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Abstract: Cadmium and lead(II) acesulfamate, 
Cd(C4H4NO4S)2 · 2H2O and Pb(C4H4NO4S)2, were prepared 
by the reaction of acesulfamic acid and the respective 
metal carbonates in aqueous solution, and character-
ized by elemental analysis. Their crystal structures were 
determined by single crystal X-ray diffraction methods. 
The Cd(II) compound crystallizes in the monoclinic 
space group P21/c with Z = 4 and the corresponding 
Pb(II) salt in the triclinic space group P1̅ with Z = 2. In 
both salts, acesulfamate acts both as a bi-dentate ligand 
through its nitrogen and carbonyl oxygen atoms and 
also as a mono-dentate ligand through this same oxygen 
atom, giving rise to polymeric structures; in the Pb(II) 
salt the ligand also binds the cation through its sulfoxido 
oxygen atoms. The FTIR spectra of the compounds were 
recorded and are briefly discussed. Some comparisons 
with other related acesulfamate and saccharinate com-
plexes are made.

Keywords: cadmium acesulfamate; crystal structures; 
FTIR spectra; lead(II) acesulfamate; synthesis.

1  �Introduction
Acesulfame-K, the potassium salt of 6-methyl-1,2,3-oxathi-
azin-4(3H)-one-2-2-dioxide, is one of the most widely used 
low-calorie artificial sweeteners [1, 2] and its general 
chemical and biological properties have been thoroughly 
investigated [1–3].

The coordination capabilities of the acesulfamate 
anion, which resembles those of saccharin (1,2-benzothia-
zole-3(2H)-one-1,1-dioxide) (see Fig. 1) [4], have often been 
exploited and a large number of metal complexes contain-
ing this ligand have been reported during the last decade 
(cf. for example [5] and references therein).

Concerning simple salts of the anion, apart of the 
potassium salt [1, 6], well known for more than 40 years, 
some others (NH4

+ [7], Na+, Rb+, Cs+ [8], Mg2+ [9], Ca2+ [10], 
Sr2+, Ba2+ [11] and Tl+ [12]) have been prepared and charac-
terized only very recently.

In order to advance in the knowledge of this type of 
compounds, we have now prepared and investigated the 
crystal structures and vibrational-spectroscopic behavior 
of the corresponding Cd(II) and Pb(II) salts.

2  �Results and discussion
Cadmium acesulfamate has been obtained by the reaction 
of CdCO3 with an aqueous solution of acesulfamic acid, 
using a general procedure recently reported by us for the 
synthesis of simple acesulfamate salts [7–9, 12] and which 
is described in the Experimental section. Lead(II) ace-
sulfamate was prepared in the same way, starting from the 
basic carbonate, 2PbCO3 · PbO · H2O. Cd(ace)2 · (H2O)2 crys-
tallizes in the monoclinic space group P21/c and Pb(ace)2 
in the triclinic space group P1̅.

Ortep [13] drawings of the two acesulfamate salts are 
shown in Figs. 2 and 3. Bond lengths within the acesulfa-
mate anions for the two salts are detailed in Table 1 and 
short contact distances around the metals are listed in 
Table 2.

The observed bond lengths and angles within 
the acesulfamate anions in both salts agree with one 
another and with values reported for other divalent 
metal salts, namely Mg(ace)2 · 6H2O [9] and Ca(ace)2 
[10], and also for the ammonium salt [7] and the M-ace 
(M: Na, K, Rb, Cs) isomorphic series of alkali metal salts 
[6, 8]. Particularly, for the better refined cadmium salt, 
the short Ci3–Ci4 (i: 1,2) bond lengths of 1.322(6) and 
1.321(5) Å confirm the formal double bond character 
expected for this link. The carbonyl >C=O double bond 
lengths are 1.255(5) and 1.248(4) Å and sulfoxide S=O 
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bond lengths are in the range 1.406(3)–1.427(3) Å. The 
other ring single bond lengths are: C–O bond lengths 
of 1.389(4) Å, O–S bond lengths of 1.599(2) and 1.620(3) 
Å, S–N bond lengths of 1.585(3) and 1.577(3) Å, C–N 
bond lengths of 1.354(4) and 1.347(4) Å, and C–C bond 
lengths of 1.439(5) and 1.443(5) Å. These bond lengths 
can be compared with those of the neutral crystal-
line acesulfamic acid molecule [14]. Major changes 
in the bonding structure of the acesulfamate ion in 
the cadmium salt occur at the S–N bond, which upon 
deprotonation suffers an average shortening of about 
0.048 Å (about 16 times the standard error σ). A smaller 
shortening (−0.03 Å = −10σ) is observed in the N–C bond 
length. Other major bond length changes when going 

from neutral acesulfamic acid to the acesulfamate 
anion are observed for the ring S–O and O–C bonds 
(+0.017 Å = +5.5σ and −0.016 Å = −5σ, respectively).

Cd(ace)2(H2O)2: The Cd(II) ion is in a seven-fold bipyramidal 
environment, equatorially coordinated to two acesulfa-
mate anions acting as bidentate ligands through their 
carbonyl oxygen atoms [Cd–O bond lengths of 2.646(2) 
and 2.423(2) Å] and nitrogen atoms [Cd–N bond lengths 
of 2.295(3) and 2.409(3) Å] and to the carbonyl oxygen 
atom of a neighboring acesulfamate [d(Cd–O) = 2.303(2) 
Å] which gives rise to a one-dimensional polymeric  
structure that extends along the c axis. The apical positions 
are occupied by water molecules [Cd–Ow bond lengths of 
2.280(3) and 2.314(3) Å]. As already appreciated in Fig. 2 
and detailed in Table 3, the polymer is further stabilized 
by hydrogen bonding where the w1  water molecule 
bridges neighboring monomers through OwH· · ·O(sulf) 
[d(O1w· · ·O21i) = 2.938(4) Å,  ∠(O1w–H· · ·O21i) = 158(4)°] 
and OwH· · ·O(carb) [d(O1w· · ·O24ii) = 2.780(3) Å; ∠(O1w– 
H· · ·O24ii) = 166(4)°] medium-strength interactions. 
The other coordination water molecule (w2) pro-
vides an additional intra-chain O2wH· · ·O(sulf) bond 
[d(O2w· · ·O22iii) = 3.016(4) Å;  ∠(O2w–H· · ·O22iii) = 155(5)°].

Fig. 2: View of the one-dimensional polymeric cadmium acesulfa-
mate salt showing the labeling of the non-H atoms and their dis-
placement ellipsoids at the 30% probability level. Cadmium-ligand 
bonds are indicated by full lines and hydrogen bonds by dashed 
lines. Symmetry operations: (i) x, 3/2 − y, ½ + z; (ii) x, 3/2 − y, 
−½ + z; (iii) x, ½ − y, ½ + z.

Fig. 3: View of the two-dimensional polymeric lead acesulfamate 
salt. Symmetry operations: (i) 1 − x, 1 − y, 1 − z; (ii) 1 − x, −y, 1 − z; 
(iii) x − 1, y, z; (iv) 2 − x, 1 − y, 1 − z.

Fig. 1: Schematic drawings of the structures of saccharin (A) and 
acesulfamic acid (B).
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Pb(ace)2: The larger ionic radius of the Pb(II) ion (1.19 Å) 
as compared with the Cd(II) ion (0.95 Å) affords a metal 
coordination number larger than for cadmium, because 
the crowding of ligands (L) around the metal limits M–L 
short contacts. In fact, Pb(II) is in an eight-fold polyhedral 
coordination with two independent acesufamate anions 
acting as bidentate ligands through their carbonyl oxygen 
[Pb–O(carb) bond lengths of 2.516(5) and 2.699(6)  Å] 
and nitrogen atoms [Pb–N bond lengths of 2.750(6) and 
2.580(6) Å], with one sulfoxide oxygen atom each of two 
neighboring symmetry-related acesulfamate ligands [Pb–
O(sulf) bond lengths of 2.835(5) and 2.914(5) Å]. Bonding 
of carbonyl oxygen atoms of two other acesulfamate 

groups [Pb–O(carb) bond lengths of 2.484(5) and 2.730(5) 
Å] generates a two-dimensional polymeric structure. This 
gives rise to an electrically neutral layered arrangement 
parallel to the (a, b) plane. Neighboring layers are sepa-
rated from each other by the unit cell vector c and bonded 
to each other mainly through van der Waals interaction. 
This explains both the crystal growing habit as thin plates 
parallel to (001) and the observation of this being an easy 
cleavage plane.

Being lead a member of group 14 in the periodic table, 
it is to be expected some kind of sp hybridization giving 
rise to directional bonding. However, it has been recog-
nized that relativistic effects are much more important for 
the high Z-valued lead than for the other members of the 
group down to tin [15, 16]. As a consequence, these rela-
tivistic effects produce a radial shrinkage of the 6s and 
6p atomic orbitals of lead, which are now more effective 
in shielding the nucleus attraction felt by d and f orbit-
als, which therefore expand outwardly. The net effect is 
that the valence s and p electrons are thus buried in the 
atomic electronic structure and therefore less prone for 
bonding by hybridization. This effect is called ‘inert lone-
pair effect’ [17].

On account of published crystallographic information 
and own MO calculations, Shimoni-Livny et al. [18] pro-
posed a classification to characterize this and other effects 
on metal-ligand bonding in lead compounds, based on 
the stereochemistry of the coordination sphere around 
the metal: (1) holodirected, when Pb-ligand bonds present 
a distributed orientation throughout all the sphere and 
(2) hemidirected, when Pb-ligand bonds are only found 
directed throughout part of the sphere, hence leaving 
sizable orientation voids which are considered a signature 
of ‘stereochemically active lone pair of electrons’. Besides 
this effect, the authors also considered the competing 
influence on the environment geometry due to the coordi-
nation number, interaction between neighboring ligands, 
etc. to conclude that, among other factors, holodirected 

Table 1: Bond lengths (Å) of the acesulfamate anion in the Cd(II) 
and Pb(II) salts.

Cd(ace)2 · 2H2O   Pb(ace)2

C(12)–O(14)   1.255(4)  C(12)–O(14)  1.279(9)
C(12)–N(1)   1.354(4)  C(12)–N(1)   1.343(9)
C(12)–C(13)   1.439(5)  C(12)–C(13)   1.438(10)
C(13)–C(14)   1.322(5)  C(13)–C(14)   1.321(11)
C(14)–O(13)   1.389(4)  C(14)–O(13)  1.378(9)
C(14)–C(15)   1.483(5)  C(14)–C(15)   1.487(11)
N(1)–S(1)   1.585(3)  N(1)–S(1)   1.599(7)
O(11)–S(1)   1.410(3)  O(11)–S(1)   1.418(6)
O(12)–S(1)   1.406(3)  O(12)–S(1)   1.417(5)
O(13)–S(1)   1.599(2)  O(13)–S(1)   1.626(5)

C(22)–O(24)   1.248(4)  C(22)–O(24)  1.258(9)
C(22)–N(2)   1.347(4)  C(22)–N(2)   1.350(9)
C(22)–C(23)   1.443(5)  C(22)–C(23)   1.434(11)
C(23)–C(24)   1.321(5)  C(23)–C(24)   1.334(10)
C(24)–O(23)   1.389(4)  C(24)–O(23)  1.395(9)
C(24)–C(25)   1.480(5)  C(24)–C(25)   1.487(11)
N(2)–S(2)   1.577(3)  N(2)–S(2)   1.577(6)
O(21)–S(2)   1.427(3)  O(21)–S(2)   1.436(6)
O(22)–S(2)   1.411(3)  O(22)–S(2)   1.427(6)
O(23)–S(2)   1.620(3)  O(23)–S(2)   1.609(6)

Table 2: Short contacts (Å) around the metal cations in the Cd(II) 
and Pb(II) acesulfamates.a

Cd(ace)2 · 2H2O Pb(ace)2

Cd–N(1) 2.295(3) Pb–N(1) 2.750(6)
Cd–N(2) 2.409(3) Pb–N(2) 2.580(6)
Cd–O(14) 2.646(2) Pb–O(14) 2.516(5)
Cd–O(24) 2.423(2) Pb–O(24) 2.699(6)
Cd–O(14)#1 2.303(2) Pb–O(14)#2 2.484(5)
Cd–O(1W) 2.280(3) Pb–O(24)#3 2.730(5)
Cd–O(2W) 2.314(3) Pb–O(21)#2 2.835(5)

Pb–O(22)#4 2.914(5)

aSymmetry operations: (#1) x, −y + 3/2, z − 1/2; (#2) 1 − x, 1 − y, 1 − z; 
(#3) 1 − x, −y, 1 − z; (#4) −1 + x, y, z.

Table 3: Hydrogen bond lengths (Å) and angles (deg) for 
Cd(ace)2 ·(H2O)2.a

D–H· · ·A   d(D–H)  d(H· · ·A)  d(D· · ·A)   ∠(D–H· · ·A)

O(1W)–H(1A)· · ·O(24)#2   0.85(1)  1.95(1)  2.780(3)  166(4)
O(1W)–H(1B)· · ·O(21)#1  0.85(1)  2.13(2)  2.938(4)  158(4)
O(1W)–H(1B)· · ·S(2)#1   0.85(1)  3.01(2)  3.786(3)  152(3)
O(2W)–H(2A)· · ·O(12)#1  0.85(1)  1.95(2)  2.793(4)  168(4)
O(2W)–H(2A)· · ·S(1)#1   0.85(1)  2.94(1)  3.772(3)  167(4)
O(2W)–H(2B)· · ·O(22)#3  0.85(1)  2.23(2)  3.016(4)  155(5)

aSymmetry transformations: (#1) x, −y + 3/2, z + 1/2; (#2) x, −y + 3/2, 
z − 1/2; (#3) x, −y + 1/2, z + 1.
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geometry around Pb(II) is favored by high coordination 
numbers (crowding) and repulsive interaction among 
ligands, which lead to relatively long and uniform 
values for Pb-ligand bond lengths. This is the case of our 
Pb(ace)2 salt, with a coordination number of 8 and nega-
tively charged acesulfamate ligands. In fact, our average 
(dispersion) values for Pb–N and Pb–O bond lengths of 
2.67(9) and 2.70(15) Å, respectively, are in agreement with 
corresponding values reported for a whole series of Pb(II) 
compounds [2.62(11) and 2.53(15) Å] with holodirected ste-
reochemistry [14].

It seems interesting to make some comparisons of the 
two newly reported structures with those of some related 
complexes. The acesulfamate complex of Zn(II), the 
lighter analog of Cd(II) in the same group of the periodic 
table, crystallizes in the triclinic space group P1̅ (Z = 1) as 
a centro-symmetric [Zn(ace)2(H2O)4] octahedral complex, 
where acesulfamate acts as a monodentate ligand through 
its carbonyl oxygen atom [19].

In the case of Cd(II) saccharinate, a similar monoclinic 
(P21/c) complex of composition [Cd(sac)2(H2O)4] · 2H2O was 
described. In this case coordination occurs through the 
N atom of saccharin [20]. The complex is isostructural 
with the saccharinato complexes of the first row transi-
tion metal cations M(II) [4, 21]. On the other hand, the 
lead(II) ion in the monoclinic (P21/c) Pb(sac)2(H2O) salt is 
also in an eight-fold polyhedral environment that includes 
two independent saccharinate anions acting as biden-
tate ligands through their –N–(C=O)– ‘bite’, structurally 
closely related to the acesulfamate –N–(C=O)– ‘bite’ (cf. 
again Fig. 1). The eight-fold coordination is completed 
with a water molecule and the oxygen atoms of a carbonyl 

and two sulfoxide groups of a neighboring saccharinate 
ligand [22].

The FTIR spectra of both compounds show practically 
identical patterns and band intensity distributions, con-
firming the close similarities in bonding characteristics. 
The spectra are also very similar to those of previously 
investigated acesulfamate salts [8, 9, 12]. The spectrum of 
the Cd(II) salt is shown in Fig. 4 and the spectral assign-
ments proposed for both salts are presented in Table 4. 
They were made on the basis of a recent experimental and 
theoretical study of potassium acesulfamate [23], addi-
tionally supported by our previous studies [7–9, 12], and 
are briefly discussed as follows:

–– The O–H stretching band in the case of Cd(ace)2 · 2H2O 
can be seen as a relatively broad and strong band. 
The corresponding deformational modes, δ(H2O), are 
probably overlapping with the bands found in the 
1590–1660  cm−1 region. No evidences for librational 
H2O modes could be found in the low frequency spec-
tral range. From the spectroscopic point of view the 
hydrogen bonds generated by these water molecules 
can be classified as medium strength [24, 25].

–– As in the previously investigated cases, vibrational 
modes related to ν(C=O) and ν(C–C) stretches are 
strongly coupled and result in two very strong IR bands.

–– The 1289  cm−1 band (1293  cm−1 in the Pb(II) salt) is 
dominated by the ν(CN) stretching vibration, coupled 
with some other motions.

–– Bands related to the SO2 vibrations are found practi-
cally at the same frequencies in both salts, despite 

Fig. 4: FTIR spectrum of Cd(acesulfamate)2 · 2H2O in the spectral 
range between 4000 and 400 cm−1.

Table 4: Assignment of the FTIR spectra of Cd(II) and Pb(II) acesulfa-
mates (band positions in cm−1).a

Cd(ace)2 ·(H2O)2 Pb(ace)2 Proposed assignment 

3560 vs, br ν(OH) (H2O)
1660 vs, 1592 vs 1660 vs, 1592 vs ν(C=O) + ν(C–C)ring 
1430 vw, 1391 vs 1430 vw, 1391 vs δ(CH3)
1371 vs 1370 vs νas(SO2)
1289 vs 1293 vs ν(CN) + ν(OC) + δ(CCH)
1178 vs 1179 vs νs(SO2) + ν(SN)
1077 s 1076 s δ(CH3)
1014 s 1014 s ν(OC) + ν(SN)
942 vs 943 vs ν(OC) + ν(C–CH3)
861 vs 861 s τ(ring)
837 s 837 s ν(SN) + ν(C–C) + δ(NCO)
744 sh, 729 vs 743 sh, 729 vs τ(ring)
656 vs 656 vs δ(ring)
559 w/546 s 559 w/547 m δ(ring) + δ(SO2)
521 s, 425 w 521 s, 425 w τ(ring)

avs, Very strong; s, strong; m, medium; w, weak, sh, shoulder; br, 
broad.
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the fact that this group participates in bonding in the 
case of Pb(ace)2. This behavior is in agreement with 
the structural results, which show only a very slight 
lengthening of the S–O bonds of this moiety in the 
case of the Pb(II) salt (cf. again Table 1).

3  �Experimental section

3.1  �Materials and measurements

Potassium acesulfamate was supplied by Fluka (Sigma-
Aldrich, Steinheim, Germany), and basic lead(II) carbonate 
by Aldrich (St. Louis, MO, USA), whereas cadmium carbon-
ate and all the other employed reagents were from Merck 
(Darmstadt, Germany), analytical grade, and were used as 
purchased. Elemental analysis was performed with a Carlo 
Erba (Milano, Italy) model EA 1108 elemental analyzer. 

The infrared absorption spectra were recorded on a FTIR-
Bruker-EQUINOX 55  spectrophotometer (Bruker Optics 
Inc., Billerica, MA, USA), in the spectral frequency range 
between 4000 and 400 cm−1, using the KBr pellet technique.

3.2  �Syntheses of the compounds

Acesulfamic acid was prepared as described by Velaga 
et al. [14], as follows: to 5.00 g of potassium acesulfamate 
dissolved in a small portion of water (ca. 10 mL), 6 mL of 
concentrated HCl was added drop-wise. The generated 
acid was extracted with 20 mL of ethyl acetate. After evap-
oration of the solvent in air a colorless solid was deposited. 
It was re-crystallized twice from ethyl acetate, generating 
a deposit of needle-like colorless crystals, after slow evap-
oration of the solvent in air (m. p. 122–124°C [14]).

For the synthesis of the Cd(II) salt, 2.0 mmol of ace-
sulfamic acid was dissolved in 15 mL of distilled water and 

Table 5: Crystal data, X-ray diffraction data and refinement results for Cd(II) and Pb(II) acesulfamates.

  Cd(ace)2 · 2H2O   Pb(ace)2

Empirical formula   C8H12CdN2O10S2   C8H8N2O8PbS2

Formula weight   472.72   531.47
T (K)   293(2)   293(2)
Crystal dimensions, mm3   0.173 × 0.131 × 0.117   0.212 × 0.147 × 0.040
Crystal shape and color   Fragment/colorless   Plate/colorless
Crystal system   Monoclinic   Triclinic
Space group   P21/c   P1̅
a, Å   20.4884(5)   7.0351(2)
b, Å   8.4001(2)   7.6329(3)
c, Å   8.9362(2)   13.8164(5)
α, deg   90   62.947(4)
β, deg   90.116(2)   86.164(3)
γ, deg   90   62.947(4)
Volume, Å3   1537.96(6)   656.36(5)
Z   4   2
Calculated density, g cm−3   2.04   2.69
Absorption coefficient, mm−1   1.7   13.2
F(000), e   936   496
θ Range for data collection, deg   2.983–25.994   2.968–25.996
Index ranges, hkl   −22 ≤ h ≤ 25

 − 9 ≤ k ≤ 10
 − 11 ≤ l ≤ 9

  −8 ≤ h ≤ 8
 − 9 ≤ k ≤ 9
 − 17 ≤ l ≤ 12

Reflections collected   6966   4816
Independent reflections/Rint   3011/0.0345   2571/0.0482
Observed reflections [I > 2σ(I)]   2533   2316
Refinement method   Full-matrix least-squares on F2

Data/restraints/parameters   3011/6/226   2571/0/192
R1/wR2 [I > 2σ(I)]   0.0324/0.0630   0.0365/0.0829
R1/wR2 (all data)   0.0432/0.0686   0.0425/0.0889
Goodness of fit (F2)   1.069   1.007
Largest peak/hole, e Å−3   0.51/−0.64   1.29/−1.76
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heated to 75°C. To this solution, 1.0  mmol of CdCO3 was 
slowly added, under constant stirring. After this addition, 
the solution was stirred for another 30  min at the same 
temperature, and finally it was left to evaporate in air. After 
a few days a colorless powder, highly soluble in water, 
was collected and re-crystallized from water. The prepara-
tion of the corresponding lead(II) salt was performed in 
the same way, starting from 6.0 mmol of acesulfamic acid 
and 1.0 mmol of 2PbCO3 · PbO · H2O (yields: ca. 0.40 g for 
Cd(C4H4NO4S)2 · 2H2O and ca. 0.80 g for Pb(C4H4NO4S)2).

The purity of the salts was confirmed by elemental 
analysis: C8H12CdN2O10S2 (472.72): calcd. C 20.30, H 2.54, 
N 5.92, S 13.56; found C 20.28, H 2.60, N 5.90, S 13.50; 
C8H8N2O8PbS2 (531.47): calcd. C 18.06, H 1.50, N 5.27, S 
12.06; found 18.03, H 1.60, N 5.22, S 12.10. In both cases, 
single crystals adequate for X-ray diffraction studies 
were selected from the crystalline mass employing a 
microscope.

3.3  �X-ray structure determinations

X-ray diffraction measurements were performed on an 
Oxford Xcalibur, Eos, Gemini CCD diffractometer employ-
ing graphite-monochromatized MoKα (λ = 0.71073 Å) 
radiation. Intensities were collected (ω scans with ϑ 
and κ-offsets), integrated and scaled with the CrysA-
lisPro [26] suite of programs. The unit cell parameters 
were obtained by least-squares refinement (based on the 
angular settings for all collected reflections with inten-
sities larger than seven times the standard deviation of 
measurement errors) using CrysAlisPro. Data were cor-
rected empirically for absorption employing the multi-
scan method implemented in CrysAlisPro.

The structures were solved by intrinsic phasing 
with Shelxt [27, 28] of the Shelx suite of programs and 
refined by least-squares with Shelxl [29–31]. The ace-
sufamate hydrogen atoms were positioned on stereo-
chemical bases and refined with the riding model. The 
methyl hydrogen atom locations were optimized during 
the refinement by treating them as rigid bodies which 
were allowed to rotate around the corresponding C–CH3 
bond such as to maximize the residual electron density 
at their calculated positions. As a result, the methyl 
groups converged to staggered angular conformations. 
The water H atoms in the cadmium salt were located in 
a difference Fourier map and refined at their found posi-
tion with isotropic displacement parameters and Ow–H 
and H· · ·H distances restrained to target values of 0.86(1) 
and 1.36(1) Å, respectively. Crystal data, data collection 

procedures and structural refinement results are summa-
rized in Table 5.

CCDC 1551351 (Cd) and 1551352 (Pb) contain the sup-
plementary crystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.�
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