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Despite the rich chemistry of palladium in oxidation states of 0, +2, and +4, no Pd"! coordination com-
pounds have been reported until the 1980s. Moreover, while Pd complexes are among the most commonly
used catalysts in organometallic chemistry, the first organometallic Pd"! complexes have only been
reported in 2006. Since then, a significant number of Pd" complexes have been isolated, character-
ized, and proposed as active catalytic intermediates in the functionalization of C—H bonds, oxidatively
induced C—C bond formation reactions, as well as radical insertion and addition reactions. This review
provides an overview of the synthesis and spectroscopic characterization of mononuclear and dinuclear

Pd" complexes. A detailed understanding of the steric and electronic properties of Pd"' complexes should
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provide insight for the development of novel catalysts for multi-electron redox reactions and various
organometallic transformations.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Palladium is one of the most catalytically versatile transition
metals, its complexes being efficient catalysts for a wide range of
C—C coupling, C—H functionalization, and hydrocarbon oxidation
reactions [1-3]. For example, the 2010 Nobel Prize in Chemistry
was awarded for palladium-catalyzed cross-coupling reactions [4].
While Pd can exist in five oxidation states (0, +1, +2, +3, and +4)
[5], the vast majority of Pd-catalyzed reactions involve Pd® and Pd"!
oxidation states and these transformations have been extensively
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investigated for the past several decades [2,6-9]. In addition, PdV
complexes have been reported starting more than two decades ago
[10-19], and have been shown recently to be involved in a variety
of Pd-catalyzed ligand-directed C—H oxidative functionalization
reactions [20-26]. By comparison, complexes of odd-electron Pd!
and Pd" oxidation states are much less common. Several dinu-
clear Pd! complexes stabilized by a Pd-Pd bond have been reported
[27-33], however, no mononuclear Pd' complexes have been iso-
lated to date [34], Herein, we provide an overview of the synthesis
and spectroscopic characterization of mononuclear and dinuclear
Pd" complexes. Dinuclear Pd!! complexes have been proposed
recently as active catalytic intermediates in the oxidative function-
alization of C—H bonds [35-39] and aza-Claisen rearrangements
[40], while mononuclear Pd! complexes have been proposed as
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Fig. 1. Representative d electron configuration of Pd', Pd", Pd", and Pd"V oxidation states. For square planar geometry, the energy ordering of the d,» and d,,/d,, orbitals can

vary depending on the ligand field strength [47].

transient intermediates in oxidatively induced reductive elimina-
tion of ethane from Pd'"Me, complexes [41-43], the insertion of
dioxygen into a PdA—Me bond [44], Kumada coupling [45], and the
Kharasch reaction [46]. In this context, a detailed understanding
of the steric and electronic properties of Pd! complexes should
provide insight into the development of novel catalysts for vari-
ous organometallic transformations as well as other multi-electron
redox reactions.

2. Mononuclear Pd(III) complexes

The Pd oxidation states of +1, +2, +3, and +4 correspond to d°,
d®,d’, and d° electron configurations, respectively (Fig. 1). Pd' com-
plexes exhibit square planar d° metal centers, although a square
pyramidal geometry can also be envisioned by analogy to Cul! sys-
tems. Pd"' d® complexes almost exclusively exhibit a square planar
geometry with the highest occupied molecular orbital (HOMO)
being the Pd-based d, orbital [47], although a triplet ground state
can also be possible [48,49]. One-electron oxidation of these Pd!!
systems leads to formation of paramagnetic, Pd!! d7 centers that
prefer a Jahn-Teller distorted octahedral geometry. By comparison,
a symmetric octahedral geometry is generally observed for the Pd!V
db centers (Fig. 1).

2.1. Pd(lll) coordination compounds

Initial attempts to synthesize Pd!! complexes have focused on
binary fluoride compounds with the PdF3 empirical formula [50].
These compounds exhibited a magnetic moment corresponding to
one unpaired electron per Pd, suggestive of Pd!!! centers [50,51].
However, later studies have shown that these binary fluorides are
better described as Pd2*[PdFg]%~, in which the Pd2* ion exhibits a
high spin electron configuration with two unpaired electrons due
to the weak-field fluoride anions and the Pd** has a low spin, dia-
magnetic configuration [48,49]. The first genuine Pd™ compound,
NaPdF,4, was obtained in 1982 by solid-state synthesis from NaF
and Pd,Fg at high pressure and temperature [52]. The Pd!!! oxida-
tion state has been unambiguously confirmed by the presence of
an axial EPR spectrum with g, =2.0504 and g, =2.263 that suggests
the presence of an unpaired electron in the d, orbital [53], in line
with the Jahn-Teller axial elongation of the coordination geometry
and the observed monoclinic unit cell. Additional elpasolite-type
Pd compounds of A,BPdFg formulation (A, B: alkali metals) have
been reported to contain Pd'!! centers with a doublet ground state,
as confirmed by EPR spectroscopy and magnetic measurements
[54-58]. In general, these compounds exhibit axial EPR spectra due
to a Jahn-Teller tetragonal distortion - with g, and g, values of
2.01-2.05 and 2.28-2.31, respectively, although both rhombic and

isotropic EPR spectra have also been observed (Table 1). The degree
of anisotropy and presence of isotropic signals at higher temper-
atures have been related to changes from a static to a dynamic
Jahn-Teller distortion [56].

The first structurally characterized Pd! coordination com-
pound that exists both in solution and the solid state is the
homoleptic 1:2 adduct with the tridentate macrocyclic ligand
1,4,7-trithiacyclononane, ttcn, reported in 1987 by Schréder and
co-workers [59]. The cyclic voltammetry of the Pd! complex
[Pd!(ttcn), ]%* shows a reversible oxidation wave at +0.605V vs.
Fc/Fc* in MeCN solution assigned to a Pd"/! oxidation. Oxidation
of the Pd! precursor [Pd!(ttcn)]?* by either controlled poten-
tial electrolysis (CPE) in MeCN or chemical oxidation with 70%
HCIO4 affords an orange species with a visible transition at 476 nm
(Scheme 1). The presence of a paramagnetic Pd!!! center was con-
firmed by the EPR spectrum that shows an anisotropic signal
with g;=2.009 and g, =2.049 with partially discernible hyper-
fine couplings to 19°Pd (22.8% abundance, I=5/2) of A; =20G
and A =5G. Since the ttcn ligand exhibits an oxidation potential
~400mV higher than that of [Pd'(ttcn)]?*, the authors con-
cluded that a metal-based oxidation process is predominant,
although it was shown recently that the redox-active S donors
contribute significantly to the singly occupied molecular orbital
(SOMO) [60]. The X-ray structure of the isolated red crystals
reveals a [Pd(ttcn),]3* cation with a tertagonally elongated octa-
hedral geometry, in line with a Jahn-Teller distorted Pd" d’
center (Fig. 2a), with Pd-S,x =2.545 A and average Pd-Seq =2.362 A.
An analogous homoleptic 1:2 Pd" complex using the 1,4,7-
triazacyclononane ligand, tacn, was reported by the same group
in 1988 (Scheme 1) [61]. The corresponding [Pd(tacn);]** com-
plex exhibits a much lower oxidation potential than [Pd(ttcn),]?*
(0.07V compared to 0.60V vs. Fc/Fc*, respectively), as expected
for the presence of harder N donors (Table 1). In addition, CPE
of [Pd(tacn),]2* in MeCN generates a bright yellow [Pd(tacn), ]?*

2+ (\XS 3+

-1e", CPE
BuyNPFg/MeCN sz/T "“x%]

Xi=Xo=X3=8:
X1=XZ=X3=NH:
XW:X3=S;X2=NH:

[Pd(ttcn);)®
[Pd(tacn),**
[Pd([9]aneNS,), ]

Scheme 1. Synthesis of Pd"' complexes supported by N- and/or S-donor tridentate
macrocyclic ligands [59,61,65].



Table 1

Spectroscopic and electrochemical properties of mononuclear Pd" complexes.

Complex UV-vis, Redox potentials (vs. Fc/Fc*) EPR, References
A,nm (g, M~'em1) & 8y, 82 (A values, G)
NaPdF, ND ND g1=2.263,g,=2.0504 [52]
NasPdFs ND ND g, =2.312, g, =2.025> [56]
Cs,KPdFg ND ND £=2.297,g,=2.197, [56]
£,=2.012>
ttcn), ttcn=1,4,7-trithiacyclononane , 3 X =0. =84mvV)d g =2. = 3 X
( Pd]? 1,4,7-trithiacycl 477 (5350), 341 (16,100), 230 (8100)¢ E‘l‘//;" 0.605 (AE, =84mV)d- 2.046 (AP = 25 G) 59,60
gy=2.041 (A =23 G),
£,=2.004 (AP = 15 G)F-
[(tacn),Pd]**tacn = 1,4,7-triazacyclononane 383 (590), 314 (1240), 196 (11,200)° E:‘//;" =0.07V, Elll//;\lw +0.45Vd-e g,=2.123, [61,62]
/i _ n/v _ h g/ =2.007 (AN =27G)
(E)' =037V, E}Y = +0.64Vvs. NHE) I
Pd([18]aneN,S,)]?* 488 (3180), EVI' _ 0,57V (AE,=195mV), 2,=2.064, g, =2.052, 63,64
1/2 P Y
341 (5890), 111/1V . q 8x=2.019
E = +1.30 V(quasirev.)*:¢
264 (11,170)¢ b =7 @ )
Pd([9]aneNS; ), |3 245 (5400), 265 (9600), 328 (9000), 455 (5400)« EV" _ 0.43V (AE, =140mV), g, =2.058, g, =2.008i 65
1/2 P Il
E\/Y = +0.84V (A, =130)¢
aneSs 8 =2. = )
[Pd([18]aneSs)]3* ND ND 2.048 (A% = 23 G) [60]
8,=2.036 (A7 =22.1 G),
g, =1.998 (AP = 4.3 G)-&
[(N4)PdMeCI]* 723 (1100), 545 (490), 368 (3300), 263 (12,000)¢ Ep/" = 0426V, 8¢=2.239,8,=2.134, 1 [42,118]
E:)Zm —40.150 V, 2,=2.005 (AN=19.5G)
E‘l‘j/z“’ = +0.585V (AE, =68 mV)d
[(N4)PdMe, |* 741 (360), 350 (2300), 263 (10,300)k Ey/" = -0.882V, 8=2222 (A} =12.0 G), [43]
EVI_ 9326V gy =2.191 (A} =13.8 G),
pa . 4
EVV _ 10,064V (AE, =62 mV)¢ 2,=1.986 (AY = 18.0 G)!
1/2 .
N4)PdPhCI]* 732 (1100), 386 (2500), 258 (20,000 E"M _ _0.022V, 2,=2.217,8,=2.131, 42,118
pc Y
EYM _ 10.368V, £,=2.003 (A} =21.4 G)'
E‘l‘;/z‘v = +0.708V (AE, =65mV)!
m[PdCls >~ ND ND £.=2.149 (AY = 10.8 G), [66]
£1=2.012 (A7 = 63.8G)"
°[PdClg >~ ND ND 2.=2.184 (A% =6.8 G), [67]
£)=2.012 (A% =38.2G)
in CaO single crysta 81=2. L =6. 5
Pd3* in CaO singl 1 ND ND 2221 (A, =6.6G) [72]
,=2.011(A,=0.5G)
P[Pd(CN)4Cl, |~ ND ND g.=2.1257 (A% = 12.6 G), A = 34.9G, [68]
£1=1.9967 (AT =53.2G, AN =42.9G)
Pd(NH3), 3" ND ND g,=2.29,g,=223° 73
i
ND: not determined.
a 8K
b 42K
¢ In H,0.
4 In nBuyNPFg/MeCN.

o

-

In HCIO4(aq), 50K.

AR

In 1M LiClOg4(aq).
In MeCN, 77K.

[

In MeCN.

E]

Single crystal, 77 K.

o © o

Single crystal, 77 K.

-

Room temperature.

In PrCN-MeCN, 77 K.
M Obtained by <y irradiation of K,PdCly.

Determined for corresponding Pd" complexes.

Superhyperfine coupling to four equivalent 'H nuclei was also observed.

Similar g values are observed in Li;SO4/H20, while an isotropic signal (gis, =2.077) is observed in H, 0.

Obtained by UV irradiation of Pd-doped AgCl crystals.
Obtained by X-ray irradiation of K;[Pd(CN)4]-doped KCI crystals.

Obtained by passing O, at 350°C over Pd-doped Aly3-pillared montmorillonite.
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Fig. 2. Crystal structures of tricationic Pd"' complexes. Selected bond distances (A): (a) [(ttcn),Pd"]3*, Pd-S1 2.545, Pd-S2 2.356, Pd-S2 2.369 [59]; (b) [(tacn), Pd" |**, Pd-N1
2.180, Pd-N2 2.118, Pd-N3 2.111 [61]; () [([18]aneS6)Pd]**, Pd-S1 2.547, Pd-S2 2.349, Pd-S2 2.345 [60]. Counteranions are omitted for clarity.

species that is indefinitely stable in non-reducing solvents. The
X-ray structure of the electrolysis product shows a Jahn-Teller
distorted coordination around the Pd'! center with axial Pd-N,ye
distances of 2.180A and equatorial Pd-Naye of 2.115A (Fig. 2b),
while its EPR spectrum reveals a nearly isotropic signal with
g=2.007 and g, =2.123 and superhyperfine coupling to two N
donors (a 1:2:3:2:1 quintet) with A;=27G. McAuley et al. have
reported detailed EPR and electrochemical characterization of the
same [Pd(tacn),]?* species, showing the presence of a dynamic
Jahn-Teller distortion at low ionic strengths that leads to loss of
structure in the EPR spectrum; in addition, the spin-orbit coupling
constant (A=720cm™') and covalency parameter (K=0.66-0.72)
were determined for the Pd! center based on experimental g val-
ues and the hyperfine coupling to 195Pd [62]. Interestingly, the
[Pd(tacn), ]?* species can be electrochemically oxidized to yield an
unstable diamagnetic Pd"V complex [61,62]. This Pd"V species can
react with [Pd(tacn),]?* to yield the Pd!!' species in a compropor-
tionation reaction, a behavior that was also recently observed for
other Pd"! systems (vide infra).

The two homoleptic 1:2 adducts described above suggest that
formation of stable Pd"! complexes requires the presence of donor
atoms in the axial positions of the metal center in order to sta-
bilize the distorted octahedral geometry of the Pd! d7 metal
center. This is supported by additional reports of macrocyclic lig-
ands containing N and/or S donors that can accommodate the
distorted octahedral geometry of the Pd!! center. For example,
use of the hexadentate ligand [18]aneN,S4 leads to a bright-red
Pd'! species that exhibits a rhombic EPR signal with unresolved
hyperfine coupling to 19°Pd (Table 1, Scheme 2, top) [63,64]. The
1:2 adduct of Pd" and [9]aneNS, (a mixed N,S-donor analog of
ttcn and tacn, Scheme 1) generates upon one-electron oxida-
tion an orange solution of [Pd([9]aneNS,),]?* that exhibits an
axial EPR signal (Table 1). Superhyperfine coupling to N atoms
is not observed for the latter species, suggesting that the N
donors are bound in the equatorial plane (Scheme 1) [65]. In
addition, it was recently reported that the hexathioether ligand
[18]aneS6 generates a stable dark-red Pd"! complex that was iso-
lated and structurally characterized (Fig. 2c; Scheme 2, bottom),
revealing UV-vis characteristics, EPR signals, and metrical param-
eters similar to the other Pd'-macrocycle complexes (Table 1).
Interestingly, weak axial interactions with Pd-S,x distances of
2.95-3.27 A were observed in the X-ray structures of Pd! precur-
sors [Pd!(ttcn); 2%, [PdY([9]aneNS; ), ]%*, [Pd!([18]aneN,S4)]%*, and
[Pd"([18]aneSg)]%*, and these axial interactions may persistin solu-
tion and give rise to the visible transitions observed for the Pd!
precursors [59,60,63-65].

Several additional studies have reported the formation of
Pd'! species in various coordination environments by irradiation
[66-69] and electrochemical or chemical oxidation [70-75], and

the presence of Pd"" centers has been suggested based on EPR
characterization (Table 1). For example, several Pd bis-dithiolene
complexes have been reported to exhibit rhombic EPR signals
assigned to presence of Pd! species (Scheme 3, Table 1) [76-81].
However, the formation of a Pd"-ligand radical species upon oxi-
dation of Pd"" precursors needs also to be considered when redox
non-innocent ligands (e.g., thiolate, phenolate, and phenylenedi-
amine groups) are employed [82-84].

3+

S
N
C i 'S -1e”, CPE N"""“'pdlll"""
—_—
s~ SN | BuNPFgMeCN SN

s ‘
(s )
[Pd([18]aneN,S >
S 2+ 3+
@ —

"PdH ﬂ;
5= \s> BusNPFg/MeCN

[Pd([18]aneSg)**

Scheme 2. Synthesis of Pd"' complexes supported by the hexadentate macrocyclic
ligands [18]aneN;S, [63] and [18]aneSg [60].

2.
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%S RT S 578 NS
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Scheme 3. Synthesis of “Pd"” dithiolene and dithiolate complexes. These species
are better described as Pd"-ligand radical species (see text) [76-81].
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2.2. Organometallic Pd(Ill) complexes

The first mononuclear organometallic Pd"" complexes were iso-
lated and characterized by our group in 2010 (Scheme 4) [42]. In
this study, the macrocyclic tetradentate ligand N,N’-di-tert-butyl-
2,11-diaza[3.3](2,6)pyridinophane (N4) was employed to prepare
the square planar Pd" complexes (N4)Pd'MeCl, (N4)Pd"PhCl,
and (N4)Pd"Me,. These complexes each exhibit two oxidation
potentials that were assigned to Pd!'//Pd" and Pd!/Pd!V couples,
respectively (Fig. 3, Table 1). The Pd"/Pd! oxidation potentials are
significantly lower than the oxidation potentials of analogous Pd!
complexes supported by bidentate N-donor ligands [41,43], and are
likely due to the ability of the tetradentate ligand N4 to form triden-
tate (k3-N4)Pd! or tetradentate (k*-N4)Pd! species that have lower
oxidation potentials [85-87], as well as stabilize the distorted octa-
hedral geometry of the Pd!!! center (Fig. 4) [42]. Due to these low
oxidation potentials, facile one-electron electrochemical or chemi-
cal oxidation yields the dark-green Pd!! species [(N4)Pd!MeCl]*,
[(N4)Pd"'PhCI]*, and [(N4)Pd"'Me,]* (Scheme 4, top). Structural
characterization of these stable complexes reveals tetragonally dis-
torted octahedral geometries at the metal center, as expected for
a Jahn-Teller distorted d” Pd" center (Fig. 4). The axial Pd-amine

a) ‘\

b)

g.

10 uA

o
Epa
L
10 05 00 05 -1.0
E vs. Fc (V)

Fig. 3. Cyclic voltammogram of (N4)Pd'MeCl in 0.1M BuyNBF4/CH,Cl,
(100mV/s scan rate) [42]. Potentials vs. Fc/Fc* (mV): E"/I":+134, ESL/H:

pa
_464, E;‘}/ZIV(AE,,) = +587(63)..

Fig. 4. Crystal structures of (N4)Pd"! complexes. Selected bond distances (A): (a) [(N4)Pd""MeCl]*, Pd-C1 2.092, Pd—Cl1 2.340, Pd-N1 2.097, Pd-N2 2.020, 2.427, Pd-N4 2.426
[42]; (b) [(N4)Pd"'Me; ]* (from MeOH), Pd1-C1 2.048, Pd1-N1 2.112, Pd1-N2 2.469, Pd-C1 2.092, Pd-Cl1 2.34, Pd-N1 2.097, Pd-N2 2.020, Pd-N3 2.427, Pd-N4 2.426 [43]; (¢)
[(N4)Pd"PhCI]*, Pd-C(Ph) 2.071, Pd-CI1 2.348, Pd1-N1 2.093, Pd1-N2 2.028, Pd1-N3 2.424, Pd1-N4 2.413 [42]. Counteranions and solvent molecules are omitted for clarity.
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R=Me, X =Cl: [(N4)Pd"MeCI]* 25% Me-Me
R=Ph, X=Cl: [(N4)Pd"PhCI]" 21% Ph-Ph
R=X=Me: [(N4)Pd" Me,]* 41% Me-Me
tB‘u
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P oo
7 \T\I‘_{,‘Pd'{; HOCH + % Me-Me
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By

[(N4)Pd""Me;)"

Scheme 4. Synthesis and reactivity (N4)Pd" complexes (Th**: thianthrenyl cation radical; Fc*: ferrocenium) [42,43].
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nitrogen bond distances (2.41-2.48 A) are elongated compared to
the equatorial Pd-pyridyl bond distances (2.02-2.11 A). These com-
plexes are paramagnetic and their EPR spectra exhibit signals with
different anisotropies and gave=2.118-2.133, suggesting a Pd'!
center with a d,» ground state (Table 1 and Fig. 5) [42]. In addi-
tion, superhyperfine couplings to two N atoms (Ax =12-21G) are
observed for one or more g values, while poorly defined hyper-
fine coupling to 195Pd (A~ 44G) is present in the gx/gy direction.
Interestingly, the EPR spectra of these complexes in a protic or
glassing solvent mixture are different from the broad EPR spectra
observed in MeCN [42,43]. This difference is likely due to a more
symmetric structure of (N4)Pd!!! species in a glassing or protic sol-
vent that results in sharper EPR features and a larger separation
between the g, and gx/gy values [62]. In addition, the presence of
a dynamic Jahn-Teller distortion in frozen MeCN at 77K can also
lead to broader EPR spectra [60,88].

The ability of the N4 ligand to stabilize Pd'!! vs. Pd! or Pd!VY com-
plexes is intriguing and proposed to be due to the steric properties
of the N4 ligand. While the axial nitrogens of this tetradentate
ligand can coordinate and stabilize the Jahn-Teller distorted Pd!!
center vs. a square planar Pd!' center [59,61], the presence of
t-butyl substituents and the rigidity of the macrocyclic ligand
cannot accommodate a symmetric octahedral geometry preferred
by a Pd!V db center [11,89]. For example, while [(N4)Pd""MeCI]*
can be electrochemically oxidized at low temperature to gener-
ate an EPR silent red species that is likely a PdV intermediate,
this species cleanly converts back to the Pd"' complex within 1h
at RT. Moreover, a rapid comproportionation occurs when a solu-
tion of [(N4)PdVMeCI]?* is mixed with an equivalent amount of
(N4)Pd"MeCl to give [(N4)Pd"'MeCl]* quantitatively (Scheme 5),
supporting our hypothesis that the N4 ligand stabilizes preferen-
tially the Pd'" oxidation state [118].

While these organometallic (N4)Pd!!! complexes are stable in the
dark, exposure to visible light leads to elimination of the homocou-
pled products ethane or biphenyl, the observed formation of ethane
from monomethyl Pd complexes being unprecedented (Scheme 4,
top). Moreover, the dimethyl complex (N4)Pd"Me, has such a low
Pd!l/pd!! oxidation potential that it exhibits unprecedented oxi-
dation reactivity and can react with mild oxidants such as O, or
peroxides to generate the green species [(N4)Pd!!Me, ]* that slowly
reacts in absence of light to yield ethane and the monomethyl com-
plex (N4)Pd"Me(OH) (Scheme 4, bottom) [43].

LUMO

Pd 55% Pd 16%
Neg 6% N 0%
Nax  25% Nax 44%
Cl 4% Cl 18%
Me 5% Me 0%

a)
exp
sim |
280 300 320 340
Field (mT)
b)
exp
sim
280 300 320 340
Field (mT)

Fig. 5. Representative EPR Spectra of (N4)Pd" complexes (1:3 MeCN:PrCN, 77 K).
Simulation parameters: (a) [(N4)Pd""MeCl]*, g, =2.239, g, =2.134, g,=2.005 (AY =
19G) [118]; (b) [(N4)Pd'Me; ", g=2.221 (AY = 12G), g,=2.191 (A} = 14G),
2:=1.986 (AN = 18G) [43].

HOMO-2

HOMO-9

Pd 14% Pd 62%
Neg 1% N 4%
Nax 12% Nax 5%
Cl 57% Cl 12%
Me T% Me 3%

Fig. 6. DFT-calculated (UB3LYP/CEP-31G) B-MOs of [(N4)Pd""MeCl]* proposed to be involved in the observed UV-vis absorption bands (the calculated atomic contributions

are listed for each MO) [118].
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Table 2

TD-DFT calculated absorption bands [(N4)Pd""MeCl]* and their composition and tentative assignment (d-d or LMCT). Only the transitions with oscillator strengths greater
than 0.006 are shown; the major contributing transitions have more than 6% contribution to the absorption band.

Wavelength (nm) Oscillator strength

Major contributing transitions

720.7 0.034
539.2 0.007
404.1 0.082
361.2 0.007
3444 0.010
324.0 0.036

HOMO(B) — LUMO(B) (79%, LMCT)
HOMO-2(B) — LUMO(PB) (42%, LMCT)
HOMO-9(B) — LUMO(B) (22%, d-d)
HOMO-9(B) — LUMO(B) (31%, d-d)
HOMO-2(B) — LUMO(B) (21%, LMCT)
HOMO(B) — LUMO(B) (9%, LMCT)
HOMO-3( (

HOMO-5( (

HOMO-1(

HOMO(B) — LUMO +1(B) (
HOMO-8(B)— LUMO(B)

B)— LUMO(B) (24%. LMCT)
) — LUMO(B)
o) — LUMO(«a)

31%, LMCT)
19%, LMCT)
(13%, LMCT)
62%, LMCT)

A more detailed evaluations of the electronic properties of the
(N4)Pd" complexes can provide insight into their spectroscopy
and observed reactivity. The density functional theory (DFT) cal-
culated frontier molecular orbitals and spin density distribution of
the Pd" complexes support the localization of the unpaired elec-
tron mainly on the Pd-based d,, atomic orbital (Fig. 6, LUMO). In
addition, the UV-vis spectra of the (N4)Pd!! complexes in MeCN
show at least three absorption bands at 723-741, 554-594, and
353-386nm (Fig. 7) [42]. Time dependent DFT (TD-DFT) calcula-
tions suggest that these bands can be assigned to LMCT transitions,
a combination of d-d and LMCT transitions, and LMCT transitions,
respectively (Table 2 and Fig. 6). Interestingly, an appreciable over-
lap between the Pd orbitals and the amine N orbitals support a
significant bonding interaction in the axial direction. Due to the
rich absorption spectra of these organometallic Pd!! complexes,
their observed photoreactivity could be due to either homolytic
cleavage of the Pd—C bond or the dissociation of the axial ligand(s),
however more detailed photochemical studies are needed to better
understand their reactivity.

[(N4)Pd"MeCIT*

Scheme 5. Comproportionation of [(N4)Pd"VMeCl]?* and (N4)Pd"MeCl complexes
[118].

51 — Expt
— Calcd
4,
§ 35
=
E
w
1 4
0 v r v
400 600 800 1000
Wavelength (nm)

Fig. 7. UV-vis spectra of [(N4)Pd""MeCl]*: experimental spectrum in MeCN (red)
and TD-DFT calculated (UB3LYP/CEP-31G/PCM) spectrum (blue) [118].

3. Dinuclear Pd(III) complexes

When two square planar Pd! d® centers with an idealized Dy,
symmetry are interacting along the z axis, a generalized molecu-
lar orbital diagram can be constructed in which both bonding and
antibonding molecular orbitals are filled, resulting in a metal-metal
bond order of zero (Fig. 8, left). When such dinuclear Pd" complexes
are oxidized by one or two electrons, removal of antibonding elec-
trons is expected to lead to metal-metal bond orders of 0.5 and 1,
respectively (Fig. 8, center and right).

3.1. Dinuclear Pd(1l) precursors

Based on the above molecular orbital description, no bonding
interaction between the two Pd! centers is expected in dinuclear
Pd!' complexes held together by bridging ligands [90]. However, a
few Pd!! dinuclear species with metal-metal interactions have been
described to date [91-98]. In these cases, the weak d8-d® bonding
interactions have been explained by the symmetry allowed mixing
of the Pd 5p, and 5s orbitals into the 4d,, orbitals of the Pd center
[99-102], and DFT analyses have revealed calculated Pd-Pd bond
orders of 0.10-0.15 [95,97].

We have recently reported pal! complexes
supported by the macrocyclic tetradentate ligand 2,11-
dithia[3.3](2,6)pyridinophane that display unique d&-d®

interactions between dicationic metal fragments and are not
supported by any bridging ligands, strongly suggesting the exis-
tence of a significant metal-metal bonding character [98]. These
d3-d® bonding interactions are likely further enhanced by the
presence of more covalent metal-S interactions and the overlap of
the Pd 5d,, orbital with the axial pyridine ligand [98].

3.2. Mixed-valent Pd"/Pdl complexes

Oxidation by one electron of dinuclear Pd" complexes is
expected to increase metal-metal bonding character due to a
Pd-Pd bond order of 0.5 (Fig. 8). Initial attempts to oxidize
dinuclear Pd! complexes have focused on a system employ-
ing di-p-tolylformamidinate ligands (Scheme 6) [90,103]. The
corresponding one-electron oxidized product, [Pd,(DTolF)4]PFg,
was structurally characterized (Fig. 9a) and shown to exhibit a
broad isotropic EPR signal (gave =2.014), which was interpreted as
arising from ligand-centered oxidation. By contrast, a similar din-
uclear complex employing N,N’-diphenylbenzamidinate ligands,
[Pd;(dpb)4]ClO4, shows a well-defined axial EPR signal (g, =1.98,
g1 =2.17) with hyperfine coupling to '%5Pd in both directions, sug-
gestive of a metal-centered oxidation (Scheme 6, Table 3) [104]. In
addition, detailed electrochemical studies suggest that the forced
proximity of two Pd!! centers along the z axis due to the four bridg-
ing ligands leads to a raising of the energy of the metal-centered
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Fig. 8. Molecular orbital diagram for Pd"Pd", Pd"Pd", and Pd""Pd" dinuclear complexes with interacting metal centers.

Fig. 9. Crystal structures of dinuclear Pd"Pd"" complexes. Selected bond distances (A

a) [Pdy(DTolF)4]*, Pd1-N1 2.03, Pd2-N2 2.05, Pd1-Pd2 2.635 [90]; b) [Pd»(DAniF)4]*,

Pd1-N1 2.044, Pd2-N2 2.036, Pd1-Pd2 2.597 [105]. Counteranions are omitted for clarlty

. : T
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= p-anisyl, R'= H: [Pdy(DTolF)4]"

Scheme 6. Synthesis of formamidinate and benzamidinate dinuclear Pd"™ com-
plexes [90,103-105].

HOMO and a more facile one electron oxidation to generate the
mixed-valent Pd"Pd!! species.

Another structurally characterized mixed-valent Pd'Pd" com-
plex dinuclear containing di-p-anisylformamidinate ligands,
[Pdy(DAnNiF)4]PFg, was reported in 2007 [105]. This dark colored
complex was obtained by one-electron chemical oxidation of the
Pd'Pd!" precursor and exhibits a Pd-Pd distance of 2.597 A that
is 0.052 A shorter than that of the Pd'Pd! analog, suggestive of a
increase in the Pd-Pd bond order of 0.5 (Fig. 9b). While the X-band
EPR spectrum of this mixed-valent Pd"Pd!!! complex shows a broad
isotropic signal, detailed EPR studies at high fields reveal a rhom-
bic signal with a large spread of the g values (~0.03), suggesting
that the unpaired electron resides mainly in metal-based molecular
orbitals. In addition, the di-p-tolylformamidinate complex, which
was previously characterized as a ligand-oxidized species due to an
isotropic X-band EPR spectrum [90,103], exhibits anisotropic EPR
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Table 3
Spectroscopic and electrochemical properties of dinuclear Pd"Pd™ and Pd"'Pd" complexes.
Complex UV-vis, Redox Potentials (vs. Fc/Fc*)? EPR, g, 8y, 8, (A values, References
A,nm (g, M~Tcm1) G)
[Pd,(DTolF),PFs ~860 (4500), ~680 (3000), 460 E'yjy =+0.32V g, =2.0259, [90,105]
(4500)° Ej, = +0.70 V¢ g,=1.9887¢
[Pdy(dpb)4]ClO4 ND E;'/—z"‘""" =40.17Ve g.=2.17 (A" =33 G), [104]
g)=1.99 (AFd = 42G)ef
[Pd,(DANiF)4|PFs ~930 (1250), ~410 (950)° E;, =+0.254V g,=2.0286, [105]
E/,, =+0.506V gy =2.0136,
E}), = +0.674V £:=2.0004°
E" = +0.824 V¢
Pd,(hpp)4Cl, 648 (108), 324 (3300)° Ei‘/‘z"/ = _ _0.304V NA [106,107]
EII—III/III—III _
pa =
+0.203 VEy, M-I = +0 203 Ve
Pdy(CgH4PPh; )2(0AC),Cl, 499 (8700), 434 (1800), 379 ND NA [108]
(12,000)b
Pd,(bgn),(0AC),Cl, 582 (2990), 491 (7390), 417 Elll/_z“/"_'" = 40.42V (AE,=79mV), NA [35]
(26,100), 270 (36,900)" FIEm/-I g gy
1/2 - .
(AE,=114mV)
Pd(bqn)z(0AC)s 419 (10,300), 281 (24,800)° ND NA [36]
Pdy(phpy)2(0AC), 436 (12,300), 316 (10,600)° ND NA [36]
estacn),Pd;yCls |PFg s 5 sh, 5 =+0. s i
[(M Y2Pd,Cls |PF, 534 (21,000), 449 (sh, 4900) E;I//'Z" 0.055V NDi [46]
360 (6100), 260 (43,000)¢ E;'}/zw  40.163Vh
estacn);Pd,Brs |PFs ,000), , =+0. , i
(M }oPd,Brs |PF, 570 (25,000), 411 (8900), 273 Elll//'z" 0.045V NDi [46]
(47 000)8 EV _ 1 0.171y0
12 = N
[(Mestacn);Pd,Cl4Br]PFg 546 (17,000), 378 (6800), 262 EVM = 10.065V, ND! [46]
1/2
(41,000)8 EWNV _ L g.174yh
. X 1/2 - N
[Pd™(bgn)(OAC)]sFa 1021, 4641, 376 (2470)° ND NA [112]
[Pd25(bqn)OAC)]Fosn 991/, 374 (2290) 345 (2270)° ND ND [112]
(PPFI);Pd;(X)s (X=CF3CO,~ or NO3™) ND ND £,=3.200-3.203, [40]
g, =1.908-1.915k
[(PPEI);Pd;(pu-Cl); ]X2(X = BE4~or PFg) ~380 (25,000), 915 (~2000) EVIEI_ o1V ND [40]
W 12
EII—II/III—[[[ _ +023 Ve

pa

ND: not determined; NA: not applicable.
a Determined for solutions of corresponding dinuclear Pd" complexes.
b In CH,Cl,.
¢ In "BU4NPF6/CH2C12.
4 D-band (219.2 GHz), 4K.
¢ In "BuyNClO4/CH,Cl,.
123K
¢ In MeCN.
" In "BusNPFgMeCN.
i The two Pd" centers are strongly antiferromagnetically coupled.
i The absorbance at this wavelength is non-linear with concentration.
K 110K.

spectra at high fields with a similarly large spread of the g values,
in line with a metal-based unpaired electron (Table 3) [105].

3.3. Dinuclear Pd(1ll) complexes with a Pd—Pd bond

Dinuclear Pd" complexes with a Pd-Pd interaction are expected
to exhibit a metal-metal bond order of 1 (Fig. 8, right). The first
such complex was synthesized in 1998 through the two-electron
chemical oxidation by PhICl, of a paddlewheel dinuclear Pd!
complex containing the 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidinate (hpp) ligand (Scheme 7, top) [106]. The resulting
dinuclear Pd"!' complex Pd,(hhp)4Cl, exhibits metal centers with
distorted octahedral geometries and the shortest Pd—-Pd bond ever
reported (2.391 A), 0.164 A shorter than the Pd-Pd distance in the
Pd" precursor (Fig. 10). This decrease in the metal-metal distance
suggests that the oxidation occurs at the Pd centers and leads to a
significant metal-metal bonding interaction, which was confirmed
by the calculated d,»-d,> o bonding character of the HOMO [106].
The same ligand was employed recently to yield a dinuclear Pd!!
complex in which the axial CI~ ligands were substituted with car-
boxylate ions in presence of Ag* salts (Scheme 7, bottom) [107].

The first organometallic dinuclear Pd!" complexes were
reported in 2006 by Cotton et al. (Scheme 8, top) [108]. The Pd!!
centers are held together by two orthometalated phosphine lig-
ands and two carboxylate groups, one chloride anion being bound
to each metal center trans to the Pd-Pd bond (Fig. 11). The observed
short Pd-Pd distances of 2.524-2.543 A and DFT calculations sup-
port the presence of a single bond between the two Pd centers,
while the axial chloride ligands seem to lead to a lengthening of
the metal-metal bond [108]. Similar organometallic dinuclear Pd!
complexes have been recently reported in diborylation reaction
studies [109,110]. In addition, the presence of a square planar Pd
center in a formal +3 oxidation state has been proposed recently in
a heterobimetallic phopshido-bridged Pd-Pt complex [111].

Organometallic dinuclear Pd!' complexes have been shown
recently to be catalytically active intermediates in oxidative C-
heteroatom bond formation reactions [35-38]. For example, a
cyclopalladated benzo[h]quinolinyl (bgn) dinuclear Pd" complex
bridged by two acetate groups can be oxidized by PhICl, to gen-
erate a dark red-brown dinuclear Pd" species Pd,(bqn),(0Ac),Cl,
(Amax =417 nm, Table 3; Scheme 8, middle). The complex is dia-
magnetic and exhibits a Pd-Pd distance of 2.567 A, suggesting the
presence of a Pd-Pd single bond (Fig. 12a) [35]. Another dinuclear
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Scheme 7. Synthesis of Pd,(hpp)sX, complexes [106,107].

Pdl complex, Pd,(phpy)2(0Ac)s, with a similar Pd-Pd distance
(2.555A) was later obtained by oxidation of a 2-phenylpyridyl
(phpy) Pd" diacetate dimer with PhI(OAc), (Scheme 8, bottom;
Fig. 12b) [36]. While these organometallic dinuclear Pd" are
stable at low temperatures, they undergo reduction elimination
upon warming to room temperature and lead to C-heteroatom
bond formation. Detailed mechanistic studies suggest a synergistic
involvement of the two Pd centers during both oxidation and reduc-
tive elimination [35,36,38]. Several recent reviews have described
in detail the involvement of dinuclear Pd!! complexes as active
intermediates in catalytic oxidative C—H functionalization reac-

tions and will not be discussed herein [23,39].

Interestingly, the oxidation of the benzo[h]quinolinyl dinu-
clear Pd" complex with 1equiv XeF, in absence of coordinating
anions leads to the synthesis of 1D molecular wires contain-
ing Pd"' centers (Scheme 9, top) [112]. The X-ray structure
of the oxidized dark-red product exhibits an infinite chain of

N N
N ", m‘N N ", | ‘“.N
(O o X
/é:\/N'-,, N'N ) MeCN /<:§JN,'| N'N )
j ‘/l

C
N *, S ", kS
&rf‘,-r-l’d[' Y™ AgoCR) (&;@,—Pdﬂ' et
~ N ST T ~ N
N /<\/ K ‘:‘“ CH,CI 2 /<\/ o . '.“fN\ )

Fig. 10. Structure of the first dinuclear Pd™ complex, Pd™;,(hpp)4Cl, [106]. Selected
bond distances (A): Pd1-N1 2.034, Pd1-Cl1 2.474, Pd1-Pd1a 2.391 (all Pd-N bond
lengths are identical due to symmetry).

Fig.  11. Structure  of  organometallic ~ Pd™ dinuclear ~ complex
Pdy(CsH4PPh, )2(0AC),Cl, [108]. Selected bond distances (A): Pd1-Cl1 2.426,
Pd1-P1 2.262, Pd1-C1 2.029, Pd1-01 2.134, Pd1-02 2.103, Pd1-Pd1a 2.524.

Fig.12. X-ray structures of dinuclear Pd" palladacycle complexes. Selected bond distances (A): (a) (bqn), Pd™,(0OAc),Cl,, Pd1-N12.017, P[d1-C1 1.999, Pd1-01 2.042, Pd1-02
2.133, Pd1-Cl1 2.417, Pd1-Pd1a 2.567 [35]; (b) (phpy)2Pd™,(0Ac)s, Pd2-N2 2.002, Pd2-C1 1.280, Pd2-06 2.139, Pd2-08 2.061, Pd2-03 2.130, Pd2-Pd1 2.555 [36]. Solvent

molecules are omitted for clarity.
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Fig. 13. Structures of fragments from 1D chains containing Pd-Pd interactions [112]. Selected bond distances (A): (a) [(bqn)Pd"(OAC)],(F)n, Pd1-Pd2 2.721; Pd1-Pd1 2.972,
Pd2-Pd2 2.982; (b) [(bgqn)Pd?>(OAc)],Fo.sn, Pd1-Pd2 2.727; Pd1-Pd1 2.980, Pd2-Pd2 2.980.Counteranions and solvent molecules are omitted for clarity.

Pd"! cations and non-coordinated fluoride anions, with acetate-
bridged Pd-Pd distances of 2.72A and unsupported interdimer
Pd-Pd distances of 2.98A (Fig. 13a). The persistence of the
extended 1D chain structure in solution was confirmed by dynamic
and static light scattering measurements and the presence of a
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-10° 4
©/ ¢ |
Cl
Pd2(CsHsPPh2)2(02R)2Cl2
R = Me, CF3, Bu
=, CI

U
»—Me PhICl, Q ’\O“‘, Me

L /
“'" . '; Me CH2C|2‘ /
O N;Pdl't..g -50 °C l"’;Pdlll‘ 'o Me

= - \N I O
Cl

(ban),Pd"'(OAc).Cl,

d"
O>—|V|e __Phl(OAC),

O Me CHzClo/HOAc,
d“ -10°C
~0
S
~-N., e)
“pg!_
O}Me Phl(OAc),
P —_— -
’ O Me CHCly, -35 °C
iy, “ i
S =

(phpy)zPd""2(OAC)s

Scheme 8. Synthesis of dinuclear Pd™ palladacycle complexes [35,36,108].

concentration-dependent NIR absorption [112]; however, addition
of chloride leads to quantitative formation of dinuclear Pd"! species
(Scheme 9, top). Oxidation of the Pd" precursor with 0.5 equiv of
XeF, leads to formation of an extended 1D chain with an average
oxidation state of Pd2> (Scheme 9, bottom; Fig. 13b). The molecu-
lar wires based on Pd!!' centers exhibit semiconductor properties
with an adjustable bandgap (depending on counterion and bridg-
ing carboxylate), while the Pd%> wires display metallic conductivity
above 200 K; such a metallic state has not been reported previously
for any molecular 1D wires [112].

3.4. Dinuclear Pd(1ll) complexes without a Pd—Pd bond

A series of dinuclear Pd!! complexes supported by the
common tridentate nitrogen-donor ligand N,N',N”-trimethyl-1,4,7-
triazacyclononane (Mestacn) were reported by our group in 2011;
these complexes are the first dinuclear Pd!! complexes that are
not stabilized by a Pd-Pd bond [46]. CV studies of the Pd" pre-
cursors (Mestacn)Pd"X, (X: Cl, Br) reveal two closely spaced
oxidation waves at low potentials (Fig. 14, Table 3). Electrochemical

— without CI”
20pA — +1 equivCI

T T L
1.0 0.5 0.0 -0.5
E vs.Fc (V)
Fig. 14. Cyclic voltammograms of (Mestacn)PdCl; in absence (black line) and pres-

ence (red line) of 1equiv CI- (5mM in 0.1 M BusNPFg/MeCN, 100 mV/s scan rate)
[46].
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Fig. 15. Crystal structures of dinuclear (Mestacn)Pd!' complexes [46]. Selected bond distances (A) and angles (°): (a) [(Mestacn),Pd,Cls]*, Pd1-N1 2.094, Pd1-N2 2.105,
Pd1-N3 2.273, Pd1-CI2 2.3179, Pd1-CI3 2.322, Pd1-Cl1 2.480, Cl1-Pd1i 2.480, Pd1-Pd1i 4.931, Pd1-Cl1-Pd1i 167.5; (b) [(Mestacn),Pd,Brs]*, PdA1-N1 2.104, Pd1-N3 2.120,
Pd1-N2 2.286, Pd1-Br1 2.432, Pd1-Br2 2.437, Pd1-Br3 2.587, Br3-Pd1i 2.587, Pd1-Pd1i 5.133, Pd1-Br3-Pd1i 165.4; (c) [(Mestacn),Pd, Cl4Br]*, Pd1-N3 2.082, Pd1-N2 2.093,
Pd1-N1 2.273, Pd1-CI2 2.350, Pd1-CI1 2.363, Pd1-Br1 2.539, Pd1-Pd1i 5.031, Pd1-Br1-Pd1i 164.3. Counteranions and solvent molecules are omitted for clarity.

oxidation of these Pd"' complexes by one electron leads to forma-
tion of dark-purple species whose X-ray structures reveal dinuclear
cations [(Mestacn)Pd"X,(w-X)Pd!'X,(Mestacn)]* (X: Cl, X: Br) in
which a single halide ion bridges the two Pd'! centers (Scheme 10).
Each metal center has a distorted octahedral geometry with two N
atoms and the two terminal halides in the equatorial plane, while
the third N atom of Mestacn and the bridging halide occupy the
axial positions (Fig. 15). Interestingly, addition of 0.5 equiv of exter-
nal halide during electrolysis leads to formation of the dinuclear
Pd!' complexes in high yield, and also provides a synthetic method
to generate a mixed-halide complex (Fig. 15c and Scheme 10,
top). The short Pd...Pd distances and the strong antiferromag-
netic coupling between the unpaired d,. electrons of the two Pd"!
centers suggest an intimate orbital overlap between Pd and the
bridging halide in these complexes (vide infra). Moreover, these
dinuclear Pd' complexes also represent a model of the delocalized
Pd-X-Pd!! electronic structure that has been proposed to exist in
some -Pd-X-Pd-X- one-dimensional (1D) chains [113,114].

Further electrochemical oxidation of the dinuclear Pd'!! species
in presence of 0.5 equiv halide generates mononuclear Pd"V com-
plexes (Scheme 10, top). Interestingly, a rapid comproportionation
reaction occurs between 1equiv of the mononuclear Pd! com-
plex and 1 equiv of the mononuclear PdV species to generate the
dinuclear Pd"! complex in quantitative yield (Scheme 10, bot-
tom), suggesting that these dinuclear Pd! complexes are more
stable than the corresponding mononuclear Pd"V and Pd" com-
plexes under an analogous ligand environment. The reversible
interconversion of dinuclear Pd"' and mononuclear PdV species
parallels the proposed involvement of analogous intermediates
in Pd-catalyzed C—H oxidative functionalization reactions and
suggests that for a given ligand environment both types of interme-
diates can be present [35-37]. This study also provided evidence for
the involvement of a Pd!" species in the Kharasch addition of poly-
haloalkanes to alkenes and confirms the ability of Pd to catalyze
one-electron radical reactions [46].

The above dinuclear Pd"' complexes exhibit unique electronic
properties. Their UV-vis spectra in MeCN reveal at least three
intense absorption bands at 535-570, 360-410, and 260-280 nm,
respectively (Table 3 and Fig. 16). For all three complexes, the
~550nm absorptions exhibit an uncommonly large extinction
coefficients (¢>17,000Lmol~' cm~1, Fig. 16) and were assigned
to an intermetallic Pd-to-Pd charge transfer (MMCT) transition
[115] that is strongly mixed with a p-Cl-to-Pd CT transition (LMCT)

[113,114]. TD-DFT calculations support such an assignment by
revealing a large oscillator strength for the HOMO to LUMO + 1 tran-
sition, where the HOMO exhibits o-bonding Pd-.-Cl character and
the LUMO +1 has antibonding Pd-w.-Cl character (Fig. 17, Table 4).
The higher energy absorption bands can be assigned to a combi-
nation of bridging and terminal halide-to-Pd LMCT bands (Fig. 17,
Table 4) [113,114]. The replacement of ClI~ with Br~ ligands leads
to lower energies of all transitions and thus supports the halide
contributions to the corresponding MOs (Table 3, Fig. 17) [116].

Stabilization of the Pd" state has been achieved recently in
halogen-bridged -Pd-X-Pd-X- 1D chain compounds with N-donor
ligands by using counteranions with long alkyl chains or in mixed
Ni/Pd 1D chain compounds [113,114,117]. For example, the 1D
chain compound [Pd(en),Br](Cs-Y) (en: ethylenediamine; Cs-Y:
dipentylsulfosuccinate) exists in an average-valent Pd'! state at a
temperatures below 200K, as confirmed by X-ray, EPR, and Raman
spectroscopy studies (Scheme 11) [113,114].

Recently, the first examples of paramagnetic dinuclear Pd!!
complexes have been reported [40]. These complexes were
obtained by chemical or electrochemical oxidation of Cl-bridged
pentaphenyferrocenyl imidazoline or oxazoline palladacycles
(Scheme 12). The oxidation of the Pd! centers instead of the

Expt
Caled

200 400 600
Wavelength (nm)

Fig. 16. UV-vis spectra of [(Mestacn)Pd"'Cl,(.-Cl)Pd"'Cl,(Mestacn)]*: experimen-
tal spectrum in MeCN (red) and normalized TD-DFT calculated (UB3LYP/CEP-
31G/gas phase) spectrum (blue) [46].
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Table 4
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TD-DFT calculated absorption bands for [(Mestacn)Pd" Cl,(.-Cl)Pd"'Cly(Mestacn)]* and their composition and tentative assignment (MMCT or LMCT). Only the transitions
with oscillator strengths greater than 0.05 are shown; the major contributing transitions have more than 6% contribution to the absorption band.

Wavelength (nm)

Oscillator strength

Major contributing transitions

488.8 0.350 HOMO — LUMO +1(50%, MMCT)
HOMO-1— LUMO +1(12%, LMCT)
451.4 0.168 HOMO — LUMO + 1(24%, MMCT)
HOMO-9 — LUMO +1 (23%, LMCT)
377.8 0.057 HOMO-10 — LUMO + 1 (24%, LMCT)
HOMO-2 — LUMO +1 (19%, LMCT)
HOMO-3 — LUMO + 1 (15%, LMCT)
345.7 0.068 HOMO-8 — LUMO +1 (38%, LMCT)
HOMO-10 — LUMO+1 (32%, LMCT)
291.8 0.085 HOMO-11 — LUMO + 1 (84%, LMCT)
225.5 0.539 HOMO-15 — LUMO (28%, LMCT)
HOMO-14 — LUMO + 2 (24%, LMCT)
2252 0.717 HOMO-12 — LUMO +2 (24%, LMCT)
Fe!l centers has been proposed based on XAS, EPR, Méssbauer, R R
and electrochemical studies. The acetate/hydroxo bridged com- Y/_ ”‘\ 4 equiv AgX /—/=\ X
plex [(PPFI),Pd,(j.-OAc)(p.-OH)](BF4), was characterized by X-ray ’N"""'Pd”\:"-z CH,Cly, RT & =N., | = 2
crystallography (Fig. 18), which reveals the presence of square . Pdﬂx'“/_
Fe'
LUMO+1 HOMO 5%
Ph
‘ - . 44 Ph
) m . NOj™ (PPFQ),Pd5(NO3) 4
4 9 CF3CO3™: (PPFI),Pdy(CF3CO5),
i Ph ph 1%
Pdl 5% Pd1 31% Ts—No_N e
Pd2  41% Pd2 7% pd[l"‘-/
u-Cl - 17% u-Cl 8% -
Cl's  11% Cl's  13% Fe' _pn
N’s 22% N’s 34% Ph
Ph
X=CI: [(PPF1)oPda(s -Cl)o] 2
HOMO-10 HOMO-12 X = OAC™ [(PPFI)2Pda(t -OAC)?*
X = OACIOH" [(PPFI);Pdy(1-OAG)(1-OH)JZ*
¥
Scheme 12. Synthesis of pentaphenylferrocenyl imidazoline and oxazoline-derived
dinuclear Pd"™ complexes (Th**: thianthrenyl cation radical) [40].
il
‘ 9
Pdl 13% Pdl 1%
Pd2 9% Pd2 8%
p-Cl 57% p-Cl 1%
Cl’s 13% Cl’'s 48%
N’s 4% N’s 28%

Fig. 17. DFT-calculated (UB3LYP/CEP-31G, broken symmetry) o-MOs of
[(Mestacn)Pd™Cl,(p.-Cl)Pd" Cly(Mestacn)]* proposed to be involved in the
observed UV-vis absorption bands (the calculated atomic contributions are listed
for each MO) [46].

B T |4
Br
NH,., Fl’dm..“NHz
Br .
’ ‘"‘N 24 2'_ -~ ~—
an|[[Zupdll | 2 NaC¥)_ | TNH | ONHE | gy
NH “SNH3 THF/H0 Br
o NHg,/M' lldm..“NHz
~,
CnY ™= OCmHamet | NHz NHz |
= OCoHame1
il o m = 5: PPl state at T < 206 K
m=4-9 12

Pd-Braye: 2.608 A, Pd-Pd: 5.2 A

Scheme 11. Synthesis of quasi-one-dimensional halogen-bridged Pd complexes
[113,114].

Fig.18. Structure of [(PPFO),Pd";(-OAc)(-OH)]?* (PPFO: pentaphenylferrocenyl
oxazoline) [40]. Selected bond distances (A) and angles (°): Pd1-N1 1.999, Pd1-C1
1.966, Pd1-01 2.166, Pd1-02 2.006, Pd1---Pd2 3.574, Pd1-01-Pd2 110.9.
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planar Pd centers, while EXAFS analysis for the trifluoroacetate-
bridged species (PPFI),Pd,(CF3C0O,)4 suggests the presence of
five-coordinate Pd centers. These dinuclear Pd!"' complexes are also
active catalysts for asymmetric aza-Claisen rearrangements [40].

4. Summary and outlook

The isolation and characterization of compounds containing
Pd!! centers has begun almost three decades ago. The first Pd!!! ionic
compound, NaPdF,4, and several analogous compounds have been
reported in the early 1980s. In addition, the first Werner-type coor-
dination complexes containing Pd!!! centers have been reported in
the late 1980s, and during the same time the first mixed-valent
Pd!'Pd"' complexes were also characterized. By comparison, the
first dinuclear Pd!! complex was reported in 1998, while the first
organometallic dinuclear Pd! complexes were reported in 2006
and their reductive elimination reactivity was described in 2009.
It was not until 2010 that the first mononuclear organometal-
lic complexes were reported and their reactivity investigated. In
these systems, judiciously designed ligands have been extensively
employed for the synthesis and stabilization of Pd" species. In the
past few years a large number of Pd!! intermediates have been
isolated, characterized, and proposed to play a role in a range of
one- and two-electron chemical transformations such as oxidative
C—H functionalization reactions, C—C coupling reactions, and radi-
calinsertion and addition reactions. For all these systems, a detailed
understanding of their steric and electronic properties is needed in
order to design optimal ligand environments for the targeted chem-
ical reactions. We envision that in the near future the chemistry of
less-common odd-electron oxidation states of Pd, as well as other
second and third row transition metals, will lead to novel redox
reactions that resemble the reactivity profiles of first row transition
metals, which typically display odd-electron oxidation states. Such
new reactivity profiles are expected to find applications in various
areas of chemistry, from organometallic catalysis to multi-electron
redox transformations and small molecule activation relevant to
renewable energy utilization.
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