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Abstract: A new cadmium thiolate with overall composition [CIESCH(CHCH,),N(H)Me} 16](CIO4)15
16[SCH(CHCHy)2N(H)Me]-32H,0 has been obtained in a high ionic strength aqueous medium. The solid is
a polycrystal consisting of equally oriented microcrystals of formula [SEH(CHCH,),N(H)Me} 1¢]-
(ClO4)15:16H,0 held together by uncoordinated aminothiolate ligands and water molecules occupying the
intercrystal spaces. The composition and structure of the microcrystals is shown by X-ray, XPSCahd

NMR data. The uncoordinated aminothiolate ligands in zwitterionic form and water molecules are essential
for the initial formation but not for the continued stability of the microcrystals as their chemical extraction
leads to a new microcrystalline powder with essentially the same powder X-ray diffraction pattern. The existence
of intercrystal spaces is confirmed by electron and atomic force microscopy techniques, SEM and AFM. The
[CICde{ SCH(CHCH,),N(H)Me} 1¢] 15+ cage can be described in terms of metal and ligand concentric polyhedra
of increasing size asentroCl-tetrahedroeCds;-cuboctahedre(u-SRHY) o-tetrahedre(CdSRH), where SRH
denotes SCH(CHCH,)N*T(H)Me, and thus it constitutes the first example of a metal thiolate cluster where
the topology of the bridging ligands is that of a cuboctahedron. Comparison with dimensions predicted by
Dance for an idealized topology is made. The structural correspondences between&{SIRH}(SRH)]
fragment in [CIC&{ SCH(CHCH,):N(H)Me}16]*>" and the Cd(S-Cys); cluster in thea domain of
metallothioneins, both formed by two fused six-membered cycles, are also discussed.

Introduction adamantanoid cagés.Cadmium thiolates with molecular
structures can be systematized according to two distinctly
different structural patterns. That observed for species of general
formula [SIMx(SR)]#*" is based on fused adamantanoid cages,
as found in [GM1o(SPh)g*~, (E =S, Se; M= Zn, Cdf and
[S4«Cci(SPh}g?~.8 On the other hand, complexes of formula
[XMg(SR)eg> (X = Cl, S) have a connectivity pattern
comprising a central ligand, a bitetrahedron of four inner and
four outer metal atoms, and 12 doubly bridging thiolate ligands.
The polyhedron described by the bridging sulfur atoms could
%e a cuboctahedron or an icosahedron but it is close to an
icosahedron in the three aggregates of known structure. These
pare the [CIZR(SPh)¢]~ 7 and [SC(SePhyg)2~ & complexes and

Metal—thiolate chemistry is relevant to the coordination of
metals by cysteine in biological systems, cadmium thiolates
being particularly related to metallothioneins (MT)The crystal
structure of C¢Zn-MT from rat liver has shown that there
are two metal clusters in MT, [MS-Cys}]3~ and [My(S-
Cyshi]®, in good agreement with the structures for thand
B domains in solution derived by NMR methotisTo our
knowledge, no synthetic analogues with close structural param-
eters have yet been reported. Examples and crystal structure
of nonmolecular Cd(SR)complexes with one, two, or three
dimensionality of the polymeric framework are well-known.

Eraenézaagéztggggﬁg‘:;:‘;? g;;‘_’gdéggﬁfgfea'r']ré"g‘;u‘jf‘gé’)a""h'° the cyanide-bridgedSCA(SBW):5} clusters of thew[{ SCd-
' ' (SBW)12} (CN)y/z] complex? In this second family the series

* Corresponding author: Departament de ‘Qioa, Unitat QUmica [XCdg(SCH,CH,OH)12X3], X = Cl, Br, 1,19 should be included,

Inorganica, Universitat Autnoma de Barcelona, 08193 Bellaterra, Barce- ial li i i
lona. Spain. Telf: 34.3-5811363; fax: 34.3.5813101 o-mail. IOIPILARG although half of the thiol ligands behave as bidentate. The main

CC.UAB.ES. difference from the previous clusters is that in this case the

T Universitat Autmoma de Barcelona.

* University of Newcastle. (4) Dance, I. G. In Chapter 13 of ref 1; p 296.

§ Institut de Ciecia dels Materials (C.S.1.C.). (5) Dance, I. G.; Choy, A.; Scudder, M. J. Am. Chem. Sod. 984

(1) stillman, M. J.; Shaw, C. F.; Suzuki, K. T. Edgetallothioneins; 106, 6285.

VCH Publishers: New York, 1992. (6) Lee, G. S. H.; Craig, D. C.; Ma, I.; Scudder, M. L.; Bailey, T. D.;

(2) Robbins, A. H.; McRee, D. E.; Williamson, S. A.; Collett, S. A.; Dance, I. G.J. Am. Chem. S0d.988 110, 4863
Xuong, N. H.; Furey, W. F.; Wang, B. C.; Stout, C. .Mol. Biol. 1991, (7) Dance, |. GAust. J. Chem1985 38, 1391
221, 1269. (8) Dance, I. GJ. Am. Chem. S0d.99Q 112 6435.

(3) (a) Craig, D.; Dance, I. G.; Garbutt, Rngew. Chem., Int. Ed. Engl. (9) Dance, |. G. In Chapter 13 of ref 1, p 299. Neither the synthesis nor
1986 25, 165 (b) Dance, I. G.; Garbutt, R.; Craig, D.; Scudder, M. L.; the full X-ray characterization of th&o[{ SC(SB)12} (CN)az] complex
Bailey, T. D.J. Chem. Soc., Chem. Comm@887, 1164. (c) Dance, I. G.; have been reported.

Garbutt, R.; Craig, D.; Scudder, M. Ilnorg. Chem.1987, 26, 4057. (10) Dance, I. G.; Garbutt, R.; Craig, Inorg. Chem1987, 26, 3732.

S0002-7863(97)02038-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/30/1998



Structure of a New Cadmium Thiolate

J. Am. Chem. Soc., Vol. 120, No. 6, 1283

polyhedron described by the eight cadmium atoms is a cubeTable 1. Crystal Data, Structure Solution and Refinement

instead of a bitetrahedron.

Attempts to obtain a mononuclear cadmium species with the
4-mercapto-1-methylpiperidine ligand, which under appropriate
experimental conditions behaves as an unidentate thiol with a
solubilizing amine group, have led to a solid of formuladGk
Cd{ SCH(CHCHy)2N(H)Me} 4.0)(ClO4)1 g754.0H:0, which ac-
cording to analytical data, X-ray, XP83Cd NMR, TGA, SEM,
and AFM results should be formulated as [C¥ECH(CH-
CH2)2N(H)Me} 16](ClO4)15° 16[SCH(CHCHz).N(H)Me]--
32H,0. The structure of the [CIGHSCH(CHCH,)N(H)-

Me} 161" cage can be described in terms of metal and ligand
polyhedra agentroCl-tetrahedreCds-cuboctahedre(u-SRH) »
tetrahedre(CdSRH), where SRH denoteSSCH(CHCHy,).-
N*(H)Me, and thus it constitutes the first example of a metal
thiolate cluster where the topology of the bridging ligands is
that of a cuboctahedron. No discrete cationic species with such
a high positive charge, 35 has been previously reported. The
highest positively charged discrete species known to date is
[Nie{ S(CH)sNHMez} 1712t where the ligand is also an aliphatic
aminothiolate in zwitterionic formi! An additional novelty of

the cadmium compound lies in its polycrystal nature, where the
cations, the perchlorate anions, and half of the water molecules
constitute the microcrystals while the noncoordinated ligands
together with the remaining water molecules occupy the
intercrystal spaces. To our knowledge, no other thiolate
complex with these structural features is known to date.

Experimental Section

General Details. 4-Mercapto-1-methylpiperidine was prepared
according to a known procedufe. It was purified by vacuum
distillation until its purity achieved 99% (iodometric determination of
the SH group). NaCl@ Cd(CIQy),, and HCIQ were commercially
available. Elemental analyses were performed either on a CE Instru-
ments analyzer (C, H, N, S) or using the ICP technique in a Thermo
Jarrell Ash, Polyscan 61E at 182.040 (S) or at 228.802 (Cd) nm. IR
spectra were recorded in the range 40@00 cntt on a Perkin-Elmer
1710 spectrophotometer. Thermogravimetric analysis was performed

chem formula GeHz4£d8C|15Nleo7esle
form wt 4814.4

cryst syst monoclinic
space group C2/c

a, 30.319(2)

b, A 24.0998(14)

c A 26.257(2)

B, deg 92.707(2)

vV, A3 19164(2)

VA 4

Deaica 9 cnr3 1.669

A 0.71073 (Mo k)
w, mnrt 1.353

T,K 160

cryst size, mm 0.4 0.37x 0.26
260max deg 50.0

max indiceshkl 39,32,34
reflns measd 48933

indep refins 16798

Rint 0.0454

transm factors 0.4260.557
refined params 1055
restraints 1636
extinction coeff 0.00014(3)

R 0.0901

Ry¢ 0.3047

g 1.052

max, min el dens, e &8 1.43,-1.02

aF! = FJ(1 + 0.00XF2A%sin 20)14. PR = S||Fo| — |Fe||/3|Fol
for 11 851 reflections withF,2 > 20(F?). ¢ Ry = [SW(F2 — Fc?)?/
SW(FA? Y2 for all data. ¢ S= [IW(Fo?> — FA)(no. of reflns— no. of
params)Y?.

M Cd(CIOy), in water. The pH was adjusted to 8.3 by using 4 M
HCIO4. The resulting solution was left to stand in the dark. After a
couple of hours a colorless species began to crystallize. Twelve hours
later the suspended crystalline solid was filtered off and dried in vacuo,
yielding 1.21 g (36.6%). Some crystals were suitable for X-ray
diffraction. Anal. Calcd for @oHagoN32002Cl16S3Cck: C, 31.99; H,
6.72; N, 6.22; S, 14.21; Cl, 7.77; Cd, 12.65. Found: C, 32.29; H,
6.75; N, 6.22; S, 14.27; Cl, 7.66; Cd, 12.20. Two strong and broad
bands in the IR region 2862400 cnT?, also present in the spectrum

of the ligand as hydrochloride, indicated that the amine groups are

on a Rigaku Thermoflex apparatus. The XPS spectrum was measuredprotonated in the title compound and thus ligand molecules are in

on a Leybold-Heraeus LHS10 instrument, operating at constant beam
mode of 1253.6 eV (Mg ) by using as reference the carbon 11 level
(284.6 eV). 1*Cd NMR spectra were recorded on a Bruker ARX-400
instrument operating at 88.8 MHz. Chemical shift values were
referenced to external 0.5 M Cd(NR aqueous solution, which
resonates at-12.7 ppm relative to 0.1 M aqueous Cd(GJ)9 X-ray
powder diffraction patterns were performed on a Siemens D500
diffractometer. A Nanoscope Il Digital Instruments atomic force
microscope and a JSM-840 JEOL scanning electron microscope were
used for AFM and SEM measurements, respectively. AFM images
were obtained at room temperature and pressure by applying two
different stiff cantilever forces of 10 nN (tapping mode) and/N
(contact mode)® SEM images (BEI and SEI modes, which denote
backscattering and secondary electron imaging, respectively) were
obtained at-195°C and 10° Torr, and the operating voltage was in
the range 39 kV.14

Preparation of the Complex [CICds{ SCH(CH,CH2):N(H)Me} 1¢]-
(ClO4)15°16[SCH(CH.CH2),N(H)Me] -:32H,0. To a stirred high ionic
strength aqueous solution, 10 M NaGI@0 mL), were successively
added dropwise the volume corresponding to 2.51 g (19.1 mmol) of
4-mercapto-1-methylpiperidine and then 0.72 mL (3.67 mmol) of 5.1

(11) Barrera, H.; Bayo, J. C.; Suades, J.; Germain, C.; Declerq, J. P.
Polyhedron1984 3, 969.

(12) Barrera, H.; Lyle, R. RJ. Org. Chem1962 27, 641.

(13) Binnig, G.; Quate, C. F.; Gerber, CRhys. Re. Lett. 1986 56,
930.

(14) Goldstein, J. I.; Newbury, D. E.; Echling, P.; Joy, D. C.; Fiori, C.;
Lifshin, E. Scanning Electron Microscopy and X-ray Microanaly$tenum
Press: New York, 1981.

zwitterionic form.

The polycrystals are sensitive to moisture but very stable for long
periods if kept under strictly anhydrous conditions. Their treatment
with water leads to Cd(OH)while common organic solvents remove
all water molecules and the aminothiolate ligands that do not belong
to the cluster, which remains as a powdered solid phase (see below).
Accordingly, polycrystals obtained could only be washed with their
own mother liquor. This also precluded measurement of crystal density
by the traditional flotation method.

Crystal Structure Determination. Table 1 lists crystal data and
other information on the structure determination. Many attempts were
made to collect data over an extended period, using several different
crops of crystals, including experiments at room temperature and
reduced temperatures with a variety of four-circle diffractometers and
area-detector systems and sealed-tube and rotating-anode X-ray sources.
From room-temperature data, only the heavy atoms could be located
and from most of the experiments the lighter atoms were poorly defined.
A satisfactory result was eventually obtained with a Siemens SMART
CCD area detector and sealed-tube source, at low temperature.
Unusually, an attempt with synchrotron radiation gave no significant
improvement on this data set, with essentially the same structural
parameters resulting. Cell parameters were refined from the observed
w angles of all strong reflections in the complete data set. Well over
a hemisphere of reciprocal space was recorded on a series °of 0.3
w-rotation exposures to give a unique set of data, the high symmetry-
equivalent redundancy of which served as the basis of a semiempirical
absorption correction and demonstrated that there was no significant
intensity decay during data collection. The structure was solved by
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direct methods and refined by full-matrix least-squares oR%atlues,
with weightingw™ = ¢2(F?) + (0.1524°)2 + (245.6%), whereP =

Gboezduarte et al.

Table 2. Ratio of Integrated Peaké,+ 0.1, in the XPS Spectrum
of [CICdg{ SCH(CHCH,),N(H)Me} 1¢](ClO4)15: 16[SCH(CHCH,)N-

(2F2 + F,2)/3. Two-fold disorder of orientation was clearly resolved ~ (H)Me]-32H,0?
for one of the crystallographically independent amino thiolate ligands

and included in the refinement; high values of anisotropic displacement

calculated value

parameters indicate that other ligands are likely to be disordered, but atomic ratio experimental valbe X=Cl X=S
this could not be resolved. Not all the perchlorate counterions and S/Cd 7.07/3.7%F 1.90 2.00 2.12
water molecules of crystallization could be fully identified, and restraints Cl/Cd 6.86/3.77% 1.85 2.00 175

S/CI 7.07/6.86= 1.03 1.00 121

were necessary on various geometrical and displacement parameters;
variable occupancy factors were used for some co_unterions. Water™ 5 Experimental values require to assume that the 32 End 16
molecules were checked for suitable hydrogen-bonding geometry as a-scH(CHCH,),N*(H)Me zwitterions are removed in the measurement
further aid to their identification; they also show high apparent process The area of the peak at 161.7 eV corresponds to the 2p level
displacement parameters, and so are probably only partially occupiedof sulfur. Due to partial decomposition of CJOanion the total amount
sites. The overall formula most closely fitting the crystallographic of chlorine is distributed among the peaks at 197 and 199 eV (as
results is [CICg SCH(CHCH,):N(H)Me} 1¢](ClO.)15 16H:,0, although chloride) and at 204, 207, and 209 eV (as perchlorate and chlorate),
the water content is inevitably only approximate and may be an all corresponding to the 2p level of chlorine.

overestimate. Programs used were standard Siemens control and
integration software, Siemens SHELXTL, and local programs.

To investigate the nature of the extra mercaptoamine mol-
ecules we treated the title compound with a chloroform/methanol
mixture (2:1) and analyzed the undissolved crystalline powder
(Found: C, 24.76; N, 4.78; S, 11.31; Cd, 19.54) as well as the
extract (Found: S, 7.48; Cd, 0.13). These results for the
remaining solid compare well with the formula [CKE8CH(CH-
CH,)2N(H)Me} 16](ClO4)15 (calcd values for gsH20dCdsClig
CH3OH (10% v/iv CHOH) indicated formation of the mono-  N,,04:S,6 C, 25.44; N, 4.95; S, 11.30; Cd, 20.13) and those
nuclear [Cd SCH(CHCH,).N(H)Me} ,]** species above pkH of the solution indicated that the 16 uncoordinated ligands,
8.5 With the aim of characterizing structurally this mononuclear \hich correspond to 7.12% of sulfur in the initial complex
species the ionic strength of the titrated solution atH.5 species, had been extracted into the solution, with a negligible
was progressively increased until crystals appeared. Accordingamount of the octanuclear species also being dissolved (Cd,
to this assay, cadmium perchlorate and the mercaptoamineo_ls%)_ Solutio#3Cd NMR studies, described below, showed
ligand were mixed in water at 1:5 molar ratio, fixed pH, and in  that the solids obtained before and after the treatment with
the presence of a high concentration of Nag(@ M). This CHCl/CH;OH mixture give rise to the same cationic species.
reaction afforded a crystalline solid, hereafter referred to as powder X-ray diffraction pattern of the undissolved solid
polycrystal, which analyzed according to the expected [Cd- coincided with that measured for the polycrystals (Supporting
{ SCH(CH.CH)2N(H)Me} 4](ClO4)2*4H,0 compound with Cd/  |nformation). This confirms that the crystal structure of the
mercaptoamine/perchlorate®l = 1:4:2:4 (calcd values for  gctanuclear cadmium aggregate is preserved after removal of
Ca4HeoCACBN,O12S: C, 31.74; H, 6.66; N, 6.17; S, 14.12; Cl,  yncoordinated ligands and water molecules.

7.81; Cd, 12.38). However, the crystal structure determination Tq verify the nature of the central atom, X, in the
revealed the presence of octanuclear D{&ECH(CH.CH,),N- [XCdg{ SCH(CHCH,):N(H)Me} 16] 169+ aggregate, the XPS
(H)Me}16]*>" aggregates and disordered Gl@nions and bO spectrum of the polycrystal [XGHSCH(CHCH,):,N(H)Me} 1¢)-
molecules with Cd/mercaptoamine/perchlorat€is 8:16:15: (Cl04)15-16[SCH(CHCH,),N(H)Me]-32H,0 was recorded and

16 ~ 1:2:2:2. The nature of the X central atom, chlorine or the S/Cd, Cl/Cd, and S/CI atomic ratios were calculated from
sulfur, could not be unambiguously determined crystallographi- the areas under the corresponding peaks. These were assigned
cally. The additional 16 zwitterionic ligands and extra water according to the literatuté and are indicated as a footnote in
molecules in the formula [CIGISCH(CHCH):N(H)Me} 1¢- Table 2, where the experimental values for the atomic ratios
(ClO4)15 16[SCH(CHCH;)oN(H)Me]-32H,0 were not located  are given. From these data two main conclusions can be
in the crystal structure and, indeed, there is insufficient space gerived: first, it is required that all water molecules and the
in the unit cell for them, even in highly disordered form; the noncoordinated SRH are lost during the measurement process,
structure as determined has no significant voids. This discrep-probab|y due to the ultrahigh vacuum (PanmHg) and to the
ancy between the highly reproducible analytical results for the high energy of the incident X-ray radiation; this behavior has
synthesized material and the clear evidence of the crystal gisg been observed in the SEI studies (see below). Second,
structure has prompted us for a considerable period and led tothe calculated atomic ratios agree better fo=>Cl than for X

a variety of further experiments in order to explain it. = S in the XC@{ SCH(CHCH,)N(H)Me} 15 core, as shown in

The different behavior of the 32 zwitterionic ligands in the Table 2.
compound was evidenced in the thermogravimetric analysis 113Cd NMR spectra of a DMF solution of [XGISCH(CH-
(TGA) of the polycrystals, which showed a clear step at about CH,),N(H)Me} 16](ClO4)15:16[SCH(CHCH,),N(H)Me]--
100°C corresponding to a mass decrease of 6.8%, in agreemenB82H,0 were recorded at variable temperature. The only broad
with the loss of the 32 water molecules per formula weight signal observed at 273 Ky = 653 ppm, split at 220 K into
(calcd value, 8.0%) and a second stepwise signal up td@25  two main signals of approximately equal intensities consisting
corresponding to the 30.4% of the initial mass, indicating the of two peaks at 669 and 675 ppm and three shoulders at 670,
loss of 16 ligand molecules (Calcd value, 29.1%). This clearly 673 and 678 ppm (Figure 1a). Removal of the uncoordinated
suggests that aminothiolate ligands are differently attached in ligands and water molecules from the polycrystal, according to
the complex species, exactly half of them being removed beforethe procedure described above, afforded the same spectrum but
complete thermal decomposition. with much higher resolution (Figure 1b). The observed chemi-
cal shift values at 220 K, 669.5, 671.0, 673.0, 675.0 and 677.5

(16) Walton, R. A.Coord. Chem. Re 198Q 31, 183.

Results and Discussion

Synthesis and Physicochemical StudiesSolution equilibria
studies by emf methods on the Cd(ll) and 4-mercapto-1-
methylpiperidine system at 28 and 3 M NaCIQ in H,O—

(15) Baym, J. C.; Gonzez-Duarte, P.; Vives, d. Chem. Soc., Dalton
Trans.1984 2671.
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NagCl, sodalite has been report&t. Attempts to record the

solid-state'’3d CPMAS NMR spectrum of [CIG§SCH(CH-

CHgz)2N(H)Me} 16](Cl04)15° 16[SCH(CHCH2)N(H)Me]--

32H,0 were unsuccessful as on spinning the polycrystals
a degenerated into a paste. The sticky nature of the polycrystals,
their behavior on rapid centrifugation or attempted grinding,
and their conversion to microcrystalline powder on treatment
by most organic solvents reinforce the hypothesis that uncoor-
dinated amino thiolate ligands are present, in addition NMR
and X-ray powder data indicate that these ligands are not
necessary for the stability of the cage.

XPS and™3Cd NMR results, indicating that chlorine rather
than sulfur was responsible for holding the Gd SCH(CH-
CH,)2.N(H)Me}4 rings together (the structure is described
b below), were corroborated by using NaGl@crystallized five
times and ultrapure water in a repeat of the synthesis. In this
case the complex [&CH(CHCH,),N(H)Me} 2](ClO4),-2H,0
of known polymeric structure was obtairféthstead of the title
compound. This was checked by elemental analyses and X-ray
powder diffraction. Moreover, the reaction of MXM = Zn,

200 ed0 680 g0 g0 60 sao Cd, Hg; X= ClI, Br, I) with 4-mercapto-1-methylpiperidine in
{ppm) aqueous solution had already allowed the structural characteriza-
Figure 1. 113Cd NMR spectra of (a) [CIG# SCH(CHCH,):N(H)- tion of dinuclear sulfur-bridged [WK4{ u-SCH(CHCH,).N(H)-
Me} 16)(ClO4)15: 16[SCH(CHCH,):N(H)Me]-32H,0 and (b) [CIC¢{ SCH- Me} 7] neutral specie® On the other hand, in a parallel reaction
(CH2CH,)N(H)Me} 1¢](ClO4)1s; both 0.4 M in Cd(Il), in DMF solution with highly purified NaClQ but in the presence of a few
and 220 K. Cadmium resonance values are given in the text. millimoles of chloride ion the [CICg SCH(CHCH,),N(H)-

Me} 16](ClO4)15° 16[SCH(CHCH,),N(H)Me]-32H,O polycrystal
ppm, are in the range expected for tetrahedral cadmium was again isolated. Its synthesis is totally reproducible if either
thiolates!” This spectral pattern agrees with the assumption commercial NaClQor purified NaClQ together with additional
that the peak at 669.5 is due to the four outer cadmium atomschloride ions are used, and chemical analysis results are always

(CdPSP:SY), while the four inner cadmium atoms (GBX) give consistent. Attempts to use PFas anion gave instead a
rise to a signal centered at 674 ppm split into four peaks by different cluster catiof# with the familiar adamantane-like
coupling to a central chlorine atorfPCl, | = 3/,, 75.5% natural structure?* so the preparation does seem to be dependent on
abundance?’Cl, | = 3¥/,, 24.5% natural abundance; estimated the anion.

1J(Cd—35Cl) = 178 Hz). Values of coupling constants involving The difficulties in obtaining and characterizing metal thiolate
quadrupolar nuclei are very scarce in the literafdren the complexes with macromolecular octanuclear cages of general

absence of values faCd—Cl), the closest examples are those formula XMg(ER)6, Where X denotes a central chlorine or sulfur

of 1J(Cd—Se) in [XCd(SePhjg>~ (X = S, Se} complexes, monatomic ligand, M= Zn or Cd, E= S or Se, R= alkyl or
which are in the range 126180 Hz. The coincidence between aryl group (charges are omitted for clarity), are well reflected
both 13Cd NMR spectra shows that the corresponding solids in the literature, as of the three aggregates of known structure,
give rise to the same soluble cadmium species and clearly[CIZng(SPh)e~,” {SC(SBW)12}2*,° [SCch(SePhje]?~,8 only
suggests that the X-ray structurally characterized [@ISEH- for the latter has a reproducible synthesis been reported.
(CH,CH,).N(H)Me} 145" cage maintains in both cases its Attempts to reproduce the original preparations of the two other
integrity in solution. It is unlikely that fragmentation of two ~ €xamples has frequently led to crystals containing other species.
different thiolate complexes would lead to the same soluble /N addition, in complex [CIZgSPh)e| ", identification of the
species in the presence of such different thiolate-to-metal ratios,central atom as Clrather than the possible alternativéSs

4 in the former and 2 in the latter. Moreover, it is likely that ot definite. The synthetic problems are then followed by the
the noncoordinatedSCH(CHCH,),N*(H)Me ligands are drawbacks usually encountered |nt_he s_truc_tural characterization
responsible for the larger broadening of the cadmium resonance®f macromolecular aggregates, which in this case are enhanced
lines (Figure 1a) as the same effect has been previouslyby the.fact that c;rystallme products are often unsuitable for
described for the presence 6NR,H* or RSH in solutiort? diffraction analysis. o _
Unfortunately, even though the chlorine site approaches a 10 gain insight into the distribution of the noncoordinated
tetrahedral symmetry, th&Cl NMR spectrum (39.2 MHz) ligands through(_)ut the polycrysta_l structure, SEM (BEI_and SEI)
shows only the predominant CiOanions, CIQ/CI- = 15:1 and AFM techniques were applled. The images derived from
(6 = 1012 ppm downfield external 0.5 M NaCl aqueous BEI (a; —195 °C) showed main areas with intense electron_
solution). Among the scar@Cl NMR data on related systems, scattering separated from each other by channels or zones with

only the chemical shift of Cl in a ClAgenvironment in the (20) Jelinek, R.; Stein, A.; Ozin, G. AL Am. Chem. S0d993 115,
2390
(17) Sola, J.; Gonzez-Duarte, P.; Sanz, J.; Casals, |.; Alsina, T.; (21) Baym, J. C.; BrianspM. C.; Briansg J. L.; GonZéez-Duarte, P.
Sobrados, |.; Alvarez-Larena, A.; Piniella, J. F.; SolansJXAm. Chem. Inorg. Chem.1979 18, 3478.
So0c.1993 115 10018 and references therein. (22) (a) Baym, J. C.; Casals, |.; Gaete, W.; GoteaDuarte, P.; Ros,
(18) Sanders, J. C. P.; Schrobilgen, G. Nlyltinuclear Magnetic J. Polyhedron1982 1, 157. (b) BrianspM. C.; Briansg J. L.; Gaete, W.;
Resonance in Liquids and Solids Chemical ApplicationsGranger, P., Ros, J.; Ster, C.J. Chem. Soc., Dalton Tran%981, 852.
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Figure 3. The structure of the [CIGISCH(CHCH,).N(H)Me} 1¢]*5*
cation in the solid state. H atoms and the minor disorder components
are not shown. The view is along the crystallograpbi@xis through

the central Cl atom.

Figure 2. AFM image of the polycrystal [CICG SCH(CHCH,),N-

(H)Me} 16](Cl04)15* 16[SCH(CHCH>).N(H)Me]-32H,0. Lighter zones

represent microcrystals; dark zones, channels occupied by the nonco- S(7A) s(2)
s

ordinating ligands and half of the water molecules.

8%

weaker scattering. Accordingly, the former indicated the
presence of atoms with high atomic number, and the latter that
of either lighter atoms or empty spaces. The SEI technique,
which is sensitive to the electrons ejected from the sample,
showed at-195°C a uniform image devoid of channels, thus
confirming the presence of lighter atoms in the channels.
Furthermore, when heating the sample progressively up to room
temperature, the initial uniform picture evolved to a channeled
image, as in BEI mode, which indicated that the material filling
the channels had evaporated. Independently, AFM images at
room temperature fully confirmed the previous results; both
main areas and channels are apparent in Figure 2, obtained in
the contact mode.

All experimental data lead us to propose a polycrystal f“i SI8A!
structure for the [CICH SCH(CHCH,),N(H)Me} 1¢](ClO4)15 ) ) -
16[SCH(CHCH,).N(H)Me]-32H,0 complex where [CICG] SCH- F'Ei_ure 4:thThe _Inne(;_cors of trlu_e r[ﬁ|c;?@sl_cHéctl—izcHz)zrf\|t(r|]-|)Me} 1 t
(CH.CH,).N(H)Me} 1¢(CI04)15:16H,0 constitutes the micro- cation with a view direction slightly inclined to one of the approximate
crystals, while the noncoordinating ligands and the remaining goz(:zrgvzf:wlf 3\:5;93822 ;?gg;ﬁi?yb;{;g;ggly Cd, Cl,and S
water molecules occupy the intercrystal spaces. According to ' '
X-ray crystallography results, the structure of [C}CECH(CH-
CHy)2N(H)Me} 16)(ClO4)15-16H0 consists of [CICEg{ SCH(CH-
CH,)oN(H)Me} 115" cationic species, ClQ counterions and
H>O molecules, the two latter being partially disordered. The
role played by the uncoordinated ligands and water molecules

b ily understood b bining the inf ti ided
can e easty Unciersioot by comoining the imormation provice and their symmetry-related Cd(1A) and Cd(2A), achieve

by NMR and powder diffraction data. NMR results indicate Y . .
that irrespective of the presence of free aminothiolate ligands (€trahedral coordination by two sulfur atoms of their respective

the octanuclear aggregates are present in both solid phasedings, the central chlorine and an additional sulfur of a
which, according to powder diffraction data, have essentially Mercaptoamine ligand. As a consequence, S(3), S(4) and their
the same crystal structure. symmetry-related equivalents reinforce the link between the two

Description of the Structure of the [CICdg{SCH- rings as they bridge the four Cd atoms of one ring with those
(CHCH2),N(H)Me} 115t Cation. Figure 3 shows the com-  ©Of the other. In contrast, Cd(3), Cd(4), and their symmetry
plete cation (without hydrogen atoms), and Figure 4 shows the €quivalents accomplish tetrahedral coordination by means of
central core of Cd, S, and Cl atoms. Main bond lengths and two sulfur atoms of their own ring, a third sulfur of the
angles are given in Table 3. The structure of the cationic connecting S(3), S(4), S(3A), or S(4A) atoms, and a fourth one
[CICdg{ SCH(CHCH,)2N(H)Me} 1415 species can be described from a terminal aminothiolate ligand through the S(7), S(8),
as formed by two Cdu-SRH), rings linked by a central chlorine  S(7A), or S(8A) atoms. Because of the high effective symmetry
atom, which sits on a crystallographic 2-fold axis perpendicular of the central core of the cation, the same description could be
to the plane of the paper in Figure 3, and by four additional based on two other pairs of @@d-SRH) rings.

sulfurs that bridge the cadmium atoms in the two rings. The
chlorine atom is surrounded by two pairs of Cd atoms in near
tetrahedral geometry, each pair belonging to a differen{/=d

SRH), ring, which contains two crystallographically independent
cadmium atoms. Thus, Cd(1) in one ring and Cd(2) in the other,



Structure of a New Cadmium Thiolate

Table 3. Selected Bond Lengths (A) and Angles (deg)

J. Am. Chem. Soc., Vol. 120, No. 6, 1285

Table 4. Mean Geometric Parameters of theg&d Core in
[CICde{ SCH(CH.CH,).N(H)Me} 1¢] 25"

Cl(1)—Cd(1) 2.518(2) Cl(1XCd(2) 2.505(2)

Cd(1)-S(1) 2.519(3) Cd(1)yS(3) 2.511(3) dimension A, deg (std dev)

Cd(1)-S(6) 2.517(3) Cd(3S(2) 2.511(3) —

Cd(2)-S(4) 2.521(3) Cd(2)S(5) 2.517(4) g:j—gd 223 ((8 '813))

Cd(3)-S(2A) 2.557(3) Cd(3ys(3) 2.565(4) Cl—G 422 (0'06)

Cd(3)-S(5) 2.547(4) Cd(3)yS(7) 2.458(4) o 407 (0'17)

Cd(4)-S(1A) 2.578(3) Cd(4yS(4) 2.548(3) i 412 (0'22)

Cd(4)-S(6) 2.538(3) Cd(4)S(8) 2.482(4) $-ga 416 (0: 11)
Cd(2A)-CI(1)~Cd(2) 106.34(13) Cd(2A)}CI(1)~Cd(1) 110.69(3) Cd-Cd 4.10 (0.06)
Cd(2)-CI(1)~Cd(1) 108.96(2) Cd(1A)CI(1)~Cd(1) 111.10(13) Cd—CcP 4.13 (0.09)
S(3)-Cd(1)-S(6) 113.53(11) S(3)Cd(1)-Cl(1)  110.27(10) S-Cd-S 109.8 (7.7)
S(6)-Cd(1)-Cl(1) 98.38(8) S(3)Cd(1)-S(1) 109.28(10) Cd—S—Cc 109.3 (4.0)

S(6)-Cd(1)-S(1) 114.91(10) CI(1yCd(1)-S(1) 109.97(7) Cl-Cd-s* 108.1 (5.0)

CI(1)-Cd(2)-S(2) 105.97(9) CI(1rCd(2)-S(5) 112.37(9) Cd-Cl-Cd 109.7 (7.7)

S(2)-Cd(2)-S(5) 111.87(14) CI(HCd(2)-S(4) 111.60(9) a

S(2)-Cd(2-S(4)  108.88(11) S(5)CA(2)-S@)  106.18(11) Average of the 12 shortest values.

S(7)-Cd(3)-S(5 114.3(2 S(ACd(3)-S(2A 104.4(2 . . .

555)):Cd§3)):sgzl‘) 102_5&)13) S((gcdgzg)):sg?,) ) 117_6((2)) the _co_rrespondmg upper a_nd lower trl_angles is of B(6@ndard
S(5)-Cd(3)-S(3) 92.60(12) S(2AYCd(3)-S(3)  124.03(10) deviation, 1.2). Alternatively, an icosahedron should be
S(8)-Cd(4)-S(6) 111.10(11) S(8)Cd(4)y-S(4) 110.84(11) described as consisting of two regular parallel pentagons rotated
g(g)—gg(i)‘g(& icz)(l)-gg(g) g(*ﬁgg(i)—g(iﬁ) 1;5-13(911) 36° to each other with two additional vertexes on the rotation
cEj ()1_)_ 521)): CE‘ ( 4)A) 105:38E12)) C(d4(-)2§SEZ)): cEj (3)A) 114 13&)2) axis_above and belov_v the parallt_al planes, respectively, as shown
Cd(1)-S(3)-Cd(3)  106.45(11) Cd(2)S(4-Cd(4)  106.52(9) in Figure 5b. On this assumption, the sulfur atoms that may
Cd(2-S(5)-Cd(3)  108.02(12) Cd(BS(6)-Cd(4)  115.03(11) define the 12 possible®Spentagons are at an average distance

a Symmetry transformations used to generate equivalent atoms: A,
X, Y, =2+ %,

Figure 5. Idealized polyhedra: (a);8cuboctahedron and (b)Scosa-
hedron.

The core of [CICg{ SCH(CH.CH,),N(H)Me} 1¢]*>" can be
alternatively described in terms of concentric polyhedra of
increasing size, asentroCl-tetrahedreCds-cuboctahedre(u-
SRH) tetrahedro(CdSRH), and thus it is the first example
with this topology for the bridging thiolate ligands. This
description of the structure by its constituent polyhedra takes
into account that the four Cd(1), Cd(2), Cd(1A), and Cd(2A)
atoms are on the vertexes of an inner tetrahedror) (Gthile
the other four Cd(3), Cd(4), Cd(3A), and Cd(4A) atoms are on
those of an outer tetrahedron (@.dooth centered by the CI(1)
atom. In the bitetrahedron thus constituted, where the 12 Cd
CcP and the six C-Cd distances average 4.12 A (standard
deviation, 0.08 A), the sets formed by CI(1), two'Cahd two
Cc° are nearly coplanar. Maximum deviation of atoms from

of the corresponding mean planes of 0.38 A (standard deviation,
0.58 A); maximum deviation results much larger under this
analysis, 2.10 A. Mean value of the dihedral angles formed by
each pair of pentagons would be 9\ith a standard deviation

of 7.%. These figures show how thé g skeleton approaches
more closely to a cuboctahedron. Mean values of geometric
parameters of the octanuclear cadmium cluster are given in
Table 4. Comparison of these values with those calculated by
Dance for the four idealized possible geometries af(iZ48)2
frameworks also shows that, despite the different nature of the
metal atoms, the observed dimensions are closer to those
predicted for an idealizedentro X-tetrahedreMy-cuboctahe-
dro-(SR).» topology than to the three other alternatiVeEhis
agrees with our previous calculations and allows consideration
of the [CIC&{ SCH(CHCHy,),N(H)Me} 1)1+ cation as formed

by an inner tetrahedron of four Cd atoms and a cuboctahedron
of 12 S atoms, both centered on the Cl atom.

The crystallographic symmetry imposes Gz molecular
symmetry on the [CICg SCH(CH.CH,),N(H)Me} 1¢]15" cation.
However, if the C, H, and N atoms are ignored, a virtlial
symmetry is found T symmetry including the gatoms of the
ligands). Accordingly, the four 3-fold axes are coincident with
the four CI(1)}-Cd vectors and the three 2-fold axes with the
bisectors of the six bond angles at CI(1). The view for Figure
4 is a little displaced from one of these approxim@teaxes.

The cage skeleton of the [CIIBCH(CHCH,)N(H)-

Me} 161" cation shows interesting similarities with the L8+

the corresponding mean planes is 0.12 A and the dihedral angleCys); cluster of thex domain of mammalian M®which could

between planes is in the range 99%L.2, which shows the
essential regular geometry of the bitetrahedron.
The arrangement of the 12 bridging sulfur atoms [S(1) to

be formulated as [Cfu-S-Cys}(S-Cys}] and described as an
eight-membered ring of alternating Cd and S atoms with two
opposite cadmium atoms additionally bridged by a S-Cys

S(6) and their symmetry equivalents] describes a cuboctahedrorresidue. As shown in Figure 6 there are two different environ-
rather than an icosahedron. The former can be defined as thements for tetrahedrally coordinated cadmium atoms in this

polyhedron obtained by linking the vertexes of a regular hexagon
with those of two equilateral triangles, which are rotateti t60

cluster: Cd%S' and Cd%,S,. At this point it is worth noting
that the structure of the [CIGESCH(CH.CH,),N(H)Me} 1¢] 15"

each other and are parallel to the hexagon, located above andation has been described as consisting of twa(C&RH)]

below it, as shown in Figure 5a. In agreement with this figure,
the sulfur atoms that define the four possibhg Sexagons are

rings connected by a central Cl atom. Considering the fragment
formed by this Cl atom and one of the two [{gtSRH)] rings,

at an average distance of 0.30 A from the corresponding meanthe topological correspondences between thg&€ys); and

plane (standard deviation, 0.28 A); maximum deviation 0.61 the [CICd(u-SRH)(SRH)] aggregates become apparent as both
A. All these planes contain the central chlorine atom. The are formed by two fused six-membered rings. The assumption
mean value of the dihedral angles formed by each hexagon andhat the S atom of the S-Cys residue that bridges two opposite
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Figure 6. Comparison of a fragment of the cage skeleton of the
[CICds{ SCH(CHCH,).N(H)Me} 1¢]*°* cation (a) with the CHAS-Cys)1
cluster of thea. domain of rat liver CdZn-MT (b). In both, the right
hand side ring adopts a boat conformation.

Cd atoms ino-MT is replaced by Cl atom in the fragment has
to be made. Their comparison, Figure 6, evidences that one of
these six-membered rings adopts a boat conformation in both
the fragment and the. domain. Distances between pairs of
cadmium atoms bound to the same sulfur are within a
comparable range (4.3 A in the title complex, 3.94.4 A

in the a-MT cluster). The only main difference lies in the
position of one cadmium atom, which forces the conformation
of the other six-membered ring to be a distorted boat in the
titte compound and a chair in the ¢8-Cys); cluster. Ac-
cordingly, the Cd3-Cd41 distance is 6.93 A in our complex

Gboezduarte et al.

and the corresponding distancedrMT, Cd1—Cd2, is 5.2 A.

The absence of synthetic analogues of the two metal clusters
[M!5(S-Cys}]3~ and [M'4(S-Cys)1]®~ in MT, despite their well-
known occurrence in mammalian species, is still unresolved. It
seems likely that the highly conserved polypeptide chain
embodying both clusters plays an essential role for the stability
of these cores. Consideration of the few examples ofgXM
(ER)6 species with reproducible synthesis evidences the low
stability of macromolecular metathiolate complexes contain-
ing [Cdy(u-SRH)] rings connected by a central monatomic
ligand. A fragment of this cage shows close structural features
to the Cd(S-Cys); cluster in MT. However, we presume that
in the highly charged [CICG§ SCH(CHCH,).N(H)Me} 1415+
cationic species, not only the central chlorine atom but the
presence of extra uncoordinated aminothiolate ligands in zwit-
terionic form and water molecules in the initial product has
allowed isolation and characterization of an otherwise elusive
species.
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