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X-ray diffraction studies show that the title
cyclometallated compounds show each palla-
dium atom C,N-bonded to a deprotonated Schiff
base ligand. The molecular configuration is a
dimeric form of the anti isomer with the
cyclopalladated moieites in an ‘open-book’
arrangement linked by two acetate bridging
ligands. Copyright # 2000 John Wiley & Sons,
Ltd.
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INTRODUCTION

The cyclometallation reaction1 (together with the
associated activation of C–H bonds) has been the
subject of a number of review articles,2 not only
because of the importance of these compounds in
themselves but also because it has been thoroughly
studied by numerous research groups in view of the
enormous potential use of the compounds, for
example in organic synthesis3 and catalytic pro-
cesses,4 design of new metallomesogens,5 and
characterization of enantiomerically chiral com-
pounds.6 Recently, new cyclopalladated complexes

have been described that exhibit some interesting
photochemical and electrochemical properties7 or
which show promising cytotoxic activity by inter-
action with DNA forming covalent bonds with
nucleobases of DNA or acting as intercalation
agents.8 The variety of cyclometallated compounds
is such that they may be classified according to the
metal, to the donor atom, or to chelate ring size. By
far the best-studied examples are five-membered
palladacycles with nitrogen as the donor atom.

We have studied the influence of different
substituents adjacent to the carbon atom where
metallation is possible, as depicted in Fig. 1.9–11In
the simplest case only oneortho C–H bond is
present (i), but when there is more than one possible
metallation site on the ligand the question of
regioselectivity arises. Methoxy groups at the C3
and C5 atoms hinder metallation by palladium(II) at

Figure 1 Regioselectivity of cyclometallation reactions.
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the C2 and at the C6 atoms (ii); with only one
methoxygroup,in theC3position,theC6carbonis
selectivelymetallated(iii), whereasthe lessstere-
cally demandingmethyl group at the 3 position
allowsattackof thepalladiumatomat theC2 atom
(iv). The directing effect of different cyclic
substituents depends on substituent ring size;
benzodioxanederivatives gave only the ortho
metallationreactionat the C6 atom (v), whereas
piperonalderivativesaffordeda mixtureof thetwo
possibleisomers(vi).

EXPERIMENTAL

Solventswere purified and dried accordingto the
standardmethods.12 Palladium(II)acetatewasused
as supplied from Johnson Matthey. Elemental
analyseswere carried out by the ServiciosGen-
eralesde la Universidadde La Coruña using a
Carlo-Erba elementalanalyser,Model 1108. IR
spectrawere recordedon a Perkin-Elmer 1330
spectrophotometer.NMR spectrawereobtainedas
CDCl3 solutionsandreferencedto SiMe4 (1H and
13C{1H}) andwererecordedon a BrukerAC 200F
spectrometer.

Synthetic procedures

Ligands
The preparationof ligand a was carried out as
described in an earlier paper;9 ligand b was
synthesizedin a similar fashion.

2,4-(OCH3)2C6H3C(H)=N(C6H11) (a)
IR: n(C=N) (cmÿ1) = 1640s.1H NMR: � = 8.64[s,
H1], 7.90 [d, 3J(H5–H6)= 8.3Hz, H6], 6.49 [dd,
4J(H3–H5)= 1.9Hz, H5], 6.40 [d, H3], 3.82,3.81
[s, 2-OCH3, 4-OCH3].

13C-{1H} NMR: � = 162.6,
159.8 (C2, C4), 154.0 (C=N), 128.4 (C6), 118.3
(C1), 105.1,97.9(C3, C5), 55.4,55.3(2-OCH3, 4-
OCH3); C6H11 group� = 70.2(C7),34.5(C8,C12),
25.6(C10),24.9(C9, C11).

3,4-(OCH3)2C6H3C(H)=N(C6H11) (b)
IR: n(C=N) (cmÿ1) = 1635s.1H NMR: � = 8.21[s,
Hi]; 7.41 [d, 3J(H5–H6)= 8.2Hz, H2]; 7.13 [dd,
4J(H2–H6)= 1.9Hz, H6]; 6.85 [d, H5]; 3.94,3.90
[s, 3-OCH3, 4-OCH3].

13C-{1H} NMR: � = 158.0
(C=N), 150.9,149.2(C3, C4), 129.8(C1), 122.7
(C6),110.3,108.8(C2,C5),55.9,55.8(3-OCH3, 4-
OCH3); C6H11 group: � = 69.8 (C7), 36.6 (C8,
C12),26.0(C10),25.6(C9, C11).

Complexes

[Pd{2,4-(OCH3)2C6H2C(H)=N(C6H11)-C
6N}(�-

O2CCH3)]2, 1a
2,4-(OCH3)2C6H3C(H)=N(C6H11) (0.483g; 1.952
mmol) and palladium(II) acetate(0.400g; 1.781
mmol) wereaddedto 25cm3 of dry tolueneto give
ayellow solution,whichwasheatedat80°C for 3 h
underargon.After beingcooledat room tempera-
ture thesolutionwasfilteredto eliminatethesmall
amount of black palladium formed. The solvent
was removed under vacuum and the product
recrystallizedfrom chloroform/n-hexane,washed
with cold ethanoland filtered to give the desired
complexasyellow microcrystals.

Yield: 92.0%.Analysis:Found:C, 50.5;H, 3.5;
N, 5.5.Calod:C, 50.3;H, 3.4;N, 5.6%.IR (cmÿ1):
n C=N = 1610m,nas(COO)= 1590m,sh; ns(COO)
= 1430m,sh. 1H NMR: � = 7.57 [s, Hi], 6.20 [d,
4J(H3–H5)= 1.9Hz, H3], 6.00 [d, H5], 3.78,3.73
[s, 2-OCH3, 4-OCH3], 2.11 [s, O2CCH3].

13C{1H}
NMR: � = 180.4(O2CCH3), 163.7(C=N), 160.8,
159.0,157.8(C2, C4, C6); 127.9(C1), 108.9,93.4
(C3, C5), 55.2, 55.1 (2-OCH3, 4-OCH3), 24.3
(O2CCH3); C6H11 group:� = 64.1(C7), 34.6,30.4,
26.0,25.7,25.3(C8, C9, C10,C11,C12).

Complex1b
This waspreparedsimilarly andisolatedasyellow
crystals.

Yield: 90.5%.Analysis:Found:C, 50.6;H, 3.4;
N, 5.4.Calcd:C, 50.3;H, 3.4;N, 5.6%.IR (cmÿ1):
n(C=N) = 1605s, nas(COO)= 1580m; ns(COO)=
1420m, sh. 1H NMR: � = 7.71 [s, Hi], 6.94 [s,
H2], 6.77[s, H5], 3.89,3.79[s, 3-OCH3, 4-OCH3],
2.16 [s, O2CCH3].

13C{1H} NMR: � = 190.8
(O2CCH3), 165.2 (C=N), 150.3, 148.7, 145.6
(C3, C4, C6), 140.7 (C1), 114.0,109.8 (C2, C5),
56.7, 56.5 (3-OCH3, 4-OCH3), 24.4 (O2CCH3),
C6H11 group:� = 64.5(C7), 34.5,30.3,26.0,25.6,
25.4(C8, C9, C10,C11,C12).

Single-crystal X-ray diffraction
analysis

Three-dimensional,room-temperatureX-ray data
were collectedin the � range1.51–28.30° for 1a
and1.22–28.33° for 1b on a SiemensSmartCCD
diffractometerby the omegascanmethod.Reflec-
tions were measuredfrom a hemisphereof data
collectedin frameseachcovering0.3° in omega.
Of the 55087 1a and17813 1b reflectionsmeas-
ured,all of which werecorrectedfrom Lorentzand
polarization effects and for absorptionby semi-
empirical methodsbasedon symmetry-equivalent
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andrepeatedreflections,6440of the1aand8927of
the 1b independent reflections exceeded the
significance level jFj/�jFj> 4.0. The structure
wassolvedby direct methodsandrefinedby full-
matrix least-squareson F2. Hydrogenatomswere
included in calculated positions and refined in
riding mode.Refinementconvergedat a final R of
0.0548for 1aand0.0381for 1b (wR2 = 0.1193,1a;
0.1040,1b for all 91991a dataand114771b data,
with 421 1a and 523 1b parameters;mean and
maximum �� = 0.000, 0.001) with allowancefor
the thermalanisotropyof all non-hydrogenatoms.
Minimum and maximum final electron density
(eAÿ3), ÿ0.623for 1a andÿ0.673for 1b; 0.584
for 1a and0.783for 1b. Thestructuresolutionand
refinementwere carried out using the SHELX-97
programpackage.13

RESULTS AND DISCUSSION

Cyclopalladation reaction

A schematic representationof the synthesisof
complexesis given in Scheme1. The compounds
described in this paper were characterizedby
elementalanalysis(C, H, N) andby IR andby 1H
and 13C{1H} NMR spectroscopy(data in Experi-
mentalsection).

Treatment of N-(2,4-dimethoxybenzylidene)
cyclohexylamine(a) and Pd(OAc)2 in tolueneat
80°C for 2 h gave a yellow crystalline solid
identified as the cyclometallatedproduct derived
from C–H activationat the6 position(1a). The1H
NMR spectrum for 1a showed two doublets
assigned to the H3 and H5 protons [4J(H3–
H5) = 1.9Hz]. The signal for the H6 nucleuswas
absentuponmetallationat C6, asexpected.

In the caseof ligand b, thereare two possible
metallation sites, the C2 and C6 atoms, the
electrophilic attack14 of the palladium atom on

Figure 2 ORTEPprojectionof [Pd-{2,4-(OCH3)2C6H2C(H)
=N(C6H11)-C

6, N}(�-O2CCH3)]2, 1a.

Scheme1 Reactionconditions:Pd(OAc)2, 80°C, toluene.
Figure 3 ORTEPprojectionof [Pd-{3,4-(OCH3)2C6H2C(H)
=N(C6H11)-C

6,N}(�-O2CCH3)]2, 1b.
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eitheronebeinginfluencedby both electronicand
stericeffects.Palladationmay occurat any oneof
the C2 and C6 atoms,and a mixture of isomers
is also possible. The reaction between b and
Pd(OAc)2 in tolueneonly gave one product, that
derived from C–H activationexclusivelyat the 6
position(2b), andno isomerwith themetalbonded
to the C2 atom was found. Two singlets were
assignedto theH2 andH5 protonsin the 1H NMR
spectrumfor 2b, and no resonancesignal for H6
was observed.We rationalizedthis behaviourby
assumingthat thehigh stericallydemandinggroup
3-OCH3, in ligand b, impedesattack of the pal-
ladium atomat the C2 carbonatom;metallationis
only producedat theC6 atom.

In the IR spectraof the complexesthe n(C=N)
stretchingbandappearedat lower frequencythan
the correspondingone in the free imines, in
accordancewith nitrogencoordinationto themetal
centre.15 This wassupportedby theupfieldshift of
the NMR signal for the imine proton, by ca

1 ppm.16 The nas(COO) and ns(COO) valueswere
consistentwith bridging acetatogroups,17 and the
singlet resonanceat ca 2.00 (6H) in the 1H NMR
spectra was assignedto the equivalent methyl
acetateprotons,consistentwith a transgeometryof
thecyclometallatedmoieties.18

In the 13C{1H} spectraof the cyclometallated
compoundstheresonancesfor theC=N andfor the
metallated carbon were shifted towards higher
frequencyby ca 10ppm comparedwith the free
donors,confirming that metallationhad occurred.
Thesingletresonancesat ca 24ppmwereassigned
to the methyl acetatecarbon atoms,consistently
with a trans geometry of the cyclometallated
moieties(videsupra).19

Molecular structure of complexes
1a and 1b

Suitablecrystalswere grown by recrystallization
from chloroform/n-hexanesolution of complexes

Table 1 Crystaldataandstructurerefinement

1a 1b�(3HCCl3)

Formula C34H46N2O8Pd2 C37H49N2O8Cl9Pd2
Mr 823.53 1181.63
Temperature( °K) 293(2) 293(2)
Wavelength(Å) 0.71073 0.71073
Crystalsystem Tetragonal Triclinic
Spacegroup P41212 P-1
Cell dimensions

a (Å) 14.723(1) 9.163(1)
b (Å) 14.723(1) 16.298(1)
c (Å) 34.144(1) 17.027(1)
a ( °) 90 94.435(1)
b ( °) 90 99.469(1)
g ( °) 90 103.006(1)

V (Å3) 7401.7(1) 2426.4(1)
Z 8 2
�(mmÿ1) 1.020 1.284
Crystalsize(mm3) 0.50� 0.35� 0.30 0.55� 0.45� 0.20
2�max ( °) 56.6 56.6
Reflections

Collected 55087 17813
Unique 9199(Rint = 0.081) 11477(Rint = 0.019)

Transmissions 1.00,0.59 1.00,0.70
No. of parameters 421 523
Sa 1.097 1.030
R [F, I > 2�(l)] 0.0548 0.0381
wR [F2, all data] 0.1193 0.1040
maxD/s 0.001 0.001
maxr (e Å3) 0.584 0.738

a GOF,goodness-of-fit.
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1aand1b. Theschemesusedfor labellingatomsin
theSchiff basecomplexesareshownin Figs2 and
3. Crystallographicdataandselectedbondlengths
andanglesarelistedin Tables1 and2. Thecrystals
consistof discretedinuclearmoleculesseparatedby
normal van der Waals distances.The species
possess approximate (non-crystallographic) C2
symmetry with the two-fold axis perpendicular
to the Pd–Pdvector.The molecularconfiguration
of these speciesis a dimeric form of the anti
isomer with the cyclopalladatedmoieties in an
‘open book’ arrangementlinked by two acetate
bridging ligandsbetweenthe palladiumatoms,as
observedin the related dimers (see Fig. 4).20

As a resultof Pd(1)andPd(2)beingbridgedby
two mutually cis �-acetateligands, the chelating
C,N-bondedSchiff basesareforcedto lie aboveone
another in the dimeric molecules.This leads to
interligand repulsionson the ‘open’ side of the
moleculeandresultsin the coordinationplanesof
the palladium atoms being tilted at an angle of
29.3° and 26.1° to one anotherin complexes1a
and 1b, respectively.Thesedeviationsare clearly
illustrated in Fig. 4. The two acetatebridgesare
separatedby dihedral anglesof 87.0° in 1a and
79.6° in 1b.

The palladium–palladium distances are
2.8922(6)Å in complex 1a and 2.8989(3)Å in

complex 1b, which may be regarded as non-
bonding; the covalent radius of square-planar
palladium(II) hasbeenestimatedas aproximately
1.31Å.21 Each palladium atom is in a slightly
distortedsquare-planarenvironment.Thecoordina-
tion spherearoundeachpalladiumatomconsistsof
anitrogenatomof theiminegroup,anorthocarbon
of thephenylring,andtwo oxygenatoms(onefrom
eachof the bridging acetateligands).Both Schiff
baseligands are bondedthrough the C6 carbon
atom in the complexes,in accordancewith the
spectroscopicresults.Theanglesbetweenadjacent
atomsin the coordinationsphereare close to the
expectedvalue of 90°, in the range81.1–96.5°,
with the distortionsmore noticeablein the ‘bite’
angles,which areC1-Pd1-N182.0(2)° in 1a, and
81.42(11)° in 1b.

The palladium–carbonbond lengths, Pd1–C1,
are 1.965(6)(1a) and 1.957(3)Å (1b), which are
substantiallyshorter than the predictedvalue of
2.081Å (basedon the sum of covalent radii for
carbon (sp2) and palladium: 0.771 and 1.31Å,
respectively). This suggests some degree of
multiple-bondcharacterin the Pd–C(aryl)linkage.
Thepalladium–nitrogenbondlengths,Pd1–N1,are
2.017(5)Å for 1a and2.020(3)Å for 1b. This is in
agreementwith the predicted value of 2.011Å,
basedonthesumof covalentradii for nitrogen(sp2)
andpalladium,0.701and1.31Å, respectively.22

The trans lengthening influence of s-bonded
carbonis clearly illustratedby the lengtheningof
the palladium–oxygendistance trans to carbon,
relativeto thattransto oxygen.Thus,wehavePd1–
O5= 2.130(4)Å vs Pd1–O3= 2.034(4)Å in com-

Table 2 Selectedbonddistances(Å) andangles( °) for
complexes1a and1b

1a 1b

Pd(1)–Pd(2) 2.8922(6) 2.8989(3)
Pd(1)–C(1) 1.965(6) 1.957(3)
Pd(1)–N(1) 2.017(5) 2.020(3)
Pd(1)–O(3) 2.034(4) 2.046(2)
Pd(1)–O(5) 2.130(4) 2.139(2)
O(3)–C(16) 1.237(8) 1.254(4)
O(4)–C(16) 1.249(7) 1.247(4)
C(16)–C(17) 1.518(8) 1.509(4)
N(1)–C(7) 1.288(7) 1.457(7)
C(1)–C(6) 1.427(9) 1.400(4)
C(6)–C(7) 1.462(9) 1.442(4)
C(1)-Pd(1)-N(1) 82.0(2) 8.42(11)
C(1)-Pd(1)-O(3) 93.1(2) 91.19(11)
O(3)-Pd(1)-O(5) 88.30(19) 90.69(9)
N(1)-Pd(1)-O(5) 96.61(19) 96.70(10)
Pd(1)-O(3)-C(16) 122.2(4) 120.8(2)
O(3)-C(16)-O(4) 127.5(6) 126.5(3)
C(6)-C(1)-Pd(1) 112.0(5) 112.8(2)
C(7)-N(1)-Pd(1) 113.3(4) 114.0(2)
N(1)-C(7)-C(6) 117.6(6) 116.6(3)
C(1)-C(6)-C(7) 114.7(6) 114.2(3)

Figure 4 View of complex 1b, showing the non-parallel
natureof the cyclometallatedmoieties.Complex1a is closely
similar.
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plex 1a and Pd1–O5= 2.139(2)Å vs Pd1–
O3= 2.046(2)Å in complex1b.

Exceptfor the cyclohexylandmethoxygroups,
the Schiff baseligand is nearly planar.The mean
deviations from the least-squaresplane at the
phenyl ring [plane 1: C1, C2, C3, C4, C5, C6],
themetallacycle[plane2: Pd1,C1,C6,C7,N1] and
thecoordinationsphereof palladium[plane3: Pd1,
C1,N1,O5,O3] are0.038,0.0322and0.0189Å for
1a and 0.0116, 0.0470 and 0.0204Å for 1b,
respectively.The angles betweenplanes are as
follows: plane1/plane2,3.5°; plane1/plane3,5.2°;
plane2/plane3,2.4° (1a), andplane1/plane2,5.5°;
plane1/plane3,9.4°; plane2/plane3,4.7° (1b).

SUPPLEMENTARY INFORMATION

Tablesof atomicpositionalandisotropicdisplace-
ment parameters,anisotropic displacementpara-
meters, and hydrogen coordinatesand isotropic
displacementparametersfor the crystal structures
of complexes1a and 1b are availableon request
from theauthors.
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Pérez JM, Alvarez-Valdes A, Martin A, Raithby PR,
MasaguerJR,AlonsoC. Inorg. Chem.1996;35: 5181;(b)
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