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Abstract 

The full assignation of ‘H and ‘“C NMR parameters using both homo- and hetero-nuclear two dimensional spectroscopy techniques 
(COSY, HMQC and HMBC) allows the determination of electronic properties in cyclopalladated complexes obtained by reaction of 
N-methyl-2-phenylbenzimidazole (a), 2-phenylbenzothiazole (b) and 2-phenylbenzoxazole (c) with palladium salts. 

The attempts to separate the anti and syn isomers (detected by NMR) led to the formation of two different kinds of crystal for the 
2-phenylbenzoxazole palladium complex, lc (yellow and orange). The X-ray diffraction study of these crystals indicates the formation of 
two polymorphic phases both in anti disposition. 
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1. Introduction 

Cyclometalated complexes have been intensively 
studied in recent years [l]. The variation of specific ‘H 
acd “C NMR signals are sometimes used to confirm 
metalation. However, to determine valuable characteris- 
tics of orthometalated complexes such as the presence 
of syn-anti isomers [2,3] and electronic properties of 
the metalacycle [4] it is necessary to achieve an unam- 
biguous assignation of all NMR signals corresponding 
to carbons and protons of the compounds [5,6]. 

Although Churchill et al. had determined the crystal 
structures of the acetate dimers derived from 2-p- 
tolylphenylbenzothiazole and 2-p-tolylphenylbenzoxa- 
zole [7], we thought that the ligands, N-methyl-2-phen- 
ylbenzimidazole (a>, 2-phenylbenzothiazole (b), and Z- 
phenylbenzoxazole cc>, with three different heteroatoms 
(N, 0 and S> could be interesting for studying the 
characteristics of the cyclometalated ring, the possible 
formation and isolation of anti and syn isomers. and the 
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full assignation of protons and carbons (inclusive qua- 
ternaries not assigned in previous work [6]) by NMR 
techniques. We have determined the ‘H and ‘jC NMR 
parameters using both homo- and hetero-nuclear two 
dimensional correlation spectroscopy (COSY, HMQC 
[8] and HMBC [9]>. We have obtained two polymorphic 
crystals of the anti isomer (analysed by X-ray diffrac- 
tion) in tr ing to crystallize anti and syn isomers de- 
tected by r H-NMR. 

2. Results and discussion 

A schematic representation of the routes used for the 
synthesis of complexes is given in Fig. 1. The best 
yields in these reactions were obtained for the condi- 
tions outlined in the experimental section. 

The IR spectra of la-c show two strong bands at ca. 
1570 and 1415 cm-’ corresponding to v,,(COO> and 
vs,(COO) stretching vibrations of the acetate bridge re- 
spectively [ 101. 

The MS-FAB spectra taking account of the distribu- 
tion of palladium isotopes show peaks m/z at 746.2, 
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Pd(OAc)2 

HOAc 

R=N-CHs(la), 
S(lb).O(lc) 

+NaCI or LiBr 
Acetone 

M / \ 
R=N-CHs(a). 

S(b),O(c) 

+SEt2(X=Br) 

CH2C12 

n / \ 
- R=N-CH3(4a), 

SWb),O(W 

Fig. 1. Scheme of the synthetic routes 

752.0 and 719.9 assigned to the molecular ions [Mf] 
la, lb and lc respectively. Peaks corresponding to 
[M+- OAc] are observed at m/z, 687.2, 693.0 and 
661.1. 

The IR of 2a-c showed two v,,(Pd-Cl) bands at ca. 
333-312 and 279-294 cm-‘. On the basis of the higher 
trans influence of a carbon atom compared with that of 
a nitrogen atom, the higher frequency band was at- 
tributed to the stretching vibration v,,(Pd-Cl) trans to 
the nitrogen atom and the lower frequency one to 
v,,(Pd-Cl) trans to the a-bonded carbon [l 11. 

MS-FAB spectra of complexes 3a and 3c showed 
peaks at m/z 793.7 and 761.8. The peaks at 712.8 and 
680.9 were assigned to molecular ions [M+] and [M+- 
Br]. 

Diethylsuphide monomeric compounds, 4a-c, were 

obtained from p-bromo complexes, 3a-c. When reac- 
tions were carried out with the analogous chloro com- 
plexes no reaction was observed. Therefore, the Pd-Br 
bond appears to be more reactive than the Pd-Cl bond. 

In the MS-FAB spectra of complex 4b (it was not 
possible to record MS-FAB spectra of 4a and 4c since 
they show decomposition) the peak of higher m/z at 
761.8 correspond to the bridged bromo complex 3b, 
probably formed by decomposition of 4b under MS-FAB 
conditions [ 121. 

2.1. NMR studies 

Unambiguous assignation of NMR parameters in the 
phenyl ring of the orthopalladated complexes was done 
on the basis of HMQC, HMBC and COSY experiments. 

Table 1 
Selected bond distances (A) 

lc-orunge 

Pdl -Pd2 
Pdl-Cl09 
Pdl-Nl 
Nl-Cl01 
ClOl-Cl08 
C108-Cl09 
Pd2-C209 
Pd2-N2 

2.849(l) 
2.00(l) 
1.99(l) 
1.37(2) 
1.39(2) 
1.38(2) 
1.97(l) 
2.04(l) 

N2-C201 
C201 -C208 
C208-C209 
Pd3-Pd4 
Pd3-C309 
Pd3-N3 
N3-C301 

1.32(2) 
1.39(2) 
1.42(2) 
2.855(l) 
1.93(l) 
2.037(g) 
1.32(l) 

c301-C308 
C308-C309 
Pd4-C409 
Pd4-N4 
N4-C401 
C40-C408 
C408-C409 

1.40(2) 
l.45(2) 
1.99(l) 
1.997(9) 
I .33(2) 
1.41(2) 
l.40(2) 

lc-yellow 
Pdl -Pd2 
Pdl-Cl09 
Pdl-Nl 
Nl-Cl01 

2.831(3) 
1.98(3) 
2.02(2) 
I .29(3) 

ClOl-Cl08 
C108-Cl09 
Pd2-C209 
Pd2-N2 

1.42(4) N2-C201 I .26(5) 
1.386) C2Ol -C208 1.45(4) 
2.045) C208-C209 1.386) 
2.042) 
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The complex lc was selected to describe an example 
of the general method applied to assign NMR parame- 
ters since we have additionally studied its structure by 
X-ray diffraction. HMBC experiment allows the assig- 
nation of Cl’ as long as it is the unique quaternary 
carbon connected to only one phenyl proton. The car- 
bon at 170.0 ppm is connected to only one proton at 
7.04 ppm (Fig. 2). Therefore, the signal at 7.04 ppm is 
assigned to H3 (C3 is assigned by HMQC) and the 
signal at 170.0 ppm to C 1’. Also, H3 is connected to the 
carbon signal at 129.3 ppm and to the quaternary carbon 
at 145.6 ppm. Therefore, these two carbon signals are 
assigned to C5 and Cl respectively (H5 is assigned by 
HMQC). H4 and H6 are fixed by their connectivity in 
COSY with H3 and H5 (Fig. 3) and selective proton 
decoupling. Thus, this method allows phenyl-orthopal- 
ladated protons and carbons (inclusive quaternaries) to 
be assigned unambiguously. 

The more significant bond lengths are collected in 
Table 1. 

‘H NMR spectra of complexes la-c show (Table 2) 
a sharp singlet at 2.31-2.33 ppm together with two 
weak singlets at ca. 2.28-2.30 and 2.36-2.39 ppm; also 
in complex la there are two sharp peaks at 3.68 and 
3.63 ppm assignable to N-methyl protons. These reso- 
nances are ascribed [2,3] to two geometrical isomers, 
anti and syn (the isomer ratio is 4: 1, approximately). 
The acetate-bridged complexes la-c adopt a boat con- 
formation in which the cyclometalated ligands are nearly 
face-to-face and the ring protons are in the shielding 
region of the facing ligand. Thus, the ‘H NMR signals 
for these protons are shifted to lower frequencies, 
whereas this does not occur in the monomeric cyclomet- 
alated complexes. 

‘H NMR spectra of complexes 4a-c show unique 
signals for each proton of the corresponding ligands. 

Q 
0 

0 

<o 

i 
r 1, I, 7 1 I r , % I I I , I I I I, II. 1, 0 0 I., r r ’ 

Pm 8.0 7.5 7.0 6.5 6.0 5.5 

Fig. 2. HMBC experiment for lc. 

-100 

-120 

-140 

-160 
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Therefore, these complexes can only be those that show 
the SEt, trans at the nitrogen atom by the higher trans 
effect of the carbon atom. 

The ‘H NMR spectra of 3a and 3c dimeric (it is not 
possible to obtain the 3b spectrum due to its low 
solubility) and 4a-c monomeric complexes are similar 
to each other but different to that observed in the folded 
acetate-bridged complexes. Shielding observed for H4 
protons could be due primarily to the flow of charge 
from the electron-rich (d*) palladium atom into the 
aromatic ring (rr-back-bonding) [13]. The H3 protons, 
meta to the Pd-C bond, should be less affected by 
orthopalladation; however, they show a shielding that 
could be explained on the basis of orthopalladation 
together with changes in the ligand conformation [6]. 

Comparison of the 13C NMR spectra of these or- 
thopalladated complexes shows that there are no signifi- 
cant differences between them (Table 3). The Cl atom 
is strongly deshielded, probably due to the Pd-C back- 

bonding [5] since an increase in M-C bond order 
increases the deshielding term, opara, in Poeple’s equa- 
tion [ 141. The down-field shift in carbon atoms Cl’ and 
C2 must be attributed to orthopalladation. The varia- 
tions observed in chemical shift of C3 carbons can be 
attributed to changes in conformation which occur within 
the ligand on orthopalladation [6]. The relatively large 
up-field shift of C4, para to the Pd-C bond and unaf- 
fected by steric interactions, clearly indicates the exis- 
tence of Pd-C back-bonding [ 131. The shielding of C3’ 
atoms observed in all the complexes, and also in 
monomeric cyclopalladated complexes of N-(4-meth- 
oxyphenyl)-cY-benzoyl-benzylideneamine [S], is quite 
surprising and can only be understood by assuming that 
only steric effects are operating. 

2.2. Crystal structure of complex lc 

The failed attempts to separate anti and syn isomers 
of the complexes la-c by chromatography made us 

H6 
ii4 H5 

-6.0 

-6.5 

-7.0 

-7.5 

_ PPm 

II r 11, 8 8 8 1, 8 0 ’ c ” 8 s 

PPnl 7.5 7.0 6.5 6.0 

Fig. 3. COSY experiment for lc. 
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attempt the separation by crystallization. The crystal- 
lization affords the combined precipitation of orange 
(minority) and yellow (majority) crystals. 

The X-ray structure analysis revealed that the two 
crystalline phases correspond to two polymorphic phases 
of the anti-isomer complex instead of the expected 
anti-syn isomers. The first one (orange crystals) is 
triclinic, Pi. While the other polymorph (yellow crys- 
tals) is monoclinic (P2 ,/n, as has been previously 
described [7] for the related compounds [(MeC,H,C,- 
H ,NO)Pd( /_L-OAc)], and [(MeC,H,C,H ,NS) Pd( p- 
OAc)], 1. 

A comparison of the molecular geometry in both 
phases revealed no significant difference between them. 
The molecule of the monoclinic phase is represented in 
Fig. 4. The more significant bond lengths are collected 
in Table 1. 

A study of the distances NX-CXOl, CXOl-CXO8, 
and CXO8-CX09 in the cyclometalated ring of both 
polymorphic forms shows that all distances are in the 
range observed for compounds in which electronic delo- 
calization in the cyclometalated ring is possible [4]. 
These results clearly suggest that this kind of cyclomet- 
alated ring shows some aromatic character, as was 

Table 3 
“C NMR parameters (6, ppm) 

Fig. 4. The molecular structure of k-yellow crystals (monoclinic 
phase) showing the atom numbering scheme. 

X 
Pd/ 

\ 
Y 

8’ Id 
X = S-CH,-?H, 
Y = Br (4a-4c) 

ab bb Cb la b8 lb b.e lc bs 3a a 3c a 4a b 4b b 4c b 

Cl 128.5 127.3 127.4 149.2 
c2 130.0 130.8 127.0 134.4 
c3 128.5 127.3 127.4 122.3 
c4 129.3 128.4 128.7 121.3 
c5 129.5 128.8 131.3 127.0 
C6 129.3 128.4 128.7 132.4 
Cl’ 153.6 167.8 162.8 157.1 
C2’ 136.4 133.4 142.0 134.1 
C3’ 142.8 153.9 150.6 139.2 
C4’ 119.6 123.0 119.8 117.2 
C5’ 122.6 126.0 124.9 123.3 
C6’ 122.2 125.0 124.4 122.7 
C7’ 109.5 121.4 110.4 108.9 
N-CH, 31.5 31.3 c 

31.1 d 
C8’ 24.8 ’ 

24.2 ’ 
C9’ 181.4 
CIO’ 
Cl 1’ 

147.7 145.6 
138.7 137.2 
123.4 123.6 
123.5 123.7 
128.1 129.3 
131.1 131.6 
175.7 170.0 
130.2 132.6 
149.5 148.8 
121.6 117.6 
126.6 125.4 
124.9 124.8 
121.3 111.0 

24.9 ’ 24.6 ’ 
24.5 ’ 24.4 ’ 

181.5 181.8 

151.1 146.1 151.1 150.2 148.8 
139.5 140.4 136.2 141.4 131.6 
125.2 126.0 124.5 125.9 126.1 
124.3 124.9 124.9 125.7 125.5 
128.9 130.2 129.3 130.3 131.8 
134.8 139.1 133.4 132.4 132.5 
157.5 175.0 159.0 178.9 172.0 
135.4 130.9 134.7 130.6 139.1 
139.5 150.1 141.1 151.5 149.4 
123.6 121.1 121.7 125.3 121.4 
123.3 127.5 123.9 127.3 126.0 
123.3 123.4 123.4 125.6 125.5 
111.1 123.4 108.8 121.5 110.7 

25.3 

31.6 32.7 

32.2 13.6 13.5 
32.1 
14.4 

a DMSO-d,. b CDCI,. ’ anti isomer. d syn isomer. e Other weak signals appeared corresponding to the syn isomer which are not possible to 
assign. 
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suggested in our work with complexes derived from 
benzoylbenzylideneamines [4]. 

, 

3. Experimental section 

Infrared spectra were recorded on a Perkin-Elmer 
16.50 spectrophotometer. NMR spectra were recorded 
with CDCl, or DMSO-d, solutions by using Bruker 
AMX-300. Elemental analyses were performed on a 
Perkin-Elmer 240B analyser. 

with methanol and dried in vacua. Anal. Calc. for 2a: 
C, 48.12; H, 3.15; N, 8.02. Found: C, 48.12; H, 3.12; N, 
7.82%. M.p. > 300°C; yield method 1: 77.5%; IR: v,,, 
348, 327, 280 cm- ‘. Anal. Calc. for 2b: C, 44.30; H, 
2.29; N, 3.97. Found: C, 44.12; H, 2.28; N, 3.66%. 
M.p. 245-264°C dec.; yield method 1: 74.7% and 2: 
70.2%; IR: umax 336, 3 12, 294 cm- I Anal. Calc. for 2c: 
C, 46.41; H, 2.38; N, 4.16. Found: C, 46.39; H, 2.24; N, 
4.14%. M.p. 272-281°C dec.; yield method 1: 74.4% 
and 2: 80.1%; IR: u,,,~, 342, 333, 279 cm-‘. 

Solvents were purified by the standard methods [ 151. 
Palladium(I1) acetate and chloride were purchased from 
Aldrich and Johnson-Matthey respectively. N-methyl- 
2-phenylbenzimidazole, 2-phenylbenzothiazole, 2-phen- 
ylbenzoxazole and diethylsulphide were purchased from 
Aldrich. 

3.3. Synthesis of [{Pdca-c)(p-Br)), 1 (3a-c) 

3.1. Synthesis of I{Pd(a-c)( p-OAc#, I (la-c) 

Method 1. A mixture of equimolecular amounts of 
Pd(OAc), and ligand in HOAc was heated at 60°C 
under N, for 6 h. Solvent was removed under vacuum 
and the residue extracted with CH2C1,-H,O 100 ml 
(1 : l), dried over anhydrous Na,SO, and filtered off. 
Solvent was eliminated on a rotary evaporator and the 
residue crystallized in CH,Cl,-hexane. 

To a solution of la-c (0.5 mmol) in 10 ml of 
acetone was added a solution of LiBr (1 mmol) in 1 ml 
of water. The solid obtained after stirring for 12 h at 
20°C was filtered off, washed with water and acetone 
and dried in vacua. Anal. Calc. for 3a: C, 42.73; H, 
2.81; N, 7.11. Found: C, 42.55; H, 2.65; N, 7.05%. 
M.p. > 300°C; yield 84.1%; IR: umax 342 cm-‘. Anal. 
Calc. for 3b: C, 39.37; H, 2.03; N, 3.53. Found: C, 
39.76; H, 1.96; N, 3.59%. M.p. 293-298°C; yield 
76.2%; IR: u,,,,, 346 cm-‘. Anal. Calc. for 3c: C, 
41.03; H, 2.12; N, 3.68. Found: C, 40.99; H, 1.89; N, 
3.64%. M.p. > 300°C; yield 91.3%; IR: u,,,,, 330 cm-‘. 

3.4. Synthesis of [Pdfa-c)BrfSEt, )I (4a-c) 
Method 2. To a suspension of 2a-c (1 mmol) in 

acetone was added an equimolecular amount of AgOAc. 
After 12 h stirring the solution was filtered off and 
concentrated. When methanol was added, the solid ob- 
tained was recrystallized in CH,Cl,-hexane. Anal. Calc. 
for la: C, 51.52; H, 3.76; N, 7.52. Found: C, 51.12; H, 
3.51; N, 7.28%. M.p. 271-280°C dec.; yield method 1: 
74.4% and 2: 80.1%; IR: urn,, 1572, 1412 cm-‘. Anal. 
Calc. for lb: C, 47.91; H, 2.95; N, 3.73. Found: C, 
47.86; H, 2.69; N, 3.41%. M.p. 239-259°C dec.; yield 
method 1: 73.5% and 2: 75.7%; IR: umax 1566, 1414, 
333 cm-‘. Anal. Calc. for lc: C, 50.04; H, 3.08; N, 
3.89. Found: C, 49.91; H, 3.07; N, 3.80%. M.p. 197- 
199°C dec.; yield method 1: 60.0% and 2: 78.9%. IR: 
V max 1570, 1412, 339 cm-‘. 

To a suspension of complex 3a-c (0.5 mmol) in 
CH,Cl, was added SEt, (2 mmol). The yellow solution 
obtained after stirring for 12 h at 20°C was filtered off 
and concentrated on a rotary evaporator. Addition of 
diethyl ether gave a solid, which was filtered off, washed 
with diethyl ether, and dried in vacua. Anal. Calc. for 
4a: C, 45.59; H, 4.37; N, 5.78. Found: C, 45.99; H, 
4.33; N, 5.72%. M.p. 238-240°C dec.; yield 88.9%; IR: 

341 cm-‘. Anal. Calc. for 4b: C 41.95; H 3.73; 
?,“2.88. Found: C, 41.82; H, 3.69; ‘N, 2.87%: M.p. 
200-205°C dec.; yield 98.2%; IR: umax 328 cm-‘. 
Anal. Calc. for 4c: C, 43.38; H, 3.85; N, 2.97. Found: 
C, 43.05; H, 3.61; N, 2.88%. M.p. 230-237°C dec.; 
yield 98.0%; IR: u,,,~, 320 cm-‘. 

3.2. Synthesis of I{Pd(a-c)(p-Cl)>,1 f2a-cl 3.5. Structural analysis 

Method 1. To a solution of la-c (0.5 mmol) in 10 ml 
of acetone, was added a solution of NaCl (1 mmol) in 1 
ml of water. The solid obtained after stirring for 12 h, at 
20°C was filtered off, washed with water and acetone 
and dried in vacua. 

The recrystallization of the related complex lc from 
CH,Cl,-hexane gave rise to the appearance of two 
different types of crystal. Both, with parallelepiped 
aspect, presented well-defined characteristic colours: or- 
ange and yellow. 

Method 2. To a solution of Li,PdCl, prepared in situ 
from PdCl, (1 mmol) and LiCl (2 mmol) in 10 ml of 
methanol was added a solution of 2 (1 mmol) in 5 ml of 
methanol. The solution was heated at reflux with stir- 
ring for 24 h. The solid formed was filtered out, washed 

3.5.1. Crystal data for complex Ic-orange crystals 
Pd,C,,H,,06N2. M, = 719.314, triclinic (P 1). a = 

12.578 (1) A, b = 13.134 (2) A, c= 17.615 (2) A, 
ff = 103.47 (I)“, p = 97.57 (l)“, y= 104.15 (l)“, v = 
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2688.6 (5) A’;‘, Z= 4. Dcalc = 1.777 g cmp3. F(OO0) = 
1424, p = 13.660 cm-‘. An orange crystal (0.20 X 0.18 
X 0.15 mm”> was used to collect data on a PW-1100 
diffractometer using graphite monochromated MO K a! 
radiation. A total of 4523 independent reflections were 
measured. Of these 4133 with I 2 3a(I) were consid- 
ered as observed. 

The structure was solved by heavy-atoms methods, 
and refined with anisotropic parameters for all non-H 
atoms. The H atoms were fixed at the calculated posi- 
tions. No absorption corrections were applied. Atomic 
scattering factors for neutral atoms and anomalous dis- 
persion factors for Pd from the International Tublesfor 
X-ray Crystallography were used. A total of 721 pa- 
rameters were varied by using units weights. The final 
R = 0.045, Rw = 0.049. 

3.5.2. Crystal data for complex lc-yellow crystals 
Pd,C3,,H2206N2 M, = 719.314, monoclinic (P2,/ 

n). a = 9.450 (2) A, b = 23.423 (6) A, c = 12.661 (21, 
/3 = 109.02 (21, V = 2650 (1) A3. Z = 4. II,,,, = 1.8032 
g cm-‘; F(000) = 1424, or. = 13.861 cm-‘. A yellow 
crystal (0.15 X 0.25 X 0.10 mm31 was used to collect 
data on a CAD-4 Enraf-Nonius diffractometer using 
graphite monochromated MO Ka radiation. At room 
temperature, the intensity was only observed up to 15”. 
So, the data were collected at 200 K. A total of 6358 
independent reflections were measured. Of these, 1299 
with I 2 2a(Z) were considered as observed. The 
structure was solved by heavy atom methods and re- 
fined with anisotropic parameters for all non-H atoms. 
The H atoms were fixed at the calculated positions. A 
total of 361 parameters were varied by using units 
weights. As in the first case, atomic scattering factors 
for neutral atoms and anomalous dispersion factors for 
Pd from the International Tables for X-ray Crystullog- 
ruphy were used. The final R = 0.054 and Rw = 0.065. 

All calculations for complex lc-orange and complex 
lc-yellow were performed by using the XRAY 80 [16] 
and DIRDIF [ 171. 

4. Supplementary material available 

Atomic coordinates, listings of anisotropic thermal 
parameters and tables of observed and calculated struc- 
ture factors for complex lc-orange (21 pages) and lc- 
yellow (26 pages) are available. 
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