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/Abstract: A bis(diphenyl)-phosphine functionalized B-diketi-
mine (PNac-H) was synthesized as a flexible ligand for transi-
tion metal complexes. The newly designed ligand features
symmetrically placed phosphine moieties around a p-diketi-
mine unit, forming a PNNP-type pocket. Due to the hard
and soft donor atoms (N vs. P) the ligand can stabilize vari-
ous coordination polyhedra. A complete series ranging from
coordination numbers 2 to 6 was realized. Linear, trigonal
planar, square planar, tetrahedral, square pyramidal, and oc-
tahedral coordination arrangements containing the PNac-
ligand around the metal center were observed by using suit-
able metal sources. Hereby, PNac-H or its anion PNac™ acts

as mono-, bi- and tetradendate ligand. Such a broad flexibili-
ty is unusual for a rigid tetradentate system. The structural
motifs were realized by treatment of PNac-H with a series of
late transition metal precursors, for example, silver, gold,
nickel, copper, platinum, and rhodium. The new complexes
have been fully characterized by single crystal X-ray diffrac-
tion, NMR, IR, UV/Vis spectroscopy, mass spectrometry as
well as elemental analysis. Additionally, selected complexes
were investigated regarding their photophysical properties.
Thus, PNac-H proved to be an ideal ligand platform for the
selective coordination and stabilization of various metal ions
in diverse polyhedra and oxidation states. D

Introduction

Since the late 1960s, [-diketiminates (commonly known as
NacNac) have been extensively studied and widely applied for
the synthesis and stabilization of metal and non-metal com-
pounds across the periodic table," ranging from main group
elements™*” to transition metals®'” as well as f-block ele-
ments.""'? B-Diketiminates are an omnipresent ligand system
in coordination chemistry, mainly due to their convenient syn-
thetic accessibility and easily adjustable scaffold, allowing a
fine tuning of the electronic and steric environment."*® This
has led to a wide scope of applications"” ranging from the for-
mation of redox-active systems® enhanced spectroscopic
properties,™ supporting ligands for metal-mediated cataly-
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si ! as well as the activation of small molecule
this regard, p-diketiminate ligands have been proven capable
of supporting metal ions in a number of oxidation states as
well as chemical environments.”” Especially, the stabilization of
sub-valent and uncommon oxidation states, for example, Fe',*
All2427.281 G5l 271 Gl 291 Gl B9 and Mg' species,®*? has been an
achievement of supporting [-diketiminate ligand systems.
Hereby, the scaffold can be easily modified by varying the cor-
responding N-substituents, which are adjustable regarding
their steric demand, electronic properties as well as the intro-
duction of additional functionalities.'”” This offers a high
degree of control for task-specific adjustments, for example,
the kinetic stabilization of sub-valent and reactive metal spe-
cies via sterically demanding substituents,®*"***% or an en-
hanced reactivity of the resulting metal complexes.?>3%

In general, a -diketiminate ligand provides a monoanionic,
bidentate support for metal ions,”"® yet the introduction of ad-
ditional heteroatom donor sites to the p-diketiminate scaffold
allows the extension to more complex coordination motifs, a
higher degree of metal stabilization as well as the potential
formation of heterobimetallic complexes. Herein, the design of
the ligand plays a crucial role in promoting or enforcing specif-
ic arrangements. The introduction of additional side groups to
a P-diketimine system has already been investigated applying
O-donor and S-donor functionalities (Figure 1), enabling the
formation of multidentate ONNO and SNNS pockets, respec-
tively. These bifunctional ligands were subsequently applied,
for example, for the coordination of main group, transition and
f-block elements.®’=%* Additionally, such bifunctional ligand
systems may allow the combination of different transition
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Figure 1. A series of B-diketimines (NacNac-H), applicable as ligands for the
synthesis of metal complexes. The introduction of additional side groups, for
example, O-donor®*® or S-donor®*” functionalities, allows the formation
of specific coordinative pockets. In the case of additional phosphine side
groups a PNNP pocket is formed.

metals within an organometallic structure, a research field
which has been comprehensively studied in recent years.*2*
To the best of our knowledge, related phosphine functional-
ized p-diketimine systems (see Figure 1, top right), exhibiting a
PNNP type pocket, have not been reported yet. As phosphines
are one of the most commonly applied ligand systems in coor-
dination chemistry, a combination of these two moieties in
one ligand would open new avenues for bifunctional ligand
chemistry. Thus, phosphine functionalized [-diketimines seem
advantageous for the synthesis of sophisticated metal com-
plexes, as they shall be able to selectively coordinate via differ-
ent bonding modes by their hard ketiminate and soft phos-
phine donor centers.!*>4¢

Herein, we report the multigram scale synthesis of a novel
bis(diphenyl)-phosphine functionalized [-diketimine (PNac-H,
1) and its application as a bifunctional system. The additional
phosphine donor sites of the NacNac type ligand form a PNNP
pocket, thus allowing the selective coordination and stabiliza-
tion of various metal centers by different coordination motifs.
Due to the hard and soft donor atoms (N vs. P) PNac-H or its

anion PNac™ can stabilize various coordination polyhedra
L L
l&l |
4 Fh Ph\
P PN P
©(Ph J@ x J@ (I J@ (I ]Q
N HN N HN
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Figure 2. Coordination modes of the bifunctional PNac-H ligand (1) or its
anion PNac™ both reported herein for mono- and bimetallic complexes. Co-
ordination numbers (cn) of the respective metal ions in the range from 2-6
were stabilized by this system (L, L, L”, L’ =other ligands). Seven different
coordination polyhedral have been realized.
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(Figure 2). A complete series of complexes ranging from coor-
dination numbers (cn) 2 to 6 was realized. Such a broad flexi-
bility in complex design is unusual for a rigid tetradentate
ligand.

Results and Discussion

The phosphine functionalized 3-diketimine ligand (1) was ob-
tained by a two-step synthesis route in a multigram scale
(Scheme 1). In the first step, a fluorine functionalized NacNac
ligand (FNac-H) was formed by a condensation reaction be-
tween acetylacetone and 2-fluoroaniline in refluxing toluene.””
Subsequently, FNac-H was reacted with freshly prepared KPPh,,
to obtain the novel bis-phosphine B-diketimine ligand 1 (PNac-
H).

NH
2 ©/ TsOH @: 2 KPPh, Pph2
flux, tol 1.4-dioxane
re ux, toluene N HN loxane N HN
* -2H,0 -2KF / PPh,

PN

Scheme 1. Synthesis of PNac-H ligand (1) via a two-step reaction.

FNac-H PNac-H (1)

Single crystals of 1 were obtained by slow evaporation of a
MeOH/DCM solution, allowing characterization by X-ray diffrac-
tion. Compound 1 crystallizes in the triclinic space group P1
with one molecule in the asymmetric unit. The molecular struc-
ture of 1 in the solid state, as depicted in Figure 3, reveals the
expected phosphine functionalized 1,3-diketimine structure.
The angle of the diketimine backbone (C1-C2-C3) is 126.2(2)°,
which is in the expected range for a protonated NacNac
system.['

The composition of the bifunctional ligand 1 was further an-
alyzed by NMR, IR and UV/Vis spectroscopy. In the *'P{'"H} NMR
spectrum (CDCl,) of 1, a single resonance is detected at 6=
—14.5 ppm, which displays the typical range for non-coordinat-
ed triarylphosphine moieties and indicates a symmetrical ar-
rangement of both phosphine moieties in solution. In the
'HNMR spectrum a characteristic resonance for the N-H
moiety is detected at d=12.02 ppm and for the methine
moiety of the diketimine backbone at §=4.52 ppm. The H
and C{'H} NMR spectra are consistent with proton migration

Figure 3. Molecular structure of 1 in the solid state. Carbon bound hydrogen
atoms are omitted for clarity.

© 2020 The Authors. Published by Wiley-VCH GmbH
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between the two nitrogen atoms of 1 in solution, a common
phenomenon for related B-diketimine ligands. This results in a
single set of resonances for each of the remaining phenyl and
methyl groups.

The bifunctional PNac-H ligand, exhibiting a diketimine
center and symmetrically attached phosphine units, enables
the subsequent coordination of various metal ions. Moreover,
the two different functionalities form a PNNP pocket, which
allows a very flexible metal coordination resulting in seven dif-
ferent coordination polyhedra. The corresponding metal com-
plexes are discussed herein with increasing coordination
number.

Two-fold coordination

To realize a low coordinate linear coordination polyhedron,
in which 1 acts a monodentate ligand, 1 was reacted with
two equivalents of [AuCgFs(tht)] (tht=tetrahydrothiophene)
(Scheme 2). Hereby a neutral bimetallic Au' complex [PNac-H-
(AU'C4Fs),] (2) was obtained by ligand exchange reactions.
Hereby, the weakly bound tht ligands are readily substituted
by the two phosphine moieties of the PNac-H scaffold.”®

: PPh,
N HN ;
M PPhy

1 2

/?\uCeF5

PPh,
2 [AUCHFs(tht)], THF @[
N HN
M\ Fl’Ph2

AuCeFs

Scheme 2. Synthesis of the bimetallic Au' complex 2, from PNac-H (1) and
two equivalents of [AuCgFs(tht)].

Single crystals of 2 were obtained from slow diffusion of n-
pentane into a DCM solution. Complex 2 crystallizes in the tri-
clinic space group P1, with one molecule in the asymmetric
unit. Each phosphine moiety coordinates to a Au' species, real-
izing a homobimetallic complex (Figure 4), in which 1 acts
twice as monodentate donor. The molecular structure of 2 in-
dicates that no intra- or intermolecular aurophilic interactions
are present in the solid state. Instead, both Au' fragments are

Figure 4. Molecular structure of 2 in the solid state. Carbon bound hydrogen
atoms and solvent molecules (DCM) are omitted for clarity.
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spatially separated from each other and orientated in different
directions. The Au' centers are ligated in an almost linear fash-
ion, as indicated by the P-Au-C,Fs bond angles (P1-Au1-C42
177.94(9)° and P2-Au2-C48 173.16(8)°). The gold phosphorous
bond lengths in 2 (Au1—P1 2.2724(7), Au2—P2 2.2793(7) A) are
similar and in the same range as comparable Au' phosphine
complexes =%

The composition of 2 was further confirmed by multinuclear
NMR measurements ("H, *C{"H}, *'P{'H}, "°F) as well as IR spec-
troscopy. In the "H NMR spectrum ([Dg]THF) a resonance for
the N-H functionality is observed at d=11.58 ppm. In the
3'P{'"H} NMR spectrum a single resonance is detected at 6=
33.8 ppm with the splitting of a pseudo-quintet. The resonan-
ce’s chemical shift lies in the expected range for a triarylphos-
phine Au' compound, confirming a sole phosphine-gold coor-
dination."®*® The resonance splitting is caused by a long-
range coupling to the fluorine atoms of the C,F; moieties, an
effect, which has already been observed in comparable Au'C,Fs
phosphine complexes.”>***% Additionally, in the "F{'H} NMR
spectrum of 2, a set of resonances for the C¢Fs units, with an
integration ratio of 2:1:2, is observed in the upfield region (6 =
—117.7 to —166.0 ppm). The coordination of AuCiFs to the
phosphine units was also monitored by IR spectroscopy. The IR
spectrum of 2 exhibits, in comparison to PNac-H, amongst
others vibration bands at v=1048 and 951 cm™', which can be
attributed to the pentafluorophenyl moieties.”” Additional
bands, attributed to the skeletal vibrations of the perfluorated
ring moieties, are observed in the region of v =1400-
1500 cm™.

To realize a coordination mode, in which PNac-H acts as bi-
dentate ligand, 1 was reacted with the group 11 metal precur-
sors Ag[BF,] and [Au(tht),][CIO,], respectively (Scheme 3). Ap-
plying the Ag' precursor, [PNac-H-Ag'[BF,] (3) is formed via a
selective phosphine silver(l) coordination. In case of the Au'
species, [PNac-H-Au'l[CIO,] (4) is formed accordingly by tht
elimination.

a) Ag[BF 4], THF Ph P —|

PPh, or pom-p ©
@ /Q b) [Au(tht),][CIO4], CHCl @[ j@ X
N HN N HN

1 M= Ag (3); X =BF4
Au (4); X=CIOy4

Scheme 3. Synthesis of the complexes 3 and 4 from the phosphine func-
tionalized PNac-H (1) and group 11 metal precursors Ag[BF,] or [Au(tht),]
[ClO,].

Single crystals were obtained from slow diffusion of n-pen-
tane (3) or diethyl ether (4) into a DCM solution of the corre-
sponding substances, allowing analysis by X-ray diffraction.
Both complexes crystallize in the monoclinic space group Cc,
in each case with one molecule in the asymmetric unit. The
corresponding molecular structures of 3 and 4 in the solid
state are isostructural (Figure 5), containing their respective

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Molecular structures of 3 (left) and 4 (right) in the solid state.
Carbon bound hydrogen atoms and solvent molecules (DCM) are omitted
for clarity.

counterions ClO,~ and BF,”. The Ag' and Au' center is ligated
in an almost linear fashion as indicated by the P1-M-P2 bond
angles (P1-Ag-P2 166.06(3)°, P1-Au-P2 175.08(5)°), yet the Ag'
structure deviates more from an ideal 180° alignment. This
linear arrangement is expected for the d'®-electron systems Au'
and Ag'. The soft metal ions are selectively coordinated by the
soft phosphorus atoms (HSAB theory).®® Thus, the P-diketi-
mine pocket remains uncoordinated. The gold phosphorous
distances in 4 (Au—P1 2.3069(13), Au—P2 23212(14) A) are
shorter in comparison to the silver phosphorous bond distan-
ces in 3 (Ag—P1 2.3818(9), Ag—P2 2.3994(9) R), yet slightly
longer than those in 2 (Au1—P1 2.2724(7), Au2—P2 2.2793(7) A).
The obtained data of both structures is in line with comparable
bis-triarylphosphine complexes of Ag' and Au'>7~>?

Furthermore, the isostructural compounds 3 and 4 were in-
vestigated by NMR and IR spectroscopy. In the *'P{"H} NMR
spectrum (CDCl,) of Au' compound 4 a single resonance, signif-
icantly downfield shifted compared to ligand 1 (0=
—14.5 ppm), is detected at  =34.5 ppm, indicating a sole sym-
metric phosphine gold interaction.®™ In comparison, the
3'P{'H} NMR spectrum ([Dg]THF) of Ag' compound 3 exhibits
two doublet resonances at d=1.2 ppm, due to a coupling
with the two Ag isotopes '7Ag (d, *Jpaguon=>518.8 Hz) and
'Ag (d, *Jppgos=598.7 Hz).?*¢"" Additionally, a minor second
set of resonances in the splitting of two doublets is observed
at 0=—-53ppm (d, Yppgn0n=477.8 Hz; d, *Jppgn09=527.7 H2).
This is may be due to a solvent effect of coordinating THF mol-
ecules in solution (Supporting Information, Figure S22). In the
corresponding '"H NMR spectra, a resonance for the N-H func-
tionalities is observed accordingly at 6 =11.18 ppm (3) and 6 =
12.08 ppm (4). As expected, the IR spectra of the isostructural
compounds 3 and 4 are almost identical, with the exception of
the vibrational modes of their respective counterions.”?

Three-fold coordination

To realize a coordination number of 3, we aimed at the synthe-
sis of a trigonal planar metal complex. Therefore, PNac-H was
reacted with one equivalent of Pd° precursor [Pd(PPhs),]
(Scheme 4).
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Scheme 4. Synthesis of palladium(0) complex 5 from PNac-H (1) and
[Pd(PPh;),].

Yellow single crystals of 5 suitable for X-ray analysis were ob-
tained by slow diffusion of n-pentane into a toluene solution.
Complex 5 crystallizes in the tetragonal space group /4,/a, with
one molecule in the asymmetric unit. The molecular structure
of 5 in the solid state (Figure 6) confirms the substitution of
three triphenylphosphine moieties of the Pd° precursor by the
two outer phosphine units of the PNac-H ligand in a chelating
fashion, yielding complex [PNac-H-Pd®-PPh,].

Figure 6. Molecular structure of 5 in the solid state. Carbon bound hydrogen
atoms are omitted for clarity.

The Pd° center is ligated in a trigonal planar coordination
sphere by both of the phosphine moieties of the PNac-H
system and one triphenylphosphine ligand, indicated by the
respective angles (P1-Pd-P2 117.07(4)°, P1-Pd-P3 121.64(4)°, P2-
Pd-P3 120.26(4)°), which are close to an ideal arrangement of
120°. In 5, all metal phosphorous bond lengths (Pd—P1
2.3075(11), Pd—P2 2.3010(10), Pd—P3 2.2981(11) A) are almost
identical, indicating a symmetric arrangement of the different
ligand species in the solid state.[®*%¥

Furthermore, compound 5 was analyzed by NMR and IR
spectroscopy. In the *'P{'"H} NMR spectrum ([Dg]THF) of 5 two
resonances are detected at 6 =10.8 ppm (d, *Jpp=83.0 Hz) and
0=25.9 ppm (t, Jop=83.3 Hz), which can be attributed to the
different phosphine species, confirming a symmetric coordina-
tion behavior in solution.® In the 'H NMR spectrum, the reso-
nance for the N-H functionality is observed at 6 =12.55 ppm.

Four-fold coordination

To realize a four-fold coordinated complex exhibiting a mono
valent metal cation, PNac-H was reacted with one equivalent
of the Ni° precursor [Ni(cod),] (cod = cyclooctadiene), obtaining

© 2020 The Authors. Published by Wiley-VCH GmbH
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a) [Ni(cod),], THF Phs Ph (CU-P] 22222(5), Cu—P2 22483(5) A) and Cu—N (CU*N‘I
PPh, or P\‘Z P 5 2.028(2), Cu—N2 2.027(2) A) distances are in the same range as
@ /Q b) (i) n-BuLli, Et,0 (ii) CuCl ©[ M j@ for 6 and in agreement to comparable tetradentate PNNP Cu'
M PPh, M complexes. 7" The angle of the -diketiminate backbone (C1-
C2-C3) is 127.6(2)° (6) and 131.5(2)° (7), hence being slightly

1 M =gi Eg; elongated upon metal coordination (for 1: 126.2(2)°).
u

Scheme 5. Synthesis of the monometallic complexes 6 and 7 from PNac-H
(1) and [Ni(cod),] or CuCl (following prior deprotonation), respectively.

the complex [PNac-Ni (6) by a redox reaction (Scheme 5). In a
further approach, PNac-H was first deprotonated with nBuLi
and subsequently reacted with copper(l) chloride to obtain
[PNac-Cu'l (7).

Dark-red single crystals of 6 suitable for X-ray analysis were
obtained from slow diffusion of n-pentane into a THF solution,
whereas compound 7 was crystallized by cooling a diethyl
ether solution to 0°C. Both complexes 6 and 7 crystallize in
the monoclinic space group P2,/n with one molecule in the
asymmetric unit. The molecular structures in the solid state
(Figure 7) reveal a fourfold coordination of the Ni' and Cu' cen-
ters, respectively. Hereby, the corresponding metal ion is coor-
dinated by both phosphine moieties as well as the nitrogen
atoms of the diketiminate unit.

Figure 7. Molecular structures of 6 (left) and 7 (right) in the solid state. Hy-
drogen atoms are omitted for clarity.

In the Ni' compound 6, the Ni-P bond lengths are nearly
identical and in the expected range (Ni—P1 2.2709(6), Ni—P2
2.2403(6) A). A similar symmetric arrangement is seen for Ni—N
bond lengths (Ni-N1 2.028(2), Ni-N2 2.042(2) A).®7 The Ni'
center is formally in a square planar coordination sphere, as in-
dicated by the respective angles (N1-Ni-N2 86.95(7°); P1-Ni-P2
111.13(2)°), deviating slightly from an ideal 90°, which is a
result of the rigid nature of the ligand. Importantly, as it has
been reported for different 3-diketiminate systems, the PNNP
pocket of the PNac ligand stabilizes the nickel center in its un-
common oxidation state of + 1.15>%

In contrast to 6, the copper(l) center in complex 7 is not co-
ordinated in a square planar fashion, yet rather in a tetrahedral
motif, with a phosphine bite angle of P1-Cu-P2 129.08(2)°.
However, the respective angles (e.g., N1-Cu-P2 137.75(5)°, P1-
Cu-N2 129.53(5)°) deviate significantly from an ideal tetrahedral
arrangement of 109.5°, which may be due to the phosphines’
rather limited degree of freedom. The corresponding Cu—P
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The composition and structural arrangement of com-
pounds 6 and 7 was further analyzed by NMR and IR spectros-
copy as well as mass spectrometry. Due to the paramagnetic
Ni' moiety, merely broad resonances are detected in the corre-
sponding NMR spectra of 6, which are hardly interpretable. By
applying the Evans NMR method,”>’® the paramagnetic sus-
ceptibility of 6 in THF solution was determined, which is con-
sistent with a complex containing a single unpaired electron,
as for a d’ Ni' species (see Supporting Information). Applying El
(El=electron ionization) mass spectrometry a signal at m/z=
675.095 [M]" (100%) can be detected corresponding to the
positively charged complex 6.

In the *'P{"H} NMR spectrum (C¢D,) of diamagnetic Cu' com-
pound 7, a single resonance at d =—16.7 ppm is observed. The
upfield signal is in the same region as the uncoordinated
PNac-H ligand (6 = —14.5 ppm, CDCl,), yet in agreement to Cu'
phosphine complexes of the type [Cu(PPh,);X] (X=Cl, Br, )"
and other bis-triarylphosphine Cu' complexes.”" Accordingly,
in the "H NMR spectrum of 7, no resonance for a N-H function-
ality is observed anymore, whereas a resonance for the me-
thine moiety of the diketiminate backbone is detected at 6=
4.37 ppm (1: 6 =4.52 ppm).

In a subsequent approach for four-fold coordinated divalent
metal cations, PNac-H was reacted with [PtCl,(dmso),] (dmso=
dimethyl sulfoxide) and Na[BF,], after prior deprotonation with
NaOMe. Hereby, the charged Pt" complex [PNac-Pt"[[BF,] (8)
was formed (Scheme 6).

(i) NaOMe, THF Phf Ph
F’F’hz (ii) [PtCly(dmso),], P’ IS}
Na[BF4] CH,Cl, @[ j@ BF,
N HN/Q
/ PPh,
1 8

Scheme 6. Synthesis of platinum(ll) complex 8 from PNac-H (1) and
[PtCl,(dmso),] and NaBF,, following prior deprotonation of PNac-H with
NaOMe.

Red single crystals suitable for X-ray analysis were obtained
by adding diethyl ether to a DCM solution of 8 and cooling it
to —30°C. Compound 8 crystallizes in the monoclinic space
group P2,/n with one molecule in the asymmetric unit. The
corresponding molecular structure in the solid state is depicted
in Figure 8 and reveals a tetradentate square planar coordina-
tion geometry around the Pt" center, as it is expected for a
4dB-electron system,”” with the respective BF,” counterion.

However, in contrast to Ni' compound 6, the bite angles of
the donors (P1-Pt-P2 100.88(3)°, N1-Pt-N2 93.25(10)°, N1-Pt-P1
82.39(7)°, N2-Pt-P2 84.52(8)°) are closer to an ideal 90°, forming

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 8. Molecular structure of 8 in the solid state. Hydrogen atoms and
solvent molecules (DCM) are omitted for clarity.

a highly symmetric square planar coordination motif. In 8 the
platinum phosphorous (Pt—P1 2.2338(8), Pt—P2 2.2334(8) A)
and platinum nitrogen bond lengths (Pt—N1 2.071(2), Pt—N2
2.053(2) A) are in the same range as for the previously dis-
cussed complexes 6 and 7. It is also in agreement with data
for literature known Pt" PNNP-type complexes.”*’® The angle
of the p-diketiminate backbone (C1-C2-C3 131.6(3)°) is similar
to the one observed for Cu' compound 7.

The composition of 8 in solution was furthermore analyzed
by multinuclear NMR spectroscopy ('H, *C{'H}, 3'P{'"H} '*Pt, "'B,
“F). 3'P{'H} NMR measurements (CDCl;) of 8 confirmed a sym-
metrical square planar platinum(ll) coordination, as a single
resonance at d=19.4 ppm and the corresponding '*°Pt satel-
lites (d, 'Jppy=3178.5 Hz), which are due to a coupling with the
NMR active Pt isotopes (33.8%, s="'/,), are observed.”” This
resonance pattern can be assigned to a square planar coordi-
nated Pt' moiety with two triarylphosphines in cis-configura-
tion,”? as it is depicted in the solid state structure. In compari-
son to PNac-H (6 =—14.5 ppm), the main *'P resonance is sig-
nificantly downfield shifted upon coordination to the metal
center.

Further, '*Pt NMR spectroscopy was employed as a comple-
mentary analytical method. Here, a triplet resonance is detect-
ed at =—4068.0 ppm (t, 'Jp,p=3183.9 Hz) which can be as-
signed to the cis-configurated platinum(ll) moiety.®*®" This
supports the results obtained by *'P{'H} NMR measurements
(Supporting Information, Figure S37).

Five-fold coordination

To realize a five-fold coordinated complex, PNac-H was yet
again reacted with one equivalent of the Ni° precursor
[Ni(cod),]. However, in this case the reaction was performed in
dichloromethane instead of THF. During the reaction, the solu-
tion color changed from dark red to green, as it is expected
for a Ni' species. Most likely, Ni' complex 6 is formed in situ,
which then is rapidly oxidized by the chloride containing sol-
vent, obtaining the divalent Ni complex [PNac-Ni"-Cl] (9)
(Scheme 7). This assumption was confirmed, as Ni' complex 9
was also accessible starting from Ni' species 6.

Dark-green single crystals suitable for X-ray analysis were ob-
tained by slow diffusion of diethyl ether to a DCM solution of
9. Compound 9 crystallizes in the triclinic space group P1 with

PPh,
©[N HN/Q [Ni(cod),], CH,Cl,

A Peh, (Route ) Ph, Ph,

PP CH,Cl, e
Ni —
N N (Route B) 9

Scheme 7. Synthesis of Ni" complex 9 from PNac-H (1) and [Ni(cod),] in
DCM (Route A). Alternatively, complex 9 can be synthesized, applying Ni'
compound 6 as starting material (Route B).

Figure 9. Molecular structure of 9 in the solid state. Hydrogen atoms are
omitted for clarity.

one molecule in the asymmetric unit. The corresponding mo-
lecular structure in the solid state (Figure 9) reveals a square
planar pyramidal coordination geometry around the Ni"
center,®™ consisting of the PNac ligand and a chloride. Hereby
the tetradentate PNNP pocket coordinates in a square planar
fashion (P1-Ni-P2 101.09(4)°, N1-Ni-N2 93.06(12)°) as it has al-
ready been observed in Ni' complex 6. Additionally, the chlo-
ride is positioned orthogonally to this plane, as indicated by
the respective angles (e.g. P2-Ni-Cl 89.49(3)°, N2-Ni-Cl
93.90(8)°). The metal phosphorous (Ni—P1 2.1717(10), Ni—P2
2.1527(10)A) and metal nitrogen bond lengths (Ni—N1
1.930(3), Ni-N2 1.933(3) A) of 9 are both about 0.1 A shorter
than the Ni' complex 6, which is most likely due to the higher
oxidation state of the nickel center and a difference in ionic
radii between Ni' and Ni"."*?

Compound 9 was also characterized by NMR and IR spec-
troscopy. In contrast to 6, complex 9 allowed a meaningful
characterization via NMR, confirming the presence of a dia-
magnetic Ni" species. In the *'P{"H} NMR spectrum (CDCl,) a
single resonance at 0 =35.2 ppm, significantly downfield shift-
ed compared to ligand 1 (6 =—14.5 ppm), is detected, indicat-
ing a symmetric phosphine nickel coordination in solution.

Six-fold coordination

To obtain a six-fold coordinated metal complex, PNac-H was re-
acted with a half of an equivalent of the dimeric metal precur-
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th Ph,
PPh, \,/
@[ 0.5 [RhCl(cod)], CH,Cl, @ @
N HN N A N
| _J_ Pph,
1 10

Scheme 8. Synthesis of rhodium(lll) complex 10 from PNac-H (1) and the di-
meric metal precursor [RhCl(cod)],.

sor [RhCl(cod)],. Upon insertion into the PNac-H backbone and
substitution of cod by the phosphine groups, [PNac-Rh"-CI(H)]
(10) is formed (Scheme 8).

Violet single crystals of 10, suitable for X-ray analysis, were
obtained from slow diffusion of diethyl ether into a DCM solu-
tion of the respective substance. Compound 10 crystallizes in
the monoclinic space group P2,/n, with one molecule in the
asymmetric unit. The corresponding molecular structure of 10
in the solid state is depicted in Figure 10. Interestingly, an oxi-
dative addition of the rhodium takes place along with a substi-
tution of the cod ligand, resulting in the formation of a fix-fold
coordinated Rh hydride species. The Rh" center is formally in
an octahedral coordination sphere, composed of two phos-
phines, two nitrogen atoms, a chloride and a hydride, thus
forming the Rh" complex [PNac-Rh"-CI(H)].

Figure 10. Molecular structure of 10 in the solid state. Hydrogen atoms
(except Rh-H) and solvent molecules (DCM) are omitted for clarity.

In 10, the respective metal phosphorous and metal nitrogen
bonds are nearly identical and within the range of the previ-
ously discussed compounds. They also match with literature
values of comparable Rh" hydride complexes.®**¢ The bond
angles P1-Rh-P2 104.74(3)° and N1-Rh-N2 91.06(10)° as well as
Cl1-Rh-H 173(2)° indicate a relatively symmetric octahedral co-
ordination sphere of the Rh" center.

Complex 10 was further investigated by NMR and IR spec-
troscopy. Due to a coupling to the NMR active 'Rh nucleus
(s="4), a doublet resonance at 0=39.1 ppm (d, Jpg,=
119.1 Hz) is detected in the *'P{"H} NMR spectrum (CD,Cl,) of
10.5789 Additionally, in the 'H NMR spectrum a resonance in
the upfield region at 6 =—13.92 ppm (dt, Jyyzn=21.4 Hz, Yy;p=
18.1 Hz) is seen, which can be attributed to the Rh hydride
species (see Figure 544).2%%88 Fyrther, the IR spectrum of
compound 10 exhibits absorption bands in the region of v=
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2040-2080 cm ' which are characteristic for a Rh-H vibration
and in-line with literature data.®8%°

Photophysical properties

Metal complexes 5-10 exhibit characteristic colors, ranging
from yellow to red and green. On the other hand, Au' and Agd'
compounds 2-4 are obtained as colorless crystals, showing no
absorption in the visible range. Hence, UV/Vis absorption spec-
tra of PNac-H (1) and 5-10 were recorded in THF or DCM solu-
tion at room temperature (see Supporting Information; Figur-
es S58-564). Correspondingly, they demonstrate distinctive ab-
sorption bands in the visible spectral range. The bifunctional
ligand PNac-H shows a pronounced absorption band between
A=320-380 nm (4., =354 nm). Moreover, there are dominant
absorption transitions in the UV region (< 300 nm) for all inves-
tigated complexes. For Pd® and Ni' complexes 5 and 6, a local
absorption maximum is observed around A=373(5) and
411 nm (6), hence being slightly red-shifted upon metal coordi-
nation compared to PNac-H. Measurements of the Cu' com-
plex 7 exhibited two local absorption bands at 4=393 and
515 nm, whereas Pt" compound 8 reveals only a weak absorp-
tion at A=349 nm and a dominant band at =498 nm. UV/Vis
analysis of Ni" species 9 resulted in a local absorption band at
A=499 nm, being significantly red-shifted in comparison to
the Ni' complex 6 (=411 nm). Rh" complex 10 displays two
dominant absorptions bands at A=379 and 543 nm. The red-
shifting as well as the appearance of new absorption bands, in
comparison to PNac-H, can be qualitatively understood in
terms of additional metal coordination, allowing amongst
others MLCT (MLCT =metal to ligand charge transfer) process-
es.

Additionally, most complexes exhibited photoluminescence
upon UV excitation. Thus, photoluminescent emission (PL) and
excitation (PLE) spectra were recorded for compounds 1-5, 8
and 10 in the solid state (see Supporting Information; Figur-
es S65-574), whereas 6, 7 and 9 showed no significant PL. The
PL and PLE spectra of PNac-H as well as metal complexes 8
and 10 are presented in Figure 11, recorded at 77 and 295 K.
All emission bands are rather broad, with a full width at half
maximum of about 100-200 nm. The main emission band of 1
is centered at 408 nm (at 77 K), which is significantly red-shift-
ed and broadened at 295K (4., =474 nm). Additionally, the
PL intensity decreases at higher temperatures (spectra in
Figure 11 are normalized). The PL of 1 can be attributed to
fluorescence with a lifetime of about 2 ns (at both 77 K and
295 K). On the other hand, no long-lived emission (phosphor-
escence) was detected. For Pt" complex 8, an emission band at
630 nm (77 K) is observed upon radiation with 463 nm, which
is barely shifted on increasing temperature (634 nm at 295 K).
The emission mainly results from phosphorescence of 8 with
T=64 ps at 77 K and t=28 ps at 295 K.

A weak fluorescence of 8 with a lifetime of 2 ns is observed
at 417 nm, which is comparable with the fluorescence of the
PNac-H ligand (detected at 416 nm). Rh" complex 10 exhibits
an emission band at 713 nm (77 K), which is, in contrast to
PNac-H, blue-shifted at elevated temperature (672 nm at
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Figure 11. Photoluminescence excitation (PLE) and emission (PL) spectra of
PNac-H (1), Pt" complex 8 and Rh" complex 10, recorded at 77 K (blue) and
295 K (red). Spectra of complexes 2-5 are shown in the Supporting Informa-
tion, Figures S67-570).

298 K). Interestingly, complex 10 displays the highest emission
red-shift of all investigated complexes and represents the only
compound exhibiting no fluorescence. The long-lived emission
of 10 has a lifetime of =138 us at 77 K and 7=8 pus at 295 K.
For the compounds 2-5 fluorescence is observed with a life-
time range of approximately 2-3 ns at 295 K, with respect to
the particular excitation wavelength of each compound. Addi-
tionally, a weak phosphorescence (z=8-10 us) was detected at
295 K. In summary, PL spectra of 8 and 10 are both significant-
ly red-shifted compared to PNac-H, which most likely origi-
nates from metal to ligand charge transfer excited states (bear-
ing no excited ligand states). Similar qualitative observations
were made for the metal complexes 3-5 (see Supporting Infor-
mation). Again, a red shift in emission, compared to PNac-H, is
observed for these compounds. In summary, each complex (2—-
5, 8 and 10) exhibits a distinct emission spectrum, depending
on the incorporated metal or complex fragment of the func-
tionalized ligand system. The distinct luminescence of ligand 1
is quenched upon complexation of metal ions, yielding com-
plexes, which show predominantly phosphorescent behavior.
This effect is strongest for the incorporation of Rh", whereas
Pt" shows also traces of luminescence. Hence, new photolumi-
nescent properties can be obtained by the implementation of
a metal species to PNac-H. The emission lifetimes of the mea-
sured compounds 2-5, 8 and 10 are in the range of nano to
microseconds and in a typical range for ligand-assisted transi-
tion metals complexes. The observed phosphorescence is most
likely facilitated by the spin orbit interactions of the heavy
metal ions, allowing an intersystem crossing.””
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Conclusions

In summary, we present the synthesis of a novel bis(diphenyl)-
phosphine functionalized B-diketimine (1) and its application
as a multipurpose ligand system. The symmetrically placed
phosphine donor sites of the f-diketimine form an PNNP
pocket, which subsequently allowed for the selective formation
and stabilization of a series of late transition metal com-
plexes (2-10) with coordination numbers ranging from 2 to 6.
Herein, PNac-H or its anion PNac™ act as mono, bi and tetra-
dentate ligand. Depending on the applied metal precursor, di-
verse structural arrangements, such as linear, trigonal planar,
square planar, tetrahedral, square pyramidal, and octahedral
coordination arrangement of PNac-H or its anion PNac™ were
achieved. Hence, due to hard and soft donor atoms PNac-H
proved to be an ideal ligand system for the coordination and
stabilization of various metal ions in diverse oxidation states
and coordination geometries.

Experimental Section

General procedures: All manipulations were performed under ex-
clusion of moisture and oxygen in flame-dried Schlenk-type glass-
ware or in an argon-filled MBraun glovebox. Prior to use, DCM was
distilled under nitrogen from CaH,. Hydrocarbon solvents (THF,
Et,0, n-pentane) were dried using an MBraun solvent purification
system (SPS-800). THF was additionally distilled under nitrogen
from potassium and benzophenone before storage over 4 A mo-
lecular sieves. Analogously, 1,4-dioxane was distilled from potassi-
um (after storage over KOH) and stored over 4 A molecular sieves.
Deuterated solvents were obtained from Carl Roth GmbH
(99.5 atom % D). Prior to use, CDCl; and CD,Cl, were stored over
molecular sieves (4 A), whereas [Dg]THF and C,D¢ were stored over
a NaK alloy. NMR spectra were recorded on a Bruker Avance |l
300 MHz or Avance 400 MHz. 'H and "*C{'"H} NMR chemical shifts
were referenced to the residual 'H and '>C resonances of the deu-
terated solvents and are reported relative to tetramethylsilane
(TMS). *'P{'H} resonances are reported relative to external 85%
phosphoric acid, °F resonances to CFCl;, "B resonances to 15%
BF,Et,0 in CDCl; and Pt resonances relative to 1.2m Na,PtCly in
D,0. IR spectra were obtained on a Bruker Tensor 37 FTIR spec-
trometer equipped with a room temperature DLaTGS detector and
a diamond ATR (attenuated total reflection) unit. Elemental analy-
ses were carried out with a Micro Cube from Elementar Analysen-
systeme GmbH. El mass spectra were obtained from a Thermofischer
DFS mass spectrometer. Ultraviolet-visible (UV/Vis) spectra were re-
corded on a VARIAN Cary 50 Scan UV/Visible spectrophotometer.
Spectra were recorded in THF or DCM at room temperature and
collected between 300 and 800 nm. Samples were baseline correct-
ed with respect to the pure solvent. Photoluminescence measure-
ments were performed with a PTI QuantaMaster™ 8000 series
spectrometer, equipped with multiple illuminators and double
emission monochromator with R928 PTM, InGaAs and InSb detec-
tor and a continuous 75 W xenon lamp. At 295 K the solid samples
(crystalline powders) were measured as dispersions in a thin layer
of viscous mineral oil (Sigma Aldrich), placed between 1 mm
quartz plates (Material: Spectrosil®2000). Measurements at 77 K
were recorded using a quartz cold finger dewar, passing light
down to about 200 nm. The samples are measured in an EPR tube,
which is placed in the liquid nitrogen filled dewar.

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202001357

[Au(tht),[ClO,],°? [AuC4Fs(tht)],*® [PtCl,(dmso),]®® and FNac-H*”
were prepared according to literature procedures. [AgBF,] (99 %),
NaOMe (95%) and nBuLi (2.5m in hexane) were purchased from
Sigma-Aldrich. Bis(1,5-cyclooctadiene)dirhodium(l) dichloride and
CuCl (99.99%) were purchased from Alfa Aesar. Diphenylphosphine
(99%), [Pd(PPhs),] (99.9%), [Ni(cod)], (98 %) and [NaBF,] (98 %) were
purchased from abcr. Elemental potassium (98% in mineral oil)
was purchased from Acros Organics. They were all used as re-
ceived.

Synthesis®* %

General information: In the C{'H} NMR spectra of complexes 2-
3, 5 and 7-10 virtual triplet resonances (vt) are observed, due to
specific C-P couplings. This fine structure splitting has previously
been reported for organo-phosphorous metal complexes.”**”! For
complexes 2 and 8, a *'P decoupling has been applied, to simplify
the evaluation of the C NMR spectra. The corresponding NMR
data are labelled as C{'H, *'P}.

PNac-H (1): Diphenylphosphine (4.28 mL, 4.58 g, 24.6 mmol,
3.00 equiv.) was dissolved in 1,4-dioxane (25 mL) at room tempera-
ture. Potassium chunks (963 mg, 24.6 mmol, 3.00 equiv.) were
added and the mixture was stirred at 60°C until the formation of
KPPh, was complete (indicated by the visible absence of molten
potassium; approx. 2 h). FNac-H (2.35g, 8.20 mmol, 1.00 equiv.)
was added as a solid and the resulting mixture was stirred at
100 °C for two days. Subsequently, the solvent was removed under
reduced pressure. To the residue, water (25 mL) and dichlorome-
thane (approx. 50 mL) were added as well as a few spatulas of
Na,CO;, and the mixture stirred for 5 minutes. Then, the organic
phase was separated, dried over Na,SO, and filtered to obtain a
clear solution. The solution was slightly concentrated to a volume
of approximately 30 mL and then MeOH (30 mL) was added. Upon
concentration of the solution under reduced pressure, 1 precipitat-
ed as a yellowish crystalline substance, which was separated by fil-
tration und finally dried under vacuum. Yield: 2.40 g (48 %).

'H NMR (CDCl,, 400 MHz): 6 [ppm]=1.55 (s, 6H, CHs), 4.52 (s, TH,
CHyacnad)r 658 (ddd, *Jy, =79 Hz, *Jyy=4.5Hz, *Jy;=1.3Hz, 2H,
CH,,) 6.67 (ddd, )y =7.7 Hz, *Jyy=3.9 Hz, “J,,u=1.5 Hz, 2H, CH,),
6.89 (td, 4y =7.5Hz, *Jyy=12Hz, 2H, CH,), 7.06-7.16 (m, 22H,
CH,,), 12.02 (s, TH, NH). *C{'H} NMR (CDCl;, 101 MHz): & [ppm]=
20.9 (CHs), 96.9 (CHyaenac)s 1241 (CH,), 124.5 (CH,,), 128.2 (vt, 2Jcp=
6.9 Hz, CHy), 128.3 (CHy), 128.9 (CHy), 132.7 (CHy), 134.1 (d, Ycp=
20.8 Hz, CH,), 1373 (d, 'Jep=11.8 Hz, C;), 137.3 (d, 'Jp=149 Hz,
C), 149.1 (d, 2Jep=22.0Hz, CNy), 159.4 (CN,). 3P{"H} NMR (CDCl;,
162 MH2): 6 [ppm]=—14.5 (s, PPh,Ar). IR (ATR): ¥ [cm "] =3049 (w),
3000 (vw), 2918 (vw), 1619 (s), 1537 (vs), 1484 (w), 1456 (w), 1429
(s), 1360 (vw), 1334 (vw), 1273 (m), 1182 (w), 1153 (vw), 1122 (vw),
1093 (vw), 1064 (vw), 1026 (w), 996 (vw), 918 (vw), 805 (vw), 765
(w), 738 (s), 692 (s), 633 (vw), 593 (vw), 496 (w), 464 (vw). Elemental
analysis calcd (%) for [C,;H36N,P,] (618.76 gmol™): C 79.59, H 5.87,
N 4.53; found C 79.45, H 5.68, N 4.71. UV/Vis: Ay ocay [NM] =354,
[PNac-H-(Au'C,F;),] (2): PNac-H (1) (150 mg, 0.24 mmol, 1.00 equiv.)
and [AuCgF;(tht)] (218 mg, 0.48 mmol, 2.00 equiv.) were dissolved
in 10 mL THF and stirred for 16 hours at room temperature. Subse-
quently, the solvent was removed under reduced pressure and
washed with n-pentane. Single crystals of 2 suitable for X-ray anal-
ysis were obtained from slow diffusion of n-pentane into a DCM
solution. Crystalline yield: 217 mg (66 %).

"H NMR ([Dg]THF, 400 MHz): 6 [ppm]=1.42 (s, 6H, CH,), 4.50 (s, TH,
CHuyacach 671 (ddd, )y =11.1, 3y =7.8, Yyu=14Hz, 2H, CH,),
6.82-6.88 (M, 2H, CH,), 6.99-7.06 (m, 2H, CH,), 7.23-7.58 (m, 22H,
CHy), 11.57 (s, TH, NH). *C{'"H} NMR (IDg]THF, 101 MHz): 6 [ppm] =
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21.6 (CHy), 1004 (CHypds 1236 (C), 1242 (C), 1252 (d, Jep=
8.5 Hz, CH,), 127.8 (d, Jop=5.6Hz, CH,), 130.1 (d, Jop=10.9 Hz,
CHyy), 131.9 (CH,), 1325 (CH,), 1342 (d, Jep=5.5 Hz, CH,), 135.5
(diroady CHa)s 150.0 (d, *Jop=10.0Hz, CN,), 162.2 (CN,). Carbon
atoms of the C(F; moieties cannot be observed. *'P{"H} NMR
(IDgITHF, 162 MHz): 6 [ppm]=33.8 (pseudo-quintet, P-AuCFs).
'9F NMR ([DITHF, 377 MH2): 6 [ppm]=—117.7 to —114.2 (m, C,Fs),
—161.7 (¢, 3JEF= 19.8 Hz, C,F5), —166.0 to —163.2 (m, CFs). IR (ATR):
v[em™'1=3074 (vw), 3052 (vw), 1620 (m), 1586 (vw), 1564 (vw),
1531 (m), 1502 (s), 1484 (m), 1453 (vs), 1434 (vs), 1382 (vw), 1366
(w), 1351 (m), 1329 (vw), 1281 (w), 1268 (m), 1254 (m), 1183 (m),
1159 (w), 1123 (vw), 1102 (m), 1073 (m), 1059 (m), 1048 (m), 1028
(w), 999 (w), 951 (s), 922 (w), 872 (vw), 805 (vw), 791 (m), 766 (w),
741 (m), 711 (w), 690 (m), 593 (vw), 554 (w), 538 (vw), 508 (m), 481
(w). Elemental analysis calcd (%) for [Cs3HigAusF,oN,P,-CH,CI,]
(1431.68 gmol™): C 45.30, H 2.68, N 1.96; found C 45.04, H 2.68, N
2.07.

[PNac-H-Ag'l[BF,] (3): PNac-H (1) (100 mg, 0.16 mmol, 1.00 equiv.)
and Ag[BF,] (31.0 mg, 0.16 mmol, 1.00 equiv.) were dissolved in
10 mL THF 10 mL and stirred for 4 hours at room temperature,
whereupon an off-white solid precipitated. The solvent was re-
moved under reduced pressure and subsequently dissolved in
3 mL DCM. Single crystals suitable for X-ray analysis were obtained
by slow diffusion of n-pentane into a solution of 3 in DCM. For
NMR analysis the obtained crystals were dissolved and recrystal-
lized in THF. Crystalline yield: 56.0 mg (43 %).

"H NMR ([Dg]THF, 400 MHz): 6 [ppm]=1.17 (s, 6H, CH,), 4.52 (s, TH,
CHyacnac) 7.00-7.09 (m, 4H, CH,), 7.21 (t, 3y =7.6 Hz, 2H, CH,),
7.4 =753 (m, 15H, CH,), 7.55-7.67 (m, 7H, CH,), 11.18 (s, 1H, NH).
BC{'H, *'P} NMR ([DgITHF, 101 MHz): & [ppm]=21.1 (CH,), 98.0
(CHyacnadr 1269 (CH,), 127.3 (CH,), 129.2 (C,), 130.5 (CH,), 132.3
(CHa), 132.9 (CH,), 133.9 (CHy), 135.3 (Cy), 135.8 (CH,,), 149.5 (CN,),
164.1 (CN,). "B NMR ([Dg]THF, 128 MHz): 6 [ppm]=—0.93 to —1.04
(m, BF,). F NMR (D THF, 377 MHz): 6 [ppm]=—153.2 to —153.3
(m, BF,). *P{H} NMR ([Dg]THF, 162 MHz): & [ppml=12 (d,
*Jonguon="518.8 Hz), 1.2 (d, *Jpaq109)="598.7 Hz).- An additional reso-
nance in the *'P{'"H} NMR spectrum can be detected at 6 = —5.3 (d,
*Jonguon="477.8 Hz), —5.3 (d, *Jpag0s=527.7 Hz) which is attributed
to a solvent coordinated species. IR (ATR): V[cm~'1=3067 (vw),
3049 (vw), 3022 (vw), 2916 (vw), 1612 (m), 1580 (vw), 1525 (vs),
1479 (m), 1457 (w), 1432 (vs), 1375 (vw), 1333 (w), 1270 (s), 1185
(w), 1161 (vw), 1129 (vw), 1098 (s), 1072 (s), 1023 (vs), 993 (s), 920
(vw), 874 (vw), 802 (vw), 744 (s), 694 (vs), 599 (vw), 547 (vw), 517
(m), 485 (s), 438 (vw), 416 (vw). Elemental analysis calcd (%) for
[C..;Hs5AgBF,N,P,-CH,Cl,] (898.30 gmol™"): C 56.16, H 4.26, N 3.12;
found C 56.56, H 4.66, N 3.06.

[PNac-H-Au'l[CIO,] (4): PNac-H (1) (100 mg, 0.16 mmol, 1.00 equiv.)
and [Au(tht),][CIO,] (76.0 mg, 0.16 mmol, 1.00 equiv.) were dis-
solved in 5 mL DCM and stirred for 1 hour at room temperature.
Subsequently, the solution was concentrated to approximately
3 mL. Single crystals of 4 suitable for X-ray analysis were obtained
from slow diffusion of diethyl ether into the DCM solution. Crystal-
line yield: 114.0 mg (78 %).

'H NMR (CDCl;, 400 MHz): 6 [ppm]=1.31 (s, 6H, CH;), 462 (s, TH,
CHyaenad), 6.94-7.01 (m, 2H, CH,,), 7.09-7.16 (m, 2H, CH,,), 7.28-7.35
(m, 2H, CH,), 7.52-7.66 (m, 22H, CH,,), 12.08 (s, 1H, NH). C{'H}
NMR (CDCl;, 101 MH2): 6 [ppm]=20.3 (CH3), 97.1 (CHy,nad)s 1254
(Vt, Uep=31.7 Hz, C,), 1263 (vt, Jop=4.6 Hz, CH,), 126.6 (vt, Jcp=
2.6 Hz, CH,), 127.1 (vt, Jep=30.0Hz, C)), 130.5 (vt, Jop=5.9 Hz,
CHp), 132.9 (CH,), 133.7 (CH,), 133.9 (vt, Jop=3.4 Hz, CH,,), 134.3
(CHa), 147.6 (vt, *Jep=5.4 Hz, CN,), 162.9 (CN). *'P{"H} NMR (CDCl;,
162 MHz): 6 [ppm]=34.5 (s). IR (ATR): v [cm '1=3048 (w), 2988
(vw), 1614 (s), 1586 (vw), 1563 (vw), 1535 (vs), 1487 (w), 1460 (w),
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1432 (vs), 1387 (vw),1354 (w), 1334 (vw), 1308 (vw), 1280 (w), 1255
(m), 1185 (w), 1159 (vw), 1129 (vw), 1093 (m), 1068 (vw), 1027 (vw),
996 (vw), 973 (vw), 919 (vw), 870 (vw), 800 (vw), 746 (s), 690 (vs),
590 (w), 555 (w), 511 (s), 486 (m), 436 (vw), 415 (vw). Elemental
analysis calcd (%) for [C,;H;sAuCIN,0,P,-CH,Cl,] (1000.04 gmol™): C
50.44, H 3.83, N 2.80; found C 49.77, H 3.49, N 2.77.

[PNac-H-Pd°-PPh,] (5): PNac-H (1) (100 mg, 0.16 mmol, 1.00 equiv.)
and [Pd(PPh;),] (184 mg, 0.16 mmol, 1.00 equiv.) were dissolved in
15 mL THF and stirred at room temperature for 16 h. Subsequently,
the solvent was removed under reduced pressure to obtain an
orange solid. Single crystals of 5 suitable for X-ray analysis were
obtained by slow diffusion of n-pentane into a toluene solution.
Crystalline yield: 82 mg (52 %).

'H NMR ([Dg]THF, 300 MHz): 6 [ppm]=1.36 (s, 6H, CH,), 4.50 (s, 1H,
CHyacnad), 6-46-6.68 (M, 2H, CH,,), 6.78-7.00 (m, 17H, CH,,), 7.01-
7.26 (m, 24H, CH,), 12.55 (s, TH, NH). “C{'H} NMR ([Dg]THF,
75 MHz): 6 [ppm]=21.5 (CH;), 97.8 (CHy,nads 101.6 (CH,), 123.2
(CHa), 123.4 (CH,,), 128.4 (vt, Jcp=4.3 Hz, CH,), overlapping signals
128.5-128.7 (CH,,) 128.8 (CH,), 129.3 (CH,,), 132.8 (CH,,), 135.0 (d,
Jep=17.6 Hz, CHp), 1353 (Vt, Jop=9.2 Hz, CH,), 1394 (vt, Jep=
10.1 Hz, C,) 139.6 (C,), 139.8 (C,), 149.2 (vt, ?Jep=8.5 Hz, CN,), 158.6
(CN,). *'P{'H} NMR ([Dg]THF, 121 MHz): 6 [ppm]=10.8 (d, “Jpp=
83.0 Hz, Pd-(PPh,Ar),), 259 (t, “Jpp=83.3 Hz, Pd-PPh,). IR (ATR):
v [em '1=3069 (vw), 3052 (w), 2997 (vw), 1628 (m), 1584 (vw),
1564 (w), 1150 (m), 1499 (vw), 1475 (w), 1454 (w), 1431 (s), 1383
(vw), 1359 (vw), 1305 (vw), 1276 (w), 1250 (w), 1233 (vw), 1185 (w),
1121 (vw), 1084 (w), 1065 (vw), 1026 (vw), 998 (vw), 984 (vw), 926
(vw), 864 (vw), 842 (vw), 799 (vw), 742 (s), 720 (w), 694 (vs), 675
(w), 618 (vw), 594 (vw), 541 (vw), 504 (vs), 495 (s), 476 (w), 417 (w).
Elemental analysis calcd (%) for [CsoHs;N,P;Pd] (987.41 gmol™'): C
71.77,H 5.21, N 2.84; found C 70.83, H 5.16, N 2.75. UV/Vis: A axoca)
[nm]=373.

[PNac-Ni'l (6): PNac-H (1) (100 mg, 0.16 mmol, 1.00 equiv.) and
[Ni(cod),] (45.0 mg, 0.16 mmol, 1.00 equiv.) were dissolved in 10 mL
THF and stirred at room temperature for 6 hours. Then, the dark
red solution was concentrated under reduced pressure to approxi-
mately 3 mL. Single crystals of 6 suitable for X-ray analysis were
obtained from slow diffusion of n-pentane into a THF solution.
Crystalline yield: 63.0 mg (58 %).

IR (ATR): ¥ [cm~'1=3050 (w), 2976 (vw), 2916 (vw), 2856 (vw), 1629
(vw), 1579 (w), 1552 (vw), 1526 (w), 1504 (vw), 1478 (vw), 1432 (s),
1376 (vs), 1356 (vs), 1308 (w), 1266 (s), 1233 (m), 1181 (m), 1153
(m), 1121 (s), 1095 (m), 1065 (w), 1022 (w), 998 (w), 980 (w), 932
(vw), 858 (vw), 816 (vw), 744 (s), 717 (m), 692 (s), 619 (vw), 547 (m),
524 (w), 498 (w), 469 (vw), 429 (vw). Elemental analysis calcd (%)
for [CyHssN,NiP,-C,HgO] (748.49 gmol™'): C 72.21, H 5.79, N 3.74;
found C 71.19, H 5.88, N 3.75. EI-MS (70 eV, QT=150°C): m/z [%]=
675.095 [M]™ (100). UV/Vis: Araxgocay [NM]=411. Due to paramag-
netic Ni' moiety, merely broad resonances can be detected in the
corresponding 'H, *C{'"H} and *'P{'"H} NMR spectra, which are not
interpretable.

[PNac-Cu'l (7): PNac-H (1) (100 mg, 0.16 mmol, 1.00 equiv.) was dis-
solved in 10 mL diethyl ether and the corresponding solution
cooled to —78°C. After this 0.07mL nBulLi (2.5m, 0.16 mmol,
1.00 equiv.) was added to the solution and stirred for 30 minutes.
Then, Cu'Cl (16.0 mg, 0.16 mmol, 1.00 equiv.) was added at room
temperature. After stirring for another 16 h, whereupon a white
solid precipitated, the solution was concentrated to approximately
5 mL and subsequently filtered through a PTFE filter. Single crystals
of 7 suitable for X-ray analysis were obtained by cooling the dieth-
yl ether solution to 0°C. Crystalline yield: 45.0 mg (41 %).
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'HE'P} NMR (C¢Ds, 300 MH2): 6 [ppm]=1.73 (s, 6H, CHs), 437 (s,
1H, CHyacnads 6.70 (td, >y =73 Hz, “Jy,;=1.3 Hz, 2H, CH,), 6.92-
7.04 (m, 14H, CH,), 7.06-7.15 (m, 4H, CH,), 7.51-7.56 (m, 8H,
CH,). C{'H} NMR (CsDs, 75MHz): O [ppm]l=22.4 (CH,), 97.2
(CHyaenad), 100.7 (CH,), 121.7 (CHg), 1219 (CH,), 1286 (Vt, Jep=
4.4 Hz, CH,), 129.1 (CHp), 129.7 (CHa), 132.3 (CHy), 134.1 (Vt, Jop=
8.6 Hz, CH,), 1347 (d, Jep=42.3 Hz, C), 1349 (vt, 'Jop=123 Hz,
Cy), 1564 (vt, *Jp,=8.8Hz, CN;), 161.3 (CN,). *'P{'H} NMR (C,D,
121 MH2): 6 [ppm]=—16.7 (s). IR (ATR): V [cm '1=3071 (vw), 3049
(vw), 2996 (vw), 2912 (vw), 1581 (vw), 1543 (m), 1520 (vw), 1482
(vw), 1437 (m), 1386 (vs), 1376 (vs), 1350 (s), 1298 (w), 1257 (w),
1182 (m), 1155 (vw), 1121 (vw), 1093 (vw), 1062 (vw), 1023 (w), 937
(vw), 864 (vw), 815 (vw), 767 (vw), 740 (m), 692 (m), 606 (w), 555
(vw), 529 (vw), 502 (w), 476 (w), 425 (vw). Elemental analysis calcu-
lated (%) for [C,H3sCuN,P,] (681.24 gmol"): C 72.29, H 5.18, N
4.11; found C 72.32, H 4.85, N 4.11. UV/Vis: Ayaxgocay [NM] =393,
515.

[PNac-Pt"][BF,] (8): PNac-H (1) (100 mg, 0.16 mmol, 1.00 equiv.)
and NaOMe (9.00 mg, 0.16 mmol, 1.00 equiv.) were dissolved in
10 mL THF and stirred overnight. Subsequently, the solvent was re-
moved under reduced pressure and the resulting solid washed
with diethyl ether. Then, [PtCl,(dmso),] (68.0 mg, 0.16 mmol,
1.00 equiv.) and Na[BF,] (18.0 mg, 0.16 mmol, 1.00 equiv.) were
added to the solid. The mixture was dissolved in 5 mL DCM and
the solution stirred for 2 hours at room temperature. Single crystals
of 8 suitable for X-ray analysis were obtained by adding 10 mL di-
ethyl ether to the DCM solution and subsequent cooling to
—30°C. Crystalline yield: 88.0 mg (61 %).

'H NMR (CDCl,, 400 MHz): 6 [ppm]=2.25 (s, 6H, CH;), 5.10 (s, TH,
CHyacnad), 6.93-6.99 (m, 2H, CH,,), 7.02-7.07 (m, 2H, CH,,), 7.13 (dd,
*Jun=83Hz, *Jyy=3.6 Hz, 2H, CH,), 7.18-7.26 (m, 16H, CH,),
7.39-7.47 (m, 6H, CH,). *C{'H, *P} NMR (CDCl;, 101 MHz): &
[Ppm]=24.2 (CH;), 113.9 (CHyaenad: 123.8 (CH,), 124.1 (C), 125.2
(C), 125.8 (CHy), 129.5 (CH,), 1326 (CH,), 1328 (CH,), 133.0
(CHa), 1332 (CH,), 158.2 (CN,), 160.2 (CN,). *'P{'"H} NMR (CDCl;,
162 MHz): 0 [ppm]=19.4 (d, 'Jpp=3178.5Hz). "BNMR (CDCl,,
128 MHz): 6 [ppm]=-0.79 to —0.84 (m, BF,). FNMR (CDCl;,
377 MH2): 6 [ppm]l=—154.5 to —154.7 (m, BF,). "*Pt NMR (CDCl,,
86 MHz): O [ppm]=-4068.0 (t, 'Jpp=3183.9Hz). IR (ATR):
v[em™'1=3056 (vw), 1580 (vw), 1566 (vw), 1533 (w), 1518 (w),
1482 (vw), 1454 (w), 1431 (m), 1377 (w), 1351 (vs), 1310 (vw), 1268
(s), 1251 (w), 1198 (vw), 1184 (vw), 1165 (vw), 1139 (vw), 1105 (w),
1066 (m), 1046 (m), 1033 (s), 1022 (s), 997 (w), 947 (vw), 877 (vw),
852 (vw), 785 (vw), 760 (w), 742 (w), 729 (w), 715 (w), 701 (w), 691
(m), 634 (vw), 567 (w), 552 (w), 531 (w), 516 (w), 502 (w), 428 (vw).
Elemental analysis calcd (%) for [C4H5,PtBF,N,P,-CH,CI,]
(984.51 gmol™"): C 51.24, H 3.79, N 2.85; found C 51.23, H 4.11, N
2.77. UVNVis: Aaxocay [NM] =349, 498.

[PNac-Ni"-Cll (9): (Route A): PNac-H (1) (150 mg, 0.24 mmol,
1.00 equiv.) and [Ni(cod),] (66.0 mg, 0.24 mmol, 1.00 equiv.) were
dissolved in 10 mL DCM and stirred over night at 30°C. Then, the
dark green solution was concentrated under reduced pressure to
approximately 3 mL. Single crystals of 9 suitable for X-ray analysis
were obtained from slow diffusion of diethyl ether into the DCM
solution. Crystalline yield: 113 mg (65%).- (Route B): Alternatively,
complex 9 can be synthesized, reacting Ni' compound 6 with DCM,
applying similar reaction conditions.

'H NMR (CDCl,;, 400 MHz): 6 [ppm]=2.05 (s, 6H, CH,), 531 (s, 1H,
CHyacnad), 6.81-6.98 (m, 6H, CH,,), 7.21-7.31 (m, 8H, CH,,), 7.33-7.42
(m, 10H, CH,,), 7.48 (t, *J;;=7.6 Hz, 4H, CH,,). *C{'"H} NMR (CDCl,,
101 MH2): 6 [ppm]=22.6 (CH;), 115.5 (CHyaenads 123.7 (Vt, Jep=
6.0 Hz, CH,), 124.7 (vt, 'Jep=25.6Hz, C)), 125.1 (vt, Jop=3.8 Hz,
CHa), 129.5 (vt, Jop=5.4Hz, CH,), 1266 (vt, Uep=27.9Hz, C),

—_ e~~~

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202001357

131.4 (CHy), 1322 (CH,), 133.1 (vt, Jop=5.2 Hz, CH,), 133.2 (CH,),
156.9 (vt, “cp=11.6 Hz, CNy), 160.4 (CN,). 3P{'H} NMR (CDCls,
162 MHz): 6 [ppm]=35.2 (s). IR (ATR): v [cm '1=3050 (w), 2985
(vw), 1578 (vw), 1574 (vw), 1543 (m), 1523 (m), 1481 (vw), 1454
(m), 1435 (s), 1372 (s), 1356 (vs), 1345 (vs), 1303 (vw), 1268 (s), 1192
(w), 1158 (vw), 1132 (vw), 1097 (m), 1069 (vw), 1032 (w), 1019 (m),
997 (vw), 946 (vw), 928 (w), 759 (m), 740 (m), 720 (m), 690 (s), 635
(vw), 567 (vw), 541 (w), 524 (vw), 509 (m), 497 (m), 480 (vw). Ele-
mental analysis caled (%) for [C,H55N,NiP,CI-0.25CH,Cl,]
(733.07 gmo|’1): C 67.59, H 4.88, N 3.82; found C 67.50, H 5.40, N
3.69. UV/Vis: Aoy ocay [NM]=499.

[PNac-Rh"-CI(H)] (10): PNac-H (1) (100 mg, 0.16 mmol, 1.00 equiv.)
and [RhCl(cod)], (40.0 mg, 0.08 mmol, 0.50 equiv.) were dissolved
in 10 mL DCM and stirred for 3 hours at room temperature. Then,
the violet solution was concentrated under reduced pressure to
approximately 3 mL. Single crystals of 10 suitable for X-ray analysis
were obtained from slow diffusion of diethyl ether into the DCM
solution. Crystalline yield: 46.0 mg (37 %).

'HNMR (CD,Cl,, 400 MHz): & [ppm]=—13.92 (dt, "z =214 Hz,
*Jup=18.1Hz, 1H, Rh-H), 2.10 (s, 6H, CHs), 4.77 (s, TH, CHyaenao:
6.78-6.87 (m, 6H, CH,), 6.97-7.06 (m, 4H, CH,), 7.15 (t, *Jyu=
7.4 Hz, 2H, CH,,) 7.23-7.29 (m, 6H, CH,), 7.36 (t, *J,,=7.3 Hz, 4H,
CHy), 746 (t, *Jyu=7.3Hz, 2H, CH,), 7.56-7.61 (m, 4H, CH,).
PC{'H} NMR (CD,Cl,, 101 MHz): 6 [ppm]=23.9 (CH,), 111.7 (CHyenad):
122.9 (C,), 1244 (Vt, Jop=6.6 Hz, C;), 128.1 (Vt, Jop=5.2 Hz, CH,),
129.0 (Vt, Jop=>5.1Hz, CH,), 130.7 (d, Jp=59.1 Hz, CH,), 131.2
(CHp), 1326 (CHy), 133.6 (Vt, Jop=5.8Hz, CH,), 1343 (Vt, Jop=
5.1 Hz, CH,), 1586 (Vt, JJcp=9.3 Hz, CN,), 161.6 (CN,). *'P{'H} NMR
(CD,Cl,, 162 MHz): & [ppm]=39.1 (d, "Jpzy=119.1 Hz). IR (ATR):
V[cm™1=3051 (vw), 2958 (vw), 2922 (vw), 2080 (vw), 2040 (vw),
1577 (vw), 1543 (w), 1518 (vw), 1482 (vw), 1430 (m), 1376 (w), 1349
(s), 1308 (m), 1262 (s), 1233 (vs), 1190 (vs), 1152 (vs), 1125 (s), 1094
(m), 1064 (vw), 1023 (w), 980 (m), 945 (vw), 864 (vw), 839 (vw), 806
(vw), 758 (w), 743 (w), 694 (m), 637 (vw), 619 (vw), 548 (w), 503
(m). Elemental analysis calcd (%) for [C4H;36RhN,P,2CH,CI,]
(926.91 gmol™): C 55.72, H 4.35, N 3.02; found C 55.33, H 4.24, N
3.08. UV/Vis: Anax ocay [NM] =379, 543.

X-ray crystallographic studies: Detailed XRD measurement de-
scription as well as crystal and structure refinement data are pro-
vided as Supporting Information. Additionally, selected bond
lengths and angles of all compounds (1-10) are given in the Sup-
porting Information (Figures S1-S10).

Associated Content: Supporting Information: Additional XRD and
structure refinement data; selected bond lengths and angles of all
compounds; NMR- and IR- spectra of every compound; mass and
UV/Vis spectra of selected compounds.

Deposition  numbers 1989054, 1989055, 1989056, 1989057,
1989058, 1989059, 1989060, 19890601, 1989062, and 1989063 con-
tain(s) the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.
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