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Abstract: We report hitherto elusive side-on n*-bonded palladium(0) carbonyl (anthraquinone, benzaldehyde) and arene
(benzene, hexafluorobenzene) palladium(0) complexes and present the catalytic hydrodefluorination of hexafluoroben-
zene by cyclohexene. The comparison with respective cyclohexene, pyridine and tetrahydrofuran complexes reveals that
the experimental ligand binding strengths follow the order THF < C¢Hy < C¢F, < cyclohexene < pyridine < benzalde-
hyde < anthraquinone. To understand this surprising order, the complexes’ electronic structures were elucidated by
nuclear magnetic resonance (NMR), single crystal X-Ray diffraction (sc-XRD), ultraviolet/visible (UV/Vis) electronic
absorption, infrared (IR) vibrational, Pd L;-edge X-ray absorption (XAS), and X-ray photoelectron (XP) spectroscopic
techniques, complemented by Density Functional Theory (DFT) calculations including energy decomposition (EDA-
NOCV) and effective oxidation state (EOS) analyses. For benzene, pyridine and cyclohexene, bonding follows the
donor/acceptor picture of the Dewar—Chatt—-Duncanson model. In stark contrast, hexafluorobenzene, benzaldehyde and
anthraquinone bind via essentially the n-channel only and thus as n-analogues of Z-acceptor ligands. This contribution
elucidates the control of functional-group selectivity in palladium(0) catalysis and delineates a novel strategy to activate

electron-deficient n-systems.
\ Y J
Introduction the unsaturated substrate nucleophilic, whereas the well-

Palladium-olefin complexes!"! are intermediates in various
industrial processes including olefin polymerization,” the
Mizoroki-Heck reaction,”! and the Wacker process.! Palla-
dium also catalyzes the CH and CF functionalization of
unsupported arenes, as well as the oxidation of cyclo-
hexanones and aldehydes by dioxygen and/or quinones.”
Recently, palladium(0) complexes emerged as privileged
catalysts for carbon-carbon coupling of 1,3-dienes, 1,3-
enynes and heteroarenes with imines, carbonyls, and
Michael-acceptors.”! This approach has been proposed to
rely on the n-Lewis basicity of the soft metal, which renders

established n-Lewis-acid activation (e.g. with Pd" catalysts)
leads to electrophilic reactivity.”! The electronic structure of
transition metal m-complexes® is typically rationalized by
the Dewar—Chatt-Duncanson model,’) which understands
the interaction between the metal and the unsaturated
ligand by a combination of c-donation into a vacant d-
orbital and m-backdonation from an occupied d-orbital
(Figure 1, a).

In case of d" configured metal complexes, where all d-
orbitals are occupied, the bonding situation remains vague
(Figure 1, b)."! Also the metal’s oxidation state remains
unclear, as n-backdonation may oxidize the metal center.[']
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Figure 1. Bonding in metal-olefin complexes according to the Dewar—
Chatt—Duncanson model (a), limiting resonance structures for low-
valent palladium m-complexes (b), and ligands studied herein (c).

For nickel diphosphine-supported n-complexes, it has been
argued instead that the metal merely channels electron
density from the diphosphine to the n-ligand.'” Note that
intramolecular olefin-coordination to nickel may even give
rise to ligand non-innocence.!” In the third limiting case,
and applying the covalent bond classification (CBC) method
by Green and Parkin,' the metal-ligand bond could be
understood as a Z-type interaction of a metal Lewis-base
with a Lewis-acidic ligand. This perspective is commonly
adopted for strong Lewis-acids in -symmetry."! Bonding of
n’-ligands by formally d' configured metal complexes is
particularly weak for delocalized n-systems and organic
carbonyl compounds. Whereas a vast diversity of arene-
complexes is known for transition metals with a d-electron
count below 10, essentially all corresponding (fluoro)
arene!'”! group 10 complexes relate to nickel. Note that the
4 5°d* valence electron configuration of elemental nickel
tentatively suggests higher Lewis acidity compared to
elemental palladium and platinum with their 44" and 6 s'5d°
valence shells."® Similarly, side-on n’-coordination of the
C=0" functionality is well established for nickel™ yet
remains elusive for palladium, where only unproductive
Werner-type k'-O end-on coordination is known. For
instance, several side-on nickel(0) carbon dioxide complexes
were crystallographically characterized.”" In contrast, the
only known palladium CO, complex is metastable in nature,
and persists only at —30°C even under an atmosphere of
carbon dioxide.” In the (dibenzylideneacetone) palladium-
(0) precursors Pd,(dba); and Pd(dba),, the dba ligands
chelate the metal centers by their two olefinic groups, and
no interaction with the carbonyl functionality is found.”
Nitrosobenzene has been found to oxidize palladium(0),
thereby affording a x'-N coordination.?” With the exception
of two examples with platinum(0) bisphosphine complexes,
which form a side-on complex with Cy4(CF;)/*! and a
B(C4F5); adduct with CO,,”! reports on intermolecular® Pd
and Pt n’-arene and side-on R,C=0 complexes exclusively
relate to binuclear palladium(I) scaffolds.” In fact, it has
been hypothesized based on the elusiveness of such palla-
dium complexes that the inferior functional group tolerance
of the nickel cross-coupling catalysts might be rooted in the
much higher binding strength with n-ligands.”” Here, we
report such palladium(0) n-complexes, their binding
strengths, as well as their underlying electronic structure,
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which will allow to understand and rationally tailor func-
tional group tolerance and selectivity in low-valent group
10 catalysis (Figure 1, c).

Results and Discussion
Synthesis

In a previous study,”™ we reported a palladium(0) pyridine
complex supported by an imino-functionalized Cyclic
(Alkyl)(Amino) Carbene (""CAAC) ligand (1*)." This
complex serves as a powerful catalyst for transfer hydro-
genation of ketones, amide formation from esters, boryla-
tion of alcohols and amines, and the dimerization of alkynes
under exceedingly mild conditions.”” This is because the
pyridine is only weakly bound due to hard-soft mismatch,
thus rendering the complex a 12e~ palladium(0) surrogate.[*”!
Consequently, 1? readily inserts into O—H, N—H, and C-C
bonds even at room temperature,ml and forms palladium
terminal nitrenes with organic azides.*™ We presumed that
the lability of the pyridine ligand in 1" should also provide
the thermodynamic driving force for isolating n*-carbonyl
and arene complexes. Indeed, a substitution reaction to
form 2 and 3, as was evident from an immediate color
change from deep red to orange-yellow, results upon
treating benzene or pentane solutions of 1" with 2 equiv. of
C¢Fs or 1equiv. of 4-isobutylbenzaldehyde (ald), respec-
tively (Scheme 1). Similarly, adding 1 equiv. of anthraqui-
none (aq) led to a dark red solution associated with the
formation of 4. Complexes 2 and 4 precipitated quantita-
tively from the solution within 5 minutes, whereas 3
commenced to crystallize after 10 minutes. All three com-
plexes were isolated analytically pure in high yields after
washing with pentane and drying in vacuo. The 'H NMR
spectroscopic analysis revealed that although the C¢Fy ligand
in complex 2 stays attached to the metal center in tetrahy-
drofuran solutions, it undergoes quantitative ligand-ex-
change to 15" upon dissolution in benzene (Figures S20-
S23). Attempts to isolate 1% through capture of pyridine
by Lewis-acids were, however, unsuccessful and led to the
formation of unknown mixtures.

Isolation attempts of the corresponding cyclohexene
(1%Me) and ethylene complexes (1¢"4)** which formed
cleanly in solution upon treating 1*¥ with cyclohexene and
ethylene, respectively, also afforded intractable mixtures of
compounds. Single crystals suitable for X-Ray diffraction
(sc-XRD) were obtained from the reaction mixture in case
of 3 and 4, whereas single crystals of 2 were obtained by
diffusion of pentane into a saturated THF solution at room
temperature.’” The solid-state structures of the com-
plexes 2, 3, and 4 revealed the side-on/n’*-coordination of the
C=C (in 2 containing hexafluorobenzene) and C=0 (in 3
and 4 containing 4-isobutylbenzaldehyde and anthraqui-
none, respectively) groups. Notably, the dangling imino
group of the ™CAAC ligand in 1 coordinates the metal
center in 2, 3 and 4. This is also the case in perdeutero-THF
solutions according to the "“C NMR spectroscopic
analysis®'¥ with signals for the imino-functionality appearing
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Scheme 1. Synthesis of palladium n-complexes 2—4 from the pyridine-coordinate precursor 17, their solid-state structures, and in situ generation of
1%Ms and 1", Hydrogen atoms and co-crystallized solvent molecules are omitted for clarity, thermal ellipsoids are given at 509% probability.
Selected bond lengths [A] and angles [°]: 2: Pd1-C18, 1.986(4); Pd1-C25, 2.098(11); Pd1-C30, 1.996(12); C25—F1, 1.379(13); C25-C26, 1.404(12);
C25-C30, 1.464(8); C30-F6, 1.388(13); C30-C29, 1.435(12); Pd1—C25-F1, 117.5(6); Pd1-C25-C26, 119.4(10); Pd1-C30—F6, 117.2(7);
Pd1-C30-C29, 118.3(9); F1-C25—-C26, 113.8(9); F1—-C25—C30, 114.2(10); F6—C30—C25, 116.6(9); F6 A—C30—C29, 110.7(10); C25—C30-C29,
116.7(12); C30-C25-C26, 118.1(12). 3: Pd1—C1, 1.985(2); Pd1-O1, 2.0543(15); Pd1-C37, 2.065(2); O1-C37, 1.330(3); C37-C38, 1.480(3);
Pd1-C37-C38, 118.00(16); Pd1-C37-01, 70.73(12); O1-C37-C38, 119.4(2). 4: Pd1-C1, 1.9881(12); Pd1—-0O1, 2.0231(9); Pd1-C37, 2.1795(12);
01-C37, 1.3274(15); C37—C38, 1.4758(17); C37—-C50, 1.4822(18); Pd1-C37-01, 65.28(6); Pd1—C37—C38, 115.40(8), Pd1—-C37—C50, 114.64(8);
0O1-C37-C38, 118.79(11); O1-C37-C50, 118.87(11); C38—-C37—C50, 114.60(11).

at 186.9 (2), 183.8 (3) and 185.9 ppm (4). Dissociation of the
hemilabile imino group occurs for 1% (172.7 ppm), just as
is the case for 1" (173.0 ppm) and 1% (172.3 ppm).BP*!
Furthermore, a significant activation, that is elongation, of
the pertinent C=C and C=0O double bonds is evident in the
solid state. In case of hexafluorobenzene, the bond length
increases from 1.366 A for free C4F,*" to 1.464(8) A in 2. In
3, the C=0 bond elongates from 1.208(5) A in cocrystallized
benzaldehyde® to 1.330(3) A, which is now closer to the
1.424(4)-1.436(4) A found in p-methylbenzylalcohol crystals
for the C-O single bond.” In the same manner, the
coordinating C=0O bond of anthraquinone in 4 elongates
from 1.247(2) A for the free ligand to 1.327(2) A
approaching the 1.448(2)-1.449(2) A reported for a deco-
rated 9,10-dihydroxyanthracenediol.*” Similarly, one finds
smaller bond angles centered on the coordinated carbon
atoms, supporting a change in hybridization from sp?
towards sp’. For 2, the F~C—C angles are 114.2(10)° and
116.6(9)°, which is closer to the 120° (117.1-122.6°) found
for C4Fs”"! than to the ideal tetrahedral angle of 109.5. For 4,
O—C—C angles of 118.79(11)° and 118.87(11)°, and a C—C-C
angle of 114.60(11)° are observed, as compared to 120.2°
and 119.6°, respectively, for free anthraquinone.” In case of
3, the O—C—C angle is reduced from 125.8°"" to 119.4(2)°.
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In line with reduced backbonding (see below), the Pd—C
bonds to the ""CAAC ligands in 2 (1.986(4) A), 3 (1.985
(2) A) and 4 (1.9881(12) A) are stretched compared to the
Pd(0) complex 1* (1.926(3)-1.927(3) A).*” Note that corre-
sponding four-coordinate Pd(II) complexes such as the
dichloride (1.9230(19) A) or the cyclic tosylimido complex
(1.922(2) A) show bond lengths comparable to 1%*. The
IR-spectroscopic data for 3 (?=1598 cm™'; free 4-isobutyl-
benzaldehyde; 1696 cm™) and 4 (v=1626, 1596 cm™'; free
anthraquinone: 1671 cm™') further corroborate substantial
weakening of the C=O double bonds.

Ligand Exchange and Fluoride Metathesis

To quantify the relative strengths of the metal-ligand bonds
in the complexes 1-4, UV/Vis and 'H NMR titration/
exchange experiments were conducted (Scheme 2; Support-
ing Information).

Beyond THF ™! the benzene ligand is most labile,
followed by C¢F, which is stabilized by AG=2442 kJmol™
in respect to benzene. Cyclohexene (AG=1+0.1kJmol ")
and pyridine (AG=441kJmol ") follow. As the binding of
hexafluorobenzene is weaker than that of pyridine, the

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 2. Gibbs Free Energies AG (k) mol™) for ligand exchange
according to titrations in THF; ald, 4-isobutylbenzaldehyde; aq,
anthraquinone.

synthesis of 2 from 1" is driven by precipitation of the
product. Pyridine itself binds weaker (AG=-13+
4 kImol™") than 4-isobutylbenzaldehyde, whereas anthraqui-
none binds stronger (AG=9+3 kImol™'). Interestingly, the
trend neither follows the ligands’ n-acidities nor anticipated
metals’ physical oxidation states (e.g., pyridine vs. CFy).
Ligand exchange was also modelled computationally at the
ZORA-PBEO (SMD)-D4/def2-TZVPP//ZORA-PBE0-D4/
def2-SVP level of theory. The calculated Gibbs Free
Energies AG (Figure S70) reproduce the experimental trend
and equilibrium constants, thus validating the accuracy of
the computational method.

Demonstrating the activation of hexafluorobenzene in a
catalytic context, complex 2 was heated in the presence of
further 9 equiv. of C¢F; and 10 equiv. of cyclohexene in
tetrahydrofuran (Figure 2; Table S2). Beyond cyclohexane
and benzene, pentafluorobenzene (~40%, TON=4;
50 equiv. substrate: TON=9) as well as fluorocyclohexane
(~15%) and traces (~2%) of 1,2,4,5- and 1,2,3,4-tetrafluor-
obenzene formed. Whereas the hydrodefluorination of
electron-deficient fluoroarenes by hydridic reagents in the
presence of late transition metal catalysts is well
precedented,™ this finding suggests that also metathesis-
type approaches with allylic CH bonds are feasible.

H H H
F. F F H F F
+ +
F F F F F F
F F H
hydrodefluorination ;
major traces

2-10 mol% [Pd], THF, 60 °C, 4 h TON: up to 9

O transfer hydrogenation O © O/F
+ +

Figure 2. Catalytic hydrodefluorination of hexafluorobenzene by cyclo-
hexene.
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Computational Bonding Analysis: IBO, EOS, EDA-NOCV

We investigated the bonding situation of n-complexes 1-4
by state-of-the-art chemical bonding tools, namely Localized
Orbital Bonding Analysis (LOBA) harnessing Intrinsic
Bond Orbitals (IBOs), Energy Decomposition (EDA-
NOCYV), and Effective Oxidation State (EOS) analyses. Five
IBOs representing occupied d-orbitals are found for 2, 3 and
4, which is consistent with a d'’-valence electron config-
uration (Figure 3, bottom). Four of these orbitals are
exclusively localized at the palladium atoms (Table S7),
whereas one d-orbital mixes with the ligand-centered m *-
orbitals due to n-backbonding (Figure 3, top; 1%, Pd:L=
0.89:0.11; 1% Pd:1.=0.88:0.12; 1%"n Pd:1.=0.86:0.14; 2,
Pd:L=0.73:0.27; 3, Pd:L 0.67:0.33; 4, Pd:L=0.60:0.40).
The IBOs associated with the ligands’ n; donor orbitals
representing the s-donor interaction are ligand-centered and
only moderately perturbed (1%, Pd:L=0.10:0.90; 1%,
Pd:L=0.12:0.88; 1%"»  Pd:L=0.10:0.90; 2, Pd:L=
0.23:0.77; 3, Pd:L=0.10:0.90; 4, Pd:L 0.12:0.88). The
Effective Oxidation State Analysis (EOS; Table S16 and
Figures S64-S69), using Topological Fuzzy Voronoi Cells
(TFVC) further corroborates a Pd(0) oxidation state with
confidences of 100 % (1%, 1M 1CHu) 81 9% (2), 75% (3),
and 66 % (4). Note that neither this order, nor the degree of
IBO-covalency (vide supra) follow the experimentally deter-
mined order of ligand-exchange.

Tr(dxy/dxz+ 1T|_*)

3 (ald) 4 (aq)

Figure 3. IBOs for the - and m-interactions of the metal with the ligand.
For 4, the m-orbital of the uncoordinated C=0 bond (blue-green) is also
shown for reference. For clarity, Dip groups (which have been included
in the calculations) are truncated with methyl groups, and hydrogen
atoms are omitted for clarity.
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To understand the n-coordination from an energetic
perspective, we analyzed the complexes through energy
decomposition analysis (EDA-NOCV; Table 1). EDA fur-
ther confirms oxidation states of zero for palladium
(Tables S8, $9),! and the binding energies —D, are in line
with the experiment.! The attractive interaction is com-
posed of 45-65% electrostatic and 30-47% of orbital
relaxation contribution. Dispersion (5-8 %) plays a minor
role, yet becomes significant for anthraquinone (1%,
AEg,=—37.7kImol " vs. 4, AEg,=—76.7 kJmol™"). The n-
channel charge transfer Aqqu.. (Hirshfeld atomic defini-
tions) to the ligands (Tables S9-S15) follows the trend 1%
(0.05 a.u.) < 16Hs (0.18 a.u.) < 1CHw (0.24a.u)<2
(0.54a.u.)<3 (0.62a.u.)<4 (0.75 a.u.). Most importantly,
the EDA calculations partition the complexes into two
groups, namely complexes 1 vs. complexes 2—4. The prepara-
tion energies for 1" (AE,.,=+41.8kJmol™'), 1GH»
(AE,,=+485kImol "), and 1¥ (AE,.,=+8.1kImol ")
are small, in contrast to the large values calculated for the
complexes 2-4 (AE,,=126.5-172.8 kJmol™'), where the
hemilabile imino group of "CAAC coordinates the metal.

In line with modest charge transfer in the n-channel for
complexes 1 (see above), the repulsive Pauli interaction is
much stronger for complexes2-4 (1%, AEp =+
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4243 kImol™; 15" AE, = +552.7 kImol™"; 1%, AEp, ;=
+325.5 kJmol 'vs. 2, AEp,i= +957.1 kJmol™"; 3, AEp, = +
710.7 kImol™%; 4, AEp, = +664.0 kImol ). The splitting of
the orbital interaction into NOCV bonding channels identi-
fies the d—n* backbonding as the by far dominating orbital
interaction for C,Fg (2), benzaldehyde (3), and anthraqui-
none (4 AEqn.~350kJmol™!, 69-77%). The o-donor
interaction, which addresses mostly the vacant 5 s orbital (2,
71 %; 3, 73 %; 4, 69 % s-character; cf. Tables S9-S15) of the
metal is almost as weak (AEqqy.,=9-11 %) as the commonly
neglected™®! out-of-plane backbonding (AEqu,... =2-8%).
In fact, the o:n ratio exceeds 1:7, rendering the o-donation
essentially negligible. The exceedingly strong n-backbonding
in complexes 2-4 furthermore leads to the coordination of
the hemilabile imino-ligand, which compensates the elec-
tron-deficiency of the metal. Accordingly, we propose to
understand the metal-ligand bond in complexes 2-4 as a Z-
type interaction via the m-channel instead of the o-channel
as is usually the case.* Indeed, the energies associated with
n-backbonding in 2-4 (AEq.,=—347.8- —355.3 kJmol™")
exceed the o-donation from a palladium center to a silicon-
based Lewis-acid, which has been described as a bona-fide
Z-ligand (AEqpo=—276 kJmol™),* by far.® In stark
contrast, n-backbonding (33-47 %) and c-bonding (21-36 %)

Table 1: EDA-NOCV of 15" 150 197 2 3 4 at the ZORA-PBEO-D3(B))/TZ2P//ZORA-PBE0-D4/def2-SVP level of theory. Note that the hemilabile
imino ligand is unbound in complexes 1; see Table S8 and Figure S63 for a comparison with the tricoordinate complexes. Energies are given in

[k} mol™], charges in [a.u.].

O

T o(a)
1CsHs 1CsHo 107
-D, —-93.0 —125.7 —123.5
AEpe, +41.8 +48.5 +8.1
AE,, —134.8 —1743 —131.6
AEp,; +4243 +552.7 +325.5
AE —327.6 —469.1 —322.3
(59%) (65%) (71%)
AEp," —37.7 —38.3 —27.5
(7%) (5%) (6%)
AEg, —194.5 —220.2 —-107.5
(35%) (30%) (24%)
A con +0.7 +0.7 +0.2
AEg con® —~193.8 —219.5 —-107.3
(35%) (30%) (23%)
AEg " —91.3 —126.4 —35.7
(47%) (58%) (33%)
AEgy " —40.8 —51.0 —39.2
(21%) (23%) (36%)
AEgy . P —29.9 -11.8 -7.0
(15%) (5%) (7%)
AEoyp e -31.8 —-30.3 —25.4
(17%) (14%) (24%)
Adorn 0.18 0.24 0.05

3 B

I )
53 00

2 (CF 3 (ald) 4 (aq)
—111.4 —-157.0 —-197.8
+172.8 +126.5 +136.7
—284.1 —286.3 —316.3
+957.1 +710.7 +664.0
—682.7 —479.4 —442.8
(55%) (48%) (45%)
—57.1 —52.2 —76.7
%) 5%) %)
—-502.7 —466.4 —463.1
41%) (47%) (47%)
+1.4 +1.1 +2.4
—501.3 —465.3 —460.8
(40%) (47%) (47%)
—347.8 —355.3 —353.2
(69%) (76%) (77%)
—46.8 —50.8 —45.5
(9%) (11%) (10%)
—41.2 —-12.3 —-11.7
(3%) (3%) (2%)
—65.5 —46.9 —50.3
(14%) (10%) (11%)
0.54 0.62 0.75

[a] The values in parentheses give the percentage contribution to the total attractive interactions AE, +AEpis, +AEqp, 4 AEop.con- [b] The values
in paren the ses give the percentage contribution to the AEq,. [c] The orbital interaction of formally b, symmetry shows mixing with various other

interactions, particularly for 1% 1St 2.
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are, albeit both weak, fairly balanced for complexes 1. The
donor/acceptor picture therefore describes the benzene,
cyclohexene and pyridine ligands in 1 well in sight of a
relative weight of about <1:2 of c-bonding vs. m-back-
bonding.

Experimental Bonding Analysis: UV /Vis, XPS, XAS, NMR

Ultraviolet/visible (UV/Vis) absorption measurements were
performed in tandem with TD-DFT calculations to assign
the electronic transitions in complexes 1-4 (Figures S71—
S83). In line with the solid-state structures and computa-
tions, they classify the complexes into two groups. In
compounds 1”7 (A, ~580 nm, 2. =609 nm), 1% (7.
~500 nm; A,=500nm), and 1°"* (1, ,~475 nm; A=
480 nm), the S1 excited states relate to a metal-to-ligand
charge transfer (MLCT). These bands can be understood as
HOMO—LUMO transitions from the metal’s d(z*) orbital
to the carbene’s vacant n* orbital, and the transition
energies follow the computed trend for the metals’ physical
oxidation states. For 2 (C¢Fg; Apa~450 nm; 1., =448 nm)
and 3 (ald; Ay.,~430 nm; A,.=424 nm), the LUMO com-
prises not only the carbene, yet additionally the n-systems of
the C4Fs and benzaldehyde ligands as well as (to a minor
extent) of the coordinating imino-ligand. Consequently, the
transition to the S1 excited state is also of mixed nature. In
case of 4 (aq, Apy~512 nm; A, =477 nm), this transition
addresses exclusively the anthraquinone ligand, that is the
LUMO is here entirely centered at the n*ligand.

As the varying degree of 4d orbital mixing (cf.
Figures S71-S83) renders the analysis of the underlying
electronic structures ambiguous based on UV/Vis spectro-
scopy only, additional core-spectroscopies, namely palladi-
um X-Ray photoelectron (XPS) and X-Ray absorption
(XAS) spectral measurements were conducted. XPS was
applied to gauge the metals’ oxidation states (Figures S55-
S60). These measurements were complicated by decomposi-
tion to palladium black within approximately 8 hours for
complexes 1™ and 2, 6 h for complex 3, and 2h for com-
plex4. Time dependent measurements suggest signals
around 336.0 eV corresponding to the 3ds, level for all these
complexes. This value is in the typical range for zero-valent
palladium(0) complexes and close to the value for palladium
foil (335.2 eV).*! In case of complexes 1* and 2, the analysis
of the N1s (Figure S55) and F1s (Figure S57) signals right
after sample preparation revealed that pyridine and hexa-
fluorobenzene are partially removed under the experimental
conditions with a low pressure of <107 mbar. This observa-
tion confirms the labile nature of the pyridine and CgF;
ligands, and hence also a bona-fide oxidation state of zero.
In short, although XPS measurements suggest that complex-
es 1™, 2, 3 and 4 feature oxidation states of 0, they did not
allow for a comparative assessment of their physical
oxidation states. L;-edge XAS assesses the coordination
environment of the metal and represents a sensitive method
to gauge covalency in metal-ligand bonds.”™ Although it is
comparatively underdeveloped for palladium, it, neverthe-
less, allowed to determine covalency in homoleptic chlor-

Angew. Chem. Int. Ed. 2025, 64, €202418738 (6 of 10)

Research Article

Angewandte

intemationaldition’y) Chemie

opalladium complexes, as well as low-valent PdAL®Y and a
heteroleptic palladium (I) amide.”” Kennepohl and He also
applied L-edge measurements to assess backbonding in n*-
coordinated nickel(0) complexes.*! The L;-edge maximum
energies (Figure 4) for 1-4 were observed at 3176.4 (2;
CiFo), 3176.4 (1%Hm) 31762 (1), 3176.0 (3; benzalde-
hyde), 3176.0 (1*), and 3175.7 (4; anthraquinone) eV.

These energies do not follow an anticipated oxidation
state trend, and shape and intensity of all edges are quite
similar. Calculations at the DFT-ROCIS level (Figures S85-
S90) were used to identify the nature of the transitions
underlying the raising L;-edge. In case of complexes 1, they
relate to transitions into the "CAAC ligands’ p(z) orbitals,
just as was the case for the UV/Vis spectra. In case of the
aldehyde (3) and anthraquinone (4) complexes, they relate
to transitions to the n>-bonded ligands, with some contribu-
tion of the imine-ligand, whereas the transition in 2 mainly
involves the imine ligand. Consequently, the L;-edge data
also classify the ligands into two groups (Figure 5). The

4 (aq)
—2(C,F)

—_—

w
1

Normalized Absorption
n
1

1

3171 3174 377 3180 3183
Energy [eV]

Figure 4. L;-edge XAS spectra of 17, 1% 1%Hw 2 (C(F), 3 (ald) and 4
(aq).
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Figure 5. The "*C carbene chemical shifts and overall orbital interaction
energies AEy,, correlate with the Pd L;-edge peak energies.
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trend of the decreasing edge energies reflects enhanced
reduction of the metal with concomitantly enhanced n-
backbonding to the "™CAAC in the order 1? >1%s > 1CHw,
In case of complexes 2, 3 and 4, the trend of the decreasing
edge energies reflects the electrophilicity of the n*bonded
ligand, that is increasing metal(0) character and accordingly
increasing backbonding to the "CAAC in the order 4<3<
2. Donor properties of ligands in the para-position of
carbenes may be assessed by the carbene’s *C NMR shift
(Huynh’s electronic parameter).” Increasing overall donor-
strength of the ligand in the para-positions thereby increas-
ingly deshields the carbene atom’s signal. Indeed, we find a
correlation between the *C NMR shifts and the edge’s peak
energies (Figure 5, left).

This trend is also reproduced by the overall orbital
interaction energy AE,,, for 1", 1%Hs and 1%Hv a5 obtained
by the EDA-NOCYV calculations (Figure 5, right), which is
connected with the overall covalency of the metal-ligand
bond. In case of the anthraquinone, aldehyde and hexafluor-
obenzene ligands, the covalency between the unsaturated
ligand and the palladium metal is driven almost exclusively
by n-backdonation. As such, the overall degree of covalency
is well approximated by the covalency of the IBOs for
complexes 2, 3 and 4 relating to n-backdonation to the 1’
bonded ligands only (Figure 6, left).

The same trend is found for calculated Hirshfeld charges
at the metal, viz. the metal’s physical oxidation state
(Figure 6, right). For instance, anthraquinone is the stron-
gest n-acceptor ligand (cf. Table 1); thus, the metal is most
oxidized (¢= +0.32 a.u.), the carbene carbon atom is the
least deshielded (6=256.6 ppm), and the L;-edge peak
energy is the lowest (E=3175.7 eV) in sight of the energeti-
cally low-lying acceptor orbital at the anthraquinone ligand.
In case of the pyridine, benzene, and cyclohexene complexes
17, 1M and 1%Hv | this trend is again reversed, because the
acceptor orbital switches to the carbene, and because both
o- and n-effects are relevant. Pyridine for instance, which is

@® n-Backbonding B Atomic Charge

2 .
'g 0.4 e
_8 jm T
E '4 (aq) L B :
3 03 e 3 (ald) . | | :
B { &
S 2CF); o2 §
S 0.2 0y S
1 A | g
E ) " L
E oad 77 ([ 4C6H10 Y, o g
Q| e qceks - ’ ;E
L D G
10y

< |
| o 0.0
20.0+ =
~ I | |

3175.8 3176.1 sred

Pd L, Edge Peak Energy [eV]

Figure 6. The covalency, i.e. degree of n-backbonding with the n*
bonded ligands according to IBOs, and Pd(0) character (Hirshfeld’s
atomic partial charges on the Pd atoms) correlate with the Pd L;-edge
peak energies.
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both the weakest n-acceptor and o-donor (cf. Table 1), leads
to the physically lowest oxidation state (¢=0.0a.u.), a
moderately deshielded ®C carbon atom (5=250.8 ppm), as
well as comparatively low L;-edge peak energy (E=
3176.0 eV). In a nutshell, all spectroscopic data reveal that
quinone, aldehyde and hexafluorobenzene act as Z-acceptor
ligands, whereas pyridine, benzene and cyclohexene are to
be understood as donor-acceptor ligands in the Dewar—
Chatt-Duncanson sense.

Conclusions

This study reveals that bonding between palladium(0) and
n-ligands may occur, opposed to common belief, by two
different mechanisms. Specifically, bonding of palladium(0)
with arenes, C=C, and C=0O double bonds was elucidated.
Side-on carbonyl (4-isobutyl benzaldehyde; anthraquinone)
and arene (benzene, hexafluorobenzene) complexes were
isolated and/or spectroscopically characterized (NMR, UV/
Vis, IR, sc-XRD, XPS, XAS) for the first time, and put into
context with an olefin (cyclohexene) as well as Werner-type
(pyridine, THF) congeners. Ligand exchange experiments
reveal metal-ligand bond strengths THF < C{Hg < C¢Fy <
cyclohexene < pyridine < 4-isobutylbenzaldehyde < anthra-
quinone. This order neither reflects the metals’ physical
oxidation states nor the ligands’ Lewis-acidities, yet is
rationalized by combined spectroscopic and computational
data, which classify the ligands into two groups. Binding
with THF, benzene, pyridine and cyclohexene occurs as a
weak donor—acceptor interaction in the Dewar-Chatt Dun-
canson sense, where both o- and n-effects are relevant, and
where the weak o-donation addresses the high-energy 5s
orbital of the metal. In stark contrast, exceedingly strong
backbonding at the expense of reorganization and Pauli-
repulsion energy is found for benzaldehyde, quinone and
hexafluorobenzene. This n-Lewis-base interaction effectively
renders them Z-type ligands, thereby leading to strong
activation of the multiple bond as was illustrated by the
catalytic hydrodefluorination of hexafluorobenzene by cy-
clohexene. Thus, we present soft d'° metal complexes as
straightforward-to-tune n-Lewis-bases for the selective acti-
vation of n-systems.
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