
HAL Id: hal-04284085
https://hal.science/hal-04284085

Submitted on 14 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Phosphine-NHC-Phosphonium Ylide Pincer Ligand:
Complexation with Pd(II) and Unconventional

P-Coordination of the Ylide Moiety
Mohammad Ameskal, Rachid Taakili, Ekaterina S Gulyaeva, Carine Duhayon,
Jérémy Willot, Noël Lugan, Christine Lepetit, Dmitry A. Valyaev, Yves Canac

To cite this version:
Mohammad Ameskal, Rachid Taakili, Ekaterina S Gulyaeva, Carine Duhayon, Jérémy Willot, et
al.. Phosphine-NHC-Phosphonium Ylide Pincer Ligand: Complexation with Pd(II) and Unconven-
tional P-Coordination of the Ylide Moiety. Inorganic Chemistry, 2023, 62 (49), pp.20129-20141.
�10.1021/acs.inorgchem.3c03025�. �hal-04284085�

https://hal.science/hal-04284085
https://hal.archives-ouvertes.fr


 

Phosphine-NHC-Phosphonium Ylide Pincer Ligand: Complexation 
with Pd(II) and Unconventional P-Coordination of the Ylide Moiety 
Mohammad Ameskal,† Rachid Taakili,† Ekaterina S. Gulyaeva,†,‡ Carine Duhayon,† Jérémy Willot,† 
Noël Lugan,† Christine Lepetit,† Dmitry A. Valyaev†,* and Yves Canac†,* 
† LCC–CNRS, Université de Toulouse, CNRS, 205 route de Narbonne 31077 Toulouse cedex 4, France 
‡ A. N. Nesmeyanov Institute of Organoelement Compounds (INEOS), Russian Academy of Sciences, 28/1 Vavilov str.,  
GSP-1, B-334, Moscow, 119334, Russia 

ABSTRACT: An efficient synthesis of two pincer pre-ligands [Ph2PCH(R)ImCH2CH2CH2PPh3]X2 (R = H, X = OTf; R = Ph, X = 
BF4) was developed. Subsequent reactions with PdCl2 and an excess of Cs2CO3 lead to the formation of highly stable cationic ortho-
metalated Pd(II) complexes [(P,C,C,C)Pd]X exhibiting phosphine, NHC, phosphonium ylide and σ-aryl donor extremities. The pro-
tonation of one of the latter complexes with R = H affords the Pd(II) complex [(P,C,C)Pd(MeCN)](OTf)2 bearing an unprecedented 
nonsymmetrical NHC core pincer scaffold with a 5,6-chelating framework. The overall donor properties of this phosphine-NHC-
phosphonium ylide ligand were estimated using experimental nCN stretching frequency in the corresponding 
[(P,C,C)Pd(CNtBu](OTf)2 derivative and was shown to be competitive with related bis(NHC)-phosphonium ylide and phenoxy-
NHC-phosphonium ylide pincers. The presence of a phenyl substituent in the bridge between phosphine and NHC moieties in ortho-
metalated complex [(P,C,C,C)Pd](BF4) makes possible the deprotonation of this position using LDA to provide a persistent zwitter-
ionic complex [(P,C,C,C)Pd] featuring a rare P-coordinated phosphonium ylide moiety in addition to a conventional C-coordinated 
one. The comparison of the 31P and 13C NMR data for these C- and P-bound phosphonium ylide fragments within the same molecule 
was performed for the first time and the bonding situation in both cases was studied in detail by QTAIM and ELF topological analyses. 

INTRODUCTION 
The growing interest in pincer complexes can be mainly at-

tributed to their stability and structural variability,1 thus making 
these metal species essential today in various fields such as ho-
mogeneous catalysis,2 biological systems3 and functional mate-
rials.4 Historically, the first pincers were prepared in the late 
1970’s based on an anionic central phenyl ring bearing two neu-
tral pendant phosphine5 or amine6 donors. Subsequently, a large 
variety of pincer systems was designed by modifying the nature 
of donor atoms, backbone structure and/or auxiliary ligands on 
the metal center. Among all these assemblies, the most common 
contain two symmetrical five-membered metallacycles with 
two similar donor groups.7 To a lesser extent, symmetrical pin-
cers based on two identical six-membered metallacycles have 
also been widely considered,8 showing in some cases better per-
formances in terms of catalytic activity than their smaller 5,5-
counterparts due to a greater flexibility.9 In contrast, nonsym-
metrical pincer complexes10 are not as numerous mainly due to 
synthetic issues, although they present several potential ad-
vantages over their symmetrical analogues such as a greater 
ability to electronically and sterically tune the coordination 
sphere of metal, and introduce hemilability and metal-ligand 
cooperativity. In this category, few nonsymmetrical pincers 
possessing 5,6-metallacycles have been reported so far,11 and it 
has been shown that they can exhibit similar properties as their 
symmetrical analogues while maintaining their own character-
istics and reactivities. For instance, a change in the size of 
metallacycle modifies ligand bite angle and inevitably influ-
ences chemical behavior of corresponding pincer complexes.12 

Over the years, due mainly to their strong σ-donor ability, the 
incorporation of NHC fragments within pincer systems has 
been shown to be beneficial, improving efficiency and selectiv-
ity of metal complexation, with a particular emphasis on their 
catalytic potential.13 A large number of NHC-based pincers 
with different sized metallacycles and donor ends was thus re-
ported with the carbene moiety being situated as side arm do-
nors14 or in the central position of the ligand architecture.15 In 
this research area, we have recently prepared a series of pincer 
Pd(II) complexes A-C bearing NHC core phosphonium ylide 
ligands, in which the third end can be a phosphonium ylide,16 a 
NHC, or a phenolate (Scheme 1).17 The electron-rich character 
of these NHC core pincer ligands enabled the stabilization of 
Pd(II)−CO adducts16,17 and was found to have a beneficial effect 
in catalytic aldehyde allylation with Bu3Sn(allyl).17 From a syn-
thetic point of view, they were in most cases obtained by acidic 
cleavage of the Pd−Caryl bond of a +P−C6H5 substituent in ortho-
metalated precursors obtained from readily available N-phos-
phonioimidazolium salts.18 The common feature of all these 
pincer systems rests in the presence of two flexible fused six-
membered palladacycles with two lateral coordinating extremi-
ties connected to central NHC unit. With the aim of introducing 
more diversity in such carbon-based pincer platforms, we report 
herein the preparation of nonsymmetrical 5,6-NHC core pincer 
Pd(II) complexes of type D featuring phosphonium ylide and 
phosphine donor moieties. In addition, thanks to the possible 
tuning of lateral phosphine arm, we were able to prepare and 
characterize complex E combining regular C-coordinated phos-
phonium ylide19 with a rare P-pallada-substituted ylide moi-
ety.20 



 

Scheme 1. Previously Reported 6,6-NHC Core, Phospho-
nium Ylide-Containing Pincer Pd(II) Complexes A-C, and 
Targeted Pd(II) Compounds D-E Derived from 5,6-Phos-
phine-NHC-Phosphonium Ylide Scaffold. 

 

RESULTS AND DISCUSSION 
Synthesis and Spectroscopic Characterization of Phos-

phine-NHC-Phosphonium Ylide Pre-Ligand 
[Ph2PCH2Im(CH2)3PPh3](OTf)2 and Its Pd(II) Complexes. 
In order to introduce a phosphonium arm to a NHC core pincer 
scaffold, the N-phosphine oxide substituted imidazole 111f was 
first reacted with commercially available (3-bromopropyl)tri-
phenylphosphonium bromide in DMF at 120°C (Scheme 2). 
The resulting N-phosphonioimidazolium salt [2]Br2 was thus 
isolated in 95% yield, and its exact structure was unambigu-
ously confirmed by single crystal X-ray diffraction (Figure 
S32).21 Subsequent reduction of the phosphine oxide moiety 
was achieved by heating [2]Br2 with an excess of PhSiH3 in 
chlorobenzene at 120°C in the presence of bis(4-nitro-
phenyl)phosphate as organocatalyst.22 To our delight, we ob-
served that under these conditions the phosphonium fragment 
remains intact, and after Br/OTf anion exchange the desired im-
idazolium salt [3](OTf)2 was obtained in almost quantitative 
yield. The 31P NMR spectrum of [3](OTf)2 displayed two sin-
glet signals at δP 24.0 and −12.6 ppm, in the normal range for 
−+PPh3 and –PPh2 fragments, respectively, being in the latter 
case different to those of phosphine oxide precursor [2]Br2 (δP 
26.1 and 24.4 ppm for –P(O)Ph2 and −+PPh3 moieties). As ex-
pected, 1H NMR signal of N2CH fragment in [3](OTf)2 (δH 8.96 
ppm) was deshielded related to that of neutral precursor 1 (δH 
7.30 ppm). According to the conditions developed in related 
systems,16a,17 the coordination of salt [3](OTf)2 was achieved in 
an one-pot procedure by adding a stoichiometric amount of 
PdCl2 and an excess of cesium carbonate in MeCN at 50°C 
(Scheme 3). Following initial coordination of the phosphine 
arm and sequential base-assisted activation of three C−H bonds, 
the ortho-metalated Pd(II) complex [4](OTf) was obtained in 
74% yield. The high stability of [4](OTf) with respect to air and 
moisture allowed its purification by chromatography on silica. 
The identity of complex [4](OTf) was first proposed on the ba-
sis of its 31P NMR data showing two doublets at δP 43.3 ppm (d, 
3JPP = 16.5 Hz, PPh2) and 34.4 ppm (d, 3JPP = 16.5 Hz, PPh2

+), 

Scheme 2. Synthesis of Phosphine-Imidazolium-Phospho-
nium Salt [3](OTf)2 from N-Phosphine Oxide Substituted 
Imidazole 1. 

 
deshielded relative to those of its N-phosphonio precursor 
[3](OTf)2 (δP 24.0 ppm (s); −12.6 ppm (s)).The coordination of 
CH ylide was evidenced by the presence of characteristic high-
field 13C NMR doublet of doublets at δC 25.4 ppm (dd, 1JCP = 
85.1 Hz, 2JCP = 41.3 Hz). The 13C NMR spectrum also unveiled 
the presence of characteristic signals of ortho-metallated carbon 
atom at δC 175.8 ppm (dd, 2JCP = 35.2 and 6.2 Hz) with neigh-
boring Cipso atom at δC 139.3 ppm (d, 1JCP = 117.6 Hz) as well 
as NHC resonance at δC 178.8 ppm (dd, JCP = 12.1 and 6.3 Hz). 
ESI mass spectroscopy data (m/z 673.1 [M – OTf]+) unambigu-
ously confirmed the cationic nature of [4](OTf). The molecular 
structure of [4](OTf) was determined by X-ray diffraction (vide 
infra).21 
Scheme 3. Sequential Synthesis of Phosphine-NHC-
Phosphonium Ylide Pd(II) Pincer Complexes [5](OTf)2 and 

[6](OTf)2 from Imidazolium Salt [3](OTf)2. 

 
The desired 5,6-pincer complex [5](OTf)2 was obtained in 

97% yield by the protonation of [4](OTf) with one equivalent 
of TfOH in MeCN at low temperature leading selectively to the 
cleavage of Pd−Caryl bond of the ortho-phenylated ring. 31P 
NMR spectrum of complex [5](OTf)2 contains two doublets at 
relatively high field (δP 42.4 ppm (d, 3JPP = 2.4 Hz, PPh2) and 
δP 31.0 ppm (d, 3JPP = 2.4 Hz, PPh3

+), slightly modified with 
respect to its ortho-metalated Pd(II) precursor [4](OTf). In ad-
dition, the persistence of Pd−ylidic bond was evidenced by the 
presence of high-field doublet of doublets signal (δCH 14.6 ppm, 
dd, 1JCP = 95.6 Hz, 2JCP = 30.1 Hz) in 13C NMR spectrum. Upon 
[4](OTf) → [5](OTf)2 transformation the carbene signal was 
shifted upfield by ca. 20 ppm and lost the coupling with one of 
phosphorus atoms (δC 178.8 ppm (dd, JCP = 12.1 and 6.3 Hz) vs. 
156.8 ppm (d, JCP = 7.0 Hz)). To evaluate the overall electronic 
donation of this novel P,C,C-pincer ligand, the substitution of 



 

MeCN ligand with t-butylisocyanide was then performed in 
CH2Cl2 at −80°C, leading to the corresponding adduct [6](OTf)2 
in 96% yield (Scheme 3). While the position of 31P NMR signals 
of [6](OTf)2 remained essentially unchanged (δP 45.5 and 34.2 
ppm) compared to those of its precursor [5](OTf)2 the expected 
3JPP coupling constant was not observed in this case. The pres-
ence of isocyanide ligand was confirmed by IR (nC≡N at 2206 
cm−1 in CH2Cl2) and 13C NMR spectroscopy by the broad signal 
at δC 132.0 ppm of the coordinated carbon atom along with two 
other characteristic resonances of the tBu group at δC 59.5 and 
28.8 ppm. Finally, the molecular structure of [6](OTf)2 was fur-
ther confirmed by X-ray diffraction (vide infra).21 The compar-
ison of experimental nC≡N frequency value for [6](OTf)2 with 
those of complexes [7](OTf)2 and [8](OTf) (2206−2207 cm−1) 
revealed that the new 5,6-P,C,C-pincer ligand has similar donor 
character than the related 6,6-membered phosphonium ylide-
based analogues exhibiting NHC or phenolate donor extremi-
ties (Scheme 4).17 These values also indicate that only pincer 
ligands in complexes [9](OTf)2 (2194 cm−1) and [10](OTf) 
(2187 cm−1) featuring respectively two peripheral ylides16a and 
a central ylide23 exhibit greater electronic donation. Given that 
complexes [6](OTf)2 and [7](OTf)2 bearing neutral P,C,C- and 
C,C,C-pincer ligands respectively, have the same overall charge 
(+2),17 the similarity of their electronic properties is rather un-
expected taking into account the generally higher donation of 
NHCs vs. aryl-substituted phosphines. However, beyond geo-
metric distortion that may impact overlap of metal/ligand orbit-
als and given that is the global electronic effect of the pincer 
ligand which is estimated here, it is possible that the lower phos-
phine donation is compensated by that of the two carbon ex-
tremities, and especially by the strongly s-donating trans-ylide. 
Scheme 4. Representative Isocyanide Pd(II) Complexes 
Bearing Phosphonium Ylide-Based Pincer Ligands and the 
Corresponding Experimental IR nC≡N Values. 

 
Synthesis and Spectroscopic Characterization of Phos-

phine-NHC-Phosphonium Ylide Pincer Pre-Ligand 
[Ph2PCHPhIm(CH2)3PPh3](BF4)2 and its Pd(II) Complexes. 
In order to introduce structural diversity at the phosphine arm, 
we have inverted the synthetic strategy used for [3](OTf)2 (vide 
supra) starting in this case from N-phosphonio-substituted  
imidazole [11](BF4) and electrophilic manganese meth-
ylenephosphonium complex [12](BF4) (Scheme 5) previously 

used for metal-mediated assembly of bi- and tridentate NHC-
phosphine ligand precursors.24 Thus, the target pre-ligand 
[13](BF4)2 was isolated in 80% yield by alkylation of [11](BF4) 
with [12](BF4) in CH2Cl2 at room temperature followed by 
demetallation under visible light irradiation (Scheme 5).24,25 
The identity of pre-ligand [13](BF4)2 was established on the ba-
sis of 31P and 1H NMR spectroscopy with the presence of two 
singlets at δP 21.7 and −8.4 ppm for −+PPh3 and –PPh2 extrem-
ities and at δH 8.64 ppm for N2CH proton, respectively. 
Scheme 5. Synthesis of Phosphine-Imidazolium-Phospho-
nium Salt [13](BF4)2 from N-Phosphonium Substituted Im-
idazole [11](BF4). 

 
Considering that the phenyl group at the phosphine arm and 

different counter anion should not significantly impact coordi-
nation of [13](BF4)2 with Pd(II) center we used the same reac-
tion conditions as for simpler pre-ligand [3](OTf)2 (PdCl2, ex-
cess of Cs2CO3, MeCN, 50 °C). Gratifyingly, the ortho-meta-
lated Pd(II) complex [14](BF4) was isolated in 69% yield as a 
mixture of two diastereomers (ratio 70/30), differing by the po-
sition of phenyl substituent related to phosphonium moiety at 
the stereogenic ylidic center (Scheme 6). Both of them display 
similar spectroscopic features as evidenced in the 31P NMR 
(major: δP 60.3 and 32.1 ppm, d, 3JPP = 17.8 Hz; minor: δP 61.3 
and 34.9 ppm, d, 3JPP = 16.2 Hz) and 13C NMR spectra for co-
ordinated ylide moieties (major: δC 25.8 ppm, dd, 1JPC = 84.8 
Hz, 2JPC = 41.4 Hz; minor: δC 25.5 ppm, dd, 1JPC = 85.8 Hz, 2JPC 
= 41.4 Hz). Anticipating that the introduction of phenyl substit-
uent is expected to significantly increase the acidity of the ben-
zylic C−H bond between NHC and phosphine moieties we in-
stead decided to explore the reactivity of [14](BF4) towards a 
base. 

After a screening of different bases, it was shown that treat-
ment of complex [14](BF4) with an excess of LDA in THF-d8 
at −80 °C give the best compromise affording zwitterionic 
Pd(II) complex 15 in a spectroscopically quantitative yield 
(Scheme 6). According to NMR spectroscopy data, complex 15 
was found to be relatively unstable in solution at room temper-
ature and therefore its full characterization was achieved at 0 
°C. Unlike the precursor [14](BF4), 31P NMR spectrum of 15 
displays only a single set of doublet signals with two very close 
resonances (δP 29.6 ppm and 30.1 ppm, 3JPP = 14.6 Hz) being 
consistent with a disappearance of the benzylic stereocenter in 
the molecule. The 31P NMR resonance of P-center directly 
bonded to metal atom appeared to be strongly shielded com-
pared to those of [14](BF4) (δP 60.3 and 61.3 ppm), while that 
of the phosphonium ylide is much less affected (δP 32.1 and 
34.9 ppm). These 31P NMR values suggest that the environment 
of coordinated P-atom is significantly modified supporting the 
deprotonation of CHPh position. The nature of deprotonated 
species 15 was further assigned with the absence of  



 

Scheme 6. Synthesis of Ortho-Metalled NHC, Phosphonium 
Ylide-Based Pd(II) Complex [14](BF4) and Its Reactivity 
with LDA. 

 
characteristic CH benzylic proton and the appearance of a qua-
ternary carbon atom with adequate multiplicity at δC 68.0 ppm 
(d, 1JPC = 83.1 Hz) in the 1H and 13C NMR spectra, respectively. 
This signal is significantly downfield compared to that of regu-
lar coordinated phosphonium ylide at δC 22.6 ppm (1JPC = 78.5 
Hz and 2JPC = 39.3 Hz) in the same metal environment. Finally, 
two other characteristic 13C NMR signals, for ortho-metallated 
and NHC centers were observed as doublets of doublets at δC 
181.4 (2JPC = 34.7 and 6.0 Hz), and 169.4 ppm (JPC = 12.1 and 
6.0 Hz), respectively. 

In order to unambiguously confirm the acidic site position in 
[14](BF4), complex 15 was treated with a classical alkylating 
agent such as MeI in THF at low temperature. The resulting 
Pd(II) complex [16](BF4) was obtained in 85% yield as a mix-
ture of two diastereomers (ratio 95/5) as indicated by the pres-
ence of four 31P NMR doublet resonances (major: δP 76.3 and 
32.3 ppm with 3JPP = 17.8 Hz; minor: δP 77.1 and 32.6 ppm with 
3JPP = 16.2 Hz). Examination of 1H and 13C NMR spectra con-
firmed that the methylation took place at the bridging carbon 
position by the observation of the characteristic signal of qua-
ternary carbon atom at δC 69.9 ppm (d, 1JCP = 30.3 Hz) and other 
NMR signals similar to those found in its non-methylated ana-
logue [14](BF4). Noteworthy, the decisive role of phenyl sub-
stituent was clearly identified since treatment of unsubstituted 
ortho-metalated Pd(II) complex [4](OTf) with LDA in THF 
only led to a mixture of unidentified compounds. Compound 15 
represents a unique example of complex combining regular C-

coordinated phosphonium ylide ligand with a rare P-
metallasubstituted phosphonium ylide fragment. While the lat-
ter species are extremely scarce in literature,20 it was recently 
shown by DFT calculations that the related complex fac-
[(Ph2P=CHNHC)Mn(CO)3] was involved as a key intermediate 
in cooperative dihydrogen activation.26 The structure and bond-
ing of 15 was further investigated in detail by theoretical means 
(vide infra). 

X-ray Diffraction Studies of Phosphine-NHC-
Phosphonium Ylide-Containing Pd(II) Complexes [4](OTf), 
[6](OTf)2 and [14](BF4). Single-crystal X-ray diffraction stud-
ies enabled us to access to the solid state structures of cationic 
ortho-metallated Pd(II) complexes [4](OTf) and [14](BF4) as 
well as complex [6](OTf)2 exhibiting phosphine-NHC-
phosphonium ylide pincer ligand (Figure 1).21 Selected metrical 
data for these compounds are gathered in Table 1. Complex 
[14](BF4) exists as two crystallographically independent mole-
cules in the cell having similar metrical data within experi-
mental error except for Pd−P bond distances (2.2736(9) and 
2.3130(10) Å). In all complexes, metal atom is situated in a 
slightly distorted square planar-environment as indicated by τ4 
parameter values of (0.11−0.14).27 The ortho-metalated Pd(II) 
complexes [4](OTf) and [14](BF4) differing only by the nature 
of carbon chain (CH2 vs. CHPh) between NHC and phosphine 
fragments present similar geometric data (Table 1). The 
P1−C1−C7−C13 plane consists of the phosphine and three car-
bon donors of different nature belonging to NHC, ylide and or-
tho-phenylated ring, respectively. This specific arrangement re-
sults in the formation of highly constraint structures composed 
of two five-membered and six-membered metallacycles. In both 
cases, the NHC and phosphine moieties are situated in a trans 
position to the σ-aryl and ylide fragments, respectively 
(C1−Pd1−C13: [4](OTf) 173.88(10)°, [14](BF4) 176.19(14); 
C7−Pd1−P1: [4](OTf) 170.88(7)°, [14](BF4) 168.70(10)°). The 
four coordination bonds around metal atom fall in the classical 
range for these donor ligands (NHC: C1−Pd1 2.031(3) Å for 
[4](OTf), 2.014(4) Å for [14](BF4); phosphine: P1−Pd1 
2.2824(6) Å for [4](OTf), 2.2736(9) Å for [14](BF4); ylide: 
C7−Pd1 2.118(2) Å for [4](OTf), 2.116(4) Å for [14](BF4); 
phenyl: C13−Pd1 2.078(3) Å for [4](OTf), 2.050(3) Å for 
[14](BF4)), in perfect agreement with their respective hybridi-
zation state.16,17 Compared to related 6,6-ortho-metallated NHC 
core, bis(phosphonium ylide)- and NHC core, phosphonium 
ylide, phenolate Pd(II) complexes (173.95(18)° and 
177.95(3)°),16,17 5,6-ortho-metallated Pd(II) complexes exhibit 
slightly narrower bite angles (C7−Pd1−P1: [4](OTf) 
170.88(7)°, [14](BF4) 168.70(10)°). 

Figure 1. Perspective views of the cationic parts of Pd(II) ortho-metallated complexes [4](OTf) (left), RC4,RC7-[14](BF4) (middle, only 
one independent molecule shown) and pincer Pd(II) complex [6](OTf)2 (right). Thermal ellipsoids set at the 20% probability level, 
hydrogen atoms, solvate molecules and counter anions are omitted for clarity. 



 

Table 1. Selected Bond Lengths (Å) and Valent Angles (°) 
for Pd(II) Complexes [4](OTf), [6](OTf)2 and [14](BF4). 

 
Complex [6](OTf)2 represents the first example of Pd(II) de-

rivative featuring 5,6-pincer ligand based on electron-rich che-
lating NHC-ylide scaffold. According to structural data the two 
fused palladacycles are strongly distorted with phosphine and 
ylide extremities being in a mutual trans arrangement 
(C7−Pd1−P1 168.70(10)°), and coordinated t-butylisonitrile in 
trans position to NHC core (C1−Pd1−C38 170.66(14)°). The 
Pd−C bond distances involving NHC, ylide and isonitrile 
(NHC: C1−Pd1 1.991(3) Å; ylide: C7−Pd1 2.140(3) Å; isoni-
trile: C38−Pd1 2.014(3) Å) are within the typical range of those 
reported in related Pd(II) complexes.16,17,23 It’s worth mention-
ing that the passage from ortho-metallated precursor [4](OTf) 
to the pincer form [6](OTf)2 leads to concomitant shortening of 
Pd−NHC and lengthening of Pd−ylide bond distances, which 
can be due to different steric demands around the Pd center. For 
its part, Pd−P bond length remains quasi-unchanged between 
the two forms (2.2824(6) vs. 2.2785(8) Å). Noteworthy, the bite 
angle value (C7−Pd1−P1 168.70(10)°) is smaller than that of 
dl-isomer of the corresponding 6,6-tBuNC adduct of NHC core, 
bis(phosphonium ylide) ligand (170.1(3)°) but remains bigger 
than that of meso-isomer of the same ligand (165.42(11)°), an 
unexpected trend, which might be explained by a strong distor-
tion observed in the meso-isomer.16a Finally, the non-linearity 
of the Pd−CNtBu fragment can be tentatively rationalized by 
the bulkiness of proximal PPh3

+ group (C1−Pd1−C38 
170.66(14) Å and Pd1−C38−N3 169.1(3) Å). Such deviation 
was already observed in related pincer Pd(II) complexes exhib-
iting peripheral phosphonium ylide extremity.16,17,23 

Theoretical Study of the Electronic Structure of Pd(II) 
Complex 15 Bearing Two types of Phosphonium Ylide Lig-
ands by QTAIM and ELF Topological Analyses. Since all 
our efforts to grow single crystals of Pd(II) complex 15 suitable 
for X-ray diffraction were unsuccessful, we decided to investi-
gate its structure by DFT methods. At the PBE-D3/6-
31G**/LANL2DZ*(Pd) level of calculation, two minima for 
complex 15 were revealed on potential energy surface (Scheme 
7) namely 15a, featuring a non-conventional NHC-

phosphonium ylide moiety suggested on the basis of experi-
mental observations and 15b, which can be described as a C-
metalated form with a pending phosphine. It was found that 
15a, exhibiting a P-metalated ylide fragment was much more 
stable thermodynamically by +26.5 kcal.mol−1 relatively to the 
C-metalated isomer 15b. This calculated relative Gibbs free en-
ergy is therefore in agreement with NMR data, suggesting the 
existence of a single complex featuring a PPh2 donor group di-
rectly coordinated to the metal center. This unusual structure 
prompted us to use complementary theoretical tools such as 
Quantum Theory of Atoms in Molecules (QTAIM) and Elec-
tron Localization Function (ELF) topological analyses to in-
vestigate the nature of the P-metalated phosphonium ylide frag-
ment in complex 15a. 
Scheme 7. Calculated Structures of Two Possible Isomers of 
Pd(II) Complex 15 at PBE-D3/6-31G**/LANL2DZ*(Pd) 
Level of Calculation (Atoms Color Code: C − grey, N − blue, 
P – green, Pd − Dark Green.). 

 
The QTAIM descriptors of all Pd−C bonds, except Pd−C20 

bond, are very similar in both investigated isomers 15a and 15b 
(Figure 2, Table 2, Table S2 for QTAIM charges). According 
to the classification introduced by Bianchi et al.,28 the values of 
½Vbcp½/Gbcp of about 1.5 fall in the intermediate region between 
ionic (½Vbcp½/Gbcp ≤ 1) and covalent bonding (½Vbcp½/Gbcp ≥ 
2), expected for dative bonding. The electron density and en-
ergy densities values are close to those already reported for sim-
ilar metal-carbon bonds in Pd(II)23 or Ni(II) pincer com-
plexes.14b,29 Based on the Espinosa-Molins-Lecomte correlation 
(Eint),30 for both complexes, the strength of the Pd−C bond is 
stronger with NHC about 60 kcal.mol−1 than with ylide ap-
proaching 40 kcal.mol−1. The large value of the delocalization 
index (DI = 0.8) suggests the presence of single Pd−C bond of 
significant covalence degree also highlighted by the½Hbcp½/ρbcp 
ratio of 0.4. In isomer 15a, the absence of any Bond Critical 
Point (BCP) related to the existence of a Pd−C20 bond is no-
ticeable, while a Pd−P30 BCP, exhibiting QTAIM descriptors 
close to those of Pd−C dative bonds described above and to that 
expected for a dative Pd−P bond, is evidenced (Figure 2). In 
contrast, a Pd−C20 BCP related to an ionic interaction of C20 
atom with the metal center is found in isomer 15b, as indicated 
by the corresponding descriptors:½Vbcp½/Gbcp = 1.03, low elec-
tron density (0.0287 a.u.) and Laplacian (0.070 a.u.) values at 
the BCP. The corresponding bond strength (Eint = 5.8 
kcal.mol−1) and DI index of 0.31 are also in favor of a weak 

Complex [4](OTf) [14](BF4) [6](OTf)2 

Pd1−C1 2.031(3) 2.014(4) 1.991(3) 

Pd1−C7 2.118(2) 2.116(4) 2.140(3) 

Pd1−C13 2.078(3) 2.050(3) − 

Pd1−P1 2.2824(6) 2.2736(9) 2.2785(8) 

C4−P1 1.874(3) 1.886(4) 1.836(4) 

C7−P2 1.767(3) 1.767(4) 1.787(4) 

C38−Pd1 − − 2.014(3) 

C38−N3 − − 1.144(4) 

C39−N3 − − 1.468(4) 

C1−Pd1−X 
(C13 or C38) 

173.88(10) 176.19(14) 170.66(14) 

C7−Pd1−P1 170.88(7) 168.70(10) 168.70(10) 

C1−Pd1−C7 88.79(10) 89.18(14) 87.99(14) 

C1−Pd1−P1 82.17(8) 80.16(10) 80.72(11) 

C7−Pd1−C13 87.67(11) 88.07(14) − 

Pd1−C38−N3 − − 169.1(3) 

τ4 0.11 0.11 0.15 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

interaction between Pd and C20 atoms. As compared to the C-
coordinated phosphonium ylide fragment (P13−C29), the 
QTAIM descriptors of P30−C20 bond are very similar in 15b 
and slightly affected by the bonding of P-atom to Pd in form 
15a. The ½Vbcp½/Gbcp value of 2.45 in 15b for P30−C20 bond, 
clearly related to strong covalent P−C bonding, decreases down 
to 1.96 in 15a at the lower limit of covalent P−C bonding do-
main. The ELF description of both investigated isomers 15a and 
15b are compared in Table 3. In both isomers, similarly to the 
above QTAIM descriptors, the ELF descriptors of the three fol-
lowing Pd−C bonds, C2−Pd, C7−Pd, and C29−Pd, are all very 
similar to those already reported for Ni−C bonds in pincer-type 
complexes.14b,29 Furthermore, from ELF analysis, two distinct 
coordination modes of the P30−C20 moiety may be evidenced 
in 15a-b. In 15a, the presence of a monosynaptic basin V(C20) 
without any atomic contribution of Pd nor any sizeable covari-
ance with the C(Pd) core basin, indicates that the P30−C20 frag-
ment is coordinated to the Pd center by P30 only. The Pd−P30 
bond is characterized by a disynaptic V(Pd, P30) valence basin 
with a population of 2.04 e and a large covariance in absolute 
value between this valence basin and the core basin of Pd 
(<σ2(V(Pd, P30), C(Pd))> = −0.39 (Table 3), in agreement with 
a dative bonding of significant covalent character already as-
signed to this bond from the above QTAIM descriptors. The 
population of the disynaptic valence basin V(P30, C20), close 
to 3 e and larger than that of the C-bonded ylide bond P13−C29 
(2.73 e vs 2.18 e, respectively), thus suggests a more pro-
nounced double bond character for P30−C20 bond interacting 
with the Pd atom by P30 only. The noticeable double bond char-
acter of the P30−C20 bond is also suggested by a slightly 
shorter bond length (1.77 Å) than that of the P13−C29 bond 
(1.79 Å). Both mesomeric forms involving a neutral ylene P=C 
15a1 and a a-carbanionic phosphine 15a2 are thus representa-
tive with a similar weight for the chemical description of isomer 
15a (Scheme 8, up). In 15b, the ELF description confirms the 
absence of bonding between the P30 atom of the PPh2 donor 
group and the Pd center, already evidenced from the above 
QTAIM analysis. However, the presence of a monosynaptic ba-
sin V(C20) with a sizeable atomic contribution of Pd (5%) and 
significant covariance 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

with the C(Pd) core basin (<σ2(V(C20), C(Pd))> = −0.12, Table 
3) suggests the existence of a weak Pd−C20 interaction, as al-
ready evidenced by QTAIM analyses (Table 2). The ELF 

Figure 2. QTAIM molecular graphs of 15a (top) and 15b (bottom) 
calculated at the PBE-D3/6-31G**/LANL2DZ*(Pd) level. Se-
lected bond critical points are located as small blue spheres. 

Complex BCP Bond ρbcp ∆ρbcp │ a Hbcp│/ρbcp │ bVbcp│ / Gbcp DIc Eint, kcal.mol−1 

15a         

 1 Pd−C2 0.1248 +0.289 0.41 1.42 0.84 55.1 

 9 Pd−C7 0.1141 +0.220 0.40 1.46 0.83 46.1 

 40 Pd−C29 0.0988 +0.180 0.38 1.46 0.72 37.7 

 8 Pd−P30 0.0927 +0.114 0.40 1.56 0.78 32.0 

 46 P30−C20 0.1689 +0.024 0.96 1.96 0.87 103.4 

 19 P13−C29 0.1721 −0.147 1.00 2.27 0.82 96.7 

15b         

 1 Pd−C2 0.1378 +0.328 0.44 1.42 0.86 63.3 

 8 Pd−C7 0.1110 +0.231 0.39 1.43 0.81 45.3 

 18 Pd−C29 0.1033 +0.163 0.40 1.50 0.80 38.6 

 32 Pd−C20 0.0287 +0.070 0.0 1.03 0.31 5.8 

 43 P30−C20 0.1501 −0.175 0.93 2.45 0.84 74.2 

 22 P13−C29 0.1701 −0.164 1.00 2.32 0.80 93.9 

Table 2. Main QTAIM Descriptors (in a.u.) of the Bond Critical Points (BCPs) Related to Selected Bonds in 15a and 15b. 

a Energy density. b Potential energy density. c Delocalization index. PBE-D3/6-31G**/LANL2DZ*(Pd) level of calculation. 



 

Table 3. ELF Descriptors of Pd−C and Pd−P Interactions in 
Calculated Isomers 15a and 15b. 

a Average population Ñ of the ELF valence basin V (in e). b 
QTAIM atomic contribution of Pd to the valence basin V. c co-
variance <σ2(V(Pd, X), C(Pd))>, X = C or P. PBE-D3/6-
31G**/LANL2DZ*(Pd) level of calculation. 
populations, atomic contributions of Pd and covariances with 
the C(Pd) core basin listed in Table 3 are thus consistent with 
two mesomeric forms of different weight for complex 15b 
(Scheme 8, down). Given the absence of disynaptic valence 
Scheme 8. Relative Weights of the Mesomeric Forms in Iso-
mers 15a and 15b Suggested from the ELF Valence Basins 
Populations and Covariances Values. 

 

basin V(Pd, C20), the major form 15b1 corresponds to an un-
saturated Pd(II) complex which may explain the much lower 
stability calculated for isomer 15b as compared to 15a (relative 
Gibbs free energy of +26.5 kcal.mol−1 at the PBE-D3/6-
31G**/LANL2DZ*(Pd) level of calculation already mentioned 
above). Finally, it should be noted that P30−C20 (1.865 Å) 
and P13−C29 (1.801 Å) bond distances in the major isomer 
of 15b are consistent with single P−C and ionic ylide P+−C− 
bonds, respectively. 

Both QTAIM and ELF analyses are fully consistent for the 
description of the most stable isomer 15a featuring a NHC core 
pincer Pd complex containing as side extremities C-and P-pal-
lada-substituted phosphonium ylides. The current situation con-
trasts with that observed in Mn(I) chemistry, where 18-e octa-
hedral NHC-phosphinomethanide derivative fac-
[(Ph2PCHNHC)Mn(CO)3] was found to be more stable than its 
16-e square-pyramidal fac-[(Ph2P=CHNHC)Mn(CO)3] form 
exhibiting P-substituted phosphonium ylide with a difference of 
energy of 7.5 kcal.mol−1.26 

CONCLUSION 
The extension of a synthetic strategy developed for the prep-

aration of 6,6-NHC core, phosphonium ylide-based Pd(II) com-
plexes to their nonsymmetrical 5,6-counterparts is here re-
ported. Specifically, [C,C,P-Pd(L)](OTf)2 (L = MeCN, tBuNC) 
pincer complexes were obtained from easily accessible phos-
phine-imidazolium precursor via a sequence of base-assisted 
activation of three C−H bonds and selective acidic cleavage of 
a Caryl−Pd bond in corresponding ortho-metalated Pd(II) inter-
mediate. On the basis of experimental IR nCN frequencies, elec-
tronic donation of this P,C,C-pincer ligand was found to com-
pete with related C,C,C- and C,C,O-NHC core, phosphonium 
ylide-based ligands featuring a NHC or a phenolate as third ex-
tremity, respectively. The incorporation of a phenyl substituent 
at the phosphine side arm increasing the acidity of correspond-
ing C−H bond in the ortho-metalated derivative allowed to pre-
pare by basic treatment a unique Pd(II) complex perfectly stable 
in solution up to 0 °C, in which the metal center is coordinated 
by two different phosphonium ylides, one bounded in a conven-
tional manner by its C-atom and the other in a nonconventional 
fashion by its P-atom. While DFT calculations confirmed that 
the form featuring non-conventional P-pallada-substituted ylide 
corresponds to the most thermodynamically stable isomer being 
strongly preferred relative to C-cyclometalated form, QTAIM 
and ELF topological analyses revealed that the nature of P−C 
ylide bond in such complex can be also rationalized by the ex-
istence of a mesomeric form of equivalent weight involving a 
a-carbanionic phosphine coordinated to Pd. The application of 
these NHC-ylide pincer complexes in homogeneous catalysis 
where high electronic density and non-innocent character 
would be simultaneously brought by two phosphonium ylides 
featuring different coordination mode is now an ambitious ob-
jective to be explored. 

EXPERIMENTAL SECTION 
General Remarks. All manipulations were conducted under an in-

ert atmosphere of dry nitrogen or argon by using standard vacuum line 
and Schlenk tube techniques. Glassware was dried at 120 °C in an oven 
before use. Dry and oxygen-free solvents (CH2Cl2, Et2O, THF, toluene, 
pentane) were obtained using a LabSolv solvent purification system. 
CH3CN was dried using a MBraun SPS column. A liquid ethanol/nitro-
gen slush bath was used to keep samples at the selected low tempera-

Complex Valence basin Ña %Pdb Cov.c 

15a     

 V(Pd,C2) 2.64 0.26 (10 %) −0.42 

 V(Pd,C7) 2.20 0.25 (11%) −0.40 

 V(Pd,C29) 1.48 0.16 (11%) −0.27 

 V(Pd,P30) 2.04 0.30 (15%) −0.39 

 V(P13,C29) 2.18 0.0 −0.05 

 V(P30,C20) 2.73 0.0 −0.02 

 V(C20) 0.88 0.0 −0.0 

     

15b     

 V(Pd,C2) 2.48 0.28 (11%) −0.45 

 V(Pd,C7) 2.26 0.24 (11%) −0.40 

 V(Pd,C29) 1.37 0.17 (12%) −0.30 

 V(P13,C29) 2.19 0.01 −0.07 

 V(P30,C20) 1.92 0.0 −0.0 

 V(C20) 1.42 0.07 (5%) −0.12 

 

  



 

ture. Compounds 111f [11](Br)16a and [12](BF4)24a were synthetized ac-
cording to known procedures. All other reagent-grade chemicals were 
purchased from commercial sources and used without additional puri-
fication. Chromatographic purification was carried out on silica gel 
(SiO2, 63−200 μm). Solution IR spectra were recorded in 0.1 mm CaF2 
cells with a Perkin Elmer Frontier FT‐IR spectrometer. 1H, 13C, and 31P 
NMR spectra were obtained on Bruker AV300, AV400 or NEO600 
spectrometers. NMR chemical shifts δ are given in ppm, with positive 
values to high frequency referenced against the residual signals of deu-
terated solvents for 1H and 13C and 85% H3PO4 for 31P. Additional in-
formation on the carbon signal attribution was provided using 13C{1H, 
31P}, J-modulated spin−echo (JMOD) 13C{1H}, 1H−13C HMQC and 
HMBC experiments. MS spectra (ESI mode) were conducted by the 
mass spectrometry service of the Institut de Chimie de Toulouse-UAR 
2599 using a Xevo G2 QTof (Waters) spectrometer. Elemental analyses 
were performed by the elemental analysis service of the LCC-UPR 
CNRS 8241 with a Perkin Elmer 2400 series II analyzer. No uncom-
mon hazards are noted. 

Synthesis of imidazolium salt [2]Br2. Substituted imidazole 1 (1.10 
g, 3.9 mmol) and (3-bromopropyl)triphenylphosphonium bromide 
(1.99 g, 4.3 mmol) were heated at 120 °C in DMF (25 mL) for 15 hours. 
After evaporation of the solvent under vacuum, [2]Br2 was obtained as 
a white powder (2.76 g, 95%). Recrystallization from CH2Cl2/Et2O at 
RT gave colorless crystals, some of them being suitable for X-ray dif-
fraction analysis. 1H NMR (400 MHz, CDCl3, 25 °C): δ 10.21 (brs, 1H, 
N2CH), 8.29 (brs, 1H, CHPh), 7.93−7.67 (m, 20H, CHPh), 7.47−7.42 (m, 
6H, CHPh), 5.44 (d, 2JHP = 6.0 Hz, 2H, P(O)CH2), 4.80 (t, 3JHH = 6.8 
Hz, 2H, NCH2), 3.85−3.78 (m, 2H, PCH2), 2.32−2.26 (m, 2H, CH2). 
31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ 26.1 (s), 24.4 (s). 13C NMR 
(101 MHz, CDCl3, 25 °C): δ 137.1 (s, N2CH), 135.2 (d, JCP = 3.1 Hz, 
CHPh), 133.9 (d, JCP = 10.2 Hz, CHPh), 133.0 (d, JCP = 2.7 Hz, CHPh), 
131.3 (d, JCP = 9.9 Hz, CHPh), 130.6 (d, JCP = 12.7 Hz, CHPh), 129.2 (d, 
JCP = 12.4 Hz, CHPh), 127.9 (d, 1JCP = 103.3 Hz, CPh), 123.7, 122.6 (s, 
CHIm), 117.4 (d, 1JCP = 86.7 Hz, CPh), 49.0 (d, 1JCP = 90.9 Hz, 
P(O)CH2), 48.8 (s, NCH2), 24.2 (d, 2JCP = 2.7 Hz, CH2), 19.8 (d, 1JCP = 
53.8 Hz, PCH2); MS (ES+): m/z: 665.1 [M − Br]+; HRMS (ES+): calcd 
for C37H36BrN2OP2, 665.1486; found, 665.1468 (εr = 2.7 ppm). Mp 
63−65°C. 

Synthesis of pre-ligand [3](OTf)2. [2]Br2 (2.10 g, 2.8 mmol), 
PhSiH3 (1.35 mL, 11.0 mmol) in the presence of bis-4-nitrophenyl 
phosphate (0.10 g, 0.28 mmol) were heated at 120 °C in degassed 
C6H5Cl (30 mL) for 16 hours. After evaporation of the solvent under 
vacuum, the crude residue and NaOTf (1.30 g, 7.5 mmol) were stirred 
in CH2Cl2 (30 mL) at RT for 12 hours. After filtration over Celite and 
evaporation of the solvent, the solid residue was washed several times 
with Et2O (3×10 mL) affording [3](OTf)2 as a white powder (2.30 g, 
96%). 1H NMR (400 MHz, CDCl3, 25 °C): δ 8.96 (brs, 1H, N2CH), 
7.80−7.62 (m, 17H, CHPh), 7.42−7.32 (m, 9H, CHPh+Im), 6.99 (brs, 1H, 
CHIm), 4.85 (d, 2JHP = 5.9 Hz, 2H, P(O)CH2), 4.49−4.45 (m, 2H, 
NCH2), 3.39−3.32 (m, 2H, PCH2), 2.19−2.14 (m, 2H, CH2). 31P{1H} 
NMR (162 MHz, CDCl3, 25 °C): δ 24.0 (s, +PPh3), −12.6 (s, PPh2). 
13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ 136.3 (s, N2CH), 135.4 (d, 
JCP = 3.0 Hz, CHPh), 133.7 (d, JCP = 10.1 Hz, CHPh), 133.0 (d, JCP = 
20.1 Hz, CHPh), 132.6 (d, JCP = 12.1 Hz, CPh), 130.7 (d, JCP = 13.1 Hz, 
CHPh), 130.4 (s, CHPh), 129.4 (d, JCP = 7.0 Hz, CHPh), 123.7 (s, CHIm), 
122.1 (s, CHIm), 120.6 (q, 1JCF = 322.0 Hz, CF3), 117.4 (d, 1JCP = 87.5 
Hz, CPh), 49.5 (d, JCP = 23.1 Hz, CH2), 49.0 (d, JCP = 23.1 Hz, CH2), 
24.4 (s, CH2), 19.7 (d, JCP = 54.3 Hz, PCH2); MS (ES+): m/z: 719.2 [M 
− CF3SO3]+. HRMS (ES+): calcd for C38H36F3N2O3P2S, 719.1874; 
found, 719.1882 (εr = 1.1 ppm). Mp 38−40°C. 

Synthesis of complex [4](OTf). A mixture of [3](OTf)2 (0.34 g, 
0.39 mmol), PdCl2 (0.07 g, 0.39 mmol), and anhydrous Cs2CO3 (0.89 
g, 2.74 mmol) was stirred at 50 °C in MeCN (20 mL) for 12 hours. 
After filtration over Celite and evaporation of the solvent under vac-
uum, the crude residue was dissolved in CH2Cl2 (10 mL), and the solu-
tion was filtered over Celite. Purification by chromatography on silica 
gel (CH2Cl2/MeOH 99/1) gave [4](OTf) as a white powder (0.24 g, 
74%). Recrystallization from CH2Cl2/Et2O at RT gave pale yellow 
crystals, some of them being suitable for X-ray diffraction analysis. 1H 
NMR (400 MHz, CD3CN, 25 °C): δ 7.86−7.78 (m, 5H, CHPh), 
7.74−7.68 (m, 4H, CHPh), 7.64−7.52 (m, 9H, CHPh), 7.48−7.43 (m, 3H, 

CHPh), 7.24 (d, JHH = 4.0 Hz, 1H, CHIm), 7.17 (t, JHH = 4.0 Hz, 1H, 
CHIm), 7.14−7.03 (m, 3H, CHPh), 4.89 (dd, 2JHH = 14.5 Hz, 2JHP = 9.2 
Hz, 1H, PCH2), 4.68 (dd, 2JHH = 14.5 Hz, 2JHP = 4.1 Hz, 1H, PCH2), 
4.36−4.30 (m, 1H, NCH2), 4.18−4.11 (m, 1H, NCH2), 3.33−3.24 (m, 
1H, PCH), 2.58−2.48 (m, 1H, CH2), 1.90−1.82 (m, 1H, CH2). 31P{1H} 
NMR (162 MHz, CD3CN, 25 °C): δ 43.3 (d, 3JPP = 16.5 Hz, PPh2), 34.4 
(d, 3JPP = 16.5 Hz, +PPh3). 13C{1H} NMR (101 MHz, CD3CN, 25 °C): 
δ 178.8 (dd, JCP = 12.1, 6.3 Hz, Pd−CN2), 175.8 (dd, 2JCP = 35.2, 6.2 
Hz, Pd−CPh), 142.6 (dd, JCP = 19.1, 11.6 Hz, CHPh), 139.3 (d, 1JCP = 
117.6 Hz, CPh) 135.1 (d, JCP = 8.7 Hz, CHPh), 134.5 (d, JCP = 14.1 Hz, 
CHPh), 134.4 (d, JCP = 14.1 Hz, CHPh), 134.3 (d, JCP = 2.9 Hz, CHPh), 
133.9 (d, JCP = 9.5 Hz, CHPh), 133.8 (d, JCP = 3.0 Hz, CHPh), 132.8 (d, 
JCP = 2.4 Hz, CHPh), 132.7 (d, JCP = 2.3 Hz, CHPh), 131.6 (d, JCP = 19.7 
Hz, CHPh), 131.4 (t, JCP = 3.4 Hz, CHPh), 131.0 (d, 1JCP = 36.4 Hz, CPh), 
130.7 (d, JCP = 10.5 Hz, CHPh), 130.4 (d, JCP = 10.3 Hz, CHPh), 130.2 
(d, JCP = 10.4 Hz, CHPh), 129.9 (d, JCP = 11.6 Hz, CHPh), 126.7 (d, 1JCP 
= 58.6 Hz, CPh), 126.5 (d, 1JCP = 57.6 Hz, CPh), 126.1 (d, JCP = 13.2 Hz, 
CHPh), 124.1 (s, CHIm), 120.6 (d, 3JCP = 8.4 Hz, CHIm), 120.5 (q, 1JCF = 
320.1 Hz, CF3), 54.2 (d, 1JCP = 35.2 Hz, PCH2), 53.6 (d, 3JCP = 22.2 Hz, 
NCH2), 26.7 (d, 2JCP = 3.8 Hz, CH2), 25.4 (dd, 1JCP = 85.1 Hz, 2JCP = 
41.3 Hz, PCH). MS (ES+): m/z: 673.1 [M − (CF3SO3)]+. HRMS (ES+): 
calcd for C37H33N2P2Pd, 673.1154; found, 673.1199 (εr = 6.7 ppm). Mp 
210−212°C. 

Synthesis of complex [5](OTf)2. TfOH (0.5 M in MeCN, 293 µL, 
0.15 mmol) was added at −40 °C to a solution of [4](OTf) (0.13 g, 0.15 
mmol) in MeCN (5 mL). The mixture was warmed to RT for 2 hours. 
After filtration over Celite, the solvent was removed under vacuum, 
and complex [5](OTf)2 was obtained as a pale yellow powder (0.16 g, 
97%). 1H NMR (400 MHz, CD3CN, 25 °C): δ 7.86−7.81 (m, 6H, CHPh), 
7.79−7.75 (m, 3H, CHPh), 7.70−7.55 (m, 14H, CHPh), 7.52−7.47 (m, 
2H, CHPh), 7.44 (d, JHH = 4.0 Hz, 1H, CHIm), 7.14 (d, JHH = 4.0 Hz, 1H, 
CHIm), 4.99 (dd, 2JHH = 14.9 Hz, 2JHP = 9.8 Hz, 1H, PCH2), 4.88 (dd, 
2JHH = 14.9 Hz, 2JHP = 4.6 Hz, 1H, PCH2), 4.11−4.04 (m, 1H, NCH2), 
3.93−3.86 (m, 1H, NCH2), 3.61−3.52 (m, 1H, PCH), 2.37−2.26 (m, 2H, 
CH2). 31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ 42.4 (d, 3JPP = 2.4 
Hz, PPh2), 31.0 (d, 3JPP = 2.4 Hz, +PPh3). 13C{1H} NMR (101 MHz, 
CD3CN, 25 °C): δ 156.8 (d, JCP = 7.0 Hz, Pd−CN2), 135.0 (d, JCP = 3.0 
Hz, CHPh), 134.8 (d, JCP = 9.0 Hz, CHPh), 134.4 (d, JCP = 13.1 Hz, 
CHPh), 133.8 (d, JCP = 12.1 Hz, CHPh), 133.8 (d, JCP = 2.0 Hz, CHPh), 
133.5 (d, JCP = 2.0 Hz, CHPh), 130.7 (d, JCP = 12.1 Hz, CHPh), 130.6 (d, 
JCP = 11.1 Hz, CHPh), 127.2 (d, 1JCP = 44.2 Hz, CPh), 127.1 (d, 1JCP = 
46.3 Hz, CPh), 124.9 (s, CHIm), 123.8 (dd, 1JCP = 83.5 Hz, JCP = 3.0 Hz, 
CPh), 122.9 (d, 3JCP = 11.1 Hz, CHIm), 120.5 (q, 1JCF = 320.1 Hz, CF3), 
52.1 (d, 3JCP = 13.1 Hz, NCH2), 49.6 (d, 1JCP = 38.2 Hz, PCH2), 27.7 
(dd, JCP = 5.0, 3.0 Hz, CH2), 14.6 (dd, 1JCP = 95.6 Hz, 2JCP = 30.1 Hz, 
PCH). MS (ES+): m/z: 823.1 [M − (CF3SO3 + MeCN)]+; HRMS (ES+): 
calcd for C38H34F3N2O3P2PdS, 823.0752; found, 823.0762 (εr = 1.2 
ppm). Mp 95−97°C. 

Synthesis of complex [6](OTf)2. t-Butylisocyanide (8.4 μL, 0.074 
mmol) was added at −80 °C to a solution of [5](OTf)2 (0.05 g, 0.049 
mmol) in CH2Cl2 (5 mL). The mixture was warmed to RT for 2 hours. 
After filtration over Celite, the solvent was removed under vacuum, 
and complex [6](OTf)2 was obtained as a pale yellow powder (0.05 g, 
96%). Recrystallization from THF at −20 °C gave pale yellow crystals, 
some of them being suitable for X-ray diffraction analysis. 1H NMR 
(400 MHz, CD2Cl2, 25 °C): δ 7.91−7.86 (m, 6H, CHPh), 7.81−7.75 (m, 
5H, CHPh), 7.71−7.64 (m, 8H, CHPh), 7.62−7.54 (m, 7H, CHPh+CHIm), 
7.17 (brs, 1H, CHIm), 5.18 (dd, 3JHH = 14.6 Hz, 2JHP = 7.3 Hz, 1H, 
PCH2), 5.07 (dd, 2JHH = 14.6 Hz, 2JHP = 7.8 Hz, 1H, PCH2), 4.30−4.20 
(m, 2H, NCH2), 3.37−3.27 (m, 1H, PCH), 2.34−2.27 (m, 1H, CH2), 
2.12−1.99 (m, 1H, CH2), 0.42 (s, 9H, tBu). 31P{1H} NMR (162 MHz, 
CD2Cl2, 25 °C): δ 45.5 (s, PPh2), 34.2 (s, +PPh3). 13C{1H} NMR (101 
MHz, CD2Cl2, 25 °C): δ 163.5 (d, JCP = 7.1 Hz, Pd−CN2), 134.6 (d, JCP 
= 3.0 Hz, CHPh), 134.2 (d, JCP = 9.1 Hz, CHPh), 134.0 (d, JCP = 13.2 Hz, 
CHPh), 133.6 (s, CHPh), 133.5 (d, JCP = 10.1 Hz, CHPh), 133.5 (s, CHPh), 
132.0 (brs, tBuNC), 130.4 (d, JCP = 10.1 Hz, CHPh), 130.3 (d, JCP = 11.2 
Hz, CHPh), 130.3 (s, CHPh), 125.7 (d, 1JCP = 48.8 Hz, CPh), 125.6 (d, 
1JCP = 48.8 Hz, CPh), 124.2 (s, CHIm), 123.7 (dd, 1JCP = 84.0 Hz, JCP = 
2.0 Hz, CPh), 122.1 (d, 3JCP = 11.2 Hz, CHIm), 121.0 (q, 1JCF = 320.2 Hz, 
CF3), 59.5 (s, C(CH3)3), 52.4 (d, 3JCP = 20.3 Hz, NCH2), 51.1 (d, 1JCP = 
37.5 Hz, PCH2), 28.8 (s, C(CH3)3)), 27.8 (d, 2JCP = 3.0 Hz, CH2), 11.9 



 

(dd, 1JCP = 91.4 Hz, 2JCP = 34.5 Hz, PCH); MS (ES+): m/z: 906.1 [M − 
(CF3SO3)]+. IR (CH2Cl2): nCN 2206 cm−1 (s). HRMS (ES+): calcd for 
C43H43F3N3O3P2PdS, 906.1487; found, 906.1501 (εr = 1.5 ppm). Mp 
160−162°C. 

Synthesis of phosphonium salt [11](BF4). [11]Br (1.0 g, 2.2 mmol) 
and NaBF4 (0.36 g, 3.3 mmol) were stirred in MeCN (30 mL) at RT for 
12 hours. After evaporation of the solvent, the solid residue was ex-
tracted with CH2Cl2 (3×20 mL) and dried over Na2SO4. After filtration, 
the solvent was evaporated under vacuum, and the solid was washed 
with Et2O (3×10 mL) and dried affording [11](BF4) as a white powder 
(0.70 g, 70%). 1H NMR (400 MHz, CD3CN, 25 °C): δ 7.90–7.85 (m, 
3H, CHPh), 7.74–7.62 (m, 12H, CHPh), 7.50 (brs, 1H, CHPh), 7.01 (brs, 
1H, CHIm), 6.95 (brs, 1H, CHIm), 4.12 (t, 3JHH = 8.0 Hz, 2H, NCH2), 
3.16–3.08 (m, 2H, PCH2), 2.10–2.00 (m, 2H, CH2); 31P{1H} NMR (162 
MHz, CD3CN, 25 °C): δ 23.7 (s). 13C{1H} NMR (101 MHz, CD3CN, 
25 °C): δ 138.5 (brs, N2CH), 136.3 (d, JCP = 3.0 Hz, CHPh), 134.6 (d, 
JCP = 10.1 Hz, CHPh), 131.3 (d, JCP = 12.1 Hz, CHPh), 130.2 (s, CHIm), 
120.1 (s, CHIm), 118.8 (d, 1JCP = 86.9 Hz, CPh), 47.0 (d, 3JCP = 19.2 Hz, 
NCH2), 25.0 (d, 2JCP = 4.0 Hz, CH2), 20.1 (d, 1JCP = 54.5 Hz, PCH2). 
MS (ES+): m/z: 371.2 [M – BF4]+. Mp 145−147°C. Anal. Found, C 
61.57, H 4.79, N 5.93. Calcd. for C24H24BF4N2P.0.15(CH2Cl2): C 
61.59, H 5.20, N 5.95. 

Synthesis of pre-ligand [13](BF4)2. Solid [11](BF4) (1.32 g, 2.88 
mmol) was added to a solution of [12]BF4×0.25 CH2Cl2 (1.61 g, 2.88 
mmol) in CH2Cl2 (20 mL) at RT. The color of the solution immediately 
changed from orange to yellow. After stirring at this temperature for 5 
min, the resulting solution was transferred into a photochemical reac-
tor, diluted with CH2Cl2 (ca. 200 mL), and HBF4×OEt2 was added (0.40 
mL, 2.88 mmol). The solution was irradiated at RT with visible light 
under vigorous stirring until CO evolution ceased (~1h). The resulting 
suspension was then filtered over Celite and toluene (60 mL) was 
added. The solution was concentrated to a volume of 50 mL which in-
duced precipitation of the product as a viscous oil. The supernatant was 
removed by decantation and the residue was washed with toluene (20 
mL) and dried under vacuum to give [13](BF4)2 as a yellow powder 
(1.90 g, 80%). 1H NMR (400 MHz, CDCl3, 25 °C): δ 8.64 (s, 1H, 
N2CH), 7.80–7.58 (m, 17H, CHPh), 7.41 (t, JHH = 8.0 Hz, 2H, CHPh), 
7.33–6.98 (m, 12H, CHPh+Im), 7.00 (t, JHH = 8.0 Hz, 1H, CHPh), 6.20 (d, 
2JPH = 4.0 Hz, 1H, CHPh), 4.34–4.28 (m, 1H, NCH2), 4.23–4.17 (m, 1H, 
NCH2), 3.18–3.10 (m, 2H, PCH2), 2.11–2.02 (m, 2H, CH2). 31P{1H} 
NMR (162 MHz, CDCl3, 25 °C): δ 21.7 (s, +PPh3), −8.4 (s, PPh2). 
13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ 135.5 (d, JCP = 3.0 Hz, 
CHPh), 135.4 (brs, N2CH), 134.5 (d, JCP = 14.1 Hz, CPh), 133.9 (d, JCP 
= 22.2 Hz, CHPh), 133.6 (d, JCP = 10.1 Hz, CHPh), 133.2 (d, JCP = 19.2 
Hz, CHPh), 133.1 (d, JCP = 14.1 Hz, CPh), 131.9 (d, JCP = 10.1 Hz, CPh), 
130.8 (d, JCP = 13.1 Hz, CHPh), 130.6 (s, CHPh), 130.0 (s, CHPh), 129.9 
(s, CHPh), 129.7 (s, CHPh), 129.4 (d, JCP = 10.1 Hz, CHPh), 129.3 (d, JCP 
= 8.1 Hz, CHPh), 128.9 (d, JCP = 7.1 Hz, CHPh), 124.1 (s, CHIm), 120.2 
(d, 3JCP = 6.1 Hz, CHIm), 117.4 (d, 1JCP = 86.9 Hz, CPh), 64.3 (d, 1JCP = 
16.2 Hz, CHPh), 49.0 (d, 3JCP = 23.2 Hz, NCH2), 24.2 (s, CH2), 20.0 
(d, 1JCP = 55.5 Hz, PCH2). MS (ES+): m/z: 733.3 [M – BF4]+; HRMS 
(ES+): calcd for C43H40BN2F4P2, 733.2696; found, 733.2709 (εr = 1.8 
ppm). Mp 80−82°C. 

Synthesis of complex [14](BF4). A mixture of [13](BF4)2 (0.34 g, 
0.41 mmol), PdCl2 (0.07 g, 0.41 mmol), and anhydrous Cs2CO3 (0.95 
g, 2.90 mmol) was stirred at 50 °C in MeCN (30 mL) for 12 hours. 
After filtration over Celite and evaporation of the solvent under vac-
uum, the crude residue was dissolved in CH2Cl2 (10 mL), and the solu-
tion was filtered over Celite. After purification by chromatography on 
silica (CH2Cl2/MeOH 99/1) and recrystallization from CH2Cl2/Et2O at 
RT, [14](BF4) was obtained as a white powder (0.24 g, 69%) and as a 
mixture of two diastereomers (70/30). Single crystals of [14](BF4) were 
obtained by vapor diffusion in a CH2Cl2/Et2O mixture at RT. NMR as-
signment: amajor isomer (70%); bminor isomer (30%). 1H NMR (400 
MHz, CD3CN, 25 °C): δ 7.97–7.92a,b (m, 2H, CHPh), 7.89–7.69a,b (m, 
12H, CHPh), 7.63–7.54a,b (m, 6H, CHPh), 7.48–7.40a,b (m, 2.6H, CHPh), 
7.38–7.29a,b (m, 4H, CHPh), 7.25–6.99a,b (m, 12H, CHPh), 6.95–6.86a,b 
(m, 2H, CHPh), 6.75–6.65b (m, 0.8H, CHPh), 6.55a (d, JHH = 8.0 Hz, 2H, 
CHPh), 6.35a (d, 2JPH = 8.0 Hz, 1H, CHPh), 6.26b (d, 2JPH = 8.0 Hz, 0.4H, 
CHPh), 4.41–4.24a,b (m, 1.8H, NCH2), 4.20–4.13a (m, 1H, NCH2), 

3.45–3.29a,b (m, 1.4H, PCH), 2.70–2.50a,b (m, 1.4H, CH2), 2.10–2.00a,b 
(m, 1.4H, CH2). 31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ 61.3b (d, 
3JPP = 16.2 Hz, PPh2), 60.3a (d, 3JPP = 17.8 Hz, PPh2), 34.9b (d, 3JPP = 
16.2 Hz, +PPh3), 32.1a (d, 3JPP = 17.8 Hz, +PPh3). 13C{1H} NMR (101 
MHz, CD3CN, 25 °C): δ 179.4a (dd, JCP = 13.1, 6.1 Hz, Pd−CN2), 
178.6b (dd, JCP = 12.1, 7.1 Hz, Pd−CN2), 176.4a (dd, 2JCP = 34.3, 6.1 
Hz, Pd−CPh), 175.3b (dd, 2JCP = 35.3, 6.1 Hz, Pd−CPh), 143.3a (dd, JCP 
= 19.2, 12.1 Hz, CHPh), 141.9b (dd, JCP = 19.2, 11.1 Hz, CHPh), 139.3b 
(d, 1JCP = 117.2 Hz, CPh), 139.1a (d, 1JCP = 118.2 Hz, CPh), 136.7b (d, 
JCP = 15.1 Hz, CHPh), 136.6a (d, JCP = 3.0 Hz, CPh), 136.3b (d, JCP = 3.0 
Hz, CPh), 136.0a (d, JCP = 13.1 Hz, CHPh), 135.1a (d, JCP = 9.1 Hz, CHPh), 
134.9b (d, JCP = 8.1 Hz, CHPh), 134.4a (d, JCP = 2.0 Hz, CHPh), 134.0a 
(d, JCP = 10.1 Hz, CHPh), 133.8a (d, JCP = 3.0 Hz, CHPh), 133.7b (d, JCP 
= 12.1 Hz, CHPh), 133.7b (d, JCP = 3.0 Hz, CHPh), 132.8b (d, JCP = 3.0 
Hz, CHPh), 132.7a (d, JCP = 2.0 Hz, CHPh), 132.6a (d, JCP = 2.0 Hz, 
CHPh), 132.3b (d, JCP = 3.0 Hz, CHPh), 131.6a (d, JCP = 20.2 Hz, CHPh), 
131.5b (d, JCP = 19.2 Hz, CHPh), 131.3a (brs, CHPh), 131.1a (d, 1JCP = 
29.3 Hz, CPh), 130.8a (d, JCP = 10.1 Hz, CHPh), 130.5a (d, JCP = 9.1 Hz, 
CHPh), 130.3b (d, JCP = 9.1 Hz, CHPh), 130.1a (d, JCP = 11.1 Hz, CHPh), 
129.8b (d, JCP = 11.1 Hz, CHPh), 129.5b (d, JCP = 2.0 Hz, CHPh), 129.4b 
(d, JCP = 15.1 Hz, CHPh), 129.4b (d, JCP = 2.0 Hz, CHPh), 129.3a (s, 
CHPh), 129.2a (d, JCP = 6.1 Hz, CHPh), 129.1a (d, JCP = 3.0 Hz, CHPh), 
128.4b (brs, CHPh), 127.7a (d, JCP = 5.0 Hz, CHPh), 127.2b (d, 1JCP = 35.3 
Hz, CPh), 127.0a (d, 1JCP = 89.9 Hz, CPh), 126.8a (d, 1JCP = 37.4 Hz, CPh), 
126.5a (d, 1JCP = 64.6 Hz, CPh), 126.5a (d, 1JCP = 50.5 Hz, CPh), 126.5b 
(d, 1JCP = 81.8 Hz, CPh), 126.1b (d, JCP = 16.2 Hz, CHPh), 126.0a (d, JCP 
= 13.1 Hz, CHPh), 125.2a (s, CHIm), 124.6b (s, CHIm), 120.7b (d, JCP = 
7.1 Hz, CHIm), 119.7a (d, JCP = 7.1 Hz, CHIm), 68.1b (d, 1JCP = 29.3 Hz, 
CHPh), 67.2a (d, 1JCP = 32.3 Hz, CHPh), 53.8a (d, 3JCP = 22.2 Hz, 
NCH2), 53.7b (d, 3JCP = 21.2 Hz, NCH2), 27.0a (d, 2JCP = 4.0 Hz, CH2), 
26.8b (d, 2JCP = 4.0 Hz, CH2), 25.8a (dd, 1JCP = 84.8 Hz, 2JCP = 41.4 Hz, 
PCH), 25.5b (dd, 1JCP = 85.8 Hz, 2JCP = 41.4 Hz, PCH); MS (ES+): m/z: 
749.1 [M – BF4]+; HRMS (ES+): calcd for C43H37N2P2Pd, 749.1467; 
found, 749.1484 (εr = 2.3 ppm). 

Synthesis of complex 15. In a glovebox, Schlenk tube was loaded 
with [14](BF4) (0.040 g, 0.047 mmol) and an excess of LDA (0.035 g, 
0.334 mmol). At –80 °C, THF-d8 was added (0.7 mL). The solution 
then turned red instantly. After 5 min of stirring at –80 °C, the mixture 
was brought to RT where it was stirred for 10 min. After filtration on 
glass wool, the quantitative formation of complex 15 was observed by 
NMR. This compound was characterized by multi-nuclear NMR spec-
troscopy at 0 °C. 1H NMR (600 MHz, THF-d8, 0 °C): δ 7.83–7.63 (m, 
10H, CHPh), 7.47–7.23 (m, 10H, CHPh), 6.95–6.85 (m, 6H, CHPh), 6.61 
(d, JHH = 8.4 Hz, 2H, CHPh), 6.53 (t, JHH = 7.5 Hz, 2H, CHPh), 5.94 (t, 
JHH = 6.9 Hz, 1H, CHPh), 4.12–4.06 (m, 2H, NCH2), 2.48–2.43 (m, 1H, 
PCH), 1.78–1.73 (m, 2H, CH2). 31P{1H} NMR (243 MHz, THF-d8, 
0°C): δ 30.1 (d, 3JPP = 14.6 Hz), 29.6 (d, 3JPP = 14.6 Hz). 13C{1H} NMR 
(151 MHz, THF-d8, 0°C): δ 181.4 (dd, 2JCP = 34.7, 6.0 Hz, Pd−CPh), 
169.4 (dd, JCP = 12.1, 6.0 Hz, Pd−CN2), 142.7 (d, JCP = 6.0 Hz, CPh), 
141.4 (dd, JCP = 18.1, 7.5 Hz, CHPh), 140.3 (d, 1JCP = 119.3 Hz, CPh), 
136.7 (d, 1JCP = 51.3 Hz, CPh), 136.4 (d, 1JCP = 49.8 Hz, CPh), 135.4 (d, 
JCP = 9.1 Hz, CHPh), 134.6 (d, JCP = 13.6 Hz, CHPh), 134.1 (d, JCP = 9.1 
Hz, CHPh), 134.0 (d, JCP = 12.1 Hz, CHPh), 133.5 (d, JCP = 3.0 Hz, 
CHPh), 132.6 (d, JCP = 1.5 Hz, CHPh), 130.7 (d, JCP = 21.1 Hz, CHPh), 
130.5 (d, JCP = 9.1 Hz, CHPh), 129.6 (brs, CHPh), 129.2 (d, JCP = 3.0 Hz, 
CHPh), 129.1 (d, JCP = 2.0 Hz, CHPh), 128.9 (d, JCP = 10.6 Hz, CHPh), 
128.6 (d, JCP = 9.1 Hz, CHPh), 128.4 (d, JCP = 10.6 Hz, CHPh), 128.1 (s, 
CHPh), 127.7 (d, 1JCP = 87.6 Hz, CPh), 124.4 (d, JCP = 12.1 Hz, CHPh), 
118.4 (d, JCP = 12.1 Hz, CHPh), 117.5 (d, 3JCP = 3.0 Hz, CHIm), 117.4 
(s, CHIm), 112.7 (s, CHPh), 68.0 (d, 1JCP = 83.1 Hz, P=C), 53.0 (d, 3JCP 
= 22.7 Hz, NCH2), 27.6 (d, 2JCP = 3.0 Hz, CH2), 22.6 (dd, 1JCP = 78.5 
Hz, 2JCP = 39.3 Hz, PCH). 

Synthesis of complex [16](BF4). In a glovebox, Schlenk tube was 
loaded with [14](BF4) (0.04 g, 0.05 mmol) and an excess of LDA (0.04 
g, 0.33 mmol). At –80 °C, THF was added (2 mL) and the solution then 
turned red instantly. After 5 min of stirring at –80 °C, the mixture was 
brought to RT where it was stirred for 10 min. After returning to –80 
°C, an excess of iodomethane (31 μL, 0.50 mmol) was added and the 
mixture was stirred for 5 min. After a pale yellow color appeared, the 
mixture was brought to RT and stirred for 15 min. After evaporation of 
the solvent and purification by chromatography on silica 



 

(CH2Cl2/MeOH 99/1), complex [16](BF4) was obtained as a white 
powder (0.035 g, 85%) and as a mixture of two diastereomers (95/5). 
Major isomer (95%): 1H NMR (400 MHz, CD3CN, 25 °C): δ 7.87–7.68 
(m, 9H, CHPh), 7.65–7.48 (m, 10H, CHPh), 7.43 (t, JHH = 8.0 Hz, 1H, 
CHPh), 7.26 (t, JHH = 8.0 Hz, 2H, CHPh), 7.19–7.15 (m, 1H, CHPh), 7.08–
6.98 (m, 2H, CHPh), 6.96–6.88 (m, 2H, CHPh), 6.84 (s, 1H, CHIm), 6.70 
(t, JHH = 8.0 Hz, 2H, CHPh), 6.54–6.50 (m, 1H, CHPh), 4.44–4.38 (m, 
1H, NCH2), 4.08 (t, JHH = 12.0 Hz, 1H, NCH2), 3.32–3.22 (m, 1H, 
PCH), 2.72–2.60 (m, 1H, CH2), 2.28–2.22 (m, 1H, CH2), 2.22 (s, 3H, 
CH3). 31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ 76.3 (d, 3JPP = 17.8 
Hz, PPh2), 32.3 (d, 3JPP = 17.8 Hz, +PPh3). 13C{1H} NMR (101 MHz, 
CD3CN, 25 °C): δ 178.3 (dd, JCP = 15.1, 6.1 Hz, Pd−CN2), 176.6 (dd, 
2JCP = 34.3, 9.1 Hz, Pd−CPh), 142.4 (dd, JCP = 19.2, 11.1 Hz, CHPh), 
141.1 (d, JCP = 4.0 Hz, CPh), 139.2 (d, 1JCP = 118.2 Hz, CPh), 137.1 (d, 
JCP = 14.1 Hz, CHPh), 135.0 (d, JCP = 8.1 Hz, CHPh), 134.3 (d, JCP = 3.0 
Hz, CHPh), 134.1 (d, JCP = 12.1 Hz, CHPh), 134.0 (d, JCP = 10.1 Hz, 
CHPh), 133.7 (d, JCP = 3.0 Hz, CHPh), 133.3 (s, CPh), 133.1 (d, JCP = 3.0 
Hz, CHPh), 131.9 (d, JCP = 3.0 Hz, CHPh), 131.4 (d, JCP = 20.2 Hz, 
CHPh), 130.9 (d, JCP = 7.1 Hz, CHPh), 130.8 (d, 1JCP = 20.2 Hz, CPh), 
130.7 (d, JCP = 11.1 Hz, CHPh), 130.2 (d, JCP = 9.1 Hz, CHPh), 130.1 (d, 
JCP = 11.1 Hz, CHPh), 129.4 (d, JCP = 11.1 Hz, CHPh), 128.9 (d, JCP = 
2.0 Hz, CHPh), 128.4 (d, JCP = 2.0 Hz, CHPh), 126.5 (d, JCP = 4.0 Hz, 
CHPh), 125.9 (d, JCP = 13.1 Hz, CHPh), 124.8 (d, 1JCP = 39.4 Hz, CPh), 
115.4 (d, 3JCP = 7.1 Hz, CHIm), 69.9 (d, 1JCP = 30.3 Hz, C(CH3)Ph), 50.0 
(d, 3JCP = 24.2 Hz, NCH2), 27.3 (d, 2JCP = 4.0 Hz, CH2), 25.9 (dd, 1JCP 
= 83.8 Hz, 2JCP = 42.4 Hz, PCH), 22.5 (d, 2JCP = 3.0 Hz, C(CH3)Ph). 
Minor isomer (5%): 1H NMR (400 MHz, CD3CN, 25 °C): δ 7.86–7.42 
(m, 20H, CHPh), 7.29–7.24 (m, 2H, CHPh), 7.18–7.16 (m, 1H, CHPh), 
7.09–7.00 (m, 3H, CHPh), 6.94–6.90 (m, 2H, CHPh), 6.70 (t, JHH = 8.0 
Hz, 2H, CHPh), 6.50–6.46 (m, 1H, CHAr), 4.47–4.41 (m, 1H, NCH2), 
4.31 (t, JHH = 12.0 Hz, 1H, NCH2), 3.32–3.23 (m, 1H, PCH), 2.70–2.60 
(m, 1H, CH2), 2.18–2.12 (m, 1H, CH2), 2.14 (s, 3H, CH3). 31P{1H} 
NMR (162 MHz, CD3CN, 25 °C): δ 77.1 (d, 3JPP = 16.2 Hz, PPh2), 32.6 
(d, 3JPP = 16.2 Hz, +PPh3). MS (ES+): m/z: 763.2 [M – BF4]+; HRMS 
(ES+): calcd for C44H39N2P2Pd; 763.1623; found: 763.1642 (εr = 2.5 
ppm). 

Single-crystal X-ray diffraction analyses. In order to be analyzed, 
single crystals were coated with paratone oil and mounted onto the go-
niometer. The crystallographic data were obtained at 100K from a 
Rigaku XtaLAB Synergy diffractometer (CuKα radiation source) or 
from a Bruker Apex2 diffractometer (MoKα radiation source) equipped 
with an Oxford Cryosystem. The structures have been solved using 
ShelXT31 or SUPERFLIP32 and refined by means of least-squares pro-
cedures on F2 or F using the program CRYSTALS.33 The scattering 
factors for all the atoms were used as listed in the International Tables 
for X-ray Crystallography.34 Absorption correction was performed us-
ing a Multiscan procedure.35 Most of non-hydrogen atoms were refined 
anisotropically, the hydrogen atoms were located in a difference map 
and repositioned geometrically using a riding model. The structures 
[6](OTf)2 and [14](BF4) presented treated disorders on a CH2Cl2 and a 
triflate anion, respectively providing imperfect but reasonable models. 
Detailed crystallographic data and structural refinement parameters are 
given in Table S1 in the Supporting Information. 

Computational Details. Geometries of isomers 15a and 15b were 
fully optimized using Gaussian 0936 software at the PBE-D3/6-
31G**/LANL2DZ* (Pd) level of calculation including f-polarization 
functions derived by Ehlers et al.37 for Pd atom added to the 
LANL2DZ(Pd) basis set. Standard vibrational analysis was performed 
at the same calculation level to ensure that each calculated structure 
represents a true minimum on the potential energy surface. Gibbs free 
energies were calculated at 298.15 K.  

Quantum Theory of Atoms In Molecules (QTAIM) analysis was 
performed using AIMAll software.38 Topological methods are based on 
the analysis of the gradient field of a local function within the dynamic 
field theory and provide a partition of the molecular space into non-
overlapping basins. The topological analysis of the electron density 
ρ(r) designed as the by Richard Bader, yields atomic basins and 
QTAIM atomic charges.39 It allows to localize so called bond paths and 
bond critical points (BCPs). The nature of the chemical bond is charac-
terized from various properties of the electron density at the BCPs, 
namely the sign of the Laplacian of the electron density as well as the 

values of kinetic energy density (Gbcp), potential energy density (Vbcp) 
and total energy density Hbcp = Gbcp + Vbcp, according to Bianchi’s28a 
and Macchi’s classifications.40 Negative and positive values for the La-
placian at the BCP are assigned to “electron-shared” and “closed-shell” 
interactions, respectively.39 According to Bianchi et al.28a the absolute 
ratio between the potential energy density and the kinetic energy den-
sity (½Vbcp½/Gbcp) allows distinguish three bonding situations. In par-
ticular, the intermediate bond regime (1 <½Vbcp½/Gbcp < 2) including 
metal-metal bonds,41 dative bonds and weakly covalent ionic bonds is 
situated between electron-shared covalent bonds (½Vbcp½/Gbcp > 2) and 
closed-shell ionic bonds or van der Waals interactions (½Vbcp½/Gbcp < 
1). The Macchi’s classification offers a way to refine the bond charac-
terization using the values of both local BCP descriptors and the delo-
calization index (DI). The degree of covalence for the chemical bond 
may be estimated from both DI and |Hbcp|/ρbcp ratio.28b The strength of 
the interaction may be estimated using Espinosa-Molins-Lecomte cor-
relation30 to give the corresponding positive interaction energy (Eint = 
−½Vbcp) calculated as Eint (kcal.mol−1) = −13.754×Vbcp (a.u.). 

Electron Localization Function (ELF) topological analysis was car-
ried out with the TopMoD sowtware.42 The ELF approach measures the 
excess of kinetic energy arisen from Pauli repulsion43 to provide the 
values between 0 and 1. ELF is close to 1 in regions where electrons 
are single or form antiparallel spin pairs, whereas it tends to 0 in regions 
with high probability to find parallel spin electrons close to one an-
other.43 In the area of high electron localization (atomic shells, chemi-
cal bonds and lone electron pairs) the ELF values are maximal,44 
whereas it tends to small values at the boundaries between these re-
gions.45 The topological analysis of the ELF gradient field provides a 
partition of the molecular space into non-overlapping electronic do-
mains, so-called basins of attractors, which are classified into core, va-
lence bonding and nonbonding basins. Depending on the symmetry, the 
attractors, namely local maxima of the ELF function, can be single 
points (general case), circles or spheres.46 These basins are in one-to-
one correspondence to the core, lone or shared pairs of the Lewis bond-
ing model. A core basin contains a nucleus X (except a proton) and is 
designated as C(X). Valence bonding basins lying between two or more 
core basins are further distinguished by their synaptic order, defined as 
the number of core basins with which they share a common boundary. 
The monosynaptic basins denoted as V(X), correspond to lone pairs, 
whereas the di- and polysynaptic ones denoted as V(X1, X2, X3. ...) 
are related to bi- or multi-centric bonds. The average population of the 
basin may be calculated by the integration of the one-electron density 
over the basin volume. A statistical population analysis allows for con-
sidering the variance and the covariance of the basin populations being 
related to the electron delocalization.47 These populations do not take 
integral values and are about twice the topologically defined Lewis 
bond orders for bonding valence basins.48 The populations and (co)var-
iances of these valence basins can be further interpreted in terms of 
weighted combinations of mesomeric structures.47,48 
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