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Abstract 

Five mono-, bi-, tri- and tetranuclear cadmium(lI) complexes have been synthesized from the reaction of a tertiary phosphiee 
betaine, Ph3P+(CH2)2CO2 -,  with various cadmium(ll) salts, namely [Cd{Ph3P(CH2)aCO2},t(H20)2](CIO4)2-2H20 (1), [CdCI2- 
{Ph3P(CH2)2CO2}2]'TH20 (2), [Cdl2{Ph3P(CH2)2CO2}] 2 (3), trans-Cd(H20)4[C12Cd(/.t-Ci){Ph3P(CH2)2CO2]]2-4H20 (4) and 
[Cd2Br4{ Ph3P(CH2) 2CO2 }2] 2" dmf (5). In complex I the cadmium(ll) atom is located at an inversion center, and is coordinated in a nearly 
perfect CdO6 octahedron with four unidentate betaine iigands defining the equatorial plane and two trans aqua ligands occupying the axial 
positions. Complex 2 exists as discrete mononoclear species which are linked by donor hydrogen bonds from the solvated water molecules 
to form a layer structure. Complex 3 is a discrete dimer in which the betaine ligands act in both one-atom bridge and bidentate chelate modes. 
Complex 4 comprises linear trimers which are joined by hydrogen bonds involving the chloro and aqua ligands and solvated water molecules 
to form a layer structure. Complex 5 is a novel tetranuclear molecule in which two of the four betaine ligands act in a very unusual P.3 bridging 
mode. 
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1. Int roduct ion 

The coordination chemistry of cadmium(II) in both the 
non-biological and biological areas has been the subject of 
intensive research [ 1 ]. Generally, the d m electron configu- 
ration of cadmium(H) rules out a ligand-field stabilizing 
effect for its complexes and, as a consequence, one of its most 
striking features is stereochemical adaptability. A statistical 
study on the structural aspects of metal ion-carboxylate inter- 
actions showed that the maximum deviation of the cad- 
mium(II)  atom from the carboxylate plane can reach up to 
~ 1.5 .~, but for most transition metal ions such as manga- 
nese(H, HI), cobalt(lI, IH), nickel(H), iron(B, HI), cop- 
per(I, H) and zinc(H), they tend to lie in the carboxylate 
plane [2].  This means that the cadmium(H) ion is much 
more accommodating to the arrangement of carboxylate an- 
ions around it. In fact, with few other ligaod classes does 
cadmium (II) form so many structurally varied complexes as 
with carboxylic acids or carboxylic acid-like ligands [ 1,3]. 

* Corresponding author. 

0020-16931971517.00 © 1997 Elsevier Science S.A. All rights reserved 
PIIS0020-1693(96)05495-3 

Cadmium(R) intrinsically tends to form polymeric struc- 
tures with carboxylic acids. The crystal structures of  a number 
of simple cadmium(H) carboxyiates as well as complexes 
with amino acids and tertiary amine betaines have been deter- 
mined, most of which showing one-, two- or three-dimen- 
sional arrangements of carboxylate groups bridging adjacent 
Cd(H) atoms [3-11 ]. On the other hand, cadmium(H) car- 
boxylates containing both monomeric and oligomeric dis- 
crete units are relatively rare. Known examples include the 
unusual monomeric complex [Cd(PhOCH2CO2)2(H20)2] 
[12] in which the cadmium(H) atom is chelated by two 
carboxylic acid ligands in the equatorial plane and two trans 
aqua ligands occupying the axial positions; binuclear c.mn- 
plexes such as [Cd2[/~-F3CCO2-O,O']4(PPh3)2] [13], 
[Cd2(MeCO2){SC(NH2)2]4] [14] and [{Cd2(BET)2- 
(H20)2C12(/z-Cl)2] (BET = Me3N+CH2COz - ) [ 15]; tri- 
nuclear species such as [Cd3(CI~Is3N302)z(MeCO2)2- 
(dmf)2] [ 16], tCd3(Hedta)2(H20)6]-4H20 [17,18] and 
[Cd3(pyBET)4CI~] [19] (pyBET---CsH~M+CH2CO2-); 
tetranuclear complexes such as [Cd4(C21HtvN302)2- 
(MoCO2)4]-(dmf).H20 [16] and [Cd4(p~d~a)2(U20)8 ] 
• 8H2 O (phdta = p-phenylenediamine-N,N,N~,N%tenaace- 
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taro) [20]. The trinuclear and tetranuclear complexes except 
[Cd3(pyBET)4CI6] all involve multidentate ligands. 

In order to synthesize cadmium (II) complexes of carbox- 
ylic acid-like iigands containing both monomeric and oligo- 
meric discrete units, we have recently used a triphenyl- 
phosphine betaine, Ph3P+(CH2)2CO2 -.  Several cad- 
mium(II) complexes containing a tetrakis(/z-carboxylato- 
0 , 0 ' )  bridged dimetal core have been synthesized from this 
ligand and the occurrence of tl:.;s structural type ascribed to 
the steric effect of the bulky PPh3 g~.aup [21 ]. In the present 
study, we report the synthesis and structural characterization 
of a series of cadmium(II) complexes containing discrete 
mono-, bi-, tri- and tetranuclear units, namely [Cd{PhaP- 
(CH2)zCO2}4(H20)2 ](CIO4) 2"2H20 (1), [CdCI2{Ph3P- 
(CH2)2CO2}2] "7H20 (2), [CdI2{Ph3P(CH2)2CO2}]2 (3), 
trans-Cd(H20)4[Cl2Cd (p,-Cl) { Ph3P(CH2) 2C02 } ] 2" 4H20 
(4) and [Cd2Bq{Ph3P(CH2)2COE}2]2"dmf (5). 

2. Experimental 

2.1. Synthesis of  the complexes 

2.1.3. Synthesis of  [Cdlz{ Ph3P( CHz)zCOz} ]z (3) 
Following the procedure for the preparation of complex 2, 

the use ofPhsP + (CH2)2CO2- (336 mg, 1.0mmol) andCdI2 
(180 mg, 0.5 mmol) yielded colorless prismatic crystals of 
complex 3 ( 190 mg, 54%). 

2.1.4. Synthesis of  trans-Cd(HzO)4[ClzCd(ix-Cl)- 
{ Ph3P(CHz)zCOz} ]z "41120 (4) 

PhaP+(CH2)2CO2 - (335 mg, 1.0 mmol) and CdCI2" 
2H20 (445 mg, 2.0 mmol) were dissolved in CHaCN 
( ~ 10 cm3), and the solution was stirred for about 5 min at 
~ 60°C. After the solution was allowed to stand for 2 days at 
ambient temperature, colorless prismatic crystals of complex 
4 were obtained (230 mg, 34%). 

2.1.5. Synthesis of  [CdzBr4{Ph3P(CHz)zCOz}zlz.dmf(5 ) 
Following the procedure for the preparation of complex 2, 

the use of Ph3P + (CH2)2CO2- (340 mg, 1.0 mmol) and 
CdBr2 (540 mg, 2.0 mmol ) yielded colorless prismatic crys- 
tals of complex 5 (240 mg, 38%). 

The IR spectra of complexes 1-5 were recorded from KBr 
pellets in the range 400-4000 cm-~ but the asymmetric 
stretching vibration of the carboxylate group ( ~ 1650 cm-  i ) 
was masked by the absorption band of the PhsP group. 

P h 3 P + ( C H 2 ) 2 C O 2  - w a s  synthesized by a literature 
method [22]. Cadmium(II) perchlorate was prepared from 
the reaction of CdO with HCIO4 (70%) and recrystallized in 
ethanol/H20. Solvents and other chemicals were used as 
purchased. 

Caution: Metal perchlorates are potentially explosive in 
reactions with organic ligands. Only small amounts should 
be prepared and handled with great care. 

2. l.I.  Synthesis of  [Cd{ Ph3P(CHz)zCOz }4(HzO):]- 
( C10 4)2 " 21-120 (1) 

To a mixture of Ph3P + (CH2)2(202- (336 rag, 1.0 mmol) 
and Cd(CIO4)2"xH20 (203 mg) was added distilled water 
( ~ 5 cm3), and a white precipitate was formed immediately. 
After the slurry was stirred for about 5 min at ~ 60°(2, Ci t3CN 
was added until the precipitate dissolved completely. A col- 
orless crystalline solid was obtained after the solution was 
allowed to stand for 2 days. Recrystallization of this product 
in dmf/H20 yielded complex I (280 mg, 66%). 

2.1.2. Synthesis of lCdC4{Ph3P(CH2)zCOz}21. 7HzO (2) 
To a mixture of Ph3 p+ (CH2)2CO2- ( 336 mg, 1.0 mmol) 

and CdCI z. 2H:O ( 110 mg, 0.5 retool) was added distilled 
water ( ~ 5 cm3), and a white precipitate formed immedi- 
ately. Then dmf was added until the precipitate dissolved 
completely, and the resulting solution was stirred for about 5 
rain at ~ 60°C. After the solution was allowed to stand for 3 
days at ambient temperature, colorlcss prismatic crystals of 
complex 2 were obtained (370 rag, 78%). 

2.2. Crystal structure determination of  the complexes 

Information concerning X-ray data collection and structure 
refinement is summarized in Table 1. The intensities were 
collected at 290 ° K in the ~scan  mode [23] on a Nicolet 
R3m/V and a Siemens P4/PC four-circle diffractometer 
using Mo Ka radiation (A=0.71073 A). Unit-cell param- 
eters were calculated from least-squares fitting of the 20 
angles for 20 selected strong reflections. Crystal stability was 
monitored by recording three check reflections at intervals of 
120 data measurements, and no significant variation was 
detected. An empirical absorption correction based on azi- 
muthal scans was applied during intensity data processing for 
all five complexes. 

The crystal structures ofaU five complexes were solved by 
direct methods. For complexes 1--4, all non-hydrogen atoms 
were refined anisotropically by full-matrix least squares. For 
complex 5, all the phenyl groups were treated as rigid groups 
(with C-C = 1.385 A and C-C-C = 120 °) and refined iso- 
tropically. The hydrogen atoms of the ligands were placed in 
their calculated positions with C-H = 0.96 A, assigned fixed 
isotropic thermal parameters, and allowed to ride on their 
respective parent carbon atoms. These hydrogen atoms were 
included in the structure factor calculations, but their posi- 
tions were not varied. 

All calculations were carried out on a PC 48'6 using the 
SHELXTL-PLUS program package [ 24 ]. Analytical expres- 
sions of neutral-atom scattering factors were employed, and 
anomalous dispersion corrections were incorporated [25]. 
Final atomic coordinates and equivalent isotropie thermal 
parameters for the five crystal structures, along with their 
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Table 1 
Crystallographic data for compounds 1-5 (L = Ph3P ~ (CH2)2CO2-) 

Complex 1 2 3 4 5 

Formula [ CdL4(H20) 2] (CIO4) 2" [CdCI2L2] "7H20 [Cdl2L]2 trans-Cd ( H20),t [ C12Cd(/t-Cl )L] 2 • [Cd2Br~..2] 2 • dmf 
2H20 4H20 

1718.7 978.1 1401 1346.6 2471 
triclinic orthorhombic monocl in lc  monoclinic fficlhfi¢ 
P] Pca21 P2Jn P2~ln P2Jc 
0.18×0.20×0.25 0.36×0.40×0.40 0.20×0.24×0.28 0.40×0.40×0.44 0.36×0.36×0.44 
9.246(2) 17.496(8) 10.077(2) 8.997(!)) 13.380(5) 
13.070(3) 19.727(7) 14.839(3) 13.171 (3) 14.593(3) 
18.689(4) 13.303(2) 15.641(3) 23.000(7) 15.228(4) 
77.83(3) 90 90 90 71.79(2) 
89.68( 3 ) 90 106.66(3) 96.47(2) 80.61 (3) 
70.24(3) 90 90 90 65.27(3) 
2072( I ) 4591 (2) 2241 ( 1 ) 2710( 1 ) 2564( | ) 
I 4 2 2 1 
1,377 1.415 2.077 1.650 1.601 
888 1500 1320 1324 1188 
4.75 7.17 38.51 15.74 40.45 
0.945--!.000 0.539~.586 0.383-0.439 0.676-0.801 0.2(~3-0.254 
2-48 3-50 2-50 3-52 3--4~ 
6482 4261 3906 5361 8106 
4284 2788 233 i 4315 4073 

539 523 245 296 248 
0.062 0.048 0.060 0.064 0.075 
0.072 0.047 0.067 0.083 0.087 
1.36 i.32 !.16 1.64 1.63 

Molecular weight 
Crystal system 
Space group 
Crystal size (ram) 
a(A) 
b(A) 
c (A) 

(°) 
/3(°) 
~,(°) 
U(A 3 ) 
Z 
D~ (g cm -3) 
F(O00) 

(cm-~) 
Transmission coefficients 
20 range (°) 
No. independent data 
No. used data, n 

(IFI > 4o'(F)) 
No. variables, p 
R" 
R' b 
S~ 

a R f  EAIY-IFol. 
b R' ffi [EwA21EIFol2] ~/2. 
cS= [wA21(n-p)p/2wherew= [ o'2(Fo) + KIFoi2]- t,A = I IFol - IFJ I; 1~ K= 800, 300,1200, 20 and 1000 for complexes 1, 2, 3,4 and & n~ ive~y .  
Extinction parameter x=O.O0000, 0.00011, 0.00019, 0.00047 and 0.00040 for complexes !, 2, 3, 4 and 5, respectively where the 'conected" calcula~l 
structural factor F ~ =  Fc( I + 0.002xFc2/sin 20) - iJ4. 

estimated standard deviations, are presented in Tables 2-6, 
and selected bond lengths and angles are listed in Tables 7 -  
11. 

3. Results and  discussion 

3.1. Crystal structure o f  [ Cd{ PhjP( CH2)2C02 } 4(1120 )2]- 
(C104)2" 2H, O (1) 

Complex 1 consists of [Cd{Ph3P(CH2)2CO2}4- 
(H20)2] 2+ cations, CIO 4- anions and H20 molecules 
packed in the crystal lattice. In the cation the cadmium(H) 
atom is located at an inversion center and six-coordinated by 
two trans aqua ligands (Cd-O--2 .308(3)  A) and two pairs 
of unidentate Ph3P+(CH2)2CO2 - ligands (Cd-O--  
2.219(5) and 2.231(4) A,) in a nearly perfect octahedral 
environment (the bond angles about the Cd(H) atom ranging 
from 88.7-92.3°). The Cd-O(aqua) bond length in complex 
1 are similar to those found in cadmium(H) maleate dihy- 
drate (2.317(5) and 2.281(5) /~) [26] in which the cad- 
mium(II) atom is coordinated in an analogous CdO6 
octabedral environment, but significantly longer than 
those in [Cd(PA)2(H20)2] (PAH--phenoxyacetic acid) 
(2.110(5) ~ )  [12] in which the cadmium(H) atom is in a 
distorted CdO6 octahedral environment with a pair of sym- 

metric chelating carboxylato groups. The four carboxylate 
groups are arranged in such a way that each aqua ligand forms 
strong intramolecular hydrogen bonds (0- . .Offi2.682(5) 
and 2.704(5) ~i,) with the pendant oxygen atoms of  two 
adjacent betaine ligands (Fig. 1). To our knowledge, this 
complex provides the first example among cadmium(H) car- 
boxylates in which the Cd(H) atom is coordinated by four 
unidentate carboxylate groups. A plausible reason for the 
occurrence of this unusual complex is ascribed to the strong 
intramolecular hydrogen bonds which play a dominant role 
in stabilizing the octahedral coordination geomeffy involving 
both the aqua and unidentate betaine ligands. On the other 
hand, the Cd-O(carboxylate) distances and the geometry of  
the carboxylate groups in complex 1 are co~:~pe~rable to those 
in the tetrakis-/t-carboxylato-O,O'-bridged dicadmium(lI) 
complexes (Table 12) [21], and so the carboxyla~ groups 
in I may be described as acting in a 'pseudo syn-sy:~" bidentate 
bridging' mode. 

3.2. Crystal structure o f  [CdCl2{ Ph3P( CHz)zCOz } 2]" 
71-120 (2) 

Complex 2 consists of a packing of mononuclear species 
[ CdCI2 [ Ph3P ( CH2 ) 2CO2 } 2 ] and lattice H20 molecules. The 
cadmium(H) atom is in a CdC!204 environment, being asym- 
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Table 2 
Atomic coordinates ( × 10 4) and equivalent isotropie displacement coeffi- 
cients U,~ (A 2 × 104 for Cd, A 2 × 103 for other atoms) for complex I 

Atom x y z Ueq" 

Cd(l) 0 0 0 374(4) 
O(IW) 2309(4) -993(3) -402(2) 37(1) 
P(I) 5463(2) 906(1) 2355(I) 30(1) 
C(I) 4561(5) 2789(4) 1219(3) 55(1) 
C(2) 4300(5) 3912(4) 928(4) 76(1) 
C(3) 4493(5) 4582(4) 1352(4) 69(!) 
C(4) 4972(5) 4162(4) 2073(4) 67(1) 
C(5) 5251(5) 3043(4) 2385(3) 50(I) 
C(6) 5027(4) 2358(4) 1949(3) 34(1) 
C(7) 3128(5) 1551(4) 3286(3) 56(1) 
C(8) 2320(5) 1363(4) 3887(3) 69(!) 
C(9) 2762(5) 354(4) 4351(3) 72(1) 
C(IO) 4010(5) -520(4) 4219(4) 75(1) 
C(l l )  4806(5) -334(4) 3611(3) 62(1) 
C(12) 4388(4) 702(4) 3148(3) 37(1) 
C(13) 8536(4) - 180(4) 2184(3) 37(1) 
C(14) 10076(4) -636(4) 2418(3) 48(1) 
C(15) 10552(5) -663(4) 3126(3) 50(1) 
C(16) 9513(5) -204(4) 3588(3) 55(1) 
C(17) 7960(5) 257(4) 3353(3) 48(1) 
C(18) 7459(4) 283(4) 2651(3) 32(1) 
C(19) 4974(4) 226(4) 1701(3) 40(!) 
C(20) 3254(4) 507(4) 1573(3) 42(1) 
C(21) 2754(4) 65(4) 972(3) 40(1) 
0(1) 3787(4) -522(4) 658(3) 77(1) 
0(2) 1356(4) 338(3) 841(2) 52(!) 
P(2) 1298(2) 4196(!) -2358(!) 31(!) 
C(22) - 1379(5) 5405(4) -3228(3) 53(I) 
C(23) -2435(5) 5631(4) -3827(4) 68(1) 
C(24) -2066(5) 4968(4) -4328(3) 76(!) 
C(25) -724(5) 4092(5) -4241(3) 81(I) 
C(26) 312(5) 3864(4) -3654(3) 61(1) 
C(27) -21(4)  4542(4) -3144(3) 35(1) 
C(28) 3620(5) 4128(4) -3313(3) 49(!) 
C(29) 5114(5) 3814(4) -3482(3) 60(i) 
C(30) 6259(5) 3125(4) -2967(4) 64(1) 
C(31) 5903(5) 2730(4) -2277(4) 62(1) 
C(32) 4402(4) 3022(4) -2089(3) 48(1) 
C(33) 3231(4) 3721(4) -2617(3) 35(1) 
C(34) 1170(5) 5263(4) --1222(3) 63(I) 
C(35) 1041(5) 6173(4) -933(4) 84(I) 
C(36) 838(5) 7194(4) -1401(4) 75(!) 
C(37) 736(5) 7314(4) -2123(4) 61(1) 
C(38) 843(4) 6414(4) -2425(3) 45(1) 
C(39) 1038(4) 5380(4) - 1974(3) 34(1) 
C(40) 970(4) 3091(4) - 1697(3) 40(1) 
C(41) -661(4) 3407(4) - 1449(3) 45(I) 
C(42) -876(4) 2499(4) -836(3) 33(1) 
0 ( 3 )  - 1992(4) 2805(3) -474(3) 60(1) 
0(4) 78(4) 1541(3) -762(2) 50(!) 
O(2W) 6674(4) - 1906(4) 267(3) 88(I) 
CI(I) 2522(3) 7281(2) 5483(1) 70(!) 
0(5) 1924(5) 6802(5) 5918(5) 193(i) 
0(6) 3695(5) 7732(5) 5734(4) 102(I) 
0(7) 3720(5) 6320(5) 5315(5) 114(I) 
0(8) 1895(5) 7900(5) 4860(5) 146(1) 
0(5 ')  3005(5) 7093(5) 4841(4) 127(!) 
O(6') 1300(5) 6661(5) 5740(4) 74(I) 
0(7 ')  3288(5) 7166(5) 6077(5) 169(!) 
0(8 ')  1424(5) 8405(5) 5359(5) 116(1) 

a U~ defined as one third of the trace of the orthogonalized U,j tensor. 
Atoms 0(5)-0(8)  and O(5')-O(8') belong to a two-fold distorted per- 
chlorate group and each has a site occupancy of 1/2. 

Table 3 
Atomic coordinates ( × l0 s for Cd, × 104 for other atoms) and equivalent 
isolropie displacement coefficients Ueq (.~2 × 104 for Cd. A 2 × 103 for other 
atoms) for complex 2 

Atom x y z U~q * 

Cd(i) 39519(5) 23763(3) 7073 529(3) 
CI(I) 4932(2) 2752(2) 8307(3) 79(1) 
C1(2) 3023(2) 1627(2) 7940(3) 84(1) 
P(I) 3147(2) 5101(1) 4029(2) 42(1) 
C(I) 2794(7) 6070(5) 5481(9) 57(5) 
C(2) 2971(8) 6561(6) 6146(10) 73(6) 
C(3) 3719(9) 6791(6) 6245(10) 72(5) 
C(4) 4289(7) 6510(6) 5667(9) 64(5) 
C(5) 4110(6) 5998(6) 4991(8) 52(4) 
C(6) 3354(6) 5791(5) 4880(8) 42(4) 
C(7) 3680(6) 4658(6) 2207(11) 56(4) 
C(8) 4024(7) 4749(8) 1268(10) 69(5) 
C(9) 4278(7) 5372(8) 963(10) 74(6) 
C(10) 4205(7) 5929(8) 1583(il) 67(5) 
COl)  3860(6) 5839(7) 2528(9) 47(4) 
C(12) 3598(6) 5218(5) 2829(8) 40(4) 
C(13) 1779(6) 4443(6) 3679(8) 47(4) 
C(14) 1018(8) 4433(7) 3353(9) 69(5) 
C(15) 666(7) 5030(8) 3116(9) 69(5) 
C(16) 1013(7) 5637(7) 3176(9) 66(5) 
C(17) 1757(6) 5659(6) 3504(8) 54(5) 
C(18) 2136(5) 5069(5) 3768(7) 39(3) 
C(19) 3491(7) 4333(5) 4572(9) 57(4) 
C(20) 3198(8) 4189(6) 5624(9) 62(5) 
C(21) 3524(9) 3540(6) 6088(10) 64(5) 
O(!) 3124(5) 3265(4) 6782(6) 77(4) 
0(2) 4155(6) 3329(4) 5786(7) 75(4) 
P(2) 4460(2) 428(i) 2853(2) 44(1) 
C(22) 5812(7) 1156(6) 2655(8) 57(5) 
C(23) 6550(8) 1262(8) 2332(il) 80(6) 
C(24) 6949(8) 733(9) 1930(13) 91(7) 
C(25) 6611(9) 120(8) 1812(10) 89(7) 
C(26) 5857(6) 2(6) 2123(11) 68(4) 
C(27) 5442(6) 532(6) 2540(8) 51(4) 
C(28) 3892(7) - 183(6) 1135(9) 56(4) 
C(29) 3509(8) -201(7) 238(10) 66(5) 
C(30) 3145(7) 364(7) -88(10) 72(5) 
C(31) 3142(7) 949(7) 465(9) 67(5) 
C(32) 3516(6) 980(5) 1382(8) 53(4) 
C(33) 3901(6) 401(5) 1726(7) 43(4) 
C(34) 3566(8) -545(6) 3645(9) 60(5) 
C(35) 3399(8) - 1107(7) 4269(10) 77(6) 
C(36) 3995(12) - 1444(7) 4718(11) 91(7) 
C(37) 4725(10) - 1247(7) 4604(10) 85(7) 
C(38) 4899(8) -697(6) 4003(10) 63(5) 
C(39) 4314(7) -346(5) 3521(8) 48(4) 
C(40) 4151(6) 1097(5) 3664(8) 53(4) 
C(41) 4585(7) 1073(6) 4658(8) 62(5) 
C(42) 4285(8) 1567(5) 5441(8) 47(4) 
0(3) 4719(5) 1648(4) 6195(5) 63(3) 
0(4) 3654(5) 1830(4) 5358(6) 58(3) 
O(IW) 2689(8) 2759(4) 4318(11) 155(7) 
O(2W) 5028(7) 2874(6) 4011(10) 157(6) 
O(3W) 7935(7) 2673(5) 3258(10) 142(6) 
O(4W) 6389(6) 1995(7) 6355(11) 147(6) 
O(5W) 3901(10) 2761(6) 2419(11) 219(10) 
O(6W) 3787(7) 2921(8) 320(10) 171(7) 
O(7W) 6572(8) 2486(6) 4374(11) 179(8) 

a U~q defined as one third of the trace of the orthogonalized U# tensor. 
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Table 4 
Atomic coordinat~ ( × 10 ~ for Cd and 1, × I04 for other atoms) and equiv- 
alent isotropic displacement coefficients Ucq ( ,~2 × i 04 for Cd and I, ~z × I 03 
for other atoms) for complex 3 

Atom x y z U~ • 

Cd(I) 10158(11)  60060(7)  56761(7) 372(4) 
I(!) -2442(12) 75599(8)  49913(7) 547(4) 
1(2) 21829(11) 57912(6)  74512(6) 479(4) 
P(I) 2436(4) 3371(2) 2514(2) 27(I) 
C(I) 1365(16) 4852(11) 1466(9) 47(6) 
C(2) 1350(19) 5463(12) 802(11) 62(7) 
C(3) 2334(19) 5466(12) 367(12) 57(8) 
C(4) 3376(21) 4850(14) 589(12) 70(9) 
C(5) 3462(17) 4219(10)  1251(10) 50(6) 
C(6) 2432(14) 4221(9) 1691(8) 32(5) 
C(7) 233(16) 2643 (11 )  !186(10) 51(6) 
C(8) -847(18) 2025(15) 870(12) 73(8) 
C(9) -1037(20) 1381(13)  1450(14) 70(9) 
COO) -202(19) 1331(12)  2312(12) 60(8) 
C(II) 803(17) 1925(il) 2606(10) 52(6) 
C(12) 1062(13) 2578(9) 2057(8) 30(5) 
C(13) 4229(16) 2099(11)  2242(10) 46(6) 
C(14) 5440(17) 1594(10)  2478(11) 50(7) 
C(15) 6384(15) 1703(11)  3296(12) 50(7) 
C(16) 6162(16) 2343(9) 3917(11) 46(6) 
C(17) 4975(13) 2868(9) 3668(9) 35(5) 
C(18) 4020(14) 2743(9) 2836(9) 31(5) 
C(19) 2023(13) 3897(9) 3446(8) 29(5) 
C(20) 2842(16) 4749(10)  3843(9) 40(6) 
C(21) 2220(14) 5195(9) 4529(8) 29(5) 
O(I) 1096(11) 4946(7) 460~(7) 51(4) 
0(2) 2874(11) 5816(8) 4961(7) 59(5) 

• Ueq defined as one third of the trace of the orthogonalized Uij tensor. 

metrically chelated by two Ph3P + (CH2) 2CO2- ligai~ds (Cd-  
O 2.306(9), 2.567(9), A ( C d - O ) = 0 . 2 6 3  A; 2.287(8), 
2.576(8), A ( C d - O ) = 0 . 2 8 9  ,~) with O...O bite distances 
of 2.241 and 2.200 A, and surrounded by two cis chloro 
ligands (2.487(4) and 2.481(4) A) with a CI--Cd--CI angle 
of 108.8(1) ° (Fig. 2). The dihedral angles between the 
CdCI 2 plane and each of the two carboxylato chelate rings 
are 70.9 and 74.0 ° , and that between the chelate rings is 72.2 ° . 
The coordination geometry about the cadmium(lI) atom is 
best described as a distorted octahedron with the chelate bond 
angles O--Cd-O at 53.4(3) and 54.5(3) °. It is noteworthy 
that the angles between the vectors from the cadmium(H) 
atom to the midpoints of the O.. .O line of individual carbox- 
ylato groups and to the chloro ligands lie in the range 98.5- 
124.5 °, which are close to the expected tetrabedral bond angle 
in an idealized environment. This structural feature has been 
noted in a few eight-coordinated complexes, where the ligand 
bite distances are less than 2.2 ,~ [26-28].  However, the 
structure of complex 2 is different from that of [Cd- 
(PhOCH2CO2)2(H20)2 ] [ 12] in which the cadmium(H) 
atom is symmetrically chelated by a palr of carboxylate 
ligands (Cd-O=2 .363(4 ) ,  2.365(4) A) in the equatorial 
plane and the axial positions are occupied by two water mol- 
ecules. The tightly bound Cd-O bond lengths in 2 are signif- 
icantly longer than those in [Cd(PhOCH2CO2)2(H20)2 ], 

Table 5 
Atomic coordinates ( × 10 ~ for Cd, × I0 ~ for other a~oms) and equival¢1 
isotropic displacement coefficien~ U~ ( A 2 x 104 for Cd, ~z × I03 for other 
atoms) for complex 4 

Atom x y z U~* 

Cd(I) 9316(7) 19864(5) 1635(2) 435(2) 
Cd(2) 5000 0 0 414(3) 
CI(I) 1868(4) 3664(2) 470(1) 82(1) 
C!(2) - 1227(3) 2190(3) -572(1) 75(1) 
C1(3) 2900(3) 1263(2) -431(1) 53(1) 
P(I) - 1490(2) -700(2) 2451(1) 34(1) 
C(I) 650(10) 22(7) 3330(3) 51(3) 
C(2) !142(12) 671(8) 3780(4) 61(3) 
C(3) 186(13) 1406(8) .3965(4) 63(4) 
C(4) - 1247(14) 1492(9) 3685(5) 72(4) 
C(5) -- 1743(11) 842(7) 3231(4) 58(3) 
C(6) -774(9) 92(6) 3054(3) 40(2) 
C(7) -4420(9) -1183(7) 2014(3) 46(3) 
C(8) -5824(10) -1552(8) 2073(4) 55(3) 
C(9) -6228(10) - 1750(7) 2622(4) 54(3) 
C(IO) -5253(12) -1583(8) 3112(4) 63(4) 
C(II) -3823(10) - 1223(8) 3063(3) 51(3) 
C(12) -3405(8) --1010(6) 2512(3) 36(2) 
C(13) -93(10) -2299(6) 1945(3) 44(5) 
C(14) 571(12) -3244(7) 1953(4) 58(3) 
C(15) 821(!1) -3792(7) 2474(5) 6l(3) 
C(16) 426(12) -3378(8) 2983(4) 59(3) 
C(17) -231(11) -2417(7) 2986(3) 5l(3) 
C(18) -471(8) - 1874(6) 2460(3) 39(2) 
C(19) -1352(9) -12(6) 1779(3) 39(2) 
C(20) 242(10) 302(7) 1702(3) 49(3) 
C(21) 347(10) 917(6) 1142(3) 42(2) 
0(1) 1609(7) 986(5) 964(3) 58(2) 
0(2) -780(7) 1336(6) 887(3) 64(2) 
O(lW) 3607(8) -463(5) 727(3) 58(2) 
O(2W) 6105(7) 1223(5) 608(3) 57(2) 
O(3W) 5531(12) 3241(7) 593(4) 94(4) 
O(4W) 8 0 0 9 ( 1 5 )  4421(10) 432(5) 131(6) 

• u,q defined as one third of the trace of the ~ U# teneor. 

being consistent with the asymmetric chelate mode of  the 
betaiue ligand which releases the high strain imposed by the 
four-membered chelate ring. 

The Cd-C! distances in complex 2 are significantly longer 
than that found in [CdItt-Ph3P(CH2)zCO2-O,O'}2Ci]z- 
(CIO4)2 (2.432(8) A) [21] in which the Cd(H) atom is 
five-coordinated, and is similar to those in [Cd2(BET)z- 
(H20)2C[2(/2-C|)2 ] (Cd-Cl( te l 'mi l~)  =2 .480(2)  ~ )  
[15] and [Cd3(pyBET)4CI6] (2.497(1) A) [ 19]. 

Another interesting feature of complex 2 is that it is highly 
hydrated. Consequently the mononteric entities are linked by 
donor hydrogen bonds from solvated water molecules to the 
chloro ligands and oxygen atoms of the betalue ligands to 
form a polymeric chain extending parallel to c. Such chains 
are further joined by hydrogen bonds to form a layer which 
is perpendicular to b and intersects it at b/4. Hence the imer- 
layer distance between adjacent layers is b/2=9.864 A. 
Within each layer, eight water molecules and one chlom 
ligand form a ulne-membered ring and two of  the water mol- 
ecules are shared by adjacent rings (Fig. 3). The PPh 3 groups 
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Table 6 
Atomic coordinates ( X 104) and equivalent isotropic displacement coeffi- 
cients Ueq (A 2 × 103 ) for complex 5 

Atom x y z U,~ ' 

Cd(1) 6168(I) - 1326(1) - 157(1) 51(1) 
Cd(2) 4719(I) - 1380(1) 2485(I) 73(1) 
Br(l) 8225(2) -1632(21 -674(2) 76(1) 
Br(2) 5883(2) -3069(1) 52(I) 72(11 
Br(3) 6701(21 - 1878(11 1741(11 65(I) 
Br(4) 4783(3) -2839(2) 3983(2) 129(21 
P(l) 2359(4) -934(4) -1583(31 55(2) 
C(I) 3360(12) -99(10) -3138(101 105(71 
C(2) 3793 - 18 -404t 143(10) 
C(3) 3825 -716 -4509 146(10) 
C(4) 3424 - 1495 -4068 185(13) 
C(5) 2991 - 1576 -3163 135(91 
C(6) 2959 -878 -2698 73(5) 
C(7) 3241(81 - 3074(101 -977(8) 86(6) 
C(8) 3205 -4058 -559 107(71 
C(9) 2199 -4141 -245 101(71 
C(10) 1229 -3241 -350 98(7) 
C(l l )  1265 -2257 -768 72(5) 
C(12) 2271 -2174 - 1082 56(4) 
C(13) 285(121 119(101 -2217(91 109(81 
C(14) -745 949 -2343 133(91 
C(15) - 1001 1767 - 1947 121(8) 
C(161 -229 1755 - 1424 112(8) 
C(17) 800 925 -1298 89(6) 
C(18) 1057 107 - 1694 59(5) 
C(19) 3237(131 -817(131 -906(10) 55(9) 
C(20) 2912(13) - 1071(13~ 150(!!) 60(10) 
C(211 3683(121 - 9 8 9 0 ?  731(14) 47(9) 
O(1) 4304(8) -507(8) 338(7) 47(5) 
0(2) 3605(9) -1394(91 1583(8) 66(7) 
P(21 2296(5) 3596(4) 3047(5) 95(3) 
C(22) 384(8) 5213(101 2620(8) 97(9) 
C(23) -524 5832 2065 114(111 
C(241 -652 532 320 107(101 
C(25) 128 613 i129 156(16) 
C(26) 1037 3994 1684 105(101 
C(27) 1165 4294 2429 98(13) 
C(22') 564 5439 2043 31(17) 
C(23') -463 6006 646 75(28) 
C(2C~ - 1080 5480 1542 88(32) 
C(25') -670 4387 1836 120(42) 
C(26') 356 3821 2233 87(30) 
C(27 ° ) 974 4347 2337 29(23) 
C(28) 3546 4690 1884 138(18) 
C(29) 4057 5397 1662 146(20) 
C(30) 3962 5972 2273 93(10) 
C(31) 3357 5839 3106 116(13) 
C(32) 2846 5131 3328 127(14) 
C(33) 2940 4557 2717 88(101 
C(28') 3282 4888 2070 168(47) 
C(29') 4083 5303 1925 98(311 
C(30') 4858 4949 2594 91(23) 
C(31 °) 4832 4179 3407 132(311 
C(32') 4031 3764 3552 108(26) 
C(3Y) 3256 4119 2884 57(161 
C(34) 901(151 3i63(141 4507(141 182(131 
C(35) 631 2857 5447 240(181 
C(361 1362 2657 6105 156(111 
C(371 2363 2763 5824 217(16) 
C(381 2633 3069 4884 171(121 

(contmued) 

Table 6 (contmued) 

Atom x y z U~ a 

C(39) 1902 3269 4225 101(7) 
C(40) 3246(27) 2628(171 2474(24) 86(18) 
C(40') 2912(401 2210(171 3174(28) 142(25) 
C(41) 3093(32) 1 6 0 0 ( 2 3 1  2857(33) 152(26) 
C(41') 3769(35) 1 9 0 4 ( 2 0 1  2417(27) 113(211 
C(42) 4007(17) 775(141 2442(151 94(7) 
0(3) 3961(131 -22(131 3109(11) 122(51 
0(4) 4363(9) 666(9) 1709(81 71(31 

So~ateddmfmo~cu~ 
C(43) 7601(451 4332(36) 4266(28) 184(261 
C(44) 8495(32) 3229(28) 3226(29) 140(19) 
N(I) 7609(28) 4150(261 3462(22) 132(141 
C(45) 6757(33) 4897(32) 2800(29) 159(22) 
0(5) 7983(93) 3575(56) 4955(32) 575(80) 

° Ueq defined as one third of the trace of the orthogonaiized U 0 tensor. 
Atoms C(22)--C(27) and C(22' )-C(27') belong to a two-fold disordered 
phenyl group. For atoms C(22)-C(27) ea"h has a site occupancy of 0.78, 
and for atoms C(22')-C(27') each has a site occupancy of 0.22. 
Atoms C(28)-C(33) and C(28°)-C(3Y) belong to a two-fold disordered 
phenyl group. For atoms C(28)-C(33) each has a site occupancy of 0,690 
and for atoms C(28')-C(33') each has a site occupancy of 0.31. 
Atoms C(40), C(41 ) and C(40')-C(41 ' ) belong to a disordered CHz..-CH2 
chain. For atom~ C(40) and C(41 ) each has a site occupancy of 0.51, and 
for atoms C(40'), C(4 !') each has a site occupancy of 0.49. 
Atoms C(431--O(5) represent a disordered dmf molecule and each has a 
occupancy of !/2. 

protrude on both sides o f  each layer and are located above 
the nine-membered rings. 

3.3. Crystal Structure of  [ Cdl2{ Ph~P( CHz)zCOz } ]2 (3) 

Complex  3 comprises a packing o f  discrete [CdI2- 
{Ph3P(CHz)2CO2}]2 molecules in the crystal lattice. As  
depicted in Fig. 4, two cadmium(I I )  a toms related by an 
inversion center arc linked by the oxygen atoms of  two 
Ph3P+(CH2)2CO2 - l igands ( C d ( I ) - O ( 1 ) = 2 . 3 1 ( 1 1  ~ ,  
Cd(  1 ) - O ( l a )  ffi 2 .49(1)  A)  to give a Cd202 unit. Each beta- 
ine ligand also acts in a chelate mode toward a c admium(H)  
atom ( C d ( 1 ) - O ( 2 ) = 2 . 4 6 ( 1 )  A, C d ( 1 ) - O ( 1 ) - - 2 . 3 1 ( 1 )  
/~.), whose  distorted trigonal-bipyramidal coordination poly- 
hedron is completed by two iodo l igands (Cd-I- - -2 .701(21 
and 2.706(1)  /~,; I - C d - I = 1 2 1 . 6 ( 1 1 ° ) .  The  non-bonded 
Cd. . .Cd  separation o f  3 .885(1)  A, in complex 3 is much  
longer than those (3.278, 3.361 A)  found in the tetrakis-/z- 
carhoxyla to-O,O' -d icadmiumOl)  paddle wheel-like com- 
plexes o f  the same betaine ligand [ 21] .  On  the other hand, 
all six atoms Cd ( 1 ), Cd ( I a) ,  O ( 1 ),  O ( 2 ),  O ( l a )  and O (2a)  
lie in a plane with a mean  atomic deviation o f  0.012 A. 

In complex 3 the betalne ligand exhibits both mono-a tom 
bridging and bidentate chelate modes  which is relatively rare 
among metal carboxylates [ 29-34  ]. Examples  o f  this coor- 
dination mode of  carboxylato groups for cadmium(I I )  com- 
plexes as well as the relevant C d - O  bond lengths are listed 
in Table 13. The values of  dr, d2 and d3 do not show any 
obvious trend. In complex 3, [Cd(OzCMe)2]  .2HzO [35] 
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Table 7 
Selected bond lengths (A) and angles (°) for complex 1 

Cd( l )--0(lw) 2.308 (3) Cd( I )-0(2) 
Cd(I)-0(4) 2.231 (4) C(21)-0(I) 
C(21 )--0(21 1.230 (5) C(42)-0(3) 
C(42)-0(4) 1.244 (5) 

O(lw)-Cd(1)-O(2) 87.7(I) O(lw)-Cd(1)-O(4) 
O(2)-Cd( ! )-0(4) 88.5(2) O(2)--Cd( I )-0(lwa) 
O(4~-Cd( i )-0(iwa) 90.9( I ) O( Iw)-Cd( 1 )--O(2a) 
O(2)--Cd( 1 )-0(2a) 180.0( 1 ) O(4)--Cd( 1 )-0(2a) 
O( Iwa)--Cd( ! )-O(2a) 87.7( 1 ) O( lw)-Cd( ! )-0(4a) 
O(2)--Cd( 1 )-*O(4a) 91.5(2) O(4)-Cd( I )-0(4a) 
O( lwa)-Cd( I )-0(4a) 89. I ( I ) O( 2~)---Cd( I )-0(4a) 
0(I)-C(21 I-0(2) 127.0(6) Cd(I)-0(2)-C(21) 
0(3)---C(42)--0(41 127.2(5) Cd( I )-0(4)-C(421 

Hydrogen bonds 
O(IW)-"O(1) 2,704(5) O(IW)...O(3a) 
O(2W)...O(1) 2,865(5) 

O(IW).-'O(1)..,O(3a) 94.2('I) O(2W)-..O(1)-..O(IW) 

2.219 (5) 
1.239 (6) 
1.229 (6) 

89.1(I) 
92.3(I) 
92.3(11 
91.5(2) 
90.9(I) 
180.0(I) 
88.5(2) 
131.4(4) 
126.7(3) 

2.682(51 

89.9(1) 

Symmetry code: (a) -x ,  -y,  - z. 

Table 8 
Selected bond lengths (A) and angles (°) for complex 2 

Cd( I )-..CI( I ) 2.487 (4) Cd( I )--CI(2) 
Cd(1)--O(1) 2,306 (9) Cd(1)--O(2) 
Cd( I )-0(3) 2.287 (81 Cd( I )--0(4) 
C(21)-0(I) 1.28 (21 C(21)-0(21 
C(42)-0(3) 1.27 ( I ) C(42)-0(4) 

CI(1)--Cd(1)-CI(2) 108.8(I) Cl( l)--Cd(l )-0(I) 
CI(2)-Cd(1)-O(1) 96.8(2) CI(1)--Cd(1)-O(2) 
CI(21--Cd( I )---0(21 146.8(2) O( I )--Cd( I )-0(2) 
CI( I ).--Cd( 11--0(31 96.9(21 CI(2)---Cd( I)-0(31 
O( I )---Cd( I )-0(3) 139.5(31 O(2)-Cd( I )--0(3) 
CI( 1 )--Cd( ! )-O(4) 148.1 (2) CI(2)-Cd( 1 )--O(4) 
o( I )-Cd( I )--0(4) 92.5(3) O(2)--Cd( 1 )-0(4 ) 
O(3)--Cd( I )-0(41 53.4(3) C(20)---C(21 )-0( I ) 
C(20)-C(21)-0(2) 119(I) O(I)-C(21)--0(2) 
Cd(1)-O(1)-C(21) 95,8(8) Cd(l 1-0(2)-C(21) 
0(3)-C(42)-0(4) 124( I ) Cd( I 1-0(31--C(42) 
Cd( I )--0(4)-C(42) 85. I (6) 

Hydrogen bond 
CI( I 1""O(6wa) 3.361(71 CI(2)..-0(lwb) 
0(2)--.0(2w) 2.95(I) 0(4)--.0(Iw) 
O(lw)'-'O(6wb) 2.92(I) O(5w)--'O(6w) 
O(2w)...O(Sw) 2.90(I) O(2w)---O(Tw) 
O(Tw)..-O(3w) 2.83(I) O(7w)---O(4w) 

O(lw)-"O(4)-Cd(l) 106.3(4) O(2w)---O(2)--Cd(l) 
CI(I)--Cd(I )'"O(6wa) 98.3(2) CI(2)-Cd(I )'"O(Iwb) 
O(2w)-.-O(Sw)-..O(6w) 140( 1 ) O(5w)---O(2w).-0(2) 
O(Tw)-'-O(2w)..-0(21 116(1) O(5w).--O(2w)-,-O(Tw) 
O(2w)..-O(Tw)-.-O(3w) 132(1) O(2w)...O(Twl-,-O(4w) 
O(3w)...O(Tw).-.O(4w) 129(I) 

2.481 (4) 
2.567 (9) 
2.576 (8) 
1.25 (2) 
1.22 (2) 

108.5(2) 
97.3(2) 
54.5(3) 

104.4(2) 
92.1(3) 
91.7(2) 
75.2(3) 

116(I) 
125(!) 
84.7(7) 
97.6(7) 

3.145(71 
2-850) 
2.820) 
2.850) 
2.83(I) 

112.5(4) 
96.2(2) 

105(1) 
138(11 
98(11 

Symmell'y codes: (a) x,y, I +z; (b) I / 2 - x , y ,  1/2+z. 

and [ Cd ( Mo3N (CH2) 2CO2 } (NCS) 2 ] [ 11 ] d 3 is greater than 
d2, but the reverse relation holds for all other complexes 
presented in Table 13, although theoretical and experimental 

studies have indicated that the syn lone pairs o f  the ¢arbox- 
ylato group are more basic than the an t / l one  pairs [2,39].  
These results suggest that the C d - O  bond lengths d~, d2 and 
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Table 9 
Selected bond lengths (A) and angles (°) for complex 3 

Cd(l)- l (I)  2.701 (2) 
Cd( l ) -0(I )  2.31 (1) 
Cd( 1 )-0( la)  2.49 ( 1 ) 
C(21 )-0(2) 1.22 (2) 

!( 1 )--Cd( 1 ) -1(2)  121.6( 1 ) 
l(2)--Cd( 1 )-O( 1 ) 124.5(2) 
l(2)-cd( 1 )-0(2) 106.8(2) 
l ( l ) -Cd( l ) -0( la )  97.7(2) 
O( I ) -Cd( 1 )-43(la)  71.9(5) 
C(20)-C(21 )-0(  1 ) 121( 1 ) 
O(1)--C(21)-0(2) 123(2) 
Cd(l)-0(I)-Cd(la)  108(1) 
Cd( ! )-O(2)-C(21 ) 89( 1 ) 

Cd( 1 )-I(2) 2.706( ! ) 
Cd(1)-0(2) 2A6 (1) 
C(21)-O(1) 1.23 (2) 

I( 1 )-Cd( I )-O( I ) 113,8(2) 
I ( 1 ) - C d ( ! ) - 0 ( 2 )  104.5(3) 
O(1)-Cd(I)-O(2) 53.444) 
l(2)--Cd(l )-O(ia) 102.442) 
O(2)-Cd( 1 )-0( ia)  125.3(4) 
C(20)-C(21)-0(2) 117(1) 
Cd(1)-O(I)-C(21) 95.3(8) 
C(21)-O4 l)-Cd4 la) 157(i) 

Symmetry code: (a) -x,  I -y ,  I -z .  

Table 10 
Selected bond lengths (A) and angles (°) for complex 4 

Cd( I )-CI( I ) 2.440 (3) 
Cd(1)--CI(3) 2.541 (2) 
Cd( I )-0(2) 2.541 (7) 
Cd(2)-0(IW) 2.283 (7) 
C(21)-O(1) 1.25 (1) 

CI( 1 )-Cd( 1 ) -CI(2)  108.8( I ) 
CI(2)-Cd(I)-CI(3) 102.54 I) 
CI(2)--Cd( ! )-O( I ) 137.6(2) 
Cl( I )--Cd( 1 )-u(2) 109.3(2) 
Cl(3)-cd(1)-0(2) 137.4(2) 
Cl(3)-Cd(2)-O(IW) 90.8(2) 
O(IW)-Cd(2)-0(2W) 88.7(2) 
O(IW)-Cd(2)--Cl(3a) 89.2(2) 
CI43)-cd(2)-O(lWa) 89.2(2) 
O(2W)--Cd(2)-0(lWa) 91.3(2) 
CI(3)-Cd(2)-0(2Wa) 88.342) 
O(2W)--Cd(2)-0(2Wa) 180.041 ) 
O(IWa)-.Cd(2)-0(2Wa) 88.742) 
O( !)--C(21 )-0(2) 122.447) 
Cd(1)-0(2)-C(21) 86.3(5) 

Hydrogen bond 
O(3W).-.CI(1) 3.324 I) 
O(IWc)"-CI(2) 3.12(I) 
O(2Wb)...O(2) 2.81(!) 
O(3W)-..O(4W) 2.78( ! ) 

O(3W)'..CI(I)-Cd(I) 100.442) 
O( IWc)..-Cl(2)-Cd( I ) 1 ! !.4(2) 
O(3W) . . .O(2W)-Cd(2 )  128.0(2) 

Cd( I )--CI(2) 2,442 (3) 
Cd(1)--O(1) 2.290 (6) 
Cd(2)--CI(3) 2.626 (2) 
Cd(2)--O(2W) 2.285 (6) 
C(21)--0(2) 1.24 (I) 

CI(I)--Cd(I)-CI(3) 104.8(I) 
CI( I )-C0( 1 )--O( ! ) 103.7(2) 
CI(3)-Cd( I )-0( 1 ) 94.5(2) 
CI(2)-Cd( I )--0(2) 89.8(2) 
O( 1)-Cd( 1 )-0(2) 53.5(2) 
CI(3)-Cd(2)--O(2W) 91.742) 
CI(3)-Cd(2)-CI(3a) 180.0(I) 
O(2W)-Cd(2)-CI(3a) 88.342) 
O(lW)-cd(2)-O(IWa) 180.04 I) 
CI( 3a)-Cd(2 )-O(lWa) 90.8(2) 
O(1W)-Cd(2)-O(2Wa) 91.342) 
Cl(3a)-Cd(2)-O(2Wa) 91.7(2) 
Cd( ! )-cl(3)-.-Cd(2) 123.4( I ) 
Cd( 1 )-O( 1 )--C(21 ) 97.8(5) 

O(4Wd)...Ci(I) 3.28(1) 
O(IW).-.O(!) 2.72(1) 
O(2W)...O(3W) 2.71(I) 
O(4wb)-.-Cl(1) 3.60(I) 

O(4Wd)...CI(1)---Cd(1) 123.3(2) 
O(2Wb)-..O(2)-Cd( I ) 122.1(2) 
O(4W).-.O(3W).-.O(2W) 113.3 

Symmetry codes: (a) 1 -x .  -y .  -z ;  (b) - 1 +x, y, z. 

d3 are mainly influenced by geometrical factors rather than 
the electronic properties of  the lone pairs of  the carboxylato 
group. 

3. 4. Crystal structure o f  trans-Cd(11,0)4[ 0 2  Cd(l~-Cl)- 
[ Ph~P( CH2)2C02} ]2 " 21120 (4) 

Complex 4 consists of  discrete centrosymmetric trans- 
Cd(H20)4[CleCd(p,-CI){Ph3P(CH2)2CO2}]2 and water 
molecules packed in the crystal lattice. In the chloro-bfidged 

trinuclear molecule the cadmium(H)  atoms are in two kinds 
of  crystallographically and chemically distinct environments  
(Fig. 5) .  The central C d ( 2 )  atom at an inversion center  is 
coordinated in an elongated octahedral environment  by four 
aqua ligands lying in the equatorial plane ( Cd--O = 2.283 (7)  
and 2.285(6)  A)  and two chloro ligands occupying the axial 
positions ( C d - C 1 = 2 . 6 2 6 ( 2 )  A) ,  whereas the terminal 
Cd(1 )  atom is five-coordinated, which is relatively rare in 
cadmium(II )  complexes [40] .  The coordination geometry 
about Cd(1 )  is best described as distorted trigonal bipyr- 
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Table 11 
Selected bond lengths (~) and angles (°) for complex S 

Cd( I )-Br( I ) 2.624 (3) Cd( I )-Br(2) 
Cd(1)-Br(3) 2.871 (3) Cd(I)-O(I) 
Cd(l)--O(la) 2.41 (!) Cd(! )-O(4a) 
Cd(2)-Br(3) 2.602 (2) Cd(2)-Br(4) 
Cd(2)-O(2) 2.20 (2) Cd(2)-O(3) 
C(42)-O(3) !.30 (3) C(42)--O(4) 

Br(I)--Cd(l)-Br(2) 108.9(1) Br(I)-Cd(I)-Br(3) 
Br(2)--Cd( I )-Br(3) 93.4( 1 ) Br( 1 )-CA( I )--O( I ) 
Br(2)-Cd( ! )-O( 1 ) 90A(3) Br(3)-Cd( i )--O( 1 ) 
Br(l)-Cd(l)--O(la) 91.6(3) Br(2)-Cd(l)-O(la) 
Br(3)-Cd( I )--O(la) 92.0(3) O( ! )-Cd( I )-O(la) 
Br(I)-Cd(l)-O(4a) 91.5(3) Br(2)-Cd(l)-O(4a) 
Br(3)-Cd( ! )-O(4a) 173.3(3) O( ! )-Cd(l)-O(4a) 
O( ia)-Cd( ! )-O(4a) 81.5(4) Br(3)-Cd(2)-Br(4) 
Br(3)--Cd(2).-O(2) 109.9(3) Br(4)-Cd(2)--O(2) 
Br(3)-Cd(2}--O(3) 121.1(5) Br(4)-Cd(2)-O(3) 
O(2)-Cd(2)-O(3) 113.0(5) Cd(l)-Br(3)-Cd(2) 
O( 1 )-C(21 )-O(2) 126(2) Cd( 1 )-O( ! )-C(2l ) 
Cd(1)-O(l)-Cd(la) ! 10.6(5) O(3)--C(42)-O(4) 
Cd(2)-O(3)-C(42) 105( 1 ) C(42)--O(4)--Cd(la) 

2.643 (3) 
2.381 (9) 
2.36 (I) 
2.572 (3) 
2.25 (2) 
I.I1 (3) 

90.1(1) 
160.6(3) 
86.4(3) 

15&7(3) 
69.4(5) 
92.2(4) 
90.0(4) 

107.3(1) 
106.1(3) 
97.4(4) 
98.9(!) 

125(!) 
120(2) 
140(I) 

Symmeuy code: (a) -x, -y. -z. 

amidal and involves a bidentate betaine ligand (Cd-  
0=2 .290(6)  and 2.541 (7); A(Cd-O) =0.251/~), two ter- 
minal chloro ligands (Cd-C1=2.440(3) and 2.442(3) ~;  
CI( 1 ) -Cd(  1 )--CI (2) = 108.8(1)°) and a bridging chloro 
ligand (Cd( 1 )--C!(3) = 2.541 (2 ) /~) .  The angles between 
the vectors from Cd(1) to the midpoint of the O--.O line of 
the carboxylato group and to the chloro ligands lie in the 
range 102.5-118.4 °, which are within + 9 ° of the expected 
angle in an idealized tetrahedral environment. Neighboring 
cadmium(H) atoms are linked by a single chloro-bridge to 
form a linear trinuclear complex (Cd(I ) -CI(3) -Cd(2)  
-- 123.4( 1 )°). 

" " .  Olw02 o ~ q i ~ -  

~ . ~  ~ n . ~  ~ ~ - ~  

Fig. !. Molecular structure and atom numbonng of the [CdlPh3P- 
(CH2)2CO2}4(H20)2] 2~" dicalion in 1. Hydrogen atoms an~ omitted for 
clarity, and hydrogen bonds are indicated by broken lines. The thermal 
ellipsoids are drawn at the 35% possibility level. 

The Cd---Cd distance of 4.549(1) & is much longer than 
those in the cation [ C d X I ~ - P h 3 P ( C H 2 ) 2 C 0 2 . 0 , O ' } 2 ] ~  ÷ 

(X=CI,  NO3) [21] andin ¢omplex3,eswellasinthedonble 
chloro-bridged complex [Cd(Et~NCH2CO2)(/~-Cl)2]~ 
(2.375(1) ,~) [ 15]. This may b¢ ascribed totbe factthagth¢ 
single chloro-bridge poses a lesser geometrical detmmd than 
the/L-carboxylate-O,O' linkage and double chloro-bridg¢. 
The Cd-O(carboxylato) bond lengths and A (Cd-O) values 
compare well with those in complex 2. On the other hand, in 
complex 4 the Cd-Cl(bridge) bond is significantly longer 
than the Cd-Cl(terminal) bond but similar to those found 
in [Cd(Et~NCH2CO)(/z-CI)2], . (2.529(1)-2.727(1) ,~) 
[ 15], although the later contains a double chloro-bridge. 

As depicted in the stereoview of the crystal s tngtu~ of  
complex 4 (Fig. 6), the linear trinuclear species are linked 
by donor hydrogen bonds from the aqua figands to the chlom 
ligands and the oxygen atoms of the betaine figands to fc~m 
a composite chain extending parallel to ( 1 0 0). The solva~d 
water molecules O(3W) and O(4W) and cMow r i g i d  
Cl(1) constitute a neighboring chain composed of  an alter- 
nate arrangement of four- and six-membered hydrogen- 
bonded rings (O(4wb)---Cl(l)  = 3.60(l)  ,~ signified a very 
weak hydrogen bond). These two types of  cbuins arc cross- 
linked by additional hydrogen bonds to form layers matching 
the (0 0 2) family of planes, with the Ph3P groups of  the 
betaine ligands protruding on both sides of  each layer. 

3.5. Crystal structure o f  lCd28r4{Ph~(CHz~C02}2] ,  
.dmf (s) 

Complex 5 comprises discrete tetranucle~- [Cd~rs-  
{Ph3P(CH2)CO2}~] and solvated d i m e t h y l f ~  
(dmf) molecules packed together in the crystal lattice. 
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Table 12 
Cd-O(carboxylate) distances and the geometry of carboxylate groups for complex 1 and several tetrakis-O,O'-carboxylato dicadmium(ll) complexes 

Complex Cd-O (/~) C-O (A) O-C-O (o) 

[Cd{Ph3P(CH)2CO2 }2(NO3) ] 2(N03) 2 o 2.254(7),2.240(7) 1.24(I), 1.25(1) 128(1) 
2.223(7), 2.235(8) !.24( 1 ), 1.26( I ) 127( 1 ) 

[Cd{ Ph3P(CH) 2CO2 } 2( NO3 ) ] 2(C[O4)2 b 2.240(7), 2.220(8) 1.22( 1 ), 1.25(2) 130( 1 ) 
2.231(9), 2.24(I) 1.25(1), 1.25(2) 127(I) 

[Cd{ Ph3P(CH) 2C02 }2C1 ] 2(CIO4) 2 c 2.251 (6), 2.236(7) 1.26( i ), 1.26( ! ) 127.6(8) 
[CdlPh3P(CH2)zCO2}4(H20)2] (CLO4)2-2H20 l 2.219(5), 2.231(4) 1.239(6), 1.230(5) 127.0(6) 

1.244(5), 1.229(6) 127.2(5) 

06w C30 

~,o ~ ,  ,TZ_..~ "I' 
c~s /~ ~cs cs2~ & 

C2S 
x 

C21 02 .,," - ' "  

Fig. 2. Molecular structure and atom numbering of [CdCI2IPh3P- 
(CH2)2CO2}2] .7H20 (2). Hydrogen atoms are omitted for clarity, and 
hydrogen bonds arc indicated by broken lines. The thermal ellipsoids are 
drawn at the 35% possibility level. 

[Cd4Brs{Ph3P(CH2)CO2}4] is a centrosymmetric molecule 
in which a 12-membcred ring is constructed from the linkage 
of four Cd( I I )  atoms by a pair of bromo ligands and a pair 
of bctaine ligands acting in the s y n - s k e w  bidentate bridging 
mode which is similar to that in [Cd(CH3CO2)2] .2H20 
[35] .  Further coordination of  the Cd(I I )  atoms is provided 

by two betaine iigands lying above and below the ring in a 
/z3 tridentate bridging mode, and the remaining ligand sites 
are occupied by terminal bromo ligands. Details of  the molec- 
ular structure are shown in Fig. 7 and a clearer view of  the 
coordination geometry of  the core in Fig. 8, where all atoms 
of  the betaine ligands except those of  the carboxylato groups 
are omitted for clarity. 

The two independent Cd( I I )  atoms are in chemically dis- 
tinct environments.  The octahedral coordination about C d ( 1 )  
involves a pair of  terminal bromo ligands ( C d - B r  = 2 .624(3)  
and 2.643 (3)  A.), two oxygen atoms of  the tridentate bridging 
betaine ligands ( C d - O - -  2 .36(1)  and 2.41 (1 )  ,~), abr idging 
bromo ligand ( C d - B r - -  2.871 (3)  ,~) and an oxygen atom of  
the bidentate bridging betaine ligand ( C d - O -  2.36( 1 ) ,~). 
The tetrahedral coordination about C d ( 2 )  consists of  a ter- 
minal bromo ligand ( C d - B r = 2 . 5 7 2 ( 3 )  A ) ,  a bridging 
bromo ligand ( C d - B r - -  2.602 (2)  A ), an oxygen atom of  the 
bidentate betaine ligand (Cd--O = 2.25 (2)  ,'~) and an oxygen 
atom of  the tridentate b~taine ligand ( C d - O  = 2 .20(2)  ~,). 

In the cage-like tetranuclear core of  complex 5 (Fig. 8) ,  
the Cd(  1 ) and Cd(2a )  atoms are bridged by a pair of  betaine 
ligands to form an eight-membered ring exhibiting a 'chair '  
conformation (note the torsion angles O ( 3 a ) - - C d ( 2 a ) -  
O ( 2 a ) . . . O ( l a )  = - 9 3 . 3 ,  C d ( 2 a ) - O ( 2 a ) . . . O ( l a ) - - C d ( l )  
= 73.0, O(2a) - - -O(  la)--Cd( 1 ) - O ( 4 a )  = - 4 9 . 2 ,  O(  la)- 

' "  

I '"0" ' ....i ;? 

Fig. 3. Stereoview of the crystal structure of complex 2. Ph3P groups are represented simply ar a CaP fragment, hydrogen atoms are omitted for clarity, and 
hydrogen bonds are indicated by broken lines. The origin of the unit cell lies at the left upper comer with a pointing from lel~ to right, b toward the reader, and 
c downward. 
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C3 

c,5o,oc  C, 
C C13 rpl ~^  u, u tt / C13o C14o H oo // ko,o ~ ' ~  

c ~  I 15o 

C9 
Fig. 4. Molecular structure and atom numbering of [Cdl2{ Ph3P( CH2)2CO 2 } ] 2 13)- Hydrogen atoms are omitted for clarity. 3"lie thermal ellipsoids ~ dmlm 
at the 55% possibility level. 

Table 13 
Cd-O bond lengths (~)  in carboxylate exhibiting ,he combined monoatomic bridging and bidentate chelating mode 

Complex dl d2 d3 Ref. 

a [ Cdl2 { Ph3 P ( CH 2 ) 2CO2 } ] 2 2.47 ( ! ) 2.31 ( i ) 2.49 ( 1 ) this wo~ 
b [Cd(O2CMe)2] - 2H20 2.294(4) 2.259(3) 2.297(4) [35] 
c [ Cd4SII4 (//,4-0 )2 (O2CMe) to( OCH2BIt~ ) io] 2.31(2) 2.35(2) 2.26(2) [36] 
d [ { Cd ( HOC~sH4CO 2 ) 2" 2 H20 } 2 ] 2.3 ! 4 2.535 2.271 [ 37 ] 
e [Cd{ Me3N( CH2)2CO2 } (NCS)2] 2.432(3) 2.346(3) 2.486(2) [11] 
f [ {Cd(Hsal)2.2H20)2] " 2.32517) 2.530(4) 2.29114) [38] 
g [Cd4(phdta)2(H20)8] 2.39i (5) 2.463(5) 2.380(8) [20] 

Hsal = salicylic acid. 

C4o 

C3° ( j~C5 ° 

C2a 
Cllo.~h ~ C 6 o  Clta ^C9o 

~ ,  02o c~o ~ r - - - ~  

02wa~,~Cl3a ___ d ~,L 

~.7c13  c,3ff* ,  
CtT'~pc18 ol / \ 04,, 

t C20 C21 Cdt / ~  

C4 
Fig. 5. Molecular structure and atom numhedng of tra~-Cd(H20)4[CI2Cd(/z-C]) { Ph3PICH2)zCO2}]z.4H20 (4). H y ~  atoms ~u~ ~ fo¢ c]~ky, 
and hydrogen bonds aJre indicated by broken lines. The thermal ellipsoids an~ drawn m the 35% possibihpy [cveJ. 
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'+ 

Fig. 6. Stereoview of the crystal structure of complex 4. Phenyl groups and hydrogen atoms are omitted for clarity, and hydrogen bonds are indicated by broken 
lines. The origin of the unit cell lies at the right upper comer with a pointing from right to left, b downward, and c toward the reader. 

Br+~4a B 1 02a C20a 
r Pla 

C410 O~3a(~ ~ C29 C30 

C14 C15 
Fig. 7. Molecular structure and atom numbering of [Cd2Br4{ Ph3P(CH2)2CO2}2] 2 in 5. Phenyl groups generated by symmetry operation and hydrogen atoms 
are omitted for clarity. The thermal ellipsoids are drawn at the 35% possibility level. 

°3°  

Fig. 8. ORTEP drawing of the cage-like tetranuclear core structure of $, The thermal ellipsoids are drawn at the 35% possibility level. 
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Cd(1)-O(4a).--O(3a) =70.5, Cd( l ) -O(4a) . . .O(3a)-  
Cd(2a) = - 81.1, O(4a)---O(3a)-Cd(2a)-O(2a) =76.0°). 
The non-bonded Cd( 1 )---Cd(2a) separation of 4.275( 1 ) A 
is much longer than those in the cations [CdX[/z-PhsP- 
(CH2)2CO2-O,O}2122+ (X--CI, NO3). The Cd(1) and 
Cd(2) atoms are bridged by a betaine ligand as well as a 
bromo ligand to form a six-membered ring in an "envelop" 
conformation (the torsion angles Br(3)--Cd( 1)--O(1)-.. 
0 ( 2 )  = - 48.5, Cd( 1 ) -O (  1 ) - - -O(2)-Cd(2)  = 66.2, O ( i )  
. . .O (2 ) -Cd(2 ) -B r (3 )  = -45.4,  O ( 2 ) - C d ( 2 ) - B r ( 3 ) -  
Cd( 1 ) = 23.0, Cd (2 ) -B r (3 ) -Cd (  1 ) -O(1 )  = 10.7 °) with an 
non-bonding distance of 4.164(1) A. This distance is signif- 
icantly shorter than that of Cd(l)---Cd(2a) and may be 
ascribed to the higher constraint imposed by the bromo- 
bridge. The Cd( 1 ) and Cd(la)  atoms are bridged by a pair 
of single-oxygen bridges to form a planar four-membered 
ring with a non-bonding separation of 3.938(1) ,~ which is 
somewhat longer than that in complex 3 (3.885 ( 1 ) .~). 

The Cd-Br bond lengths are normal [41]. Of the two 
independent betaine ligands, one functions in an unusual syn- 
skew mode [42], which is intermediate between the syn-syn 
and syn-ant i  coordination modes commonly found in metal 
carboxylates [ 1,6,31]. The torsion angles Cd(21-O(3)- 
C(42)-O(4)=2.2 ° and O(3)-C(42)--O(4)-Cd(la)ffi 
122.2 ° indicate that the atoms Cd( 1 ), O(3), C(42) and O(4) 
lie in a plane with Cd(la)  being out of this plane by 1.30 ,~. 
The Cd(2)--O(3) bond length of 2.25(2) ~, is similar to 
those (2.220-2.254 A) found in the cations [CdXl/.t- 
Ph3P(CH2)2CO2-O,O'}2122+ (XffiCI, NO3) [21], but sig- 
nificantly shorter than the Cd(la)-O(4)  bond of 2.36(1) A, 
which can be attributed to the fact that the syn lone pair is 
more basic than the anti lone pair. The other independent 
betaine ligand acts in a/~3 tridentate bridging mode with one 
oxygen atom bound to a Cd(II) atom, and the other bridging 
a pair of Cd(II) atoms. This is an unusual bridging mode for 
a carboxylate ligand, and hitherto only a few examples have 
been reported [43-45]. To our knowledge, complex $ pro- 
vides the first example of this mode among cadmium carbox- 
ylates, although a/z4 'coat hanger' mode is found in the 
complex [Cd4Sn4(/~4-O)2(O2CMe) lo(OCH2Bu*) to] [36]. 
In the present ~3 bridging mode, the planes Cd(21-O(2)- 
C(21) and Cd( I )-O( 1)--Cd(la) are mutually perpendicu- 
lar with a dihedral angle of 92.0 °, so that the hybridization 
of the bridging oxygen atom is best described as sp 3 and 
this may account for the longer Cd-O(bridging) bond 
length (2.381(9) and 2.41(1) A) as compared to the 
Cd-O(terminal) bond length (2.20(2) A). 

4. Conclusions 

Five new cadmium(H) complexes containing discrete 
mono-, bi-, tri- and tetranuclear units have been synthesized 
from the reaction of the tertiary phosphine betaine ligand 
Ph3P+(CH2)2CO2 - with various cadmium(H) salts 
(Fig. 9). 

o--a , . . , . ,o~ 

/ I  _;e--. 
9" __/°-"--° a . ~ . / n  

led WIb~Ofi)'~O'a |dE~Oh~ in I 

lC~{I~CH~C~}h ~ 3 

I C ~ . ~ C ~ d ~ h h  ta s 
Fig. 9. Line diak~rams showing t~  s ~  of tl~ d ~ a ~  Cd(H) sFec~ 

in 1-$. The Ph3P(CH2h fn~mem is ml~s~ed by R far c l~y.  

In these complexes the coordination number and geomeuy 
about the cadmium(H) atom as well as the coordination 
modes of the betalne ligand exhibit a rich variety: the coor- 
dination number of cadmium(H) ranges from four to six, and 
the coordination geometry is tetrahedral in complex S, dis- 
totted trigonal bipyramidal in complexes 3 and 4, 
in complexes 1, 3 and $, and distorted octahedral in complex 
2; the betaine ligand Ph3P + (CH2)2CO2- acts in the uniden- 
rate mode in complex 1, the asymmetric bidentate chelate 
mode in complexes 2 arA 4, the bidentate 'syn-skew' mode 
in complex $, a combined monodentate taidging and biden- 
tare chelate mode in complex 3, and a very unusual p~ biidg- 
ing mode in complex $ which provides the first such example 
among cadmium(H) caaboxylates. The deviation of the 
Cd(H) atom from the plane of its bound carboxylatz group 
lies below 0.2 ~ in all five compounds except the six-coor- 
dinate Cd(1) in complex 5 (Table 14). 

In complex I, strong intramolecular hydrogen bonding 
between the aqua ligands and the pendant oxygen atoms of 
the betalne ligands, wl~ch prevent the latter from further 
coordination to other cadmium(H) atoms, plays a dominant 
role in stabilizing both the octahedr~ ~nafion geomatty 
and the unidentate coordination mode of the betaine figaad, 
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Table 14 
The deviation (/~ ) of Cd 2 + from the plane of its bound carboxylate groups 
in complexes 1-5 

Cd(l) Cd(2) Cd(la) 

1 c(21)0(1)0(2) 0.063 
C(42)0(3)0(4) -0.165 

2 C(21)O(1)O(2) -0.057 
C(42)O(3)O(4) -0.062 

3 C(21)O(1)O(2) 0.021 -0.052 
4 C(2t )0( t )0(2) - 0.005 
5 C(21 )O( 1 )0(2) 1.975 0.191 - 1.964 

C(42)0(3)0(4) 0.032 - 1.301 

thus accounting for the occurrence of  this unusual structure. 
On the other hand, hydrogen bonding involving the solvated 
water molecules, chloro iigands, and oxygen atoms of  the 
betaine ligand in complexes 2 and 4 are responsible for gen- 
erating the layer-type crystal structures of  these complexes. 

Compared to simple carboxylic acids and amino acids, the 

tertiary phosphine betaine ligand Ph3P + (CH2) 2CO2- read- 
ily forms cadmium (I I )  complexes containing discrete units. 
A plausible reason is that the bulky and charged triphenyl- 
phosphonio group makes it energetically unfavorable for two 

discrete units to be positioned in close proximity for subse- 

quent condensation. 
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