
Journal of Organometallic Chemistry 690 (2005) 5113–5124

www.elsevier.com/locate/jorganchem
Palladium complexes containing ligands
with hydrogen-bonding functionalities. Reactivity

and catalytic studies with CO and olefins

Gareth R. Owen a, Hayley A. Burkill a, Ramón Vilar b,c,*,
Andrew J.P. White a, David J. Williams a

a Department of Chemistry, Imperial College London, South Kensington, London SW7 2AY, UK
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Abstract

The synthesis of the new bidentate N–N ligand 1-(2-(1-(pyridin-2-yl)ethylideneamino)ethyl)-3-ethylurea (PyUr) with a urea sub-

stituent attached to the imine nitrogen is reported. This ligand has been used to form palladium complexes and study the potential

influence of the urea group (as a hydrogen bonding unit and a hemilabile ligand) in the insertion of CO and olefins into Pd–C bonds.

The reaction of PyUr with [Pd(CH3)(Cl)(COD)] to yield [Pd(CH3)Cl(PyUr)] (1) is reported. A crystallographic study of this complex

was carried out showing that the urea moieties are involved in a series of intermolecular hydrogen bonding interactions. Upon

removal of the chloride from the coordination sphere of 1 (by addition of AgBF4) the urea group of PyUr coordinates to the pal-

ladium centre stabilizing an otherwise coordinatively unsaturated complex. The reaction of these complexes with CO to yield

[Pd{C(@O)CH3}Cl(PyUr)] (3) and [Pd{C(@O)CH3}(PyUr)][BF4] (4) is also discussed. Following on from these reactions, the copo-

lymerization of CO and styrene using 1 as a catalyst was studied and is herein reported. The copolymers synthesized using 1 as a

catalyst were obtained in moderate yields and showed to have a narrow size distribution. The same reaction was performed using a

palladium complex coordinated by an analogous pyridine ligand but without a hydrogen bonding substituent. The results of the

copolymerization reactions showed that, although slightly better yields and larger molecular weights were obtained with the

PyUr-containing catalyst, the hydrogen bonding groups in PyUr have little influence on the course of the reaction. To explore fur-

ther the reactivity of the palladium complexes, the reaction between [Pd(CH3)Cl(PyUr)][BF4] (2) and CH2@CHCH2OH was carried

out to yield the allyl complex [Pd(g3-CH2CHCH2)(PyUr)] (6). The crystal structure of this complex is also reported.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Several palladium(II) complexes with bidentate phos-
phorous or nitrogen ligands have shown to be efficient

catalysts for CO/alkene copolymerization reactions
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[1,2]. The properties and yields of the polymeric prod-

ucts obtained in these reactions are highly dependent

on the nature of the chelating ligand and the conditions
used to perform the polymerization (e.g., the reaction

solvent, the presence of an oxidant or a co-catalyst,

the temperature and the CO pressure). Due to the

high-performance properties of these copolymers, over

the past few years there has been an increasing interest in

developing better catalytic systems for their preparation
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Scheme 1.
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[3]. Several detailed studies on improving the cata-

lyst performance and determining the catalytic mecha-

nism have been carried out by Brookhart [4–7],

Consiglio [8–14], Carfagna [15,16], Claver [3,17–21],

Drent [22,23], Milani [24–27], Nozaki [28,29], Sen and

van Leeuwen [30–34] among others. An important part
of this investigations, has concentrated in designing new

ligands that, when coordinated to the palladium centre,

provide the appropriate electronic and steric environ-

ment to yield more active and selective catalysts. For

example, it has been established that the nature of the

ligand�s coordinating atoms (usually phosphorous or

nitrogen) has a great impact on the molecular weight

of the final polymeric product [10]. The stereoregularity
of the final polymers, on the other hand, can be modified

by changing the steric and electronic properties of the li-

gand [17,20] or by using chiral species [13,14,35–37]. Be-

sides the nature of the ligands, the reaction conditions

also have an important impact on the catalytic perfor-

mance of the system. Several systematic studies have ap-

peared in the literature showing how the reaction

temperature, CO pressure [26,29], nature of the com-
plex�s counterions [18,38,39] and the reaction solvent

[40] can greatly modify the yields and molecular weights

of the polymers produced.

As part of our ongoing interest in the supramolecular

chemistry of metal complexes, we have engaged in

studying catalytically active metals coordinated by li-

gands that contain hydrogen bonding motifs. The ratio-

nale behind this approach is to combine the catalytic
performance of the metal with the molecular recognition

properties of hydrogen-bonding groups to yield a more

selective and efficient catalyst. In order to explore this

approach, the palladium-catalyzed copolymerization of

CO and olefins was chosen as a model reaction. This

reaction proceeds by subsequent alternating migratory

insertions of an alkyl group to CO and an acyl group

to an olefin; these alternating insertions generate species
such as [Pd]–C(@O)R and [Pd]–CHPh–CH2–C(@O)R

which are potential hydrogen bond acceptors (via the

lone pairs of the carbonyl�s oxygen). Since some of the

structural properties of the resulting polymer depend

on the geometrical constrains imposed by the catalyst

on the migratory insertions, a hydrogen-bonding ligand

(coordinated to the catalytic centre) could in principle

influence the course of the reaction. Herein, we report
the synthesis and structural characterization of the

new palladium(II) metal complex [Pd(CH3)Cl(PyUr)]

(1) which contains the urea-substituted pyridine ligand

PyUr (see Scheme 1).

We also report that upon removal of the chloride

ligand from this complex, the complex [Pd(CH3)(PyUr)]-

[BF4] (2) is stabilized by interaction of the urea�s car-

bonyl group with the metal centre. To investigate the
potential role played by the hydrogen bonding moiety

and the hemilabile nature of the ligand on the reactivity
of the complex, the reaction of 1 with CO and styrene

under mild conditions was investigated and the results

are herein presented. The reaction between 1 and 2-pro-

pen-1-ol (CH2@CHCH2OH) has also been carried out
to investigate the potential interactions between the

urea group of the ligand and the –OH group of the

olefin. Interestingly, in this reaction an organometallic

transformation of the 2-propen-1-ol yields an allyl

palladium(II) complex which has been structurally

characterized.
2. Results and discussion

2.1. Synthesis and structural characterization of

[Pd(CH3)Cl(PyUr)] (1)

The mono-substituted pyridine PyUr was prepared

by heating to reflux a toluene solution of 2-acetylpyri-

dine and NH2CH2CH2NHC(@O)NHCH2CH3 and re-
moval of the water via a dean-stark apparatus. The

solid obtained from this reaction was characterized as

PyUr on the basis of 1H and 13C{1H} NMR and IR

spectroscopies, CI(+) mass spectrometry (including an

accurate mass determination which gave the correct

molecular formula for the [M + H]+ ion) and elemental

analyses.

The new palladium complex [Pd(CH3)Cl(PyUr)] (1)
(see Scheme 1) was then prepared from the reaction of

PyUr and [Pd(CH3)Cl(COD)] in CH2Cl2. This com-

pound was fully characterized by 1H NMR and IR spec-

troscopies, FAB+ mass spectrometry and elemental

analyses. To confirm the above formulation crystals of



Fig. 2. Hydrogen bonding and stacking interactions between mole-

cules in the structure of 1. The N–H � � �O hydrogen bonds have

N � � �O, H � � �O (Å), N–H � � �O (�); (a) 2.89, 2.06, 154; (b) 3.07, 2.26,
149. The centroid � � �centroid and mean interplanar separations (c) are

3.74, 3.33 Å, respectively, and the Pd � � �C(7) distance (d) is 3.48 Å.
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1 suitable for an X-ray crystallographic analysis were

grown by slow diffusion of diethyl ether into a CH2Cl2
solution of the compound. The X-ray analysis showed

the structure (see Fig. 1) to be disordered, containing

both cis and trans isomers in a ca. 65:35 ratio (vide in-

fra). The PyUr ligand coordinates to the metal via the
adjacent pyridyl and imino nitrogen centres. The geom-

etry at palladium is distorted square planar with cis an-

gles in the range 78.9(3)–101.0(3)�, the acute angle being
associated with the bite of the PyUr ligand. The Pd–

N(1) [2.066(8) Å] and Pd–N(7) [2.114(7) Å] distances

do not differ significantly from those in, for example,

the complex (l2-1,1 0-bis((pyrid-2-yl)methyleneamino)-

ferrocene)-dichloro-dimethyl-dipalladium [41]. The N,N 0

chelate ring is planar to within 0.019 Å and the

C(7)@N(7) bond [1.269(10) Å] retains its double bond

character. The geometry about C(9)–C(10) is gauche

and the torsional twist about N(7)–C(9) is ca. 99�.
Glide-related molecules are linked by a pair of N–

H � � �O hydrogen bonds between the urea N–H groups

of one molecule and the carbonyl oxygen atom of an-

other, to form chains that extend in the crystallographic
c-direction. Adjacent centrosymmetrically related chains

are linked by p–p stacking interactions (see Fig. 2).

As indicated by the X-ray crystallographic determi-

nation, both the cis and trans isomers of 1 (based on

the relative position of the methyl group and the pyri-

dine ring) are present in the bulk of the crystalline sam-

ple. Inspection of the 1H NMR spectrum of a solution of

1 shows that all the signals are repeated indicating the
existence of the two isomers in solution as well (in an
Fig. 1. The molecular structure of 1. Selected bond lengths (Å) and

angles (�) for the major occupancy conformer; Pd–Cl 2.196(4), Pd–C

2.11(3), Pd–N(1) 2.066(8), Pd–N(7) 2.114(7), Cl–Pd–C 88.1(8), Cl–Pd–

N(1) 179.8(3), Cl–Pd–N(7) 101.0(3), C–Pd–N(1) 92.0(9), C–Pd–N(7)

170.8(8), N(1)–Pd–N(7) 78.9(3).
approximately one-to-one ratio). The most sensitive sig-

nal for the assignment of the two different isomers is the

proton on the 5 position of the pyridine (H5 in Scheme

1). In trans-1 (where the methyl group is trans to the pyr-

idine – see Scheme 2) the chloride has a strong deshiel-
ding effect on H5. As a consequence this proton

appears at a considerable higher chemical shift in

trans-1 (d = 8.98 ppm) than the corresponding proton

in cis-1 (d = 8.59 ppm). On the other hand, the urea pro-

tons for one of the two isomers are shown as two broad

resonances at 5.01 and 5.73 ppm (no clear coupling can

be observed), while the urea protons of the other isomer
Scheme 2.
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appear as two well defined triplets (due to the coupling

of the N–H with the methylene protons) at 5.25 and

5.82 ppm, respectively. The isomer associated with the

latter pair of N–H resonances (at lower field) is likely

to be the one displaying the stronger hydrogen bonding

interactions. If an intramolecular hydrogen-bonding
interaction between the urea of the ligand and the chlo-

ride on the palladium is invoked (assuming that the

supramolecular interactions observed in the solid state

structure are not retained in solution), it is then likely

that the latter values of the N–H chemical shifts corre-

spond to cis-1 (see Scheme 2).

2.2. Reaction of 1 and its de-halogenated derivative

[Pd(CH3)(PyUr)][BF4] (2) with CO

Besides acting as a hydrogen bonding moiety, the

urea of the PyUr ligand can also coordinate to the metal

centre in an intramolecular fashion via the oxygen atom

of the C@O group (and hence the ligand could be con-

sidered a hemilabile one). These two features of the li-

gand could influence the catalytic activity of complex 1
for the copolymerization of CO and an olefin.

With this in mind we first investigated the ability of

PyUr to use the urea C@O group to coordinate to pal-

ladium by removing the chloride from compound 1.

Upon addition of one equivalent of AgBF4 to 1, the

immediate precipitation of AgCl and the formation of

a yellow solution were observed. A yellow solid was iso-

lated from the reaction mixture and formulated as
[Pd(CH3)(PyUr)][BF4] (2) on the basis of spectroscopic

and analytical data. This complex proved to be very sta-
Scheme 3
ble, not only as a solid, but also in solution with non-

coordinating solvents. This strongly suggests that the

C@O group of the urea is interacting intramolecularly

with the palladium center (see Scheme 3). The FAB(+)

mass spectrum of this species indicated the presence of

[Pd(CH3)(PyUr)]+ at 355 a.m.u. (molecular peak) while
the 1H NMR spectrum showed the presence of only one

set of urea N–H signals (in contrast to 1 where two iso-

mers are observed) at 6.05 and 6.58 ppm. The IR spec-

trum of the compound indicated a shift in the C@O

stretching frequency (1637 cm�1) relative to the corre-

sponding stretching frequency in 1 (1625 cm�1).

Once it was established that the urea group can coor-

dinate to the palladium center in an intramolecular fash-
ion and stabilize complex 2, we shifted our attention to

investigating the reactivity of both 1 and 2 towards CO.

This insertion reaction is one of the essential steps in the

copolymerization of CO and olefins, hence studying it

could provide some insight into the potential ability of

the urea substituent of PyUr to influence the catalytic

performance of the palladium(II) complex. Carbon

monoxide was bubbled through a solution of 1 for
5 min resulting in a bright yellow solution from which

a yellow solid was isolated. Full characterization of this

product revealed it to be the palladium–acyl complex

[Pd{C(@O)CH3}Cl(PyUr)] (3). A band at 1682 cm�1

in the IR spectrum of this sample indicated the presence

of the –C(@O)CH3 fragment. The 1H NMR spectrum of

this species showed it to be a 1:1 mixture of the cis and

trans isomers. Two singlets (in a 1:1 ratio) between 2.50
and 2.55 ppm were observed and assigned to the methyl

protons of –C(@O)CH3 for each one of the two isomers.
.
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As in the 1H NMR spectrum of complex 1, that one of 3

showed the presence of two different urea groups (for

each one of the two isomers); four broad signals (two

of which were resolved as triplets) of equal intensity

were observed between 4.95 and 5.85 ppm and assigned

to the two different sets of urea N–H resonances for the
cis and trans isomers. The formulation of the product

was further confirmed by FAB(+) mass spectrometry

(which showed the molecular peak at 421 a.m.u.) and

by elemental analyses.

Since the palladium-catalyzed copolymerization of

CO and olefins requires a vacant coordination site on

the metal centre, it was of interest to study the behavior

of 3 upon removal of the chloride from the coordination
sphere. This was carried out by addition of one equiva-

lent of AgBF4 to a solution of 3 in CH2Cl2 which pro-

duced the immediate precipitation of AgCl (see

Scheme 3). The reaction mixture was filtered and from

the filtrate a yellow solid was isolated and characterized

as [Pd{C(@O)CH3}(PyUr)][BF4] (4) on the basis of

spectroscopic and structural data. Recrystallization of

4 from a mixture of CH2Cl2 and hexane resulted in
the formation of yellow plate-like crystals which were

analyzed by X-ray crystallography. The single crystal

X-ray structure shows the tridentate coordination of

the PyUr ligand (via the imine and pyridine nitrogen

atoms and by the intramolecular coordination of the

urea C@O), the remaining site on the metal being occu-

pied by the C-bonded acetyl group (see Fig. 3). The

geometry at palladium is distorted square planar with
cis angles in the range 77.9(4)–102.1(3)�, the acute angle
Fig. 3. The molecular structure of 4. Selected bond lengths (Å) and

angles (�); Pd–N(1) 2.038(10), Pd–N(7) 2.170(8), Pd–O(12) 2.062(9),

Pd–C(16) 1.975(12), N(1)–Pd–N(7) 77.9(4), N(1)–Pd–O(12) 177.7(3),

N(1)–Pd–C(16) 98.1(5), N(7)–Pd–O(12) 102.1(3), N(7)–Pd–C(16)

176.0(5), O(12)–Pd–C(16) 81.9(5). The N–H � � �F hydrogen bonds to

the major occupancy (67%) BF4 anion have N � � �F, H � � �F (Å), N–

H � � �F (�): (a) 2.90, 2.04, 158; (b) 2.97, 2.09, 166.
being associated with the N,N 0 chelate. The Pd–N(1)

[2.038(10) Å], Pd–N(7) [2.170(8) Å] and Pd–C(16)

[1.975(12) Å] distances do not differ significantly from

those observed in, for example, the complex acetyl-

chloro-(2-(N-isopropyl)-carbaldiminopyridine)-palla-

dium(II) [32], and the Pd–O(12) bond length [2.062(9) Å]
is typical of carbonyl trans to pyridyl [42]. The N,N 0 che-

late ring is planar to within only 0.03 Å, having a slight

envelope distortion with N(1) lying 0.076 Å out of the

plane of the other four atoms, which are coplanar to

within 0.004 Å. The C(7)@N(7) bond [1.272(14) Å] re-

tains its double bond character.

Despite the change from the bidentate coordination

of the PyUr ligand in 1 to the tridentate coordination
seen here in 4 there is a retention of a gauche geometry

about the C(9)–C(10) bond. The only hydrogen bonding

interactions are between the urea N–H groups and the

BF4 anion, which is disordered (see Fig. 3). Although

the C(7)@N(7) bond of one molecule is positioned over

the symmetry related pyridyl ring of another, the separa-

tion of 3.8 Å is too long to represent any significant

intermolecular stacking interaction.
The solid state structure of this complex is consistent

with its spectroscopic characterization in solution. The
1H NMR spectrum of 4 shows the expected signals for

the methyl groups of the acyl fragment coordinated to

the palladium (singlet at 2.56 ppm), the methyl of the li-

gand�s imine group (singlet at 2.40 ppm) and the methyl

group of the ethyl side chain of the ligand (a triple at

1.19 ppm). The protons of the N–H groups appear as
broad signals at 6.11 and 6.70 ppm and, as expected

due to geometrical constrains, only one isomer is possi-

ble. As is shown in Scheme 3, complex 4 was also pre-

pared successfully by bubbling CO gas through a

solution of the de-halogenated complex 2.

2.3. CO/styrene copolymerization

Once it was shown the facile insertion of CO into the

Pd–C bond of 1 and the ability of the urea carbonyl

group to stabilize complex 4, the catalytic properties

of 2 (generated in situ by removing the chloride of 1 with

silver salts) for the copolymerization of CO and styrene

were investigated. As indicated before, the features of

the system that could lead to distinct catalytic properties

are the hemilability of PyUr and the presence of the urea
groups as hydrogen bonding units.

The CO/styrene copolymerization reactions were

carried out by first dissolving 1 in 2,2,2-trifluoroethanol

in the presence of AgX (X = BF4 or PF6) to remove the

chloride from the coordination sphere. The precipitated

AgCl was removed by filtration and an excess of sty-

rene was added to the filtrate. The reaction mixture

was placed in an autoclave, pressurized to 10 atm with
CO and stirred for 24 h. The polymers formed were

separated and purified following established procedures,



Scheme 5.
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and were characterized by NMR and IR spectrosco-

pies, melting point and by MALDI-TOF mass spec-

trometry to determine their molecular weights (see

Table 1 for details). In both cases the co-polymer was

obtained in moderate yields (49 and 63 g of copoly-

mer/g Pd for the reaction with AgPF6 and AgBF4,
respectively). The molecular weight of the copolymers

(determined by MALDI-TOF spectrometry) was 4202

and 5650 a.m.u., respectively, which is comparable to

the molecular weights previously reported for other pal-

ladium–(N–N) catalysts under similarly mild experimen-

tal conditions (relatively low CO pressure and at room

temperature). The polydispersity of these products is

remarkably low with values of 1.03 (in the presence of
PF�

6 ) and 1.06 (in the presence of BF�
4 ). The

13C{1H}

NMR spectra of the two copolymers is consistent with

a stereoregular material [16] since strong signals for

CO, Cipso, CH and CH2 were observed at 210.8, 135.5,

54.4 and 43.0 ppm, respectively (values given for the

copolymer obtained using AgBF4 – very similar values

were observed for the one obtained in the presence of

AgPF6). These chemical shifts are very close to those
previously reported for alternating head-to-tail syndio-

tactic CO/styrene copolymers [15]. In all cases, besides

the main peak corresponding to the Cipso of the syndi-

otacic polymer at 135.5 ppm, two very small resonances

at slightly higher chemical shifts (around 136 and

137 ppm) were also observed indicating that the poly-

mers are nearly but not 100% stereochemically pure

(Scheme 4).
In order to evaluate if the urea groups of PyUr indeed

had an influence on the copolymerization reaction, the

palladium(II) compound [Pd(CH3)Cl(PyPr)] (5) was

also prepared (see Scheme 5). This complex is analogous

to 1 but the ligand PyPr does not contain urea groups

that could influence the catalysis (instead it contains a

simple propyl chain).

In spite of our initial hypothesis that the urea
groups would have an important effect on the copoly-

merization reaction, the results obtained using 5 as a

catalysts are similar to those obtained with 1 (see

Table 1 and experimental details). The most important

difference observed when doing these experiments, was

the presence of larger amounts of black palladium
Table 1

Selected data for the CO/styrene copolymers obtained using either 1 or 5 as ca

coordination sphere

Catalyst AgX Mass of polymer (g) g polymer/g Pd

1 AgPF6 0.636 49

1 AgBF4 0.823 63

5 AgPF6 0.646 49

5 AgBF4 0.745 57

All reactions were carried out at room temperature, using 2,2,2-trifluoroe

0.127 mmol of the corresponding palladium catalyst was used.
(which made the copolymers grey and more difficult

to purify) when using 5 in comparison to the reactions

with 1. It should also be noted that the reaction using

1 and AgBF4 gave the best yield and higher molecular
weight copolymer. The above two facts suggests that,

although the urea groups might not influence the

manner in which the migratory insertions take place,

1 is probably a more robust catalyst than 5. This

might be due the hemilabile nature of PyUr which

has been shown to stabilize, by coordination, species

such as 2 and 4. Further studies will be required to

investigate if this enhanced stability can be exploited
at higher temperatures to obtain better yields and

higher molecular weight polymers.
2.4. Reactivity of 4 with 2-propen-1-ol

There is growing interest in developing catalysts for

the polymerization of functionalized olefins – espe-

cially those with polar substituents such as –OH,
–NH2 or –COOH [43,44]. One of the key problems
talysts in the presence of silver salts to remove the chloride ion from the

Melting point (�C) (pure) Mw (g/mol) Mw/Mn

246–250 4202 1.03

252–254 5650 1.06

248–254 4612 1.04

246–252 4250 1.03

thanol as a solvent and under 10 atm of CO pressure. In all cases



Fig. 4. The molecular structure of 6. Selected bond lengths (Å) and

angles (�): Pd–N(1) 2.088(6), Pd–N(7) 2.091(6), Pd–C(16) 2.132(7), Pd–

C(17) 2.111(9), Pd–C(18) 2.135(8), C(7)–N(7) 1.284(9); N(1)–Pd–N(7)

78.2(2).
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to overcome in this type of reaction is the reactivity of

the substituents towards the catalytic metal center.

Late transition metals are an ideal starting point for

such polymerization studies since they are better sui-

ted to tolerate functional groups. Considering that

the complexes studied throughout the present work
contain a ligand with a hydrogen bonding motif, we

rationalized that this ligand could, in principle, estab-

lish supramolecular interactions with the substituent

group of an incoming functionalized olefin. This in

turn could reduce the potential unwanted reactions be-

tween the functional group and the palladium centre

of the corresponding complex and favor the insertion

of the olefin into the Pd–C bond (which could subse-
quently be the basis for a polymerization or copoly-

merization process). Consequently, the reaction

between 2 (generated by reacting 1 with one equiva-

lent of AgBF4) and a large excess of 2-propen-1-ol

(CH2@CHCH2OH) was investigated. After stirring

the reaction mixture for 12 h, it was filtered (to re-

move some black palladium formed) and from the

filtrate a white solid was isolated and characterized
as the unexpected palladium-allyl product [Pd(g3-

CH2CHCH2)(PyUr)]- [BF4] (6). The
1H NMR spectrum

of this product showed the characteristic resonances

for the ligand and also two doublets at 3.40

and 4.06 ppm (integrating to two protons each) and

a triplet of triplets at 5.89 ppm (integrating to one

proton) that can be assigned to the two non-equiva-

lent CH2 groups of the allyl ligand and to the central
CH group of this moiety. The proposed formulation

was also consistent with the observed FAB(+) mass

spectrum which showed a peak at 381 a.m.u. with

very high intensity which can be assigned to [Pd(g3-

CH2CHCH2)(PyUr)]+. Crystals suitable for an X-ray

crystal structure determination were obtained from

slow diffusion of diethyl ether onto a CH2Cl2 solution

of the complex. The X-ray structure of 6 is shown in
Fig. 4. Here, the PyUr ligand adopts the same biden-

tate N,N 0 coordination geometry observed in 1, the al-

lyl group occupying the remaining coordination sites

on the metal centre. The allyl carbon atoms C(16),

C(17) and C(18) lie 0.17, �0.49 and 0.08 Å, respec-

tively, from the {PdN2} coordination plane. The Pd–

N and Pd–C distances (see Fig. 4) are very similar

to those observed in other g3-allyl-pyridyl- and g3-al-
lyl-pyridyl-imino-palladium(II) complexes [45–47]. The

N,N 0 chelate ring has an envelope conformation with

the palladium atom lying 0.14 Å out of the plane of

the remaining atoms, which are coplanar to within

0.003 Å. The PyUr ligand retains the C(9)–C(10)

gauche geometry observed in the other two complexes.

Glide-related molecules are linked by an N–H � � �O
hydrogen bond between N(11)–H in one molecule
and the urea carbonyl oxygen atom O(12) of another;

the N � � �O and H � � �O distances are 2.95, 2.10 Å, and
the N–H � � �O angle is 157�. There is a weak p–p
stacking interaction between the pyridyl rings of cen-

trosymmetrically related pairs of molecules; the cen-

troid � � �centroid and mean-interplanar separations

are 4.17 and 3.51 Å, respectively. There are no interac-

tions involving the BF4 anion.
The formation of complex 6 from 2 and

CH2@CHCH2OH was not expected (since an insertion

of the olefin into the Pd–C bond was being sought)

but it is nevertheless not surprising. It is well established

in the literature that species with formula CH2@
CHCH2X (where X = halides, –OAc, –OR, –OH) yield

palladium-allyl complexes – many of which are interme-

diate species for various palladium-mediated organic
transformations [48–51]. As is shown in Scheme 6, upon

removal of the chloride from the coordination sphere of

1, it is likely that in the presence of a large excess of ole-

fin, an intermediate species with the olefin coordinated

to the metal centre in a p fashion is formed. Although

this species could in principle proceed to the wanted

migratory insertion, a re-arrangement of the olefin takes

place with elimination of CH3OH and formation of the
stable palladium-allyl complex 6.

Due to this reaction being so favorable, it was not

possible to evaluate if the hydrogen-bonding groups of

the ligand in 2 would have an influence on the insertion

of the functionalized olefin into the Pd–CH3 bond.

Investigations with other substituted olefins are cur-

rently underway to determine the potential importance

of the hydrogen bonding moieties in this organometallic
transformation.
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3. Conclusions

The urea-substituted N–N pyridine ligand PyUr has

been successfully prepared and coordinated to
palladium yielding the new metal complex [Pd(CH3)Cl-

(PyUr)]. Upon removal of the chloride from the coordi-

nation sphere of 1, the urea group of the ligand interacts

with the vacant coordination site of the palladium centre

forming the stable complex [Pd(CH3)(PyUr)][BF4]. This

complex has been shown to be a good catalyst for the

copolymerization of CO and styrene at room tempera-

ture, without the need of adding any co-catalysts and
at relatively low CO pressures. The hemilability of the

ligand seems to provide the appropriate coordination

environment to render a stable complex that catalyzes

the reaction with very little apparent decomposition

(and hence little contamination of the polymeric product

by metallic palladium). Further studies will be required

to explore the full catalytic capabilities of this complex.

For example, due to its stability, it is likely that the com-
plex will be compatible with catalytic processes per-

formed at higher temperatures. Regarding the

influence of the hydrogen bonding units in the nature

of the final polymeric product, the results obtained so

far do not suggest that they play an important role in

the catalytic process. However, it would be interesting

to explore if an alkyl linker of a different length (for

example increasing by one CH2 group the length of
the chain) would have an influence on the way the li-

gand�s urea interacts with the rest of the complex.
4. Experimental

4.1. General procedures

All manipulations were carried out in an atmosphere

of purified and dry nitrogen using standard Schlenk line

techniques unless otherwise stated. Solvents were dried

from the appropriate drying agent, degassed and stored

under nitrogen. All commercially available solid starting

materials were not further purified. All liquid starting

materials were dried over molecular sieves and thor-

oughly degassed by freeze–pump–thaw prior to use.
1H and 13C NMR spectra were recorded on a JEOL-

EX270 spectrometer (270.17, 67.94 MHz, respectively)

with TMS as internal reference. IR spectra were re-

corded on a Research Series FT-IR using KBr disks in
the range 4000–500 cm�1. The compounds [Pd(CH3)Cl-

(COD)] [52], 1-(2-aminoethyl)-3-ethylurea [53] and

N-(n-propyl)-2-pyridylmethanimine (PyPr) [54]were syn-

thesised according to previously reported procedures.

4.2. Synthesis of 1-(2-(1-(pyridin-2-

yl)ethylideneamino)ethyl)-3-ethylurea (PyUr)

2-acetylpyridine (2.02 ml, 18.02 mmol) was placed in

a flask containing H2NCH2CH2NHC(@O)NHCH2CH3

(2.51 g, 18.9 mmol) in dry toluene (20 ml). The mixture

was refluxed for 4 h using a Dean–Stark apparatus to re-

move the water formed in the reaction. Upon cooling a

solid product precipitated. The volume of the toluene

was then reduced under reduced pressure and ether

was added to precipitate more solid. The solid was then
recrystalized by using a CH2Cl2/hexane mixture giving a

pale cream product. Yield = 3.61 g, 15.43 mmol, 86%.

Anal. Found: C 61.48; H: 7.78; N: 24.00. C12H18N4O re-

quires C: 61.52; H: 7.74; N: 23.91%. 1H NMR in CDCl3:

d 1.08 (t, 3H, –CH2CH3,
3JHH = 7.0 Hz), 2.35 (s, 3H, –

N@C–CH3), 3.18 (dt, 2H, –CH2CH3,
3JHH = 7.0 Hz,

6.5 Hz), 3.57 (broad, 4H, –CH2CH2–), 4.91 (broad,

2H, NH), 7.28 (dd, 1H, pyridine-H4, 3JHH = 6.2 Hz),
7.70 (dd, 1H, pyridine-H3, 3JHH = 7.9 Hz), 7.99 (d, 1H,

pyridine-H2, 3JHH = 7.9 Hz), 8.59 (d, 1H, pyridine-H5,
3JHH = 4.7 Hz). 13C{1H} in CDCl3: d 14.7 (CH3CH2–),

15.5 (–N@C–CH3), 35.2 (CH3CH2–), 41.5, 52.9

(CH2CH2), 120.9 (pyridine-C2), 124.3 (pyridine-C4),

136.3 (pyridine-C3), 148.4 (pyridine-C5), 157.4 (C@O),

159.2 (pyridine-C1), 168.3 (C@N). MS-CI(+) m/z (rel.

intensity): 235 (100) [M + H]+, 132 (38)
[H2NCH2CH2NC(O)NHEt]+. Accurate mass CI

235.1548 [M + H]+ C12H19N4O.

4.3. Synthesis of [Pd(CH3)Cl(PyUr)] (1)

PyUr (0.89 g, 3.85 mmol) was dissolved in CH2Cl2
(50 ml) giving a pale yellow solution. [Pd(CH3)Cl-

(COD)] (1.00 g, 3.85 mmol) was added in one portion
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to the solution which became a bright yellow suspen-

sion. The reaction mixture was allowed to stir for a fur-

ther 20 min. The volume of CH2Cl2 was reduced to

about 15 ml and the reaction mixture was filtered. The

solid was washed with ether (20 ml) and dried under re-

duced pressure. The product contained a mixture of the
cis and trans isomers. Yield = 1.32 g, 3.38 mmol, 88%.

Anal. Found: C: 39.76; H: 5.54; N: 14.30.

C13H21N4OPdCl requires C: 39.91; H: 5.41; N:

14.32%. 1H NMR in CDCl3 for trans isomer: d 0.70

(s, 3H, PdCH3), 1.08 (t, overlapping with cis isomer,

3H, –CH2CH3,
3JHH = 6.0 Hz), 2.54 (s, 3H, CH3C@N),

3.17–3.45 (m, 4H, –CH2CH2–, overlapping with cis iso-

mer), 3.99 (t, 2H, –CH2CH3,
3JHH = 6.0 Hz), 5.01 (br,

1H, NH), 5.73 (br, 1H, NH), 7.57 (m, 1H, pyridine-H4

overlapping), 7.82 (m, 1H, pyridine-H2, overlapping),

7.98 (ddd, pyridine-H3, 3JHH = 7.5 Hz, 3JHH = 6.0 Hz,
3JHH = 3.5 Hz), 8.98 (dd, pyridine-H5, 3JHH = 6.0 Hz,
3JHH = 3.5 Hz). 1H NMR in CDCl3 for cis isomer: d
0.90 (s, 3H, PdCH3), 1.08 (t, overlapping with trans iso-

mer, 3H, –CH2CH3,
3JHH = 6.0 Hz), 2.46 (s, 3H,

CH3C@N), 3.17–3.45 (m, 2H, –CH2CH2–, overlapping
with trans isomer), 4.13 (t, –CH2CH3,

3JHH = 6.5 Hz),

5.25 (t, NH, 3JHH = 6.0 Hz), 5.82 (t, NH,
3JHH = 6.0 Hz), 7.57 (m, 1H, pyridine-H4, overlapping),

7.82 (m, 1H, pyridine-H2, overlapping), 8.04 (ddd, pyri-

dine-H3, 3JHH = 8.0 Hz, 3JHH = unresolved,
3JHH = 2.0 Hz), 8.59 (dd, pyridine-H5, 3JHH = 4.5 Hz,
3JHH = unresolved). IR (mmax/cm

�1) (KBr): 3351, 3346

(N–H), 2964, 2932, 2889 (C–H), 1625 (C@O), 1598,
1567 (pyridine C@C and C@N). FAB(+)-MS m/z (rela-

tive intensity): 393 (4) [LPdMeCl]+, 377 (50) [LPdCl]+,

355 (100) [LPdMe]+, 340 (51) [LPd]+.

4.4. Synthesis of [Pd(CH3)(PyUr)][BF4] (2)

Complex 1 (0.15 g, 0.38 mmol) was dissolved in

CH2Cl2 (20 ml). AgBF4 (0.08 g, 0.40 mmol) was added
in one portion to the mixture, resulting in the precipita-

tion of AgCl from the reaction. This mixture was stirred

for 15 min and then filtered through a glass-fibre filter.

The resulting yellow solution was evaporated to dryness

and washed with diethyl ether (15 ml). Yield = 0.12 g,

0.27 mmol, 71%. Anal. Found: C: 36.88; H: 4.44; N:

12.32. C13H20N4OPdBF4 Æ 0.25C4H8O requires C:

36.57; H: 4.82; N: 12.19%. 1H NMR in CDCl3: d 1.13
(t, 3H, CH2CH3,

3JHH = 7.5 Hz), 1.17 (s, 3H, PdCH3),

2.38 (s, 3H, CH3C@N), 3.19 (m, 2H, –CH2CH3), 3.62

(m, 4H, –CH2CH2–), 6.05 (br, 1H, NH), 6.58 (br, 1H,

NH), 7.58 (ddd, 1H, pyridine-H4, 3JHH = 7.0 Hz,
3JHH = 5.5 Hz, 4JHH = 1.0 Hz), 7.83 (dd, 1H, pyridine-

H2, 3JHH = 7.5 Hz, 4JHH = unresolved), 8.09 (ddd, 1H,

pyridine-H3, 3JHH = 9.5 Hz, 3JHH = 8.0 Hz, 4JHH =

1.5 Hz), 8.55 (dd, 1H, pyridine-H5, 3JHH = 4.5 Hz,
4JHH = unresolved). IR (mmax/cm

�1) (KBr): 3339 (N–

H), 1637 (C@O), 1560 (C@N), 1063 (BF4). FAB(+)-
MS m/z (rel. intensity): 355 (18) [Pd(CH3)(PyUr)]+,

340 (9) [LPd]+, 295 (3) [LPd–NHCH2CH3]
+.

4.5. Preparation of [Pd{C(@O)CH3}Cl(PyUr)] (3)

Complex 1 (0.15 g, 0.38 mmol) was partially dis-
solved in CH2Cl2 (25 ml). Carbon monoxide was bub-

bled at atmospheric pressure through the solution and

a clear yellow solution formed immediately. The carbon

monoxide was bubbled through the mixture for a fur-

ther 5 min. Hexane (25 ml) was added to the mixture

and the reaction solvent was slowly removed under re-

duced pressure, resulting in the precipitation of a bright

yellow solid. Yield = 0.11 g, 0.26 mmol, 69%. A mixture
of cis and trans in an approximately 1:1 ratio was ob-

tained. Anal. Found: C: 39.78; H: 5.21; N: 13.37.

C14H21N4O2PdCl requires C: 40.14, H: 5.02, N:

13.38%. 1H NMR in CDCl3 for trans isomer: d 1.07 (t,

3H, –CH2CH3, overlapping with cis isomer), 2.48 (s,

3H, CH3C@N), 2.54–2.60 (s, 3H, Pd–C(@O)CH3 over-

lapping with cis isomer), 3.16 (m, 2H, –CH2CH2–, over-

lapping with cis isomer), 3.44 (m, 2H, –CH2CH2–,
overlapping with cis isomer), 4.02 (t, 2H, –CH2CH3,
3JHH = 6.5 Hz), 5.74 (br, s, 1H, NH), 5.85 (br, t, 1H,

NH), 7.56 (ddd, 1H, pyridine-H4 overlapping), 7.83

(m, 1H, pyridine-H2 overlapping), 8.02 (m, 1H, pyri-

dine-H3 overlapping), 8.84 (d, 1H, pyridine-H5,
3JHH = 4.5 Hz). 1H NMR in CDCl3 for cis isomer: d
1.07 (t, 3H, –CH2CH3, overlapping with trans isomer),

2.45 (s, 3H, CH3C@N), 2.54–260 (s, 3H, Pd–C(@O)CH3

overlapping with trans isomer), 3.16 (m, 2H, –CH2CH2–,

overlapping with trans isomer), 3.44 (m, 2H, –CH2CH2–,

overlapping with trans isomer), 3.86 (t, 2H, –CH2CH3,
3JHH = 6.5 Hz), 4.95 (br, s, 1H, NH), 5.14 (br, t, 1H,

NH), 7.56 (ddd, 1H, pyridine-H4 overlapping), 7.83

(m, 1H, pyridine-H2 overlapping), 8.02 (m, 1H, pyri-

dine-H3 overlapping), 8.37 (d, 1H, pyridine-H5,3JHH =

5.0 Hz). IR (mmax/cm
�1) (KBr): 3366, 3314 (N–H),

1682, 1663 (C@O), 1632 (C@N), 1574 (pyridine).

FAB(+)-MS m/z (rel. intensity): 421 (5) [M + H]+, 383

(12) [M–Cl]+, 377 (22) [M–C(O)Me]+, 355 (82)

[PyUrPdMe]+, 340 (100) [PyUrPd]+.

4.6. Synthesis of [Pd{C(@O)CH3}(PyUr)][BF4] (4)

Method A – A solution of complex 2 was prepared by
addition of AgBF4 (0.05 g, 0.25 mmol) to a solution of

complex 1 (0.10 g, 0.25 mmol) in CH2Cl2 (15 ml). The

precipitated AgCl was removed by filtration from the

solution and then CO(g) was bubbled through the filtrate

for 2 min. An immediate change of colour to a brighter

and more intense yellow solution was observed. A small

amount of a black solid precipitated which was filtered

and the solvent from the resulting filtrate was removed
under reduced pressure. Diethyl ether was added to

the residue and rapidly stirred to yield a fine yellow
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solid. Yield = 0.10 g, 0.21 mmol, 85% (the products ob-

tained via method A and B have practically the same

spectroscopic characterisation; only one of them is show

below).

Method B – AgBF4 (0.025 g, 0.13 mmol) was added

in one portion to a solution of complex 3 (0.05 g,
0.12 mmol) in CH2Cl2 (15 ml) resulting in the precipi-

tation of AgCl. The reaction mixture was left stirring

for 10 min and then filtered. A yellow solid was

formed by addition of hexane (10 ml) to the filtrate.

The solid was washed with diethyl ether (10 ml) and

dried under reduced pressure. Yield = 0.04 g,

0.085 mmol, 71%. Anal. Found: C: 35.75; H: 4.68;

N: 11.61. C14H21N4O2PdBF4 requires: C: 35.72; H:
4.50; N: 11.90%. 1H NMR in CDCl3: d 1.19 (t, 3H,

–CH2CH3,
3JHH = 7.0 Hz), 2.40 (s, 3H, CH3C@N),

2.56 (s, 3H, Pd–C(@O)CH3), 3.11 (m, 2H, –CH2CH3),

3.50 (m, 2H, –CH2CH2–), 3.64 (m, 2H, –CH2CH2–),

6.11 (br, 1H, NH), 6.70 (br, 1H, NH), 7.64 (ddd,

1H, pyridine-H4, 3JHH = 7.5 Hz, 3JHH = 5.5 Hz,
4JHH = 1.0 Hz), 7.93 (d, pyridine-H2, 3JHH = 7.5 Hz),

8.11 (dd, 1H, pyridine-H3, 3JHH = 9.5 Hz,
3JHH = 7.5 Hz, 4JHH = 1.5 Hz), 8.51 (dd, 1H, pyri-

dine-H5, 3JHH = 4.5 Hz, 4JHH = unresolved). IR (mmax/

cm�1) (KBr): 3404 (N–H), 1701 (C@O), 1643

(C@O), 1599 (C@N pyridine), 1084 (BF4). FAB(+)-

MS m/z (rel. intensity): 386 (14) [M–BF4]
+, 355 (100)

[PyUrPdMe]+, 340 (47) [PyUrPd]+.

4.7. Synthesis of [Pd(CH3)Cl(PyPr)] (5)

Ligand PyPr (0.22 g, 1.38 mmol) was dissolved in

dichloromethane (30 ml) to give a pale yellow solu-

tion. To this was added [Pd(CH3)Cl(COD)] as a solid

(0.365 g, 1.38 mmol) giving a yellow suspension. The

mixture was then stirred for 20 min, after which time

the volume was reduced to ca. 15 ml under reduced

pressure and the solid collected by filtration. The yel-
low solid was washed with diethyl ether (20 ml) and

dried under reduced pressure to give a solid contain-

ing both the cis and trans isomers of 5. Yield 0.36 g,

1.13 mmol, 82%. Anal. Found: C, 41.40; H, 5.26; N,

8.62. C11H17N2PdCl requires: C, 41.40; H, 5.37; N,

8.78%. 1H NMR in CDCl3 for trans isomer: d 0.98

(s, 3H, Pd–CH3), 1.00 (t, 3H, –CH2CH2CH3,
3JHH = 7.4 Hz, overlapping with cis isomer), 1.72 (m,
2H, –CH2CH2CH3, overlapping with cis isomer) 2.36

(s, 3H, CH3–C@N), 3.96 (t, 2H, –CH2CH2CH3,
3JHH = 7.4 Hz), 7.56 (dd, 1H, pyridine-H4, 3JHH and
4JHH = unresolved, overlapping), 7.77–7.96 (m, 2H,

pyridine-H2,3 overlapping), 9.16 (d, 1H, pyridine-H5,
3JHH = 4.9 Hz). 1H NMR in CDCl3 for cis isomer:

dH = 0.88 (s, 3H, Pd–CH3), 1.05 (t, 3H, –CH2CH3,
3JHH = 7.4 Hz, overlapping with trans isomer), 1.76
(m, 2H, –CH2CH2CH3, overlapping with trans iso-

mer), 2.44 (s, 3H, CH3–C@N), 3.75 (t, 2H, –CH2CH3,
3JHH = 7.8 Hz), 7.60 (dd, 1H, pyridine-H4, 3JHH

and 4JHH = unresolved, overlapping with trans iso-

mer), 7.77–7.96 (m, 2H, pyridine-H2,3 overlapping

with trans isomer), 8.65 (d, 1H, pyridine-H5,
3JHH = 5.4 Hz). IR (mmax/cm

�1, KBr): 2966 (C-H),

2935 (C-H), 2875 (C-H), 1587 (C@N imine), 1566
(C@N pyridine).

4.8. General procedure for the CO/Styrene

co-polymerization

The corresponding palladium pre-catalyst (either 1

or 5) was dissolved in the minimum amount of 2,2,2-

trifluoroethanol (�20 ml) and one equivalent of the sil-
ver salt added as a solid. The resulting yellow solution

was stirred for 15 min and then filtered to remove the

AgCl formed. To this was added styrene and the solu-

tion put into an autoclave anaerobically. The vessel

was pressurized to 10 atm with CO(g) and stirred at

room temperature for 24 h, after which time the vessel

was opened and the polymer suspension removed. The

suspension was reduced to dryness on the rotary evap-
orator to give the crude pale grey polymer which was

then washed with dichloromethane, diethyl ether and

methanol and dried under reduced pressure. Purifica-

tion of the polymers was achieved by dissolving them

in hexafluoroisopropanol followed by filtration through

cotton wool and celite in a pipette to remove black pal-

ladium. The solvent was then allowed to evaporate and

the white polymer collected and dried under reduced
pressure. Yields were calculated using the mass of poly-

mer produced and assuming a perfectly alternating

polymer.
4.8.1. Characterization of polymer formed using 1 and

AgPF6

Yield 0.64 g, 30%. Mw = 4202.80, Mn = 4086.25, Mw/

Mn = 1.03. IR (mmax/cm
�1, KBr): 1696 (C@O). 1H NMR

in a mixture of HFIP and CDCl3: d 7.53–6.61 (m, 5H,

Ph), 4.12 (broad triplet, 1H, CHCH2), 2.98 and 2.92

(each signal a broad doublet, 2H, CHCH2).
13C{1H}

NMR in a mixture of HFIP and CDCl3: d 210.8

(C@O), 135.4 (Ph–Ci), 129.7, 128.5 (Ph–Co,m), 54.4

(CH–CH2), 43.0 (CH–CH2), m.p. 246–250 �C.
4.8.2. Characterization of polymer formed using 1 and

AgBF4

Yield 0.82 g, 39%. Mw = 5650.60, Mn = 5339.44, Mw/

Mn = 1.06. IR (mmax/cm
�1, KBr): 1707 (C@O). 1H NMR

in a mixture of HFIP and CDCl3: d 7.23–6.60 (m, 5H,

Ph), 4.10 (broad triplet, 1H, CHCH2), 3.00 and 2.88

(each signal a broad doublet, 2H, CHCH2).
13C{1H}

NMR in a mixture of HFIP and CDCl3: d 210.8

(C@O), 135.5 (Ph–Ci), 129.9, 128.5 (Ph–Co,m), 54.4
(CH–CH2), 43.0 (CH–CH2), m.p. 252–254 �C.
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4.8.3. Characterization of polymer formed using 5 and

AgPF6

Yield 0.65 g, 31%. Mw = 4612.13, Mn = 4442.28, Mw/

Mn = 1.03. IR (mmax/cm
�1, KBr): 1696 (C@O). 1H NMR

in a mixture of HFIP and CDCl3: d 7.26–6.57 (m, 5H,

Ph), 4.12 (broad triplet, 1H, CHCH2), 2.97 and 2.86
(each signal a broad doublet, 2H, CHCH2).

13C{1H}

NMR in a mixture of HFIP and CDCl3: d 210.8

(C@O), 135.4 (Ph–Ci), 129.6, 128.4 (Ph–Co,m), 54.3

(CH–CH2), 43.0 (CH–CH2), m.p. 248–254 �C.
4.8.4. Characterization of polymer formed using 5 and

AgBF4

Yield 0.74 g, 35%. Mw = 4250.63, Mn = 4121.28, Mw/
Mn = 1.03. IR (mmax/cm

�1, KBr): 1696 (C@O). 1H NMR

in a mixture of HFIP and CDCl3: d 7.26–6.57 (m, 5H,

Ph), 4.07 (broad triplet, 1H, CHCH2), 2.94 and 2.85

(each signal a broad doublet, 2H, CHCH2).
13C{1H}

NMR in a mixture of HFIP and CDCl3: d 210.6

(C@O), 135.4 (Ph–Ci), 129.5, 128.4 (Ph–Co,m), 54.2

(CH–CH2), 42.9 (CH–CH2), m.p. 246–252 �C.
4.9. Synthesis of [Pd(g3-CH2CHCH2)(PyUr)][BF4]

(6)

To a solution of 1 (0.10 g, 0.26 mmol) in CH2Cl2
(20 ml) solid AgBF4 (0.05 g, 0.26 mmol) was added.

The resulting mixture was left to stir for 15 min.

The mixture was then filtered under nitrogen and de-

gassed 2-propen-1-ol (10 ml) was added to the filtrate.
The reaction mixture was left to stir overnight. After

this time a small amount of a black solid was re-

moved by filtration, followed by removal of all vola-

tiles under reduced pressure. The resulting residue

was then washed with diethyl ether (2 · 25 ml) to re-

move the excess olefin. Yield = 0.05 g, 0.11 mmol,

41%. Anal. Found C: 38.22; H: 5.41; 9.86

C15H23N4OBF4Pd requires: 38.45; H: 4.95; 11.96. 1H
NMR in CDCl3: d 1.03 (t, 3H, –CH2CH3,
3JHH = 7.0 Hz), 2.54 (s, 3H, CH3C@N), 3.13 (dq,

2H, –CH2CH3,
3JHH = 7.0 Hz, 3JHH = 5.5 Hz), 3.40

(d, 2H, CH2CHCH2,
3JHH = 12.5 Hz), 3.62 (m, 2H,

–CH2CH2–), 4.06 (d, 2H, CH2CHCH2,
3JHH =

7.0 Hz), 4.13 (t, 2H, –CH2CH2–,
3JHH = 5.0 Hz), 5.21

(br, 1H, NH), 5.71 (t, 1H, NH, 3JHH = 5.5 Hz), 5.89

(tt, 1H, CH2CH CH2,
3JHH = 12.5 Hz, 3JHH = 7.0 Hz),

7.61 (ddd, 1H, pyridine-H4, 3JHH = unresolved), 8.00

(br d, 1H, pyridine-H2, 3JHH = 8.0 Hz), 8.14 (ddd,

1H, pyridine-H3, 3JHH = 9.5 Hz, 3JHH = 8.0 Hz,
4JHH = 1.5 Hz), 8.66 (dd, 1H, pyridine-H5, 3JHH =

8.0 Hz, 4JHH = unresolved). IR (mmax/cm
�1) (KBr):

3394 (N–H), 1647 (C@O), 1596 (C@N), 1563 (C@C),

1084, 1039 (BF4). MS-FAB(+) m/z (rel. intensity):

381 (100) [M–BF4]
+, 340 (22) [PyUrPd]+.
4.10. Crystallography

Crystal data for 1: C13H21N4OClPd, M = 391.19,

monoclinic, P21/c (no. 14), a = 9.2838(4), b =

19.7967(14), c = 9.0313(5) Å, b = 103.274(4)�, V =

1615.5(2) Å3, Z = 4, Dc = 1.608 g cm�3, l(Cu Ka) =
10.800 mm�1, T = 293 K, yellow prismatic needles;

2371 independent measured reflections, F2 refinement,

R1 = 0.058, wR2 = 0.134, 1826 independent observed

absorption-corrected reflections [jFoj > 4r(jFoj), 2hmax =

120�], 207 parameters. CCDC 261365.

Crystal data for 4: [C14H21N4O2Pd][BF4],

M = 470.56, monoclinic, P21/c (no. 14), a = 8.5822(12),

b = 17.359(2), c = 12.8659(12) Å, b = 98.960(9)�,
V = 1893.4(4) Å3, Z = 4, Dc = 1.651 g cm�3, l(Cu
Ka) = 8.410 mm�1, T = 293 K, yellow plates; 2803 inde-

pendent measured reflections, F2 refinement, R1 = 0.061,

wR2 = 0.127, 1737 independent observed absorption-

corrected reflections [jFoj > 4r(jFoj), 2hmax = 120�], 256
parameters. CCDC 261366.

Crystal data for 6: [C15H23N4OPd][BF4] Æ CH2Cl2,

M = 553.51, monoclinic, P21/c (no. 14), a = 13.387(3),
b = 18.808(4), c = 9.5682(14) Å, b = 108.826(13)�,
V = 2280.2(8) Å3, Z = 4, Dc = 1.612 g cm�3, l(Cu
Ka) = 9.151 mm�1, T = 183 K, pale yellow platy nee-

dles; 3357 independent measured reflections, F2 refine-

ment, R1 = 0.055, wR2 = 0.135, 2631 independent

observed absorption-corrected reflections [jFoj >
4r(jFoj), 2hmax = 120�], 310 parameters. CCDC 261367.
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