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Reactivity of N-heterocyclic carbene—pyridine
palladacyclopentadiene complexes toward halogen
addition. The unpredictable course of the reactiont
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As an extension of a previously published work we have reacted some palladacyclopentadiene complexes

stabilized by bidentate N-heterocyclic carbene—pyridine or monodentate N-heterocyclic carbene—pyri-

dine and isocyanide ligands with the halogens |, and Br,. All the bidentate and monodentate complexes

react with halogens to give at first the expected o-coordinated butadienyl fragment. However, two of the

less hindered NHC carbene-pyridine bidentate butadienyl iodo derivatives undergo a further rearrange-

ment and novel Pd(i) complexes characterized by a ten term coordinative ring were isolated and charac-
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rsc.li/dalton was resolved by X-ray diffraction.

Introduction

The organometallic palladacyclopentadiene fragment Pd(C-
COOR), is an important synthetic intermediate that is involved
in Pd(0) catalyzed [2 + 2 + 2] alkyne cyclotrimerization and
alkyne-alkene, alkyne-diene or alkyne-allene cocyclotrimeriza-
tion." Its synthesis is based on a well-established protocol'* ™
and the mechanism of its formation was deeply investigated
and is well known.”

However, the palladacyclopentadiene fragments are still
worthy of investigation owing to their peculiar reactivity. In
particular, these derivatives easily undergo oxidative attack by
halogens, interhalogens or organic halides usually yielding a
Z-7Z substituted butadiene fragment oc-coordinated to the
metal as a consequence of oxidative addition and reductive
elimination.> Thereafter, the butadiene fragment can be
removed from the complex by successive reactions with
organotin reagents>* or molecular halogens in excess.*®*

The oxidative addition and reductive elimination processes
involve, in these cases, a Pd(u)-Pd(iv)-Pd(u) conversion,’ yield-
ing conjugated dienes which are bioactive compounds con-
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terized. In the most favorable case we were able to carry out the kinetics of rearrangement and measure
its reaction rate. Moreover, we have surmised a plausible mechanism on the basis of a dedicated compu-
tational approach and in one case the surprising structure characterized by the ten term coordinative ring

tained in several natural products. Since such a process was by
far less studied than the Pd(0)-Pd(u)-Pd(0) sequence® we think
that it is still worthy of investigation. In particular, we have
published some years ago'®” and recently**** some studies
involving the reactivity of palladacyclopentadiene complexes
stabilized by different spectator ligands. The information we
have gathered can be summarized as follows: (i) the nature of
the spectator ligands markedly influences the reactivity of
their palladacyclopentadiene derivatives, and (ii) sometimes
the spectators may change their obvious role and become
actor ligands.>”

In this context we were prompted to study the reactivity
toward the oxidative addition of molecular halogens to some
palladacyclopentadiene complexes characterized by the pres-
ence of heteroditopic carbene ligands that we have recently
synthesized.”

The studied palladacyclopentadiene complexes and the
related oxidative addition/reductive elimination products carried
out with Br, or I, are summarized in the following Scheme 1.

Results and discussion
Synthesis of the ¢-butadienyl pyridyl-carbene bromo-complexes

Addition under an inert atmosphere of a stoichiometric
amount of molecular bromine to type 1 complexes bearing
carbene-pyridine acting as a bidentate ligand in anhydrous
CH,Cl, induces the formation in few minutes of the deriva-
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R =COOMe
R'= Methyl (Me); 1a 1d
R'= Mesityl (Mes); 1b

R' = Di-isopropylphenyl (Dipp); 1¢

R'= Methyl (Me); X=Br; 2a; X=1; 3a 3d
R' = Mesityl (Mes); X = Br; 2b; X = I; 3b

R' = Di-isopropylphenyl (Dipp); X =Br; 2¢; X = I; 3¢

Scheme 1 Starting palladacyclopentadiene complexes (1) and c-buta-
dienyl derivatives (2, 3).

tives 2, as can be noticed from the discoloration of the initial
mixture. Eventually, the bidentate derivatives 2 can be easily
precipitated off by the addition of diethylether to the pre-con-
centrated final solution and characterized by NMR (see
selected "H and ">C NMR spectra in Fig. S1 and S2 in the ESI}
and the Experimental section). As reported elsewhere,>*¢ the
overall reaction can be interpreted on the basis of the attack of
molecular halogen forming a Pd(iv) octahedral intermediate
collapsing into the final o-butadienyl derivative (see
Scheme 2). Notably, only the isomer bearing the o-butadienyl
fragment cis to the carbene of the bidentate ligand with the
carbomethoxy substituents assuming the Z-Z configuration
was formed. All the signals belonging to the spectator ligands
are detected, in particular the peak at ca. 9.15 ppm of the H®
of the pyridine ring which is diagnostic in assessing the absol-
ute configuration of the geometric isomer. As a matter of fact
such a low field frequency is typical of the pyridine H® on the
same side of the bromide coordinated to palladium, thereby
indicating their mutual cis position (ref. 4 and references
therein). As a further confirmation of the isomeric nature of
the type 2 and 3 complexes we have recorded the NOESY NMR
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Scheme 2 Proposed mechanism for the attack of bromine to pallada-
cyclobutadiene complexes.
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spectrum of complex 2b. The observed cross-peaks between
the COOCH; protons of the butadienyl fragment with the
o-methyl protons of the mesityl substituent of the imidazole
ring witness their mutual cis position (see Fig. S3a, ESI).

Moreover, the not-planar conformation of the chelate C-N
heteroditopic ligand coupled with the perpendicular location
of the butadienyl fragment with respect to the main coordi-
nation plane induces the formation of a couple of endo and
exo atropoisomers with the related enantiomers (Fig S3b;
ESIT). As can be seen in Fig S3c (ESIT and the Experimental
section) the "H NMR spectrum of the less hindered complex
2a recorded at RT displays the concomitant presence in solu-
tion of two species at different concentrations (isomeric ratio
1:6). We assume that the most abundant atropoisomer is the
less crowded species exo in which the carbenic methyl substi-
tuent and the perpendicular butadienyl fragment lie at the
opposite side of the main coordination plane. This conclusion
is also confirmed by the DFT calculations which indicate the
atropoisomer exo as the more stable species (Fig S3b; ESIf). At
variance with complex 2a, in the "H NMR spectra of the more
hindered complexes 2b and 2c¢ only one species (presumably
the exo isomer) is detectable at RT. Finally, the methyl protons
and carbons of the ester resonate at four different frequencies
with respect to those of the starting palladacyclobutadienyl
complexes in both 'H and *C NMR spectra whereas the term-
inal butadienyl carbon bound to bromide is detected at ca.
120 ppm.

Synthesis of the o-butadienyl pyridyl-carbene iodo-complexes

Despite its reduced oxidative capability molecular iodine also
reacts with the palladacyclobutadiene complexes. The initial
violet solution fades away in about 10 minutes to give the o-
butadienyl derivatives 3 which can be separated from the reac-
tion mixture analogously to type 2 complexes. As can be seen
in Fig. S4 and S5 (ESIT and the Experimental section) the NMR
spectra of the complexes 3 are comparable to those of type 2
species. In particular, the low field resonance of pyridine H® at
ca. 9.3 ppm confirms that the opening of the cyclic butadiene
occurs trans to the carbene carbon also in this case (ref. 4 and
references therein). The four different frequencies of the ester
methyl protons and carbons in the "H and "*C NMR spectra,
the diastereotopicity of the methylenic -CH,- protons, the
carbene carbon bound to palladium at 165-170 ppm and the
terminal butadienyl carbons bound to iodide at ca. 100 ppm
suggest a distribution of the substituents at palladium ana-
logous to that of complexes 2. Also in this case the RT '"H NMR
spectrum of the less hindered complex 3a displays the conco-
mitant presence of both the atropoisomers in the same ratio
as that found with complex 2a (isomeric ratio 1:6), whereas
the compounds 3b and 3c exist in solution as one single
isomer (presumably the exo one).

Synthesis of the o-butadienyl isocyanide-carbene iodo-
complexes

Since the synthesis of the bromo-derivative from complex 1d is
characterized by massive decomposition we have studied the

This journal is © The Royal Society of Chemistry 2017
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reaction between complex 1d and I, at RT under stoichio-
metric conditions. Such an approach gives the complex 3d as a
unique reaction product. Unfortunately, owing to its intrinsic
instability it was not possible to assess the structure of the
complex since any attempt at growing suitable crystals failed.
We therefore resorted to a DFT calculation suggesting that the
isomer of 3d reported in Scheme 1 is the most stable species
by about 7.2 kcal mol™ with respect to the other possible
isomer bearing the o-butadienyl fragment cis to isocyanide. At
variance with the previously discussed complexes 2a-c¢ and
3a-c, in this case the palladacyclopentadiene ring was there-
fore opened in the trans position to the isocyanide moiety.
Complex 3d was characterized by NMR spectrometry which
confirms the presence in the coordination sphere of palladium
of the isocyanide and the carbene bearing the pyridine nitro-
gen uncoordinated. As a matter of fact the H® pyridine proton
resonates at ca. 8.6 ppm (very near to that of the pyridine
proton of the uncoordinated 1-(2-pyridyl)methylene-3-alkyl
(aryl)imidazolium bromide) whereas the signals due to the iso-
cyanide protons are clearly visible at 2.53 (C-CH;) and 7.17
(CH-Aryl) ppm.

The ester groups resonate as four distinct signals within
3.56-3.89 ppm whereas the carbene carbon bound to palla-
dium is found at 163.8 ppm (see the Experimental section).

Moreover, owing to the free rotation about the s-bonds, the
dangling pyridine and the c-butadienyl fragment can assume
a mutually perpendicular position at the same or opposite side
with respect to the main coordination plane. Therefore, as can
be noticed in Fig. S6 (ESIT and the Experimental section), the
broad signals observed in the "H NMR spectrum recorded at
298 K duplicate at 223 K, indicating the concomitant presence
in solution of the atropoisomers endo and exo also in the case
of the complex 3d.

Rearrangement of the s-butadienyl pyridyl-carbene iodo-
complexes

At variance with the bromo-derivatives which are stable in
solution for an indefinite time, iodo-complexes 3a and 3b in
about three and twenty-eight days, respectively, undergo
rearrangement to give novel derivatives whose structures were
not of immediate comprehension. The rearrangement rate is
clearly modulated by the steric hindrance of the carbene sub-
stituents. Thus the bulky complex 3¢ was not taken into con-
sideration due to the slowness of its transformation. Our orig-
inal interpretation about the structure of the novel species was
based on our previous finding in which similar c-butadienyl
derivatives stabilized by phosphoquinoline ancillary ligands
underwent a rearrangement yielding an enlargement of the
primitive chelating ring (from five to six members) and the
final formation of a polycyclic palladium complex.®” In the
present case a similar rearrangement might give the com-
pound represented in Fig. 1 whose energy calculated by the
Gaussian 09 program® was indeed lesser than that of the orig-
inal complex 3a by 9.2 kcal mol ™.

However, we had the definitive solution of the problem
when we were able to obtain crystals suitable for X-ray diffrac-

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Hypothetical structure (4a*) of the novel complex obtained from
the rearrangement of complex 3a.

tometric determination. The bi-dimensional representation of
the structures of the derivatives 4a and 4b obtained from the
rearrangement of complexes 3 deduced from the X-ray struc-
tural determination of compound 4b are described in the fol-
lowing Fig. 2 whereas the authentic Pymol® representation of
the structure of the complex 4b is reported in Fig. 3.

Although the coupling between an NHC carbenic carbon
coordinated to a palladium and an alkylic fragment in the cis
position have been already described by Danopoulos’® and
Cavell’s group' it is apparent that in our case the final evol-
ution of the rearrangement is rather unusual and the complex
4b is quite unexpected.

Accordingly, the DFT calculated energy for such a structure
is far smaller than that of the hypothesized structure of Fig. 1
(AAG = —24.1 kecal mol™%; see Fig. S7 in the ESIT).

The NMR spectra of complex 4b are now easily interpreted
(see Fig. S8 in the ESIf and Experimental section) and in par-
ticular the doubling of the signals of the mesitylene ortho
methyls can be traced back to the steric congestion affecting
the compound.

S
R'\N/\\
@ __N

R’ = Me; 4a
R'= Mes; 4b

Fig. 2 Schematic representation of complex 4a and 4b.
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Fig. 3 Ellipsoid representation of 4b (orthorhombic crystal form), ASU
contents (50% probability).

Structural characterization of complex 4b

Two different crystal forms have been identified in the same
batch: an orthorhombic crystal form (4b in Table 1) and a
monoclinic one (4b solv in Table 1). Both crystal forms contain
one crystallographically independent palladium complex
(Fig. S9 in the ESIf); the monoclinic variant shows cavities
(438 A®) estimated with the PLATON ‘CALC VOID’ routine)*?
filled with disordered solvent molecules (1.5 CH,Cl, molecules
for each cavity).

Overlap of complex conformations found in the two crystal
forms shows almost perfect match (coordinates R.M.S.D.
0.65 A — Fig. S81), and some packing effects can be seen on
lateral carbomethoxy side chains (which are partially dis-
ordered in the orthorhombic form).

The coordination sphere of palladium shows a trans
arrangement of iodine atoms with bond lengths and angle
values (Table 1) in agreement with literature structural data of
complexes with equivalent coordination spheres. A search
of the trans C-PdI2-N moiety led to 87 entries with average
Pd-1 bond lengths of 2.60(2), 2.10(3) for Pd-C and 1.96(2) A
for Pd-N. The C-Pd-N angle is in agreement with average
values of previously known structures (177(2)°), while the
I-Pd-I angle appears more bent in the structures reported in
this work (174(3)°) on CSD compared to 164.7(1)° found here,
due to steric hindrance of the butadienyl based chelating
ligand (Table S1, crystallographic data and refinement details
in the ESI{).
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Kinetic study

Owing to the favorable rate we were able to follow the rearrange-
ment of complex 3a to 4a via "H NMR. A selection of the spectra
of complex 4b is reported in Fig. S8 (ESIf) whereas the concen-
tration vs. time data and the related nonlinear regression based
on a monoexponential model are represented in Fig. 4.

Such a model suggests a first order intramolecular rearrange-
ment with a kinetic law described by the following expression:

d[3a] d[4a]

@ ar b

The calculated rate constant in the case of the rearrange-
ment of complex 3a is k; = (2.91 + 0.01) x 10> s™*, whereas the
estimated rate constant for complex 3b is k; ~ 1.7 x 107° 57",

In order to reconcile the simplicity of the rate law with the
probable multi-step mechanism yielding the observed com-
plexes 4a or 4b we have carried out some computational inves-
tigation with the aim of determining the possible intermedi-
ates and TSs involved. In particular we have at first taken into
consideration the type 4a* species as possible intermediates.
However, despite several attempts, no paths energetically con-
ceivable from complex 3a and the intermediate 4a* have been
found (see Fig. S7T) suggesting that such a possibility is in the
present case ruled out. Apparently, at variance with the com-
plexes stabilized by the barely flexible phosphoquinoline

Concentration

02 T T T T T T
0 50 100 150 200 250 300 350

time (s x I03)
Fig. 4 Concentration profile and best fit (Scientist®) for the reaction

3a — 4a monitored by *H NMR in CDCls at 298 K, [3aly ~ 1.5 x 1072
mol dm~3 (red squares = [3a], green circles = [4b]).

Table 1 Selected bond distances and angles (A and degrees) for the polymorphs 4b and 4b solv

4b 4b solv

Distances A Angles ©) Distances (A) Angles ©

Pd-T1 2.614(1) 11-Pd-12 165.75(2) Pd-11 2.628(1) 11-Pd-12 163.65(3)
Pd-12 2.601(1) 11-Pd-N1 86.03(10) Pd-12 2.610(1) 1-Pd-N1 86.15(17)
Pd-N1 2.113(4) 12-Pd-N1 88.54(10) Pd-N1 2.131(6) 12-Pd-N1 90.49(16)
Pd-C13 1.988(4) C13-Pd-N1 174.52(15) Pd-C13 1.993(7) C13-Pd-N1 172.92(25)

10402 | Dalton Trans., 2017, 46, 10399-10407
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Scheme 3 Schematic profiles of the involved energies (kcal mol™) in
the rearrangement reaction of complex 3a to the cyclic complex 4a.

ligands,*” the formation of the intermediate 4a* in the present
case is thermodynamically disfavored and the wider enlarge-
ment of the ring preferred (Fig. S7 in the ESI{)."® The energies
(AG in keal mol™) involved in the whole process are shown in
Scheme 3 in which the formation of the n*olefin stabilized
intermediate I' can be represented according to Cavell’s
suggestion as the product of a reductive elimination. The sub-
sequent oxidative addition at palladium of the peripheral alkyl
halide represents the final detectable process giving the
observed complex 4a.

Moreover, from the energy of the TSs it is apparent that the
proposed path agrees with the monoexponential decay
reported in Fig. 4, the formation of the intermediate I' being
the rate determining step of the process.

Experimental
Solvents and reagents

All the distillation processes were carried out under an inert
atmosphere (argon). CH,Cl, was distilled over CaH,, acetone
was dried by heating at reflux the solvent with molecular
sieves 4A, whereas all other chemicals were commercially avail-
able grade products and were used as purchased.

IR, NMR measurements and elemental analysis

The IR, 'H, and C and spectra were recorded on a
PerkinElmer Spectrum One spectrophotometer and on Bruker
300 Avance or Bruker 400 spectrometers, respectively.

The "H and C NMR spectra were obtained by dissolving
the complex under study in 0.8 ml of CDCl; ([Complex] =
1.2-1.5 x 107> mol dm™?) and recording the ensuing spectra.
The reactivity tests were carried out in CDCl; by dissolving the
complexes under study ([Complex], ~ 1.5 x 107> mol dm?)
and monitoring the signals for the disappearance of the start-
ing complex and the appearance of the final products.

Elemental analyses of the synthesized complexes were carried
out using an Elementar CHN “CUBO micro Vario” analyzer.

This journal is © The Royal Society of Chemistry 2017
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Data analysis

Nonlinear and linear analysis of the data related to kinetics
measurements were performed by locally adapted routines
written in ORIGIN® 7.5 or SCIENTIST® environments.

Computational details

We have undertaken a detailed computational study in order
to verify the consistency, if any, between the calculated results
and our experimental observations.

Remarkably, our experimental results were not in contrast
with the computational study carried out by the Gaussian 09
program,® and despite the implicit limitations (AAG® =~
+2 keal mol™), we have obtained a confirmation and hence a
possible explanation for the observed trend.

The geometrical optimization of the complexes was carried
out without symmetry constraints, using the hyper-GGA func-
tional MO6,'*" in combination with polarized triple-{-quality
basis sets (LAN2TZ(f))'>"” and relativistic pseudopotential for the
Pd atoms, polarized double-{-quality basis sets (LANL2DZdp)"®
with diffuse functions for the halogen atoms and polarized
double--quality basis sets (6-31G(d,p)) for the other elements.
Solvent effects (CH,Cl,, £ = 8.93) were included using CPCM."*°

The “restricted” formalism was applied in all the calcu-
lations. The zero-point vibrational energies and thermo-
dynamic parameters were obtained*' by means of the station-
ary points characterized by IR simulation.

All the computational work was carried out on Intel based
x86-64 workstations.

Crystal structure determinations

The crystal data of two polymorphs of compound 1 were
collected at 100 K at the XRD1 beamline of the Elettra
Synchrotron, Trieste (Italy).”” The data sets were integrated
and corrected for Lorentz and polarization effects with the
XDS package.”® Semi-empirical absorption corrections and
scaling were performed using the SADABS program.>* The
structures were solved by direct methods using the SHELXT
program® and refined using full-matrix least-squares with all
non-hydrogen atoms anisotropically and hydrogens included
on calculated positions, riding on their carrier atoms.
Geometric restraints on bond lengths and angles (DFIX,
DANG) have been used for disordered fragments (solvent
molecules in 4b solv and some carbomethoxy side groups in
4b). All calculations were performed using SHELXL-2016.>°
The Coot program was used for structure building.”” The
crystal data are given in Table S1.f Pictures were prepared
using Pymol® and Ortep3 *® software (Fig. $10: ORTEP repre-
sentation in the ESIY).

Crystallographic data have been deposited at the Cambridge
Crystallographic Data Centre and allocated the deposition
numbers CCDC 1554851 (4b) and1554852 (4b solv).T

Synthesis of the complexes

Complexes 1a-d have been synthesized according to published
procedures.”

Dalton Trans., 2017, 46, 10399-10407 | 10403
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Synthesis of complex 2a

To 0.04 g (0.071 mmol) of complex 1a dissolved in ca. 15 ml of
anhydrous CH,Cl, in a two-necked 100 ml flask refrigerated
with an ice bath, 0.0136 g (0.085 mmol) of Br, dissolved in a
small quantity of anhydrous CH,Cl, was added under an inert
atmosphere (Ar). The reaction mixture was stirred for
ca. 10 min and evaporated to a small volume under vacuum.
The addition of diethyl ether induces the precipitation of the
pale yellow complex 2a which was filtered off on a gooch,
repeatedly washed with diethyl ether and finally dried under
vacuum. 0.0427 g (yield 83%) of the complex 2a was obtained.

'"H NMR (CDCl;, T = 298 K, ppm), (most abundant isomer
85%), &: 3.70 (s, 3H, OCH;), 3.83 (s, 3H, OCHj,), 3.85 (s, 3H,
OCH3), 3.89 (s, 3H, OCHj3), 4.07 (s, 3H, NCH3), 4.89 (d, J = 15.0
Hz, 1H, NCH,), 6.15 (d, J = 15.0 Hz, 1H, NCH,), 6.76 (d, 1H, J =
1.6 Hz, CH=CH Im), 7.13 (d, 1H, J = 1.6 Hz, CH=CH Im), 7.33
(dd, J = 7.6,4.9 Hz, 1H, 5-Pyr), 7.39 (d, J = 7.7 Hz, 1H, 3-Pyr),
7.79 (td, J = 7.6, 1.5 Hz, 1H, 4-Pyr), 9.27 (d, J = 4.9 Hz, 1H,
6-Pyr).

(Less abundant isomer 15%) &: 3.52 (s, 3H, OCH3), 3.64 (s,
3H, OCHj), 3.88 (s, 3H, OCHj), 3.90 (s, 3H, OCHj), 3.97 (s, 3H,
NCH,), 4.94 (d, J = 15.1 Hz, 1H, NCH,), 6.06 (d, J = 15.0 Hz,
1H, NCH,), 6.75 (bs, 1H, CH=CH Im), 7.04 (bs, 1H, CH=CH
Im), 7.33 (dd, J = 7.6,4.9 Hz, 1H, 5-Pyr), 7.39 (d, ] = 7.7 Hz, 1H,
3-Pyr), 7.79 (td, J = 7.6, 1.5 Hz, 1H, 4-Pyr), 9.41 (d, J = 4.9 Hz,
1H, 6-Pyr).

Bc{'H} NMR (CDCl;, T = 298 K, ppm)(most abundant
isomer 85%) &: 38.6 (CHs, NCH,), 51.8 (CH;, OCH3), 52.0 (CHs,
OCH3), 53.3 (CH;, OCHj), 54.0 (CH;, OCH3), 54.5 (CH,, NCH,),
120.7 (C, C=C-Br), 121.2 (CH, CH=CH Im), 122.1 (CH,
CH=CH Im), 123.3 (CH, 3-Pyr), 124.5 (CH, 5-Pyr), 129.9 (C,
C=C), 138.8 (CH, 4-Pyr), 139.3 (C, C=C), 152.9 (C, 2-Pyr),
154.9 (CH, 6-Pyr), 161.3 (C, C=0), 164.0 (C, NCN), 165.1 (C,
C=0), 166.4 (C, C=0), 167.2 (C, C=C), 173.8 (C, C=0).

IR (KBr pellets): vc—o: 1703 em™, v o: 1227 em™ .

Elemental anal. (%) for C,,H,3Br,N;04Pd: C 36.51, H 3.20,
N 5.81. Found: C 36.68, H 3.33, N 5.75.

Complexes 2b-c¢ were obtained according to the above
described protocols using the appropriate starting complexes
and Br,. The yield, color, reaction time and, where necessary,
some supplementary information will be reported below the title.

Synthesis of complex 2b

Reaction time: 10 min. Temperature: 0 °C. Yield 86%. Color:
pale yellow.

'H NMR (CD,Cl,, T = 298 K, ppm), &: 1.62 (s, 3H, o-mesityl-
CH3), 2.32 (s, 3H, o-mesityl-CH;), 2.37 (s, 3H, p-mesityl-CH3),
3.31 (s, 3H, OCHj;), 3.64 (s, 3H, OCHj,), 3.75 (s, 3H, OCHj,),
3.90 (s, 3H, OCHj), 5.12 (d, J = 15.2 Hz, 1H, NCH,), 6.51 (d, J =
15.2 Hz, 1H, NCH,), 6.73 (d, J = 1.6 Hz, 1H, CH=CH Im), 6.90
(s, 1H, m-mesityl-H), 7.04 (s, 1H, m-mesityl-H), 7.28-7.34 (m,
2H, CH=CH Im, 5-Pyr), 7.48 (d, J = 7.6 Hz, 1H, 3-Pyr), 7.82 (t,
J=7.6 Hz, 1H, 4-Pyr), 9.13 (d, J = 4.9 Hz, 1H, 6-Pyr).

Bc{'H} NMR (CD,Cl,, T = 298 K, ppm), & 18.5 (CHs,
o-mesityl-CH3), 19.4 (CHj3, p-mesityl-CH3), 21.0 (CH3, o-mesityl-
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CH3), 51.4 (CH;, OCHj3), 51.8 (CH3, OCH3), 53.5 (CH;, OCHj),
53.6 (CH3, OCH3), 56.8 (CH,, NCH,), 121.5 (CH, CH=CH Im),
123.4 (CH, CH=CH Im), 123.7 (CH, 3-Pyr), 124.7 (CH, 5-Pyr),
128.8 (CH, m-mesityl), 129.1 (C, i-mesityl), 129.6 (CH,
m-mesityl), 134.8 (C, o-mesityl), 135.3 (C, o-mesityl), 135.5 (C,
p-mesityl), 138.9 (CH, 4-Pyr), 153.2 (C, 2-Pyr), 154.2 (CH, 6-Pyr),
160.8 (C, C=0), 165.5 (C, C=0) 166.1 (C, C=0), 166.5 (C,
C=C), 169.3 (C, NCN), 170.7 (C, C=0).

IR (KBr pellets): vc—o: 1711 em™, ve_o: 1233 ecm ™.

Elemental anal. (%) for C3oHj3,Br,N;OgPd: C 43.53, H 3.77,
N 5.08. Found: C 43.38, H 3.89, N 4.91.

Synthesis of complex 2¢

Reaction time: 10 min. Temperature: 0 °C. Yield 90%. Color:
pale yellow.

"H NMR (CDCl;, T =298 K, ppm), 8: 0.58 (d, ] = 6.8 Hz, 3H,
iPr-CH;), 1.19 (d, J = 6.8 Hz, 3H, iPr-CHj,), 1.25 (d, J = 6.8 Hz,
3H, iPr-CHj), 1.58 (d, J = 6.8 Hz, 3H, iPr-CHj;), 2.06 (sept, 1H,
J = 6.8 Hz, iPr-CH), 3.08 (sept, 1H, J = 6.8 Hz, iPr-CH), 3.08 (s,
3H, OCHj,), 3.27 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.90 (s, 3H,
OCH3), 5.14 (d, J = 15.0 Hz, 1H, NCH,), 6.62 (d, J = 15.2 Hz,
1H, NCH,), 6.76 (d, J = 1.8 Hz, 1H, CH=CH Im), 7.23-7.52 (m,
6H, m-aryl-H, p-aryl-H, 2H, CH=CH Im, 5-Pyr, 3-Pyr), 7.84 (t,
J=7.7 Hz, 1H, 4-Pyr), 9.15 (d, ] = 5.2 Hz, 1H, 6-Pyr).

BC{'H} NMR (CDCl;, T = 298 K, ppm), &: 23.2 (CHj, iPr-
CH3), 24.6 (CHj;, iPr-CH3;), 24.8 (CHj;, iPr-CH;), 25.8 (CHj, iPr-
CH;), 28.4 (CH, iPr-CH), 28.6 (CHs, iPr-CH;), 51.2 (CHs,
OCHj;), 51.7 (CH;, OCH3), 53.5 (CH3, OCH3), 53.7 (CH3, OCH3),
56.8 (CH,, NCH,), 121.1 (CH, CH=CH Im), 122.2 (C, C=CBr),
123.3 (CH, 3-Pyr), 123.9 (CH, 5-Pyr), 124.3 (CH, m-Ph), 124.8
(CH, m-Ph), 125.3 (CH, CH=CH Im), 129.9 (CH, p-Ph), 134.7
(C, i-Ph), 139.0 (CH, 4-Pyr), 139.5 (C, C=C), 145.4 (C, C=C),
145.5 (C, o-Ph), 153.3 (C, 2-Pyr), 154.1 (CH, 6-Pyr), 159.8 (C,
C=0), 166.9 (C, C=C), 166.1 (C, C=0), 166.9 (C, C=0), 169.4
(C, NCN).170.5 (C, C=0).

IR (KBr pellets): vc—o: 1714 cm™, vg_o: 1233 cm ™.

Elemental anal. (%) for C33H;3,Br,N3;O4Pd: C 45.56, H 4.29,
N 4.83. Found: C 45.44, H 4.23, N 4.97.

1

Synthesis of complex 3a

To 0.0958 g (0.170 mmol) of complex 1a dissolved in ca. 20 ml
of anhydrous CH,CI, in a two-necked 100 ml flask refrigerated
with an ice bath, 0.0517 g (0.204 mmol) of I, dissolved in a
small quantity of anhydrous CH,Cl, was added under an inert
atmosphere (Ar). The reaction mixture was stirred for
ca. 10 min and evaporated to a small volume under vacuum.
The addition of diethyl ether induces the precipitation of the
orange complex 3a which was filtered off on a gooch, repeat-
edly washed with diethyl ether and finally dried under
vacuum. 0.1316 g (yield 95%) of the complex 3a was obtained.

"H NMR (CDCl;, T = 298 K, ppm), (most abundant isomer
85%), 6: 3.70 (s, 3H, OCHj,), 3.82 (s, 3H, OCHj,), 3.86 (s, 3H,
OCH3), 3.88 (s, 3H, OCH3), 4.13 (s, 3H, NCH3), 4.87 (d, ] = 15.0
Hz, 1H, NCH,), 6.23 (d, J = 15.0 Hz, 1H, NCH,), 6.76 (d, J = 1.8
Hz, 1H, CH=CH Im), 7.11 (d, J = 1.8 Hz, 1H, CH=CH Im),
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7.28 (m, 1H, 5-Pyr), 7.37 (d, J = 7.7 Hz, 1H, 3-Pyr), 7.78 (td, J =
7.7,1.6 Hz, 1H, 4-Pyr), 9.44 (d, J = 4.9 Hz, 1H, 6-Pyr).

(Less abundant isomer 15%), &: 3.49 (s, 3H, OCH3), 3.64 (s,
3H, OCH3), 3.87 (s, 3H, OCH3), 3.88 (s,3H, OCHj3), 3.96 (s, 3H,
NCHj), 4.91 (d, J = 15.0 Hz, 1H, NCH,), 6.08 (d, J = 15.0 Hz,
1H, NCH,), 6.68 (d, J = 1.8 Hz, 1H, CH=CH Im), 7.00 (d, J =
1.8 Hz, 1H, CH=CH Im), 7.28 (m, 1H, 5-Pyr), 7.38 (d, J =
7.7 Hz, 1H, 3-Pyr), 7.80 (td, J = 7.7, 1.6 Hz, 1H, 4-Pyr), 9.64 (d,
J = 4.9 Hz, 1H, 6-Pyr).

Bc{'"H} NMR (CDCl;, T = 253 K, ppm), (most abundant
isomer 85%), &: 38.6 (CH3;, NCH;), 52.1 (CH;, OCHj;), 52.4
(CH;, OCH3), 53.7 (CH;, OCH3), 54.7 (CH;, OCH3), 55.5 (CH,,
NCH,), 100.2 (C, C=C-I), 121.1 (CH, CH=CH Im), 122.2 (CH,
CH=—CH Im), 123.7 (CH, 5-Pyr), 124.5 (CH, 3-Pyr), 131.6 (C,
C—C), 138.9 (CH, 4-Pyr), 143.9 (C, C=C), 153.1 (C, 2-Pyr),
156.6 (CH, 6-Pyr), 160.7 (C, C=0), 165.1 (C, C=0), 165.8 (C,
NCN), 166.3 (C, C=0), 167.1 (C, C=C), 174.3 (C, C=0).

IR (KBr pellets): vc—o: 1703 em™, v o: 1225 cm™ .

Elemental anal. (%) for C,,H,3I,N;04Pd: C 32.32, H 2.84,
N 5.14. Found: C 32.47, H 2.79, N 5.18.

Complexes 3b-d were obtained according to the above
described protocols using the appropriate starting complexes
and I,. The yield, color, reaction time and, where necessary,
some supplementary information will be reported below the
title.

Synthesis of complex 3b

Reaction time: 10 min. Temperature: 0 °C. Yield 95%. Color:
orange.

'"H NMR (CD,Cl,, T = 298 K, ppm), &: 1.60 (s, 3H, o-mesityl-
CH3), 2.37 (s, 3H, o-mesityl-CHj;), 2.40 (s, 3H, p-mesityl-CH3),
3.24 (s, 3H, OCHj), 3.62 (s, 3H, OCHj), 3.70 (s, 3H, OCHj),
3.89 (s, 3H, OCH3;), 5.12 (d, J = 15.2 Hz, 1H, NCH,), 6.49 (d, ] =
15.2 Hz, 1H, NCH,), 6.77 (d, J = 1.8 Hz, 1H, CH=CH Im), 7.00
(s, 1H, m-mesityl-H), 7.06 (s, 1H, m-mesityl-H), 7.33-7.37 (m,
2H, CH=CH Im, 5-Pyr), 7.53 (d, J = 7.7 Hz, 1H, 3-Pyr), 7.87 (t,
J =7.7 Hz, 1H, 4-Pyr), 9.32 (d, J = 4.5 Hz, 1H, 6-Pyr).

BC{'H} NMR (CD,Cl,, T = 298 K, ppm), §: 18.7 (CHj,
o-mesityl-CH3), 20.9 (CH3, o-mesityl-CHj3), 21.0 (CH3, p-mesityl-
CH,), 51.6 (CH3, OCHj), 51.9 (CH;, OCH3), 53.6 (CH3, OCHj),
53.8 (CH3, OCHj), 57.0 (CH,, NCH,), 101.4 (C, C=C-T), 121.4
(CH, CH=CH Im), 122.7 (CH, CH=CH Im), 123.8 (CH, 3-Pyr),
124.9 (CH, 5-Pyr), 129.1 (CH, m-mesityl), 129.6 (CH,
m-mesityl), 134.8 (C, o-mesityl), 135.2 (C, o-mesityl), 135.4 (C,
p-mesityl), 139.0 (CH, 4-Pyr), 153.4 (C, 2-Pyr), 156.1 (CH, 6-Pyr),
160.2 (C, C=0), 165.4 (C, C=0), 167.9 (C, C=0), 170.3 (C,
NCN), 170.7 (C, C=0).

IR (KBr pellets): vc—o: 1711 em™, v_o: 1233 em ™.

Elemental anal. (%) for C;oH3,I,N;04Pd: C 39.09, H 3.39,
N 4.56. Found: C 39.22, H 3.52, N 4.41.

Synthesis of complex 3¢

Reaction time: 10 min. Temperature: 0 °C. Yield 95%. Color:
orange.

'"H NMR (CDCl;, T = 298 K, ppm), 8: 0.52 (d, J = 6.8 Hz, 3H,
iPr-CH;), 1.18 (d, J = 6.8 Hz, 3H, iPr-CH;), 1.27 (d, J = 6.8 Hz,
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3H, iPr-CH3;), 1.56 (d, J = 6.8 Hz, 3H, iPr-CHj;), 2.11 (sept, 1H,
J = 6.8 Hz, iPr-CH), 3.18 (s, 3H, OCH;), 3.24 (sept, 1H, J =
6.8 Hz, iPr-CH), 3.61 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.88 (s,
3H, OCHj3), 5.19 (d, J = 15.1 Hz, 1H, NCH,), 6.66 (d, J = 15.2 Hz,
1H, NCH,), 6.75 (d, J = 1.8 Hz, 1H, CH=CH Im), 7.23-7.51 (m,
6H, m-aryl-H, p-aryl-H, 2H, CH=CH Im, 5-Pyr, 3-Pyr), 7.84 (t, ] =
7.7 Hz, 1H, 4-Pyr), 9.36 (d, J = 5.2 Hz, 1H, 6-Pyr).

BC{'H} NMR (CDCl;, T = 298 K, ppm), & 23.6 (CHj,
iPr-CH3), 24.5 (CHj3, iPr-CH;), 24.8 (CHj3, iPr-CHj;), 25.8 (CHj,
iPr-CH;), 28.3 (CH, iPr-CH), 28.8 (CHj, iPr-CHj), 51.2 (CHj,
OCHj;), 51.7 (CH;, OCH3;), 53.6 (CH;, OCH3), 54.2 (CH3, OCHj),
57.2 (CH,, NCH,), 99.9 (C, C=CI), 120.8 (CH, CH=CH Im),
123.4 (CH, 3-Pyr), 123.9 (CH, m-Ph), 124.2 (CH, 5-Pyr), 124.9
(CH, m-Ph), 125.5 (CH, CH=CH Im), 129.4 (C, C=C), 129.8
(CH, p-Ph), 135.1 (C, i-Ph), 138.9 (CH, 4-Pyr), 145.3 (C, C=C),
145.4 (C, o-Ph), 153.8 (C, 2-Pyr), 156.2 (CH, 6-Pyr), 159.2 (C,
C=0), 165.9 (C, C=0), 166.0 (C, C=0), 168.0 (C, C=0), 170.6
(C, c=0), 171.5 (C, NCN).

IR (KBr pellets): vo—o: 1714 em ™, v¢ o 1236 cm ™.

Elemental anal. (%) for C33H;,1,N;04Pd: C 41.12, H 3.87,
N 4.36. Found: C 41.25, H 3.99, N 4.27.

Synthesis of complex 3d

Reaction time: 10 min. Temperature: 0 °C. Yield 69%. Color:
orange.

"H NMR (CDCl;, T = 298 K, ppm), 6: 2.53 (s, 6H, aryl-CH3),
3.56 (bs, 3H, OCHj3), 3.70 (s, 3H, OCHj), 3.84 (s, 3H, OCHj),
3.89 (s, 3H, OCHj), 3.94 (s, 3H, NCH3;), 5.51 (bd, 1H, NCH,),
5.90 (d, J = 15.2 Hz, 1H, NCH,), 6.89 (d, J = 1.8 Hz, 1H,
CH=CH Im), 7.12 (d, J = 7.4 Hz, 2H, aryl m-H), 7.17-7.32 (m,
3H, 5-Pyr, aryl p-H, CH=CH Im), 7.73-7.85 (m, 2H, 3-Pyr,
4-Pyr), 8.64 (d, J = 4.9 Hz, 1H, 6-Pyr).

Bc{'H} NMR (CDCl;, T = 298 K, ppm), & 19.0 (CHj,
Ar-CH3), 39.5 (CH; NCHj;), 52.1 (CH3;, OCHj3), 52.3 (CHj,
OCHj;), 52.9 (CH;, OCH3;), 53.7 (CH3, OCH3), 55.6 (CH,, NCHy,),
122.5 (CH, 5-Pyr), 123.1 (CH, CH=CH Im), 124.3
(CH, CH=CH Im), 125.4 (C, aryl i-C), 126.0 (CH, 3-Pyr), 128.3
(CH, aryl m-C), 130.4 (CH, aryl p-C), 136.5 (C, aryl 0-C), 138.8
(CH, 4-Pyr), 151.6 (CH, 2-Pyr), 160.6 (C, C=O0), 163.8
(C, NCN).166.6 (C, C=0), 172.8 (C, C=0).

IR (KBr pellets): ven: 2190 em™,) vo—o: 1714 em™, ve o
1230 cm™ .

Synthesis of complex 4a

0.0463 g (0.0566 mmol) of complex 3a was dissolved under an
inert atmosphere (Ar) in ca. 15 ml of anhydrous CH,Cl, and
stirred in the dark for 3 days at RT. The resulting solution was
evaporated to a small volume under vacuum and finally the
addition of diethyl ether induces the precipitation of the
orange complex 4a which was filtered off on a gooch, repeat-
edly washed with diethyl ether and finally dried under
vacuum. 0.0423 g (yield 92%) of the complex 4a was obtained.

'H NMR (CDCl;, T = 298 K, ppm), & 3.66 (s, 3H, OCHS;),
3.71 (s, 3H, NCH3), 3.76 (s, 3H, OCH3), 3.82 (s,3H, OCHj), 3.93
(s, 3H, OCH3), 5.06 (d, J = 14.4 Hz, 1H, NCH,), 6.48 (d, J = 14.4
Hz, 1H, NCH,), 6.76 (bs,1H, CH=CH Im), 7.38 (m, 1H, 5-Pyr),
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7.42 (bs, 1H, CH=CH Im), 7.59 (d, J = 7.7 Hz, 1H, 3-Pyr), 7.83
(t,J=7.7, 1H, 4-Pyr), 8.84 (d, ] = 4.9 Hz, 1H, 6-Pyr).

BC{'H} NMR (CDCl;, T = 298 K, ppm), &: 36.9 (CH;, NCH3),
51.8 (CH3, OCH3), 52.4 (CH3, OCHj;), 53.3 (CH;, OCHj3), 54.1
(CH;, OCHj;), 54.7 (CH,, NCH,), 118.1 (C, C=C), 122.3 (CH,
CH=CH Im), 125.9 (CH, 5—Pyr], 126.1 (CH, CH=CH Im), 126.8
(CH, 3-Pyr), 132.3 (C, C—=C), 138.7 (CH, 4-Pyr), 139.8 (C, NCN),
151.7 (C, 2-Pyr), 154.8 (CH, 6-Pyr), 156.5 (C, C—C), 162.4 (C,
C—C), 162.7 (C, C=0), 165.4 (C, C=0), 165.9 (C, C=0), 171.6
(c, c=0).

IR (KBr pellets): vc—o: 1717 em™, v_o: 1241 cm™ .

Elemental anal. (%) for C,,H,3I,N;04Pd: C 32.32, H 2.84,
N 5.14. Found: C 32.36, H 2.77, N 5.04.

Complex 4b was obtained according to the above described
protocols using the appropriate starting complex and I,. The
yield, color, reaction time and, where necessary, some sup-
plementary information will be reported below the title.

Synthesis of complex 4b

Reaction time: 28 days. Temperature: R.T. Yield 93%. Color:
orange.

'H NMR (CDCl;, T = 298 K, ppm), &: 2.04 (s, 3H, o-mesityl-
CH3), 2.34 (s, 3H, o-mesityl-CHj3), 2.39 (s, 3H, p-mesityl-CH3),
3.25 (s, 3H, OCH3), 3.68 (s, 3H, OCHj), 3.73 (s, 3H, OCHj),
3.93 (s, 3H, OCH3), 5.13 (d, J = 14.4 Hz, 1H, NCH,), 6.57 (d, ] =
14.4 Hz, 1H, NCH,), 6.92 (s, 1H, m-mesityl-H), 7.01 (s, 1H,
m-mesityl-H), 7.23 (d, J = 2.1 Hz, 1H, CH=CH Im), 7.39 (d, ] =
2.1 Hz, 1H, CH=CH Im), 7.45 (ddd, 1H, J = 7.7, 5.4, 1.6 Im,
5-Pyr), 7.63 (d, J = 7.7 Hz, 1H, 3-Pyr), 7.90 (td, J = 7.7, 1.6 Hz,
1H, 4-Pyr), 8.97 (ddd, J = 5.4, 1.6, 0.7 Hz, 1H, 6-Pyr).

Bc{'H} NMR (CDCl;, T = 298 K, ppm) &: 17.8 (CHs,
o-mesityl-CH3), 20.6 (CH3, o-mesityl-CH3), 21.8 (CH3, p-mesityl-
CH3;), 51.2 (CH3, OCH3), 51.2 (CH;, OCHj), 52.9 (CH;, OCHj),
53.5 (CH3, OCH3), 56.3 (CH,, NCH,), 116.2 (C, Pd-C-C, C=C),
123.6 (CH, CH=CH Im), 125.7 (CH, 5-Pyr), 125.9 (CH,
CH=CH Im), 127.3 (CH, 3-Pyr), 129.2 (CH, m-mesityl), 130.1
(CH, m-mesityl), 130.7 (C, i-mesityl), 131.4 (C, Pd-C-1), 135.3
(C, o-mesityl), 137.0 (C, o-mesityl), 140.4 (C, p-mesityl), 138.9
(CH, 4-Pyr), 142.2 (C, NCN), 150.7 (C, 2-Pyr), 155.1 (CH, 6-Pyr),
159.8 (C, C=0), 161.4 (C, C=C), 164.6 (C, C=0), 165.3
(¢, c=0),171.7 (C, C=0), 181.4 (C, C=C).

IR (KBr pellets): vc—o: 1723 em ™, ve_o: 1225 em ™™,

Elemental anal. (%) for CsoH;;I,N304Pd: C 39.09, H 3.39,
N 4.56. Found: C 39.24, H 3.51, N 4.44.
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