groups of Beller and Guan (Figure 17).42 This was done by highly activated
hyrido-borohydrido Fe(ll) PNP pincer complexes. The reaction displayed in Figure 17
does not proceed in absence of a bifunctional NH group. After replacement by a non-
protic NMe functionality, no conversion was achieved at all.

1.4.4 Anionic Fe(ll) PNP Pincer Complexes

Compared to neutral PNP pincer ligands, anionic PNP pincer ligands are less
studied. Pyrrole backbones are far more electron rich than pyridines. The anionic
charge poses a severe difference on the structural and electronic behavior of Fe(ll).
As proved in the publications of Mindiola, Caulton and Nishibayashi, the Fe(ll) metal
center adopts a tetra-coordinate state, either planar or pyramidal.*® The high spin
state of Fe(ll) is very favorable in tetra-coordinate motives and CO is only bound
upon treatment with strong reducing agents, yielding rarely seen Fe(l) species. The
electron rich metal center of Nishibayashi activated the triple bond of molecular

dinitrogen (Figure 18).

Mindiola 2008 lehlbayashl 2016 Tonzetich 2017
PR2
"PR2 : PR ,
N_Fe_ | Fe”_l_ N—Fe” —co 5
N/Fe” '
PR2 _
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R=iPr
Caulton 2008
— Fel—N, !
\ /—PR2 N Fe N2 :
_Sl : !
¢ N R = tBu : :
/ \_PRz : :
R =tBu : nitrogen fixation

Figure 18: Iron PNP complexes with anionic ligand system

A series of works from the group of Tonzetich elaborated the challenge of pyrrole
based PNP pincers.** The pyrrole-based Fe(ll) PNP pincer complexes pose a
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disadvantageous balance of stability and reactivity. Fe(ll) PNP hydrides are too
reactive for application, while dicarbonyls are too stable and hence unreactive. A
supporting chelating ligand (bipyridine) trims just the right equilibrium.

1.5 Manganese(l) PNP Pincer Chemistry

Traditionally, manganese complexes are seen as redox-active compounds with a
wide spectrum of stable oxidation states. In homogeneous catalysis, manganese is
most well-known for oxidation reactions, especially in combination with salen ligands.
Also, C-C coupling reactions are facilitated by manganese halides. All these
reactions are usually based on higher oxidation states II-lll. The utilization of
manganese in lower oxidation states O-l is still a very young field of research.
Although C-H and C-X activations are achieved, the catalyst loadings need to be very
high.*® This is a result of low stability, reflected by a poor turnover number (TON).
The characteristics of pincers pose promising possibilities for improvements.
Fundamental research on manganese(l) chemistry is urgent for a better
understanding. Very recent reviews summarize the latest development of Mn(l) PNP
pincer complexes for catalytic applications like hydrogenation, aminoalkylation,
hydrosilylation, etc. *°

1.5.1 Manganese(l) PNP Pincer Complexes

Manganese (I) compounds have d° electron configuration and are isoelectronic with
Fe(ll). The preferred coordination geometry is 6, especially in combination with 7-
acceptors like CO ligands. The most prominent manganese(l) precursor is
manganese pentacarbonyl bromide Mn(CO)sBr. It has superior stability towards
oxidation and hydrolysis than the chloro analogue Mn(CO)sCI. Both are commercially
available from common vendors. It may also be prepared from the cheaper
dimanganese decacarbonyl Mny(CQO)qo (Figure 19).

OC CO CcO
s CO X
N RN X5 OC/// | \\\CO
OC—Mn Mn—CO > > "M
Y z oc” | solvent oc” | ™eo
OC ¢co CO CO
X =Cl, Br

Figure 19: Synthesis of manganese-pentacarbonyl halide

Notably, Mnz(CO)4o is octahedral, with staggered conformation and has no bridging
carbonyls.*” Addition of chlorine gas or bromine into a solution of Mny(CO)4in an
non-polar solvent yields Mn(CO)sX (X = ClI, Br) quantitatively.48 The group of Nocera
was the first one to synthesize Mn PNP pincer complexes from Mn(CO)sBr to obtain
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neutral complexes of type [Mn(PNP)(CO)s;]. The PNP ligand consists of an
amidobisphosphine system which was deprotonated beforehand. Alternatively, the
same product was obtained from Mn(CO)1o in @ non-innocent redox involvement of
the ligand (Figure 20).%°

Mn(CO)10 { Nocera 2009
PR PR,
AT S co
N 1. nBuLi N—Mp——CO ——> N—MA—
—_—

PR PR 2. Mn(CO /1 7/ “co

2 2 - Mn(CO)5Br PR, co PR,

1. nBuli \
H+
/ N
N

N—Mn—Cl Li/bipy

Cco

Figure 20: The first manganese(l) PNP pincer complexes by Nocera and Ozerov

Even though the complex was described to be very stable, a few reactivities have
been observed. Thermal treatment resulted in the release of CO, obtaining a
pentacoordinated 16 electron complex [Mn(PNP)(CO),]. The complex was isolated
as a mixture with starting materials, but could be characterized by NMR
spectroscopy. These kind of 16 electron carbonyl complexes are rare, and not
observed for isoelectronic Fe(ll). A cationic complex of type [Mn(PNP)(CO);]" was
isolated after addition of triflic acid. The amido group in the backbone is protonated in
this process. The indirect entry to a Mn(l) PNP pincer complex was achieved by the
group of Ozerov.>® Using the same amido diphosphine PNP ligand, they were able to
obtain a tetracoordinated Mn(ll) PNP chloride complex. Reduction with lithium-
bipyridyl under CO atmosphere yielded [Mn(PNP)(CO)(bipy)].

2016 was the breakthrough year of Mn(l) pincer chemistry — several research groups
independently developed Mn(l) pincer catalysts, based on well-developed pincer
ligands established in Fe(ll) chemistry.
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Figure 21: Reactivities of neutral Mn(l) PNP pincer complexes

Boncella and Tondreau contributed pioneering findings on aromatic and aliphatic
Mn(l) PNP pincer complexes (Figure 21).°" Complexes of general formula cis-
[Mn(PNP)(CO).Br] are generally the preferred isomers — no trans configurations were
observed. Cationic manganese tricarbonyl complexes [Mn(PNP)(CO)s;]Br may be
converted to [Mn(PNP)(CO),Br] at higher temperatures. Coordinating counter ions
like nitrite (NO") can replace bromide as a ligand. Deprotonation of an aliphatic PNP
ligand backbone, enforced the formation of a five-coordinated 16 electron complex
like reported by Nocera in pure form.

1.5.2 Catalytic Applications

In a very short time span, manganese (I) PNP pincer complexes were established as
pre-catalysts in parallel studies, employing reductive catalysis. Among the latest
reports are hydrogenation of ketones and aldehydes to alcohols, as well as nitriles to
obtain amines. The inverted reaction was also reported - dehydrogenation of alcohols
combined with amine coupling (Figure 22).%?
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Flgure 22: Mn(l) PNP pincer complexes in reductive chemlstry

All of the complexes from the groups of Kirchner, Milstein, Beller and Kempe hold a
protic site in the ligand backbone. The reaction conditions are rather harsh,
elaborating high temperatures and strong base in excess. The pre-catalysts are
either bromo, hydrido or neutral carbonyl Mn(l) complexes. A projected intermediate
in all mechanisms is a hydrido species of general formula [Mn(PNP)(CO);H]. The
hydrido complex is generated in situ at the given conditions after addition of
dihydrogen by a deprotonated complex of type [Mn(PNP™)(CO),] (Figure 23).
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Figure 23: Formal mechanism of the hydrogenation mechanism on C=0 double bond

Formally, the “H,” fragment is transferred via metal-ligand cooperation to the
unsaturated double/triple bond. In fact, the dihydrogen transfer is mediated by the
solvent, presumably in an outer-sphere mechanism. This reflects the need of
bifunctional backbones. Kirchner's work evidenced, that the replacement of NH
linkers by NMe linkers annihilates the catalytic activity.

Multicomponent Synthesis of Heterocycles

The subsequent cascade of dehydrogenation/hydrogenation is utilized in a beautiful
example of heterocycle-synthesis.>®> The Mn(l) PNP pincer systems of Kempe and
Kirchner excelled in multiple component reactions, yielding pyrimidines and
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quinolines (Figure 24). The selective C-C and C-N bond formation is the result of
consecutive dehydrogenation and condensation steps.
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Flgure 24: Multicomponent pyrimidine and quinoline synthesis catalyzed by Mn(l) PNP pincer
complexes

As commented by Kempe, these kind of reactions are only matched by the noble
metals ruthenium and iridium apart from that. The activity of triazine based
complexes was significantly higher. The equilibrium of the reaction is driven by the
release of two molecules of water and dihydrogen.

Hydrogen-borrowing Mechanism

Making use of alcohols as sustainable carbon building blocks is a worthy method in
green chemistry. Methanol is a bulk chemical in sheer unlimited supply at low price
and of superior degradability on nature. Three research groups separately developed
methods to incorporate methanol as a C; source for methylation of amines, and
aminometylation of aromatic compounds (Figure 25).%*
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Figure 25: Alkylation of amines by methanol, catalyzed by Mn(l)
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These reactions need very high amounts of base, often to the same quantity as
substrate. This is accounted to the removal of water from the equilibrium, which is
generated throughout the reaction. The methylations were limited to anilines and
other activated amino groups. An interesting note from Beller is, that the reaction
does not proceed in presence of nitrile functions.

Formate Complexes of Manganese (l)

The promising role of carbon dioxide has already been discussed in section “Fe(ll)
PNP Pincer Chemistry”. Sortais was the first one, to describe a Mn(l) PNP formiato
complex, which catalyzed the decomposition of formic acid. Gonsalvi and Kirchner
used their previous motif of Fe(ll) PNP pincers and copied the concept successfully
on Mn(l), for hydrogenation of carbon dioxide (Figure 26).>
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The formiato complexes were accessible via two different synthetic routes -
protonation of a deprotonated 16 electron carbonyl complex with formic acid, or
insertion of molecular CO, into a Mn-H bond. Boncellas decomposition of formic acid
runs via dehydrogenation and dehydration, but is inhibited by the addition of Lewis
acids. Gonsalvis dehydrogenation of carbon dioxide is improved by the addition of
LiOTf as a co-catalyst. High turnover numbers (TONs) up to 10.000 are reported.
Bifunctionality of the ligand is a critical requirement. The analogue complex having
NMe linkers performed worse, to a factor of 10.
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2 Results and Discussion
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2.2 Context of Contributions

The objective of this work, was to investigate the reactivity of Fe(ll) and Mn(l) PNP
pincer complexes on a fundamental basis. The ligand properties were changed via
modifications on the phosphine and linker moiety.

Manuscript 1# focuses on the nature of >,k *>-[Fe(PNP),CI]* complexes. A series of
9 different ligands confirm the evidence, that this species is a pure result of sterics,
and not electronics. According to crystal structure, there are also hydrogen bonding
interactions between the pyridine aromate and NH linker. In some cases, alkylation of
the NH linker resulted in hydrolysis of P-N bond and led to similar results.

5 N = N Y—PR

: My bR, NH | — s
iy O FeCl, _ FeCl, N—po—"C
P N—/Fé PR, = vy N y —— N/ AN

5 Y-PR, | | Y-PR,  ©

i Cl PRZ PR2

; PR, = non bulky 9 different ligands PR, = non bulky

L Y=NH Y = NH, NR

1

Manuscript 2# describes the reactivity of k°,k*-[Fe(PNP),CI]* complexes. The pincer
in bidentate coordination mode is labile, and can be substituted by CO yielding
[Fe(PNP)(CO).Cl] complexes. These were not accessible for small phosphines by
any other procedure beforehand. Further, the carbonyl ligand is also labile and can
be released upon heating [Fe(PNP)(CO),CI]. The bulkier the PRomoiety, the lower
the temperature required for CO release. [Fe(PNP)CI;] with sterically less demanding
phosphine donors were found to be unstable in solution, and dissociate into the
original k?,k® configuration.

N = Cl
HR—TbRr, “NH N—|-PR, N—2>FR;
s 2 | coO — § AT — N Fé/CI
N—Fe——PR N—Fe—~CO
N\__¢ 2 FeCl N\ / ¢ \CI
HN-PR, HN—PR; HN=PR,
R =non bulky

In Manuscript 3# a series of octahedral biscarbonyl Fe(ll) PNP pincer complexes are
prepared by halide abstraction under CO atmosphere. The resulting compound
[Fe(PNP)(CO),CI]" always adopts a trans configuration independent of the ligand
system.
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R 3

— —_ 1

Cl Cl + co *

i N—]-PR, Ag* N—‘-PRz N—/-PR, ;

[ = N N H

P S co — S — 3 i

i N—Fe—CO ——» N——Fe—CO - N——Fe—Cl i

N agc | Ly © N\ 7 :
i HN—PR, HN—PR, HN—PR,

Manuscript 4# covers novel results on the catalytic application of 2,6-
diamonopyridine based Mn(l) PNP pincer complex, for highly selective hydrogenation
of aldehydes. Other functions like ketones, esters and nitriles were tolerated. The
catalyst achieved turn over numbers up to 10000. After modifications on the linker Y
or metal center M (M = Re), the activity shrank drastically. The reaction proceeded
only in protic solvents, and additional base improved the overall performance.

H :
Y—‘-PRZ M=Mn; Y =NH; TON 10.000 :
o [cat] OH — F M= Mn; Y = CH,, TON 20

H N——M—CO M = Mn; Y = NMe; TON 0
)]\ 2 )\ N ¢ /’ M=Re; Y=NH; TON 80
EtOH Y-PR, M =Re; Y = CH,; TON 80
H R CO

In Manuscript 5#, the hydrido complexes [Mn(PNP)(CO),H] described previously,
were applied in the activation of molecular CO,. Five formate complexes of Mn and
Re, of general formula [M(PNP)(CO),(OCHO)] were characterized. The binding of
CO; excelled at room temperature at 1 atm.

..............................................................................................................

Y—J-PR,  M=Mn;Y=NH

— ; CO, or HOOCH — \ M = Mn: Y = CH, :
N——M—CO N——M——CO M= Mn: Y = NMe
N\ ¢ /’ N/ / M=Re: Y = NH
0 co

M=Re;Y = CH,

.............................................................................................................
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2.3 Original Manuscripts

Manuscript #1

“Iron(ll) complexes featuring k*- and k*-bound PNP pincer ligands — the
significance of sterics"

Glatz M.; Bichler B.; Mastalir M.; Stoger B.; Weil M.; Mereiter K.;
Pittenauer E.; Allmaier G.; Veiros L. F.; Kirchner K. Dalton Trans. 2015,
44, 281-294.
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Mathias Glatz,® Bernhard Bichler,® Matthias Mastalir,® Berthold Stdger,® Matthias Weil,”
Kurt Mereiter, Ernst Pittenauer,® Guinter Allmaier.? Luis F. Veiros® and Karl Kirchner*?

Treatment of anhydrous FeX, (X = Cl, Br) with 2 equiv. of the sterically little demanding N,N’-bisphos-
phino-2,6-diaminopyridine based PNP ligands — featuring Ph, biphenol (BIPOL), Me, Et, nPr, and nBu
substituents at the phosphorus sites and H, Me, and Ph substituents at the N-linkers — afforded diamag-
netic cationic octahedral complexes of the general formula [Fe(x®-P,N,P-PNP)(x?-P,.N-PNP)X]* featuring a
k?-PN bound PNP ligand. With the sterically more encumbered N-methylated ligand PNPMe-Ph the
related complex [Fe(k®-P,N,P-PNPMe-Ph)(k?-P,N-PN"Me_Ph)CI]* rather than [Fe(x®-P,N,P-PNP"¢-Ph)Cl,]
was formed. This reaction was accompanied by P=N bond cleavage, thereby forming the k?-P,N-bound
N-diphenylphosphino-N,N'-methyl-2,6-diaminopyridine ligand. In contrast, with the N-phenylated
ligands PNPP"-Et and PNP™"-nPr, despite small Et and nPr substituents at the phosphorus sites, com-
plexes [Fe(k*-P,N,P-PNPP"-Et)Cl,] and [Fe(x*-P,N,P-PNPP"-nPr)Cl,] were formed, revealing that sterics
can be also controlled by substituent variations at the amino N-sites. Depending on the solvent, com-
plexes featuring k%-P,N-bound ligands undergo facile rearrangement reactions to give dicationic com-
plexes of the type [Fe(k®-P,N,P-PNP),]>* where both PNP ligands are bound in a x°-P,N,P-fashion. In the
presence of either Ag* or Na™ salts as halide scavengers this reaction takes place within a few minutes.

Received 17th September 2014,
Accepted 17th October 2014

DOI: 10.1039/c4dt02866j

The pendant PR, arm of the K3-K2-complexes is readily oxidized to the corresponding phosphine sulfides
upon treatment with elemental sulfur. This was exemplarily shown for [Fe(k®-P,N,P-PNP-nPr)(k>-P,N-
PNS-nPr)Cl]*. Halide abstraction afforded the dicationic bis-chelated octahedral Fe(i) complex [Fe(x®-

www.rsc.org/dalton P,N,P-PNP)2]2+ together with the free SNP ligand rather than [Fe(>-P.N,P-PNP-nPr)(k>-S,P.N-PNS-nPr)]>*.

of the type [Fe(ENE)X,] (X = Cl, Br) obtained from Fe(u) halides
with stoichiometric amounts of ENE ligands. Examples of pro-

Introduction

Neutral pyridine-based ENE pincer ligands, where E is a
(hetero)donor atom, are widely utilized in transition metal
chemistry due to their combination of stability, activity and
variability." They typically enforce a meridional x*-E,N,E co-
ordination mode provided that three coordination sites are
accessible at the metal center. As far as iron ENE complexes
are concerned, an important class of compounds are coordi-
natively unsaturated 16e high-spin square-pyramidal complexes

“Institute of Applied Synthetic Chemistry, Vienna University of Technology,
Getreidemarkt 9, A-1060 Vienna, Austria. E-mail: kkirch@mail. tuwien.ac.at
bInstitute of Chemical Technologies and Analytics, Vienna University of Technology,
Getreidemarkt 9, A-1060 Vienna, Austria

“Centro de Quimica Estrutural, Instituto Superior Técnico, Universidade de Lisboa,
Av. Rovisco Pais No. 1, 1049-001 Lisboa, Portugal

tElectronic supplementary information (ESI) available: Synthetic details of
compounds 1e, 1f, 2fBPh™M¢,, 2gBF,, 2hBF,, 5dBF,, 5eBF,, and 5fBF,. CCDC
1005380 (2eBPh™¢,), 1005381 (2fBPh™<,), 1005382 (3), 1005385 (5aCl), 1005384
(5bCF3S0;), 1005387 (5¢CF;S0;), 1005386 (5dBPh,), and 1024076 (5eBF,).
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c4dt02866j

This journal is © The Royal Society of Chemistry 2015

minent ENE ligands are bis(imino)pyridines (I),>™* bis(phos-
phinomethyl)pyridines (II), bis(amino)pyridines (II),>” 6-phos-
phinomethyl-2,2"-bipyridines (IV),® bis(imidazolylidene) pyri-
dines (V),° terpyridines (VI)'® and bis(phosphinito)-
pyridines (VID"" as shown in Chart 1. In most cases bulky
R substituents such as iPr or ¢tBu are required for avoiding the
formation of bis-chelated dicationic low-spin complexes of the
type [Fe(ENE),]*". Some of these [Fe(ENE)X,] complexes turned
out to be highly active catalysts for polymerization reactions or are
valuable precursors for Fe(0) complexes which, for instance, are
useful catalysts for hydrogenation'” and hydrosilation® reactions.

We are currently focusing on the synthesis and reactivity of
iron complexes containing PNP pincer ligands based on the
2,6-diaminopyridine scaffold (VIII).'* In these ligands the aro-
matic pyridine ring and the phosphine moieties are linked via
NH, N-alkyl, or N-aryl linkers. In the course of our studies we
discovered'* that Fe(n) halides react with bulky PNP ligands
N,N'-bis(di-iso-propylphosphino)-2,6-diaminopyridine (PNP-iPr)
and N,N'-bis(di-tert-butylphosphino)-2,6-diaminopyridine
(PNP-tBu) to give the expected mono-chelated high-spin

Dalton Trans., 2015, 44, 281-294 | 281
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Scheme 1

complexes [Fe(PNP)X,], while with N,N-bis(diphenylphosphino)-
2,6-diaminopyridine (PNP-Ph), the bis-chelated octahedral
Fe(n) complex [Fe(k*-P,N,P-PNP-Ph)(x>-P,N-PNP-Ph)CI]" (2a)"
was formed exclusively where the PNP pincer ligands are co-
ordinated in a x*-P,N,P- and «”-P,N-fashion (Scheme 1). These
reactions were not sensitive to the ratio of the reactants. It has
to be noted that the reaction of FeCl, with PNP“>-Ph (Chart 1,
type II) yields the pentacoordinate complex [Fe(PNP“">-Ph)Cl,]
revealing striking differences between CH, and NH spacers in
pyridine-based PNP pincer ligands (Scheme 1).

B

e’
Hlil N lilH
PR PR,

PR e
2= -
P’

Ph O ®) \ <:_ o
® {

In continuation of our studies on iron PNP complexes, we
report here on the synthesis and reactivity of a series of octa-
hedral Fe(n) complexes where PNP pincer ligands are co-
ordinated in a k*-P,N,P- and «*-P,N-fashion. In order to answer
the question whether the formation of these complexes is steri-
cally or electronically driven, we utilize PNP ligands with both
weakly and strongly electron donating PR, substituents that,
with the exception of N-methylated and N-phenylated ligands,
are sterically non-demanding (Chart 2). The bulkiness of these
ligands, based on their cone angles estimated from crystallographic

AN

N
|
P

Ph (
A

| )

Ph

1a 1b 1c 1d 1e 1f 1g(R'=Me) 1h(R'=Ph) 1i(R =Ph)
PNP-Ph PNP-BIPOL PNP-Me PNP-Et PNP-nPr  PNP-nBu PNPMe_pp PNPPh_Et PNPP-_nPr
Chart 2

282 | Dalton Trans., 2015, 44, 281-294

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c4dt02866j

Published on 22 October 2014. Downloaded by TU Wien Library on 13/03/2018 21:09:47.

Dalton Transactions

data'®"® by the procedure of Mingos et al.,'® decreases roughly
in the order PNP™"-nPr ~ PNP"Et (120) > PNPM-ph (105) >
PNP-nBu ~ PNP-nPr ~ PNP-Et ~ PNP-Ph (100) > PNP-BIPOL
(95) > PNP-Me (90). For comparison, the cone angles of pre-
viously reported PNP ligands PNP-tBu, PNPM®-iPr, and PNP-iPr
are 130, 120, and 115, respectively.

Results and discussion

Synthesis of Fe(n) complexes featuring k> and x*>-bound PNP
pincer ligands

Treatment of anhydrous FeCl, with 2 equiv. of the ligands
PNP-Ph (1a), PNP-BIPOL (1b), PNP-Me (1c), PNP-Et (1d), PNP-
nPr (1e), and PNP-nBu (1f) in THF at room temperature for 4 h
afforded diamagnetic emerald green cationic octahedral com-
plexes of the general formula [Fe(k*-P,N,P-PNP)(k*-P,N-PNP)CI]"
(2a-c,e,g,h) in essentially quantitative yields (Scheme 2). The
reaction of 1a with FeCl, was described recently in a prelimi-
nary communication.'® Analogous bromide complexes [Fe(k*-
P,N,P-PNP)(k*>-P,N-PNP)Br]" (2d,f) were obtained in a similar
fashion by straightforward complexation of the ligands 1c and
1d with anhydrous ferrous dibromide.

The formation of these complexes occurs independently of
whether 1 or 2 equiv. of ligands are used. However, in the first
case substantial amounts of unreacted FeX, remained which
also form paramagnetic haloferrate counterions [FeX,]*”. All
reactions are selective and the formation of only one isomer
was observed where the pyridine moiety of the x*-P,N bound
PNP ligand is trans to the halide ligand. With the exception of
2a and 2b, all complexes containing chloride and bromide
counterions were poorly soluble in most common solvents. In
some cases, soluble, stable, and crystalline complexes were
afforded upon counterion exchange with halide scavengers
such as AgBF, (2a), Na{B[C¢H4-4-Me),} (NaBPh™®,) (2e, 2f),
and NaBF, (2g, 2h). However, in the case of 2b, 2¢, and 2d this
procedure led to fast ligand rearrangement reactions (vide infra).

Most complexes were fully characterized by a combination
of 'H and *'P{"H} NMR spectroscopy and elemental analysis.

J@L "R\

View Article Online
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Complexes 2e-2h were also characterized by "“C{'H} NMR
spectroscopy. The instability and poor solubility of 2¢ and 2d
precluded the recording of NMR spectra. While the "H NMR
spectra were not very informative, the *'P{'"H} NMR spectra
revealed in all cases an A,B pattern for the k*- and ¥* bound
PNP ligands as well as a singlet for the pendant PR,-NH-arm
of the ¥*-bound PNP ligand.*® Accordingly, in most cases,
*'p{'H} NMR chemical shifts and Jpp coupling constants had
to be derived from simulations as exemplarily shown for 2g in
Fig. 1.

DFT calculations (see the Computational details section)
performed for complexes 2a, 2¢, and 2d are in agreement with
the experimental data, indicating that the experimentally
observed isomer (denoted A) is thermodynamically more
stable by 6.9, 5.2, and 4.4 kcal mol™", respectively, than the
unobserved isomer B (Fig. 2). This stability difference is essen-
tially due to steric effects, as shown in the space filling models
for complexes 2a, 2¢, and 2d in Fig. 3 where it is clear that the
ligand environment around the Cl ligand is more congested in
isomer B.

Moreover, in the case of complex 2a, the stereochemical
stress around the Cl ligand in isomer B is reflected in the
Cl-Fe-X angle, X being the atom trans to Ny, of the k>-P,N,P
bound PNP ligand. This angle is 88° in A and becomes 104° in
B showing that the Cl ligand is considerably bent towards
the «*-P,N,P bound PNP ligand in the latter species. This geo-
metrical constraint has clear consequences for the bonding
of the two isomers. Thus, the k*-P,N,P bound PNP ligand binds
strongly to the metal in B in order to compensate for the weak-
ening of the coordination of the x*-P,N bound PNP ligand
due to the repulsion with the Cl ligand in that molecule.
This effect is clear in the Fe-N,, bond involving the k>-P,N,P
bound PNP ligand which is weaker in A (d = 2.116 A, WI =
0.27) than in B (d = 2.032 A, WI = 0.37).>' On the other hand,
in the latter the Fe-N,, bond of the x*-P,N bound PNP ligand
is much weaker with a distance of 2.198 A. The Fe-Cl bond is
also weaker in B as a result of the stereochemical repulsion.
The Fe-Cl distance in B is 2.382 A, compared with 2.376 A in
A, and the difference in bond strength is even more evident

N
HN™ N7 “NH / PRz
! I o I X HN/ T+
PRZ PRZ H NH H
N—— -\PRz l N— _\PRg
1a-f S 3 B
FeX, 2 ON—Fe—PR, 7 ON——Fe—N p
THF, r.t. / N\
with or without HN—=PR, HN—PR,
Ag" or Na* salts X PR;—NH

2a PNP-Ph, X = Cl

2b PNP-BIPOL, X = CI
2¢,d PNP-Me, X = Cl, Br
2e,f PNP-Et, X = CI, Br
29 PNP-nPr, X = Cl

2h PNP-nBu, X = Cl

Scheme 2

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Experimental (red) and simulated (blue) 3'P{*H} NMR spectra of
2g and 6 (A,B spin system, signal of the pendant PnPr,NH- and
S=PnPr,NH- arms are not shown).

Fig. 2 Optimized B3LYP geometries of the two possible isomers A and
B of [Fe(k®-P.N,P-PNP-Ph)(x?-P,N-PNP-Ph)Cl]* (2a). Most hydrogen
atoms are omitted and only ipso carbon atoms of the Ph substituents
are shown for clarity.

from the corresponding Wiberg indices being 0.39 in B and
0.46 in A. The different coordination strength of the two PNP
ligands in each complex is also reflected in the charges of
those ligands. Accordingly, in A the overall charges (NPA, see
the Computational details section) of the x*-PNP and k*>-PNP
ligands are 0.86 and 0.56, while in B these values are 0.89 and
0.49, respectively. This indicates that comparing A with B the
K*-P,N,P bound PNP ligand becomes a stronger donor in B
(more positive) while the opposite happens with the x*-P,N
bound PNP ligand. It is interesting to note that the intramole-
cular H-bond does not explain the stability difference because

284 | Dalton Trans., 2015, 44, 281-294
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PNP-Ph PNP-Me

Fig. 3 Space filling representation of optimized B3LYP geometries of
the two possible isomers A and B of 2a (Ph), 2c (Me) 2d (Et), and viewed

along the Fe—Cl bond to illustrate steric crowding around the Cl ligand
(green).

PNP-Et

it is actually stronger in the case of B (Cl---H-N) as can be
seen, for example, from the N-H bonds (covalent) in both
cases. This bond is weaker in B (d = 1.027 A) than in A (d =
1.015 A), which is also apparent from the respective Wiberg
indices for the H-bond being 0.02 for N---HN in A and 0.09 for
Cl---HN in B.

In an attempt to prevent the coordination of a second PNP
ligand we utilized the N-methylated and N-phenylated ligands
PNPM°-Ph (1g), PNP*™Et (1h) and PNP""-nPr (1i) assuming
that k*-P,N-coordination of these ligands is highly unlikely due
to unfavorable steric interactions with the pyridine unit of the
k*-P,N,P-bound ligand. The reaction with two equiv. of 1g pro-
ceeded differently than expected, yielding the cationic complex
[Fe(k*-P,N,P-PNPM°-Ph)(k>-P,N-PN"™°-Ph)CI]" (3) as shown in
Scheme 3. This reaction is accompanied by P-N bond cleavage,
thereby forming the new *-P,N-bound N-diphenylphosphino-
N,N'-methyl-2,6-diaminopyridine ligand. This reaction may be
facilitated by adventitious water. The fate of the “PPh,” moiety
was not investigated but it is not uncommon that amino-
phosphines bearing phenyl substituents at the phosphorus site
are prone to hydrolysis, forming for instance Ph,POH.** On
the other hand, treating anhydrous FeCl, with 1 or 2 equiv. of
1h and 1i in THF at room temperature afforded the pentaco-
ordinated high-spin complexes [Fe(PNP*™-Et)Cl,] (4a) and
[Fe(PNP*"-nPr)Cl,] (4b), respectively, in 97 and 95% isolated
yields (Scheme 4). This type of complex is well established. At
room temperature, solution magnetic moment measurements
of complexes 4a and 4b in a CH,CIl, solution were consistent
with these complexes having four unpaired electrons (uegr = 4.9
and 4.8up, Evans’ method). Accordingly, these complexes
display large paramagnetic shifted and very broad 'H NMR
and "’C{'H} NMR signals and were thus not very informative.
3'p{'"H} NMR signals could not be detected.

The solid state structures of 2fBPh™¢, and 3 determined by
single-crystal X-ray diffraction are depicted in Fig. 4 and 5 with
selected bond distances given in the captions. The structure of

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Structural view of [Fe(x®-P,N,P-PNP-Et)(x?-P,N-PNP-Et)Br]
BPh™e,.3THF (2fBPh™M¢,-3THF) showing 50% thermal ellipsoids (most H-
atoms, solvents and BPh™M¢,~ are omitted for clarity). Selected bond
lengths (A) and bond angles (°): Fe(1)-P(1) 2.243(1), Fe(1)-P(2) 2.2521(9),
Fe(1)-P(3) 2.189(1), Fe(1)-N(1) 2.063(2), Fe(1)-N(4) 2.117(2), Fe(1)-Br(1)
2.4878(9), P(1)-Fe(1)-P(2) 163.98(3), N(1)-Fe(1)-P(3) 171.38(6), Br(1)-
Fe(1)-N(4) 171.03(6).

2eBPh™¢, is provided in the ESLt The coordination geometry
around the iron center of 2eBPh™¢,, 2fBPh™¢,, and 3 corres-
ponds to a characteristically distorted octahedron agreeing
well with that in the previously reported complex 2aBF, of
[Fe(x’-P,N,P-PNP-Ph)(k*-P,N-PNP-Ph)CI|BF,-2THF-Et,0."* A view
of the complex core of these four structures is shown in Fig. 6
together with the mean values and ranges of selected geometric

This journal is © The Royal Society of Chemistry 2015

Fig. 5 Structural view of [Fe(k®-P,N,P-PNPMe-Ph)(k?-P,N-PNNHMe_pp).
ClIBF4 (3) showing 50% thermal ellipsoids (most H-atoms and BF;~ are
omitted for clarity). Selected bond lengths (A) and bond angles (°):
Fe(1)-P(1) 2.2333(4), Fe(1)-P(2) 2.2410(4), Fe(1)-P(3) 2.1833(4), Fe(1)-N(1)
2.0472(9), Fe(1)-N(4) 2.0668(9), Fe(1)-Cl(1) 2.3323(3), P(1)-Fe(1)-P(2)
163.97(1), N(1)-Fe(1)-P(3) 171.60(3), Cl(1)-Fe(1)-N(4) 173.32(3).

distances  mean range [A]

Fe-P1,P2 2244 (2.234-2.253)
Fe-P3 2186 (2.183-2.190)
Fe-N1 2.059 (2.047 - 2.085)
Fe-N4 2096 (2.067-2.117)
Fe-Cl 2338 (2.332-2.350)
N6...N1 2.889 (2.802-2.941)

angles mean range [deg.]
P1-Fe-P2 1638 (163.3-164.0)
N1-Fe-P3 1711 (170.0- 171.6)
N1-Fe-Cl,Br 83.3 (81.4-84.9)

N1-Fe-N4 1047 (104.0-105.9)
N4-Fe-ClBr 171.8 (170.5-173.3)

C3N1-Fe 1703 (166.0-172.9)

Cl,Br

Fig. 6 Representation of the complex cores of four [Fe(k*-PNP)(k2-PN-
(P))(CLBN)]-type complexes in compounds 2aBF,-2THF-Et,O,'> 2eBPhMe,-
3THF, 2fBPhMe4~3THF, and 3 and with mean values and ranges of bond
lengths and bond angles. The red dotted line indicates an N—H---N
hydrogen bond.

data. The bond lengths about iron are in narrow ranges irre-
spective of whether there is an aryl- or an alkyl-PNP ligand.
The Fe-P bonds of the x*-bonded ligand adopt normal values

Dalton Trans., 2015, 44, 281-294 | 285
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of 2.244 A on average and are modestly longer than the bonds
to the k*bonded PNP ligand (mean value 2.186 A). Likewise
the Fe-N bonds to the pyridine nitrogen N1 of the x*-bonded
ligand are systematically shorter than those to N4 of the x*
bonded PNP ligand. The NH group (with N6) of the dangling
arm of the x*-bonded PNP ligand is in all four complexes
directed to the pyridine nitrogen N1 showing N6-N1 distances
between 2.802 and 2.941 A indicative of a stabilizing intra-
molecular hydrogen bond. This interaction is unusual because
it seems to represent a hybrid between a classical N-H---N and
an N-H---m interaction. This interaction is also responsible for
the fact that the pyridine ring of N1 is bent away from N6 so
that the angle C3-N1-Fe (Fig. 6) is about 170° whereas in
normal k*-bonded Fe(PNP) complexes this angle is always very
close to 180°.

Reactivity of Fe(n) complexes featuring x* and x’>-bound PNP
pincer ligands

[Fe(x’-P,N,P-PNP-Ph)(k*>-P,N-PNP-Ph)CI]" (2a) is stable in THF
for several days, but readily rearranges in CH3CN (within a few
minutes) and CH,Cl, (within a few hours) to give [Fe(k’-P,N,P-
PNP-Ph),]*" (5a). This process involves halide dissociation and
a 90° rotation of the k*-bound PNP ligand. In the presence of
halide scavengers this reaction proceeds in all common sol-
vents within a few minutes (Scheme 5). Complex 5a (as BF,~
salt, 5aBF,) has already been prepared by an alternative
method recently.’® It has to be noted that an analogous
complex [Fe(PNP°™-Ph)],>" bearing CH,-spacers between the
pyridine ring and the PPh, moieties was reported.*® In the
case of [Fe(k’-P,N,P-PNP-BIPOL)(x*-P,N-PNP-BIPOL)CI]" (2b)
rapid decomposition took place in all common solvents such
as CH,Cl,, CH;CN, or THF also in the absence of halide sca-
vengers such as AgCF;SO;. However, fortunately from this
mixture in THF as a solvent, small amounts of crystals of
5bCF;SO; suitable for an X-ray diffraction study could be
obtained by slow solvent evaporation. Other decomposition
products could not be identified. The complex [Fe(k*-P,N,P-
PNP-Me)(k>-P,N-PNP-Me)Cl]" (2¢) is unstable in solution and
readily forms the dicationic complex [Fe(k’-P,N,P-PNP-Me),]*"
(5¢) even in the absence of halide scavengers. Perhaps unexpectedly,
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in contrast to 2c the Et, nPr, and nBu-analog complexes [Fe(i’-
P,N,P-PNP-Et)(x*>-P,N-PNP-Et)Cl]" (2e), [Fe(x*-P,N,P-PNP-nPr) (x>
P,N-PNP-nPr)CI]" (2g), and [Fe(x*-P,N,P-PNP-nBu)(k*-P,N-PNP-
nBu)Cl]" (2h), respectively, are stable in solution for several
days without any noticeable rearrangement reactions. In the
presence of halide scavengers, however, the dicationic com-
plexes [Fe(x’-P,N,P-PNP-Et),]** (5d), [Fe(x’-P,N,P-PNP-nPr),]*
(5e) and [Fe(x’-P,N,P-PNP-nBu),*" (5f) are readily formed.
Since the electron donating properties of these PNP ligands
are very similar, the observed reactivity differences may be due
to steric reasons. Cone angles determined from -crystallo-
graphic data reveal that PNP-Me is the sterically least demand-
ing ligand in this series.

With the exception of 5b, all complexes of the type [Fe(k*-P,
N,P-PNP),]** were characterized by "H and *'P{"H} NMR spectro-
scopy and elemental analysis. In the case of complexes 5c-f,
C{'H} NMR spectra were also recorded. Complexes 5a and
5¢-f exhibit a singlet resonance in the *'P{'"H} NMR spectrum
at 98.2, 108.3, 119.0, 114.2, and 115.0 ppm, respectively. In the
'H NMR spectrum the NH protons give rise to a slightly broad-
ened singlet in the range 7-8 ppm. All other resonances are
unremarkable and are not discussed here.

ESI-MS enables the detection and study of not only reaction
substrates and products but also short-lived reaction inter-
mediates and decomposition products as they are present in
solution. Accordingly, solutions of [Fe(k*-P,N,P-PNP-Ph)(i*-P,N-
PNP-Ph)CI]CI (2aCl) and [Fe(i’-P,N,P-PNP-Et)(k*-P,N-PNP-Et)Cl]-
Cl (2eCl) in CH;0H were subjected to ESI-MS analysis in the
positive ion mode. The most abundant signal observed corres-
ponds to the intact complexes 2a and 2e ([M]") at m/z 1045.4
and 661.2, respectively, emphasizing the relative stability of
this complex. Further, small signals were found at m/z 505.2
and 313.1, respectively, assignable to the doubly charged com-
plexes [Fe(x*-P,N,P-PNP-Ph),]** (5a) and [Fe(k’-P,N,P-PNP-Et), >
(5e), [M — CIJ**, where the chloride ligand is dissociated. More-
over, weak signals were detected at m/z 568.2 and 376.1,
respectively, due to loss of a PNP ligand, [M — PNP]". The ESI
full scan mass spectrum of 2eCl in CH3;OH is depicted in
Fig. 7. The fragmentation of the selected 2a and 2e ions [M]"
with m/z 1045.4 and 661.2 by low energy collision-induced

N A =k
N N= RP—NH ]

H NH

N— —\PRZ / Na™ or Ag § PR,

S salts & —
C _N—Fe—FPR, 7 N——Fe—N
& =" / \ 7/
HN—PR; HN—PR, HN—PR,
A 90° rotation of PNP ligand PRy—NH

2a PNP-Ph 5a PNP_PH
2b PNP-BIPOL 5b PNP-BIPOL
2c PNP-Me 5¢c PNP-Me
b 5d PNP-Et
2g PNP-nPr 5e PNP-nPr
2h PNP-nBu 5f PNP-nBu

Scheme 5
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Fig. 7 Positive-ion full scan ESI-MS of [Fe(k*-P,N,P-PNP-Et)(k*-P,N-
PNP-Et)CIICL (2eCl) in CH3OH. The inset shows the isotope pattern
match for 2eCl ([M]™).

dissociation (CID) in an ion trap analyzer resulted in the for-
mation of ions with m/z 568.2 and 376.1, respectively, due to
the loss of one PNP ligand ([M — PNP]"). The results of the
ESI-MS studies again support that both the halide and the
k>-P,N-bound PNP ligands are substitutionally labile.

Structural views of the [Fe(k*-P,N,P-PNP),]*" complexes 5aCl,
5bCF;S03;, 5¢CF;SO;, 5dBPh,, and 5eBF, are depicted in
Fig. 8-12 with selected bond distances given in the caption.
The five complexes show modestly distorted and relatively
uniform octahedral coordination figures about Fe, each co-
ordinated by two N in axial and four P in equatorial disposi-
tion. The Fe-N bond distances vary between 1.956 and 2.032 A,
the mean value being 1.995 A, and the N-Fe-N bond angles
are nearly straight, varying between 178.23 and 180°. The Fe-P
bond lengths are short for the complex 5bCF;SO; with the
phosphite ligands (mean value of Fe-P of 2.183 A), intermediate

cit

Fig. 8 Structural diagram of [Fe(k®-P,N,P-PNP-Ph),](Cl),-solv (5aCl-solv)
showing only N-bonded H-atoms and 40% ellipsoids. The complex has
point symmetry 4 (S;) with C3—N1-Fel-N1-C3 as the axial direction.
Selected bond distances and angles (A, °): Fe1-N1 1.9563(12) (2x), Fel—
P1 2.2520(3) (4x); N1-Fe1l—-N1 180.0, N1-Fel-P1 84.47(1) (4x), P1-Fel—
P1168.93(1) (2x); hydrogen bond N2---Cl1 3.140(1) (4x).
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Fig. 9 Structural diagram of [Fe(k®-P,N,P-PNP-BIPOL),|(CF35Os3),-6.5THF
(5bCF3S03-6.5THF) showing 50% ellipsoids. Most H-atoms, BF, anions
and THF solvent molecules are omitted for clarity. Selected bond dis-
tances and angles (A, °): Fel-N4 1.967(7), Fel-N1 1.969(6), Fel-P4
2.180(2), Fel-P1 2.181(2), Fel-P2 2.182(2), Fe1l-P3 2.189(2), N1-Fel-N4
179.2(3), P1-Fel-P2 167.47(9), P3—Fel-P4 167.45(9).

cs' i=xy, 12z

Fig. 10 Structural view of [Fe(k>-P,N,P-PNP-Me),l(CF3505),-2Me,CO
(5cCFsS0O3-2Me,CO) (most H-atoms, acetone solvent molecules and
CF3SOs™ are omitted for clarity). Selected bond lengths (A) and bond
angles (°): Fe(1)-P(1) 2.2748(5), Fe(1)-P(2) 2.2758(5), Fe(1)-N(1) 1.9973(14),
P(1)-Fe(1)-P(2) 163.38(2) N(1)-Fe(1)-N(1) 178.23(9).

for the PPh,-based ligand in 5aCl (Fe-P of 2.252 A), and
longest for the P(alkyl),-based ligands of complexes 5¢CF;SO3,
5dBPh,, and 5eBF, (mean values of Fe-P of 2.275, 2.292, and
2.274 A for PMe, in 5¢CF;SO;, PEt, in 5dBPh,, and PnPr, in
5eBF,). The trans-bond angles P-Fe-P deviate notably from
180° by varying between 154.92 (5eBF,) and 168.93° (5aCl).
Despite the relatively uniform FeN,P, octahedra, there are sig-
nificant differences between the complexes with respect to the
planarity of the chelate rings Fe-P-N-C-N—(Fe) and, related
with this, whether the two pyridine rings of each complex are
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Fig. 11 Structural view of [Fe(k3-P,N,P-PNP-Et),](BPhy),-0.5Et,0
(5dBPh4-0.5Et,0) (most H-atoms, solvent and BPh,~ are omitted for
clarity). Selected bond lengths (A) and bond angles (°): Fe(1)-P(1) 2.2804(4),
Fe(1)-P(2) 2.2873(4), Fe(1)-P(3) 2.2898(6), Fe(1)—P(4) 2.3096(6), Fe(1)-N(1)
2.025(1), Fe(1)-N(4) 2.013(1), P(1)-Fe(1)-P(2) 157.93(2), P(3)—Fe(1)-P(4)
158.39(2).

Fig. 12 Structural [Fe(k®-P,N,P-PNP-nPr),l(BF4)-2Me,CO
(5eBF4-2Me,CO) (most H-atoms, solvent and BF;~ are omitted for
clarity). The complex has symmetry 222 (D,) with Fe, N1, and C3 on one
2-fold axis. Selected bond lengths (A) and bond angles (°): Fe—N1 2.0317(13)
(2x), Fe—P1 2.2740(3) (4x), N1-Fe—N1 180.0, trans-P1-Fe—P1 154.92(1) (2x).

view of

oriented in a mutually perpendicular direction or whether they
are less inclined to each other. The first case with mutually
perpendicular pyridine rings is represented by the PPh,-based
complex 5aCl. In it the phenyl rings of adjacent PPh, groups
are most relaxed when they are in pair-wise stabilizing n-7 con-
tacts (¢f. Fig. 8). The ideal point symmetry of such a complex
would be 42m (D,q) from which complex 5aCl deviates only a
little and has point symmetry 4 (S,) instead. Like in complex
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5aCl the chelate rings in complex 5bCF;SO; are essentially flat
and the two pyridine rings subtend an interplanar angle of
88.6°. Due to the steric features of the bipol ligand the
complex in 5bCF;SO; adopts approximately the symmetry 222
(D). In the P(alkyl),-based complexes 5¢CF;SO;, 5dBPh,, and
5eBF, the chelate rings about Fe are distinctly non-planar and
the two pyridine rings are mutually inclined at angles of
57.78° (5¢CF;S0), 41.56° (5dBPh,), and 34.61° (5eBF,), which
decrease with increasing alkyl chain length (5¢CF;SO;: Me;
5dBPh: Et, 5eBF,: n-Pr). In the same order the P-Fe-P trans-
angles diminish from 163.38° via 157.17° to 154.92°. These
changes, in pyridine interplanar angles and P-Fe-P trans-
angles, are considered to be largely due to the increased steric
demand of the alkyl substituents of phosphorus.

The pendant arm of complexes 2 may be readily oxidized to
the respective phosphine oxides and sulfides in the presence
of hydrogen peroxide and elemental sulfur. This was exempla-
rily examined for 2g. While oxidation with hydrogen peroxide
led to several unidentified decomposition products, the reac-
tion with 1 equiv. of sulfur afforded cleanly [Fe(x*-P,N,P-PNP-
nPr)(k*-P,N-PNS-nPr)Cl]" (6) in 91% isolated yield (Scheme 6).
This complex features a new x>-P,N-bound SNP ligand as is
apparent from the *'P{"H} NMR spectrum. Oxidation of the
phosphorus atom of the pendant PnPr,-NH-arm to give an
S=PnPr,-NH-moiety is accompanied by a high field shift from
27.5 to 64.6 ppm. The phosphorus atoms of the coordinated
K’>-PNP and k*>-SNP ligands again give rise to a characteristic
A,B pattern (Fig. 1). Interestingly, treatment of 6 with 1 equiv.
of AgBF, did not result in coordination of the phosphine
sulfide moiety to give [Fe(i*-P,N,P-PNP-nPr)(i’-S,P,N-PNS-nPr)Cl]"
but led to liberation of the SNP ligand and formation of the
known homoleptic dicationic complex 5e (Scheme 6).

Conclusion

In the present paper, we investigated the reaction of iron(u)
halides with a series of PNP pincer ligands based on the 2,6-
diaminopyridine scaffold. The steric bulk of PNP ligands pre-
pared thus far decreases in the order PNP-¢tBu (130) > PNP™*-
iPr (120) ~ PNP"™-nPr ~ PNP*™Et (120) > PNP-iPr (115) >
PNPM-Ph (105) > PNP-nBu ~ PNP-nPr ~ PNP-Et ~ PNP-Ph
(100) > PNP-BIPOL (95) > PNP-Me (90). With PNP ligands,
which are sterically less demanding than PNP-iPr, complexes
of the type [Fe(x*-P,N,P-PNP)( x*-P,N-PNP)X]" (X = Cl, Br) were
formed, while with the bulkier ligands, pentacoordinate com-
plexes [Fe(k*-P,N,P-PNP)X,] were obtained. In the case of the
first, the PNP pincer ligands are coordinated in a k*-P,N,P- and
k*-P,N-fashion, respectively, and adopt a strongly distorted
octahedral geometry as established by X-ray crystallography.
Obviously related to these distortions is their reactivity under-
going, upon halide dissociation, a facile rearrangement reac-
tion to give the dicationic complexes [Fe(k*-P,N,P-PNP),]**
where now both PNP ligands are bound in a «*-P,N,P-fashion.
This reaction proceeds only in the case of the smaller PNP
ligands (PNP-Ph, PNP-BIPOL, PNP-Me), while with the bulkier
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ones (PNP-nBu, PNP-nPr, PNP-Et) the presence of a halide sca-
venger is required. The outcome of these investigation strongly
suggests that the formation and reactivity of [Fe(i’-P,N,P-PNP)-
(x>-P,N-PNP)X]" complexes are controlled by the steric bulk of
the PNP ligands rather than their electronic properties.

Experimental section
General

All manipulations were performed under an inert atmosphere
of argon using Schlenk techniques or in an MBraun inert-gas
glovebox. The solvents were purified according to standard
procedures.”® The deuterated solvents were purchased from
Aldrich and dried over 4 A molecular sieves. The ligands N,N'-
bis(dibenzo[d,f][1,3,2]dioxaphosphepine)-2,6-diaminopyridine
(PNP-BIPOL) (1b)"” and N,N"-bis(diphenylphosphino)-N,N'-
dimethyl-2,6-diaminopyridine (PNP™°-Ph)'® (1g), and [Fe(x*-
P,N,P-PNP-Ph)(k*-P,N-PNP-Ph)CI]|Cl (2aCl)'® were prepared
according to the literature. 'H, "C{'H}, and *'P{'H} NMR
spectra were recorded on Bruker AVANCE-250, AVANCE-300
DPX, and AVANCE-400 spectrometers. 'H and "“C{'"H} NMR
spectra were referenced internally to residual protio-solvent
and solvent resonances, respectively, and are reported relative
to tetramethylsilane (§ = 0 ppm). *'P{"H} NMR spectra were
referenced externally to H3PO, (85%) (§ = 0 ppm). Room-temp-
erature solution (CH,Cl,) magnetic moments were determined
by "H NMR spectroscopy using the method of Evans.>®

All mass spectrometric measurements were performed on
an Esquire 3000P" 3D-quadrupole ion trap mass spectrometer
(Bruker Daltonics, Bremen, Germany) in positive-ion mode by
means of electrospray ionization (ESI). Mass calibration was
done with a commercial mixture of perfluorinated trialkyl-
triazines (ES Tuning Mix, Agilent Technologies, Santa Clara, CA,
USA). All analytes were dissolved in methanol “hypergrade for
LC-MS Lichrosolv” quality (Merck, Darmstadt, Germany) to
form a concentration of roughly 1 mg mL™". Direct infusion

This journal is © The Royal Society of Chemistry 2015

experiments were carried out using a Cole Parmer model
74900 syringe pump (Cole Parmer Instruments, Vernon Hills,
IL, USA) at a flow rate of 2 uL min™". Full scan and MS/MS (low
energy CID) scans were measured in the range m/z 100-1100
with the target mass set to m/z 1000. Further experimental con-
ditions include: drying gas temperature: 150 °C; capillary
voltage: —4 kV; skimmer voltage: 40 V; octapole and lens vol-
tages: according to the target mass set. Helium was used as a
buffer gas for full scans and as a collision gas for MS/MS scans
in the low energy CID mode. The activation and fragmentation
width for tandem mass spectrometric (MS/MS, CID) experi-
ments was set to 6 Da to cover the main isotope cluster for
fragmentation. The corresponding fragmentation amplitude
ranged from 0.4 to 0.6 V in order to keep a precursor ion inten-
sity of low abundance in the resulting MS/MS spectrum. All
mass calculations are based on the lowest mass (i.e. the most
abundant) iron isotope (*°Fe-isotope). Mass spectra and CID
spectra were averaged during a data acquisition time of 1 to
2 min and one analytical scan consisted of five successive
micro scans, resulting in 50 and 100 analytical scans, respecti-
vely, for the final full scan mass spectrum or the MS/MS
spectrum.

N,N'-Bis(dimethylphosphino)-2,6-diaminopyridine (PNP-Me)
(1c). A suspension of 2,6-diaminopyridine (500 mg, 4.6 mmol)
in THF (20 mL) was cooled to 0 °C and NEt; (1.3 mL,
9.2 mmol) was added. Then a solution of Me,PCl (0.88 g,
9.90 mmol) in THF (10 mL) was added slowly via a dropping-
funnel. The mixture was then allowed to reach room tempera-
ture and stirred for 12 h. The mixture was filtrated over Celite
and washed with THF (5 mL). After removal of the solvent
under reduced pressure, a pale red oil was obtained which
afforded white crystals in the freezer at —20 °C. Yield: 0.93 g
(89%). Anal. Caled for CoH;,N;P, (229.20). C, 47.16; H, 7.48;
N, 18.33. Found: C, 46.98; H, 7.81; N, 18.27."H NMR (5, CDCl;,
20 °C): 7.25 (t, Jun = 8.5 Hz, 1H, py”), 6.25 (d, Jun = 8.3 Hz,
2H, py>°), 4.35 (s, broad, 2H, NH), 1.26 (d, Jup = 4.5 Hz, 2H,
CH3). C{"H} NMR (8, CDCl, 20 °C): 157.4 (py), 139.5 (d, Jcp =
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16.3 Hz, py), 97.8 (py), 6.1 (d, Jcp = 8.0 Hz, CH3). >'P{"H} NMR
(8, CDCl3, 20 °C): 14.1.
N,N'-Bis(diethylphosphino)-2,6-diaminopyridine (PNP-Et)
(1d). A suspension of 2,6-diaminopyridine (590 mg, 5.4 mmol)
in toluene (15 mL) was cooled to 0 °C and NEt; (1.5 mL,
10.8 mmol) was added. Then a solution of Et,PCl (1.34 g,
10.8 mmol) in toluene (10 mL) was added slowly via a dropping-
funnel. The mixture was then allowed to reach room temp-
erature and stirred for 12 h. The mixture was filtered over
Celite and washed with toluene (5 mL). After removal of the
solvent under reduced pressure, a pale red oil was obtained
which afforded white crystals in the freezer at —20 °C. Yield:
1.46 g (96%). Anal. Caled for Cy3H,5N3P, (285.31): C, 54.73;
H, 8.83; N, 14.73. Found: C, 54.53; H, 8.91; N, 14.70. '"H NMR
(8, CDCly, 20 °C): 7.25 (t, Jup = 8.4 Hz, 1H, py"), 6.37 (d, Jup =
8.1 Hz, 2H, py>°), 4.26 (d, Jup = 9.3 Hz, 2H, NH) 1.55 (dq, Juu =
7.4 Hz, Jgp = 14.3 Hz, 8H, CH,), 1.05 (dt, Jyy = 7.6 Hz,
Jup = 15.3 Hz, 12H, CH;). "C{"H} NMR (8, CDCl;, 20 °C): 158.7
(d, Jep = 18.1 Hz, py), 139.2 (s, py), 98.1 (d, Jep = 17.7 Hz, py),
23.6 (d, Jep = 11.9 Hz, CH,), 8.5 (d, Jop = 13.0 Hz, CH;). *'P{'H}
NMR (8, CDCl3, 20 °C): 33.2.
N,N'-Bis(ethylphosphino)-N,N'-diphenyl-2,6-diaminopyridine
(PNP*™-Et) (1h). 1h was prepared analogously to 1d with N,N'-
diphenyl-2,6-diaminopyridine (500 mg, 1.9 mmol) and Et,PCl
(480 mg, 3.8 mmol) as the starting materials. After workup the
product is obtained as a white solid. Yield: 770 mg (90%).
Anal. Caled for C,5H33N5P, (437.50): C, 68.63; H, 7.60; N, 9.60.
Found: C, 68.33; H, 7.87; N, 9.50. 'H NMR (8, CDCl;, 20 °C):
7.38 (m, 4H, Ph), 7.22 (t, Juny = 7.2 Hz, 1H, py’), 7.08 (m, 6H,
Ph), 5.99 (d, Juu = 8.0 Hz, 2H, py>®), 1.78 (m, 4H, CH,), 1.28
(m, 4H, CH,), 1.04 (m, 12H, CH;). C{"H} NMR (5, CDCl;,
20 °C): 160.2 (d, Jop = 11.9 Hz, py), 137.7 (py), 130.1 (Ph), 130.0
(Ph), 129.2 (Ph), 125.9 (Ph), 102.0 (d, Jcp = 8.9 Hz, py), 21.3
(d, Jop = 13.8 Hz, CH,), 9.6 (d, Jcp = 18.3 Hz, CH;). *'P{"H} NMR
(8, CDCls, 20 °C): 57.1.
N,N'-Bis(n-propylphosphino)-N,N'-diphenyl-2,6-diaminopyri-
dine (PNP™™-nPr) (1i). 1i was prepared analogously to 1d with
N,N'-diphenyl-2,6-diaminopyridine (500 mg, 1.9 mmol) and
Et,PCl (580 mg, 3.8 mmol) as the starting materials. After
workup the product is obtained as a pale-yellow solid. Yield:
860 mg (92%). Anal. Calcd for C,oH,;N3P, (493.60): C, 70.56;
H, 8.37; N, 8.51. Found: C, 70.34; H, 8.44; N, 8.69. 'H NMR
(8, CDCl;, 20 °C): 7.34 (m, 4H, Ph), 7.20 (m, 1H, py*), 7.05
(d, Jun = 7.6 Hz, 6H, Ph), 5.98 (d, Juy = 7.9 Hz, 2H, py*”°), 1.86
(m, 4H, CH,), 1.50-1.39 (m, 8H, CH,), 1.25-1.17 (m, 4H, CH,),
0.95 (dt, Juu = 7.1 Hz, Jyp = 2.5 Hz, 12H, CH;3). C{'"H} NMR
(8, CDCls, 20 °C): 160.3 (d, Jcp = 10.4 Hz, py), 144.4 (Ph), 137.6
(py), 130.1 (Ph), 129.2 (Ph), 125.7 (Ph), 102.0 (d, Jcp = 9.1 Hz,
py), 31.3 (d, Jop = 15.6 Hz, CH,), 19.0 (d, Jop = 18.3 Hz, CH,)
15.8 (d, Jep = 13.3 Hz, CH3). *'P{'"H} NMR (8, CDClj, 20 °C): 49.6.
[Fe(x*-P,N,P-PNP-BIPOL)(i>-P,N-PNP-BIPOL)CI|CI (2bCl). To
a suspension of anhydrous FeCl, (58 mg, 0.46 mmol) in THF
(15 mL), PNP-BIPOL (1b) (500 mg, 0.93 mmol) was added and
the mixture was stirred for 4 h. The resulting green solution
was evaporated to dryness and the remaining green solid was
washed with diethyl ether (30 mL) and dried under vacuum.
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Yield: 422 mg (90%). Anal. Calcd for CsgH,;,Cl,FeNgOgP,
(1201.64): C, 57.97; H, 3.52; N, 6.99. Found: C, 57.77; H, 3.49;
N, 7.11. "H NMR (8, CD,Cl,, 20 °C): 7.66-7.00 (m, 31 H), 6.85
(d, Jun = 7.5 Hz, 4H, py), 6.56 (d, Jup = 7.5 Hz, 3H, NH), 6.40
(t, 2H, py), 6.13 (d, Jup = 7.5 Hz, 1H, NH). *'P{'H} NMR
(6, CD,Cl,, 20 °C): A,B spin system, §, = 192.4 (2P), §g = 182.1
(1P), Jep = 110 Hz (shifts and Jpp determined from simu-
lations), 146.2 (1P).

[Fe(ic>-P,N,P-PNP-Me)(k>-P,N-PNP-Me)CI|Cl (2¢Cl). A solu-
tion of PNP-Me (1c) (100 mg, 0.44 mmol) in acetone (8 mL)
was reacted with anhydrous FeCl, (27 mg, 0.22 mmol) and was
stirred for 6 h, whereupon a green precipitate was formed. The
solid was filtered and washed with acetone (5 mL), diethyl
ether (5 mL), and dried under vacuum. Yield: 120 mg (95%).
Anal. Caled for C;gH34Cl,FeNgP, (585.15): C, 36.95; H, 5.86;
N, 14.36. Found: C, 36.67; H, 5.97; N, 14.40.

[Fe(x*-P,N,P-PNP-Me)(k*-P,N-PNP-Me)Br|Br (2dBr). This com-
pound was prepared analogously to 2e using 1c (100 mg,
0.44 mmol) and anhydrous FeBr, (46 mg, 0.22 mmol) as the
starting materials. Yield: 139 mg (95%). Anal. Caled for
C1sH3,4Br,FeNgP, (674.05): C, 32.07; H, 5.08; N, 12.47. Found:
C, 32.24; H, 4.94; N, 11.81.

[Fe(ic*>-P,N,P-PNP-Et)(k*>-P,N-PNP-Et)CI|BPh™°, (2eBPh™*,). A
solution of PNP-Et (1d) (200 mg, 0.70 mmol) and FeCl,
(44 mg, 0.35 mmol) in THF (10 mL) was stirred for 1 h at room
temperature. A green precipitate was formed which was col-
lected on a glass frit, washed with THF (5 mL) and dried under
vacuum. Yield: 232 mg (95%) of [Fe(x’-P,N,P-PNP-Et)-
(x>-P,N-PNP-Et)CI|CL. Anal. Calcd for C,sH;,Cl,FeNgP, (697.36):
C, 44.78; H, 7.23; N, 12.05. Found: C, 44.23; H, 6.94; N, 12.06.
In order to obtain a soluble complex, this compound was sus-
pended in 8 mL of THF and NaBPh™¢, was added (139 myg,
0.35 mmol). After stirring for 30 min the solution was evapo-
rated to dryness and the residue was resolved in CH,Cl,
(10 mL) and filtered over Celite. The solvent was then removed
under reduced pressure and the green solid was washed with
n-hexane (10 mL) and dried under vacuum. Crystals of
2eBPh™¢, were grown from a THF solution by slow diffusion
of diethyl ether. Yield 323 mg (89%). Anal. Caled for
Cs4H,gBCIFeNgP,-C,H,,0; (1253.58): C, 63.24; H, 8.20; N,
6.70. Found: C, 62.98; H, 8.94; N, 6.56. "H NMR (5, CD,Cl,,
20 °C): 8.21 (s, 2H, NH), 7.92 (s, 1H, NH), 7.54 (t, Jip = 8.1 Hz,
1H, py), 7.30 (m, 8H, Ph), 7.06 (t, Jup = 7.8 Hz, 1H, py), 6.79
(m, 8H, Ph), 6.64 (d, Jup = 8.0 Hz, 2H, py), 6.36 (dd, Jup =
4.8 Hz, 1H, py), 6.07 (d, Jup = 7.7 Hz, 1H, py), 4.91 (d, Jup =
9.5 Hz, 1H, NH), 2.85-2.54 (m, 8H, CH,), 2.51-2.34 (m, 4H,
CH,), 2.15 (s, 12H, CHj), 2.07-2.00 (m, 18H, CH,), 1.38-1.31
(m, CH,), 1.10-0.85 (m, CH3). *'P{"H} NMR (8, CD,Cl,, 20 °C):
the A,B spin system, 6, = 114.4 (2P), 85 = 111.4 (1P), Jpp =
50 Hz (shifts and Jpp determined from simulations), 36.3 (1P).

[Fe(ic>-P,N,P-PNP™*-Ph)(i>-P,N-PN""™°-Ph)CI|BF, (3). To a
suspension of anhydrous FeCl, (127 mg, 1.0 mmol) in THF
(10 mL), PNPM®-Ph (1g) (1.02 g, 2.00 mmol) and AgBF,
(195 mg, 1.0 mmol) were added and the mixture was stirred
for 4 h. The solvent was removed under reduced pressure and
the remaining green solid was dissolved in CH,Cl,. The white
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precipitate (AgCl) was removed by filtration over Celite and the
solution was evaporated under reduced pressure. The remain-
ing green solid was washed twice with diethyl ether (10 mL)
and dried under vacuum. Yield: 950 mg (94%). Crystals of 3
were grown by slow diffusion of diethyl ether into a solution of
THF. Anal. Caled for C5oH,oBCIF,FeNgP; (1005.00): C, 59.76;
H, 4.91; N, 8.36. Found: C, 59.83; H, 4.86; N, 8.31. '"H NMR
(8, CD,Cl,, 20 °C): 6.80-8.10 (m, 41H, py, Ph), 2.97 (bs, 9H,
CH3). *'P{"H} (8, CD,Cl,, 20 °C): A,B spin system, 6, = 128.1
(2P), g = 122.6 (1P), Jpp = 46 Hz (shifts and Jpp determined
from simulations).

[Fe(x*-P,N,P-PNP™™Et)(Cl),] (4a). A suspension of 1h
(100 mg, 0.23 mmol) and anhydrous FeCl, (29 mg, 0.23 mmol)
in THF (7 mL) was stirred for 1 h. After that the solvent was
removed under reduced pressure and a yellow solid was
obtained which was washed with 10 mL of n-hexane and
dried under vacuum. Yield: 125 mg (97%). Anal. Caled for
CpsH3;3CLFeN;P, (564.25): C, 53.22; H, 5.89; N, 7.45. Found:
C, 53.33; H, 5.83; N, 7.71. pieg = 4.9up.

[Fe(x*-P,N,P-PNP™"-nPr)(Cl),] (4b). This complex was pre-
pared analogously to 4a using PNP™™-nPr (1i) (150 mg,
0.30 mmol) in THF (7 mL) and anhydrous FeCl, (38 mg,
0.30 mmol) as reactants. Yield: 180 mg (95%). Anal. Caled for
CpoH,;ClLFeN;P, (620.35): C, 56.15; H, 6.66; N, 6.77. Found:
C, 56.00; H, 6.53; N, 6.87. jies = 4.8

[Fe(i®-P,N,P-PNP-Ph),](Cl), (5aCl). A solution of complex
2aCl (50 mg) in 5 mL of CH3CN was stirred for 15 min, where-
upon the color changed from green to red. The solvent was
evaporated and the remaining red solid was washed with
diethyl ether and dried in a vacuum. Yield: 45 mg (90% yield).
All spectral data for 5aCl were identical with those of the
authentic sample 5aBF, reported previously.'® Crystals for
X-ray diffraction were obtained by slow solvent evaporation
from a mixture of methanol and diethyl ether.

[Fe(x*-P,N,P-PNP-BIPOL),](CF;S03), (5bCF;S80;). Small
amounts of crystals of 5bCF;SO; suitable for X-ray crystallo-
graphy could be obtained by reacting 2bCl in THF with two
equiv. of AgCF;S0; followed by solvent evaporation. However,
this complex could not be isolated in a pure form and crystals
were taken from a mixture of several intractable solid products.

[Fe(x*-P,N,P-PNP-Me),](BF,), (5¢BF,). A solution of 1c
(100 mg, 0.44 mmol) and anhydrous FeCl, (27 mg, 0.22 mmol)
in acetone (10 mL) was stirred for 1 h. After that, AgBF,
(86 mg, 0.44 mmol) was added and the mixture was stirred for
an additional hour whereupon the color of the solution
changed from green to purple. The solution was filtered over
Celite, and the solvent was removed under reduced pressure.
The purple solid was washed with 15 mL of n-hexane and was
then dried under vacuum. Yield: 144 mg (95%). Anal. Calcd
for C,gH;,FeFeNP,B,Fy (687.85): C, 31.43; H, 4.98; N, 12.22.
Found: C, 30.79; H, 4.80; N, 11.98. '"H NMR (5, acetone-ds,
20 °C):7.48 (s, 4H, NH), 7.22 (t, Jun = 9.5 Hz, 2H, py), 6.17
(d, Juu = 9.5 Hz, 4H, py), 2.10 (s, 24H, CH;). “C{"H} NMR
(6, acetone-dg, 20 °C): 162.4 (py), 140.0 (py), 100.3 (py), 23.3
(t, Jop = 18 Hz, CH3). *'P{'"H} NMR (3, acetone-dg, 20 °C): 108.3.
Crystals suitable for X-ray crystallography were grown with
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CF3;S0;~ as the counterion (analogously prepared with
AgCF;SO; as a halide scavenger) from an acetone solution by
slow diffusion of diethyl ether.

[Fe(x*-P,N,P-PNP-nPr)(k>-P,N-PNS-nPr)CI|BF, (6). To a solu-
tion of PNP-nPr (1e) (200 mg, 0.59 mmol) in acetone (7 mL),
anhydrous FeCl, (37 mg, 0.29 mmol) and NaBF, (28 mg,
0.25 mmol) were added and the mixture was stirred for 1 h.
Elemental sulfur (8.0 mg, 0.25 mmol) was then added and the
solution was stirred for an additional 2 h. The green suspen-
sion was then filtered over Celite and the solution was evapor-
ated to dryness. The remaining solid was washed with diethyl
ether (5 mL) and n-hexane (10 mL). The remaining green
powder was dried in a vacuum. Yield: 204 mg (91%). Anal.
Caled for C;,H¢BCIF,FeNeP,S (892.99): C, 45.73; H, 7.45;
N, 9.42. Found: C, 45.81; H, 7.39; N, 9.36. 'H NMR (6, acetone-
de, 20 °C): 8.14 (s, 2H, NH), 7.89 (s, 1H, NH), 7.48 (m, 1H, py’),
7.22 (m, 1H, py*), 6.64 (m, 2H, py*>”), 6.33 (m, 1H, py?), 5.88
(d, Juu = 7.8 Hz, py’), 4.96 (s, 1H, NH), 2.70-2.18 (m, 4H, CH,),
1.88-1.39 (m, 4H, CH,), 1.10-0.90 (m, 15H, CH,, CH3), 0.64
(m, 3H, CH;). “C{'H} NMR (5, acetone-ds, 20 °C): 164.6
(m, py), 164.3-164.5 (m, py), 140.8 (py), 138.0 (py), 101.3 (py),
100.7 (py), 100.1 (py), 37.4 (m, CH,), 34.0 (CH,), 32.9 (CH,),
30.8 (d, Jcp = 10.8 Hz, CH,), 17.1-14.3 (CH,, CHj;). *'P{'H}
NMR (6, acetone-dg, 20 °C): the A,B spin-system, 5, = 109.4
(2P), 6 = 108.6 (1P), Jpp = 50 Hz (shifts and Jpp determined
from simulations), 64.6 (1P).

X-ray structure determination

X-ray diffraction data were collected at 7 = 100 K in a dry
stream of nitrogen on Bruker Kappa APEX II (complexes
2eBPh™¢,, 2fBPh™¢,, 3, 5aCl, 5bCF;SO;, 5¢CF;SO;, 5dBPh,,
and 5eBF,) diffractometer systems using graphite-monochro-
matized Mo-Ka radiation (1 = 0.71073 A) and fine sliced ¢- and
w-scans. Data were reduced with the program SAINT-Plus®
and corrections for absorption and detector effects were
applied with the program SADABS.>> The structures of com-
plexes 2fBPh™¢,, 5aCl, 5bCF;S0;, and 5dBPh, were solved with
direct methods and refined with the SHELXTL program
package.”” The structures of complexes 2eBPh™¢, 3,
5¢CF3S0;, and 5eBF, were solved with charge-flipping
implemented in SUPERFLIP?® and refined using Jana2006.%°
All refinements were against F* data. Non-hydrogen atoms
were refined anisotropically. The H atoms connected to
C atoms were placed in calculated positions and thereafter
refined as riding on the parent atoms. H atoms connected to
N atoms were mostly located in difference Fourier maps and
freely refined. Molecular graphics were generated with the
program MERCURY.?® Crystal data and experimental details
are given in the ESI (Table S1} and CIF).

Variata: seven of the eight crystal structures concerned
solvates, namely: 2eBPh™¢,-3THF, 2fBPh™®,-3THF, 5aCl-solv
(solv = CH;0H, Et,0), 5bCF;S0;-6.5THF, 5¢CF;S0;-2Me,CO,
5dBPh,-0.5Et,0, and 5eBF,-2Me,CO. Only compound 3 was an
unsolvated tetrafluoroborate salt. Complexes 2eBPh™*,-3THF
and 2fBPh™¢,-3THF, a chloride and a bromide complex, rep-
resent an isostructural pair. A small peak in the difference
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Fourier map of 2eBPh™¢,-3THF was attributed to a partially
oxidized uncoordinated phosphine P atom. The site was there-
fore refined as a partially occupied isotropic O atom, whereby
the occupancy refined to 0.162(7). Complex 5aCl-solv: the
solvent in this solid, a mixture of methanol and diethyl ether,
was disordered and was therefore removed from the structure
factors with the procedure SQUEEZE of the program PLATON®'
prior to concluding the refinement. Complex 5bCF;SO;-
6.5THF: this was a weakly scattering solvent-rich material with
6.5 THF molecules per formula unit. One THF was disordered
about the centre of symmetry and one of the two CF3SOj;
groups was orientation disordered. This highly desolvation-
prone material scattered only to 6 ca. 25° and gave somewhat
meagre R values for a lastly very reasonable crystal structure.
Complex 5¢CF;S05-2Me,CO: In this crystal structure the Fe
complex 5cCF;S03-2Me,CO and one acetone molecule are
located on 2-fold axes (point symmetry C,) while another
acetone molecule is disordered about an inversion. Complex
5dBPh,-0.5Et,O: In this crystal structure the diethyl ether
molecule is disordered about an inversion. 5eBPh,-2Me,CO: in
this crystal structure the Fe complex has point symmetry 222 (D,)
and the ordered acetone molecule has point symmetry 2 (C,).

Computational details

All calculations were performed using the GAUSSIAN 09 soft-
ware package®” on the Phoenix Linux Cluster of the Vienna
University of Technology. The optimized geometries were
obtained with the B3LYP functional,®® without symmetry con-
straints. That functional includes a mixture of Hartree-Fock™*
exchange with DFT*® exchange-correlation, given by Becke’s
three parameter functional with the Lee, Yang and Parr corre-
lation functional, which includes both local and non-local
terms. The basis set used for the geometry optimizations con-
sisted of the Stuttgart/Dresden ECP (SDD) basis set®® to
describe the electrons of iron, and a standard 6-31G** basis
set’” for all other atoms. A Natural Population Analysis (NPA)*®
and the resulting Wiberg indices®' were used to study the elec-
tronic structure and bonding of the optimized species.

The inclusion of dispersion effects by means of the
Grimme DFT-D3 method®® with Becke and Johnson short dis-
tance damping® rises the stability difference between the two
isomers of complex 2a from 6.9 to 9.0 kcal mol™" (A remaining
the most stable). Also, for comparison, geometry optimizations
of the two isomers of 2a were performed with the M06 func-
tional leading to same conclusions and a stability difference of
6.1 keal mol™". The M06 functional is a hybrid meta-GGA func-
tional developed by Truhlar and Zhao,** and it was shown to
perform very well for transition metal systems, providing a
good description of weak and long range interactions.*>
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Complexes trans- and cis-[Fe(k3P,N,P-PNP)(CO)Cl,] bearing
sterically demanding to small PNP ligands based on the 2,6-
diaminopyridine scaffold are synthesized. The aromatic pyr-
idine ring and the phosphine PR, moieties are connected
through NH, N-alkyl, or N-aryl linkers. For bulky PNP li-
gands, with the exception of the ligands with P{Bu, units,
these complexes are obtained upon the treatment of
[Fe(x3P,N,P-PNP)Cl,] with CO. With small PNP ligands, such
complexes are not accessible directly owing to the formation
of [Fe(x3®P,N,P-PNP)(x?P,N-PNP)CI|Cl. These complexes lib-
erate the k2-P,N-bound PNP ligand in the presence of CO to
yield [Fe(x®P,N,P-PNP)(CO)Cl,] in yields of less than 50 %.
High yields are achieved by reacting FeCl, with PNP ligands

under a CO atmosphere. For structural and reactivity com-
parisons, [Fe(x®P,N,P-PNP-Ph)(kx?P,N-PN-Ph)CI]* was pre-
pared, and this complex does not react with CO. In contrast
to the reactions in solution, in the solid state, complexes
[Fe(x®P,N,P-PNP)Cl,] with NH linkers are also converted
quantitatively into trans- or cis-[Fe(k®P,N,P-PNP)(CO)(Cl),]
upon treatment with CO, as indicated by a color change and
by IR spectroscopy monitoring. Those with N-alkyl and N-
aryl linkers did not react with CO. To rationalize why most
[Fe(x®P,N,P-PNP)Cl,] complexes react readily with CO but
those with tBu substituents do not, the additions of CO to
[Fe(x®*P,N,P-PNP-iPr)Cl,] and [Fe(x3P,N,P-PNP-{Bu)Cl,] were
investigated by DFT calculations.

Introduction

Neutral pyridine-based PNP pincer ligands are utilized
widely in transition-metal chemistry owing to their combi-
nation of stability, activity, and variability.!! They typically
enforce a meridional k3-P,N,P coordination mode if three
coordination sites are accessible at the metal center. An im-
portant class of iron PNP complexes are the coordinatively
unsaturated 16e high-spin square-pyramidal complexes of
the type [Fe(x*P,N,P-PNP)X,] (X = Cl, Br) obtained from
Fe'' halides with stoichiometric amounts of PNP ligands.
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Examples of prominent PNP ligands are bis(phosphino-
methyl)pyridines®>*# and bis(phosphinito)pyridines.’] In
most cases, bulky R substituents such as iPr or 7zBu are re-
quired to avoid the formation of bis-chelated dicationic low-
spin complexes of the type [Fe(i*P,N,P-PNP),]**.

We are currently focusing on the synthesis and reactivity
of non-precious-metal complexes containing PNP pincer li-
gands!' based on the 2,6-diaminopyridine scaffold with the
aromatic pyridine ring and the phosphine moieties con-
nected through NH, N-alkyl, or N-aryl linkers. An advan-
tage of these ligands over PNP pincers bearing CH, or O
linkers is that the substituents of the phosphine and amine
sites can be systematically varied in a modular fashion. In
particular, the nature of the linker has a decisive effect on
reaction outcomes.[) With bulky PNP ligands such as PNP-
iPr (1a) or PNP-7Bu (1¢), the typical monochelated high-
spin complexes [Fe(x*P,N,P-PNP)X,] (type I) are formed
(Scheme 1)."1 Such complexes add CO to give trans-
[Fe(13P,N,P-PNP)(CO)X,], cis-[Fe(ic>P,N,P-PNP)(CO)X,],
or both (Scheme 2).1¥!

These reactions are of interest, as CO addition is fully
reversible both in solution and in the solid state and ac-
companied by both color and spin-state changes and might,
thus, be useful for CO sensors.>!% The general effect of

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cl
cl H
PR s l PR N
—PR; —|—=PR2 +CO 3
F N L0 _ < ——— » & N—Fé—cO
e -co — eT—aci -co
HN-PR,
HN- PR2 HN-PR, i}
Cl
| solution and solid state |
Scheme 2.
spin-state changes upon CO coordination to transition- libria between [Fe(x?>P,N-PNP-R, TAD)X,] and

metal complexes is well described.[!!-1?! Several examples of
reversible and irreversible carbonylation reactions of Fe'!
complexes have been reported.l'* 11 In contrast, with
smaller pincer ligands such as PNP-Ph (1g) or PNP-Et (1j),
irrespective of the stoichiometry, diamagnetic bis-chelated
octahedral complexes of the type [Fe(ic> P, N, P-PNP)(1> P, N-
PNP)X]* (X = Cl, Br; type II) are obtained in which the
PNP pincer ligands are coordinated in «*P,N,P and «>P,N
fashions.[¥2-8%1 The use of asymmetrically substituted PNP
ligands 1n and 1o, which are based on R,R-TADDOL in
combination with bulky iPr and 7Bu substituents, leads to
the formation of complexes of the type [Fe(ic>P,N-PNP-
R,TAD)X] (type IIl), in which the PNP ligand is coordi-
nated in an unexpected x>P,N fashion. Interestingly, equi-
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[Fe(ix>P,N,P-PNP-R, TAD)X,] complexes have been ob-
served in solution.[!”]

In continuation of our studies on iron PNP complexes,
we report here on the synthesis and reactivity of octahedral
Fe!' carbonyl complexes bearing both sterically unde-
manding as well as new bulky PNP ligands and discuss the
impact of the NR linker on the outcome of these reactions.
In addition, we show that the removal of CO from solid
samples of [Fe{i3P,N,P-PNP(CO)Cl,}] at elevated tempera-
tures (under vacuum) allows the preparation of
[Fe(i*P,N,P-PNP)Cl,] complexes, which are not accessible
by conventional methods for small PNP ligands owing to
the formation of [Fe(x*P,N,P-PNP)(x>P,N-PNP)CI]* (type
II)_[Sa,Sb]

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results and Discussion

Reactions Involving Bulky PNP Ligands

The treatment of anhydrous FeCl, with 1 equiv. of the
respective PNP ligand (1a—1g) in tetrahydrofuran (THF) at
room temperature afforded the pentacoordinate coordina-
tively unsaturated complexes [Fe(x>P,N,P-PNP)Cl,] (3a-3g)
in high isolated yields (Scheme 3). The syntheses of
[Fe(ic*P,N,P-PNP-iPr)Cl,] (3a) and [Fe(i>*P,N,P-PNP-Bu)-
Cl,] (3¢) were reported elsewhere.l”-8 These complexes are
thermally robust pale yellow solids that are air-stable both
in the solid state and in solution for several days. The effec-
tive magnetic moments of 3a, 3b, 3f, and 3g are in the range
4.9-5.0 pp, as determined in the solid state by supercon-
ducting quantum interference device (SQUID) magnetome-
try or with a Faraday balance and in solution by the Evans
method.?l Accordingly, they typically adopt a high-spin
configuration with a typical quintet ground state (four un-
paired electrons). All of the complexes display contact-
shifted '"H NMR spectra, but some exhibit relatively narrow
linewidths at room temperature, and the expected ligand
resonances for 3a, 3¢, 3d, and 3e could be assigned on the
basis of integration. The molecular structures of 3d and 3e
were determined by X-ray crystallography. Structural views
are depicted in Figures 1 and 2, and selected bond lengths
and angles are given in the captions. The iron centers have
distorted square-pyramidal coordination geometries; the
iron atoms lie 0.686 (3d) and 0.683 A (3e) out of the basal
planes defined by N1-P1-CI1-P2, and CI2 forms the apex
of the pyramid. The bond lengths and angles of 3d and 3e
are in good accord with the solid-state structure of
[Fe(1*P,N,P-PNP-iPr)Cl,] (3a). Particularly characteristic
for all of these complexes are the comparatively long Fe-N
and Fe-P bonds, which clearly indicate that they are in the
high-spin state; low-spin Fe PNP complexes have Fe-N and
Fe-P bonds ca. 0.2 A shorter. In contrast, the Fe—Cl bonds
are quite insensitive to the spin state, but the equatorial Fe—
Cl1 bond is always systematically longer by ca. 0.1 A than
the apical Fe—CI2 bond.

Figure 1. Structural view of [Fe(x3P,N,P-PNPMe.iPr)Cl,]-0.5THF
(3d-0.5THF) showing 50 % thermal ellipsoids (H atoms and solvent
molecules omitted for clarity). Selected bond lengths [A] and angles
[°]: Fel-N1 2.290(3), Fel-Cll 2.3473(10), Fel-CI2 2.3012(10),
Fel-P1 2.4637(11), Fel-P2 2.4432(11), N1-Fel-Cll 145.45(8),
NI-Fel-CI2 107.81(8), Cll-Fel-CI2 106.71(4), Pl-Fel-P2
140.89(4).

Figure 2. Structural view of [Fe(i*P,N,P-PNPELPr)Cl,] (3e) show-
ing 50% thermal ellipsoids (H atoms omitted for clarity). Selected
bond lengths [A] and angles [°]: Fel-N1 2.2296(7), Fel-Cll
2.3694(3), Fel-CI2 2.3003(4), Fel-P1 2.4343(4), Fel-P2 2.4307(3),
NI1-Fel-CIl 140.86(2), N1-Fel-Cl2 112.45(2), Cl1-Fel-CI2
106.681(10), P1-Fel-P2 145.125(9).

Complexes 3a, 3b, 3f, and 3g react readily with the strong
n-acceptor ligand CO in solution to afford selectively the
trans complexes [Fe(x*P,N,P-PNP-iPr)(CO)(Cl),] (4a),
[Fe(k*P,N,P-PNP-Cy)(CO)Cl,] (4b), [Fe(k*P,N,P-PNPP-
Et)(CO)CL,] (4f), and [Fe(PNP""-nPr)(CO)Cl,] (4g) in excel-
lent yields (75-96%), as shown in Scheme 3. Complex 3¢
did not react with CO, whereas 3d and 3e afforded mixtures

R
N— —PR2 _ _pR2
, S N—'Fe—CO —Fe—-CI
Sy
solution 2 N PR
| R'/ 2
PRe PHg N— —PRZ
1a—g N S 4a,b,d 5d, e
FeCp ————————— & N_Fe\CI -9 :
THF, r.t.
- co
1a R=iPr; R =H N PRZ
1b R=Cy;R'=H R N— ~PRo
1c R=1Bu;R'=H Sag & _ —/Fe—CI
1d R=/Pr;R' = Me -
1e R=iPr:R' = Et solid state N-PR,
1f R=Et;R'=Ph R' = H only R cl
1g R=nPr; R' = Ph 5a b
Scheme 3.
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of trans- and cis-[Fe(x*P,N,P-PNPM¢-iPr)(CO)Cl,] (4d/de
and 5d/5e). All of the compounds are air-stable in the solid
state but slowly decompose in solution upon exposure to
air. Complexes 4 were characterized by 'H and 3'P{'H}
NMR spectroscopy, IR spectroscopy, and elemental analy-
sis. In most cases, the '*C{'H} NMR spectra were also re-
corded. The trans and cis isomers 4d/4e and 5d/Se can be
readily distinguish on the basis of their '*C{'H} and
SIP{'H} NMR spectra. The 3C{'H} NMR spectra of the
trans-chloro complexes 4d and 4e give rise to one set of
signals for the isopropyl methine and methyl carbon atoms,
which is consistent with a complex of C,, symmetry with a
trans-dichloro arrangement. For the cis-dichloro arrange-
ment of 5d and Se (C, symmetry), two sets of signals are
observed for these carbon atoms. Moreover, the 3'P{'H}
NMR resonances of the trans-chloro complexes are typi-
cally low-field-shifted by ca. 12-14 ppm relative to the reso-
nances of the respective cis-chloro compounds. The isomers
could not be distinguished by IR spectroscopy. In addition
to the spectroscopic characterization, the solid-state struc-
tures of 4b and 4f were determined by single-crystal X-ray
diffraction. Structural views are depicted in Figures 3 and 4,
and selected bond lengths and angles given in the captions.

Figure 3. Structural view of trans-[Fe(x*P,N,P-PNP-Cy)(CO)Cl,]-
2DMSO-Et,0 (4b:2DMSO-Et,0; DMSO = dimethyl sulfoxide)
showing 50% thermal ellipsoids (H atoms and solvent molecules
omitted for clarity). Selected bond lengths [A] and angles [°]: Fel-
CIl 2.3041(9), Fel-Cl2 2.3362(9), Fel-P1 2.2433(9), Fel-P2
2.2463(9), Fel-N1 1.9935(17), Fel-C30 1.765(2), Cll-Fel-CI2
173.19(2), Cll-Fel-N1 86.83(5), CI2-Fel-N1 86.36(5), N1-Fel-
C30 179.54(8), P1-Fel-P2 167.74(2).

Figure 4. Structural view of trans-[Fe(ix>P.N,P-PNPP"-Et)(CO)Cl,]
(4f) showing 50% thermal ellipsoids (H atoms and a second inde-
pendent complex omitted for clarity). Selected bond lengths [A]
and angles [°]: Fel-ClIl 2.3156(3), Fel-CI2 2.3172(3), Fel-P1
2.2157(3), Fel-P2 2.2146(3), Fel-NI1 2.0061(7), Fel-C26
1.7602(8), Cl1-Fel-Cl12 175.041(9), Cll1-Fel-N1 88.73(2), Cl2-
Fel-N1 86.49(2), N1-Fel-C26 177.45(3), P1-Fel-P2 167.126(10).
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The exposure of solid 3a and 3b to 1 bar of gaseous CO
at room temperature results in rapid quantitative conver-
sion to solid cis-[Fe(ic>P,N,P-PNP-iPr)(CO)(Cl),] (5a) and
cis-[Fe(1*P,N,P-PNP-Cy)(CO)Cl,] (5b) as the sole products,
as indicated by a color change from light yellow to deep
red (Scheme 3). In contrast, the bulky complex 3¢ as well
as complexes 3d-3g, which feature NMe, NEt, and NPh
linkers between the pyridine ring and the PR, moieties, did
not react with CO in the solid state. The exclusive formation
of 5a and 5b in the solid state was confirmed by 'H and
3IP{TH} solution NMR spectroscopy and IR spectroscopy.
The recording of solution '*C{'H} NMR spectra was pre-
cluded, as the cis isomers transform quantitatively within
ca. 30 min into the respective trans complexes 4a and 4b
(the mechanism of this process was discussed recently).[b!

To rationalize why 3a (as well as 3b and 3d-3g) reacted
readily with CO to afford complexes of the type
[Fe(1c*P,N,P-PNP)(CO)Cl,] but 3c did not, the addition of
CO to 3a and 3c was investigated through DFT calcula-
tions, and the energy profiles obtained are presented in Fig-
ures 518 and 6. The addition of carbon monoxide to these
complexes is a “spin-forbidden” or “non-adiabatic” reac-
tion as there is a change in spin state from the reagent to
the product. Although 3a and 3¢ have a spin-quintet (S = 2)
ground state, trans-[Fe(ic> P,N,P-PNP-iPr)(CO)Cl,] (4a) and
the elusive trans-[Fe(i* P,N,P-PNP-tBu)(CO)Cl,] (4¢) exist
as spin-singlet molecules (S = 0). The energy profile associ-
ated with such a reaction goes through a minimum-energy
crossing point (MECP) of the two potential energy surfaces
(PES) involved.'”! Once that point is reached, there is a
given probability for the system to change spin state and

Cl

H ;
N—,-PlPrz
3 &
cl Z_ _N—Fe.. 297
--co cl
N_/ P HN-PiPr, N—|-rrr,
Z  N\—re
=" /FE\ “ Z_ IN—Fe—CO
HN=PiPr, cl 29 HN-F'rP/rz 1.91
32 +CO 4.4 CP4, cl
S=2 . 02
0.8 %
4.2 4.1 5 S=0
al 6.5 k
H
N—/-PiPr,
Z \N_/Fe _______ 466 L
---- co .
—|=pP e,
HN=P/Pr, \CI < N iPry 18.8
7 _ SN—Fe——CO _25.0
HN=PiPr,| 204 -
5 c H
4a N—|=piPr,
&

Z_ SN—Fé—cCO
HN-pipr,| 171
cl

4a

Figure 5. Energy profile (OPBE) for the addition of CO to
[Fe(x?P,N,P-PNP-iPr)Cl,] (3a) to vyield trans-[Fe(x>P,N,P-PNP-
iPr)(CO)Cl,] (4a). The energy values [kcal/mol] are relative to the
separate reagents, and the values in italics represent the free energy
corrected for dispersion effects (DFT-D3). The plain curve corre-
sponds to the spin-quintuplet PES (S = 2), and the dashed curve
corresponds to the spin-singlet PES (S = 0). The Fe-C(CO) dis-
tance [A] along the reaction coordinate is indicated.
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hop from one PES to the other and, thus, give rise to the
“spin-forbidden” reaction.[?”]

H
N—|=pBu,
7 _ SN—Fe—CO

Figure 6. Energy profile (OPBE) for the addition of CO to
[Fe(ic3P,N,P-PNP-Bu)Cl,] (3¢) to yield the elusive complex trans-
[Fe(ic3 PN, P-PNP-Bu)(CO)Cl,] (4¢). The energy values [kcal/mol]
are relative to the separate reagents, and the values in italics repre-
sent the free energy corrected for dispersion effects (DFT-D3). The
plain curve corresponds to the spin-quintuplet PES (S = 2), and
the dashed curve corresponds to the spin-singlet PES (S = 0). The
Fe-C(CO) distance [A] along the reaction coordinate is indicated.

From the separated reactants and following the S = 2
PES, a van der Waals pair forms between the two reacting
molecules, CO and  [Fe(x*P,N,P-PNP-iPr)Cl,] or
[Fe(ic3P,N,P-PNP-Bu)Cl,], with a rather long Fe-C(CO)
distance (4.66 and 5.04 A, respectively), and the stabiliza-
tion of the system is correspondingly small (AE = —0.8 and
—1.0 kcal/mol, respectively). From here, the high-spin iso-
mers of the products (*4a and 4¢) form in a single step
over accessible energy barriers (AE* = 3.7 and 11.4 kcal/
mol). Although the formation of 4a is exothermic with AE
= -3.3 kcal/mol, the equivalent step for 4¢ is thermody-
namically unfavorable (AE = 7.6 kcal/mol); therefore, inter-
mediate >dc is less stable than the corresponding pair of
reactants. After the formation of the high-spin CO adduct
(°4a or *4c), the last step of the mechanism corresponds to
a spin change in each case. For the species with the less
bulky ligand (PNP-iPr, 1a), the MECP between the two po-
tential energy surfaces (CPy,) is easily reached and has an
associated energy barrier of AE = 4.3 kcalmol™!. Once the
crossing point CP,4, is reached and the hopping between
surfaces is accomplished, the system follows the S = 0 PES
downhill until the final product forms, that is, low-spin (S
= 0) trans-[Fe(<*P,N,P-PNP-iPr)(CO)Cl,] (4a). The overall
process is favorable thermodynamically, as 4a is 18.8 kcal/
mol more stable than the initial reagents. In sharp contrast,
in the profile obtained for the species with the bulkier li-
gand (PNP-7Bu, 1c¢), the last step is clearly unfavorable and
has a high barrier of 16.4 kcal/mol. Moreover, the putative
final product 4c¢ is 13.4 kcal/mol less stable than the initial
reagents.

Eur. J. Inorg. Chem. 2015, 5053-5065

5057

Importantly, the overall balance for the reactions with
free-energy values corrected for dispersion effects (values in
italics in Figures 5 and 6) indicates that the addition of CO
to the PNP-/Pr complex, 3a, is clearly exergonic (AG =
—25.0 kcalmol™'), whereas the equivalent reaction for the
complex with the bulkier ligand (3¢) is endergonic (AG =
4.2 kcalmol™"). This indicates a thermodynamically unfa-
vorable process for the last reaction and is in good accord
with the experimental result, as the formation of the CO
adduct for the PNP-rBu species was not observed, in con-
trast to the outcome for the PNP-iPr system.

Reactions with Sterically Less Demanding PNP Ligands

Complexes of the type [Fe(x*P,N,P-PNP)Cl,] (3) with
small PNP ligands are not accessible directly from the reac-
tion of FeCl, with 1 equiv. of PNP ligand owing the forma-
tion of complexes [Fe(k>P,N,P-PNP)(x>P,N-PNP)CI]* (2).
However, preliminary reactivity studies revealed®¥ that
complexes 2 are substitutionally labile. This was shown for
[Fe(x*P,N,P-PNP-Ph)(x>P,N-PNP-Ph)CI]* (2h) with the
poorly coordinating BF,;  counterion, which readily adds
carbon monoxide to afford the cationic trans-dicarbonyl
complex trans-[Fe(k3-P,N,P-PNP-Ph)(CO),CI]* with the
liberation of the k*-P,N-bound PNP ligand. This methodol-
ogy is used here to obtain Fe PNP carbonyl complexes of
the type [Fe(x*P,N,P-PNP)(CO)Cl,] with small PNP li-
gands. Accordingly, the treatment of [Fe(i>P,N,P-
PNP)(i?P,N-PNP)CI]* (2h-2m; in this case as chloride
salts) with CO in THF at room temperature resulted in the
dissociation of the k?P,N-bound PNP ligand and the forma-
tion of the carbonyl complexes trans-[Fe(i>P,N,P-
PNP)(CO)Cl,] (4j-4m) and cis-[Fe(x>P.N,P-PNP)(CO)Cl,]
(5h and S5i) albeit in yields of less than 50%, as shown in
Scheme 4. The reaction is complete within several minutes
for 2h and 2i but requires several hours for 2j—2m. For 2i in
CH,Cl,, it has to be noted that the trans isomer (4i) is
formed selectively.

High yields of 4 and 5 could be achieved by reacting
anhydrous FeCl, with 1 equiv. of the respective PNP ligand
(1h—1m) under a CO atmosphere in THF or CH,Cl, at
room temperature (Scheme 5). Complexes 4 and 5 were
characterized through a combination of 'H, '3C{'H}, and
3SIP{'H} NMR spectroscopy; IR spectroscopy; and elemen-
tal analysis. In addition to the spectroscopic characteriza-
tion, the solid-state structures of 4j, 4k, 41, and 5h were
determined by single-crystal X-ray diffraction. ORTEP dia-
grams are depicted in Figures 7, 8, 9, and 10, and selected
bond lengths and angles are given in the captions. The iron
centers in all trans-[Fe(ix>P,N,P-PNP)(CO)Cl,] complexes
4b, 4j, 4k, 41, and 4f have modestly distorted octahedral
coordination geometries. The mean bond lengths and
angles of these five complexes with their estimated standard
deviations (esd’s) are Fe-C 1.763(2) A, Fe-N 2.003(5) A,
Fe—P 2.228(10) A, Fe-C12.319(8) A, P-Fe-P 167.0(5)°, and
N-Fe-Cl 87.8(10)°. These values are in good accord with
those of the two previously reported complexes of this
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type.l”-83 The coordination geometry of the iron center in
cis-[Fe(x*> P,N,P-PNP-Ph)(CO)Cl,] (4h) is also octahedral,
and the bond lengths are similar to those of the frans com-
plexes. In the cis complex, a modest trans effect of the CO
group on the Fe-CI2 bond can be noted (Fe-CI2 2.346 A
compared with Fe-Cl1 2.317 A). In compensation for this,
the Fe—N bond in 4h is slightly shorter (Fe-N 1.980 A) than
those in the frans complexes.

PR: PR N— —PR2 N— —PR2
1h—-m /
FeCl, ——— N—Fe—CO or —Fe—CI
co
THF, r.t. HN- PR2 HN=- PR2
4j-m 5h, i
Scheme 5.

Figure 7. Structural view of cis-[Fe(i>P,N,P-PNP-Ph)(CO)CL,]-
3DMSO (5h-3DMSO) showing 50% thermal ellipsoids (H atoms
and solvent molecules omitted for clarity). Selected bond lengths
[A] and angles [°]: Fel-Cl1 2.3173(4), Fel-CI2 2.3461(4), Fel-P1
2.2248(4), Fel-P2 2.2279(4), Fel-NI 1.9798(11), Fel-C30
1.7569(14), C30-Fel-Cll 85.89(4), C30-Fel-CI2 177.79(4), N1-
Fel-Cl1 176.80(4), N1-Fel-CI2 84.60(3), Cl1-Fel-CI2 92.287(13),
P1-Fel-P2 167.215(15).

In the "*C{'H} NMR spectra, the CO ligands exhibit a
single low-intensity triplet resonance in the range 6 = 216—
224 ppm. The IR spectra of the complexes bearing alkyl
substituents show one strong band in the range ¥ = 1937-
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Figure 8. Structural view of trans-[Fe(i>P,N,P-PNP-Me)(CO)Cl,]:
Et,0 (4j-Et,0) showing 50% thermal ellipsoids (H atoms and sol-
vent molecules omitted for clarity). Selected bond lengths [A] and
angles [°]: Fel-Cll 2.3190(10), Fel-Cl2 2.3179(10), Fel-Pl1
2.2233(11), Fel-P2 2.2241(10), Fel-N1 2.004(3), Fel-Cl0
1.762(4), Cll-Fel-CI12 176.47(4), C10-Fel-N1 178.84(16), N1-
Fel-Cl1 87.94(9), N1-Fel-CI2 88.53(9),P1-Fel-P2 166.76(4).

Figure 9. Structural view of trans-[Fe(i*P,N,P-PNP-Et)(CO)Cl,]
(4k) showing 50% thermal ellipsoids (H atoms omitted for clarity).
Selected bond lengths [A] and angles [°]: Fel-Cl1 2.3179(8), Fel—
CI12 2.3178(8), Fel-Pl 2.2273(8), Fel-P2 2.2284(8), Fel-NlI
2.0068(19), Fel-C14 1.762(3), Cl1-Fel-CI2 177.88(3), Cll-Fel-
N1 89.68(6), C12-Fel-N1 88.22(6), P1-Fel-P2 166.80(3), N1-Fel-
Cl14 179.08(11).

1965 cm™!, whereas those with aryl substituents exhibit the
CO stretching frequency at ¥ = 1985-2001 cm™!; this signifi-
cant shift to lower wavenumbers indicates that the latter are
much weaker donors (cf. ¥ = 2143 cm™! for free CO).

In all of the complexes featuring NH linkers, CO binding
is fully reversible, and heating solid samples of 4j-4m or
5h at 60-150 °C for ca. 40 min under vacuum leads to the
complete regeneration of 3h and 3j-3m, which react again
with CO in the solid state to give 4j-4m or 5h. The BIPOL
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Figure 10. Structural view of trans-[Fe(ic> P,N,P-PNP-nPr)(CO)Cl,]
(41) showing 50% thermal ellipsoids (H atoms omitted for clarity).
Selected bond lengths [A] and angles [°]: Fel-Cl1 2.3241(4), Fel—
Pl 2.2272(4), Fel-N1 2.0015(17), Fel-C10 1.765(2), Cl1-Fel-Cl1
175.040(17), P1-Fel-P1 166.408(18), Cl1-Fel-N1 87.520(11), Cl1
Fel-N1 87.520(11), N1-Fel-C10 180.0(5).

complexes 4i and 5i are exceptions and decompose at ele-
vated temperatures with CO release to form intractable ma-
terials. Qualitatively, CO is most easily liberated from the

complexes with bulky substituents such as [Fe(i>P,N,P-
PNP-Cy)(CO)Cl,] (4b), which requires ca. 60 °C, whereas
those with small substituents such as [Fe(i>P,N,P-PNP-
Me)(CO)Cl,] (4§) require up to 200 °C. The reversibility of
this reaction in the solid state has been elucidated by time-
resolved infrared spectroscopy, through which the stretch-
ing vibration of the coordinated CO ligand in 4 and 5 was
monitored. This “on” and “off” process can be repeated
for at least four cycles without any noticeable decomposi-
tion, as shown in Figure 11 for 3h and 5h. In contrast to
3a-3g, complexes 3h and 3j-3m bearing small PNP ligands
are very air-sensitive in the solid state. In solution, they
rapidly rearrange to form 2h and 2j-2m together with in-
tractable materials (Scheme 6). The formation of 3h and 3j-
3m was confirmed by their reaction with CO and the refor-
mation of the respective complexes 4 and 5. In addition,
the solid-state magnetic moments ¢ were exemplarily de-
termined for 3h and 3j to be 5.3 and 5.2 pp, respectively,
which are consistent with the expected d® high-spin configu-
ration (four unpaired electrons).

Cl
100 N— —PPh;
%0 ?\ Z _ SN—Fo—cCi
50 '} (b) o HN=PPh,
70 5h
® | co
o 60
o
£ g0 - -co ||+co
2
2 40 A Cl
£ H
30 - N—|=PPh,
20 - (a) 7 SN—Fi——,
10 \. HN=PPh,
(1 L 1) e
0@ % . % ’...“ L) ,
0 50 150 200

timé?omln

Figure 11. Time-dependent (a) increase of the veq stretching frequency of Sh at v = 1985 cm™! upon exposure of 3h to pure CO at 25 °C
and ambient pressure and (b) decrease of this absorption band as the temperature increases from 25 to 110 °C under vacuum.

solid state cl solid state cl
co [ - 0 H
H o 110 °C, vacuum H o 60—200 °C, vacuum N—|—PR,
—|=FPR2 —|=PR2 _
2 N S e co Z S co a N—~Fe co
N—Fe—Cl « N—Fe—~—¢ —_—
— — +CO
+Co HN=PR;
HN=-PR, - HN-PR; solid state
solid state rt Cl
5a,b, h Cl rt. 3a, b, h, j-m - 4j-m

[

R2R,
JN
HN _ 1+
H
N—/-PR, NH
< 5l ,
N—Fe——PR, * intractable material

Scheme 6.
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For structural and reactivity comparisons, we also pre-
pared the related complex [Fe(x?P,N,P-PNP-Ph)(i?P,N-
PN-Ph)CIIBF,; (6) by reacting anhydrous FeCl, with
1 equiv. of 1h and PN-Ph in the presence of 1 equiv. of
AgBF,4 (Scheme 7). The pyridine moiety of the PN-Ph li-
gand in this compound lacks a substituent at the second
ortho position, and it does not react with CO even after
48 h. This complex was characterized through a combina-
tion of 'H and 3'P{'H} NMR spectroscopy and elemental
analysis. Although the '"H and '*C{'H} NMR spectra were
not very informative, the 3'P{'"H} NMR spectra revealed a
characteristic A,B pattern®! of multiplets centered at 65 =
112.5 ppm and dg = 111.9 ppm with a Jpp coupling con-
stant of 50 Hz, which can be assigned to the two phos-
phorus atoms of the x3-bound PNP ligand and the phos-
phorus atom of x>-bound PN ligand, respectively. The so-
lid-state structure of 6 determined by single-crystal X-ray
diffraction is depicted in Figure 12, and selected bond
lengths given in the caption. The coordination geometry
around the iron center of 6 corresponds to a slightly dis-
torted octahedron with N1-Fel-P3, Cl1-Fel-N4, and P1-
Fel-P2 angles of 178.1, 178.8, and 164.0°, respectively. The
first two angles are significantly different to those of the
related complexes [Fe(x*P,N,P-PNP)(x>P,N-PNP)CI]* (2h
and 2k), which are on average 171.1 and 171.8°, as the NH
group of the dangling arm of the k>-bound PNP ligand is
directed to the pyridine nitrogen atom to form an intramo-
lecular hydrogen interaction. This causes the pyridine ring

Figure 12. Structural view of [Fe(x*P,N,P-PNP-Ph)(x>P,N-PN-
Ph)CI|BF,-2THF (6-:2THF) showing 50% thermal ellipsoids (H
atoms, BF, anion, and solvent molecules omitted for clarity). Se-
lected bond lengths [A] and angles [°]: Fel-CI1 2.3333(4), Fel-P1
2.2787(4), Fel-P2 2.2534(4), Fel-P3 2.1864(4), Fel-N1 2.0170(11),
Fel-N4 1.9932(11), CI1-Fel-P3, 94.737(13), Cll-Fel-Nl1
86.95(3), Cl1-Fel-N4 178.83(3), P1-Fel-P2 163.996(15), P1-Fel—
P3 97.932(14), N1-Fel-N4 93.51(4).
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of N1 to be bent away from N6 so that the angle C3-N1-
Fe is ca. 170°, whereas this angle is very close to 180°
(179.8°) in 6. Accordingly, this distortion may be responsi-
ble for the lability of the k>-bound PNP ligand in complexes
2.

Conclusions

We have prepared trans- and cis-[Fe(x> P,N,P-PNP)(CO)-
Cl,] complexes bearing both sterically demanding and small
PNP ligands based on the 2,6-diaminopyridine scaffold in
which the aromatic pyridine ring and the phosphine PR,
moieties are connected through NH, N-alkyl, or N-aryl lin-
kers. For bulky PNP ligands, with the exception of com-
plexes with PzBu, units, these complexes are obtained upon
the treatment of [Fe(i*P,N,P-PNP)Cl,] with CO in THF or
CH,Cl, solutions. On the other hand, with small PNP Ili-
gands, such complexes are not directly accessible owing to
the formation of [Fe(i*P,N,P-PNP)(x>P,N-PNP)CI|CL.
These complexes are substitutionally labile and liberate the
k>-P,N-bound PNP ligand in the presence of CO to yield
the desired complexes [Fe(ik>P,N,P-PNP)(CO)Cl,] in yields
of less than 50%. High yields of [Fe(ic3P,N,P-PNP)(CO)Cl,]
could be achieved by reacting anhydrous FeCl, with
1 equiv. of the respective PNP ligand under a CO atmo-
sphere. For structural and reactivity comparisons, we also
prepared the related complex [Fe(ic* P,N,P-PNP-Ph)(x>P,N-
PN-Ph)CI]*, in which the pyridine moiety of the PN-Ph li-
gand lacks a substituent at the second ortho position. This
complex does not react with CO. In the solid state, com-
plexes [Fe(x*P,N,P-PNP)Cl,] with NH linkers are also con-
verted quantitatively into trans- or cis-[Fe(x*P,N,P-
PNP)(CO)(Cl),] upon treatment with CO, as indicated by a
color change of the material and by IR spectroscopy moni-
toring. On the other hand, all complexes with NMe, NEt,
and NPh linkers did not react with CO. Finally, to rational-
ize why most [Fe(i> P,N,P-PNP)Cl,] complexes react readily
with CO but those with tBu substituents do not, the ad-
ditions of CO to [Fe(x*P,N,P-PNP-iPr)Cl,] and
[Fe(ic*P,N,P-PNP-tBu)Cl,] was investigated by DFT calcu-
lations, which revealed a thermodynamically unfavorable
process for the latter reaction.

Experimental Section

General: All manipulations were performed under an inert atmo-
sphere of argon by using Schlenk techniques or in an MBraun in-
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ert-gas glovebox. The solvents were purified according to standard
procedures.”?l The deuterated solvents were purchased from Ald-
rich and dried with molecular sieves (4 A). The ligand N-diphenyl-
phosphino-2-aminopyridine (PN-Ph),!?3 all PNP ligands (1a, lc—
1m), and complexes [Fe(x?P,N,P-PNP-Ph)(x?>P,N-PNP-Ph)CI|CI
(2h), [Fe(i*P,N,P-PNP-BIPOL)(i>P,N-PNP-BIPOL)CI|CI  (2i),
[Fe(ic3P,N,P-PNP-Me)(k2P,N-PNP-Me)CIICl  (2j), [Fe(k*P,N,P-
PNP-Et)(x?>P,N-PNP-Et)CI|CI (2k), [Fe(i*P,N,P-PNP-nPr)(x>P,N-
PNP-1Pr)CIICI (21), and [Fe(k*P,N,P-PNP-nBu)(k>P,N-PNP-nBu)-
ClICl (2m) were prepared according to the literature pro-
cedures.[8a:80]

The 'H, 3C{'H}, and 3'P{'"H} NMR spectra were recorded with
Bruker AVANCE-250, AVANCE-300 DPX, and AVANCE-400
spectrometers. The 'H and '3C{'"H} NMR spectra were referenced
internally to residual protio solvent and solvent resonances, respec-
tively, and are reported relative to tetramethylsilane (6 = 0 ppm).
The 3'P{'H} NMR spectra were referenced externally to H;PO,
(85%; 0 = 0 ppm). Microanalysis was performed by Microanalyti-
cal Laboratories, University of Vienna.

The room-temperature solution magnetic moments were deter-
mined by '"H NMR spectroscopy by the Evans method.[** The so-
lid-state magnetic susceptibility measurements were performed
with a Johnson Matthey MSB Autol magnetic balance, which was
calibrated with the standard complex [HgCo(SCN)4]. From the
measured volume susceptibilities yy and the sample densities, the
mass susceptibilities y, and effective magnetic moments ¢ Were
obtained.

N,N'-Bis(dicyclohexyl)-2,6-diaminopyridine (PNP-Cy, 1b): To a sus-
pension of 2,6-diaminopyridine (390 mg, 3.6 mmol) in toluene
(10 mL), NEt; (2.0 mL, 14.4 mmol) was added. A solution of
PCy,Cl (1.68 g, 7.2 mmol) in toluene (10 mL) was added slowly
with a dropping funnel. The mixture was then stirred at 70 °C for
48 h. After that, the solution was filtered through Celite. The solid
was washed with toluene (10 mL), and the combined solution was
evaporated to dryness. The crude product was recrystallized from
toluene/n-hexane at -20°C, yield 1.80g (99%). CyoH4oNsP,
(501.68): caled. C 69.43, H 9.85, N 8.38; found C 69.35, H 9.78, N
8.44. 'TH NMR (CDCls, 20°C): § = 7.20 (t, Jyu = 8.2Hz, 1 H,
py), 6.37 (d, Jun = 6.5Hz, 2 H, py), 4.40 (br. s, 2 H, NH), 1.72-
1.64 (18 H, Cy), 1.53-1.42 (m, 8 H, Cy), 1.19 (18 H, Cy) ppm.
BC{'H} NMR (CDCls, 20 °C): 6 = 159.3 (py), 139.4 (p), 97.9 (d,
Jep = 19.3 Hz, py), 36.0 (d, Jcp = 11.3 Hz, CH), 28.8 (d, Jcp =
17.6 Hz, CH,), 27.2 (CH»), 27.0 (d, Jcp = 3.6 Hz, CH,), 26.8
(CH»), 26.7 (CH,), 26.3 (CH,) ppm. *'P{'H} NMR (CDCl;,
20 °C): 0 = 41.6 ppm.

[Fe(x3P,N,P-PNP-Cy)Cl,] (3b): PNP-Cy (1b) (200 mg, 0.40 mmol)
and anhydrous FeCl, (50 mg, 0.40 mmol) were stirred in THF
(10 mL) for 1 h. The yellow suspension was evaporated to dryness,
and the solid was washed with n-hexane (15 mL). The yellow pow-
der was dried under reduced pressure, yield 240 mg (96%).
CooHy49CLFeN;P, (628.42): caled. C 55.43, H 7.86, N 6.69; found
C 5535, H 7.78, N 6.71. puerr = 4.8(1) pp.

[Fe(x3P,N,P-PNPM-iPr)Cl,] (3d): A suspension of anhydrous
FeCl, (120mg, 0.95mmol) and PNPMe-iPr (1d; 350 mg,
0.95 mmol) in THF (15 mL) was stirred at room temperature for
12 h. The solvent was then removed under vacuum, and the re-
maining solid was redissolved in CH,Cl, (15 mL). The insoluble
materials were removed by filtration. The volume of the solution
was reduced to ca. 0.5 mL, and the product was precipitated by the
addition of n-pentane (40 mL). After filtration, the yellow product
was washed twice with n-pentane (10 mL) and dried under vacuum,
yield 360 mg (77%). C,9H3,Cl,FeN;P, (496.22): caled. C 45.99, H
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7.52, N 8.47; found C 46.11, H 7.48, N 8.39. '"H NMR (CD,Cl,,
20 °C): 6 = 183.51 [br s, 4 H, CH(CH3),], 68.66 (s, 2 H, py>?), 24.79
(s, 6 H, NCHz), 9.44 [br s, 12 H, CH(CHs),], 3.00 [br s, 12 H,
CH(CHs5),], -17.37 (s, 1 H, py*) ppm.

[Fe(x*P,N,P-PNPFt-iPr)Cl,] (3e): This complex was prepared anal-
ogously to 3d with FeCl, (112 mg, 0.88 mmol) and PNPE-iPr (1e;
350 mg, 0.88 mmol) as starting materials, yield 346 mg (75%).
C,1HyCl,FeN;P, (524.27): caled. C 48.11, H 7.88, N 8.02; found
C 48.00, H 7.93, N 7.96. '"H NMR (CD,Cl,, 20 °C): 6 = 192.61 [br
s, 4 H, CH(CH;),], 72.45 (s, 2 H, py*>), 37.54 (s, 4 H, NCH,CH3),
5.89 [brs, 12 H, CH(CH3),], 3.88 [br s, 12 H, CH(CH5),], 2.17 (br.
s, 6 H, NCH,CHs5), -19.67 (s, 1 H, py*) ppm.

[Fe(x3P,N,P-PNPP"-Et)Cl,] (3f): This compound was prepared
analogously to 3b with PNPPP-Et (1f; 197 mg, 0.45 mmol) and an-
hydrous FeCl, (57 mg, 0.45 mmol) as starting materials, yield
246 mg (97%). C,sH33CLFeN;P, (564.25): caled. C 53.22, H 5.90,
N 7.45; found C 53.15, H 5.98, N 7.51. pegr = 5.0(1) pg.

[Fe(x3P,N,P-PNP""-nPr)Cl,] (3g): This compound was prepared
analogously to 3b from PNPP"-nPr (1g; 222 mg, 0.45 mmol) and
anhydrous FeCl, (57mg, 0.45mmol), yield 265mg (95%).
C,oHy4 ClLFeN3P, (620.36): caled. C 56.15, H 6.66, N 6.77; found
C 56.22, H 6.72, N 6.84. st = 5.0(1) .

trans-|Fe(x3P,N,P-PNP-Cy)(CO)Cl,] (4b): Carbon monoxide was
bubbled into a solution of anhydrous FeCl, (63 mg, 0.50 mmol)
and PNP-Cy (1b) (250 mg, 0.50 mmol) in THF (10 mL) for ca.
5 min, whereupon the reaction mixture turned from yellow to vi-
olet, and the mixture was stirred for 1 h. After the removal of the
solvent under reduced pressure, the remaining solid was washed
twice with n-hexane (10 mL) and dried under vacuum, yield 307 mg
(94%). C30H49CLFeN;OP, (656.43): caled. C 54.89, H 7.52, N
6.40; found C 54.93, H 7.69, N 6.26. 'TH NMR ([D4]DMSO, 20 °C):
6 =8.35(s, 2 H, NH), 7.38 (t, *J = 7.6 Hz, 1 H, py?), 6.42 (d,
3Jun = 7.7 Hz, 2 H, py*®), 3.32 (m, 4 H, CH), 2.16 (d, Jyu =
10.9 Hz, 4 H, CH,), 2.05 (d, Jyu = 9.0 Hz, 4 H, CH,), 1.93-1.42
(m, 18 H, CH,), 1.25-1.04 (m, 14 H, CH,) ppm. 3C{'H} NMR
([Dg]DMSO, 20 °C): 6 = 223.9 (t, 2Jcp = 21.2 Hz, CO), 162.9 (vt,
2Jcp = 9.4 Hz, py*9), 139.6 (py*), 98.6 (py>°), 36.4 (vt, Jcp =
11.2 Hz, CH), 28.3 (CH,), 27.8-24.7 (m, CH,), 18.4 (CH,), 17.1
(CH,), 12.7 (CH,) ppm. 3'P{'H} NMR ([Dg]DMSO, 20 °C): § =
113.5 ppm. IR [attenuated total reflectance (ATR)]: ¥ = 1952 (vco)

cm .

cis-|[Fe(i>P,N,P-PNP-Cy)(CO)Cl,] (5b): Carbon monoxide was
passed over 3b (100 mg, 0.160 mmol) for ca. 15 min, whereupon
the solid changed from yellow to red, yield 104 mg (quantitative).
C30H49ClL,FeN3;OP, (656.43): caled. C 54.89, H 7.52, N 6.40; found
C 54.98, H 7.59, N 6.30. 'H NMR ([D4]DMSO, 20 °C): ¢ = 8.12
(s, 2 H, NH), 7.01 (t, 3Jyu = 84 Hz, | H, py*), 5.95 (d, 3Jupu =
7.8 Hz, 2 H, py*), 3.55 (m, 4 H, CH), 2.16 (d, Ji; 5 = 10.9 Hz, 4
H, CH,), 2.05 (d, Juu = 9.0 Hz, 4 H, CH,), 1.93-1.42 (m, 18 H,
CH,), 1.25-1.04 (m, 14 H, CH,) ppm. 3'P{'H} NMR ([Dg]DMSO,
20 °C): 6 = 96.2 ppm. IR (ATR): ¥ = 1946 (vco) cm ™.

translcis-|Fe(x3P,N,P-PNPM<-iPr)(CO)Cl,] (4d, 5d): CO was
bubbled through a solution of 3d (250 mg, 0.50 mmol) in CH,Cl,
(15 mL) for 5 min. An immediate color change from yellow to dark
red was observed. The volume of the solvent was reduced to ca.
0.5mL, and the product was precipitated by the addition of n-
pentane (40 mL). The red product was collected by filtration,
washed twice with n-pentane (10 mL), and dried under vacuum. A
28:72 mixture of the cis/trans isomers 4d/5d was obtained, yield
226 mg (86%). CoH37ClLFeN;OP, (524.23): caled. C 45.82, H
7.11, N 8.02; found C 45.65, H 7.18, N 7.93.
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trans-[Fe(*P,N,P-PNPMePrCO)CL]:  'H NMR  (CDyCl, = 222.4 (t, *Jep = 23.1 Hz, CO), 163.9 (vt, 2Jep = 11.8 Hz, py>©),

20°C): d = 7.66 (t, *Jyu = 8.3Hz, 1 H, py*), 6.33 (d, 3Jyy =
8.3 Hz, 2 H, py>), 3.24 (vt, *Jpyy = 1.6 Hz, 6 H, NCH3), 2.87 [m,
4 H, CH(CH5),], 1.56 [dd, *Jpyy = 158, *Jyy = 7.1 Hz, 12 H,
CH(CHs)o, 1.25 [dd, 2Jpyy = 14.3, 3/ 1y = 7.2 Hz, 12 H, CH(CHy),]
ppm. BC{'H} NMR (CD,Cl,, 20 °C): 6 = 223.9 (t, *Je.p = 22.1 Hz,
CO), 163.9 (vt, 2Jcp = 10.4 Hz, py>S), 140.0 (py*), 98.5 (vt, *Jc.p
= 34 Hz, py>), 36.8 (vt, 2Jep = 2.5 Hz, NCH3), 29.9 [vt, "Jep
= 10.5 Hz, CH(CH,),], 21.0 [CH(CH,),], 19.1 [vt, 2Jep = 2.4 Hz,
CH(CHs),] ppm. 3'P{'H} NMR (CD,Cl,, 20 °C): § = 143.7 ppm.
IR (ATR): ¥ = 1960 (vc=p) cm ™.

cis-[Fe(P,N,P-PNPMe-iPr)(CO)ClyJ: '"H NMR (CD,Cl,, 20 °C):
= 7.6 (t, 3y = 8.2 Hz, 1 H, py*), 5.84 (d, *Jyp = 8.3 Hz 2 H,
py*%), 3.48 [m, 2 H, CH(CH,),], 3.01 (vt, *Jpys = 1.6 Hz, 6 H,
NCHs), 2.87 [m, 2 H, CH(CHs),], 1.60-1.46 [m, 18 H, CH-
(CH:)), 1.35 [dd, Jpyy = 13.7, %Iy = 7.1 Hz, 6 H, CH(CHs),]
ppm. *C{'H} NMR (CD,Cl,, 20 °C): 6 = 220.3 (t, 2Je.p = 28.9 Hz,
CO), 163.9 (vt, 2Jc.p = 8.6 Hz, py>©), 138.9 (py*), 97.6 (vt, Jcp =
2.9 Hz, py*9), 36.0 (vt, °Jcp = 2.3 Hz, NCH,), 31.5 [vt, ‘Jcp =
8.6 Hz, CH(CHa),], 29.0 [vt, "Jep = 9.7 Hz, CH(CHa),, 19.8
[CH(CH,),], 18.7 [CH(CHa),], 18.1 [vt, 2Jc.p = 4.1 Hz, CH(CH,),]
ppm. 3'P{'H} NMR (CD,Cl,, 20 °C): § = 128.2 ppm. IR (ATR):
¥ = 1937 (ve=o) cm .

translcis-|[Fe(x3P,N,P-PNP¥-iPr)(CO)Cl,] (4e, Se): This complex
was prepared analogously to 4d with 3e (250 mg, 0.48 mmol) as the
starting material. A 13:87 mixture of the cis/trans isomers 4e and
5e was obtained, yield 230 mg (87 %). C5,H4,Cl,FeN;OP, (552.28):
caled. C 47.85, H 7.48, N 7.61; found C 47.79, H 7.51, N 7.68.

trans-[Fe(i3P,N,P-PNPEPr)(CO)Cly]: "H NMR (CD,Cl,, 20 °C):
5=770 (t, “Jyn = 83Hz, 1 H, py*), 6.42 (d, /s = 8.3 Hz, 2
H, py>*), 3.80 (m, 4 H, NCH,CHs), 2.99 [m, 4 H, CH(CHs),], 1.60
[dd, *pg = 14.5, "0 = 7.1 Hz, 12 H, CH(CHs),], 145 [dd, *Jpp
= 15.8, Jyp = 7.4 Hz, 12 H, CH(CHs),], 1.35 (t, *Jyp = 7.0 Hz,
6 H, NCH,CHs) ppm. 3C{'H} NMR (CD,Cl,, 20 °C): § = 224.1
(t, 2Jep = 22.5Hz, CO), 163.0 (vt, °Jcp = 10.3 Hz, py>®), 139.6
(py"), 98.7 (vt, 3Jcp = 3.5Hz, py>®), 42.5 (vt, °Jep = 2.5Hz,
NCH,CH,), 27.1 [vt, YJep = 103 Hz, CH(CH),, 21.5 [CH-
(CHs),], 18.4 [CH(CHs),], 13.2 (NCH,CHz) ppm. 3'P{'H} NMR
(CD5Cly, 20 °C): 6 = 142.8 ppm. IR (ATR): ¥ = 1950 (ve_o) cm.

cis-|[Fe(i3P,N,P-PNP¥'-iPr)(CO)Cl,): '"H NMR (CD,Cl,, 20 °C): 6
=731 (t,*Jun = 8.3 Hz, 1 H, py*), 5.93 (d, *Jun = 8.3Hz, 2 H,
py>?), 3.84-3.75 [m, 6 H, NCH,CH;, CH(CH3),], 3.16 [m, 2 H,
CH(CH3),], 1.60 [dd, 3Jpyy = 14.5, °Jyy = 7.1 Hz, 12 H, CH-
(CHs3),), 1.45 [dd, 3Jpy = 15.8, 3Jyy = 7.4 Hz, 12 H, CH(CH,),),
1.31 (t, *Jun = 7.0Hz, 6 H, NCH,CH;) ppm. *C{'H} NMR
(CD,Cl, 20 °C): 0 = 224.1 (t, ?Jcp = 22.5 Hz, CO), 163.0 (vt, °Jcp
=10.3 Hz, py>®), 138.4 (s, py*), 98.0 (vt, 3Jcp = 3.0 Hz, py>®), 42.0
(vt, 2Jep = 2.4 Hz, NCH,CHj3), 30.2 [vt, /Jcp = 8.7Hz, CH-
(CHa3),), 27.8 [vt, ‘Jcp = 9.5Hz, CH(CHs),], 21.9 [vt, 2Jcp =
4.1 Hz, CH(CHs;),], 19.2 [CH(CH3),], 18.8 [CH(CH3),], 17.5 [vt,
2Jcp = 4.0 Hz, CH(CH3),], 13.0 (NCH,CH3) ppm. 3'P{'"H} NMR
(CD,Cl,, 20 °C): 6 = 127.8 ppm. IR (ATR): ¥ = 1942 (ve=p) cm L.

trans-|Fe(xP,N,P-PNPP"-Et)(CO)Cl,] (4f): This compound was
prepared analogously to 4b with PNPP-Et (1f; 140 mg, 0.32 mmol)
and anhydrous FeCl, (140 mg, 0.32 mmol) as the starting materials,
yield 180 mg (95%). Crystals were grown by the slow diffusion of
n-pentane into a THF solution. C,H33Cl,FeN;OP, (592.26):
caled. C 52.73, H 5.62, N 7.09; found C 52.82, H 5.49, N 7.01. 'H
NMR ([DgJacetone, 20 °C): 6 = 7.63 (m, 6 H, Ph345), 7.34 (d, 3Jy n
= 6.9 Hz, 4 H, Ph>°), 7.26 (t, 3Jun = 8.3 Hz, 1 H, py*), 5.61 (d,
3Juu = 7.9 Hz, 2 H, py*®), 2.60 (m, 4 H, CH>), 2.19 (m, 4 H, CH.,),
1.33 (m, 12 H, CH;) ppm. C{'H} NMR ([DgJacetone, 20 °C): &
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139.4 (s, py*), 139.3 (vt, 2Jcp = 2.8 Hz, Ph!), 130.7 (Ph), 130.6
(Ph), 128.9 (Ph*), 100.7 (py>?), 20.4 (vt, 'Jep = 13.5 Hz, CH,), 8.0
(CH3) ppm. *'P{'H} NMR ([DgJacetone, 20 °C): 6 = 137.3 ppm.
IR (ATR): Vv = 1959 (veo) cm™!.

trans-|Fe(x>P,N,P-PNP""-nPr)(CO)Cl,] (4g): This compound was
prepared analogously to 4b with PNPPh-nPr (1g; 160 mg,
0.32 mmol) and anhydrous FeCl, (140 mg, 0.32 mmol) as the start-
ing materials, yield 195 mg (94%). C3;H4,Cl,FeN;OP, (648.37):
caled. C 55.57, H 6.37, N 6.48; found C 55.55, H 6.31, N 6.52. 'H
NMR ([Dglacetone, 20 °C): § = 7.57 (m, 6 H, Ph3*), 7.31-6.85
(m, 5 H, Ph?%, py%), 5.57 (d, 3Jyu = 7.4 Hz, 2 H, py>?), 2.54 (m,
4 H, CH>), 2.00 (m, 4 H, CH,), 1.62 (m, 8 H, CH,), 1.08 (t, Ju.u
= 6.7 Hz, 12 H, CH;) ppm. 3C{'H} NMR ([D¢Jacetone, 20 °C): &
= 2224 (t,2Jcp = 23.0 Hz, CO), 163.8 (vt, 2Jcp = 11.9 Hz, py*©),
139.5 (py*), 139.4 (vt, 2Jcp = 2.7 Hz, Ph!), 130.8 (Ph), 130.6 (Ph),
129.0 (Ph%), 100.8 (vt, 3Jcp = 2.6 Hz, py>3), 17.6 (CH,), 15.8 (vt,
Jep = 84Hz, CH,), 15.0 (CH;) ppm. 3'P{'H} NMR ([Dg]-
acetone, 20 °C): 6 = 133.0 ppm. IR (ATR): ¥ = 1958 (v¢p) cm .

cis-|Fe(i>P,N,P-PNP-Ph)(CO)Cl,] (5h): To a suspension of anhy-
drous FeCl, (100 mg, 0.79 mmol) in THF, the ligand PNP-Ph (1h)
was added, and CO gas was immediately bubbled through the solu-
tion for ca. 5 min. The mixture was stirred for 4 h, whereupon the
suspension turned red. The solvent was removed under reduced
pressure, and the red solid was washed with Et,O (10 mL) and
dried under vacuum, yield 93%. Cs;oH,sCl,FeN;OP, (623.24):
caled. C 56.99, H 3.99, N 6.65; found C 57.11, H 3.89, N 6.71. 'H
NMR ([DgJacetone, 20 °C): 0 = 9.01 (m, 2 H, NH), 8.28 (m, 4 H),
8.08 (m, 4 H), 7.45 (m, 6 H), 7.37 (m, 6 H), 7.0 (m, 1 H, py*), 6.51
(d, 3Jyu = 5.8 Hz, 2 H, py*®) ppm. BC{'H} NMR ([D¢lacetone,
20 °C): 6 = 216.9 (t, 2Jcp = 29.0 Hz, CO), 162.3 (vt, 2J = 9.5 Hz,
py>©), 139.2 (py*), 133.0 (vt, 2J = 5.5 Hz, Ph*>°), 131.8 (vt, "Jcp =
6.3 Hz, Ph'), 130.2 (Ph), 130.1 (Ph), 138.3 (Ph), 127.5 (Ph), 99.4 (t,
3ep = 46Hz, py*®) ppm. 3P{'H} NMR ([Dg-
acetone, 20 °C): § = 88.0 ppm. IR (ATR): ¥ = 1985 (vco) cm™!.

trans-[Fe(x>P,N,P-PNP-BIPOL)(CO)Cl,] (4i): Carbon monoxide
was bubbled into a suspension of anhydrous FeCl, (118 mg,
0.93 mmol) and PNP-BIPOL (1i) (500 mg, 0.93 mmol) in CH,Cl,
(10 mL) for ca. 5 min, whereupon the reaction mixture turned from
green to pink, and the mixture was stirred for 4 h. After the re-
moval of the solvent under reduced pressure, the remaining solid
was washed twice with CH,Cl, (10 mL) and dried under vacuum,
yield 650 mg (91%). Crystals were grown in THF at -20°C.
C;30H, CLFeN;05P, (692.20): caled. C 52.05, H 3.06, N 6.07;
found C 52.15, H 3.21, N 6.11. '"H NMR ([Dg¢lacetone, 20 °C): § =
9.70 (m, 2 H, NH), 7.77 (m, 5 H, Ph, py*), 7.52 (m, 12 H, Ph), 6.82
(d, 3Jyu = 6.4 Hz, 2 H, py*’) ppm. *C{'H} NMR ([DgJacetone,
20°C): 6 = 216.6 (t, 2Jcp = 32.5Hz, CO), 158.6 (vt, 2Jcp =
14.0 Hz, py>%), 141.3 (py*), 130.2 (Ph), 129.8 (Ph), 129.7 (Ph), 126.4
(Ph#*), 122.6 (Ph®), 101.4 (vt, 3Jcp = 4.5 Hz, py>®) ppm. 3'P{'H}
NMR ([Dglacetone, 20 °C): 6 = 190.9 ppm. IR (ATR): ¥ = 1991

(Veo) em L,

cis-|Fe(i>P,N,P-PNP-BIPOL)(CO)Cl,] (5i): Carbon monoxide was
bubbled into a solution of anhydrous FeCl, (118 mg, 0.93 mmol)
and PNP-BIPOL (1i) (500 mg, 0.93 mmol) in THF (10 mL) for ca.
5 min, whereupon the reaction mixture turned from yellow to red
and was stirred for 1 h. After the removal of the solvent under
reduced pressure, the remaining solid was washed twice with tolu-
ene (10 mL) and Et,O (10 mL) and dried under vacuum, yield
630 mg (89%%). C3oH,;CLLFeN;OsP, (692.20): caled. C 52.05, H
3.06, N 6.07; found C 51.98, H 3.18, N 6.04. '"H NMR ([D¢lacet-
one, 20 °C): § = 9.69 (m, 2 H, NH), 7.77 (m, 5 H, Ph, py%), 7.51
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(m, 12 H, Ph), 6.82 (m, 2 H, py>*) ppm. *C{'H} NMR ([D¢J-
acetone, 20 °C): 6 = 216.5 (t, 2Jcp = 31.5 Hz, CO), 158.5 (py**),
141.9 (py*), 130.2 (Ph), 130.1 (Ph), 130.0 (Ph), 126.8 (Ph%), 122.7
(Ph®), 101.4 (m, py>°) ppm. *'P{'H} NMR ([DgJacetone, 20 °C): &
=190.9 ppm. IR (ATR): v = 2001 (v¢o) cm™.

trans-|Fe(x3P,N,P-PNP-Me)(CO)Cl,] (4j): The ligand PNP-Me (1j;
150 mg, 0.65 mmol) was added portionwise to a suspension of an-
hydrous FeCl, (83 mg, 0.65 mmol) in THF (7 mL) over a period of
Smin as CO was bubbled through the solution. The mixture was
then stirred for 4 h. The violet solid was then collected on a glass
frit, washed with THF (7 mL) and n-hexane (7 mL), and dried un-
der vacuum, yield 245 mg (98 %). Crystals of 4¢ were grown by the
slow diffusion of m-pentane into a THF solution.
CoH7CLLFeN;OP, (383.96): caled. C 31.28, H 4.46, N 10.94;
found C 31.25, H 4.33, N 11.01. '"H NMR ([Dg]DMSO, 20 °C): §
= 8.64 (m, 2 H, NH), 7.40 (t, 3Jyu = 8.2 Hz, 1 H, py*), 6.27 (d,
3Jan = 8.0 Hz, py>?), 1.85 (t, 2Jip = 3.9 Hz, 12 H, CH3) ppm.
13C{'H} NMR ([Dglacetone, 20 °C): 6 = 221.3 (t, 2Jcp = 23.8 Hz,
CO), 161.9 (vt, 2Jcp = 10.1 Hz, py*©), 139.8 (py?), 98.1 (vt, 2Jcp
= 4.1 Hz, py*®), 14.7 (vt, Jep = 15.5Hz, CH;) ppm. 3'P{'H}
NMR ([Dg]DMSO, 20 °C): 6 = 107.8 ppm. IR (ATR): ¥ = 1959
(veo) em .

trans-[Fe(x3P,N,P-PNP-Et)(CO)Cl,] (4k): This compound was pre-
pared analogously to 4j with PNP-Et (1k; 200 mg, 0.70 mmol) and
anhydrous FeCl, (88 mg, 0.70 mmol) as the starting materials, yield
300 mg (97%). Crystals were grown by the slow diffusion of n-
pentane into a THF/DMSO solution. C4H,sCl,FeN;OP, (440.07):
caled. C 38.21, H 5.73, N 9.55; found C 38.25, H 5.61, N 9.48. 'H
NMR ([Dg]DMSO, 20 °C): 6 = 8.61 (m, 2 H, NH), 7.37 (m, 1 H,
py%), 6.30 (d, 3Juiy = 6.0 Hz, 2 H, py*®), 2.08 (m, 8 H, CH,), 1.26
(m, 12 H, CH;3) ppm. *C{'H} NMR ([D4g]DMSO, 20 °C): ¢ =
221.1 (t, 2Jcp = 23.5Hz, CO), 160.5 (vt, 2Jcp = 9.9 Hz, py>9),
138.2 (py*), 96.8 (vt, 3Jcp = 4.8 Hz, py>3), 15.4 (vt, 'Jcp = 14.0 Hz,
CH,), 6.12 (CH;3) ppm. 3'P{'H} NMR ([Dg]DMSO, 20 °C): 6 =
119.1 ppm. IR (ATR): ¥ = 1965 (vco) cm ™.

trans-[Fe(xP,N,P-PNP-nPr)(CO)Cl,] (4): A suspension of PNP-
nPr (1k; 230 mg, 0.67 mmol) and anhydrous FeCl, (85 mg,
0.67 mmol) in CH,Cl, (10 mL) was purged with CO for 5 min. The
mixture was stirred for 14 h, whereupon a violet powder formed.
The powder was collected on a glass frit, washed with n-hexane
(15mL), and dried under vacuum, yield 307 mg (92%). Crystals
were grown by the slow diffusion of n-pentane into a THF solution.
CgH;33C1,FeN;OP; (496.17): caled. C 43.57, H 6.70, N 8.47; found
C 43.52, H 6.74, N 8.52. '"H NMR ([DgJacetone, 20 °C): § = 7.7
(m, 2 H, NH), 7.34 (t, 3Jy.;y = 7.8 Hz, py*), 6.34 (d, 3Jyp = 7.8 Hz,
py>?), 2.46-2.13 (m, 8 H, CH>), 1.93 (m, 4 H, CH,), 1.77 (m, 4 H,
CH,), 1.02 (t, 3Jyu = 7.1 Hz, 12 H, CH;) ppm. *C{'H} NMR
([Dglacetone, 20 °C): § = 223.5 (t, 2Jcp = 23.1 Hz, CO), 162.8
(py*©), 140.4 (py*), 99.4 (py*®), 28.1 (vt, 'Jcp = 13.7 Hz, CH,),
17.9 (CH,), 16.4 (vt, 2Jcp = 7.0 Hz, CH,) ppm. 3'P{'H} NMR
([Dglacetone, 20 °C): 6 = 116.3 ppm. IR (ATR): ¥ = 1950 (vco)
cm L,

trans-|Fe(x3P,N,P-PNP-nBu)(CO)Cl,] (4m): This compound was
prepared analogously to 4j with PNP-#Bu (1m; 230 mg, 0.58 mmol)
and anhydrous FeCl, (73 mg, 0.58 mmol) as the starting materials,
yield 291 mg (91%). CpH,4 Cl,FeN3;OP, (552.28): caled. C 47.84,
H 7.48, N 7.61; found C 47.79, H 7.56, N 7.54. '"H NMR ([Dg]-
acetone, 20 °C): § = 7.88 (m, 2 H, NH), 7.26 (m, 1 H, py*), 6.34
(d, 3y = 7.1 Hz, 2 H, py>®), 2.38-2.13 (m, 6 H, CH,), 1.75 (m,
8 H, CH,), 1.38 (m, 10 H, CH,), 0.87 (t, *Jyy = 7.2 Hz, 12 H,
CH;) ppm. 3C{'H} NMR ([Dg¢Jacetone, 20 °C): § = 222.6 (t, 2Jcp
= 23.5Hz, CO), 161.9 (vt, 2Jcp = 9.7 Hz, py>©), 139.2 (py*), 98.4
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(py>°), 25.3 (CH,), 24.5 (vt, 'Jcp = 13.9 Hz, CH,), 24.1 (vt, 2Jcp
= 7.0 Hz, CH,), 13.1 (CH3) ppm. 3'P{'H} NMR ([Dglacetone,
20 °C): 6 = 116.8 ppm. IR (ATR): ¥ = 1953 (vco) cm L.

[Fe(3P,N,P-PNP-Ph)(kP,N-PN-Ph)CI|BF, (6): Anhydrous FeCl,
(127 mg, 1.0 mmol), PNP-Ph (1g; 480 mg, 1.0 mmol), PN-Ph
(280 mg, 1.0 mmol), and AgBF, (195 mg, 1.0 mmol) were stirred
in THF (10 mL) for 4 h. The mixture turned green, and a white
precipitate formed. The solid was removed by filtration through
Celite, and the solution was evaporated to dryness. The obtained
green powder was washed twice with Et,O (10 mL), yield 900 mg
(96%). Cy4sH4oBCIF4FeNsP; (933.88): caled. C 59.16, H 4.32, N
7.50; found C 59.19, H 4.40, N 7.82. "H NMR ([Dg¢Jacetone, 20 °C):
0=9.27 (m, 1 H, NH), 8.67 (m, 2 H, NH), 7.81 (m, 6 H, Ph), 7.37
(m, 8 H, Ph, py*), 7.26-7.00 (m, 16 H, Ph, py>®), 7.00-6.73 (m, 6
H, Ph) ppm. 3'P{'H} NMR ([D¢Jacetone, 20 °C): A,B spin-system:
Oa = 112.5, 6g = 111.9 ppm, 2Jpp = 50 Hz (shifts and Jpp deter-
mined from simulation).

General Procedure for the Decarbonylation of [Fe(xP,N,P-PNP)-
(CO)Cl,] (4j-4m, 5h): The decarbonylation was performed in the
solid state. A defined portion of 4j-4m or 5h (ca. 100 mg) was
placed into a Schlenk tube and then heated in an oil bath (60—
200 °C) under vacuum, whereupon the color changed from red to
pale yellow. The completion of this reaction was established by IR
spectroscopy when the CO stretching band was no longer observed.

X-ray Structure Determination: The X-ray diffraction data of 3d,
3e, 4b, 4e, 4j, 4k, 41, S5h, and 6 were collected at 7= 100 K in a dry
stream of nitrogen with a Bruker Kappa APEX II diffractometer
system with graphite-monochromated Mo-K, radiation (1 =
0.71073 A) and fine-sliced ¢ and w scans. The data were reduced
to intensity values with SAINT. Crystals of 4e were systematically
twinned by reflection at (001). Both domains were integrated con-
currently with overlapping information. An absorption correction
was applied with the multiscan approach implemented in SADABS
or TWINABS.>I The structures were solved by direct methods im-
plemented in SHELXSPS! or charge flipping implemented in SU-
PERFLIPP7 and refined with SHELXL or JANA2006.2%1 Non-
hydrogen atoms were refined anisotropically. The H atoms con-
nected to C atoms were placed in calculated positions and there-
after refined as riding on the parent atom. Molecular graphics were
generated with the program MERCURY.??! The crystal data and
experimental details are given in Table S1.

CCDC-1050950 (for 3d), -1050951 (for 3e), -1050952 (for 4b),
-1050953 (for 4f), -1015364 (for 5h), -1050954 (for 4j), -1050955
(for 4k), -1050956 (for 4l), and -1005383 (for 6) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Computational Details: Calculations were performed with the
GAUSSIAN 09 software package,*’l and the OPBE functionall®!l
was used without symmetry constraints. This functional combines
the Handy OPTX modification of the Becke exchange functional
with the gradient-corrected correlation functional of Perdew,
Burke, and Ernzerhof and is accurate in the calculation of spin-
state energy splitting for first-transition-row species and, in particu-
lar, for iron complexes.??! The optimized geometries were obtained
with the Stuttgart/Dresden ECP (SDD) basis setl*3! to describe the
electrons of the iron atom. For all other atoms, a standard 6-31G**
basis set was employed.** Transition-state optimizations were per-
formed with the synchronous transit-guided quasi-Newton method
(STQN) developed by Schlegel et al.,?* following a thorough se-
arch of the potential energy surfaces (PES). Frequency calculations
were performed to confirm the nature of the stationary points,
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which yielded one imaginary frequency for the transition states and
none for the minima. Each transition state was further confirmed
by following its vibrational mode downhill on both sides and ob-
taining the minima presented on the energy profiles.

The MECPs between the PES of two different spin states were de-
termined by using a code developed by Harvey et al.’®! This code
consists of a set of shell scripts and Fortran programs that use the
Gaussian results of energies and gradients of both spin states to
produce an effective gradient pointing towards the MECP.

Electronic energy values are presented in the profiles and discussed
in the text because MECPs are not stationary points and, hence, a
standard frequency analysis is not applicable. However, the free-
energy values are also presented for all stationary points for com-
parison purposes. Those values were obtained from the electronic
energies at 298.15 K and 1 atm by using zero-point-energy and
thermal-energy corrections based on structural and vibration fre-
quency data and were further corrected for dispersion effects by
the Grimme DFT-D3 method®” with Becke and Johnson short-
distance damping.[3%

Supporting Information (see footnote on the first page of this arti-
cle): Complete crystallographic data and technical details.
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Abstract In the present work, we have prepared a series of
octahedral Fe(Il) complexes of the type
[Fe(PNP)(CO),Cl]*—PNP are tridentate pincer-type
ligands based on 2,6-diaminopyridine. These complexes
are formed irrespective of the size of the substituents at the
phosphorus sites and whether cis-[Fe(PNP)(Cl,)(CO)] or
trans-[Fe(PNP)(Cl,)(CO)] are reacted with CO in the
presence of 1 equiv of silver salts. X-ray structures of
representative complexes are presented. Based on simple
bonding considerations the selective formation of trans-
dicarbonyl Fe(II) complexes is unexpected. In fact, DFT
calculations confirm that frans-dicarbonyl complexes are
indeed thermodynamically disfavored over the respective
cis-dicarbonyl compounds, but are favored for kinetic
reasons.
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Introduction

As part of our ongoing research on the synthesis and
reactivity of iron(I[) PNP pincer complexes [1-3], we
recently prepared the cationic dicarbonyl complex trans-
[Fe(PNP-iPr)(CO),Cl]* (PNP-iPr = N,N'-bis(diisopropyl)-
2,6-diaminopyridine) (trans-2a) as shown in Scheme 1 [4].
The formation of this complex was somewhat unexpected
as it features two CO ligands in a mutual frans position. In
fact, simple bonding considerations suggest that the
unobserved cis isomers are the more stable one. This was
indeed also supported by DFT calculations. This complex
is interesting, since the trans CO arrangement makes one of
the CO ligands comparatively labile which can be replaced
by other potential ligands. Accordingly, trans-[Fe(PNP-
iPr)(CO),Cl]X with X = BF,™ turned out to be an efficient
precatalyst for the coupling of aromatic aldehydes with
ethyl diazoacetate to selectively give 3-hydroxyacrylates
rather than B-keto esters [5].

@ Springer
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Scheme 1
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In continuation of our studies on iron PNP complexes,
we herein report on the synthesis and reactivity of a series
octahedral Fe(II) carbonyl complexes bearing both steri-
cally little demanding as well as bulky PNP ligands in
order to probe whether sterics influences the preference for
a trans- over a cis-dicarbonyl arrangement. Moreover, we
investigate the impact of the NR linker on the outcome of
these reactions.

Results and discussion

Treatment of complexes cis-1b and trans-1c-1g (1f and 1g
are mixtures of cis and trans isomers) with 1 equiv of Ag™
salts (with SbFg~, BF,~, or CF3SO3™ as counterions) in
THEF or acetone in the presence of CO at room temperature
selectively afforded the cationic complexes trans-[Fe(k™"
P,N,P-PNP)(CO),X]" (trans-2b-2g) in 78-98 % isolated
yields (Scheme 1). The respective cis-dicarbonyl com-
plexes were not observed and, hence, sterics and also the
amine linker (NR) apparently do not influence the prefer-
ence for a trams-dicarbonyl geometry. This is also
supported by DFT calculations (vide infra). These com-
plexes are thermally robust red solids that are air
stable both in the solid state and in solution for several
days. Characterization was accomplished by elemental
analysis and 'H, Bc{'H}, *'P{'H} NMR and IR spec-
troscopy. In addition, the solid state structures of trans-2b,
trans-2d, trans-2f, and trans-2g were determined by single-
crystal X-ray diffraction.

In the IR spectrum, as expected, the CO ligands exhibit
only one band between 1979 and 2031 cm™' for the
mutually trans CO ligands which are assigned to the
asymmetric CO stretching frequency. The symmetric CO
stretching band is IR inactive and not observed. The
3'P{"H} NMR spectrum of complexes frans-2b—2g show
singlet resonances at 85.0, 92.3, 100.7, 96.7, 130.6, and
132.8 ppm, respectively. In the '*C{'H} NMR spectrum
the two CO ligands exhibit a single low-intensity triplet

@ Springer
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resonance in the range of 207.2-211.8 ppm, thus clearly
revealing that the two CO ligands are trans to one another.

Structural views of trans-2b, trans-2d, trans-2f, and
trans-2g are depicted in Figs. 1, 2, 3 and 4 with selected
bond distances and angles reported in the captions. All
complexes adopt a distorted octahedral geometry around
the metal center with the CO ligands in trans position to
one another. The PNP ligand is coordinated to the iron
center in a typical tridentate meridional mode, with P—Fe—P
angles between 167.8° and 169.1°. The Ccoy—Fe—C(co,
angles vary between 168.7° and 174.4°. The compounds
with NH linkers show, as a typical feature, hydrogen bonds
between the NH-groups of the cationic Fe(PNP) complexes
and the counterions BF,~ and CF;SO5™.

To better understand why frans-dicarbonyl complexes
are preferred over cis-dicarbonyl complexes, DFT calcu-
lations were performed with the N? N°-
bis(dimethylphosphanyl)-pyridine-2,6-diamine ligand
(PNP-Me) as model. The starting point of our calculations
are the coordinatively unsaturated cationic intermediates
[Fe(PNP-Me)(CO)CI]t (A and/or B), which are formed
from trans—[Fe(K3P,N,P—PNP—Me)(CO)C12] (trans-1c)
upon irreversible removal of chloride with silver salts
(Scheme 2). The analogous cis isomer is experimentally
not accessible. The energy profile (DFT/OPBE) for the
cis/trans isomerization of [Fe(PNP-Me)(CO)CI] ™" is shown
in Fig. 5.

According to the calculations both cationic pentacoor-
dinated intermediates A and B adopt a square pyramidal
geometry where the CI and the CO ligands, respectively,
are in the apical position. The singlet ground state 'B is the
energetically favored species by 22.6 and 50.7 kJ mol ™!,
respectively, over the singlet and triplet states of A (‘A,
3'A) (Fig. 5). In the case of B, no stable triplet state was
found. A and B were found to interconvert readily via two
pathways. 'A is able to isomerize along the spin singlet
surface (S = 0) to give "B with a small energy barrier of
11.3 kJ mol™". This reaction proceeds via transition state
TS,p. In the second pathway, 'A undergoes two
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Fig. 1 Structural view of trans-[Fe(PNP-Ph)(CO),Cl]SbFg (trans-
2a) showing 50 % thermal ellipsoids (H atoms and counterion
omitted for clarity). Selected bond lengths (A) and bond angles (°):
Fel-Cl11 2.3029(7), Fel-P2 2.2190(7), Fel-P1 2.2317(7), Fel-C30
1.824(3), Fe1-C31 1.850(3), Fel-N1 1.977(2), P2-Fe1-P1 168.33(3),
C30-Fel-C31 172.6(1)

Fig. 2 Structural view of trans-[Fe(PNP-Et)(CO),CIl|CF3SO; (trans-
2¢) showing 50 % thermal ellipsoids (H atoms and counterion omitted
for clarity). Selected bond lengths (A) and bond angles (°): Fel-ClI1
2.3116(4), Fel-P1 2.2265(4), Fel-P2 2.2302(4), Fel-N1 1.983(1),
Fel-C14 1.823(1), Fel-C15 1.837(1), P1-Fel-P2 167.82(2), C14—
Fel-C15 172.15(6)

consecutive spin state changes (spin crossover) from § = 0
to S = 1 and back to § = 0. The minimum energy crossing
point' between the potential energy surfaces of the two
spin states S = 0 to S = 1 (CP2) is easily accessible lying
merely 1.3 kJ mol™' above 'A. The second spin state
change from S =1 to S = 0 proceeds via CP1 with a
barrier of 19.3 kJ mol ™.

"' In the MECP both the energy as well as the geometry of the
molecule are the same in the two spin states surfaces. Once that point
(MECP) is reached, following the reaction coordinate, there is a given
probability for the system to change spin state and hop from one PES
to the other, giving rise to the “spin-forbidden” reaction. For more
information about MECP and the kinetics of spin-forbidden reactions
see for example Ref. [6].

Fig. 3 Structural view of trans-[Fe(PNPMe-iPr)(CO),CI|BF, (trans-
2e) showing 50 % thermal ellipsoids (H atoms and counterion omitted
for clarity). Selected bond lengths (A) and bond angles (°): Fel-Cl1
2.3009(5), Fel-P1 2.2507(5), Fel-P2 2.2455(5), Fel-N1 1.976(1),
Fel-C20 1.818(1), Fel-C21 1.819(1), P1-Fel-P2 168.33(2), C20-
Fel-C21 168.71(7)

Fig. 4 Structural view of trans-[Fe(PNPEt-iPr)(CO)2Cl]BF4 (trans-
2f) showing 50 % thermal ellipsoids (H atoms and counterion omitted
for clarity). Selected bond lengths (A) and bond angles (°): Fel-ClI1
2.3034(3), Fel-P1 2.2494(3), Fel-P2 2.2598(3), Fel-N1 1.9713(7),
Fel-C22 1.8126(10), Fel-C23 1.8316(8), P1-Fel-P2 169.14(1),
C22-Fel-C23 174.40(5)

Finally, the experimentally isolated trans-2¢ (which is
actually is less stable than cis-2¢ by 17.2 kJ mol™") is
formed by an essentially barrierless addition of CO to
'B which is the most stable and predominant species lying
50.7 kJ mol " lower in energy than 'A. In general, CO
addition at singlet intermediates is generally more favor-
able than at triplet intermediates as can be seen by
examining the frontier orbitals of the relevant species. The
LUMO of the pentacoordinated intermediates with a sin-
glet spin state (*A and 'B) are formed mainly by z*-type
orbitals centered at the Fe-atom and pointing towards the
empty coordination position (Fig. 5). Therefore, these
orbitals are ready to receive a pair of electrons from a
ligand that occupies the sixth coordination site (CO in this
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Fig. 5 Energy profile (DFT/OPBE) for the cis/trans isomerization of
pentacoordinated intermediates [Fe(PNP-Me)(CO)CI]" with the
LUMO’s and the SOMO of 'A, 'B, and A, respectively. The energy
values (kJ mol_l) are referred to the cationic singlet intermediate

case) and establish the corresponding o-bond. In the case
of spin triplet intermediate (*A), this orbital is occupied
being, in fact, the highest single occupied molecular orbital
(SOMO) of this species (Fig. 5). This is easily available to
receive the electron pair from an incoming CO rendering
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[Fe(PNP-Me)(CO)CIT* ('B). The plain curve corresponds to the spin
singlet surface (S = 0) and the dashed curve corresponds to the spin
triplet surface (S = 1)

addition of this ligand a difficult process. In fact, the first
empty orbital (LUMO) in the case of the triplet interme-
diate corresponds to an x>~y*-type orbital which is centered
on the metal and is antibonding (c”) with respect to the
four ligands in the equatorial plane.
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Conclusion

In the present work we have prepared, spectroscopically and
structurally characterized several octahedral iron(Il) com-
plexes of the type trans-[Fe(PNP)(CO),X]*. These
complexes are formed irrespective of the size of the sub-
stituents at the phosphorus sites and whether cis-
[Fe(PNP)(Cl,)(CO)] or trans-[Fe(PNP)(Cl,)(CO)] are reac-
ted with CO in the presence of 1 equiv of silver salts. Based
on simple bonding considerations the selective formation of
trans-dicarbonyl Fe(II) complexes is unexpected. DFT cal-
culations indeed confirm that trans-dicarbonyl complexes
are thermodynamically disfavored over the respective cis-
dicarbonyl compounds. The key to an understanding of this
unexpected selectivity is the fact that upon irreversible
removal of a chloride ligand from [Fe(PNP)(CO)Cl,] pen-
tacoordinate intermediates [Fe(PNP)(CO)CI]t of two
conformations, one with the chloride in the apical and CO in
the basal position (A) and vice versa (B), are formed. The
subsequent carbonylation process depends strongly on the
complex geometry of the 16e  intermediates
[Fe(PNP)(CO)CI]t, i.e., A vs. B, which in turn determines
the spin state (S = 0 or § = 1) and consequently the reac-
tivity and also the stability of these intermediates. According
to calculations, B in the singlet ground state is the most
stable and also kinetically the most accessible intermediate
in solution. The formation of trans-[Fe(PNP)(CO),CI]" is
kinetically controlled with "B being the key intermediate.
The mechanism deduced from DFT calculations is in full
agreement with experimental findings.

Experimental

All manipulations were performed under an inert atmo-
sphere of argon by using Schlenk techniques or in an
MBraun inert-gas glovebox. The solvents were purified
according to standard procedures [7]. The deuterated sol-
vents were purchased from Aldrich and dried over 4 A
molecular sieves. Complexes cis—[Fe(K3P,N,P—PNP—
Ph)(CO)Cl,] (cis-1b), trans-[Fe(k>P,N,P-PNP-Me)(CO)Cl,]
(trans-1c), trans—[Fe(K3P,N,P—PNP-Et)(CO)C12] (trans-1d),
trans-[Fe(>P,N,P-PNP-nPr)(CO)Cl,] (trans-1e), cisl/trans-
[Fe(PNPMC-;Pr)(CO)CLy] (cis/trans-1f), and cis/trans-
[Fe(PNPEt-iPr)(CO)Clz] (cis/trans-1 g) were prepared
according to the literature [8]. 'H, Bc{'H}, and *'P{'H}
NMR spectra were recorded on Bruker AVANCE-250 and
AVANCE-400 spectrometers. 'H and *C{'H} NMR spec-
tra were referenced internally to residual protio-solvent and
solvent resonances, respectively, and are reported relative to
tetramethylsilane (6 = 0 ppm). >'P{'H} NMR spectra were
referenced externally to H3PO,4 (85 %) (6 = O ppm).

Trans-[(chloro)[N? N°-bis(diphenylphosphanyl)pyridine-
2,6-diamine J(dicarbonyl)iron(Il)] tetrafluoroborate
(trans-[Fe(i’P,N,P-PNP-Ph)(CO),CI]BF ;)

(trans-Zb, C31H25BCIF4F€N302P2)

Complex cis-1b (200 mg, 0.316 mmol) was dissolved in
10 cm® THF, CO gas was bubbled through the solution and
62 mg AgBF, (0.316 mmol) was added. After 4 h the red
solution was filtered over Celite and the solvent was
evaporated. The red powder was washed with 20 cm® Et,O
and dried under vacuum. Yield 180 mg (85 %); '"H NMR
(acetone-dg, 20 °C): 6 = 9.50 (s, 2H, NH), 8.10 (m, 5H,
Ph, py*), 7.71 (m, 18H, Ph, py>®) ppm; *C{'H} NMR
(CD,Cly): 6 =207.2 (t, J =25.8 Hz, CO), 161.3 (py),
141.8 (py), 134.6-133.2 (Ph), 132.10 (Ph), 131.0-129.8
(Ph), 129.2 (t, J = 5.4 Hz, Ph), 102.2 (py) ppm; >'P{'H}
NMR (acetone-ds, 20 °C): 6 = 85.0 ppm; IR (ATR,
20 °C): ¥ = 2031 (ve—o) cm ™.

Trans-[(chloro)[N°,N°-bis(dimethylphosphanyl)pyridine-
2,6-diamineJ(dicarbonyl)iron(1l)] trifluoromethanesulfonate
(trans-[Fe(i’P,N,P-PNP-Me)(CO)>Cl]CF;50;)

(trans-Zc, C]2H]7C1F3F€N305P2S)

CO was bubbled through a suspension of 100 mg trans-1b
(0.26 mmol) and 67 mg AgCF3;SO; (0.26 mmol) in 7 cm’®
acetone. The orange solution was then filtrated over Celite,
evaporated to dryness and the obtained solid was washed
with 10 cm® n-hexane. The orange powder was dried under
reduced pressure. Yield 134 mg (98 %); "H NMR (acetone-
dg, 20 °C): 6 = 8.46 (s, 2H, NH), 7.33 (t, Jyy = 7.9 Hz,
1H, py*), 6.23 (d, Juy = 8.0 Hz, 2H, py>”), 2.38 (m, 12H,
CH;) ppm; *C{'H} NMR (acetone-ds, 20 °C): 6 = 210.3
(t, Jcp = 26.8 Hz, CO), 162.4 (t, Jcp = 7.5 Hz, py), 141.9
(py), 101.1 (t, Jcp = 3.8 Hz, py), 18.9 (t, Jcp = 17.2 Hz,
CH;) ppm; °>'P{'H} NMR (acetone-ds, 20 °C):
d = 92.3 ppm; IR (ATR): v = 1979 (vco) cm ™.

Trans-[(chloro)[N?,N°-bis(diethylphosphanyl)pyridine-2,6-
diamine J(dicarbonyl)iron(Il)] trifluoromethanesulfonate
(trans-[Fe(i’P,N,P-PNP-Et)(CO),Cl]CF3S03)

(trans—Zc, C]5H25C1F3F€N305P2S)

This compound was prepared analogously to trans-2b with
120 mg trans-1c (0.27 mmol) and 70 mg AgCF3;SO5
(0.27 mmol) as starting materials. The orange product
was dried under reduced pressure. Yield: 153 mg (97 %).
Crystals were grown from an acetone solution of 2¢ by
slow diffusion of Et,O. 'H NMR (acetone-dg, 20 °C):
d = 8.49 (2H, NH), 7.63 (1H, py*), 6.31 (d, Jyu = 5.2 Hz,
2H, py>?), 2.90 (4H, CH,), 2.78 (4H, CH,), 1.51 (12H,
CH;) ppm; C{'H} NMR (acetone-ds, 20 °C): § = 210.5
(t, Jcp = 25.2 Hz, CO), 161.8 (t, Jcp = 6.9 Hz, py), 141.1
(py), 100.3 (py), 23.4 (t, Jcp = 15.3 Hz, CH,), 6.4 (CH3)
ppm; *'P{'H} NMR (acetone-dg, 20 °C): 6 = 100.7 ppm;
IR (ATR): ¥ = 2008 (vco) cm™ .

@ Springer



1718

M. Glatz et al.

Trans-[(chloro)[N? N°-bis(dipropylphosphanyl)pyridine-
2,6-diamine J(dicarbonyl)iron(Il)] trifluoromethanesul-
fonate (trans-[Fe(K‘gP,N,P-PNP-nPr)(CO)2Cl]CFgSOg)
(trans-Zd, C20H33CZF3F6N305P25)

This compound was prepared analogously to frans-2b
using 150 mg trans-1d (0.30 mmol) and 78 mg AgCF;SO;
(0.30 mmol) as starting materials. The red—orange product
was dried under reduced pressure. Yield: 177 mg (92 %);
"H NMR (acetone-d, 20 °C): § = 8.41 (2H, NH), 7.47 (t,
Jur = 7.9 Hz, 1H, py"), 6.41 (d, Jyy = 7.6 Hz, 2H, py>®),
201 (m, 8H, CH,), 1.58 (m, 8H, CH,), 1.12 (t,
Juw = 7.1 Hz, 12H, CH3) ppm; *C{'H} NMR (acetone-
ds, 20 °C): 6 = 2104 (t, Jep = 25.6 Hz, CO), 161.7 (t,
Jcp = 6.8 Hz, py), 140.9 (py), 100.2 (t, Jcp = 3.7 Hz, py),
32.8 (t, Jep = 143 Hz, CH,), 16.2 (CHj), 15.0 (t,
Jcp = 7.8 Hz, CH,) ppm; 31P{IH} NMR (acetone-dg,
20 °C): § = 96.7 ppm; IR (ATR): v = 2011 (veo) cm™ .

Trans-[(chloro)[N?,N°-bis(diisopropylphosphanyl)-N°,N°-
dimethylpyridine-2,6-diamine |(dicarbonyl)iron(Il)]
tetrafluoroborate (trans-[Fe( x°P,N,P-PNPM -iPr)
(CO)ZCZJBF4) (trans-Ze, C2]H37BCIF4F€N302P2)

CO was bubbled through a solution of 150 mg cis/trans-1e
(0.30 mmol) and 59 mg AgBF, (0.30 mmol) in 15 cm?® of
THF. The pink solution was stirred under CO atmosphere
for 1 h; then the solvent was removed under reduced
pressure. The residue was redissolved in 15 cm® of
CH,Cl,, filtered and the volume of the solvent was reduced
to about 0.5 cm®. The product was precipitated by addition
of 40 cm?® of pentane, collected on a glass frit, washed with
15 cm® of n-pentane, and dried under vacuum. Yield:
141 mg (78 %); 'H NMR (CD,Cl,, 20 °C): ¢ = 7.53 (t,
*Juw = 8.1 Hz, 1H, py"), 6.14 (d, *Juy = 8.2 Hz, 2H,
py>?), 3.19 (m, 4H, CH(CHs),), 3.08 (s, 6H, NCH3), 1.53—
1.42 (m, 24H, CH(CH3),) ppm; “C{'H} NMR (CD,Cl,
20 °C): 6 = 211.6 (t, *Jep = 24.7 Hz, CO), 163.0 (vt,
2Jep = T4 Hz, py>®), 1422 (s, pyh), 1002 (vt,
Jep=271Hz, py™), 354 (s, NCHj), 320 (vt
"Jep = 11.2 Hz, CH(CH3),), 18.5 (s, CH(CHs)), 17.7 (s,
CH(CHs3),) ppm; °>'P{'H} NMR (CD,Cl,, 20 °C):
0 = 130.6 ppm; IR (ATR): v = 2002 (vc—0) cm ™

Trans-[(chloro)[N?,N°-bis(diisopropylphosphanyl)-N° N°-
diethylpyridine-2,6-diamine |(dicarbonyl)iron(Il)] tetraflu-
oroborate (trans-[Fe(x’P,N,P-PNPE"-iPr)

(CO),Cl]BF,) (trans-2f, C»3H,;BCIF ;FeN3;O,P)

This complex was prepared analogously to trans-2e with
150 mg cis/trans-1f (0.29 mmol) and 56 mg AgBF,
(0.29 mmol) as starting materials. Yield: 131 mg (75 %);
'"H NMR (CD,Cl,, 20 °C): 6 = 7.54 (t, *Jyy = 8.2 Hz,
1H, py*), 6.17 (d, *Juy = 8.2 Hz, 2H, py>?), 3.58 (m, 4H,
NCH,CH3), 3.18 (m, CH(CHs),), 1.49-1.10 (m, 30H,
NCH,CH;, CH(CH3),) ppm; “C{'H} NMR (CD,Cl,
20 °C): 6 = 211.8 (t, *Jep = 24.8 Hz, CO), 162.3 (vt,

@ Springer

2Jep = 6.9 Hz, py>®), 1424 (s, py", 101.2 (vt
’Jep = 2.6 Hz, py>”), 43.3 (s, NCH,CH3), 31.4 (vt,
'Jep = 10.8 Hz, CH(CHs),), 19.1 (s, CH(CHj3),), 17.8 (s,
CH(CHs;),), 13.0 (s, NCH,CH;) ppm; *'P{'H} NMR
(CD,Cly, 20 °C): & = 132.8 ppm; IR (ATR): v = 2005

(VC=O) cm ! .

X-ray structure determination

X-ray diffraction data of trans-2a, trans-2c¢, trans-2e, and
trans-2f (CCDC entries 1015363 (trans-2a), 1469956
(trans-2c¢), 1469957 (trans-2e), 1469958 (trans-2f),) were
collected at 7= 100 K in a dry stream of nitrogen on
Bruker Kappa APEX II diffractometer systems using gra-
phite-monochromatized Mo-Ka radiation (4 = 0.71073 A)
and fine sliced ¢- and w-scans. Data were reduced to
intensity values with SAINT and an absorption correction
was applied with the multi-scan approach implemented in
SADABS [9]. The structures of trans-2¢, trans-2e, and
trans-2f were solved by charge flipping using SUPERFLIP
[10] and refined against with JANA2006 [11]. The struc-
ture of trans-2a was solved with direct methods and refined
against F2 with the SHELX software package [12]. Non-
hydrogen atoms were refined anisotropically. The H atoms
connected to C atoms were placed in calculated positions
and thereafter refined as riding on the parent atoms. The H
atoms of the amine functionalities were located in differ-
ence Fourier maps and freely refined. Molecular graphics
were generated with the program MERCURY [13].

Computational details

Calculations were performed using the Gaussian 09 soft-
ware package, and the OPBE functional without symmetry
constraints as already described previously [14].
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ABSTRACT: Several hydride Mn(I) and Re(I) PNP pincer
complexes were applied as catalysts for the homogeneous
chemoselective hydrogenation of aldehydes. Among these,
[Mn(PNP-iPr)(CO),(H)] was found to be one of the most
efficient base metal catalysts for this process and represents a
rare example which permits the selective hydrogenation of
aldehydes in the presence of ketones and other reducible
functionalities, such as C=C double bonds, esters, or nitriles.
The reaction proceeds at room temperature under base-free
conditions with catalyst loadings between 0.1 and 0.05 mol%
and a hydrogen pressure of SO bar (reaching TONs of up to

25°C, H; (50 bar), no additives

0 T 0
H OH RJ\R' R R)k“ H OH
R}(R‘% Z N /Mrf—co — R}(H
x HN—PIPr,

highly selective for aldehydes

2000). A mechanism which involves an outer-sphere hydride transfer and reversible PNP ligand deprotonation/protonation is
proposed. Analogous isoelectronic and isostructural Re(I) complexes were only poorly active.

KEYWORDS: hydrogenation, aldehydes, manganese, pincer complexes, DFT calculations

B INTRODUCTION

One environmentally friendly and sustainable method to prepare
alcohols, which are valuable commodities for a large number of
fine and bulk chemicals, is the catalytic hydrogenation of
carbonyl compounds with dihydrogen." Over the years, many
highly efficient and active homogeneous catalysts based on
precious but also non-precious metals have been described for
this purpose (Scheme 1).” Especially catalysts which reveal full
selectivity for aldehydes over ketones and/or alkenes™" are of

Scheme 1. Well-Defined Catalysts for the Chemoselective
Hydrogenation of Aldehydes
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practical importance for the synthesis of flavors,® fragrances,3 and
pharmaceuticals.®

In the past couple of years, the development and advancement
of hydrogenation catalysts based on earth-abundant, inexpensive
non-precious metals experienced tremendous progress.” In
particular, iron- and manganese-based catalysts turned out to
be highly active for the hydrogenation of carbonyl compounds,
imines, and nitriles (Scheme 2).~"" In the case of manganese,
however, most hydrogenations proceed at relatively high catalyst
loadings and elevated temperatures and, in addition, require large
amounts of strong bases as additives. As yet, only iron-based
systems proved to be reasonably chemoselective for the
reduction of aldehydes, as shown in Scheme 1."*"* We recently
described the application of [Fe(PNP™*-iPr)(CO)(H)(Br)] and
[Fe(PNPM<.iPr)(H),(CO)] as highly active catalysts for the
homogeneous hydrogenation of aldehydes (Scheme 1).'>'°

In this paper, we describe an experimental and theoretical
investigation of the chemoselective hydrogenation of aldehydes
with dihydrogen using several hydride Mn(I) and Re(I) PNP
pincer complexes as catalysts (Scheme 3). To the best of our
knowledge, this is the first example of an efficient manganese-
based selective hydrogenation of aldehydes which proceeds
under mild and base-free conditions with low catalyst loadings. It
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Scheme 2. Manganese Catalysts for the Hydrogenation of
Ketones and Aldehydes
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Scheme 3. PNP Pincer Complexes Tested as Catalysts for the
Hydrogenation of Aldehydes (R = iPr) and Structural View of
Rel Showing 30% Thermal Ellipsoids®
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“Selected bond lengths (A) and angles (°): Rel—P1 2.347(3), Rel—
P2 2.342(3), Rel-N2 2.162(8), Rel—C18 1.87(1), Rel—Cl9
1.94(1), Rel—H1 1.91(5), P1—Rel—P2 158.2(1).

has to be noted that Re pincer complexes have rarely been used in
(de)hydrogenation catalysis.' "

Bl RESULTS AND DISCUSSION

The reaction of [M(CO)X] (M = Mn, X = Br; M = Re, X = Cl)
with the respective PNP pincer ligands in dioxane at elevated
temperatures afforded the neutral biscarbonyl complexes
[M(PNP)(CO),X] (1—5) (Scheme 4). Treatment of these
intermediates with Na[HBEt;] (1.1 equiv) in toluene afforded
complexes Mnl, Mn2, Mn3, Rel, and Re2. The synthesis of
Mnl and Mn2 was already reported previously."” All new
complexes could be isolated in 77—95% isolated yields and were
fully characterized by a combination of elemental analysis, 'H,
BC{'H}, and *P{'H} NMR, and IR spectroscopy (see
Supporting Information (SI)). In addition, the molecular
structure of Rel was determined by X-ray crystallography
(Scheme 3, bottom left).

The catalytic performance of Mnl, Mn2, Mn3, Rel, and Re2
was then investigated for the hydrogenation of aldehydes. The
experiments were performed in EtOH as solvent using 4-
fluorobenzaldehyde as model substrate to find the most active
catalyst and optimal hydrogenation reaction conditions (Table
1). No reaction took place in aprotic solvents such as THF or
toluene at 50 bar H,, a catalyst loading of 1.0 mol%, and a
reaction time of 18 h. In the absence of dihydrogen, the

4010

Scheme 4. Synthesis of Hydride Mn(I) and Re(I) PNP Pincer
Complexes
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hydrogenation of 4-fluorobenzaldehyde to yield 4-fluorobenzyl
alcohol was not observed—no reaction took place. Thus, a
possible transfer-hydrogenation mechanism in EtOH could be
excluded. It has to be further emphasized that ketones, e.g.,
acetophenone and 4-fluoroacetophenone, did not react with any
of the catalysts tested under the same reaction conditions
described below.

When Mnl (0.1 mol%) was used as catalyst, complete
conversion was observed after 4 h under a hydrogen pressure of
30 bar (Table 1, entry 4). By lowering the catalyst loading to 0.05
mol%, quantitative conversion was achieved after 18 h at a
hydrogen pressure of 50 bar (Table 1, entry S). If the reaction
was performed in the presence of 3 equiv of DBU (1,8-diaza-
bicyclo[5.4.0]undec-7-ene) as external base, 4-fluorobenzyl
alcohol was obtained in 52% yield after 48 h under a hydrogen
pressure of 50 bar and a catalyst loading of 0.005 mol% (Table 1,
entry 6). This corresponds to a turnover number (TON) of
10400. Complexes Mn2 and Mn3 showed no or poor reactivity,
even with a catalyst loading of 1 mol% (Table 1, entries 7 and 8).
Surprisingly, the Re(I) complexes Rel and Re2 with 1 mol%
catalyst loadings were poorly active, affording only 45 and 76%,
respectively, of 4-fluorobenzyl alcohol (Table 1, entries 9 and
11). At 50 °C, 4-fluorobenzyl alcohol was obtained in 95% yield
(Table 1, entry 10).

Once Mn1 was determined to be the most active catalyst and
its general applicability proved, various substrates were been
tested to establish scope and limitations (Table 2). The catalytic
experiments were conducted in the presence of 0.1—0.05 mol%
of catalyst at 25 °C and 50 bar hydrogen pressure, for a reaction
time of 18 h, without addition of any additives. The best results
could be obtained for aromatic aldehydes bearing electron-
withdrawing halogen substituents as well as electron-donating
groups such as 4-anisaldehyde and 4-tolylaldehyde on the phenyl
ring (Table 2, A1—AS) where catalyst loadings of 0.05 mol%
were employed. Heteroaromatic substrates as well as aliphatic
aldehydes could be reduced quantitatively under the same
reaction conditions but with a catalyst loading of 0.1 mol%
(Table 2, A6—A17). Substrates with conjugated and non-
conjugated C=C double bonds were also selectively hydro-
genated. For instance, citronellal or lyral, which are used in the
flavor and fragrance industry (Table 2, A14—17), as well as the
more challenging a,f-unsaturated substrate cinnamaldehyde
(Table 2, A12) were not hydrogenated. In order to investigate
the catalyst’s selectivity toward substrates with other unsaturated
functionalities which can be easily hydrogenated, additional
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Table 1. Hydrogenation of 4-Fluorobenzaldehyde with Several Manganese and Rhenium Catalysts®

cat.

oA
F

entry cat. solvent S/C
1 Mnl THF 1000
2 Mnl toluene 1000
3 Mnl EtOH 1000
4 Mnl EtOH 1000
S Mnl EtOH 2000
6° Mnl EtOH 20000
7 Mn2 EtOH 100
8 Mn3 EtOH 100
9 Rel EtOH 100
107 Rel EtOH 100
11 Re2 EtOH 100

H>

solvent, 25°C

o
F

P (bar) t (h) conversion (%)” TON
S0 18
S0 18
30 54 540
30 4 >99 1000
N 18 >99 2000
S0 48 52 10400
S0 18
S0 18 21 21
S0 18 86 86
N 18 9S 95
S0 18 76 76

“Reaction conditions: catalysts (0.4—20.0 ymol), 4- ﬂuorobenzaldehyde (2.0 mmol), EtOH (4 mL), 50 bar H,, 25 °C. *Determined by 'F NMR
spectroscopy. “In the presence of DBU (1.2 ymol, 3 equiv). “Performed at 50 °C.

Table 2. Hydrogenation of Aldehydes A1—A17 with Catalyst Mn1%?

Ao

Mn1 (0.1-0.05 mol%), H, (50 bar)

R

EtOH, 25°C, 18 h

OH

A (83%)
A1R = H (99%)

A2 R =F (99%)

A3 R = Me (95%)
A4 R = OMe (97%)
A5 R = NMe; (89%)

A10 (88%)

g}f el

A14 (85%) A15 (75%)

7 (70%)

@fﬁé

A11 (35%)

A16 (75%)

8 (77%) 9 (96%)

N
o /\/\/\AO
A12 (91%) A13 (85%)
OH
A17 (55%)

“Reaction condltlons A1—AS (1.0 umol, 0.05 mol% Mn1), A6—A17 (2.0 umol, 0.1 mol% Mn1), aldehyde (2 mmol), EtOH (4 mL), 50 bar H,, 25
°C, 18 h. *Yields (in parentheses) based on integration of 'H spectra using mesitylene as internal standard.

studies were carried out. Competitive experiments were carried
out using equimolar mixtures of 4-fluorobenzaldehyde and the
respective co-substrates at a catalyst-to-substrate ratio of 1:1000
with respect to the aldehyde. These studies showed that ketones,
esters, alkynes, and nitrile groups were not hydrogenated.
Moreover, these functionalities also did not interfere with the
hydrogenation of the aldehyde moieties.

Stoichiometric experiments show that Mn1 reacts readily with
aldehydes, even in aprotic solvents such as benzene or THF. The
addition of 1 equiv of 4-fluorobenzaldehyde to a solution of the
Mn(I) hydride Mn1 in C¢Dg revealed the formation of a new but
minor manganese species (Scheme S). The concentration of this
compound did not change over time but grew with increasing
amount of added substrate. Thus, addition of up to 20 equiv of
aldehyde was required to observe complete conversion of the
manganese hydride complex. The new compound was
tentatively assigned as the alkoxide complex 6, generated by
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Scheme S. Reaction of Mn1 with 4-Fluorobenzaldehyde and
4-Fluoroacetophenone in C,Dg

/@J\\o
X
F H\ /©/\o
Ry F

N—|<P! Ha
% <_ SN—Mi—co _— N\
4 CeDg
CsDs N-PR,
no reaction co no reaction
Mn1 6

insertion of the aldehyde into the metal hydride bond of Mnl.
Compound 6 could not be isolated and exhibited singlet
resonances at 115.8 and 140.9 ppm in the F{'H} and *'P{'H}
NMR spectra, respectively (free 4-fluorobenzyl alcohol exhibits a
singlet at 116.1 ppm in the F{'"H} NMR spectrum). In the IR
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spectrum, 6 displays the expected two signals of the symmetric
and asymmetric CO stretching frequency at 1925 and 1848 cm™
(cf. 1873 and 1790 cm™ in Mn1). However, no further reaction
took place when a benzene (or THF) solution of the in situ-
generated alkoxide complex 6 was exposed to dihydrogen. There
was also no catalytic reaction if a 3:1 mixture of THF/EtOH was
used. Accordingly, EtOH as solvent is not required for the
insertion step but obviously plays a crucial role in the subsequent
dihydrogen activation step. Moreover, Mn1 did not react with 4-
fluoroacetophenone in both aprotic and protic solvents.

The reaction mechanism was explored in detail by means of
DFT calculations.”® Benzaldehyde was taken as substrate and
Mn1 (A in the calculations) as active catalyst. An explicit ethanol
molecule (solvent) was considered, providing a proton shuttle
and H-bond stabilization of the intermediates. Two different
paths were considered, as shown in a simplified manner in
Scheme 6. The more likely one proceeds via participation of the

Scheme 6. Simplified Catalytic Cycles for Benzaldehyde
Hydrogenation with Mn1“

OH H M

%
Hu| N—|~PR,

H™ R Z_ Sn—mMir—co

() /7
o N-PR, (11)
):.\ (5) H co
HTER
A A(0)
W e Bt
N—|—PR, R N—|~PR,
CN—mi—co  patnn L | pathl &S oo
07 TH /
N-PR N-PR:
Ml L W e
R
o© (13) &
)
A WM
H H R N—i<PR;
H Z_ N—Mh—co
H ré OH
N-PR, 0
W co B(6) © H/é\R
H
o |}
R H
o W
w O H
\
N—|~PR,
&_Nn—mi—co
/
PR, D (-13)
H co

“Free energies in kcal/mol are referred to A (Mnl + EtOH +
benzaldehyde); transition state energies are given in italics; R = iPr).

acidic N—H bond of the PNP ligand in a bifunctional mechanism
(path I). This is supported by the fact that catalyst Mn2, bearing
NMe linkers, is catalytically inactive and Mn3, featuring CH,
linkers which are less acidic than the NH linkers in Mn1, is only
poorly active (Table 1, entry 8).

A reasonable mechanism has been established by means of
DFT calculations. The free energy profile for path Iis depicted in
Figure 1. The first step is the attack of the hydride ligand in
complex A to the carbonyl C-atom of a free benzaldehyde
molecule. The result is intermediate B, a species with the
resulting alkoxide weakly bonded to the metal by one C—H
bond. This is a fairly easy step with a barrier of 11 kcal/mol and a
free energy balance of AG = 6 kcal/mol, indicating that B is less
stable than the initial reactants. The alkoxide in B can easily leave
the metal following a dissociative path, through intermediate C.
From here, the alkoxide may coordinate the metal by the O-
atom, forming D through an easy process involving proton
exchange with the solvent (SI, Figure S1). Importantly, the
alkoxide complex D is 13 kcal/mol more stable than the initial
reagents and represents the catalyst resting state. Naturally, there
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can be proton exchange between the solvent, EtOH, and benzyl
alkoxide. Thus, the subsequent species may be either one.
Following the profile in Figure 1, the coordinated alkoxide in D is
protonated by the N—H proton of the PNP arm, with assistance
of the ethanol molecule, from D to E. This process has a barrier of
13 kcal/mol and is endergonic, with AG = 7 kcal/mol.
Intermediate F is 3 kcal/mol more stable than the reactants
and features a dearomatized PNP ligand. The HOMO and
LUMO of complex F are depicted in Figure 2. The HOMO
corresponds to the ligand 7z-system, with a significant
contribution of the lone pair of the deprotonated N-atom. The
LUMO is essentially metal z* pointing toward the empty
coordination position.

The reaction continues along the profile represented in Figure
3, F’ being equivalent to F with a different relative orientation of
the three molecules. Exchange of benzyl alcohol by one H,
molecule produces intermediate G. Dihydrogen coordination is
facile, with a barrier of only 1 kcal/mol (TSgy) in a clearly
exergonic step, AG = —9 kcal/mol. The resulting intermediate H
is an #7”-H, complex, which is 14 kcal/mol more stable than the
initial reagents. Rearrangement of the H-bond network between
the H, complex and the nearby ethanol molecule changes H into
L. In the final step, there is splitting of the H—H bond with re-
protonation of the PNP N-atom and regeneration of the hydride
ligand in J, corresponding to the initial reactant A and an ethanol
molecule. The last step is exergonic, with J being 25 kcal/mol
more stable than A. Despite the presence of an ethanol molecule
actin§ as a proton shuttle, the associated barrier is significant
(AG* =21kcal/mol). The highest barrier along path Iis 25 keal/
mol, corresponding to the difference between intermediate H,
the most stable one, and transition state TSy

For comparison, the first step of the mechanism was also
calculated for acetophenone as substrate. The barrier for the
attack of the hydride ligand in complex A to the carbonyl C-atom
of a free acetophenone molecule is significantly higher than the
one calculated for benzaldehyde (18 vs 11 kcal/mol, respectively;
SI, Figure S2). This trend is in accordance with the fact that
ketones are not hydrogenated under the same reaction
conditions. The remarkable substrate selectivity was recently
also explained by the relative stability of alkoxide intermediates
formed upon aldehyde insertion into the metal—H bond in the
case of related iron PNP pincer complexes based on DFT
calculations.”" It has to be noted that the related Mn(I) PNP
pincer complex [Mn(PNP-iPr)(CO),;]Br (Scheme 2) was
shown to act as a catalyst for the hydrogenation of ketones but
at a catalyst loading of 5 mol%, a temperature of 130 °C in the
presence of 10 mol% base, and a hydrogen pressure of 50 bar in
toluene as solvent.'*

The alternative mechanism (path II) shares the first part in
Figure 1 until formation of the cationic intermediate C.
Following the profile represented in Figure 4, addition of H, to
C yields intermediate K. From here, coordination of dihydrogen
is easy, with a barrier of merely 1 kcal/mol (TS, ) in an exergonic
step (AG = —8 kcal/mol). The difference between the two
mechanisms is that while here H, coordinates to complex
[Mn(PNP)(CO),]*, producing the cationic dihydrogen com-
plex [Mn(PNP)(*-H,)(CO),]*, in path I that process occurs
with the neutral metallic species [Mn(PNP’)(CO),], featuring a
deprotonated PNP ligand (PNP’), and yields the corresponding
neutral H, complex: [Mn(PNP’)(1>-H,)(CO),]. The mecha-
nism proceeds from L with protonation of the free alkoxide by
means of the coordinated H,. The associated barrier (TS;,,) is
negligible (1 kcal/mol), and the resulting species (M) is 13 kcal/
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Figure 1. Free energy profile calculated for the hydrogenation of benzaldehyde catalyzed by the hydride complex A with ligand N—H bond participation.
Free energies (kcal/mol) are referred to the initial reactants (A), and relevant distances (A) are presented.

HOMO LUMO

Figure 2. HOMO and LUMO of deprotonated Mn1 (F in calculations).

mol more stable than A. The highest barrier in path II is 26 kcal/
mol, measured between the O-coordinated alkoxide complex D
and the highest following transition state TSg;. This is the

transition state associated with H, coordination and formation of
the dihydrogen complex in L. It has to be noted that the same
reaction pathway was recently established for the chemoselective
hydrogenation of aldehydes catalyzed by [Fe(PNP"*-iPr)(CO)-
(H)(Br)], where metal—ligand cooperation was not possible due
NMe linkers.'

In path I, alkoxide protonation is accomplished by the N—H
proton in the PNP ligand, yielding a metallic fragment with a
dearomatized PNP ligand. This corresponds to a bifunctional
mechanism with participation of the PNP ligand that is further
regenerated by the coordinated H, molecule. In path II, there is
no participation of the PNP ligand, and alkoxide protonation is
made directly by the coordinated H, molecule. The difference
between the highest barriers calculated for the two mechanisms is

Figure 3. Free energy profile calculated for the hydrogenation of benzaldehyde catalyzed by the hydride complex A in a bifunctional mechanism with
ligand N—H bond participation. The free energy values (kcal/mol) are referred to the initial reactants (A), and relevant distances (A) are presented.
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Figure 4. Free energy profile calculated for the hydrogenation of benzaldehyde catalyzed by the hydride complex A without ligand N—H bond
participation. The free energy values (kcal/mol) are referred to the initial reactants (A), and relevant distances (A) are presented.

only 1 kcal/mol (25 kcal/mol for path I, 26 kcal/mol for path IT);
thus, in principle, both could occur under the experimental
conditions. If entropy corrections for non-standard conditions
are considered, the total barrier for path I rises to 26.5 kcal/mol
due to the lower molecularity of TS;; when compared to TSy,
and to the reaction conditions. This makes path I slightly less
favorable than path IL

Bl CONCLUSION

Several hydride Mn(I) and Re(I) PNP pincer complexes were
prepared and tested as catalysts for the homogeneous chemo-
selective hydrogenation of aldehydes. [Mn(PNP-iPr)-
(CO),(H)] (Mn1), based on the 2,6-diaminopyridine scaffold,
where the PiPr, moieties of the PNP ligand connect to the
pyridine ring via NH linkers, was found to be the most efficient
catalyst for this process. The reaction is highly chemoselective
also in the presence of other functional groups which can be
hydrogenated, such as ketones, esters, alkynes, olefins, nitriles,
and q,f-unsaturated double bonds. The low catalyst loadings
(0.1—0.05 mol%), mild and base-free reaction conditions (25 °C,
50 bar H,), and broad applicability make this catalyst interesting
for the syntheses of fine and bulk chemicals. The catalysis works
also with lower catalyst loadings (0.005 mol%) but requires then
the addition of an external base. Based on experimental and
computational studies, a bifunctional mechanism with partic-
ipation of the PNP ligand (deprotonation/protonation) is
proposed. An alternative mechanism without participation of
the PNP ligand cannot be fully dismissed but seems to be less
likely. Surprisingly, analogous isoelectronic and isostructural
Re(I) complexes turned out to be only poorly active.
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ABSTRACT: The synthesis several formiato Mn(I) and Re(I) PNP pincer is described. Notably, most of them are formed
from their relative hydrido compounds by insertion of gaseous CO, into the metal-hydrogen bond. This is a key process for
utilization of carbon dioxide as a sustaining C1 building block. Throughout, the synthetic pathway, starting from M(CO);X
(M = Mn, Re; X = Cl, Br) and a variety of six different PNP pincer ligands is investigated. Thereby, a rare example of a
cationic 16 electron manganese complex [Mn(PNP)(CO),]" and its deprotonated analogue was found. The structure of all
isolated products is highly depending on sterics and bi-functionality of the ligands. With our findings we believe to deliver

an advanced understanding of Group 7 PNP pincer chemistry.

INTRODUCTION

Pincer complexes of group 7 transition metals (Mn, Re)
experienced a rising interest in homogeneous catalysis during
the last couple of years. The ever thriving goal of sustainable
catalysis, replacing precious metals in large scale applications
inspired the field of base metal catalysis. Earth abundant and
non-toxic metals like Fe, Ti and Mn are prominent candidates
for this challenging goal. Pincer ligands proved to be a power-
ful support to achieve noble-metal-like reactivity on Fe(II)
complexes. Well established catalytic systems for reductions,
oxidations, couplings and transformations were reported in the
last decade. Isoelectronic Mn(I) systems are fairly poor stu-
died, and caught the attention of several groups very recently.
Herein we describe the synthesis and reactivity of several
Mn(I) formiato complexes and discuss the underlying chemi-
stry to its related homologue Re(I).

Scheme 1. Examples of Rhenium and Manganese PNP
formiate-carbonyl complexes.

[} ﬁ Ij
c
i b 07w o
c—l—PR2 ¢’ —|-pr, v~|»\PR2
AN s < s
Z  SN—Re—cCO Z  SN—Re—cCO Q—Rs—co
HC Pg H,C PRI Y—Pg‘
? “co ? “co “co
R=1Bu R=/Bu Re9a R = Pr Y=NH
Milstein (2013) Milstein (2014) Rede R = iPr Y=CH,
) ° this work °
c c c
PR, N—|-PR, Y—1PR;
H—N—Mn—CO Z  SN—Mn—co Z  SN—Mh—co
PR, HN—FPR, Y—PR,
co co co
R=iPr Mn9a R = iPr Mn9b R =iPr Y=NMe

Mn9¢ R =iPr Y=CH,

Boncella (2016) our revious work

The first insertion of CO, into a Mn-H bond was evi-
denced back in 1994 by Berke et. al." An analogues reaction
for a Re-H bond was done by the research group of Roveda in
2005.> While manganese PNP pincer complexes enjoy a rising
interest during the last years in catalysis, its later homologue
Re is little studied in this manner. The latest efficient catalysis
, hydrogenation of aldehydes and ketones by Re(I) pincers was
presented by Sortais.” The nucleophility of Re pincers was
exampled by Milstein, binding electrophiles like nitriles and
CO, by metal-ligand cooperation.* The high catalytic potential
of formiato intermediates was shown in our previous work, by
reduction of carbondioxide with H, to formic acid.’

In this paper, we investigate the fundamental reactivity and
coordinative nature of a series of Mn(I) and Re(I) PNP pincer
complexes, based on the ligand sytem. For this purpose, we
selected six pyridine-backboned PNP pincer ligands la-f,
which are well known pincer research’ (scheme 2). This selec-
tion provides changes in electronics and sterics of the phos-
phorus donors, as well as functional varieties in the linking
groups. This piece of work includes complexation of ligands
la-f with precursors of general formula [M(CO);X] (M = Mn,
Re; X = Cl, Br). Reaction conditions and ligands take influ-
ence in the products formed. The study also led to a rare catio-
nic low-valent 16-electron Mn(I) complex, and its deproto-
nated neutral form. The earliest report on a 16 electron man-
ganese PNP complex dates back to 2009, in a comparative
work on Mn(I) and Re(I) with anionic ligands by Nocera.’

The relative hydrido-complexes [M(K3P,N,P-PNP)(CO)2H],
revealed impressive nucleophilic character. Gaseous CO,
readily inserts into the metal-hydrogen bond in solution. Four
new PNP formiate-complexes of type [M(k’P,N,P-
PNP)(CO),0CHO] are isolated and characterized.



Scheme 2. Pyridine PNP Pincer Ligands used throughout this
extensive assey.
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RESULTS AND DISCUSSION

For our initial synthetic approach, PNP ligands la-f were
reacted with group 7 carbonyl precursors Mn(CO)5Br and
Re(CO)sBr in dioxane. Complexes Mnla,d and Mnlc were
already reported in previous works from Boncella and Beller.”
Notably, the outcome of the major product was highly depend-
ing on the reaction temperature (70°C or 120°C), period (2-
18h) and also varied from the ligand-system used, displayed in
scheme 4. Speaking for the manganese complexes Mnl-4,
reaction at lower temperatures and short reaction times pre-
ferred the formation of cationic species Mn3 of type
[Mn(K3P,N,P-PNP)(CO)3]Br. All of these off-white com-
pounds share a similar spectroscopic character, exhibiting
three carbonyl stretching frequencies, one weak band and at

Scheme 5.Synthesis of the Mn and Re Complexes Mn1-4
and Re2-3.
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2034-2028 cm™ and two strong bands v¢o at 1941-1916 cm™.
As a matter of resolution, the latter two bands, are superim-
posed in some cases (e.g. Mn3b), resulting in one broad in-
tense signal. In "C{'H} NMR, the three CO ligands give rise
to two low field triplets located at 221.0-216.9 ppm and 215.4-
207.4 ppm of higher intensity, indicating the CO in trans posi-
tion to the pyridine. Due to the magnetic nature of >Mn (s =
5/2), the triplets are not always fully resolved, ending up in a
rather broad multiplet. *'P{'"H} NMR displays an expected
broad singlet, ranging from 156.5 to 88.3 ppm. Harsher reac-
tion conditions applied in a sealed reaction flask, supported the
formation of the neutral cis-dicarbonyl complex Mn1 of type

cis-[Mn(KSP,N,P-PNP)(CO)zBr], yellow-orange colored. Not-
ably, ligands 1a, 1d and le were exclusively isolated in this
coordination state, independent on the reaction conditions. In a
recent publication, Boncella et al described, the transformation
of Mn3a to Mnla after thermal treatment. The spectroscopic
properties of complexes Mn1 are comparable with its litera-
ture known compounds Mnla,c,d. By the usage of dioxane, as
a high boiling and coordinating solvent, we were able to iso-
late all complexes Mnl1 in quantitative yield. The two intense
CO bands v, at 1943-1908 cm™ and 1875-1814 cm” display
at lower wavelengths, the greater the m-acceptor tendency of
the phosphine donor is. Compared to the cationic complexes
Mn3, the chemical shift of the *'P{'H} NMR resonance is
shifted low field at 230.4-85.8 ppm. The broad two resonances
of the two CO ligands in are shifted high field, ranging from
230.0-229.6 ppm and 225.7-222.9 ppm. In strong contrast, the
reaction mixture of ligand 1f and Mn(CO);Br always ended up
forming a turbid suspension. Workup of the violet solid via
filtration, revealed an new cationic 16 electron species Mn4f
of general formula [Mn(i’ P,N,P-PNP""-/Bu)(CO),]Br. The x-
ray crystal structure propounded a square pyramidal geometry
with Mn-C bonding distances of 1.739 A and 1.730 A. A
previously reported iso-electronic PNP complex from Jones
and coworkers®, exhibiting an aliphatic backbone, features a
very similar structure. Due to the fact, that jones ligand ex-
ploited two adamantly residues at the donor sites, it is sug-
gested that the formation of (’P,N,P-PNP)(CO),]Br is exclu-
sively nature to a bulky ligand structure. This unexpected

Scheme 6. Examples of neutral 16-electron Manganese Car-
bonyl pincers with steric demanding ligand.
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outcome, drew our interest for further investigation. Other
newly found examples of 16 electron Mn pincer complexes
from Boncella, Liu and Milstein’ are neutral, result from a
deprotonated anionic ligand backbone. The crystallographic
data of Mn4f was of poor quality, as well as solubility and
signal intensity in NMR analysis. Therefore Mn4f was con-
verted into its better soluble BF,-salt [Mn(i’P,N,P-PNP""-
fBu)(CO),]|BF,; MnS5f of similar structure. The Mn-C bonding
distances turned out to have become slightly longer 1.754 A
and 1.787 A. This finding is related, to an absence of hydrogen
bonding interaction of the halide ion Br’. The CO ligands of
Mnd4f display two characteristic vco bands in the solid state IR
spectrum, at 1927 and 1860 cm™. Mn5f, with good spectral
resolution, shows three v bands at 1936, 1865 and 1856 cm’
'. Contrary, the CO resonance in "C{'H} NMR shows only
one signal at 235.6 and 234.9 ppm, which reflects an equili-
brium in solution. Colorless crystals were harvested from a



solution in EtOD-d, after 2 weeks, which was just sufficient
for a 'H, *'P{'"H} NMR, as well as an IR spectrum. The dataset
of this compound concurs with the small impurities observed
in the NMR spectra of Mn4f. In agreement with the pattern of
the vco in the IR analysis (2020 cm™ (w), 1912 em™ (s)), this
solidifies the assumption of a cationic tricarbonyl
[Mn(ic’ P, N, P-PNP""-/Bu)(CO),]Br. In a comparative reaction,
complex Mnla was treated with halophile Ag -salts, to

Scheme 4. Synthesis and deprotonation of 16-electron Manga-
nese Carbonyl with steric demanding ligand.
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obtain a structure of type Mn7a. This less bulky ligand sys-
tem, yields a differend result. The bis-carbonyl-bromido com-
plex Mnla formed the cationic tris-carbonyl complex Mn7a
in <50% yield. Under CO atmosphere, complex Mn7a is
isolated quantitatively. Beside minor variations, the spectros-
copic data of Mn7a is matching with those of Mn3a. Depro-
tonation of Mn4-5f yields a neutral 16 electron dicarbonyl,
while Mn7a prefers the 18 electron tris-carbonyl as reported
by Sortais."’ *'P{'"H} NMR of Mné6e monitors a AB coupling
pattern, slightly shifted high field (P,p = 145.7, 142.2 ppm,
Jpp = 84.5 Hz). The two IR carbonyl frequencies vco are
shifted to low wavelengths (vco = 1913, 1838 cm'l) and the
single CO triplet in "C{'H} NMR is decently shifted low field
at 238.2.

The reaction of ligands la-f with Re(CO)sBr afforded less
variety of products, obtaining preferably the cationic tris-
carbonyl complex [Mn(k’P,N,P-PNP)(CO);]Br Re3. Results
of the spectroscopic characterization, are corresponds with
data published by Richeson."" Three (or two if superimposed)
Vo bands at 2068-2031 cm™ (w), 1966-1910 cm™ (s), a singlet
in *'P{'"H} NMR located at 120.9-48.6 ppm and two CO mul-
tiplets in "C{'H} NMR ranging from 198.2-194.6 ppm and
196.6-188.3 ppm are observed as expected. Ligand 1d led to
mixtures, and was not further investigated. However, switch-
ing of the precursor towards Re(CO);Cl, plus longer reaction
times at higher temperature enabled us to isolate three neural
bis-carbonyl chlorido complexes Re2 of conformation cis-
[Re(k’P,N,P-PNP)(CO),Cl]. Using a slightly modified ligand,
Richeson and coworkers also observed, that the utilization
Re(CO);Cl instead of Re(CO)sBr facilitated the formation of
cis-[Re(’ P, N, P-)(CO),Cl]. A comparison between complexes
Re2 and its manganese bromo-analogues Mnl1 reveals a shift
of the two CO bands vco in the IR at 1928-1900 cm™ and
1848-1804 cm’'. NMR shifts *'P{'H} NMR and “C{'H}
NMR are located clearly high field at 184-52 ppm or 208.9-
203.6 ppm and 199.2-195.3 ppm respectively.

Synthesis of PNP Formiato Complexes cis-[M(i’P,N,P-
PNP)(CO),0CHO] (M = Re, Mn)

The stated formiato complexes Mn8 and Re8 are prepared
from their relative hydrido complexes cis-[M(ic’P,N,P-
PNP)(CO),H]. Documeneted standard procedures, using
Na[Et;BH] (IM in THF) in toluene led to five cis-dicarbonyl
hydrido complexes Mn8 and Re8. The expected ligand ex-
change was only accomplished with ligands 1a-c. None of the
tris-carbonyls Mn3, Re3 did form a hydride at all. Attempts to
obtain or even detect a hydrido-complex, exhibiting phosphito
ligand 1d were without success. Also the chloride-mangnese
dicarbonyl Mn2d, which was synthesized for comparison,
undertook no change upon addition of hydride reagent. The
acidity of the NH group of Mn2e is prone to deprotonation.
This may be explained by the electron withdrawing manner of
Ph-groups as a decent n-acceptor at the phosphorus site.

Scheme 7. 31P{'H} NMR spectrum of Mnle after addition of a
solution of Na|Et;BH|
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Two sets of broad multiplets at 111.3 and 105.6 ppm, as well
as free ligand le were monitored via 31P{IH} NMR in C¢Dy
after addition of a 1M solution of Na[Et;BH]. A characteristic
feature of the 'H NMR spectra of Mn8 and Re8 is the high-
field shift of the proton attached to the metal center, giving
rise to triplets at -2.56 to -3.84 ppm for rhenium and -4.27 to -
6.27 ppm for manganese. The signals in *'P{'"H} NMR are
shifted low field, relative to the starting material. *'P{'H}
resonances of Mn8 ranges from 185.5 to 110.8 ppm, and
103.5 to 56.1 for Re8. The two resonances in "C{'H} NMR
are also shifted low field, while the two v bands are centered
at lower wavelengths. Detailed characterization and interpreta-
tion was recently published. Insertion of one gaseous CO,

Scheme 8. Synthesis of manganese and rhenium hydrido com-

plexes Mn8 and Re8.
X H X
Y—|-PR Y—]|-PR Y—I|-PR,
y < L\ 2 Na[Et;BH] - < | N Na[Et;BH] / < ~ o
— l 2h, toluene = /l 2h, toluene 4 \
Y—FPR; Y—FPR; Y—PR,
co co co

Mn8a R~ Pr Y- NH
Mn8b R iPr Y- NMe
Mnsc R~ Pr Y- CH,
ReSa R-iPr Y-NH
R-iPr Y-CH,

Mnla R~=iPr Y-NH X~ Br
Mnib R =iPr Y =NMe X =Br
Mnlc R-Pr Y-CH, X~ Br
Re2a R=iPr Y=NH X=Cl
Re2c R=iPr Y=CH, X=Cl Re8c

Mnld R=iPr Y=0O X=Br
Mnle R=Ph Y-NH X-Br
Mn2d R=iPr Y=0 X=CI
Re2d R=iPr Y=0 X=Cl

molecule into the metal-hydrogen bond is achieved in solution
under very mild conditions (rt, 1 atm CO,). Pale-yellow com-
plexes Mn9a,c and Re9a,c are readily obtained in quantitative
yields via this procedure. Complex Mn9b, as the steric most
hindered hydrido-complex, is supposingly inhibited from a
kinetic point of view. Still, Mn9b could be isolated with an
alternative protocol, by addition of formic acid to a solution of
Mn8b in C¢Hg. A common feature for all characterized



Scheme 9. Synthesis of manganese and rhenium formiato
complexes Mn9 and Re 9.

|
CH
H o €O, 1atm e
Y—I|-PR; €O 1 atm Y—l-\F‘R; -—— N —]-\\F‘Rz
@&y I—co - Z  Sn—N—co Z  SN—wM—co
4 l 2h, THF — Vi HyCO, Vi
Y—PR, Y—FPR; - MeN—PR;
co co 15 min, THF co
Mn8a R=iPr Y=NH Mn9a R=iPr Y=NH H, Mn8b R = iPr

Mn9b R =iPr Y =NMe
Mn9c R=:Pr Y=CH,
Rea R=iPr Y=NH
ReSc R=iPr Y=CH,

Mn8c R=:Pr Y=CH,
ReSa R=iPr Y=NH
Re8¢ R=iPr Y=CH,

formiato complexes 9 is a particularly low field shifted O=C-
H resonance in 'H NMR, down to 9.16 ppm for Mn9c. IR
spectroscopy demonstrates cis-configuration for all complexes
it two strong vco bands of 1929-1906 cm’ and 1844-1816 cm
', Compared to "C{'H} NMR resonance of molecular CO,
(125-124 ppm), the signal is significantly shifted low field
between 169.6 and 167.7 ppm. *'C{'H} NMR resonances are
shifted high field, comparably similar to halogen complexes
Mn1-2 and Rel-2. The coordination of the formiato ligand via
the oxygen atom is evidenced by x-ray crystallography of
Mn9a.

CONCLUSION

This comparative study, the complexation of group 7 pen-
tacarbonyl-halides (Mn, Re) by a series of six different PNP
pincer ligands was investigated. Beside [M(x’P,N,P-
PNP)(CO),X] and [M(K3P,N,P-PNP)(CO)3]X, also an unusual
example of a l6-electron complex [Mn(k’P,N,P-PNPN"-
Bu)(CO),]" was isolated with steric demanding moieties.
Deprotonation provided the corresponding neutral complex
[M(’P,N,P-PNP-1Bu)(CO),]. Reaction temperature and
nature of the ligand are crucial driving forces for the structure
of the formed product. Only a fraction of the isolated com-
pounds, forms hydrido-complexes [M(x’P,N,P-PNP)(CO),H].
With the objective to activate gaseous CO,, formiate-carbonyl
complexes of the type [M(k’P,N,P-PNP)(CO),0CHO] were
obtained. With this proof of concept, all these newly reported
formiates (M = Mn, Re) [M(K3P,N,P-PNP)(CO)2OCHO] are
promising for catalytic applications, incorporating CO, as a
sustainable C1 source.

EXPERIMENTAL SECTION

General.All manipulations were performed under an inert atmos-
phere of argon by using Schlenk techniques or in an MBraun inert-gas
glovebox. The solvents were purified according to standard proce-
dures.”” The deuterated solvents were purchased from Aldrich and
dried over 4 A molecular sieves. The ligands la-1f were prepared
according to the literature. 'H, *C{'H}, and *'P{'H} NMR spectra
were recorded on Bruker AVANCE-250 and AVANCE-600 spectro-
meters. 'H and *C{'H} NMR spectra were referenced internally to
residual protio-solvent, and solvent resonances, respectively, and are
reported relative to tetramethylsilane (5 = 0 ppm). *'P{'"H} NMR
spectra were referenced externally to H3PO4 (85%) (6 = 0 ppm).

X-ray Structure Determination. X-ray diffraction data of 1,
2and3[CCDC entries 1491438-1491440] were collected at 7= 100 K
in a dry stream of nitrogen on a Bruker Kappa APEX II diffractome-
ter system using graphite-monochromatized Mo-Ka radiation (A =
0.71073 A) and fine sliced ¢- and w-scans. Data were reduced to
intensity values with SAINT and an absorption correction was applied
with the multi-scan approach implemented in SADABS.** The struc-
tures were solved by charge flipping using SUPERFLIP* and refined
against F with JANA2006.*® Non-hydrogen atoms were refined ani-
sotropically. Generally, H atoms were placed in calculated positions
and thereafter refined as riding on the parent C atoms. H atoms con-

nected to the metals were located in the difference Fourier maps and
freely refined. The hydride and one CO ligand in 3 were modelled as
occupationally disordered. The W—C and W—H distances of the posi-
tions with the lower occupancy (32.44%) were restrained to 1.640(1)
and 1.700(1) A.
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Activation of Carbon Dioxide by Hydride Mn and Re PNP Pincer Complexes. The synthesis several formiato Mn(I) and
Re(T) PNP pincer is described. Notably, most of them are formed from their relative hydrido compounds by insertion of ga-
seous CO; into the metal-hydrogen bond. This is a key process for utilization of carbon dioxide as a sustaining C1 building
block. Throughout, the synthetic pathway, starting from M(CO)sX (M = Mn, Re; X = Cl, Br) and a variety of six different
PNP pincer ligands is investigated. Thereby, a rare example of a cationic 16 electron manganese complex [Mn(PNP)(CO),]"
and its deprotonated analogue was found. The structure of all isolated products is highly depending on sterics and bi-
functionality of the ligands. With our findings we believe to deliver an advanced understanding of Group 7 PNP pincer che-
mistry
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General experimental information. All manipulations were performed under an inert atmosphere of
argon by using Schlenk techniques or in a MBraun inert-gas glovebox. Hydrogen (99.999% purity)
was purchased from Messer Austria and used as received. The solvents were purified according to
standard procedures.1 The deuterated solvents were purchased from Aldrich and dried over 4 A
molecular sieves. All aldehyde substrates were obtained from commercial sources and purified by
distillation prior to use. PNP pincer ligands 1a-f were synthesized according to literature known
procedures.” Complexes cis-[Mn(PNP""-jPr)(CO),H] Mn8a, cis-[Mn(PNP“*-iPr)(CO),H] Mn8b,® cis-
cis-[Mn(PNP®"%-iPr)(CO),H] Mn8c, cis-[Re(PNP""-iPr)(CO),H] Re8a, cis-[Re(PNP"2-iPr)(CO),H]
Re8c,” were prepared according to the literature.” 'H, *C{'H}, °F{"H}, and *'"P{"H} NMR spectra were
recorded on Bruker AVANCE-250, 400, and AVANCE-600 spectrometers. 'H and "*C{'"H} NMR
spectra were referenced internally to residual protio-solvent, and solvent resonances, respectively,
and are reported relative to tetramethylsilane (& = 0 ppm). 31P{1H} NMR spectra were referenced
externally to HzPO, (85%) (& = O).19F{1H} NMR spectra referenced externally to trifluoro
toluene(0.05%) (& = 0 ppm).

Synthesis

cis-[Mn(PNP"-iPr)(C0),Br] (Mn1b). PNP"°.jPr 1b (185 mg, 0.50 mmol) and Mn(CO)sBr
(137 mg, 0.50 mmol) are stirred in a closed vessel at 120°C in dioxane (15 ml) for 18 h. The
suspension is evaporated to dryness and the solid washed with n-pentane (20 ml). The yellow powder
is dried under reduced pressure. Crystals suitable for x-ray diffraction were grown by slow diffusion of
n-pentane into a solution of acetone. Yield: 250 mg (89 %). Anal. Calcd. for C,1H3;BrMnN;O,P,
(560.33). C, 45.01; H, 6.66; N, 7.50. Found: C, 45.00; H, 6.66; N, 7.47. '"H NMR (600 MHz, 5, acetone-
ds, 20 °C) 7.57 (t, Juy = 8.0 Hz, 1H, py*), 6.28 (d, Juy = 8.1 Hz, 2H, py>®), 3.23 (s, 6H, NCHs), 3.09 (dt,
J=14.0, 7.2 Hz, 2H, CH), 2.98 (dt, J = 13.2, 6.8 Hz, 2H, CH), 1.65 (dd, J = 14.9, 7.1 Hz, 6H, CH;),
1.54 (dd, J = 14.7, 7.3 Hz, 6H, CH,), 1.49 (dd, J = 16.9, 7.1 Hz, 6H, CH;), 1.22 (dd, J = 13.3, 7.0 Hz,
6H, CHs). "*C{"H} NMR (151 MHz, &, acetone-dg, 20 °C) 229.6 (m, CO), 222.9 (m, CO), 162.7 (vt, Jp
=10.4 Hz, py*®), 139.3 (s, py"), 97.6 (vt, Jcp = 3.1 Hz, py*®), 35.3 (vt, Jop = 2.6 Hz, NCH3), 33.7 (\t,
Jep = 8.9 Hz, CH), 30.2 (vt, Jcp = 11.1 Hz, CH), 21.9 (s, CH3), 19.5 (s, CH3), 17.9 (s, CH3), 17.7 (vt, Jcp
= 5.4 Hz, CHs). *'"P{"H} NMR (101 MHz, 5, acetone-ds, 20 °C) 155.6 (s, 2P). IR (ATR, cm™): 1929
(Veo), 1853 (vco).

cis-[Mn(PNP""-Ph)(C0),Br] (Mn1e). PNP"-Ph 1e (191 mg, 0.50 mmol) and Mn(CO)sBr (137
mg, 0.50 mmol) are stirred in dioxane (10 ml) for 2 h at 80°C. The yellow solution is evaporated to
dryness and the solid washed 3 times with n-pentane (15 ml). The yellow powder is finally dried under
reduced pressure. Crystals suitable for x-ray diffraction were grown by slow diffusion of n-pentane into
a solution of acetone. Yield: 317 mg (95 %). Anal. Calcd. for C3;H,5sBrMnN3;O,P, (668.34). C, 55.71; H,
3.77; N, 6.29. Found: C, 55.73; H, 3.80; N, 6.25. '"H NMR (250 MHz, 5, acetone-ds, 20 °C) 9.52 (m,
2H, NH), 7.84 (m, 4H, ph?®), 7.57 (m, 4H, ph*®), 7.42 (m, 13H, ph**®, py*), 6.56 (d, Juy = 7.8 Hz, 2H,
py*?). *C{'"H} NMR (151 MHz, &, acetone-ds, 20 °C) 230.0 (m, CO), 223.5 (m, CO), 160.5 (vt, Jcp =
10.8 Hz, py*®), 140.5 (vt, Jcp = 22.8 Hz, ph'), 139.1 (s, py*), 136.6 (vt, Jop = 22.5 Hz, ph'), 132.9 (v,
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Jep = 5.9 Hz, ph*®), 130.58 (s, ph), 129.7 (vt, Jop = 6.0 Hz, ph*®), 129.6 (s, ph), 129.4 (s, ph), 128.2
(vt, Jop = 4.6 Hz, ph®®), 128.1 (s, ph), 127.6 (vt, Jop = 5.0 Hz, ph®°), 99.2 (vt, Jop =3.6 Hz, ph*°).
*'P{"H} NMR (101 MHz, &, acetone-ds, 20 °C) 115.2 (s, 2P). IR (ATR, cm™): 1922 (veo), 1841 (vco).

CiS-[Mn(PNPo-iPI’)(CO)2C|] (Mn2d). PNP°-jPr 1d (137 mg, 0.40 mmol) and Mn(CO)sBr (110
mg, 0.40 mmol) are stirred in dioxane (10 ml) for 2 h at 80°C. The yellow solution is evaporated to
dryness and the solid washed 3 times with n-pentane (15 ml). The yellow powder is finally dried under
reduced pressure. Crystals suitable for x-ray diffraction were grown by slow evaporation of a saturated
solution (CH.Cl,/n-pentane) in argon atmosphere. Yield: 197 mg (92 %). Anal. Calcd. for
C1sH3:BrMnNO,P, (489.79). C, 46.59; H, 6.38; N, 2.86. Found: C, 46.55; H, 6.36; N, 2.88. 'H NMR
(250 MHz, 8, acetone-ds, 20 °C) 7.84 (t, Juy = 8.1 Hz, 1H, py*), 6.86 (d, Juy = 8.1 Hz, 2H, py*®), 3.61
(m, 2H, CH), 3.03 (m, 4H, CH), 1.56-1.20 (m, 24H, CH,). *C{'"H} NMR (151 MHz, &, acetone-dg, 20
°C) 228.6 (m, CO), 224.3 (m, CO), 163.5 (vt, Jop = 5.6 Hz, py*®), 142.9 (s, py*), 108.8 (s, py™>°), 27.3
(vt, Jep = 7.4 Hz, CH), 17.0 (vt, Jcp = 3.6 Hz, CH3), 16.9 (vt, Jop = 4.1 Hz, CH3), 16.5 (s, CH3), 15.5 (s,
CH;). *'P{"H} NMR (101 MHz, 3, acetone-dg, 20 °C) 232.2 (s, 2P). IR (ATR, cm™): 1943 (vco), 1875
(Veo)-

cis-[Re(PNP°-iPr)(CO)2CI] (Re2d). PNP°-iPr 1d 136 mg (0.4 mmol) and Re(CO)sCI (144 mg,
0.4 mmol) are stirred in a closed vessel at 120°C in dioxane (15 ml) for 18 h. The suspension is
evaporated to dryness and the solid washed with Et;,O (10 ml) and n-pentane (20 ml). Crystals
suitable for x-ray diffraction were grown by slow diffusion of n-pentane in acetone. Yield: 228 mg (92
%). Anal. Calcd. for C49H31CINO,P,Re (621.06). C, 36.74; H, 5.03; N, 2.26. Found: C, 36.84; H, 5.08;
N, 2.23. "H NMR (600 MHz, 3, acetone-dg, 20 °C) 7.76 (t, Juy = 8.1 Hz, 1H, py*), 6.80 (d, Juy = 8.1 Hz,
2H, py*°), 3.59 (m, 2H, CH), 2.89 (m, 2H, CH), 1.29 (dd, J = 12.9, 7.0 Hz, 6H, CH;), 1.23 (m, 12H,
CHs), 1.09 (dd, J = 15.1, 7.2 Hz, 6H, CHs). "*C{'"H} NMR (151 MHz, 5, acetone-dg, 20 °C) 203.6 (m,
CO), 193.9 (m, CO), 163.2 (vt, Jop = 3.7THz, py*®), 143.4 (s, py*), 102.8 (vt, Jcp = 1.9 Hz, py*®), 27.9
(vt, Jep = 12.0 Hz, CH), 17.6 (vt, Jcp = 5.3 Hz, CH), 17.1 (vt, Jcp = 4.6 Hz, CH3), 16.7 (s, CH3), 15.0 (s,
CH;). *'P{"H} NMR (101 MHz, &, aceetone-ds, 20 °C) 184.7 (2P). IR (ATR, cm™): 1928 (vco), 1848

(Vco)

[Mn(PNP""-iPr)(CO);]Br (Mn3b). PNP""-iPr 1b (185 mg, 0.50 mmol) and Mn(CO)sBr (137
mg, 0.50 mmol) are stirred at 80°C in dioxane (15 ml) for 2 h. The suspension is evaporated to
dryness and the solid washed with n-pentane (20 ml). The pale powder is dried under reduced
pressure. Crystals suitable for x-ray diffraction were grown by slow diffusion of n-pentane into a
solution of acetone. Yield: 285 mg (97 %). Anal. Calcd. for Cy;Hs;BrMnN3;O3P, (588.34). C, 44.91; H,
6.34; N, 7.14. Found: C, 44.94; H, 6.34; N, 7.15. "H NMR (600 MHz, 8, dmso-dg, 20 °C) 7.80 (t, Ju =
8.0 Hz, 1H, py*), 6.47 (d, Ju = 8.1 Hz, 2H, py>®), 3.36 (m, 4H, CH), 3.17 (s, 6H, NCH>), 1.39 (dd, J =
17.8, 6.5 Hz, 6H, CHs), 1.19 (dd, J = 14.3, 6.8 Hz, 6H, CH;). °C{'"H} NMR (151 MHz, 5,cdmso-dg, 20
°C) 220.3 (m, CO), 215.4 (m, CO), 162.1 (vt, Jop = 8.3 Hz, py*®), 142.3 (s, py*), 100.0 (s, py*®), 35.2
(s, NCH3), 32.5 (vt, Jop = 12.0 Hz, CH), 18.8 (s, CH3), 18.6 (Vt, Jop = 5.4 Hz, CH3). *'P{"H} NMR (101
MHz, 8, acetone-ds, 20 °C) 156.5 (s, broad, 2P). IR (ATR, cm™): 2034 (vco), 1929 (Vco).
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[Mn(PNP®"2.jPr)(CO);]Br. (Mn3c) PNP"2iPr (172 mg, 0.50 mmol) and Mn(CO)sBr (137 mg,
0.50 mmol) are stirred at 80°C in dioxane (15 ml) for 2 h. The suspension is evaporated to dryness
and the solid washed with Et;,O (15 ml) and n-pentane (15 ml). The colorless powder is dried under
reduced pressure. Crystals suitable for x-ray diffraction were grown by a solution of CH,CI, with n-
pentane. Yield: 265 mg (95 %). Anal. Calcd. for CyH3sBrMnNO3P, (558.31). C, 47.33; H, 6.32; N,
2.51. Found: C, 47.32; H, 6.32; N, 2.46. "H NMR of [Mn(PNP“"*-iPr)(CO);]OTf (250 MHz, 5, acetone-
ds, 20 °C) 7.94 (t, Juy = 7.5 Hz, 1H, py*), 7.68 (d, Juy = 7.4 Hz, 2H, py>®), 4.11 (d, Juy = 8.5 Hz, 2H,
CH,), 3.73 (d, Ju = 8.9 Hz, 2H, CH,), 2.82 (dt, J = 14.5, 7.3 Hz, 2H, CH), 2.32 (m, 2H, CH), 1.45-1,21
(m, 24H, CH;). *C{'"H} NMR (151 MHz, 8, dmso-dg, 20 °C) 216.9 (m, CO), 207.4 (m, CO), 163.3 (m,
py>°), 140.0 (s, py*), 122.6 (m, py*®), 51.9 (s, CH,), 27.4 (vt, Jop = 11.4 Hz, CH), 18.7 (d, Jcp = 20.1
Hz, CH), 7.6 (s, CHs). *'"P{"H} NMR (101 MHz, &, dmso-ds, 20 °C) 88.3(s, 2P). IR (ATR, cm™): 2028
(Veo), 1937 (Vo) , 1916 (Vo).

[Re(PNP""-iPr)(CO);]Br (Re3a). PNP-iPr 1a (206 mg, 0.6 mmol) and Re(CO)sBr (244 mg, 0.6
mmol) are stirred in dioxane (10 ml) for 2 h at 80°C. The suspension is evaporated to dryness and the
solid washed 3 times with n-pentane (15 ml). The colourless powder is finally dried under reduced
pressure. Yield: 394 mg (95%). Anal. Calcd. for CyH33BrN;O3;P-,Re (691.55). C, 34.74; H, 4.81; N,
6.08. Found: C, 34.80; H, 4.83; N, 6.09. "H NMR (250 MHz, 8, dmso-ds, 20 °C) 9.21 (m, 2H, NH), 7.54
(t, Juy = 8.0 Hz, 1H, py*), 6.46 (d, Juy = 8.1 Hz, 2H, py>®), 2.68 (m, 4H, CH), 1.35 (dd, J = 17.2, 6.9 Hz,
12H, CHs), 1.21 (dd, J = 17.6 Hz, 7.3 Hz, 12H, CHs). "*C{"H} NMR (63 MHz, 5, dmso-dg, 20 °C) 196.0
(m, CO), 191.0 (vt, Jop = 9.2 Hz, CO), 162.3 (vt, Jop = 6.0 Hz, py*®), 141.8 (s, py*), 99.4 (s, py>°), 31.4
(vt, Jop = 15.9 Hz, CH), 18.9 (s, CH3). *'P{"H} NMR (101 MHz, 8, dmso-dg, 20 °C) 93.8 (2P). IR (ATR,
cm™): 2045 (veo), 1926 (Vco).

[Re(PNP"°.iPr)(CO);]Br (Re3b). PNP™°.iPr 1b (222 mg, 0.60 mmol) and Re(CO)sBr (244
mg, 0.60 mmol) are stirred in dioxane (10 ml) for 2 h at 80°C. The pale suspension is evaporated to
dryness and the solid washed 3 times with n-pentante (15 ml). The off white powder is finally dried
under reduced pressure Crystals suitable for x-ray diffraction were grown by slow diffusion of n-
pentane in acetone. Yield: 405 mg (94 %). Anal. Calcd. for C,,H3,BrN;O3P,Re (719.61). C, 36.72; H,
5.18; N, 5.84. Found: C, 36.72; H, 5.18; N, 5.82. "H NMR (600 MHz, &, acetone-dg, 20 °C) 7.90 (t, Juy
= 8.3 Hz, 1H, py*), 6.65 (d, Juy = 8.3 Hz, 2H, py>°), 3.39 (m, 6H, NCHs), 2.94 (m, 4H, CH), 1.46 (dd, J
= 19.8 Hz, 6.9 Hz, 12H, CH;), 1.22 (dd, J = 19.8 Hz, 6.9 Hz, 12H, CH;). *C{"H} NMR (151 MHz, 5,
acetone-ds, 20 °C) 194.6 (m, CO), 190.8 (t, Jcp = 9.3 Hz, CO), 163.1 (vt, Jcp = 7.2 Hz, py*®), 142.0 (s,
py*), 100.2 (vt, Jop = 2.6 Hz, py>®), 35.4 (s, NCH5), 32.25 (vt, Jep = 15.2 Hz, CH), 19.2 (vt, Jop = 4.6
Hz, CHs), 17.9 (s, CHs). *'P{"H} NMR (101 MHz, &, acetone-ds, 20 °C) 120.9 (s, 2P). IR (ATR, cm™):
2045 (vco), 1925 (Veo).

[Re(PNP""-tBu)(CO);]Br Re3f. PNPN"-tBu 1f (199 mg, 0.50 mmol) and Re(CO)sBr (203 mg,
0.50 mmol) are stirred in dioxane (10 ml) for 2 h at 80°C. The pale suspension is evaporated to
dryness and the solid washed 3 times with n-pentane (15 ml) and Et,O (15 ml). The colourless powder
is finally dried under reduced pressure . Crystals suitable for x-ray diffraction were grown by slow
diffusion of n-pentane in acetone. Yield: 360 mg (96 %). Anal. Calcd. for Co4H41BrN;O3;P,Re (747.66).
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C, 38.55; H, 5.53; N, 5.62. Found: C, 38.52.41; H, 5.50; N, 5.63. "H NMR (250 MHz, &, dmso-dg, 20
°C) 9.04 (m, 2H, NH), 7.58 (t, Juy = 7.9 Hz, 1H, py*), 6.63 (d, Juy = 7.9 Hz, 2H, py*>°), 1.42 (m, 36H,
CHs). *C{"H} NMR (151 MHz, 8, dmso-dg, 20 °C) 197.2 (s, CO), 196.6 (t, Jop = 8.5 Hz, CO), 162.8 (s,
py*®), 142.4 (s, py"), 100.1 (s, py>®), 42.0 (vt, Jep = 10.9 Hz, C;), 29.6 (vt, Jcp = 2.4 Hz, CHa). *'P{'H}
NMR (101 MHz, 8, dmso-ds, 20 °C) 116.0 (s, 2P). IR (ATR, cm™): 2034 (vco), 1925 (Vco), 1910 (Veo).

[Re(PNP""-Ph)(CO);]Br Re3e. PNP-Ph 1e (287 mg, 0.6 mmol) and Re(CO)sBr (244 mg, 0.6
mmol) are stirred in dioxane (10 ml) for 2 h at 80°C. The suspension is evaporated to dryness and the
solid washed 3 times with Et,O (20 ml). The colourless powder is finally dried under reduced pressure.
Crystals suitable for x-ray diffraction were grown from a solution in EtOH by slow diffusion of n-
pentane. Yield: 468 mg (94%). Anal. Calcd. for C3,H,5BrN;O3P,Re (827.62). C, 46.44; H, 3.04; N,
5.08. Found: C, 46.53; H, 3.10; N, 5.02. '"H NMR (600 MHz, 8, dmso-ds, 20 °C) 10.71 (m, 2H, NH),
7.82-7.71 (m, 8H, ph>®), 7.63-7.57 (m, 13H, py*, ph>®), 6.89 (d, Juy = 8.1 Hz, py>®). *C{'"H} NMR (151
MHz, 8, dmso-dg, 20 °C) 195.5 (s, CO), 188.3 (vt, Jop = 8.8 Hz, CO), 161.5 (vt, Jop = 7.6 Hz, py*®),
142.4 (s, py"), 136.2 (vt, JCP = 30.0 Hz, Cq), 132.3 (s, ph*), 130.7 (vt, Jgp = 7.0 Hz, ph®®), 129.7 (v,
Jop = 5.4 Hz, ph®°), 100.1 (s, py>°), 42.0 (W, Jop = 10.9 Hz, C,), 29.6 (Vt, Jcp = 2.4 Hz, CHa). *'P{H}
NMR (101 MHz, 5, dmso-dg, 20 °C) 65.4 (2P). IR (ATR, cm™): 2068 (vco), 1966 (Vco), 1917 (Veo).

[Re(PNP®"2.iPr)(C0O);]CI (Re3c). PNP%-iPr 1¢ (136 mg, 0.4 mmol) and Re(CO)sCl (144 mg,
0.4 mmol) are stirred in dioxane (10 ml) for 2 h at 80°C. The suspension is evaporated to dryness and
the solid washed 3 times with n-pentane (15 ml). The colourless powder is finally dried under reduced
pressure. Crystals suitable for x-ray diffraction were grown by slow diffusion of n-pentane in CH,Cl,.
Yield: 251 mg (97%). Anal. Calcd. for Cy,H3sCINOsP,Re (645.13). C, 40.96; H, 5.47; Cl, 5.50; N, 2.17.
Found: C, 40.98; H, 5.47; N, 2.16. "H NMR (600 MHz, &, dmso-dg, 20 °C) 8.02 (t, Juy = 7.7 Hz, 1H,
py"), 7.66 (d, Juy = 7.8 Hz, 2H, py*®), 4.26 (m, 4H, CH,), 2.60 (m, 4H, CH), 1.24 (dd, J = 16.2, 7.0 Hz,
12H, CH,), 1.12 (dd, J = 16.4 Hz, 7.2 Hz, 12H, CH,). *C{’"H} NMR (151 MHz, &, dmso-ds, 20 °C)
198.2 (m, CO), 193.8 (vt, Jcp = 8.3 Hz, CO), 165.0 (vt, Jop = 3.0 Hz, py*®), 140.6 (s, py?), 122.3 (vt, Jcp
= 4.6 Hz, py>®), 42.1 (Vt, Jep = 13.9 Hz, CH,), 27.7 (vt, Jop = 14.3 Hz, CH3), 18.9 (Vt, Jop = 13.3 Hz,
CHs). *'P{"H} NMR (101 MHz, 3, dmso-dg, 20 °C) 48.6 (2P). IR (ATR, cm™): 2041 (vco), 1936 (Vco),
1916 (Vco).

[Mn(PNPNH-tBu)(CO)z]Br Mn4f. PNP-tBu 1f (200 mg, 0.50 mmol) and Mn(CQO)sBr (137 mg,
0.50 mmol) are stirred in dioxane (15 ml) at 80°C for 4 h. The insoluble precipitate is isolated via
filtration by a glass frit (por. 3) The solid is washed 2 times with THF (15 ml) and n-pentane (15 ml)
and finally dried under reduced pressure zu obtain a violet powder. Crystals suitable for x-ray
diffraction were grown by slow diffusion of Et,O into a solution of acetone/DMSO (3:1). Yield: 280 mg
(95 %). Anal. Calcd. for C,3H,41BrMnN3;O,P, (588.38). C, 46.95; H, 7.02; N, 7.14. Found: C, 46.99; H,
6.99; N, 7.13. "H NMR (250 MHz, 8, dmso-ds, 20 °C) 9.14 (m, 2H, NH), 7.74 (m, 1H, py*), 6.63 (d, Jux
= 8.9 Hz, 2H, py*°), 1.36 (m, 36H, CH;). *C{'"H} NMR (151 MHz, &, dmso-dg, 20 °C) 235.6 (vt, Jop =
17.8 Hz, CO), 165.6 (Vt, Jop = 8.6 Hz, py*®), 144.6 (s, py*), 99.6 (m, py>®), 28.4 (m, , CHs), 26.7 (m,
Cy)- ¥'P{"H} NMR (101 MHz, 5, dmso-ds, 20 °C) 147.6 (s, 2P). IR (ATR, cm™): 1936 (Vco), 1865 (Vco),
1856 (Vco)-
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[Mn(PNP""-tBu)(C0),]BF, 5f. PNP-tBu 1f (200 mg, 0.50 mmol) and Mn(CO)sBr (137 mg,
0.50 mmol) are stirred in dioxane (15 ml) at 80°C for 4 h. The dark solid is filtered with a glass frit (por.
3), washed with Et;O (15 ml) and dried under reduced pressure. The violet powder is stirred with
AgBF, (98 mg, 0.5 mmol) in acetone (10 ml) for 1 h. The insoluble precipitate are removed by filtration
over celite and the solution is evaporated to dryness. The solid is washed with Et,O (15 ml) and n-
pentane (15 ml) and finally dried under reduced pressure zu obtain a soluble violet powder. Crystals
suitable for x-ray diffraction were grown by slow diffusion of n-pentane into a solution of acetone/EtOH
(1:1). Yield: 245 mg (82 %). Anal. Calcd. for C,3H41BF;MNnN3;O,P, (595.28). C, 46.41; H, 6.94; N, 7.06.
Found: C, 46.44; H, 6.95; N, 7.05. "H NMR (250 MHz, 3, acetone-dg, 20 °C) 8.49 (m, 2H, NH), 7.76 (t,
1H, Jun = 8.0 Hz, py*), 6.80 (d, Juy = 8.0 Hz, 2H, py*®), 1.36 (m, 36H, CH,). *C{'H} NMR (151 MHz, 3,
acetone-ds, 20 °C) 234.9 (vt, Jop = 17.2 Hz, CO), 165.2 (vt, Jop = 8.3 Hz, py*®), 144.4 (s, py"), 99.8 (vt,
Jop = 3.2 Hz, py*®), 39.7 (vt, Jop = 8.6 Hz, Cy), 27.7 (Vt, Jp = 2.0 Hz, CH3). *'P{"H} NMR (101 MHz, 5,
acetone-dg, 20 °C) 148.6 (s, 2P). IR (ATR, cm™): 1936 (veo), 1865 (Vco), 1856 (Vco).

[Mn(PNPN-tBu)(CO)Z] Mn6f. To a suspension of 5f [Mn(PNPNH-tBu)(CO)z]Br (118 mg, 0.20
mmol) in THF (15 ml), NaH (11 mg, 0.46 mmol) are added. The suspension turns deep blue after 10
min and is stirred for 2h. Insoluble solids are removed by filtration over celite. The solvent is then
removed under reduced pressure. The crude product is redissolved in n-pentane (20 ml), filtered over
celite and evaporated to dryness zu obtain a blue powder. Yield: 96 mg (95 %). Anal. Calcd. for
C23HoMNnN3O,P, (507.20). C, 54.44; H, 7.94; N, 8.28. Found: C, 54.45; H, 7.99; N, 8.22. "H NMR (250
MHz, 5, C¢Dg, 20 °C) 6.91 (t, Juy = 7.4 Hz, 1H, py*), 6.79 (d, Juy = 8.4 Hz, 1H, py?), 5.13 (d, Juy = 6.9
Hz, 1H, py°), 4.27 (d, Juy = 6.7 Hz, 1H, NH), 1.36 (d, Jup = 13.0 Hz, 18H, CHs), 0.94 (d, Jup = 13.7 Hz,
18H, CHs). "*C{'H} NMR (151 MHz, 8, C¢Ds, 20 °C) 238.2 (vt, Jop = 16.2 Hz, CO), 174.6 (vdd, Jop =
8.4, 2.8 Hz, py?), 162.0 (vdd, Jop = 12.7, 8.7 Hz, py°), 139.6 (s, py’), 108.6 (vd, Jep = 20.9 Hz, py?),
85.7 (vd, Jop = 7.1 Hz, py°), 118.1 (s, py>°), 39.4 (d, Jop = 23.7 Hz, Cq), 38.2 (d, Jcp = 15.7 Hz, Cq),
28.5 (d, Jep = 3.7 Hz, CH3), 27.9 (d, Jop = 5.5 Hz, CH3). *'P{"H} NMR (101 MHz, 5, C¢Ds, 20 °C) 145.7
(A), 142.2 (B) (AB, Jpp = 84.5 Hz, 2P). IR (ATR, cm™): 1913 (voo), 1838 (Veo).

[Mn(PNP""-iPr)(C0O);]OTf Mn7a. PNP""-iPr 1a (170 mg, 0.50 mmol), Mn(CO)sBr (137 mg,
0.50 mmol) and AgOTf (129 mg, 0.5 mmol) are stirred at 80°C in dioxane (15 ml) for 4 h. The
suspension is evaporated to dryness and the solid washed with Et,O (15 ml) and n-pentane (15 ml).
The colorless powder is dried under reduced pressure. Crystals suitable for x-ray diffraction were
grown by slow diffusion of n-pentane into a solution of acetone. Yield: 250 mg (89 %). Anal. Calcd. for
C,1H33FsMnN3;OgP,S (629.45). C, 40.07; H, 5.28; N, 6.68. Found: C, 40.12; H, 5.31; N, 6.66. H NMR
(400 MHz, 3, acetone-dg, 20 °C) 8.28 (m, 2H, NH), 7.50 (t, Jiy = 8.0 Hz, 1H, py*), 6.55 (d, Juy = 8.0
Hz, 2H, py3'5), 2.93 (m, 4H, CH), 1.53 (dd, J = 16.3, 7.0 Hz, 12H, CH;), 1.43 (dd, J = 17.1, 7.3 Hz,
12H, CHs). "*C{"H} NMR (151 MHz, 8, acetone-ds, 20 °C) 221.0 (m, CO), 215.4 (m, CO), 161.0 (vt, Jp
= 7.4 Hz, py*®), 141.0 (s, py*), 99.8 (vt, Jcpr = 3.3 Hz, py*°), 30.9 (m, CH), 17.59 (s, CH,), 17.58 (s,
CHs). *'P{"H} NMR (101 MHz, &, acetone-dg, 20 °C) 133.4 (s, 2P). IR (ATR, cm™): 2043 (vco), 1941
(Veo) , 1927 (vco).
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cis-[Mn(PNPNH-iPr)(CO)ZOCHO] Mn9a. This compound was already published in an earlier
manuscript. For convenience of the reader, the procedure and spectroscopic dataset is repeated here.
Mn8a cis-[Mn(PNPNH-iPr)(CO)ZH] (225 mg, 0.5 mmol) was dissolved in CH,CIl, and the solution
purged with CO, (1 atm) for 1 min. An off white suspension is formed and after 15 min the solid was
collected in a glass frit and dried under reduced pressure. Yield: 255 mg (99%). Anal. Calcd. for
CaoH3sMnN;OsP; (515.40). C, 46.61; H, 7.04; N, 8.15. Found: C, 46.70; H, 7.10; N, 8.02. "H NMR (250
MHz, 5, CsDe, 20 °C) 8.21 (s, 1H, HCOO), 8.19 (b, 2H, NH), 7.33 (t, Juy = 7.8 Hz, 1H, py*), 6.28 (d,
Juw = 7.8 Hz, 2H, py*®), 2.51 (m, 2H, CH), 2.23 (m, 2H, CH), 1.41-0.96 (m, 24H, CH;). *P{'"H} NMR
(101 MHz, 5, DMSO-ds, 20 °C) 136.7 (s). IR (ATR, cm™): 1923 (veo), 1842 (Vco), 1593 (Vo). "C{'H}
NMR (151 MHz, &, acetone-ds, 20 °C) 230.3 (m, CO), 225.6 (m, CO), 168.3 (s, COOH), 162.0 (vt, Jcp
= 4.7 Hz, py*®), 139.6 (s, py*), 97.9 (s, py>°), 26.7 (vt, Jop = 12.6 Hz, CH), 26.3 (Vt, Jop = 8.1 Hz, CH),
19.4 (vt, Jep = 3.2 Hz, CH3), 18.8 (s, CHj3), 18.6 (m, CH3), 17.1 (s, CHa).

cis-[Mn(PNP""*-iPr)(C0O), OCHO] Mn9b. A solution of Mn8b Mn(PNP""°-jPr)(CO),H (96 mg,
0.2 mmol) and formic acid (30 mg, 0.44 mmol) is stirred in benzene (5 ml) for 10 min. The solvent is
reduced under reduced pressure and the solid washed with n-pentane (2 x 5 ml). The powder is finally
dried under reduced pressure zu obtain a pale yellow powder. Yield: 105 mg (quantitative). Anal.
Calcd. for CoHagMnN3;O4P; (525.44). C, 50.29; H, 7.29; N, 8.00. Found: C, 50.35; H, 7.35; N, 7.94. 'H
NMR (250 MHz, 5, acetone-ds, 20 °C) 8.19 (s, 2H, HCOO), 7.78 (m, 2H, NH), 7.36 (t, Juy = 8.0Hz, 1H,
py"), 6.43 (dd, Juy = 8.0 Hz, 1.7 2H, py*°), 2.68 (m, 2H, CH), 2.46 (m, 2H, CH), 1.41 (dd, Juy = 17.7
Hz, 7.0 Hz, 6H, CH;), 1.34 (dd, Juy = 13.3 Hz, 7.0 Hz, 6H, CH;), 1.41 (m 12H, CHs). *C{"H} NMR (151
MHz, 5, acetone-ds, 20 °C) 228.7 (m, CO), 224.4 (m, CO), 169.6 (s, COOH), 163.0 (m, py>®), 139.9 (s,
py"), 97.6 (s, py>°), 24.6 (s, NCH3), 30.9 (vt, Jop = 6.0 Hz, CH), 30.1 (vt, Jop = 11.5 Hz, CH), 19.0 (m,
CH), 18.3 (m, CHj3), 18.2 (m, CHs), 18.0 (m, CHs). *'P{"H} NMR (101 MHz, 5, acetone-ds, 20 °C) 157.8
(s, 2P). IR (ATR, cm™): 1929 (vco), 1844 (Vco), 1573 (Vooor)-

cis-[Mn(PNP®*2-jPr)(C0),0CHO] Mn9c. A solution of Mn8c Mn(PNP°"%jPr)(CO),H (90 mg,
0.2 mmol) in benzene (5 ml) is stirred under CO, atmosphere (1 atm) for 2 h. The solvent is reduced
under reduced pressure and the solid washed with n-pentane (2 x 5 ml). The powder is finally dried
under reduced pressure zu obtain a pale yellow powder. Yield: 50 mg (quantitative). Anal. Calcd. for
C22H3sMnNO4P, (495.41). C, 53.34; H, 7.32; N, 2.83. Found: C, 53.35; H, 7.31; N, 2.86. "H NMR (250
MHz, 5, C¢Dg, 20 °C) 9.16 (s, 2H, HCOO), 6.76 (t, Juy = 6.7 Hz, 1H, py*), 6.46 (d, Juy = 7.3 Hz, 2H,
py>®), 3.16 (m, 2H, CH,), 2.91 (m, 2H, CH,), 1.16 (m, 18H, CH), 1.13 (dd, Juy = 12.5 Hz, 7.3 Hz, 6H,
CHs). *C{"H} NMR (151 MHz, &, C¢Ds, 20 °C) 232.3 (m, CO), 228.4 (m, CO), 169.6 (s, COOH), 163.5
(vt, Jp = 5.7 Hz, py*®), 135.9 (s, py*), 119.7 (vt, Jop = 4.3 Hz, py*>°), 38.81 (vt, Jcp = 7.1 Hz, CH,), 25.5
(vt, Jop = 10.0 Hz, CH), 24.5 (v, Jcp = 6.3 Hz, CH), 19.0 (s, CHj), 18.9 (s, CH3), 18.8 (s, CH3) 18.1 (s,
CHs). *'P{"H} NMR (101 MHz, &, CsDg, 20 °C) 91.7 (s, 2P). IR (ATR, cm™): 1912 (vco), 1825 (Vco),
1587 (Vcoo)-

cis-[Re(PNP""-iPr)(C0O),OCHO] Re%a. A solution of Re8a Re(PNP"™-iPr)(CO),H (45 mg,
0.08 mmol) in benzene (2 ml) is stirred under CO, atmosphere (1 atm) for 2 h. The solvent is reduced

under reduced pressure and the solid washed with n-pentane (2 x 5 ml). The powder is finally dried
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under reduced pressure zu obtain a pale yellow powder. Yield: 58 mg (quantitative). Anal. Calcd. for
CaoH3sReN;04P, (628.66). C, 38.21; H, 5.45; N, 6.68. Found: C, 38.25; H, 5.14; N, 6.66. "H NMR (250
MHz, 8, acetone-dg, 20 °C) 8.19 (s, 2H, HCOO), 7.78 (m, 2H, NH), 7.36 (t, Juy = 8.0Hz, 1H, py*), 6.43
(dd, Juy = 8.0 Hz, 1.7 2H, py*>®), 2.68 (m, 2H, CH), 2.46 (m, 2H, CH), 1.41 (dd, Juy = 17.7 Hz, 7.0 Hz,
6H, CHs), 1.34 (dd, Juy = 13.3 Hz, 7.0 Hz, 6H, CHj;), 1.41 (m 12H, CHs). "*C{'H} NMR (151 MHz, &,
acetone-dg, 20 °C) 206.8 (m, CO), 197.8 (m, CO), 167.7 (s, COOH), 162.4 (vt, Jcpr = 7.5 Hz, py*®),
139.5 (s, py’), 97.7 (s, py>®), 27.6 (vt, Jop = 15.4 Hz, CH), 26.8 (vt, Jop = 12.2 Hz, CH), 19.1 (vt, Jgp =
4.2 Hz, CH), 18.6 (s, CH3), 18.2 (s, CH3), 16.0 (s, CHs). *'P{"H} NMR (101 MHz, 5, acetone-dg, 20 °C)
103.5 (s, 2P). IR (ATR, cm™): 1925 (vco), 1839 (Veo), 1594 (Veoor)-

cis-[Re(PNP®"2.iPr)(C0),0CHO] Re9c. A solution of Re8c Re(PNP"-iPr)(CO),H (45 mg,
0.08 mmol) in benzene (2 ml) is stirred under CO, atmosphere (1 atm) for 2 h. The solvent is reduced
under reduced pressure and the solid washed with n-pentane (2 x 5 ml). The powder is finally dried
under reduced pressure zu obtain a pale yellow powder. Yield: 58 mg (quantitative). Anal. Calcd. for
CoHssReNO,P, (626.68). C, 42.16; H, 5.79; N, 2.24. Found: C, 42.20; H, 5.80; N, 2.24. "H NMR (250
MHz, 5, C¢De, 20 °C) 8.89 (s, 2H, HCOO), 6.88 (t, Juy = 7.8 Hz, 1H, py*), 6.52 (d, Juy = 7.7 Hz, 2H,
py>®), 3.33 (dt, Juy = 16.4 Hz, 4.1 Hz, 2H, CH,), 3.33 (dt, Jiy = 16.4 Hz, 3.8 Hz, 2H, CH,), 2.10 (m, 4H,
CH), 1.13 (dd, Juy = 15.5 Hz, 7.3 Hz, 12H, CHs), 1.03 (dd, Jiy = 15.4 Hz, 7.5 Hz, 6H, CHj), 0.93 (dd,
Jun = 13.6 Hz, 7.1 Hz, 6H, CH,). "*C{'H} NMR (151 MHz, &, CsDg, 20 °C) 208.2 (m, CO), 202.5 (m,
CO), 169.4 (s, COOH), 164.6 (vt, Jcp = 4.3 Hz, py*®), 136.5 (s, py”), 119.8 (W, Jep = 4.2 Hz, py*>°),
41.7 (Vt, Jep = 10.6 Hz, CH,), 26.8 (Vt, Jcp = 13.6 Hz, CH), 25.0 (Vt, Jep = 10.7 Hz, CH), 19.3 (s, CHs),
19.1 (s, CHs), 17.7 (s, CHs). *'P{"H} NMR (101 MHz, 5, C¢Ds, 20 °C) 56.1 (s, 2P). IR (ATR, cm™): 1906
(Veo), 1816 (vco), 1621 (Veoon)-
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3 Conclusion and Closing Words

In summary, a series of 2,6-diaminopyridine (DAP) base PNP pincer complexes have
been synthesized and applied in Fe(ll) and Mn(l) chemistry. In several comparative
studies, the influence of size and electronics was investigated. General procedures
for preparation of phosphine precursors have been applied.

The unusual substance class of octahedral k3,k*[Fe(PNP),X]" complexes, made up
of two PNP pincer ligands in different bonding modes, has been characterized. Unlike
earlier estimations, it has been proven, that the nature of these cationic complexes is
purely steric driven. The cis configuration of the pyridines is stabilized by
intramolecular hydrogen bonding between the amino groups and pyridine nitrogen.
The non-coordinated phosphine site, points away from the coordination center and is
prone to oxidation by molecular sulfur and oxygen. Polar solvents or abstraction of a
coordinated halide, results in the irreversible formation of the thermodynamic stable
dicationic k3 k>-[Fe(PNP).X]** complexes. k°k*-[Fe(PNP).X]* of very small ligands
undergo this rearrangement immediately and cannot be isolated in pure form.

The configuration of k% k?-[Fe(PNP),X]* complexes leads to high stress and distortion
of ideal octahedral geometry. The PNP ligand in bidentate coordination mode is
therefore labile and can be substituted by other donors. Carbon monoxide (CO)
proved to displace the labile PNP ligand to form stable Fe(ll) carbonyl complexes
[Fe(PNP)(CO)Xz]. These complexes were not accessible with non-bulky phosphines
before. The reaction does not proceed, when a perfect octahedral structure is
apparent. The carbonyl ligands of complexes [Fe(PNP)(CO)X;] are also labile can be
removed upon thermal treatment. This process is also steric driven — the
temperatures and time needed are higher, the smaller the ligands are.

The formation of cationic carbonyl complexes [Fe(PNP)(CO).X]" is achieved by polar
solvents or halide abstraction under CO atmosphere. The frans configuration of the
CO ligands is always isolated as the most stable isomer. This was independent on
the ligand and starting material.

Manganese(l) complexes of type [Mn(PNP)(CO)2X] and [Mn(PNP)(CO);]" have been
synthesized. The major product was strongly depending on the reaction conditions
and ligand backbone. Hydrido complexes of type [Mn(PNP)(CO).H] have been
prepared and were only approachable from [Mn(PNP)(CO).X] as a precursor. The
hydrido complex [Mn(PNP""-iPr)(CO),H] performed extremely well as pre-catalyst for
selective hydrogenation of aldehydes. A substrate scope included over a dozen
natural and synthetic aldehydes. The catalysis proceeded only in protic solvents, and
is highly depending on ligand-metal cooperation. Turnover numbers (TONSs) of
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10,000 have been accomplished. Analogue Re(l) compounds showed only low grade
performance.

A general study on Mn(l) and Re(l) PNP pincer chemistry was done by investigating
the activation of carbon dioxide (CO;). Mn(l) forms stable 16 electron complexes of
general formula [Mn(PNP)(CO),]" and [Mn(PNP)(CO),] upon deprotonation. Rhenium
complexes preferably formed cationic tricarbonyl complexes [Re(PNP)(CO)s] .
Hydrido complexes of both metals were synthesized and showed impressive
reactivity towards gaseous CO,. An 1,2-insertion led to the formation of formiato
complexes [Mn(PNP)(CO),OCHOQ] and [Re(PNP)(CO),OCHO].

The overall knowledge collected in this work, describes the interaction between a
well-established ligand system and base metal. This understanding can contribute to
solidify the application of iron catalysts abroad. Although many applications have
been found for base metals, a practical use to replace precious metals is still distant.
Even though, the raw metals themselves are of superb ecologic value, the
precursors, procedures and especially ligands are intensive in costs and resources.
The true value of this fundamental research is the challenging quest to find key
leading structures, which inherit promising reactivity. Once this goal is accomplished,
the easy-to-study systems can be optimized step by step towards actual sustainable
compounds. Therefore, information like how to trim stability, exchange ligands,
improve the rate determining step is so valuable for future application. The era of iron
is has already experienced 20 years of constant improvements and success and will
for sure see a rising interest and demand. The manganese era is just beginning, and
the fact that is has similarities with iron in reactivity is a benefit in its early evolution. It
would be pleasure to see these contributions be a part of a prospective turnaround in
homogeneous catalysis.
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4 State of Contribution

Manuscript #1

The investigation of k% k 2 Fe PNP complexes was started by Bernhard Bichler on the
PNP-Ph ligand system. The extension of the scope of k°,k* Fe PNP complexes was
the authors initiative, using other non-bulky phosphines as well as the investigation of
reactivity. This included all syntheses, characterization and simulation of NMR
spectra. N-substituted 2,6-diaminopyridine precursors were provided by Matthias
Mastalir. X-ray measurements were done by Stdger, Weil and Mereiter, ESI-MS
measurements were done by Pittenauer.

Manuscript #2

Based on the previous results on k3,k*>-Fe PNP complexes, the aim of the research
was to isolate Fe(ll) PNP carbonyl complexes with sterically non-demanding
phosphines. The syntheses, reactivity and characterization were done by the author.
Experiments on the reversible release of CO were carried out by Bernhard Bichler.
Some complexes were synthesized by Christian Holzhacker. N-substituted 2,6-
diaminopyridine precursors were provided by Matthias Mastalir. X-ray measurements
were done by Stoger, Weil and Mereiter. DFT calculations and graphics were
provided by Veiros and Kirchner.

Manuscript #3

The synthesis and observation cationic dicarbonyl Fe(ll) PNP pincer complexes was
done by Bernhard Bichler and Christian Holzhacker based on PNP-iPr and PNP-Ph.
All additional work on a comparative study a wide range of ligands was done by the
author. X-ray measurements were done by Stoger and Weil. DFT calculations and
graphics were provided by Veiros and Kirchner.

Manuscript #4

Synthesis characterization and application of the catalyst were all done by the author.
X-ray measurements were done by Stoger and Himmelbauer. DFT calculations and
graphics were provided by Veiros and Kirchner.

Manuscript #5

Synthesis and characterization of all compounds were done by the author. Lena
Haager contributed essential results as part of her bachelor thesis. X-ray
measurements were done by Stdéger and Pecak. DFT calculations and graphics were
provided by Veiros and Kirchner.
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Abbreviation

Pincer ligand with phosphorus, carbonand phosphorus

PCP
donors
Pincer ligand with phosphorus, nitrogen and
PNP
phosphorus donors
CO Carbon monoxide
PR Fragment of a tertiary phosphine with two organic
2

substituents

nBu, iPr, tBu, Cy

1-butane, iso-butane, tert-butane, cyclohexane

TFA

Trifluoro acetic acid

MO Molecular orbital

[Et;BH] Triethylborohydride (Superhydride®)

DFT Density functional theory

THF Tetrahydrofuran

TON Turnover number

k3, k® Chelate ligand in tri- / bidentate coordination mode
bipy bipyridine

NMR Nuclear magnet resonance

IR Infrared

HOTf Triflic acid
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