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New examples of the fluxional behavior of (n3-allyl)palla-
dium complexes are described. Variable-temperature experi-
ments and line-shape amnalysis of two (n-allyl)palladium
complexes containing 2-(1H-pyrazol-1-yl)azine ligands were
performed in order to determine the activation free energies,

enthalpies and entropies of the process. A dissociative mech-
anism pointing to a selective Pd-N cleavage is proposed on
the basis of these results and NOE experiments above and
below the coalescence temperature.

The synthesis and catalytic reactivity of (n*-allyl)pal-
ladium complexes have been widely studied!!). For instance,
the catalytic allylation is a process of synthetic interest{1e=],
When a chiral group, for example a chelating nitrogen or
a phosphorus-nitrogen ligand, is involved, relatively high
enantiomeric excesses are obtained(. There is a growing
interest in understanding the solution structures®! and the
fluxional behavior® of allylpalladium compounds as they
may be related with the catalytic results. Some of us re-
ported recently*® on the stabilization of PFz hydrolysis in-
termediates by the [2-methylallylpalladium]* fragment.
This unsaturated species may be stabilized in solutions of
coordinating solvents such as acetone and reacts with dif-
ferent polypyrazolylmethane and borate ligands to give cat-
ionic complexes with interesting fluxional propertiest®¢l,
The fluxionality phenomena are very common in pal-
ladium(II) chemistry and, in many cases, the dynamic be-
havior is explained as a result of preliminary ligand dis-
sociations enabling different processes to occurl®, For in-
stance, in complexes with N-donor chelating ligands, the
Pd—N bond breaking is at this moment an accepted path
to explain different interconversion processes. In this paper
we study the fluxional behavior of new allyl complexes con-
taining asymmetric N-donor ligands. In this case, the equiv-
alence of the two halves of the allylic group would be an
indication of a fluxional process and, if a dissociative mech-
anism was found, the selectivity towards the Pd—N bond
cleavage could be explored. Another aim in our work was
to investigate if the study of NOE effects between the allylic
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group and the ligand could be a way to test the existence
of a Pd—N bond cleavage.

Results and Discussion

In this paper we report on the preparation and dynamic
behavior of (2-methylallyl)palladium complexes with asym-
metric ligands such as 2-(1 H-pyrazol-1-yl)pyridine (PzPy)
and 2-(1 H-pyrazol-1-yl)pyrimidine (PzPm). The new com-
plexes [Pd(n3-2-Me-CsH,)PzPy]Tf (1) and [Pd(n3-2-Me-
C3H,)PzPm]Tf (2) (Tf = CF3SO3, Scheme 1) were pre-
pared by treatment of the dimer complex [Pd(n*-C,H,)CI],
with AgCF3S0O;. The addition of the ligands to the filtered
solutions allowed the isolation of complexes 1 and 2.

Complexes 1 and 2 were characterized by their NMR
spectra, elemental analyses and MS FAB. 'H-NMR and
IBC.NMR spectra of 1 and 2 (Tables 1—2) at 293 K were
assigned by comparison with the spectra of the ligand and
with several related complexesl’l. Coordination with the
(n?-allyl)palladium fragment results in a downfield shift of
all signals in the 'H-NMR spectra of both complexes. This
deshielding was always larger than that observed with re-
lated ruthenium complexes’“l. This positive contribution
was attributed to ligand-to-metal o donation.

The increased electron deficiency of the heterocyclic rings
produces an increase in the 'H,'H coupling constantsf®l,
Similar deshieldings were observed in the 3C-NMR spectra
except for C-2. This effect may be ascribed to the increased
steric compression of this carbon atom as a result of the
complexation®], In contrast to the asymmetric environment
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Scheme 1. Structure of complexes 1 and 2 showing the numbering
of the heterocyclic rings and the allyl group. In both
complexes Ha' and Hs’ are located close to the pyra-

zole ring
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show important differences. In the 'H-NMR spectra of 1,
signals assigned to syn and antii allyl protons are split. anti
Hydrogen atoms appear as two singlets at 3.5! and 3.3!
while syn protons appear as an AB systems at 4.44 and 4.42
with a J,g = 3.2 Hz. No couplings with the allylic methyl
group were detected.

In the 'H-NMR spectra of 2 at 193 K H,,,; appears as
two singlets at 3.50 and 3.37 while H,,,, appears as an AB
system at 4.56 and 4.53 with a J,g = 2.5 Hz.

The assignment of H,,,, and H,,,; of the same part of the
allyl group was performed by a COSY experiment at this
temperature, showing the correlation between the most de-
shielded H,,, and the most shielded H,,,; This coupling
constant is very small and was not observed in the 1D-
NMR spectra. Irradiation of the 6-H frequency in the pyri-
dine and pyrimidine ring produces a NOE in the most
shielded H,,,,. This permits the differentiation of both H,,
and subsequently both H,,,,;.

Table 1. 'H-NMR spectra of 2-(1 H-pyrazol-1-yl)pyridine (PzPy), 2-(1 H-pyrazol-1-yl)pyrimidine (PzPm) and complexes 1 and 2 (5 values,
J, Hz; solvent: [D¢lacetone)

Compound  Temp. 3-H 4-H S-H 6-H 3-H 4-H 5'-H H, Hy H. H. CH;
PzPy 293K § 8.00 7.96 7.31 8.44 7.75 6.52 8.61 - -— -
83 83 6.7 4.9 1.0 2.6 2.7
1.7 6.7 49 1.7 21 0.7
1.1 1.8 1.8 1.0
1 293K 832 842 7.67 8.88 8.34 6.99 9.03 4.44 343 226
6.6 9.1 6.9 5.5 29 29
7.6 55 1 22
1.7 1
1 193K 833 8.43 7.67 8.83 837 7.05 9.12 4.42 4.44 3.51 331 221
86 85 6.6 53 20 29 29 32 32
7.5 5.6 0.9 1.9
1.6 0.9
PmPz 203K § - 8.75 7.21 8.75 7.83 6.51 860 e e -
4.8 47 4.8 1.5 25 28
1.5
2 203K § - 9.23 7.80 9.23 8.40 7.00 8.89 4.53 3.43 225
5.1 5.1 5.1 1.5 30 3.0
1.7 0.5
2 198K § -—- 9.26 7.88 934 851 7.07 9.03 4.53 4.56 3.50 3.37 2.20
55 5.1 55 1.6 2.7 2.7 2.5 2.5
2.1 2.1 1.9

Table 2. 3C-NMR spectra of 2-(1H-pyrazol-1-yl)pyridine (PzPy), 2-(1 H-pyrazol-1-yl)pyrimidine (PzPm) and complexes 1 and 2 (3 values,

solvent: [DgJacetone)

Compound  Temp. C-2 C-3 C-4 C-5 C-6 C-3” C-4 C-5’ C CH: CH, CH;
PzPy 293K 3 152.4 112.8 139.9 122.5 149.1 143.8 108.6 1277 = e e -

1 293K & 149.9 113.7 143.8 1253 153.4 147.3 112.1 131.5 136.1 61.4 61.4 237

1 193K 3 149.3 1133 143.5 124.9 1532 146.7 111.8 131.2 1358 63.3 59.5 233
PzPm 293 K 3 e 158.8 118.6 158.8 143.6 108.6 129.0 - e e e

2 293K & 1544 - 162.9 122.1 162.9 148.6 1123 132.2 136.2 62.1 62.1 233

2 193 K 3 1544 - 162.5 121.6 162.5 147.0 1122 132.0 135.8 63.5 60.6 23.6

of the allylic fragment in 1 and 2 (see Scheme 1), the 'H-
NMR spectra for these complexes show only one singlet for
both syn and another singlet for both anti allylic protons at
293 K. In addition, 4-H and 6-H of the pyrimidinyl group
are apparently equivalent in 2 at this temperature.
Similarly, in the 3C-NMR spectra the 1- and 3-allylic
carbon atoms of 1 and 2 and C-4 and C-6 of the pyrimidine
fragment in 2 are equivalent. The NMR spectra at 193 K

590

Finally, 4-H and 6-H of the pyrimidine nucleus are no
longer equivalent, and they assigned by comparison with
related complexes and by NOE difference spectroscopy at
this temperature (irradiation of the H, , produces a NOE
in the signal of 6-H).

The I3C-NMR spectra at low temperature (193 K) show
two terminal allylic carbon atoms clearly different for 1
and 2.
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Variable-temperature experiments allow us to determine
the coalescence temperature of the split signals at 193 K.
Complex 1 showed two coalescence points for the allylic
hydrogen atoms (H,,, at 243 K and H,,, at 280 K) while
in the case of complex 2 three coalescences were observed:
two for the allylic hydrogen atoms (H,,, at 216 K and H,,,,;
at 230 K) and one for the pyrimidine 4-H and 6-H (268 K).

"H-NMR spectra of compound 2 at various temperatures
are represented in Figure 1.

The calculated activation free energies!'” at the coales-
cence (AGT) and the corresponding coalescence tempera-
tures are compiled in Table 3. The AGF values were calcu-
lated independently by two methods, using the Av of the
frozen spectrum and the width at half height of the signal
at the coalescence.

Both chemical shifts and coalescence temperatures show
a strong dependence on the solvent polarity. However, the

Figure 1. Variable-temperature spectra of complex 2; i) aromatic region, ii) allylic region
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Table 3. Activation free energies and related parameters for the
coalescence resonances

Coalescence Resonances ™ Te™  AGp [l wrlll  pgp
K) (kI mol'} (kJ mol’t)
Complex 1 Hpy 243 532 16.3 518
Complex 1 Hypy; 280 57.0 46.0 57.6
Complex 2 Hgyp 216 46.7 55 478
Complex 2 Hanyg 230 472 395 473
Complex 2 4-H,6-H 268 56.3 40.0 55.4

2l Determined in [Dglacetone solutions. — 1 Coalescence tempera-
tures. — [ Activation free energies at the coalescence temperatures
calculated according to AGF = a779.972 + log(T/AV)} (a = 1.914
X 1072). — [ p* = Width at half height at the coalescence. — [
Activation free encrgies at the coalescence temperatures calculated
according to AGF = aT19.972 + log(T/W*)] (a = 1.914 X 1072).

calculated activation free energies are always very similar
and do not substantially depend on the solvent polarity.
Line-shape analysis using DNMR 4!l was performed for
complex 1 showing a good agreement with the calculated
energies at the coalescence.
AH™ and AS™ were calculated by plotting AG™ as 4 func-
tion of the temperature (Figure 2, r* = 0.998).

dentate ligands such as amines®™!%, SnCl,{17], COI8I ag
well as macrocycles!'?], polyenes®”! and also chelate N-do-
nor ligands®. In an elegant study of (n*-allyl)palladium-
nitrogen chelate complexes where the m-allyl part is non-
symmetric, Gogoll and coworkerst*®l explained the dynamic
behavior by cleavage of a Pd-N bond to give a tricoordinate
palladium intermediate. A Pd-N bond cleavage was also
proposed by Pregosin and coworkers*®! to occur in allylic
complexes with N-donor chelating ligands.

We demonstrated by means of NOE experiments per-
formed at 313 K (above the coalescence temperature) and
193 K (below the coalescence temperature) that a dissoci-
ative mechanism is also operative in complexes 1 and 2.

In both complexes, at 193 K, irradiation at the frequency
of both H,,, produces a NOE in H,,,; but also in 3'-H of
the pyrazole ring and 6-H of the pyridine and pyrimidine
rings. Irradiation of H,,,;; produces a NOE with the geminal
H,,, exclusively (3.51 &> 4.42 and 3.31 & 444 for 1,35
4.53 and 3.37 & 4.56 for 2). This effect was explained in
the case of other allylpalladium complexes by the bending
of the anti proton (30°) out of the allyl plane and away from
the metall®l. However, at 313 K, irradiation at H,,, and
H,,..; frequencies produces a NOE in 3'-H of the pyrazole

Figure 2. AG™* as a function of T for compound 1 using DNMR4
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AS=-0.115+0.002

240

AG* (k] mol™') = 24.7 + 0.115 T; AH* (kJ mol™}) =
24.7 £ 0.6; AS* (J K=" mol™") = —0.115 £ 0.002.

Several mechanisms were proposed for the isomerization
or syn-synlanti-anti interchange of (n3-allyl)palladium com-
plexes!'. A simple rotation of the allyl ligand in its plane
about the axis containing the metal center was often pro-
posed!'™ to account for some isomerizations in complexes
of metals such as Mo, W, Fe. However, this mechanism is
not widely accepted for square-planar palladium complexes,
and orbital considerations estimated a high activation bar-
rier in square-planar geometries!!2?l, This rotation would be
apparently the most facile process in a possible pentacoor-
dinate intermediate('¥. A pentacoordinate activation state
may also give rise to an isomerization by two consecutive
Berry pseudorotations!!?>1%), Dissociative pathways were
also proposed to explain similar phenomena, with mono-
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ring, 6-H of the pyridine and pyrimidine rings but also in
4-H of the pyrimidine ring and even in 5’-H of the pyrazole
ring in both complexes. This fact, together with the equival-
ence of 4-H and 6-H in the pyrimidine ring, confirms the
dissociative mechanism and the internal ligand rotation.
The observation in the case of complex 1 of a NOE between
the allylic Hy,,, and H,,,, with 5'-H of the pyrazole ring and
not with 3-H of the pyridine ring shows that dissociation
of the pyrazole N-2 meta! bond is more favorable than dis-
sociation of the pyridine N-1 metal bond. In complex 2
dissociation of the pyrimidine N-1 metal bond may also
occur. Pregosin et al. working with an allylic complex con-
taining the ligand (CH,),NCH,NCsH, detected a selective
cleavage of the pyridine N-1 metal bond*l. This cleavage
must be related with the availability of the nitrogen lone
pair and correlate with the basicity of the heterocycle (pyri-

Chem. Ber. 1996, 129, 589594



(n-Allyl)Palladium Complexes with Polydentate Nitrogen Ligands

FULL PAPER

dine, pK, = 5.2; pyrimidine, pK, = 1.l; pyrazole, pK, =
2.52)121,

The whole process may be explained as depicted in
Scheme 2 according to the following steps: a) dissociation
of a Pd—N bond; b) internal ligand rotation; c) isomeri-
zation of the tricoordinate?"! intermediatc and ligand ro-
tation around the remaining Pd—N bond, d) reformation
of the Pd—N bond. Steps b) and ¢) may be inverted.

Scheme 2. Proposed mechanism for the interchange process refer-
red to the dissociation of the pyrazole ring

Oy O O]

T

|
40 D02 Do)

T h

Scheme 2 illustrates only the decoordination of the pyra-
zole group and is applicable to both complexes (X = CH
for 1, X = N for 2). Successive steps a), ¢) and d) explain
the equivalence of the allylic ends. Step b)) is necessary to
account for the observed NOE effect between the allylic
protons and 5'-H of the pyrazole ring. For complex 2 the
decoordination of the pyrimidine ring also takes place and
the mechanism would be similar to that illustrated in
Scheme 2.

The dissociative mechanism is also supported by two
other facts: a) the slightly negative value calculated for AS™
is in favor of a mechanism without participation of a penta-
coordinate intermediate and b) the activation free energies
found for 1 and 2 resemble the values described by Gogoll
for similar complexest*l,

Finally, we must emphasize that a n*-n'-n® mechanism
although it may explain some of the observed phenomena,
it may neither account for the 6-H,4-H interchange of the
pyrimidine ring nor for the commmented NOE effects.
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Experimental

All reactions were performed by using standard Schlenk tech-
niques under dry oxygen-free nitrogen. Solvents were distilled from
the appropriate drying agents and degassed before use. — Elemen-
tal analyses: Perkin-Elmer 2400 microanalyzer. — IR spectra: Per-
kin-Elmer PE 883, Nujol mulls between CsI plates. — Mass spectra:
VG Autospec instrument with FAB technique and nitrobenzyl al-
cohol as malrix. — "H- and *C-NMR spectra: Varian Unity 300,
samples in [Dglacetone (3 mg in 0.7 ml). Chemical shifts (ppm)
were referenced to the acetone signal (2.05 ppm) in all cases. —
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COSY spectra: standard pulse sequence with an acquisition time
of 0.214 s, pulsc width 10 ps, relaxation delay 1 s, number of scans
4, number of increments 512. — NOE-difference spectra: acqui-
sition time 3.27 s, pulse width 18 ps, relaxation delay 4 s, irradiation
power, 5—10 dB, number of scans 120. For variable-temperature
spectra, the probe temperature was controlled (1 K) by a standard
unit calibrated with a methanol reference. Samples were allowed to
equilibrate for 10 min at each temperature before recording of the
spectra. — Line-shape analysis was carried out by the DNMR4
program!' with a PC computer. — 2-(1 H-Pyrazol-1-yl)pyridinc
and 2-(1 H-pyrazol-1-yl)pyrimidine were prepared from 2-chloropy-
ridine and 2-chloropyrimidine by phase-transfer-catalysis in the ab-
sence of solvent???!,

2-(1H-Pyrazol-1-yl)pyridine: A mixture of pyrazole (1.362 g),
potassium fert-butoxide (4.489 g) and aliquat 336 (0.6 g) was stirred
at 120°C for 30 min. 2-Chloropyridine (1.25 g) was added at 120°C
and the rcaction mixture was stirred at this temperaturc for 72 h.
Extraction with dichloromethane (50 ml), removal of the solvent
from the extract and ball-to-ball distillation of the residue afforded
2.3 g (80%) of 2-(1H-pyrazol-1-yl)pyridine, m.p. 39°C (ref.[*4
38—40°C).

2-(1H-Pyrazol-1-yljpyrimidine: A mixture of pyrazole (204 mg),
potassium zert-butoxide (0.6 g) and aliquat 336 (0.08 g) was stirred
at 120°C for 30 min. 2-Chloropyrimidine (0.515 g) was added at
120°C and the reaction mixture was stirred at this temperature for
1 h. Extraction with dichloromethane (50 ml), removal of the sol-
vent from the extract and flash chromatography of the residue on
silica gel using ethyl acetale as the eluent atforded 400 mg (90%)
of 2-(1H-pyrazol-1-yl)pyrimidine, m.p. 67—68°C  (ref.[0
68—70°C).

[Pd(n3*-C,H)(u-CD)], was prepared as described in ref.?,

{Pd(-C,H;) }{ PyPz)CF;S0; (1): To a solution of [Pd(n?-
CH)(u-Ch]» (99 mg, 0.25 mmol) in 20 ml of acetone AgCF;S0;
(129 mg, 0.50 mmol) was added. The solution was stirred at room
temp. for 4 h and the resulling suspension was filtered off. Then
PyPz (73 mg, 0.50 mmol) was added to the filtrate. After stirring
for 60 min a colorless solution had formed which was evaporated
to dryness. The solid was purified by dissolving it in dichlorometh-
ane and layering the resulting solution with diethyl ether in a
Schlenk tube. Yield: 187 mg (82%). — MS (FAB); m/z: 306 [M —
CF;807]. — C3H 4F3N;03PdS (455.55): caled. C 34.26, H 3.10,
N 9.22; found C 34.49, H 3.12, N 9.12.

{Pd(-C,H,) }{ PmPz) CF3S0; (2): The complex was prepated
similarly to the PyPz derivative. Yicld: 126 mg (55%). — MS (FAB);
miz: 307 M — CFS07). — CoH 3FaN,O5PdS (456.54): caled. C
31.54, H 2.85, N 12.27; found C 32.18, H 2.92, N 12.29.
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