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Apparent Allyl Rotation and Pd�N Bond Rupture in Allylpalladium
Complexes with N-Donor Ligands � Evidence of an Associative Mechanism
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The new didentate N-donor ligands 2-(4-methyl-1H-pyrazol-
1-yl)pyrimidine (4Me-pzpm, 1) and 2-(4-bromo-1H-pyrazol-
1-yl)pyrimidine (4Br-pzpm, 2) have been synthesised and
used to obtain the allylpalladium derivatives [Pd(η3-2Me-
C3H4)(NN�)]X [X = BAr�4

−, NN� = 1 (3), NN� = 2 (4); X =
CF3SO3

−, NN� = 1 (5), NN� = 2 (6)]. In complexes 3−6 two
types of fluxional process have been found: apparent allyl
rotation that is observed as Hsyn−Hsyn, Hanti−Hanti intercon-
versions and H4−H6 interchange of the pyrimidine protons
that must involve Pd−N(pm) bond rupture. The influence of
different factors on both processes — such as the nature of

Introduction

The chemistry of (η3-allyl)palladium complexes has re-
ceived a great deal of attention because these derivatives
can act as precursors or intermediates in different catalytic
processes.[1] The fluxional behaviour of these systems, either
directly related to the allyl group or to the ancillary ligands,
has also been widely studied.[2] Besides the fundamental
interest in these studies, the fluxional behaviour of allylpal-
ladium derivatives has important implications in a variety
of catalytic processes, especially those involving nucleo-
philic attack on (η3-allyl)palladium intermediates in enantio-
selective synthesis.[3] One process frequently encountered
in allylpalladium complexes is a mutual exchange of syn
and anti groups.[4�12] This process is believed to occur
through an η3-η1-η3 pathway that in some cases is
selective[6a,9a,10,13�16] due to steric or electronic factors. On
the basis of theoretical calculations concerning the mecha-
nism of the η3-η1-η3 isomerisation in (η3-allyl)palladium
complexes, it has been proposed that the process involves
tetracoordinate (η1-allyl)palladium intermediates with co-
ordination of a solvent molecule or an ancillary ligand.[17]

A second dynamic process that is frequently observed in
complexes with N-donor ligands is the apparent rotation
of the allyl group.[18�28] In certain examples both of the
aforementioned processes have been observed.[16,29�35] The
apparent rotation is observed as a syn-syn, anti-anti ex-
change and/or an isomerisation process, depending on the
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the N-donor ligand, counterion, solvent, complex concentra-
tion and addition of water — has been studied. It has been
concluded that the apparent allyl rotation has a lower free
energy of activation and in both cases the presence of a spe-
cies with coordinating ability favours the process. Negative
entropies of activation have been found. Associative mech-
anisms involving participation of five-coordinate interme-
diates have been proposed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

molecular symmetry. Two main mechanisms have been pro-
posed for the apparent allyl rotation: (i) associative mecha-
nisms[20,28,29,32,35] that involve five-coordinate intermediates
(coordination of the solvent, the anion or other molecules)
that can undergo allyl pseudorotation, and (ii) dissociative
mechanisms[18,19,21�23,25,26,31,33] with formation of T-shaped
three-coordinate intermediates after dissociation of mono-
dentate or didentate (partial dissociation) ligands. Conse-
quently, one question that is open to debate is whether the
apparent allyl rotation in derivatives with N-donor ligands
involves Pd�N bond breaking or not. In the case of diden-
tate ligands this question is interesting because it would in-
volve the dissociation of one arm of a chelate, a subject of
potential interest, especially in relation to catalytic pro-
cesses. In some examples it has been reported that a ligand
of higher basicity makes the apparent rotation more diffi-
cult,[21] while increased steric hindrance of the N-donor li-
gand can facilitate[20,29] or slow down[21] the process. Nega-
tive entropies of activation have been found in some
cases[29,32] and it has been reported that the process takes
place more easily with coordinating anions[19,29,31] or sol-
vents such as DMSO.[20b] It has also been reported that the
addition of ligand or water has a negligible effect on the
process in a number of examples;[18,21] other examples have
been described where the effect of adding ligand or chlo-
rides is accelerative.[19,28,29] The effect of the anion has also
been analysed.[29,31a] As far as the effect of the complex
concentration is concerned, positive effects,[28,20b] at least to
a limiting value, have been described but in some cases it
has been found that this factor has no influence.[31a,35] In
recent years we have been interested in the synthesis, struc-
tural characterisation and dynamic behaviour of allylpal-



Allyl Rotation and Pd�N Bond Rupture in Allylpalladium Complexes with N-Donor Ligands FULL PAPER
ladium(ii) complexes with N-donor ligands containing pyr-
azolyl groups.[23�28,35] We have described the synthesis and
fluxional behaviour of the complexes [Pd(η3-2Me-
C3H4)(NN�)]CF3SO3 [NN� � 2-(1H-pyrazol-1-yl)pyrimid-
ine � pzpm (I); NN� � 2-(1H-pyrazol-1-yl)pyridine � pzpy
(II)][23] (see Scheme 1) where the syn-syn, anti-anti intercon-
version was detected along with an interchange process be-
tween the H4 and H6 protons of the pyrimidine ring in com-
plex I. This last interchange is only possible through
Pd�N(pm) bond rupture. Moreover, an NOE between the
allylic Hsyn and Hanti protons and H5� of the pyrazole ring
was also detected in the case of complex II and this can
only be explained through Pd�N(pz) bond rupture (see
Scheme 1). Considering these facts, and given the similarit-
ies between our work and other results reported pre-
viously,[19] we proposed that it was possible that the appar-
ent allyl rotation could also take place through an initial
Pd�N bond rupture. In the work described here we have
attempted to gain a further insight into these processes by
looking for more data concerning the free energies of acti-
vation. More precisely, we were interested in determining
whether or not the apparent allyl rotation processes and the
H4�H6 pyrimidine proton interconversion have the same
energy barrier and a common mechanism. Given that the
H4�H6 interconversion must involve a Pd�N bond-break-
ing step, comparison of the free energies of activation for
the two processes could provide information about the par-
ticipation of Pd�N bond rupture in the apparent allyl ro-
tation. As stated above, this aspect is now a matter of de-
bate. We also decided to explore the influence on the pro-
cesses of several factors such as the type of ligand, coun-
terion, solvent, complex concentration and addition of
water. These studies may prove useful in elucidating the
type of mechanism (associative or dissociative) operating in
the apparent allyl rotation process.

Scheme 1

Results and Discussion

Synthesis of the New Ligands and Complexes

We decided to prepare allylpalladium complexes with two
different ligands containing a pyrimidine ring (in order to
study the H4�H6 interconversion process) and different 4-
substituted pyrazole groups: 2-(4-methyl-1H-pyrazol-1-yl)-
pyrimidine (4Me-pzpm, 1) and 2-(4-bromo-1H-pyrazol-1-
yl)pyrimidine (4Br-pzpm, 2; Scheme 2). The results ob-
tained on these complexes could be compared with those
obtained with pzpm. The differences in the three ligands
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are limited to the substituent in the 4-position of the
pyrazole, and so it is foreseeable that, if any influence exists,
it will be only electronic in nature. The pKa values for the
three pyrazole heterocycles are as follows: 4-methylpyrazole
3.04; pyrazole 2.48; 4-bromopyrazole 0.63.[36] The new
ligands were prepared by reaction of the deprotonated
pyrazole rings with 2-chloropyrimidine (see Scheme 2 and
Exp. Sect.).

Scheme 2

We synthesised allyl derivatives with two types of
counterion: triflate (OTf), which has coordinative ability,
and the voluminous tetrakis(3,5-trifluoromethylphenyl)-
borate (BAr�4

�), which is non-coordinating. In both cases
the starting material was [Pd(η3-2Me-C3H4)Cl]2 and this
was allowed to react in one step with a stoichiometric
amount of the nitrogen ligands and TlBAr�4 or, alterna-
tively, in two steps with prior elimination of the chlorides
with AgCF3SO3 and addition of the nitrogen ligands after
the AgCl had been filtered off (see Scheme 3).

Scheme 3

The products are soluble in polar solvents such as
acetone, dichloromethane and THF but are insoluble in
hexane, pentane and diethyl ether.

Structural Characterisation

The new ligands and products were characterised by el-
emental analysis, and IR, 1H and 13C NMR spectroscopy.
For the majority of the derivatives, HSQC experiments were
also performed and, in some cases, NOE experiments were
carried out.

The IR spectra of the ligands and complexes exhibit the
stretching vibration bands for ν(C�N) (see Exp. Sect.). The
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Table 1. 1H NMR spectroscopic data for ligands 1 and 2 and complexes 3�6[a]

Pyrazole Pyrimidine Allyl
H5� CH3 H3� H5 H4/H6 Hsyn Hanti CH3

1 8.38 (s) 2.14 (s) 7.62 (s) 7.36 (t), J5,4/5,6 � 4.8 8.78 (d) J4,5/6,5 � 4.8 � � �
2 8.73 (s) � 7.84 (s) 7.48 (t), J5,4/5,6 � 4.8 8.85 (d) J4,5/6,5 � 4.8 � � �
3 8.72 (s) 2.27 (s) 8.28 (s) [b] 9.20 (bs) 4.49 (s) 3.44 (s) 2.25 (s)
3[c] 8.90 (s) 2.22 (s) 8.33 (s) [b] 9.25 (bs) 4.49 (s) 3.46 (s) 2.18 (s)

3.32 (s)
4 9.12 (s) � 8.53 (s) 7.91 (bs) 9.51 (bs) 4.57 (s) 3.49 (s) 2.27 (s)
4[c] 9.41(s) � 8.69 (s) 7.93 (t), J5,4/5,6 � 4.9 9.32 (d) 4.54 (s) 3.49 (s) 2.17 (s)

9.27 (d) 4.51 (s) 3.34 (s)
4[d] 8.57 (s) � 7.93 (s) 7.14 (t), J5,4/5,6 � 5.1 8.56 (d) 3.93 (s) 2.91 (s) 2.05 (s)

8.70 (d) 4.16 (s) 3.05 (s)
5 8.67 (s) 2.27 (s) 8.22 (s) 7.75 (bs) 9.19 (bs) 4.49 (s) 3.43 (s) 2.25 (s)
5[c] 8.88 (s) 2.23 (s) 8.33 (s) 7.85 (t), J5,4/5,6 � 5.1 9.31 (d) 4.50 (s) 3.48 (s) 2.20 (s)

9.25 (d) 3.34 (s)
6 9.14 (s) � 8.56 (s) 7.86 (t), J5,4/5,6 � 5.3 9.32 (bs) 4.58 (s) 3.49 (s) 2.27 (s)

9.25 (bs)
6[c] 9.45 (s) � 8.73 (s) 7.95 (t), J5,4/5,6 � 5.1 9.36 (d) 4.59 (s) 3.55 (s) 2.22 (s)

9.31 (d) 4.57 (s) 3.40 (s)
6[e] 8.71 (s) � 8.04 (s) 7.72 (bs) 9.15 (bs) 4.35 (s) 3.39 (s) 2.17 (s)

8.99 (bs) 4.29 (s) 3.20 (s)

[a] Unless otherwise specified, room temperature and [D6]acetone as solvent; s: singlet; d: doublet; bs: broad singlet; t: triplet. See Scheme
2 for the atom numbering. [b] Resonance under BAr�4

� signals. [c] �90 °C. [d] �60 °C, CDCl3. [e] �80 °C, CD2Cl2. The resonances for
the BAr�4

� anion are for 3: δ � 7.79 (s, Ho) and 7.68 (Hp) ppm; for 4: δ � 7.78 (s, Ho) and 7.66 (Hp) ppm.

allyl ligand gives rise to a band at 838 cm�1 in all the com-
plexes due to the ν(C�CH3) vibration. The presence of the
corresponding counterions was confirmed by the presence
of the expected bands (see Exp. Sect.).

The 1H NMR spectroscopic data for the ligands and
complexes are collected in Table 1. In the cases of deriva-
tives 3 and 4, due to some overlap with the resonances of
the counterion, the spectra were recorded both in CDCl3
and [D6]acetone. The assignment for the nitrogen-ligand
resonances was made on the basis of previous studies with
similar ligands.[23,37] The H3� and H5� protons of the pyrazo-
lyl rings appear as singlets both in the ligands and com-
plexes as a result of the presence of the substituent in the
4-position. In the free ligands the H5 proton of the pyrim-
idine ring appears as a triplet coupled to H4 and H6, which
are equivalent. In the complexes the protons H4 and H6 are
inequivalent due to coordination. However, signals for the
two protons are only observed separately at room tempera-
ture in complex 6. In the other cases these protons give rise
to a single broad signal at this temperature. This pheno-
menon clearly indicates that the H4�H6 interconversion
process previously detected in [Pd(η3-2Me-C3H4)-
(pzpm)]CF3SO3 (I)[23] is also operating (see section on
fluxional behaviour). In general, a shift towards higher fre-
quency is observed for the corresponding resonances of the
complexes with respect to the free ligands due to the ligand-
to-metal σ-donation. As far as the allylic signals are con-
cerned, a single resonance is observed at room temperature
for the Hsyn and also for the Hanti protons. This observation
is not in accordance with a static situation of the complexes,
where two different terminal allylic carbons would be ex-
pected due to the asymmetry of the nitrogen ligands. This
constitutes a clear indication of a dynamic situation that
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involves a syn-syn, anti-anti interconversion, such as an ap-
parent allyl rotation process, which will be analysed in the
section on fluxional behaviour. The differentiation between
the two methyl resonances of complex 3 [D6]acetone was
achieved with the help of NOE experiments. When H5� of
the pyrazole ring was irradiated an NOE was found for the
resonance at δ � 2.27 ppm. An NOE for the resonance at
δ � 2.25 ppm and for the Hanti signal was also found when
the Hsyn resonance was irradiated.

The corresponding 13C{1H} NMR spectroscopic data are
gathered in Table 2. The assignment for the nitrogen ligands
was made on the basis of literature data[23,26,37�39] and
HSQC experiments. In a similar way to the 1H NMR spec-
tra, a single signal was observed for the C4 and C6 pyrim-
idine carbons (in complex 4 this signal was not observed).
A signal shift towards higher frequency with respect to the

Table 2. 13C{1H} NMR spectroscopic data for ligands 1 and 2 and
complexes 3�6[a]

Pyrazole Pyrimidine η3-Allyl
C3� C4� C5� CH3 C2 C5 C4/C6 CH2 Cquat CH3

1[b] 145.1 119.5 127.5 9.2 156.1 118.3 158.9
1[c] 145.2 119.8 128.2 9.3 157.0 119.7 159.8
2[b] 144.3 97.6 129.4 � 155.3 119.4 159.2
2[c] 143.9 97.0 129.9 � 156.0 120.4 159.7
3[b] 148.4 [d] [e] 9.0 154.1 120.4 161.3 61.2 (bs) 136.3 23.4
4[b] 147.9 [d] 131.3 � [d] 121.3 [e] 61.9 (bs) 137.1 23.4
5[c] 148.1 122.5 129.4 8.3 154.8 121.0 162.2 61.2 (bs) 135.5 22.7
6[c] 147.8 99.4 131.7 � 153.9 121.9 162.3 61.9 (bs) 136.0 22.7

[a] Unless specified, the signals are singlets; bs � broad singlet. See
Scheme 2 for the atom numbering. [b] In CDCl3. [c] In [D6]acetone.
[d] Not observed. [e] Resonances under BAr�4

� signals. The reson-
ances of the anions are given in the Exp. Sect.
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free ligands is also seen. The allylic carbon resonances also
reflect the apparent allyl rotation process as a single broad
signal appears for the terminal carbons. The expected coup-
ling with boron or fluorine is observed for the Cipso and
CF3 carbons, respectively, of the BAr�4 anion.[40]

Fluxional Behaviour

As stated previously, with these new allyl complexes we
tried to obtain sufficient information concerning their
fluxional behaviour to draw a conclusion as to whether the
apparent allyl rotation process and the H4�H6 interconver-
sion have the same energy barrier and follow a common
mechanism. This information and the study of the influence
of different factors could also shed light on the controversy
surrounding mechanisms (associative or dissociative). In the
case of derivative I,[23] the corresponding representation of
free energy of activation versus coalescence temperature did
not allow a conclusion to be drawn as to whether the two
points for the apparent allyl rotation and the one for the
H4�H6 interconversion were in a straight line — the infor-

Table 3. δν, Tc and ∆G‡
c data for complexes 3�6 and I[a]

Entry Complex Anion Solvent Interchanging νc (Hz) Tc (K) ∆G‡
c (kJ/mol)

groups

1 3 BAr�4 [D6]acetone Hanti�Hanti 39.8 213 43.6
2[b] 4 BAr�4 [D6]acetone Hanti�Hanti 74.7 244 48.9
3[b] 4 BAr�4 [D6]acetone Hsyn�Hsyn 2.0 204 46.7
4[b] 4 BAr�4 [D6]acetone H4�H6 45.3 303 62.6
5 5 OTf [D6]acetone Hanti�Hanti 41.5 237 48.6
6 5 OTf [D6]acetone H4�H6 14.7 217 46.3
7 6 OTf [D6]acetone Hanti�Hanti 48.1 246 50.4
8 6 OTf [D6]acetone Hsyn�Hsyn 1.8 208 47.8
9 6 OTf [D6]acetone H4�H6 28.5 300 63.2
10[b] 6 OTf [D6]acetone Hanti�Hanti 73.2 250 50.3
11[b] 6 OTf [D6]acetone Hsyn�Hsyn 1.9 205 47.1
12[b] 6 OTf [D6]acetone H4�H6 51.2 304 62.5
13 I OTf [D6]acetone Hanti�Hanti 40.9 230 47.3
14 I OTf [D6]acetone Hsyn�Hsyn 10.3 216 47.8
15 I OTf [D6]acetone H4�H6 26.6 268 55.4
16 4 BAr�4 CDCl3 Hanti�Hanti 13.8 252 54.2
17 4 BAr�4 CDCl3 Hsyn�Hsyn 60.3 284 57.9
18 4 BAr�4 CDCl3 H4�H6 74.1 �331 �67.1
19 6 OTf CD2Cl2 Hanti�Hanti 51.1 245 49.9
20 6 OTf CD2Cl2 Hsyn�Hsyn 18.5 221 48.9
21 6 OTf CD2Cl2 H4�H6 29.7 311 65.4
22[c] 6 OTf CD2Cl2 Hanti�Hanti 71.3 251 50.5
23[c] 6 OTf CD2Cl2 Hsyn�Hsyn 29.0 229 47.6
24[c] 6 OTf CD2Cl2 H4�H6 54.8 �311 �63.8
25[c] 6 OTf [D6]acetone Hanti�Hanti 56.3 246 49.9
26[c] 6 OTf [D6]acetone Hsyn�Hsyn 1.7 209 48.2
27[c] 6 OTf [D6]acetone H4�H6 28.5 303 63.8
28[c] 4 BAr�4 CDCl3 Hanti�Hanti 20.3 233 49.2
29[c] 4 BAr�4 CDCl3 Hsyn�Hsyn 63.7 263 53.3
30[c] 4 BAr�4 CDCl3 H4�H6 79.1 �330 �66.9
31[d] 4 BAr�4 CDCl3 Hsyn�Hsyn 62.3 226 45.6
32[d] 4 BAr�4 CDCl3 H4�H6 46.0 290 59.8
33[e] 6 OTf [D6]acetone Hanti�Hanti 45.7 244 49.9
34[e] 6 OTf [D6]acetone Hsyn�Hsyn 5.9 205 45.2
35[e] 6 OTf [D6]acetone H4�H6 16.3 298 64.1

[a] Unless specified the complex concentration is 1.41 � 10�2 m and a 300 MHz spectrometer is used. [b] At 500 MHz. [c] Complex
concentration of 7.05 � 10�3 m. [d] With addition of water (5.60 � 10�2 m in water; H2O:complex � 4:1). [e] With addition of water (3.52
� 10�2 m in water; H2O:complex � 2.5:1).
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mation was insufficient to conclude, with certainty, whether
the two process have the same energy barrier.

In order to analyse the dynamic behaviour of complexes
3�6 we performed variable temperature 1H NMR studies
under different conditions in order to obtain the coalesc-
ence temperatures (Tc) of the interconversion processes
Hsyn�Hsyn, Hanti�Hanti and H4�H6. For the majority of
the complexes, two Hsyn signals, two Hanti signals and separ-
ate signals for H4 and H6 were observed at low temperature,
as one would expect for a static situation (see Table 1). An
increase in the temperature allowed the corresponding co-
alescence temperatures to be determined. These values are
given in Table 3 along with the δν values and the calculated
free energies of activation.[41] However, in some cases it was
not possible to determine the ∆Gc

‡ values. The reasons for
this are that either the signals were not split at the minimum
experimental temperature or the coalescence was not re-
ached at the maximum temperature allowed by the solvent
(in this case it is indicated that the Tc values are higher than
the maximum temperature registered and the ∆Gc

‡ values
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are higher than those calculated for these temperatures). In
the following discussion we will detail our conclusions con-
cerning the influence of different factors on the fluxional
behaviour of our allyl complexes.

Effect of the Ligand

Comparison of the data for complexes 3 and 4 (Entries
1�4) on the one hand and for 5 and 6 on the other, as well
as those for complex I[23] (Entries 5�9 and 13�15), gives
an indication of the influence of the ligand. Unfortunately,
in the case of complexes with the 4-Mepzpm ligand it was
not possible to determine all the coalescence temperatures
and obtain the corresponding data. In the case of complex
3 it was only possible to detect the Hanti�Hanti interconver-
sion process while for 5 the splitting of the Hsyn signals was
not achieved. As far as the allylic interconversions are con-
cerned, and although it would be desirable to have more
data, it seems that the type of ligand does not have a clear
influence, especially concerning the type of pyrazole ring.
With respect to the H4�H6 interchange, three sets of data
are available in the case of compounds containing the trifl-
ate anion. In these compounds there is an increase in the
coalescence temperature and in the free energy of activation
on changing from 4Me-pzpm to pzpm to 4Br-pzpm, but
the three points fit reasonably well (R2 � 0.9924) to a
straight line (with positive slope), which might again indi-
cate the lack of influence of the type of pyrazole in the
ligand on the process. It is possible that the electronic differ-
ences between the three ligands are not sufficient to clearly
influence the processes under investigation. In any case, it
is necessary to bear in mind that for the H4�H6 interchange
process the bond that must be broken is between the pal-
ladium and the pyrimidine ring, not the pyrazole heterocy-
cle.

Type of Interchange

Before analyzing the influence of other factors, it is im-
portant to consider carefully the data for complex 6. Al-
though the δν value for the Hanti�Hanti interconversion
(48.1 Hz, Entry 7) is clearly higher than that for the H4�H6

interchange (28.5 Hz, Entry 9), the Tc and ∆Gc
‡ values are

markedly higher in the latter case. This clearly indicates that
the H4�H6 interchange has a higher energy barrier and will
also have a different mechanism than the apparent allyl ro-
tation. In order to obtain more data for this complex, we
decided to perform the same study with an NMR spec-
trometer of different magnetic field (500 MHz as opposed
to 300 MHz). In this way, we could obtain four data points
for the allylic interconversions (Entries 7, 8, 10 and 11) and
two for the H4�H6 interchange (Entries 9 and 12). The cor-
responding data are represented in Figure 1. The points for
the allylic interconversions fit very well to a straight line
(R2 � 0.9985) while the other two values have free energies
of activation that are clearly higher (7.9�8.9 kJ·mol�1).
This trend is consistent with our previous conclusion that
the H4�H6 interchange has a higher energy barrier than
the apparent allyl rotation. The difference in free energy of
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activation between the two processes will also be clear in
other plots presented in this paper aimed at evaluating the
influence of other factors (see below).

Figure 1. Linear plot of ∆Gc
‡ (kJ/mol) versus Tc (K) for complex 6

in [D6]acetone (1.41 � 10�2 m) using data from 300 and 500 MHz
NMR spectrometers (see Table 3): allylic interchange (diamonds,
��); (R2 � 0.9985); H4�H6 interchange (squares)

Effect of the Counteranion

A comparison of Entries 1, 5 and 6 for the complexes
with the 4-Mepzpm ligand and Entries 2�4 and 7�12 for
those with the 4-Brpzpm ligand should give an indication
of the influence of the counteranion on the processes in
question. However, the lack of data for the 4-Mepzpm com-
plexes precludes a clear conclusion from being drawn. How-
ever, with the 4-Brpzpm complexes (see Figure 2) it is pos-
sible to conclude that, at least in [D6]acetone solution, there
is a negligible influence of the anion on both the apparent
allyl rotation and the H4�H6 interconversion. The data rep-
resented in Figure 2 also confirm the previous conclusion
that the apparent allyl rotation has a lower free energy of
activation than the H4�H6 interconversion.

Figure 2. Linear plot of ∆Gc
‡ (kJ/mol) versus Tc (K) for complexes

4 and 6 in [D6]acetone (1.41 � 10�2 m; see Table 3): 4 (squares); 6
(circles); allylic interchange (��); R2 � 0.9706

Effect of the Solvent

The studies described below are centred on complexes 4
and 6, which contain the ligand 4-Brpzpm, because more
coalescence points can usually be measured than for the
4-Mepzpm derivatives. For complex 4, the data previously
obtained in [D6]acetone solution (Entries 2�4) were com-
pared with those obtained in CDCl3 at the same concen-
tration (Entries 16�18). These data are represented in Fig-
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ure 3. The coalescence temperature for the H4�H6 inter-
change in CDCl3 was not reached and this is indicated by
an arrow in the figure to reflect the fact that the actual
value is higher than the one indicated. As far as the appar-
ent allyl rotation process is concerned, higher ∆Gc

‡ values
are obtained when the solvent is CDCl3 and the same seems
to apply to the H4�H6 interchange. Consequently, for this
complex, which contains a counteranion (BAr�4

�) that does
not have coordinating ability, the presence of a solvent that
it is able to coordinate has a positive effect on the processes.

Figure 3. Linear plot of ∆Gc
‡ (kJ/mol) versus Tc (K) for complex 4

(1.41 � 10�2 m; see Table 3): CDCl3 (squares); [D6]acetone (dia-
monds); allylic interchange (��)

A similar solvent effect is not observed in complex 6
where the anion (OTf�) has coordinating ability. In this
case the comparison is made between the [D6]acetone (En-
tries 7�12) and CD2Cl2 (Entries 19�21) data. It can clearly
be seen from Figure 4 that the solvent does not have any
influence on the apparent allyl rotation, while for the
H4�H6 interchange the conclusion is not as straightfor-
ward. Once again, this figure demonstrates the difference in
free energy of activation between the apparent allyl rotation
and the H4�H6 interchange.

Figure 4. Linear plot of ∆Gc‡ (kJ/mol) versus Tc (K) for complex
6 (1.41 � 10�2 m; see Table 3): CD2Cl2 (squares); [D6]acetone
(circles); allylic interchange (��); R2 � 0.9914

Effect of the Complex Concentration

In order to obtain information about the possible partici-
pation of bimolecular species in these processes, we carried
out several variable temperature 1H NMR studies with two
different concentrations (1.41 � 10�2 and 7.05 � 10�3 m).
For complex 6, we performed the studies both in [D6]ace-
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tone (Entries 7�12 and 25�27) and in CD2Cl2 solutions
(Entries 19�24) and for complex 4 in CDCl3 solutions (En-
tries 16�18 and 28�30). The coalescence of the H4 and H6

resonances was not reached up to the maximum tempera-
ture allowed by the solvent for complex 6 in CD2Cl2 or
complex 4 in CDCl3. When the results at the two concen-
trations are compared, it is possible to conclude that in the
case of 6 in [D6]acetone the three pairs of data are practi-
cally identical — the concentration does not influence
either of the two processes. In the other two studies, there
is insufficient information about the H4�H6 interchange
and for the apparent allyl rotation the influence, if it exists,
is very small (at least in the range of concentrations used).

Effect of the Addition of Water

The study of the influence of the addition of water was
performed with complex 4 in CDCl3 (Entries 16�18 and
31�32) in order to have a counterion and a solvent without
coordinating ability. The data were obtained for a water-
free CDCl3 solution and after the addition of four mol of
water per mol of product in this solution. The addition of
water induces a general lowering of the coalescence tem-
peratures, and the splitting of the Hanti resonances is not
observed even down to �60 °C. However, the coalescence
of the H4�H6 resonances, which was not achieved in the
water-free solution, was observed at 17 °C after the addition
of water. When the data for the allylic interconversions are
taken into amount, it is concluded that the value obtained
after the addition of water is 4.9 kJ·mol�1 below the
straight line obtained with the data for the water-free solu-
tion. Consequently, at least in the situation where the coun-
teranion and solvent are non-coordinating, the addition of
water favours the apparent allyl rotation. We also studied
the effect of the addition of water when there are species of
coordinating ability in the reaction medium, for example
for complex 6 in [D6]acetone solution (comparison of En-
tries 7�9 with 33�35). In this case, there is no appreciable
effect observed in the values of free energy of activation
after the addition of water.

When the different plots for the apparent allyl rotation
process are considered, a positive slope in the straight line
obtained is observed. Although we do not believe that it is
possible to give accurate data for the entropy of activation,
it is clear that this parameter is negative.

It must be emphasised that our results indicate that care
must be taken when studying these types of process in sol-
vents that do not have coordinating ability. In solvents such
as acetone, as observed previously,[35] the presence of small
amounts of water does not influence the energy barrier of
the process.

Conclusions of the 1H NMR Variable Temperature Studies

We deduced that there is a lower energy barrier for the
apparent allyl rotation process than for the H4�H6 in-
terconversion and, consequently, the two processes follow
different mechanisms. In the case of the apparent allyl ro-
tation process, and concerning the effect of different factors
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on this phenomenon, we can state the following: (i) a clear
influence of the type of pyrazole present in the nitrogen-
containing ligand is not found; (ii) the results are the same
when, in [D6]acetone solutions, the counterion is changed
(cf. BAr�4

� versus OTf�) or when, for the complexes with
the OTf� anion, two different solvents are used ([D6]ace-
tone and CD2Cl2); (iii) in the complex with the BAr�4

�

anion, the free energy of activation values are higher in a
non-coordinating solvent such as CDCl3 than in [D6]ace-
tone; (iv) the complex concentration does not affect the pro-
cess in the range studied; (v) when the complex contains a
non-coordinating anion and the study is carried out in
CDCl3, the addition of water decreases the free energy of
activation. However, the addition of water does not affect
the dynamic behaviour in [D6]acetone when the counterion
present is OTf�; (vi) the entropy of activation is negative.

In the case of the H4�H6 interconversion process it is
more difficult to draw conclusions because only one ∆Gc

‡

data point could be obtained for each study. Despite this,
we believe that the following general points can be made:
(i) the type of anion, ligand or complex concentration does
not have any influence when the solvent is [D6]acetone; (ii)
when both the solvent (CDCl3) and anion (BAr�4

�) are
non-coordinating, the addition of water reduces the free en-
ergy of activation but this addition does not affect the val-
ues of ∆Gc

‡ in [D6]acetone when the counterion is OTf�;
(iii) the entropy of activation is negative.

During the studies described here, broadening of the Hsyn

or Hanti resonances was not observed in any case after co-
alescence was achieved. This fact indicates that if the
Hsyn�Hanti interconversion process (usually proposed to oc-
cur through an η3-η1-η3 mechanism) exists, it must be of
higher energy and is therefore not observed under the con-
ditions used here.

Mechanistic Proposal

Apparent Allyl Rotation

The negative sign of the entropy of activation points to
an associative process with the formation of five-coordinate
intermediates. On the basis of some of the conclusions out-
lined above (ii, iii and v), it is possible to state that a species
with coordinating ability (counteranion, solvent or water)
clearly favours the process. We must consider that when the
counterion is BAr�4

�, the solvents are CD2Cl2 or CDCl3
and water is not added, the two processes, although with
higher energies of activation, do take place. It is possible
that in these cases traces of water or Cl� in the solvents
(decomposition of CD2Cl2 or CDCl3), or the low coordin-
ating ability of the solvents, allows the process to occur.
Conclusion iv indicates that bimolecular species are not
formed and that the free nitrogen of the pyrimidine ring
does not participate in the formation of the five-coordinate
intermediates. It is necessary to consider that the formation
of an ‘‘ion pair’’ between the cation and the anion should
be favoured in concentrated solutions. This would be par-
ticularly true in the case of a non-coordinating solvent, such
as complex 6 in CD2Cl2. This phenomenon has been found
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by other authors[20b] but, depending on the temperature and
the concentration range, the effect can be rather small be-
cause of the existence of a limiting constant value.

It is also important to consider that the energy barrier
for the apparent allyl rotation is lower than for the H4�H6

interconversion process. This latter process necessarily in-
volves a Pd�N(pm) bond rupture, probably as the limiting
step. Consequently, the apparent allyl rotation process
should occur through a path that does not involve
Pd�N(pm) bond rupture and has a lower energy of acti-
vation. The breaking of the Pd�N(pyrazole) bond is less
likely because of the higher basicity of this heterocycle (ex-
cept for the case of 4-Br-pyrazole) with respect to the py-
rimidine ring [pKa(pyrimidine) � 1.1]. This again makes a
dissociative mechanism less likely and points to an associat-
ive pathway. The partial dissociation of the didentate N-
donor ligand in the five-coordinate intermediate has some-
times been considered.[20b] In our case, however, this pos-
sibility can be excluded. Consequently, the associative
mechanism[20,28,29,32,35] we propose would have the follow-
ing steps (see Scheme 4): (i) formation of a five-coordinate
intermediate through coordination of the anion, solvent or
water (L); (ii) pseudorotation of the allyl group in the inter-
mediate formed, which interchanges the two allylic ter-
minals; and (iii) decoordination of the L group, leading to
the final product in which the observed Hsyn�Hsyn,
Hanti�Hanti interchange has taken place.

Scheme 4

H4�H6 Interconversion

The negative entropy of activation, the positive effect of
the addition of water when both the solvent and the anion
are non-coordinating, and the absence of other effects when
the solvent is [D6]acetone all indicate that, in this case, an
associative mechanism is in operation. The mechanism
should involve the following steps (see Scheme 5): (i) forma-
tion of the five-coordinate intermediate through coordi-
nation of the solvent, anion or water (L); (ii) Pd�N(pm)
bond rupture; (iii) internal rotation of the ligand[19] through
the C�N bond that links the two heterocycles in the tetra-
coordinate intermediate formed; (iv) recoordination of the
pyrimidine ring through the other nitrogen atom; and (v)
decoordination of the L group, leading to the final species
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in which the interchange between the positions of the H4

and H6 pyrimidine protons has taken place.

Scheme 5

Conclusions

New allylpalladium derivatives with N-donor ligands
have been obtained and their fluxional behaviour studied.
Two processes of apparent allyl rotation (observed as
Hsyn�Hsyn, Hanti�Hanti interconversions) and also H4�H6

interconversion of the pyrimidine protons have been ob-
served. This last process must involve, probably as the limit-
ing step, Pd�N(pyrimidine) bond rupture. It has been con-
cluded that the apparent allyl rotation process has a lower
free energy of activation. Consequently, this allyl rotation
must not involve Pd�N bond rupture. The influence of fac-
tors such as counterion, solvent and addition of water has
been studied and it is possible to conclude that the presence
of a species with coordinating ability clearly favours both
processes. A bimolecular mechanism can be excluded in
both cases because the complex concentration does not af-
fect the free energy of activation. Negative entropies of acti-
vation were obtained. Associative mechanisms with partici-
pation of five-coordinate intermediates have been proposed
for both processes, with a step involving Pd�N(pyrimidine)
bond rupture in the case of the H4�H6 interconversion.

On the basis of our studies it is possible to conclude that,
for these types of process, the presence of traces of water in
coordinating solvents like acetone does not affect the free
energy of activation. However, this is not the case for non-
coordinating solvents and great care must be taken in stud-
ies involving such solvents.

Experimental Section

General Comments: All manipulations were carried out under dry,
oxygen-free nitrogen using standard Schlenk techniques. Solvents
were distilled from the appropriate drying agents and degassed be-
fore use. The derivative [Pd(η3-C4H7)(µ-Cl)]2 was synthesised ac-
cording to a literature procedure.[42] Elemental analyses were per-
formed with a Carlo Erba Instruments EA 1108 CHNS/O micro-
analyser (University of La Coruña). IR spectra were recorded as
nujol mulls with a Perkin�Elmer PE 883 IR spectrometer. 1H and
13C{1H} NMR spectra were recorded with a Varian Unity 300 and
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an Innova 500 spectrometer using CDCl3, CD2Cl2 and (CD3)2CO
as solvents; the chemical shifts are given in ppm. Standard ex-
perimental conditions were employed.[25,26] The NOE difference
spectra were recorded with the following acquisition parameters:
spectral width 5000 Hz, acquisition time 3.27 s, pulse width 18 ms,
relaxation delay 4 s, irradiation power 5�10 dB, number of scans
240. For 1H-13C g-HSQC spectra the standard Varian pulse
sequences were used (V NMR 6.1 C software). The spectra were
acquired using 7996 Hz (1H) and 30154 Hz (13C) spectral widths;
16 transients of 2048 data points were collected for each 256 in-
crements. For variable-temperature spectra the probe temperature
(�1 K) was controlled by a standard unit calibrated with a meth-
anol reference. Free energies of activation (kJ·mol�1) were calcu-
lated[41] from the coalescence temperature (Tc) and the frequency
difference between the coalescing signals (extrapolated at the co-
alescence temperature) with the formula ∆Gc

‡ � a·T·[9.972 � log(T/
δν)], where a � 1.914 � 10�2. The estimated error in the calculated
free energies of activation is �1.1 kJ·mol�1. o � ortho, m � meta,
p � para.

2-(4-Methyl-1H-pyrazol-1-yl)pyrimidine (1): A mixture of 4-methyl-
pyrazole (0.248 mL, 3 mmol), potassium tert-butoxide (600 mg,
6 mmol) and aliquat 336 (80 mg, 10%) was stirred at 120 °C for
30 min. 2-Chloropyrimidine (515 mg, 4.5 mmol) was then added at
120 °C and the reaction mixture was stirred at this temperature
for 1 h. Extraction with dichloromethane (50 mL), removal of the
solvent from the extract and flash chromatography of the residue
on silica gel using ethyl acetate as the eluent allowed the isolation
of 1. Yield: 62% (298 mg). IR: ν̃ � 1573 cm�1 [ν(C�N)]. C8H8N4

(160.18): calcd. C 59.99, H 5.03, N 34.98; found C 59.70, H 5.29,
N 34.62.

2-(4-Bromo-1H-pyrazol-1-yl)pyrimidine (2): A similar procedure to
that used for 1 was applied for 2. Amounts were as follows: 4-
bromopyrazole (440.8 mg, 3 mmol), potassium tert-butoxide
(600 mg, 6 mmol), aliquat 336 (80 mg, 10%) and 2-chloropyrimid-
ine (515 mg, 4.5 mmol). Yield 60% (405.1 mg). IR: ν̃ � 1570 cm�1

[ν(C�N)]. C7H5BrN4 (225.05): calcd. C 37.36, H 24.89, N 2.24;
found C 37.25, H 24.99, N 2.18.

[Pd(η3-C4H7)(4-Mepzpm)]BAr�4 (3): 4-Mepzpm (24.3 mg,
0.152 mmol) and TlBAr�4

� (162.3 mg, 0.152 mmol) were added to
a solution of [Pd(η3-C4H7)(µ-Cl)]2 (30 mg, 0.076 mmol) in 10 mL
of toluene. The mixture was stirred at room temperature for 1 h.
The resulting suspension was filtered off. The solid was then ex-
tracted with dichloromethane (40 mL) and the solution was evapo-
rated to dryness. The light-brown solid was washed with hexane
and dried. Yield: 66% (119.1 mg). IR: ν̃ � 1598 and 1566
[ν(C�N)], 1275, 890 (BAr�4

�), 839 cm�1 ν[(C�CH3), allyl].
C44H27BF24N4Pd (1184.9): calcd. C 44.60, H 2.30, N 4.73; found
C 44.52, H 2.44, N 4.69. 13C{1H} NMR (125 MHz, CDCl3, 298 K;
BAr�4

� resonances): δ � 161.9 (q, 1JB,C � 50.0 Hz, 4 C, Cipso),
135.0 (s, 8 C, Co), 129.2 (m, 8 C, Cm), 124.7 (q, 1JC,F � 272.6 Hz,
8 C, CF3), 117.7 (s, 4 C, Cp) ppm.

[Pd(η3-C4H7)(4-Brpzpm)]BAr�4 (4): A similar procedure to that
used for 3 was applied for 4. Amounts were as follows: [Pd(η3-
C4H7)(µ-Cl)]2 (20 mg, 0.051 mmol), 4-Brpzpm (22.9 mg,
0.102 mmol) and TlBAr�4 (108.9 mg, 0.102 mmol). The solid was
pale brown in colour. Yield: 66% (83.7 mg). IR: ν̃ � 1599 and 1568
[ν(C�N)], 1279, 890 (BAr�4

�), 838 cm�1 ν[(C�CH3), allyl].
C43H24BBrF24N4Pd (1249.8): calcd. C 41.32, H 1.94, N 4.48; found
C 41.67, H 2.19, N 4.49. 13C{1H} NMR (75 MHz, CDCl3, 298 K;
BAr�4

� resonances): δ � 161.9 (q, 1JB,C � 49.3 Hz, 4 C, Cipso),
134.9 (s, 8 C, Co), 129.8 (m, 8 C, Cm), 124.7 (q, 1JC,F � 272.2 Hz,
8 C, CF3), 117.7 (s, 4 C, Cp) ppm.
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[Pd(η3-C4H7)(4-Mepzpm)]OTf (5): AgCF3SO3 (104.3 mg,
0.406 mmol) was added to a solution of [Pd(η3-C4H7)(µ-Cl)]2
(80 mg, 0.203 mmol) in THF (20 mL). The mixture was stirred for
1 h and protected from light. The solution was filtered through
Celite to eliminate AgCl. The ligand 4-Mepzpm (65 mg,
0.406 mmol) was then added and the mixture was stirred for 1 h.
The solvent was evaporated to dryness and the pale-yellow residue
was washed with diethyl ether. Yield 70% (133.7 mg). IR: ν̃ � 1596
and 1565 [ν(C�N)], 1266, 1154, 1032, 784 and 639 (OTf�), 839
cm�1 ν[(C�CH3), allyl]. C13H15F3N4O3PdS (470.75): calcd. C
33.17, H 3.21, N 11.90; found C 33.46, H 3.11, N 12.23. 13C{1H}
NMR (125 MHz, [D6]acetone, 298 K): δ � 121.7 (q, 1JC,F � 322.2
Hz, 1 C, CF3) ppm.

[Pd(η3-C4H7)(4-Brpzpm)]OTf (6): A similar procedure to that used
for 5 was applied for 6. Amounts were as follows: Ag CF3SO3

(78.1 mg, 0.304 mmol), [Pd(η3-C4H7)(µ-Cl)]2 (60 mg, 0.152 mmol),
4-Brpzpm (68.4 mg, 0.304 mmol). The solid was white in colour.
Yield: 80% (126.6 mg). IR: ν̃ � 1597 and 1566 [ν(C�N)], 1269,
1147, 1034, 785 and 639 (OTf�), 838 cm�1 ν[(C�CH3), allyl].
C12H12BrF3N4O3PdS (535.62): calcd. C 26.91, H 2.26, N 10.46;
found C 27.01, H 2.11, N 10.27. 13C{1H} NMR (125 MHz, [D6]-
acetone, 298 K): δ � 121.8 (q, 1JC,F � 322.2 Hz, 1 C, CF3) ppm.

Preparation of NMR Spectroscopic Samples: Samples with a con-
centration of 1.41 � 10�2 m were prepared by dissolving the corre-
sponding amount of the complex in 0.5 mL of the deuterated sol-
vent. Samples with a concentration of 7.05 � 10�3 m were prepared
by adding 0.5 mL of the corresponding deuterated solvent to the
previous sample. Samples for the studies of Entries 31 and 32
(Table 3) were prepared by adding 0.510 µL (2.8 � 10�2 mmol) of
water to the original solution. Samples for the studies of Entries
33�35 were prepared by adding 0.320 µL (1.76 � 10�2 mmol) of
water to the original sample.
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