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Abstract

The reaction of (SC)-[(�5-C5H5)Fe{(�5-C5H4)�CH�N�CH(CO2Me)CH2�CH2SMe}] (1) with Na2[PdCl4] in the presence of
NaAcO is studied. This process leads to the formation of the tetrametallic complex: [Pd2{[C{(CO2Me)�CH2�CH2�
SMe}N�CH�(�5-C5H4)]Fe(�5-C5H5)}2Cl2]·CH2Cl2. The X-ray crystal structure of this complex revealed that the ligand exhibits
an unusual mode of binding, and that each palladium is bound to a stereogenic C sp3* carbon atom. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Cyclopalladation of N-donor ligands has been widely
studied [1] and used [2]. This reaction involves the
coordination of the ligand and the subsequent C�H
intramolecular activation to form a five- or a six-mem-
bered ring with a �(Pd�C) bond [1]. Among the wide
variety of palladacycles described, chiral derivatives [3]
have attracted a great interest due to their applications
as chiral discriminators or recognitors [4]. Besides, cy-
clopalladation of N-donor ferrocenyl ligands occurs
under mild conditions and has an additional interest
since the formation of the �(Pd�Csp2, ferrocene) bond
introduces planar chirality [4,5]. As a part of a project
directed towards the syntheses of chiral cyclometallated
compounds holding ferrocenyl units, we decided
to prepare (SC)-[(�5-C5H5)Fe{(�5-C5H4)�CH�N�CH-
(CO2Me)CH2�CH2SMe}] (1) and to study its reactivity
versus palladium(II) salts. Compound 1 has two differ-

ent �(C�H) bonds susceptible to activate: a �(Csp2,

ferrocene�H) bond or the �(C sp3* ’H) bond. Besides that
ligand 1 has an additional interest due to the prochiral
natures of the ferrocenyl unit and the sulfur. This
prompted us to study if the presence of the stereogenic
center could be important to induce the preferential
formation of any of the possible diastereomers of the
cyclopalladated complex: [Pd{[(�5-C5H3)�CH�N�
CH(CO2Me)CH2�CH2SMe]Fe(�5-C5H5)}Cl] (2), which
may form through activation of a �(Csp2, ferrocene�H)
bond. Besides that, the existence of a bulky and elec-
tron-withdrawing group in the vicinity of the imine
nitrogen could also introduce significant steric effects
and electronic effects which may be important in the
cyclopalladation process.

2. Results and discussion

The ligand (SC)-[(�5-C5H5)Fe{(�5-C5H4)�CH�N�
CH(CO2Me)CH2�CH2SMe}] (1) was prepared by con-
densation between equimolar amounts of ferrocenecar-
boxaldehyde and the amine H2N�CH(CO2Me)�CH2�
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CH2�SMe using a Dean–Stark apparatus to remove
the benzene–water azeotrope formed during the pro-
cess. The ligand is a yellow solid and was characterized
by elemental analyses, IR and mono- and two-dimen-
sional NMR spectroscopies (see Section 4). The IR
spectrum of 1 showed two sharp bands (1728 and 1627
cm−1) due to the �CO2 and �C�N� groups. Further-
more, 1H- and 13C{1H}-NMR spectra suggested that
only one isomer (E-form) was present in solution.

In order to study if palladium(II) salts could induce
the activation of the �(Csp2, ferrocene�H) bond of 1, the
general procedure described for the cyclopalladation of
ferrocenyl Schiff bases was used. This method, which
consists of the reaction between equimolar amounts of
the ferrocenyl Schiff bases [(�5-C5H5)Fe{(�5-
C5H4)�C(R)�N�R�}], Na2[PdCl4] and NaAcO in
methanol, produces cyclopalladated complexes of the
general formula: [Pd{[(�5-C5H3)�C(R)�N�R�]Fe(�5-
C5H5)}(�-Cl)]2 [6].

However, when the stoichiometric amounts of 1,
Na2[PdCl4] and NaAcO were refluxed for 18 h in
methanol, the complex [Pd2{[C{(CO2Me)�CH2�CH2�
SMe}N�CH�(�5-C5H4)]Fe(�5-C5H5)}2Cl2]·CH2Cl2 (3)
was obtained after the work up of an SiO2-column.
(Scheme 1, step A).

Once the band was collected, the polarity of the
eluant was increased progressively, but the release of
any other additional band was not observed. In addi-
tion, the whitish aspect of the column suggested the
absence of any other ferrocene derivative.

Compound 3 was characterized by elemental analy-

ses, IR and NMR spectrocopy and also by X-ray
diffraction. The IR spectrum of 3 showed two sharp
bands due to the �CO2 and �C�N� groups which
appeared at lower frequencies than for 1. The signal
due to the proton of the stereogenic center of 1 (�=
4.08 ppm) was not observed in the 1H-NMR spectrum
of 3, thus suggesting that the activation of the
�(C sp3* ’H) bond had taken place. This is supported by
the results obtained from two-dimensional NMR exper-
iments [NOESY, HMBC and HSQC] and by the low
field shift of the resonance due to the stereogenic car-
bon atom observed in the 13C{1H}-NMR spectrum.

The crystal structure of 3 (Fig. 1) shows some inter-
esting and uncommon features. The complex contains a
central six-membered ring formed by the atoms: Pd(1),
Pd(2), N(1), N(2), C(12) and C(29) with a boat confor-
mation, which shares two opposite �(Pd�Csp3) bonds
with two different five-membered palladacycles. The
metallacycles have an envelope like-conformation in
which the atoms C(30) and C(13) are out of the planes
defined by the remaining atoms.

Bond lengths and angles around the palladium atoms
(Table 1) are similar to those reported for five-mem-
bered cyclopalladated compounds containing Schiff
bases, and the Pd�S bond length agrees with those
found in palladium(II) thioether compounds [7].

Besides that, the ligand exhibits an unusual mode of
coordination since it binds to one of the palladiums
through the sulfur and the metallated carbon, while the
imine nitrogen is linked to the other palladium. Accord-
ing to the literature [8,9], a similar type of coordination

Scheme 1. R=CO2Me. (i) Na2[PdCl4] and NaAcO in refluxing methanol; (ii) SiO2 column chromatography using CH2Cl2 as eleant.
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Fig. 1. Molecular structure and atom labelling scheme for 3.

The intradimer Pd···Pd distance {3.0213(15) A� } is
shorter than the sum of the van der Waals radii (3.22
A� ) [11], which might be indicative of a metal�metal
bond. In order to elucidate this, single point molecular
orbital calculations at the DFT-B3LYP level [12,14],
using the geometry obtained from the X-ray diffraction,
followed by a critical point analyses using Bader’s
Atoms in Molecules methodology were carried out
[15,16]. These calculations failed to show any critical
point between the palladium atoms or in their vicinity,
thus suggesting that for complex 3 the existence of a
Pd�Pd bond can be discarded. This fact is in agreement
with the relative small tendency of the palladium atom
to form metal�metal bonds [17].

Potentially terdentate chelating ligands [N,C,X]−

{where X=N,P,O} and [C,N,N�]− may adopt different
bonding modes and hapticities, which is relevant to
catalytic processes. On this basis and in order to ex-
plore the binding abilities of ligand 1 we proceeded to
study the reactivity of complex 3 versus PPh3. The
addition of a stoichiometric amount of PPh3 to a
solution of 3 in CDCl3 at room temperature did not
produce significant changes in the 1H-NMR spectra
and only the signal due to the free PPh3 was observed
in the 31P{1H}-NMR spectrum, and no evidences of the
coordination of the PPh3 was detected by 31P{1H}-
NMR spectroscopy after 7 days of storage. This finding
suggests that in complex 3 the Pd�S bond has low
lability.

3. Conclusions

The results presented here reveal that despite the
great proclivity of ferrocenyl Schiff bases to undergo

(C,N,S)− has only been described in tetrakis[2-N-
(1 - naphthyl)methylidene)benzenethiolato - C,N,S]tetra-
palladium(II) which was obtained as a by-product
{yield�1.6%} through the activation of the �(Csp2,

aryl�H) bond of the 2-(1-naphthyl)benzothiazolinone
[8] or in [Pd(L)Cl]2 where LH represents the imine
derived from the condensation of 2-thiophenecarbalde-
hyde and methionine methyl ester [9]. Thus, 3 is an
unusual tetrametallic complex having a rare
(C sp3* ,N,S)− terdentate ligand derived from
orthopalladation.

The values of the torsion angles: C(17)�S(1)�C(12)�
C(15): 171.5(5)° and C(34)�S(2)�C(29)�C(32): 175.4(5)°
indicate that in each one of the two halves of the
molecule the �CO2Me group and the methyl bound to
the sulfur are pointing towards opposite sides of the
coordination plane of the palladium. If these sub-
stituents were on the same side of the plane a strong
steric hindrance would arise. So, these results show the
importance of the presence of the bulky and electron
withdrawing CO2Me group [10] in the proximity of the
donor atoms of 1 upon the diastereoselectivity of the
process.

Table 1
Selected bond lengths (A� ) and bond angles (°) for 3

Bond lengths
2.2613(17)Pd(1)�S(2) Pd(2)�S(1) 2.2665(16)

Pd(1)�Cl(1) 2.4008(16) Pd(2)�Cl(2) 2.3996(16)
2.074(5)Pd(1)�N(1) Pd(2)�N(2) 2.053(4)
2.073(5)Pd(1)�C(29) Pd(2)�C(12) 2.052(5)
2.073(5) 1.280(7)N(1)�C(11) N(2)�C(28)

N(12)�C(13) 1.511(8)C(29)�C(30)1.579(8)
1.476(8)C(13)�C(14) C(30)�C(31) 1.524(8)

C(14)�S(1) 1.807(7) C(31)�S(2) 1.830(7)
S(2)�C(34)1.797(7) 1.796(7)S(1)�C(17)

1.484(8) C(29)�C(32) 1.516(7)C(12)�C(15)

Bond angles
C(29)�Pd(1)�N(1) 89.6(2)Cl(12)�Pd(2)�N(2)91.1(2)

C(12)�Pd(2)�S(1) 88.84(16)87.22(17)C(29)�Pd(1)�S(2)
S(2)�Pd(1)�Cl(1) S(1)�Pd(2)�Cl(2) 87.44(6)87.51(6)

178.35(12)N(1)�Pd(1)�S(2) N(2)�Pd(2)�S(1) 177.85(14)
115.3(49) 116.9(5)C(28)�N(2)�C(29)C(11)�N(1)�C(12)
106.8(3)Pd(1)�C(29)�N(2) Pd(2)�C(12)�N(1) 107.5(3)

Standard deviation parameters are given in parenthesis.
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metallation at the substituted pentagonal ring [4–6], for
1, which contains an electron-withdrawing group in the
adjacent position of the coordinative imine nitrogen,
the activation of the �(C sp3* , H) bond takes place giving:
[Pd2{[C{(CO2Me)�CH2�CH2�SMe}{N�CH�(�5�C5-
H4)]Fe(�5-C5H5)}2Cl2]·CH2Cl2 (3) in which the palla-
dium atoms are directly bound to a stereogenic carbon
(C*sp3). Besides, it is well known that: (a) the cyclopalla-
dation of N-donor ligands involves the electrophilic
attack of the coordinated palladium(II) to the �(C�H)
bond; (b) the proclivity of the �(C�H) bond to undergo
electrophilic attacks follows the trend: �(Csp3�H)�
�(Csp2, aryl�H)��(Csp2, ferrocene�H). Despite this, for 1
the metallation of the C*sp3-atom takes place.

These findings are in sharp contrast with those ob-
tained in the cyclopalladation of (SC)-(+ )-C6H5�
CH�N�CH(CO2Me)�CH2�CH2�SMe (4), which can be
visualized as derived from 1 by replacement of the
ferrocenyl group by a phenyl ring [18]. In this case, the
activation of the �(Csp2, phenyl�H) bond took place lead-
ing to [Pd{C6H4�CH�N�CH(CO2Me)�CH2�CH2�
SMe}Cl] (5) (Scheme 1, step B) in which the ligand
behaves as a (Csp2,N,S)− terdentate group [18]. The
differences observed in the mode of binding of ligands
1 and 4 in the cyclopalladated complexes 3 and 5
suggest that other more subtle factors (i.e. the different
strain that may arise from the fusion of the metallacycle
and a phenyl or a C5H3 ring) may also be important to
determine the nature of the final cyclometallated
product.

Besides that, since no evidences of the formation of 3
were detected in the reaction of stoichiometric amounts
of 1, Na2[PdCl4] and NaAcO at room temperature
using different reaction periods (from 2 to 18 h), we
tentatively postulate that compound 3 forms under
thermodynamic control.

On the other hand, the Pd�S bond in 3 is less labile
than the Pd�S bond in 5, which reacts with the equimo-
lar amount of PPh3 to give [Pd{C6H4�CH�N�CH-
(CO2Me)�CH2�CH2�SMe}(PPh3)Cl] (6), via the cleav-
age of the Pd�S bond.

4. Experimental

Elemental analyses (C,H,N and S) were carried out
at the (C.S.I.C. Barcelona). Infrared spectra were ob-
tained with a Nicolet Impact 400 instrument using KBr
pellets. Proton and the two-dimensional {1H�1H}-
NOESY experiments as well as the heteronuclear
{1H�13C}-HMBC and HSQC-NMR experiments were
run with a Varian-VXR instrument using CDCl3 as
solvent and SiMe4 as internal standard. 13C{1H}- and
31P{1H}-NMR spectra were recorded with a Bruker-
250DXR instrument using CDCl3 as solvent; P(OMe)3

was used as internal standard for the 31P{1H}-NMR

spectroscopy. In all cases the chemical shifts (�) are
given in ppm and the coupling constants (J) in Hz. The
optical rotation of 1 was determined in CH2Cl2 using a
VG-Quatro Fissions Instrument and 3-nitrobenzylalco-
hol as matrix.

4.1. Materials and synthesis

Ferrocenecarboxaldehyde and the hydrochloride of
L-methionine methyl ester were obtained from standard
sources. The hydrochloride was converted into the cor-
responding amine before its use in the condensation
reaction. Except for benzene, the remaining solvents
were dried and distilled before use. The preparation of
1 requires the use of benzene which should be handled
with Caution!

4.2. (SC)-(+ )-[(�5-C5H5)Fe{(�5-C5H4)�CH�N�CH-
(CO2Me)�CH2�CH2�SMe] (1)

Ferrocenecarboxaldehyde (500 mg, 2.28 mmol) was
dissolved in 25 ml of benzene at 20 °C. Then the
stoichiometric amount (372 mg, 2.28 mmol) of the
amine: H2N�CH(CO2Me)�CH2�CH2�SMe was added.
The reaction flask was connected to a Dean–Stark
apparatus (20 ml) and to a condenser. The wine–red
reaction mixture was refluxed on an ethyleneglycol bath
until ca. 15 ml had condensed on the Dean–Stark
apparatus. The hot solution was carefully filtered out
and the filtrate was concentrated to dryness on a rotary
evaporator giving an oily residue. Addition of n-hexane
(ca. 20 ml) followed by vigorous stirring at room
temperature (r.t.) for 1 h produced a yellow solid,
which was collected by filtration and air-dried. Yield:
581 mg (71%). Anal. Calc. for C17H21FeNO2S: C,
56.82; H, 5.90; N, 3.90; S, 8.92. Found: C, 57.03; H,
5.90; N, 3.95; S, 9.05%. IR: �(�CO)�1728 and
�(�C�N�)=1627 cm−1. 1H-NMR data [19]: 4.78 (s,
1H, H2), 4.44 (s, 1H, H3), 4.46 (s, 1H, H4), 4.71 (s, 1H,
H5), 4.23 (s, 5H, C5H5), 8.21 (s, 2H, �CH�N�), 4.08 (t,
1H, �N�CH�), 3.79 (s, 3H, �OMe), 2.10 (s, 3H, �SMe),
2.26 (m, 2H, �CHa,a�) and 2.10 (m, 2H, �CHb,b��S).
13C{1H}-NMR data [19]: 73.7 (C1), 71.74 (C2), 69.3
(C3), 70.1 (C4), 71.5 (C5), 70.0 (C5H5), 172.8 (�CO2),
165.6 (�C�N�), 57.8 (OMe), 60.6 (�N�CH�) 31.8
(�CH2�), 30.8 (�CH2�S) and 15.6 (�SMe).
[� ]D(20 °C)= +83.2 (c=1.0 g/100 ml, CH2Cl2).

4.3. [Pd2{[C{(CO2Me)�CH2�CH2�SMe}N�
CH�(�5-C5H4)]Fe(�5-C5H5)}2Cl2]·CH2Cl2 (3)

Ligand 1 (100 mg, 0.29 mmol), Na2[PdCl4] (85 mg,
0.29 mmol) and NaAcO (24 mg, 0.29 mmol) were
suspended in 20 ml of methanol. The resulting mixture
was refluxed for 18 h and concentrated to dryness on a
rotary evaporator. The residue was treated with CH2Cl2
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Table 2
Crystal data and details of the refinement of the crystal structure of
3

3

Empirical formula C34H42Cl2Fe2N2O4Pd2S2·CH2-
Cl2
1085.13Formula weight
293(2)Temperature (K)

Crystal system Orthorhombic
P212121Space group
11.860(7)a (A� )
17.5570(17)b (A� )
19.176(3)c (A� )

� (°) 90.0
90.0� (°)

� (°) 90.0
3993(2)V (A� 3)
4Z
1.805Dcalc (mg×m3)
2.011� (mm−1)
2168F(000)
6434Reflections collected

Independent reflections [R(int)] 6389 [R(int)=0.0076]
R1=0.0304, wR2=0.0609Final R indices [I=2�(I)]

R indices (all data) R1=0.0749, wR2=0.0700
0.02(2)Absolute structure parameter

Standard deviation parameters are given in parenthesis.

6398 were non-equivalent by symmetry [Rint (on I)=
0.007], and 4609 reflections were assumed as observed.
The goodness-of-fit on F2 was 0.898. The structure was
solved by direct methods, using the SHELXS computer
program [20] and refined by full-matrix least-squares
method with the SHELX-93 computer program [21]. The
function minimized was � w ��Fo�2− �Fc�2�2, where w=
[�2(I)+ (0.0289P)2]−1 and P= (�Fo�2+2�Fc�2)/3. ƒ, ƒ �
and ƒ� were obtained from the literature [22]. The
chirality of the structure was defined from the Flack
coefficient [23], which is equal to 0.02(2) for the given
results. Final R indices and further details concerning
the resolution and refinement of the crystal structure of
3 are presented in Table 2.

4.5. Computational details

Calculations were carried out at the B3LYP compu-
tational level [13,14] with the GAUSSIAN98 package
[12]. The basis set has been chosen as follows: an
effective core potential was used to replace the 36
innermost electrons of palladium, 10 innermost elec-
trons of S and Cl; for these atoms the LANDL2DZ
basis [24], which is valence doubly-zeta quality, was
used; for H, N and O a 6-31G basis was used [25].
Atoms in molecules analyses [15] was preformed with
the XAIN program [16].

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Center, CCDC no. 135111 for compound 3.
Copies of this information can be obtained from The
Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: +44-1233-336033; e-mail: deposit@
ccdc.ac.uk or www: http://www.ccdc.cam.ac.uk).
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