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ABSTRACT: Reactions of (cod)MCl, (cod = 1,5 cyclo-
octadiene, M = Pd, Pt) with N-heterocyclic secondary
phosphines or diphosphines produced complexes [(NHP)-
MCl], (NHP = N-heterocyclic phosphenium). The Pd
complex was also accessible from a chlorophosphine precursor
and Pd,(dba);. Single-crystal X-ray diffraction studies estab-
lished the presence of dinuclear complexes that contain -
bridging NHP ligands in an unsymmetrical binding mode and
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display a surprising change in metal coordination geometry from distorted trigonal (M = Pd) to T-shaped (M = Pt). DFT
calculations on model compounds reproduced these structural features for the Pt complex but predicted an unusual C,,-
symmetric molecular structure with two different metal coordination environments for the Pd species. The deviation between
this structure and the actual centrosymmetric geometry is accounted for by the prediction of a flat energy hypersurface, which
permits large distortions in the orientation of the NHP ligands at very low energetic cost. The DFT results and spectroscopic
studies suggest that the title compounds should be described as phosphenium—metal(0)—halides rather than conventional
phosphido complexes of divalent metal cations and indicate that the NHP ligands receive net charge donation from the metals
but retain a distinct cationic character. The unsymmetric NHP binding mode is associated with an unequal distribution of o-
donor/z-acceptor contributions in the two M—P bonds. Preliminary studies indicate that reactions of the Pd complex with
phosphine donors provide a viable source of ligand-stabilized, zerovalent metal atoms and metal(0)—halide fragments.

B INTRODUCTION

Diaminophosphenium ions [(R,N),P]* are Lewis ambiphiles
that act as versatile m-acceptor ligands toward transition
metals.' > They resemble in this respect archetypes like CO
and NO* yet have the advantage that their electronic and steric
properties are easily tunable.* Computational studies suggest
description of the metal-ligand bonding in phosphenium
complexes with electron poor metal fragments as superposition
of a dominating dative M — L z-bond and a weaker dative L —
M o-bond.>* This bonding situation is qualitatively similar to
that in metal carbonyls and nitrosyls or Fischer-type carbene
complexes,* ® and the M—P bonds exhibit thus pronounced
double bond character. In rare cases, phosphenium ions were
also found to interact, like CO or NO¥, with two metals as p-
bridging ligands.”® Although the electronic structure of such
complexes has not been studied in detail, it seems reasonable to
assume a partition of L - M and M — L interactions between
the cationic ligand and both metal centers.

In complexes with electron-rich metals, phosphenium ions
can alternatively act as essentially pure electrophiles’ (“Z-type
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ligands”'®). The L — M contribution may here be considered
to be insignificant, and the interaction becomes essentially a
dative M — P bond."" It has recently been pointed out that the
variable electron demand (and the associated structural
changes) of metal-bound phosphenium ions allows us to
establish an analogy to the “noninnocent” behavior of
nitrosyls."

A unique example of electron-rich metal fragments are halide
complexes of zerovalent metal atoms of the type [L,M®X]™ (L
= neutral ligand), which lack the strong electrostatic
stabilization by M"...X~ Coulomb interactions. Despite
their elusive nature, such species may be important reaction
intermediates; for example, Amatore and Jutand suggested that
anionic complexes [Pd(PR;),X]™ (PR, = tertiary phosphine, X
= halide) are active participants in the widely applied Pd-
catalyzed C—C bond forming reactions.">™'® The successful
stabilization of metal(0)halides by phosphenium ligands has
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been realized in readily isolable complexes 1 and 2 (Scheme
1),"”'® and a similar description might also be invoked for 3

Scheme 19
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1, bpy = 2,2'-bipyridine; 3, M = Pd, Pt, X = Cl, Br, I; 4, R = N'Pr,,
NCy,.

and the trimeric complexes 4, which had originally described as
Pt(I1)-phosphido complex'? or triangulo-clusters with bridging
phosphido ligands,"® respectively. The phosphenium metal(0)-
halides draw their stability, in simple terms, from the fact that
the back-donation to the phosphenium cation and additional z-
acceptor ligands decreases the electron density at the metal
atom, which in turn allows for a favorable interaction with the
strongly electron donating halide anion.">"®

In this Article, we report on dimeric complexes [(NHP)-
MCl], (NHP = N-heterocyclic phosphenium; M = Pd, Pt),
which consist, in a similar manner as 4, of an array of metal
atoms supported by p,-PR, units and terminal halides.
Computational and spectroscopic studies were carried out to
probe whether these products must be addressed as phosphido-
bridged complexes composed of anionic R,P-ligands and metal
dications or as “donor-free” phosphenium—metal(0)—halides
where the cationic ligand stabilizes an elusive metal(0)—halide
fragment in the absence of ancillary donor ligands. Finally, we
will present preliminary chemical reactivity studies that reveal
that the dimers serve as a viable source of mononuclear
metal(0) complexes.

B EXPERIMENTAL SECTION

All manipulations were carried out under an atmosphere of dry argon
using standard vacuum line techniques. Solvents were dried by
standard procedures. NMR spectra were recorded on Bruker Avance
400 (*H, 400.1 MHz; *C, 100.5 MHz; 3P, 161.9 MHz; '*°Pt, 86.7
MHz) and Avance 250 ('H, 250.1 MHz; "*C, 62.8 MHz; *'P, 101.2
MHz) NMR spectrometers at 303 K; chemical shifts are referenced to
external TMS ('H, 3C), 85% H,PO, (E = 40.480 747 MHz, 'P), or
1.2 M Na,PtCly (E = 21.496 784 MHz, '*Pt). Coupling constants are
given as absolute values. (+)-ESI mass spectra were recorded in
MeOH solution on a Bruker Daltonics MicroTOF Q_ instrument.
Elemental analyses were determined on a Perkin-Elmer 24000CHN/O
analyzer. Melting points were determined in sealed capillaries with a
Biichi B-545 melting point apparatus. UV—vis spectra were recorded
on a Varian Cary 50 spectrometer.

All computational studies except the calculations of NMR
properties were performed with the Gaussian09°° suite of programs.
Fragment analysis of molecular orbitals and charge decomposition
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analyses were carried out with the program AOMIX,*"** and
MOLDEN> was used for visualization. The NBO analysis was
performed with the NBO 5.0 program.”* Basis sets with electrostatic
potentials (ECP) on the inner shells (cc-pVDZ(-PP), cc-pVIZ(-PP),
aug-cc-pVTZ(-PP), def2-TZVP, def2-TZVPD, def2-TZVPPD) were
obtained from the basis set exchange home page.25'26 The topological
analysis of the electron density was performed using different
functionals (B3LYP, BP86), valence double- and triple-{ ANO-RCC
basis on the Pd/Pt atoms, and cc-pVDZ and cc-pVTZ basis set on all
the other atoms. The contraction scheme applied for double-{ all
electron basis function is 6s Sp 3d 1f for Pd and 7s 6p 4d 2f 1g for Pt.
The contraction scheme for triple-¢ all electron basis function is 7s 6p
4d 2f 1g for Pd and 8s 7p Sd 3f 2g for Pt. In order to take relativistic
effects into consideration, Douglas—Kroll—-Hess second-order
(DKH2) scalar relativistic calculations®”>® have been performed.
The calculation of NMR properties was carried out using density
functional theory (DFT) as implemented in the Amsterdam Density
Functional (2009.01)*° code in which an all-electron, triple-¢, double-
polarization TZ2P Slater basis was used including functions up to Sp
and 4f for Pd and 6p and Sf for Pt. Relativistic two-component zero-
order regular approximation (ZORA)*'7* calculations including
spin—orbit coupling®*~>® have been performed with the local density
approximation (LDA) in the Vosko—Wilk—Nusair garametrization39
with nonlocal corrections for exchange (Becke88)* and correlation
(Perdew86)*" included in a self-consistent manner. Isotropic absolute
magnetic shieldings for the phosphorus nuclei in 6” and 7” were
calculated using both “experimental” geometries (based on the
crystallographic coordinates of 6 and 7 with hydrogen atom positions
being readjusted using experimental bond and torsional angles and C—
H distances of 1.09 A) and optimized (at the BP86/cc-pVTZ-(PP)
level) and converted to the common chemical shift scale using the
reference data by Jameson* (§(*'P) = 328 — 6(*'P)).

Synthesis of Complex 6. From 5 and (cod)PdCl,. Diphosphine
5% (200 mg, 0.25 mmol) and 1 equiv of (cod)PdCl, (70 mg, 0.25
mmol) were dissolved in anhydrous THF (S mL) and stirred for 15
min at room temperature. A dark green microcrystalline precipitate
formed, which was filtered off, washed two times with diethyl ether,
and dried under reduced pressure. The crude product was purified by
recrystallization from CH,Cl, at —20 °C. Yield 46%, mp >250 °C.

From 9 and (cod)PdCl,. Secondary phosphine 9** (200 mg, 0.49
mmol) and 1 equiv of (cod)PdCl, (140 mg, 0.49 mmol) were
dissolved in anhydrous THF (S mL) and stirred for 15 min at room
temperature. The formed dark green, microcrystalline precipitate was
filtered off, washed two times with diethyl ether, and dried under
reduced pressure. Yield 43%.

From 9 and (cod)PdCl, in the Presence of NEt; Secondary
phosphine 9 (15 mg, 37 umol), 1 equiv of (cod)PdCl, (10 mg, 37
umol), and 1 equiv of NEt; were dissolved in anhydrous dg-THF (0.7
mL). The solution was irradiated in an ultrasonic bath for
approximately 2 min. Quantitative formation of 6 and the absence
of chlorodiazaphospholene 8 as byproduct were established by *'P
NMR spectroscopy. No attempts toward isolation of the product were
made. *'P{'"H} NMR (C,Dy): 6 = 225.1 (s). 'H NMR (C(Dy): & =
7.30 (t, 4 H, ¥y = 7.7 Hz, p-CH), 7.03 (d, 8 H, *Jyy; = 7.7 Hz, m-
CH), 6.82 (pseudo-t, 4 H, *Jpyy = 5.9 Hz, NCH), 3.03 (sept, 8 H, *Jyy
= 6.9 Hz, CH(CHj,),), 1.04 (d, 24 H, 3]y = 6.7 Hz, CH;), 0.95 (d, 24
H, ¥y = 6.7 Hz, CH;). BC{'"H} NMR (C(Dy): & = 147.2 (pseudo-t,
Ioc = 2.0 Hz, 0-C), 132.3 (s, i-C), 129.7 (s, p-C), 129.0 (s, NCH),
124.3 (s, m-C), 28.9 (s, CH(CHj;),), 25.9 (s, CH,), 24.8 (s, CH;). (+)
ESI MS: m/e (%): 1059.35(100) [Co,H,,N,P,Pd, — OCH,]*. UV—vis
(CH,CL): 4,,/nm (&,,,./(10> L mol™ em™)): 600 (3.3), 515 (35.1),
410 (21.2). Cs,H,,CLLN,P,Pd, (1098.85): caled C 56.84, H 6.60, N
5.10; found C 56.24, H 6.68, N 5.06; the unsatisfactory low C value is
due to the inclusion of small, nonstoichiometric amounts of solvent
(CH,CL,, verified by '"H NMR), which could not be completely
removed.

Synthesis of Complex 7. A solution of diphosphine 5 (200 mg,
0.25 mmol) and 1 equiv of (cod)PtCl, (92 mg, 0.25 mmol) in
anhydrous THF (S mL) was stirred for 30 min at room temperature.
The solvent was removed in vacuum. The dark red residue was
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extracted two times with diethyl ether and dried under reduced
pressure. The crude product was purified by recrystallization from
CH,CL/Et,0 (2:1) at —20 °C. Yield 41%, mp >250 °C. 3'P{'H}
NMR (C¢Dg): 6 = 269 (s, Jpp, = 5000 Hz). "*Pt{'"H} NMR (C,Dj,
303 K): § = —3078 (t, Jpp, = 5000 Hz). 'H NMR (C(Dy): 6 = 7.32 (t,
4 H, %y = 7.8 Hz, p-CH), 7.03 (d, 8 H, *Jyy = 7.8 Hz, m-CH), 6.03
(pseudo-t, 4 H, 3]sy = 3.5 Hz, NCH), 3.44 (sept, 8 H, iy = 6.9 Hz,
CH(CH,;),), 098 (d, 48 H, ¥ = 6.8 Hz, CH;). *C{'H} NMR
(C¢Dg): 6 = 148.1 (pseudo-t, *Jpc = 2.0 Hz, 0-C), 133.4 (s, i-C), 129.3
(s, p-C), 124.7 (s, m-CH), 122.3 (s, NCH), 29.0 (s, CH(CH3;),), 25.9
(s, CH;), 248 (s, CHy). (+) ESI MS: m/e (%): 1235.47(100)
[Cs,H,,N,P,Pt, — OCH,]*. UV—vis (CH,CL): 4,,/nm (&,,/(10° L
mol™ em™)): 495 (2.7, sh), 425 (26.9), 375 (sh). Cs,H,,CL,N,P,Pt,
(1276.18): caled C 48.94, H 5.69, N 4.39; found C 48.70, H 5.84, N
4.34.

Reaction of 6 with PPh;. Complex 6 (100 mg, 90 ymol) and 4
equiv of PPh; (95 mg, 0.36 mmol) were dissolved in CH,Cl, (6 mL)
to give an orange solution. A *'P NMR spectrum recorded after 20
min showed broad signals attributable to 13 as major reaction product
besides traces of 8, Pd(PPh;);, and a decomposition product, which
was later identified by NMR spectroscopy and single-crystal X-ray
diffraction as trans-(PPh;),PdCl, (12). The signals of 13 sharpened
into resolved multiplets at —20 °C. The amount of 8 and 12 increased
continuously when the reaction mixture was stored for longer time in
order to allow crystallization, up to the point that the initial product 13
disappeared completely, and 12 remained the only product that could
be isolated in pure form by crystallization. *P NMR (CH,Cl,, 303 K):
& = 222.7 (br; 13), 24.7 (br; 13). 3P NMR (CH,Cl,, 253 K): 6 =
222.1 (t, *Jpp = 129 Hz; 13), 24.3 (d, *Jpp = 129 Hz; 13).

Reaction of 6 with HPPh,. Complex 6 (50 mg, 46 ymol) and an
excess of diphenylphosphine were dissolved in CH,Cl, to give a red
solution. A *'P NMR spectrum recorded after 15 min showed signals
attributable to 14 as main reaction product besides small amounts of 8
and Pd(HPPh,), and excess diphenylphosphine. Storage of the
reaction mixture for crystallization was accompanied by eventual
decomposition of 14 to give 8 and Pd(HPPh,), and a few crystals of
Pd(HPPh,),, which were identified by a single-crystal X-ray diffraction
study, were obtained as the only isolable product. *'P NMR (CH,Cl,,
303 K): § = 209.9 (br, 14), —16.3 (br; 14). *'P NMR (CH,Cl,, 253
K): 6 = 2094 (q, YJpp = 51 Hz; 14), —13.6 (d, YJpp = 51 H; 14).

Crystallography. Crystal structures of 6 and 7 were determined
on a Nonius Kappa-CCD diffractometer at 100(2) K (6) or 123(2) K
(7) using Mo Ka radiation (4 = 0.71073 A). Direct methods
(SHELXS-97) were used for structure solution. Refinement was
carried out using SHELXL-97 (full-matrix least-squares on F?), and
hydrogen atoms were refined using a riding model. A semiempirical
absorption correction was applied. Details of the crystal structure
determinations are listed in Table 1. Crystallographic data (excluding
structure factors) have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-905918
(6) and CCDC-905010 (7). Copies of the data can be obtained free of
charge on application to: The Director, CCDC, 12 Union Road, GB-
Cambridge CB2 1EZ (fax int. +1223/336033); E-mail: deposit@ccdc.
cam-ak.uk.

B RESULTS AND DISCUSSION

Treatment of N-heterocyclic diphosphine § with (cod)MCI,
(cod = 1,5-cyclooctadiene; M = Pd, Pt) at ambient temperature
in THF produced dimeric complexes [(NHP)MCI], (6, M =
Pd; 7, M = Pt) and a stoichiometric amount of N-heterocyclic
chlorophosphine 8 (Scheme 2). A mixture of palladium
complex 6 and 8 was also obtained from reaction of
(cod)PdCl, with secondary N-heterocyclic phosphine 9.
Formation of 8 as byproduct is avoided if the reaction is
carried out in the presence of an acid scavenger like NEt;, and 6
is accessible under these conditions with higher atom efficiency
from equimolar amounts of 9 and (cod)PdCl, (Scheme 2). The
reaction of 9 with (cod)PtCl, yielded spectroscopically
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Table 1. X-ray Details for 6 and 7

6 7
empirical formula C,,H,,CLN,P,Pd,  C,,H,,CLN,P,Pt,
fw (g mol™") 1098.78 1276.16
T (K) 100(2) 123(2)

cryst size (mm?®)

space group

0.83 X 0.57 X 0.35
P2,/n (No. 14)

0.08 X 0.04 x 0.02
P2,/n (No. 14)

a (A) 12.7928(3) 12.916(2)
b (A) 14.4161(4) 13.470(2)
c (A) 14.5891(4) 14.903(2)
B (deg) 104.2790(10) 104.63(1)
vV (A3) 2607.43(12) 2508.7(7)
z 2 2
D, (Mg m™) 1.40 1.69
u (mm™) 0.709 5.780
F(000) 1136 1264
0 range (deg) 3.2-30.5 2.5-25.0
reflns collected 28697 23540
unique reflns 7912 4405
Rt 0.017 0.114
max/min transm 0.7426/0.525 0.888/0.601
data/restraints/params 7912/0/280 4405/0/280
GOF on P2 1.05 1.04
R1 [I> 20(I)] 0.021 0.061
wR2 (F*) 0.052 0.159
lal;gsg; diff. peak and hole (e 0.530/—0.450 2.892/-3.564
Scheme 2%
R R R R
N, N (cod)MCl, N N
[ P-R ] 112 [ P-MCI| + [ P-Cl
N N - cod N N
R R R 2 R
5 6 (M = Pd) 8
7 (M = Pt)
R R
N\ N\
(cod)PdCl, 172 [N'P MCI| + [N'P Cl
R - cod, R 2 R
N, -Hy 6 (M= 8
2 [ P-H Pd)
N 2 (cod)PdCl,
R EtsN R
- cod, N
9 - EtNHCI [ P-MCl
N
R 2
6 (M = Pd)

TR = 2,6-Pr,C¢Hs,.

detectable platinum hydride complexes whose isolation and
full characterization is under way and will be reported
elsewhere. Analysis of the *'P NMR spectra of reaction
mixtures revealed in all cases the absence of signals of further
phosphorus-containing products and suggests thus that all
reactions are quantitative. Finally, 6 is also formed, in analogy
to 4," as main reaction product upon treatment of
chlorophosphine 8 with an appropriate amount of Pd,(dba),
(dba = dibenzylidene acetone).
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Complex 6 precipitated from the solution, whereas isolation
of 7 required removal of volatiles and extraction of byproducts.
Both complexes were obtained as deeply colored, EPR-silent
(and thus presumably diamagnetic), air-stable solids. Complex
6 is moderately soluble in CH,Cl,, sparingly soluble in
CH,CN, and insoluble in hydrocarbon and ether solvents
(Et,O, THF, DME); 7 showed better solubility in all solvents
except Et,0 and hydrocarbons. The dimeric nature of both
products was inferred from ESI-mass spectra and the
pseudotriplet splittings of the "H NMR signals of the protons
in the N-heterocyclic rings. In connection with the chemical
equivalence of the two phosphenium moieties, these features
suggest that the metal atoms are symmetrically bridged by two
NHP units to form a cyclic P,M, array, and each metal atom
carries an extra terminal chloride (an inverse arrangement with
terminal NHP and bridging chloride ligands should exhibit a
very small, if not negligible, Jp, coupling constant and a
different splitting pattern for the '"H NMR signal of the ring
protons). The *'P chemical shift of 225.1 ppm for 6 is
substantially lower than that for [{u-(R,N),P}PdCl]," (4, 5*'P
= 346.1 for R = iPr, 351.1 for R = Cy), but the difference is of
similar magnitude as in case of the free phosphenium ions (cf,,
&P = 313 ppm for (iPr,N),P*" vs 205 ppm for 1,3-bis-
C¢H,iPr,-diazaphospholenium®). The much lower chemical
shift of 26.9 ppm for 7 introduced initial doubts about the
structural similarity with the Pd complex, but the presence of an
analogous M,P, ring was established from analysis of *'P,'**Pt
spin couplings: the ”*Pt NMR signal is split into a triplet ('Jp,p
= 5000 Hz) indicating attachment of the metal atom to two
equivalent P-donor ligands, and the *'P NMR signal is
accompanied by two sets of '**Pt satellites due to coupling
(YJpep = 5000 Hz) of the phosphorus atoms to one (P,('*°Pt),
isotopomer, A,X subspectrum) or two chemically equivalent
metal spins (P,(**°Pt), isotopomer, A,X, subspectrum),
respectively.

The structural assignment was confirmed by single-crystal X-
ray diffraction studies. Both complexes crystallize in the
monoclinic space group P2,/n and contain isolated molecules
with crystallographic C-symmetry. Complex 6 (Figure 1)
exhibits a planar P,Pd, ring in which adjacent bonds differ
slightly in length (P1—Pd1 2.2738(4) vs P1—Pd1#1 2.2401(4)
A) but opposite bonds remain equal. The Pd—P—Pd angles are
much more acute (71.61(1)°) than the P—Pd—P angles
(108.39(1)°). The Pd—P bonds are naturally longer than
those to the terminal phosphenium ligands in 2" (2.117(2) A)
or [(NHP)Pd(PPh,),]OTf® (Pd—P 2.1229(11) A, NHP =
1,3-dimesityl-1,3,2-diazaphospholenium) and lie between the
two distinctly different P---Pd distances in 10" (Scheme 3) of
2.162(2) and 2.498(2) A. The planar diazaphospholene rings in
6 are perpendicular to the P,Pd, ring (dihedral angles 89.1°
between P,Pd, and PN,C, planes) and mutually parallel
(dihedral angle 0° between both PN,C, planes). The angles
between the P1-Pd1/P1—Pd1#1 bonds and the bisecting NHP
ring plane are 50° and 22°, and the diazaphospholene units
adopt thus a distinctly asymmetrical coordination (Figure 1b).
The chlorine ligands lie in the plane of the P,Pd, ring, but the
Cl—Pd—P angles show likewise a marked dissymmetry (Cl1—
Pd1-P1#1 134.35(2)° vs Cl1—Pd1—P1 117.27(2)°). Taking
all disparities in Pd—P distances, P—Pd—Cl angles, and the
alignment of diazaphospholene rings together, the observed
molecular structure can be conceived to picture an early stage
in the dissociation of a hypothetical dinuclear complex with
ideal D,;, symmetry into two monomeric CI-Pd—NHP units
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Figure 1. Representation of the molecular structure of 6 (top) and the
Pd,P,(NHP), core (bottom) in the crystal. H atoms were omitted for
clarity; thermal ellipsoids were drawn at the 50% probability level.
Selected bond lengths (A) and angles (deg): Pd1-P1 2.2738(4),
Pd1-PI1#1 2.2401(4), Pd1—Cl1 2.3361(4), Pd1-Pd1#1 2.6410(2),
P1-N2 1.680(1), P1-NS 1.685(1), N2—C3 1.384(2), C3—C4
1.349(2), C4—N5S 1.384(2), P1#1—Pd1—P1 108.39(1), Pd1#1—P1—
Pd1 71.61(1), P1-Pd1—CI1 117.27(2), P1#1-Pd1—Cl1 134.35(2),
Cl1-Pd1—Pd1#1 170.87(1), N2—P1—NS 89.55(5).

Scheme 3
N. _N cQ
R’ cleagele
\ Me &4 Me
Ph,P. / \ _PPh, N O N
P4 Pd [ P p\j
PheP™ \ / PPhy N SN
Pl\ Me Co Me
N~ N OC CO
/
10 11

featuring linear dicoordinate metal and planar tricoordinate
phosphorus atoms.

The coordination modes of chloride and phosphenium
ligands in 6 are qualitatively similar to those in the triangulo-
cluster 4," whose structural disorder precludes a more
quantitative comparison; the different degree of aggregation
in both compounds is presumably due to different steric
requirements of the phosphenium moieties. The unsymmetrical
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p-bridging coordination of the aminophosphenium ligands
resembles the semibridging coordination mode of carbonyls
and has precedence in dipalladium and dicobalt complexes 10"
and 117 (Scheme 3) where the geometrical distortion may be
facilitated by different metal coordination environments (11) or
the constraints imposed by the formation of chelate rings (10).
A further interesting feature of 6 is the presence of a short
metal—metal distance (2.6410(2) A), which is only slightly
larger than the distance of 2.58 A calculated from covalent
radii*® and falls well into the range of Pd—Pd bonds in dimeric
Pd(I) complexes (2.72 + 0.1 A*"). The P—N, C—N, and C—C
bond lengths in the PN,C, rings match those of known chloro-
diazaphospholenes and NHPs* and indicate that 1 shows, like
these compounds, a certain degree of 7-electron delocalization
in the N-heterocyclic rings.

The molecular structure of platinum complex 7 (Figure 2)
displays the same topology as 6 but exhibits some remarkable
deviations in the coordination environment of the phosphorus
and platinum atoms. The shape of the central ring is conserved,
but the alternation of adjacent bonds (Pt1—P1 2.239(3), P1—
Ptl1#1 2.179(3) A) is now even more pronounced. The

Figure 2. Representation of the molecular structure of 7 (top) and the
Pt,P,(NHP), core (bottom) in the crystal. H atoms were omitted for
clarity; thermal ellipsoids were drawn at the 50% probability level.
Selected bond lengths (A) and angles (deg): Cl1—Pt1 2.268(3), Pt1—
P1 2239(3), Pt1-P1#1 2.179(3), Pt1—-Ptl#1 3.360(1), P1-NS
1.654(10), P1-N2 1.668(11), N2—C3 1.375(15), C3—C4 1.342(17),
C4—NS5 1.373(16), P1#1—Pt1—P1 81.0(1), P1#1—Pt1—Cl1 171.7(1),
P1-Pt1—Cl1 107.3(1), N5—P1-N2 91.2(5), Pt1#1—-P1—Pt1 99.0(1).
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bridging NHP units show a comparable tilt as in 6 (angles of
the P1—-Ptl and P1—Ptl#1 vectors with the local PN, plane
containing the atoms P1, N2, and NS are 57° and 42°,
respectively), but the difference in CI—-Pt—P bond angles is
much larger than in 6 (P1-Pt1—Cl1 107.3(1)°, P1#1—Ptl—
Cll 171.7(1)°). The metal coordination geometry remains
planar but is best described as T-shaped (with the nearly
collinear P1#1—Pt1 and Pt1—Cl1 bonds representing the bar of
the T) rather than distorted trigonal. As a consequence of this
distortion, endocyclic P—Pt—P angles are much smaller
(81.0(1)°) and Pt—P—Pt angles larger (99.0(1)°) than the
corresponding angles in 6 (P—Pd—P 108.39(1)°, Pd—P—Pd
71.61(1)°), and the Pt---Pt distance across the ring increases to
3.360(1) A, which rules out any direct bonding interaction. The
bonds in the diazaphospholene ring of 7 are generally slightly
shorter than those in 6 and closer to appropriate bond lengths
in phosphenium ions.*> In contrast to the free cations, the
PN,C, ring in 7 is not planar but displays a distinct envelope
conformation. The Pt1—Cl1 bonds (2.268(3) A) are slightly
shorter than normal Pt—Cl distances (2.33 + 0.04 A*).

The observed molecular structures of 6 and 7 allow for a
similar ambiguity in the interpretation of metal—ligand
interactions as had been discussed for other phosphenium
complexes.'” In principle, two limiting descriptions can be
given: (1) the NHP units act as anionic phosphido ligands that
bind as p-bridging four-electron ¢/z-donors to two metal(II)
centers, and (2) the NHP units represent phosphenium cations
and bind as o-donor/z-acceptor ligands to two zerovalent metal
atoms. Alternatively, complex 6 may, in view of the short
intermetallic distance, also be conceived to contain two o-
bonded Pd(I) centers that bind two chlorides and two neutral
diazaphospholenyl radicals (which are then antiferromagneti-
cally coupled to give a diamagnetic product). The depiction as
metal(0) complexes with formally cationic NHP ligands
adheres more closely to the common perception of N-
heterocyclic phosphenium ions as paramount electrophiles,"?
but recent reports on the noninnocence of some chelating N-
heterocyclic phospheniums'> and the proven generation of
neutral diazaphospholenyl radicals***® implies that the
alternative descriptions may not be a priori ruled out.

In order to shed further light on the electronic structure of
complexes 6 and 7, we performed DFT calculations® on
suitable model compounds. Anticipating that the peripheral
isopropyl groups in 6 and 7 should have negligible impact on
the electronic structure of the P,M, core, initial computations
were carried out on N-phenyl-substituted model compounds 6’
and 7’. These studies revealed that the molecular core interacts
only weakly with the substituents at nitrogen and that the
computed molecular geometries and electron populations are
quite similar to those of the still simpler NH-substituted species
6” and 7”. We therefore chose these compounds, which are
much easier to handle computationally, as models for a more
comprehensive electronic structure investigation.

In view of the marked structural deviation between 6 and 7,
we searched first for possible stationary points on the potential
energy hypersurfaces of model complexes 6” and 7”. To this
end, we performed energy optimizations in different restricted
symmetries (C,,, Cy, D,;) and tested several combinations of
density functionals (BP86, B3LYP, M06-2X, PBEIPBE) and
basis sets (cc-pVDZ(-PP), aug-cc-pVDZ(-PP), cc-pVTZ(-PP),
def2-TZVP, def2-TZVPD, def2-TZVPPD) to establish an
appropriate computational level. The results of these
calculations are all qualitatively similar even if relative energies
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of isomeric structures may change with the functional applied
(a complete listing is given as Supporting Information), and we
will only discuss the results obtained at the BP86/cc-pVTIZ-
(PP) level. The geometries, relative energies, and numbers of
imaginary vibrational modes for stationary states of 6” and 7”
located under different symmetry constraints (C,,, Cy;, D,;) at
this level are displayed in Figure 3.

m 45(1)

0.0 (0)

Figure 3. Geometries, relative energies (kcal mol™"), and numbers of
imaginary vibrational modes (in parentheses) of the isomeric
structures of complexes 6” and 7” calculated under different symmetry
constraints at the BP86/cc-pVTZ-(PP) level.

In the case of the palladium complex 6”, the C,,-structure
was identified as the only local minimum. The D,;-structure is a
transition state at negligibly higher energy (0.1 kcal mol™"), and
optimization attempts in C,,-symmetry (or still lower C,- and
C-symmetry) converged always to the D,-structure, even with
small optimization steps. The computed bond distances (Table
2) agree reasonably with the experimental ones, but the overall
molecular structure of 6” differs subtly from the observed
structure of 6: the pairs of shorter and longer Pd—P bonds
occupy adjacent rather than opposite edges of the P,Pd,
quadrangle, and the tips of the PN,C, pentagons of both
phosphenium ligands point to the same rather than different
metal atoms.”® The negligible energy differences between the
C,,- and Djj-isomers as well as the energy profiles produced
during the course of the geometry optimization imply that the
molecular structure of 6” tolerates large distortions in the
alignment of the phosphenium ligands with hardly any
energetic cost. We conclude that a reliable prediction of the
molecular structure is therefore beyond the accuracy of the
computational model and that the observed geometry of 6 is
presumably enforced by the large steric demand of the N-aryl
substituents or intermolecular (“crystal packing”) forces.

For the platinum complex 7”, three stationary states were
found: the structures with C,; and C,, symmetry represent local
minima, and the one with D,, symmetry represents a transition
state. The C,j-isomer is more stable by some 4 kcal mol™ than
the C,,-isomer, and the energy difference between the C,-
isomer and the D,;-transition state is also larger than in the case
of 6”. The computed molecular structure of the stable C,;-
isomer of 7” is in reasonable agreement with the found
structure of solid 7 (selected distances are given in Table 1 for
7" and in Figure 2 for 7). In addition, the low energy of the
D, transition state implies that dynamic inversion of the
bridging NHP units is easily feasible and serves thus to explain
the A,X,-type coupling patterns in *'P and '**Pt solution NMR
spectra (which are at odds with a static Cy-structure). The
perceptible energy difference between the C,;- and C,,-isomers
of 7” suggests further that the special metal coordination
geometry in 7 is not imposed by crystal packing effects. A
similar supremacy of T-shaped over regular trigonal metal
coordination had also been predicted for mercury halide dimers
(HgX,), and was convincingly explained as arising from
relativistic contraction (and concomitant energetic stabiliza-
tion) of the mercury 6s-orbital.>" Since this effect becomes even
more important for the 6s-orbital at Pt but not for the Ss-orbital
at Pd,** we conclude that it may also explain the deviating metal
coordination geometries in 6” and 7”. This view is supported
by the finding that the calculated natural electron config-
urations (see below) reveal that the contribution of the valence
s-orbital of the metal atoms is much higher for Pt than for Pd.

The consideration of relativistic effects helps also in the
explanation of the remarkably large difference in *'P NMR
chemical shifts of 6 and 7. Relativistic two-component zero-
order regular approximation (ZORA)*™* calculations with
inclusion of spin—orbit coupling®~>* on the model compounds
6" and 7" produced values of 5°'P (232.8 ppm for 6” and 37.4
ppm for 7” based on experimental geometries; cf. Table 3) that
closely match the experimental data of 6 (6*'P = 225.1 ppm)
and 7 (8’'P = 26.9 ppm), respectively. Analysis of individual
contributions reveals that the stronger shielding of the *'P
nuclei in the Pt complex is due to two major effects, namely, a
reduction in the (nonrelativistic) paramagnetic shielding
contribution (Ac*** = 86.68 ppm) and a shift from a small
negative to a large positive value of the (relativistic) spin—orbit
contribution (Ac*° = 106.94 ppm). Comparison of shieldings
calculated with different sets of atomic coordinates (derived
from the crystal structure data of 6 and 7 and the energy-
optimized molecular geometries of 6” and 7”) indicates that
the numerical values of calculated shieldings are, not
unexpectedly, strongly sensitive to variations in the molecular

Table 2. Selected Bond Lengths (d, in A), Wiberg Bond Indices (WBI), and Mayer Bond Indices (MBI) for 6” (C,,), 7" (C,y),
and the Free Diazaphospholenium Cation (PN,C,H,*) at the BP86/cc-pVTZ(-PP) Level”

6" (Cy)
M-M 2.696 (0.307/0.252)
M-Cl 2.317 (0.723/0.823)
2.298 (0.726/0.839)
M-P 2.244 (0.735/0.897)
2296 (0.654/0.847)
P-N 1.723 (0.887/1.097)
N-C 1.384 (1.172/1.181)
c-C 1.361 (1.631/1.595)

“Entries are given in the form d (WBI/MBI).
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7" (C)
3.442 (0.146/0.148)
2.294 (0.748/0.949)

PN,C,H,*

2.214 (0.821/1.250)
2.300 (0.692/0.905)

1.718 (0.846/1.076)
1.393 (1.137/1.141)
1.356 (1.673/1.627)

1.695 (1.077/1.291)
1.369 (1.246/1.234)
1.374 (1.536/1.501)
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Table 3. Computed *'P NMR Chemical Shifts (6(*'P)) and
Diamagnetic (6**), Paramagnetic (6°*), and Spin-Orbit
(6°°) Contributions to the Absolute Isotropic Shielding
(6*°) of 6” and 7”7

6" 7"
o 960.51 (959.36) 962.28 (961.14)
o —853.41 (—888.43) —~766.73 (—828.60)
c*° —11.85 (~17.23) 95.09 (57.70)
& 95.25 (53.70) 290.64 (190.24)
5('p) 232.75 (274.30) 37.36 (137.76)

“Data are based on the experimental geometries of crystalline 6 and 7;
values derived from calculated geometries of 6” and 7” are given in
parentheses.

geometries, whereas the relative magnitudes of the relativistic
and nonrelativistic contributions to the total magnetic shielding
variation remain relatively unaffected.

To get further insight into the bonding situation, we
performed natural bonding orbital*®> (NBO) calculations on
the lowest energy structures of 6” and 7”. Analysis of bond
lengths, Wiberg bond indices (WBI) and Mayer bond indices
(MBI) of 6” and 7” (Table 1) revealed that the M—Cl and M—
P bonds exhibit sizable covalent contributions, which are
generally slightly higher for the Pt than the Pd complex;
furthermore, the shorter M—P bonds in each species exhibit
slightly larger covalent contributions than the longer ones. The
P—N and N—C bonds in the NHP ligands are somewhat longer
(weaker) and the C—C bonds shorter (stronger) than in the
free phosphenium ion.

Even if the participation of each phosphorus atom in the
formation of two M—P bonds does not a priori rule out a
description of 6” and 7”as phosphido complexes (with anionic
o-donor/z-donor ligands that bind to two M?" cations), the
alternative picture of phosphenium—metal(0)-species with
cationic NHP ligands and metal oxidation numbers close to
zero seems more appropriate for several reasons:

(i) Analysis of NPA (natural population analysis) charges
(Table 4) yields negative partial charges for the metal atoms

Table 4. NPA Partial Charges (au) of the Metal Centers (M
= Pd, Pt), Chlorine Atoms, and NHP Units of 6” (C,,) and
7" (Cy,) at the BP86/cc-pVTZ(-PP) level

6" (Cy) 7" (Ca)
M (Pd or Pt) —0.32/-0.40 —0.35
cl —0.44/-0.43 -0.38
PC,N,H, +0.79 +0.73

and substantial positive partial charges for the diazaphospho-
lene units in both complexes. Likewise, the calculated natural
electron configurations of the metal atoms (6” Pd1 4d°3' 55%%!
pOSL P2 4d%32 §5048 059, 77 Py S+ 65055 p035) agree better
with the picture of zerovalent d'’-metal centers, which form
dative bonds via ligand-to-metal o-donation and metal-to-ligand
m-back-donation, than with the perception of M**(d®) cations,
which act predominantly as electron acceptors (the description
is also supported by the Mulliken charges, see Supporting
Information).

(i) In the case of 7”, the ligand contributions dominate in
the NBOs representing the “short” M—P bonds (25.1% Pt vs
74.9% P), and the metal contributions dominate in the “long”
M-P bonds (60.1% Pt vs 39.9% P), suggesting that the M,P,
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array contains two types of dative bonds of opposite polarity.
The situation in 6” is less easily interpreted since the NBO
results imply a delocalized structure, which must obviously be
depicted in terms of resonance between several canonical
formulas. Still, the leading Lewis structure contains an array of
two chloride ions, a Pd(0) atom, and a dicationic fragment
[PA(NHP),]*, which is itself composed of two phosphenium
ions binding to a zerovalent metal atom, and may thus likewise
be considered to support a description as phosphenium—
metal(0)—halide. The unsymmetrical coordination of the NHP
fragments in both 6” and 7” contrasts further with the
symmetrical arrangement of bridging phosphides.

(iii) The decrease in P—N and N—C bond orders and
concomitant increase of C—C bond orders upon complexation
(see Table 2) suggest that the transfer of extra electron density
to the NHP cations (as revealed by the lower partial charge for
the bound ligand) raises the population of the phosphenium 7,-
orbital (the LUMO of the free cation, which is PN and CN
antibonding and CC bonding in character), which emphasizes
the m-acceptor property of the ligand.

(iv) A charge decomposition analysis>**> (CDA) indicates
that M,Cl, — NHP electron donation is larger in 6” (M = Pd)
by 0.25 electrons and in 7” (M = Pt) by 0.50 electrons than
electron donation in the other direction. The observed figures
are in line with the larger M—P bond indexes in 7” compared
with 6” (Table 2) and further accentuate that the NHP
fragments in both complexes retain substantial phosphenium
(o-donor/m-acceptor) character.

The rather short Pd1—-Pd1#1 distance in 6 suggests the
possibility of direct Pd---Pd bonding. Analysis of the Wiberg
and Mayer bond indexes reveal that the appropriate values in
6" are indeed larger than those in 7”, and an AIM (atoms in
molecules®**”) analysis of the electron density of 6” allowed us
to locate, in addition to the bond critical points representing
the cyclic array of M—P bonds, a further bond critical point
between the palladium atoms (Figure 4). In contrast, no direct
bond path between the metal atoms was found in the M,P,
region of 7” (Figure S).

Even if these topological differences seem to support the idea
of direct Pd---Pd bonding in 6”, some critical issues remain: the
Pd—Pd bond order (Table 2) is still far from that expected for a
full bond, the position of the Pd---Pd bond critical point in 6” is
close to the adjacent ring critical points, and the electron
density at this point (p = 0.050 au) is only marginally higher
than that at the P,Pt, ring critical point of 7" (0.037 au), which
represents the electron density minimum in this region. All
features together imply that the valence charge concentration
on the Pd--Pd “bond path” of 6” is rather petty, and disfavor
thus a description of the complex as containing two genuinely
o-bonded Pd(I) centers. We cannot rule out that the additional
bond critical point in 6” reflects simply the effect of trailing
electron density from two metal atoms that are coerced into
close positions and conclude that neither population nor
topological analysis allows a clear-cut assessment of the metal—
metal interaction. Two further bond critical points were
identified between the C=C bonds in the NHP units and
the chlorine atoms of 7” but are in view of the still lower
electron density (p = 0.005 au) likewise attributed to represent
trailing electron density rather than a genuine bonding
interaction.

In order to study the metal-ligand interaction from a
different angle, we recorded UV—vis spectra of 6 and 7. The
visible region of the spectra contains three bands (4,,,, = 600,
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Figure 4. AIM analysis of the electron density (calculated at the BP86/cc-pVTZ (light atoms), triple-{-ANO-RCC(Pd)//BP86/cc-pVTZ(-PP)
level) of 6”. The lines connecting atoms represent bond paths, and the red and yellow points represent bond and ring critical points, respectively.
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Figure 5. AIM analysis of the electron density (calculated at the BP86/cc-pVTZ(light atoms), triple-{-ANO-RCC(Pt)//BP86/cc-pVTZ(-PP) level)

of 7”. The lines connecting atoms represent bond paths, and the red, yellow, and green points represent bond, ring, and cage critical points,

respectively.

515, and 410 nm) for 6 and two bands (4,,,, = 495 and 425
nm) and a shoulder at shorter wavelengths for 7. The first two
absorption bands in both spectra give similar intensity patterns,
but the absorption maxima of 7 are red-shifted by 90—100 nm.
These features were reproduced in simulated electronic spectra
of 6” and 7”, which had been generated from the results of
TDDFT calculations (see Supporting Information; the weaker
coincidence between observed and calculated transition
energies for 6/6” is presumably attributable to the larger
deviation between computed and experimentally observed
molecular structures). The TDDFT computations indicate that
a single electronic transition contributes to the first and two
transitions to the second spectral bands and that each transition
involves a combination of several one-electron excitations.
Analysis of the contributions from metal atoms, chlorides, and
NHP ligands to the MOs involved in the individual one-
electron excitations implies that all three electronic transitions
of 6” and the third lowest excitation of 7” have perceptible
MLCT character. The first electronic transition in 7” is not
associated with large shifts in electron population between
fragments, and the second transition exhibits some LMCT
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character. In summary, these results can be considered as
further manifestation for the s-acceptor character of the
phosphenium ligands in 6 and 7.

Finally, the view of complex 6 as phosphenium—metal(0)—
halide with a formally zerovalent metal complex is supported by
the outcome of preliminary reactivity studies. Reaction of 6
with 4 equiv of Ph;P produces a darkly colored solution that
contains according to a *'P NMR survey a major reaction
product together with minor amounts of chlorophosphine 8,
Pd(PPh,),, and cis-(PhsP),PdCl, (12). The signals of the main
product appear at —20 °C as resolved multiplets (AX, spin
system with § = 222.1 (P*), 24.3 (P¥); Jux = 129 Hz) and
broaden at ambient temperature. The spectral parameters
match those of Pd(0) bromide 2 (6*'P 23.4 and 213.9'%) and
the ionic Pd(0) triflate, [(N,PM*)(PPh,),Pd]OTf (6*'P 23.0
and 213.0, Jpp = 138 Hz'®), and the product is on this basis
assigned as monomeric Pd(0) halide 13 (Scheme 4). The
temperature dependent line broadening had previously been
observed for 2 and was explained as resulting from reversible
halide dissociation and formation of a dynamic equilibrium
between neutral 2 and a cation [(N,PM*)(PPh,),Pd]*.!®
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Complex 13 decomposed eventually to give 8 and 12, which
remained the only species that could be isolated in pure form.
The decomposition can be envisaged to proceed via “non-
reductive” elimination to form 8 and Pd(PPh;),, which then
reacts with the solvent (CH,Cl,) to produce 12. This scheme
allows us also to explain the formation of the byproducts
observed in the initial reaction mixture. In a similar manner, 6
reacted with excess HPPh, to produce a solution containing
complex 14 (*'P NMR, AX, spin system with § = 209.4 (P*),
—13.6 (PX); Jux = 51 Hz; Scheme 4) and traces of 8 and
Pd(HPPh,), together with unreacted phosphine. Storage of the
reaction mixtures at low temperature resulted in isolation of a
few crystals of [Pd(HPPh,),],>® which remained the only
product to be isolated.

B CONCLUSION

Dinuclear complexes [(NHP)MCI], (M = Pd (6), Pt (7); NHP
= N-heterocyclic phosphenium fragment) were prepared by
several routes. The products feature terminal chloride ligands
and bridging NHP units and are thus structural analogues of
previously reported trinuclear clusters 4," which were, mainly
because of formal reasons, denoted as phosphido complexes. In
contrast, evidence from computational, spectroscopic, and
chemical studies suggests that 6 and 7 should be correctly
addressed as genuine phosphenium—metal(0)—halides with
metal oxidation numbers close to zero and ligands that receive
net back-donation from the metal atoms but retain their nature
as cationic phosphenium ligand. This description is in line with
the recently postulated “noninnocent” behavior of amino-
phosphenium ligands'> and allows us to conclude that formal
clustering of individual electronically unsaturated {CIM-
(NHP)} units renders the metal atoms less electron-rich than
the addition of extra donor ligands. Adopting this description of
phosphenium—metal(0) complexes, the reaction of Pd,(dba),
with an N-heterocyclic chlorophosphine to give 6 must be
considered another example of a “nonoxidative” addition®® of a
phosphenium—Lewis base adduct to a metal complex.
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Furthermore, the preparation of 6 and 7 from diphosphine $§
emphasizes the nature of 5 as an unusual reducing agent for
metal cations and stimulates further studies to widen its
application.

Several aspects deserve further consideration: (i) Com-
pounds 6 and 7 extend the limited number of complexes with
unsymmetrically y-bridging phosphenium units. Computational
studies indicate that this special binding mode, which resembles
the semibridging coordination of carbonyls,” correlates with an
uneven distribution of o-donor and 7m-acceptor interactions in
the P—M bonds and evokes a description of the dinuclear units
as dimers of two [CIM(NHP)] monomers. This view is in
accord with both the structural distortions and the easy
cleavage of the dinuclear unit by donor ligands. This reactivity
opens interesting possibilities to use 6 and 7 (and possibly also
trinuclear species like 4) as synthons for coordinatively and
electronically unsaturated metal centers and should stimulate
studies of their application as stoichiometric or catalytic
reagents. (ii) The computational studies give evidence of a
flat potential energy hypersurface, which allows large distortions
in the alignment of the phosphenium ligands in 6 and 7 at very
low energetic cost (<1 kcal mol™"). Apart from providing a
viable explanation for the apparently higher symmetry of the
molecular structure in solution and the astonishing deviation of
the computed molecular structures of model compound 6’
from that of solid 6, a structural dichotomy between structures
with like and different metal coordination environments may
provide an entry point to a rich chemistry, which stimulates
further studies on these and analogous complexes. (iii) In view
of the fact that, regardless of all structural differences, the
electronic structures of the Pd and Pt complexes 6” and 7" bear
great similarities, the large difference in 3Ip NMR chemical
shifts cannot be considered to reflect simply the differences in
charge transfer, as had been suggested,12 and further efforts to
obtain a satisfactory explanation of observed trends in magnetic
shielding seem necessary.
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electronic transition energies for 6” and 7” from TDDFT
calculations at BP86/cc-pVTZ(-PP) level, Mulliken partial
charges (au) of the metal centers (M = Pd, Pt), chlorine atoms,
and NHP units of 6” and 7” at the BP86/cc-pVTZ(-PP) level,
relative energies and number of imaginary frequencies for the
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