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Cyclopalladation of Schiff base ligands: crystal
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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 reactidn(together with the

have been described that exhibit some interesting
photochemical and electrochemical propefties
which show promising cytotoxic activity by inter-
action with DNA forming covalent bonds with
nucleobases of DNA or acting as intercalation
agent$ 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*In
the simplest case only onertho 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(ll) at

associated activation of C—H bonds) has been the

subject of a number of review articlésot only

because of the importance of these compounds in oM

OMe

themselves but also because it has been thoroughly

e
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studied by numerous research groups in view of the , A\~ %
enormous potential use of the compounds, for \N/F"’ 5 TP \N/F’d
| !
R R

example in organic synthedisind catalytic pro-
cesse$, design of new metallomesogensand

characterization of enantiomerically chiral com-
pounds® Recently, new cyclopalladated complexes
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Figure 1 Regioselectivity of cyclometallation reactions.
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the C2 and at the C6 atoms (ii); with only one
methoxygroup,in the C3 position,the C6 carbonis
selectivelymetallated(iii), whereasthe lessstere-
cally demandingmethyl group at the 3 position
allowsattackof the palladiumatomat the C2 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 mixture of thetwo
possibleisomers(vi).

EXPERIMENTAL

Solventswere purified and dried accordingto the
standardnethods:? Palladium(ll)acetatevasused
as supplied from Johnson Matthey. Elemental
analyseswere carried out by the Servicios Gen-
eralesde la Universidadde La Corufa using a
Carlo-Erba elemental analyser,Model 1108. IR
spectrawere recordedon a Perkin-Elmer 1330
spectrophotometeNMR spectrawere obtainedas
CDCl; solutionsandreferencedo SiMe, (1H and
13C{*H}) andwererecordedon a Bruker AC 200F
spectrometer.

Synthetic procedures

Ligands

The preparationof ligand a was carried out as
described in an earlier paper’ ligand b was
synthesizedn a similar fashion.

2,4-(OCH),CeH3C(H)=N(CeH14) ()

IR: v(C=N) (cm 1) =1640s.*H 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-OCH;, 4-OCH;]. *C-{*H} NMR: 6 =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-OCH, 4-
OCHg); CgH11 groups = 70.2(C7),34.5(C8,C12),
25.6(C10),24.9(C9,C11).

3,4-(0OCH),CeH3C(H)= N(CeH11) (b)

IR: v(C=N) (cm %) =1635s.H NMR: § =8.21]s,
Hi]; 7.41[d, 3J(H5-H6)=8.2Hz, H2]; 7.13 [dd,
4J(H2-H6)=1.9Hz, H6J; 6.85[d, H5J; 3.94,3.90
[s, 3-OCH;, 4-OCH]. T°C-{*H} 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-OCH;, 4-
OCHs); CgHi1 group: 6=69.8 (C7), 36.6 (C8,
C12),26.0(C10),25.6(C9, C11).

Copyright© 2000JohnWiley & Sons,Ltd.

Complexes

[Pd{2,4-(OCH;),CeHoC(H)= N(CeH11)-CON}(ui-
OzCCHg)]z, la

mmol) and palladium(ll) acetate(0.400g; 1.781
mmol) wereaddedto 25 cm® of dry tolueneto give
ayellow solution,whichwasheatecat80°C for 3h
underargon.After beingcooledat room tempera-
ture the solutionwasfiltered to eliminatethe small
amount of black palladium formed. The solvent
was removed under vacuum and the product
recrystallizedfrom chloroformh-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 (cm™Y):
v C=N =1610m,v,{CO0)=1590m,sh; v{(CO0O)
=1430m,sh. *"H NMR: 6 =7.57[s, Hi], 6.20[d,
4J(H3-H5)=1.9Hz, H3], 6.00[d, H5], 3.78,3.73
[s, 2-OCHs, 4-OCHg), 2.11[s, O,CCHg]. 3C{*H}
NMR: 6 =180.4 (O,CCHs), 163.7 (C=N), 160.8,
159.0,157.8(C2,C4,C6); 127.9(C1),108.9,93.4
(C3, CH), 55.2, 55.1 (2-OCH;, 4-OCH), 24.3
(O,CCHg); CgH11 group:s =64.1(C7),34.6,30.4,
26.0,25.7,25.3(C8,C9,C10,C11,C12).

Complexlb
This waspreparedcsimilarly 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 (cm™Y):
v(C=N) = 1605s, v,dCOO)=1580m; v{COO)=
1420m, sh. *H NMR: 6=7.71[s, Hi], 6.94 [s,
H2], 6.77[s, H5], 3'8913'79[8’ 3-0OCH;, 4-OCHy],
2.16 [s, O,CCHs). *C{*H} NMR: §=190.8
(O.,CCHg), 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-OCH;, 4-OCHg), 24.4 (O,CCHy),
CsH11 group: 6 =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-dimensionalroom-temperatureX-ray data
were collectedin the 6 range1.51-28.30 for la
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 and 17813 1b reflectionsmeas-
ured,all of whichwerecorrectedrom Lorentzand
polarization effects and for absorptionby semi-
empirical methodsbasedon symmetry-equivalen
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andrepeatedeflections 64400f the 1laand8927of

the 1b independent reflections exceeded the
significance level |F|/o|F| > 4.0. The structure
was solvedby direct methodsand refinedby full-

matrix least-squaresn F2. Hydrogenatomswere
included in calculated positions and refined in

riding mode.Refinementonvergedat a final R of

0.0548for 1aand0.0381for 1b (WR, =0.1193,13;

0.1040,1b for all 91991adataand114771b data,
with 421 1a and 523 1b parametersmean and
maximum é¢ = 0.000, 0.001) with allowance for

the thermalanisotropyof all non-hydrogeratoms.
Minimum and maximum final electron density
(eA3), —0.623for 1la and —0.673for 1b; 0.584
for laand0.783for 1b. The structuresolutionand
refinementwere carried out using the SHELX-97
programpackage-?

RESULTS AND DISCUSSION

Cyclopalladation reaction

A schematicrepresentationof the synthesisof
complexesis givenin Schemel. The compounds
describedin this paper were characterizedby
elementalanalysis(C, H, N) andby IR andby *H
and 2*C{*H} NMR spectroscopydatain Experi-
mentalsection).

Treatment of N-(2,4-dimethoxpenzylidene)
cyclohexylamine(a) and Pd(OAc) in tolueneat
80°C for 2h gave a yellow crystalline solid
identified as the cyclometallatedproduct derived
from C—H activationat the 6 position(1a). The*H
NMR spectrum for la showed two doublets
assignedto the H3 and H5 protons [*J(H3-
H5) = 1.9Hz]. The signal for the H6 nucleuswas
absentuponmetallationat C6, asexpected.

In the caseof ligand b, there are two possible
metallation sites, the C2 and C6 atoms, the
electrophilic attack* of the palladium atom on

OMe
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Schemel Reactionconditions:Pd(OAc), 80°C, toluene.

b:R=3-OMe
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Figure 2 ORTEP projection of [Pd-{2,4-(OCH),CsH,C(H)
=N(CeH11)-C®, N}(11-0-CCHy)], 1a

Figure 3 ORTEP projection of [Pd-{3,4-(OCH),CsH,C(H)
=N(CeH12)-C°N}( 11-O,CCH)]z, 1b.
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Table 1 Crystaldataandstructurerefinement

la 1b-(3HCCL)

Formula C34H45N208Pd2 C37H49N208C|9Pd2
M, 823.53 1181.63
Temperaturd °K) 293(2) 293(2)
Wavelength(A) 0.71073 0.71073
Crystalsystem Tetragonal Triclinic
Spacegroup P4,2,2 P-1
Cell dimensions

a(A) 14.723(1) 9.163(1)

b (A) 14.723(1) 16.298(1)

c(A) 34.144(1) 17.027(1)

o (°) 90 94.435(1)

B(°) 90 99.469(1)

2 (°) 90 103.006(1)
V (A®) 7401.7(1) 2426.4(1)
z 8 2
p(mm—h) 1.020 1.284
Crystalsize (mm®) 0.50x 0.35x 0.30 0.55x 0.45x 0.20
20max (°) 56.6 56.6
Reflections

Collected 55087 17813

Unique 9199(R, = 0.081) 11477 (R = 0.019)
Transmissions 1.00,0.59 1.00,0.70
No. of parameters 421 523
s 1.097 1.030
R[F, | > 20()] 0.0548 0.0381
wR [F?, all data] 0.1193 0.1040
maxAlo 0.001 0.001
max p (e A®) 0.584 0.738

& GOF, goodness-of-fit.

eitheronebeinginfluencedby both electronicand
stericeffects.Palladationmay occurat any one of
the C2 and C6 atoms,and a mixture of isomers
is also possible. The reaction betweenb and
Pd(OACc) in tolueneonly gave one product, that
derivedfrom C—H activation exclusively at the 6
position(2b), andno isomerwith the metalbonded
to the C2 atom was found. Two singlets were
assignedo the H2 andHS5 protonsin the 'H NMR
spectrumfor 2b, and no resonancesignal for H6
was observed.We rationalizedthis behaviourby
assuminghatthe high sterically demandinggroup
3-OCHg, in ligand b, impedesattack of the pal-
ladium atomat the C2 carbonatom; metallationis
only producedat the C6 atom.

In the IR spectraof the complexeshe v(C=N)
stretchingband appearedat lower frequencythan
the correspondingone in the free imines, in
accordancavith nitrogencoordinationto the metal
centre®® This wassupportedy the upfield shift of
the NMR signal for the imine proton, by ca

Copyright© 2000JohnWiley & Sons,Ltd.

1 ppm2® The v,dCOO) and v(COO) valueswere
consistenwith bridging acetatogroups:’ and the
singletresonancet ca 2.00 (6H) in the *H NMR
spectrawas assignedto the equivalent methyl
acetatgprotons consistentvith atransgeometryof
the cyclometallatecmoieties*®

In the 2*C{*H} spectraof the cyclometallated
compoundsheresonancekr theC=N andfor the
metallated carbon were shifted towards higher
frequencyby ca 10 ppm comparedwith the free
donors,confirming that metallationhad occurred.
The singletresonanceat ca 24 ppmwereassigned
to the methyl acetatecarbon atoms, consistently
with a trans geometry of the cyclometallated
moieties(vide suprg.*®

Molecular structure of complexes
1a and 1b

Suitable crystalswere grown by recrystallization
from chloroform/n-hexanesolution of complexes

Appl. Organometal Chem.14, 634-639(2000)
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Table 2 Selectedaonddistancei,&) andangleq °) for
complexesla and1b

la 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)-0(3) 2.034(4) 2.046(2)
Pd(1)-O(5) 2.130(4) 2.139(2)
0(3)-C(16) 1.237(8) 1.254(4)
0(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(2) 82.0(2) 8.42(11)
C(1)-Pd(1)-O(3) 93.1(2) 91.19(11)
0(3)-Pd(1)-0O(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)
0O(3)-C(16)-0(4) 127.5(6) 126.5(3)
C(6)-C(1)-Pd(2) 112.0(5) 112.8(2)
C(7)-N(1)-Pd(2) 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)

laandl1b. Theschemesisedfor labellingatomsin
the Schiff basecomplexesare shownin Figs2 and
3. Crystallographiadataandselectedbondlengths
andanglesarelistedin Tablesl and2. Thecrystals
consistof discretedinucleamoleculeseparatetyy
normal van der Waals distances.The species
possess approximate (non-crystallographic) C,
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’ arrangementinked by two acetate
bridging ligands betweenthe palladiumatoms,as
observedin the related dimers (see Fig. 4)2°

As aresultof Pd(1)andPd(2)beingbridgedby
two mutually cis p-acetateligands, the chelating
C,N-bondedSchiff basesreforcedto lie aboveone
anotherin the dimeric molecules.This leadsto
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 complexesla
and 1b, respectively.Thesedeviationsare clearly
illustrated in Fig. 4. The two acetatebridgesare
separatedby dihedral anglesof 87.0° in 1la and
79.6° in 1b.

The palladium—palladium distances , are
2.8922(6)A in complex 1a and 2.8989(3A in

Copyright© 2000JohnWiley & Sons,Ltd.

Figure 4 View of complex 1b, showing the non-parallel
natureof the cyclometallatednoieties.Complexlais closely
similar.

complex 1b, which may be regardedas non-
bonding; the covalent radius of square-planar
pallagium(ll) has beenestimatedas aproximately
1.31A.2* Each palladium atom is in a slightly
distortedsquare-planagnvironmentThecoordina-
tion spherearoundeachpalladiumatomconsistsof
anitrogenatomof theimine group,anortho carbon
of thephenylring, andtwo oxygenatoms(onefrom
eachof the bridging acetateligands).Both Schiff
baseligands are bondedthrough the C6 carbon
atom in the complexes,in accordancewith the
spectroscopicesults. The anglesbetweenadjacent
atomsin the coordinationsphereare closeto the
expectedvalue of 90°, in the range81.1-96.5,
with the distortionsmore noticeablein the ‘bite’
angles,which are C1-Pd1-N182.0(2)° in 1a, and
81.42(11y in 1b.

The palladium-carbonbond Jengths, Pd1-C1,
are 1.965(6) (1a) and 1.957(3)A (1b), which are
substantiallyshorter than the predicted value of
2.081A (basedon the sum of covalentradii for
carbon (sp) and palladium: 0.771 and 1.31A,
respectively). This suggests some degree of
multiple-bondcharacteiin the Pd—C(aryl)linkage.
The palladium—nitrogerbondlengths,Pd1-N1are
2.017(5)A for laand2.020(3)A for 1b. Thisis jn
agreementwith the predicted value of 2.011A,
basednthesumof covalentradii for nitrogen(sﬁ)
andpalladium,0.701and1.31A, respectively’

The trans lengtheninginfluence of ¢-bonded
carbonis clearly illustrated by the lengtheningof
the palladium—oxygendistancetrans to carbon,
relativeto thattransto oxygen.Thus,we havePd1—
05=2.130(4)A vs Pd1-03=2.034(4)A in com-

Appl. Organometal Chem.14, 634-639(2000)
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plex la and Pd1-0O5=2.139(2)A vs Pdl-
03=2.046(2)A in complex1b.

Exceptfor the cyclohexyland methoxygroups,
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],
themetallacyclgplane2: Pd1,C1,C6,C7,N1] and
thecoordinationsphereof palladium[plane3: Pd1,
C1,N1,05,03] are0.038,0.0322and0.0189A for
la and 0.0116, 0.0470 and 0.0204A for 1b,
respectively. The angles between planes are as
follows: planel/plane2,3.5°; planel/plane3,5.2°;
plane2/plane3,2.4° (1a), andplanel/plane2,5.5°;
planel/plane3,9.4°; plane2/plane3,4.7° (1b).

SUPPLEMENTARY INFORMATION

Tablesof atomicpositionalandisotropicdisplace-
ment parameters anisotropic displacementpara-
meters, and hydrogen coordinatesand isotropic
displacemenparameterdor the crystal structures
of complexesla and 1b are availableon request
from the authors.
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