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FT-Raman and FT-infrared (FT-IR) spectra of the novel glutarimidato-palladium(I1) complex, 
trans-K2[Pd(C5H6N02)2C12]. 4.5H20, are reported in the range 4000-100 cm-'. Vibrational 
assignments are given and are supported by normal coordinate calculations based on a general 
valence force field. A striking feature of the spectra of the anionic Pd(I1) complex is a pro- 
nounced shift of the C=O stretching bands to lower wavenumbers relative to those in the neu- 
tral ligand. It has been concluded that after removal of two protons from the nitrogen atoms of 
two glutarimide rings and after formation of the palladium(I1)-nitrogen bonds in trans- 
[Pd(glutarimidat0)2Clz]~-, K electrons from the exocyclic carbonyl groups are transferred to the 
ring, which leads to the accommodation of the negative charge on the oxygen atoms. Thus, in 
the N-deprotonated Pd(I1) complex the C=O bond order decreases and the oxygen atoms may 
bind with additional metal cations. 
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INTRODUCTION 

The presence of the glutarimide ring in a variety of compounds with the 
antiviral and anticancer activity has stimulated our studies on metal com- 
plexes with glutarimides.Ip6 For a proper use of vibrational spectra in the 
structural studies it is essential to have a reliable knowledge of the normal 
mode of vibration for each Raman line or infrared (IR) band. 

In a previous paper' a complete vibrational assignment for glutarimide 
has been reported. Here a detailed analysis of the vibrational spectra of the 
novel bis(glutarimidat0)-palladium(I1) complex, trans-K2[Pd(C~H,jNO&- 
Clz]. 4.5H20 is presented. This compound is an interesting example of a 
simultaneous binding of soft and hard metal ions to a ligand containing the 
imide group. As revealed by the single-crystal X-ray studies of K and Na 
salts of the anionic complex [Pd(C5H6N02)2C12]2-, transition metal ions 
like Pd(I1) bind to the deprotonated nitrogen atom of the glutarimide ring, 
whereas hard metal ions like Kt or Naf bind with the exocyclic carbonyl 
oxygen atoms.6 It should be emphasized that a very similar type of bonding 
has been found in the platinum(I1) complex with the 1-methyluracil anion, 
trans-K2[Pt12( l-MeU)2] . 6H20.7 It has also been reported that thymine and 
uracil nucleobases, when metallated at the deprotonated N3 position, bind 
additional metal ions through the exocyclic oxygens which leads to the for- 
mation of polynuclear comp~exes .~p~ 

This principle seems to be common for metal complexes with cyclic 
imides; thus it is of interest to explore the chemistry of these compounds in 
greater depth. The results obtained from normal coordinate analysis of the 
anionic unit, truns-[Pd(glutarimidat~)~Cl~]~-, provide more information on 
electronic density distribution and resonance hybrid structures of multi- 
nuclear complexes derived from cyclic imides. 

EXPERIMENTAL 

The synthesis of the crystalline complex trans-K2[Pd(C5H6N02)2C12] . 
4.5H20 was performed according to the reported procedure.6 Raman spec- 
tra were recorded on a Bruker 88 FT-Raman spectrophotometer equipped 
with a Nd-YAG laser (maximum power 200mW and resolution 2cm-I). 
The infrared spectra were measured on a Bruker ISF-I 13V FT-IR spectro- 
photometer in the regions 4000-400 and 500-50cm-I with resolution of 
2cm-'. IR spectra were recorded in KBr pellets and in nujol mulls on poly- 
ethylene plates. 
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IR AND RAMAN STUDIES 243 

TABLE I Geometrical parameters of Pd(glutarimidato)2Cli- used in calculations 

Bond lengths (A) Bond angles and torsional angles (deg)a 

c2-c1 1.525 N3-C2-C1 119.1 
N3-C2 1.360 C4-N3-C2 123.1 
C4-N3 1.355 C5-C4-N3 119.6 
c5-c4 1.498 C6-C5-C4 117.9 
C6-C5 1.487 0 13-C2-N3 121.2 
013-C2 1.235 014-C4-N3 120.8 
0 14-C4 1.248 Pd 15-N3-C2 119.0 

Pd-N3 2.033 H-C-C 109.0 
Pd-CI 2.320 

aN-Pd-N CI-Pd-CI bonds are linear. The carbonyl groups are coplanar with the ClC2N3- 
C4C5 plane. C-H bonds are assumed to be in a tetrahedral arrangement. 

C-H 1 .oo C6-C5-C4-N3 -23.0 

CALCULATION PROCEDURE 

The bond lengths and angles used in the normal coordinate analysis are 
listed in Table I. A simplified model (1 : 1 metal : ligand) was applied. This is 
justified since this model takes into account significant vibrational coupling 
within the ring of the complex. In order to calculate both the symmetric and 
antisymmetric metal-ligand vibrations we performed additional calcula- 
tions on the trans-PdN2C12 skeleton, which represents the model coordina- 
tion sphere. A complete set of internal coordinates was applied, analogous to 
that used in the previous calculation.' The potential energy was expressed 
by a simplified general valence force field (SGVFF).','' The procedure for 
the adjustment of force constants was the same as that described earlier.' ' 
Normal coordinate analysis was performed with a modified version of the 
Schachtschneider programs. l 2  The calculated and experimental wavenum- 
bers are in very good agreement (average error is less than I %). 

RESULTS AND DISCUSSION 

Figure 1 provides a view of the model of glutarimide and its anionic com- 
plex tran~-[Pd(glutarimidato)~C1~]~- for which normal coordinate analysis 
was performed. According to the X-ray data6 two glutarimide ligands are 
coordinated with Pd via the deprotonated ring nitrogen atoms. The two 
chloride and two nitrogen atoms form a trans square-planar environment 
around the palladium atom and the Cl-Pd-Cl and N-Pd-N bonds are 
linear. 

Fourier-transform infrared and Raman spectra of crystalline trans- 
K2[Pd(C5H6N02)2C12] . 4.5H20 are shown in Figure 2 and the far infrared 
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244 B. MORZYK et al. 

CI 

FIGURE 1 Molecular model and atom numbering of glutarimide and of Pd(g1utari- 
midato)ZCl:- complex ion. 

spectrum is displayed in Figure 3. Experimental and calculated frequencies 
(selected bands) are shown in Table 11. Vibrational assignment given in this 
table is based on the calculated potential energy distribution (PED) in terms 
of internal coordinates. 

Vibrations of the Glutarimide Ring 

Comparison of the infrared and Raman spectra of trans-K* [Pd- 
(C5H6N02)2C12] . 4.5H20 with those of neutral glutarimide' indicates that 
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IR AND RAMAN STUDIES 245 

TABLE I1 Observed and calculated wavenumbers (cm-I) and vibrational assignment for 
trans-K2[Pd(C~H6N02)2Cl2] . 4.5H20 (selected bands) a 

u observed (cm-I) u calculated Assignment PED (%) 
(cm-'1 

IR Raman 

3460 m, br 

2850 w 
169gb w 
1663 sh 
1643b m 
1622 sh 
1586 vs 
1462 w 
1437 sh 
1424 w 
1371 s 
1357 s 
I329 m 
1191 m 

974 m 
787 w 
690 w 
629 w 
606 w 
572 m 
540 brc 

459 m 

395 br 
354 m 
296 m 

258 m 

208 m 

172 sh 

2958 vs 
2930 sh 
2890 vs 

1662 s 
1637b sh 

1463 w 

1417 m 
1374 sh 
1363 m 
1330 w 
1189w 
1064 m 
970 w 
788 m 
692 s 

603 s 

478 m 
458 s 

445 sh 

349 w 

283 vs 

235 m 

185 sh 
170 sh 
125 s 

2960 
2930 
2890 
2850 

1663 

IS87 
1463 
1436 
1418 
1371 
1363 
1329 
1 I90 
1065 
974 
793 
693 
635 
602 
569 

538 
47gd 
457 
44s 

353 
296d 
283d 
257 

186 
172 
123 

Y (OH) (HzO) 
u CH2 (CIHH) (CSHH) (99) 
u CH2 (C6HH) (92) 
u CH2 (CIHH) (CSHH) (94) 
Y CH2 (C6HH) (98) 

uS(C2-013) (48) + u(C4-014) (34) 
(1064+629= 1693 or 1330+354= 1684) 

6(HOH) 

CH2 sciss. (HC6H) (96) 
CH2 sciss. (HCIH) (HCSH) (89) 
CH2 sciss. (HCIH) (HCSH) (83) 

u"S(C4-014) (51) +u(C2-013) (35) 

U(N-Cc) (27) + Y(cb-c,) (25) 
CHI def. (56) 4- v(cb-cc) (12) 
v(N-C,) (33) + CH2 def. (9) 
CH2 def. (62) 
CH2 def. (63) + Y(ca-cb) (17) 
CH2 def. (54) + v(cb-cc) (19) + v(C,-C,) ( I  I )  
CH7 def. (22) +ring def. (21) - . .  
Ring def. (62) 
Ring def. (18)+y(C2-013) (14)+y(C4-014) (13) 

Ring def. (23) + CH2 def. (17) + va"(N3-Pd) (10) 
~(Cb-c,) (19)+6(C2-013) (14)+6(C4-014) (10) 

H20 librational modes 
uas(N3-Pd)(38)+6(C4-014) (14)+ringdef. (10) 
uS(N3-Pd) (100) 
Ring def. (59) 

H 2 0  librational modes 

uas(Pd-CI) 

6(C,C,Cc) (IS) + Y(c,-cb) (14) +y(N3-Pd) (10) 

6(C2-013) (18)+6(C4-014)(17)+~(N-C,) (28) 

Ys(Pd-C1) 
y(C2-013) (65)+7(CI +C2) (17) 
b(N-Pd-CI) 
G(N-Pd-CI) 

~ ( c l L C 2 )  (35) + T(c4-Cs) (33) + y(N3-Pd) (1 1) 
h(N3-Pd) (44)+6(C2N3C4) (27)+6(C4-014) (13) 

r ring def. (79) 

"Complete data are available as supplementary material: "combination band or crystal field splitting: 
'obscured by H 2 0  librational modes; dcalculated with the model of coordination sphere.Abbreviations 
used: s. strong; m, medium; w. weak; v, very: sh, shoulder: br. broad; u, stretching; u"' and us antisymmetric 
and symmetric stretchings. respectively; 6. in-plane bending; y. out-of-plane bending; 7, torsion; def., defor- 
mation; v(N-CC)=u(N3-C2)+ u(N3LC4): u(C.,-Cb)=u(C1-C6)+v(C6-C5): u(Ch-Cc)=u(CI-C2)+ 
u(C5SC4); 6(C.,C&) = 6(C6CIC2) + h(C6C5C4): ring def., ring deformation (linear combination of inter- 
nal coordinates in ring). 
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246 B. MORZYK el al. 

all bands assigned to NH vibrations in the ligand disappear in the spectra of 
the Pd(I1) complex, a fact which confirms deprotonation of the nitrogen 
atom upon complex formation. 

The strong band at 1662cm-' in Raman and the very strong band at 
1586cm-' in the infrared spectrum of the Pd(I1) complex (Figure 2) have 
been assigned to the C=O symmetric and antisymmetric stretching vibra- 
tions, respectively. It is interesting to note that in the heteronuclear com- 
plex, bis[bis( 1 -methylthyminato)cis-diammineplatinum(II)]silver(I) nitrate 
pentahydrate, the corresponding bands occur at very similar wavenumbers, 
1665 and 1570 cm-', re~pectively.'~ This suggests that electron density dis- 
tribution and polarity of the C=O bonds in these complexes are similar. 
The other bands observed in the range 1698-1560cm-' for Pd(I1) complex, 
may be due to crystal field splitting or they may arise from combination 

A 

B 

Wavenumber [crn-ll 

FIGURE 2 A: FT-IR spectra and B: FT-Raman spectra of rrans-K2[Pd(C~H6N02)~C12] 
4.5H20. 
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IR AND RAMAN STUDIES 247 

tones being enhanced in intensity through Fermi resonance with the C=O 
stretching fundamentals. Similar effects were noted in the spectra of neutral 
glutarimide. ' 

It is quite striking that in the N-coordinated Pd(I1) complex the C=O 
stretching frequencies are significantly lower than those of neutral glutar- 
imide (which occur at 1722 and 1706cm-' in the infrared).' A plausible 
explanation of this effect is that after removal of the proton from the nitro- 
gen atom in the glutarimide ring, 7r electrons from the exocyclic carbonyl 
groups are transferred to the ring. This leads to accommodation of the 
negative charge on the oxygen atoms. Thus, the two CO bonds become 
more ionic. It is interesting that formation of the palladium(I1)-nitrogen 
bond in the anionic complex [Pd(gl~tarimidato)~Cl~]~- does not restore 
electron density distribution and the negative charge remains on the oxygen 
atoms. This is reflected in a decrease of C=O stretching frequencies and an 
increase of C-N stretching frequencies in the Pd(I1) complex. For example, 
the new strong infrared bands at 1371 and 1329cm-' involve predominant 
contribution from the C-N stretchings, as shown in Table I. The new dis- 
tinct Raman lines at 788 and 692 cm-' which appear in the spectrum of the 
Pd(I1) complex have been assigned to deformation modes of the glutar- 
imidate ring. Assignment of the remaining bands is given in Table 11. 

Palladium(I1)-Nitrogen and Palladium(I1)-Chloride Vibrations 

The region of the palladium-nitrogen (Pd-N) stretching vibration has been 
fairly well estab1i~hed.I~ It has been reported for PdL2C12 complexe~ '~ - '~  
that the Pd-N stretching frequency ranges from 560 to 430 cm-' depending 
on the nature of ligand (L). In truns-Pd(NH&C12 the antisymmetric 
v(Pd-N) mode was assigned to the infrared band at  4 9 6 ~ m - l . ' ~  Of parti- 
cular interest is the effect of deprotonation on the metal-nitrogen stretch- 
ing frequencies. Watt and Knifton17 showed that deprotonation of the nitrogen 
atom coordinated to metal ion strengthens the metal-nitrogen bond, reflec- 
ted in a shift of the corresponding metal-nitrogen stretching vibration 
towards higher frequencies. It is therefore reasonable to conclude that the 
antisymmetric Pd(I1)-N stretching mode in truns-K2[Pd(C~H6N02)2Cl2]. 
4.5H20 has a higher frequency than that in t r u ~ s - P d ( N H ~ ) ~ C l ~ .  However, 
in the title complex this band is hidden under the very broad band centred 
at 540cm-' which arises from the librational modes of lattice water mole- 
c u l e ~ , ' ~  as shown in Figure 3. Fortunately, the symmetric Pd(I1)-N stretch- 
ing vibration is Raman active and is easily assigned to a distinct new band 
of medium intensity at 478 cm-' in the Raman spectrum of the complex. 
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1 I I I I I I I 

600 500 400 300 200 1W 

Wavenumber [cm-'] 

FIGURE 3 Far infrared spectrum of frans-K2[Pd(C~H6NOz)~Cl~] 4.5820. 

The Pd-C1 stretching vibrations have been assigned by comparison with 
the spectra of related molecules.'4p16 Perry et al." reported that the Pd-Cl 
stretching bands were of medium intensity in infrared spectra and ranged 
from 350 to 285cm-'. Thus, the infrared band at 296cm-' (Figure 3) and 
the very strong Raman band at 283cm-' in the title complex have been 
assigned to the antisymmetric and symmetric Pd-C1 stretching vibrations, 
respectively. 

Force Constants 

The Pd-N stretching force constant obtained in this work (1.88 mdyn k') 
is slightly higher than that obtained for tetraammine complexes of pal- 
ladium(I1) (1.71 mdyn A1-')l4 which confirms the strong covalent character 
of the Pd-N bond in the anionic glutarimidato-Pd(I1) complex. On the 
other hand, the Pd-Cl bonds become quite ionic in this complex, as indi- 
cated by much lower value of the Pd-Cl stretching force constant 
(1.34 mdyn A - I ) .  The calculated values of the carbonyl stretching force con- 
stantsf(C2-013) and,flC4-014), 9.83 and 9.63 mdyn k', respectively, are 
smaller than those in the neutral glutarimidel (1 1.06 and 10.27 mdyn k') 
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which confirms our conclusion that deprotonation of the nitrogen atom 
reduces the C=O bond order. It should be noted that thef(CO/CO) interac- 
tion force constant (0.39 mdyn k') was indispensable for reproducing the 
frequencies of the antisymmetric and symmetric C=O stretching vibrations 
of two carbonyl groups in the complex. 

The final set of force constants derived in the normal coordinate analysis 
of Pd(g1~tarimidato)~Cl;- anion is available as supplementary material. 

It is concluded that after removal of two protons from two glutarimide 
rings and after formation of the palladium(I1)-nitrogen bonds in trans- 
[Pd(glutarimidat0)2Cl2]~-, 7r electrons from the exocyclic carbonyl groups 
are transferred to the ring which leads to accommodation of the negative 
charge on the oxygen atoms. Thus, in the anionic complex the C=O bond 
order decreases and the oxygen atoms may bind with additional metal 
cations. It follows from the above discussion that the electronic structure of 
Pd(g1~tarimidato)~CI~- complex anion may be represented by a resonance 
hybrid of structures A, B and C (as shown in Scheme 1) with B and C 
having predominant contribution. It is apparent from the resonance struc- 
tures B and C that the oxygen atoms may interact with Kf or Na+ cations 
or possibly other metal cations. This may lead to formation of polynuclear 
complexes of glutarimide with different metal ions. 

It is possible that similar effect occurs for thymine and uracil nucleobases 
bonded at the N3 position with Pt(I1) or Pd(I1). This may explain forma- 
tion of the polynuclear complexes of cyclic imides. 

Supplementary Material 

Tables listing all experimental and calculated frequencies and the set of 
force constants obtained in the normal coordinate analysis of the Pd(I1) 
complex are available from the authors on request. 

A B C 

SCHEME I Resonance structures of Pd(glutarirnidato),Cl:- complex ion. 
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