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The structure of (Cu(CH;57)). (1) has been solved, from X-ray powder diffraction data, in the space
group P4,/m and with the unit cell ¢ = b = 8,4488(2) A, ¢ = 4.0059(2) A, V = 285.9(1) A’, to residual
factors R = 7.3% and R, = 12.5%. One soft restriction was used to restrain the C-S bond. The
structure is built up of parallel chains, centred in 0, 0, Z, with the overall stoichiometry Cu {(CH,57),
and the symmetry S,. The structures of [{CHs)},P*];[Cus(CH,;57),} - C;H,O, (1) and [(C,H;),N*],
[Cus{CH;57)] - CH,O (1IT) were solved from single crystal X-ray diffractometer data. Both compounds
are trichinic. Compound {I1) was refined in the space group P1 with a = 11.240(3) A, b = 13.066(3)
A, 0= 13142 A, a = 118.61(2)°, B = 92.48(2)°, y = 111.85(2)°, ¥ = 1514(2) A%, Z = 1. The structure
contains molecular [Cuy(CH,87)3¥" units, crystallized with the bulky (C,H,),P" cations. The lattice
constants of compound (II1) are a = 12.125(2) , b = 17.119_(6) }n\, ¢ = 24.256(3) f\, a = 105.54(2)°,
B8 =90.33(2)°, y = 107.48(2)°, ¥ = 4616(3) A, space group P1, Z = 4, The structure again is built up

of molecular units: [CudCH,57),*" anions and bulky (C;H;),N* cations.

Introduction

The coordination chemistry of thiolates,
a fundamental ligand type in transition metal
chemistry (I-3) shows fascinating struc-
tural diversity not only for the polynuclear
compounds but also for the polymeric aggre-
gates. Many of these compounds represent
substructures of metal sulfides, with the ad-
vantage that the substituent R of the ligating
RS~ group can be manipulated to effect ste-
ric and electronic control of ligating ability
and to engineer the environment around the
metal site. Here we report an additional
structural effect, the influence of bulky
counterions favoring a specific metal-sulfur
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core type. An analogous observation was
reported by Hartl about the crystallization
of polynuclear Cu(l} iodides (4).

A large number of metal thiolates, partic-
ularly the uncharged compounds, are insol-
uble or slightly soluble in inert solvents and
are therefore presumed to be structurally
nonmolecular. Different techniques have
been applied successfully to crystallize non-
molecular compounds, albeit insolubility
makes it difficult to obtain crystals with a
quality sufficient for diffraction analysis: (i)
addition of noncoordinating solubilizing
functions to the thiolate substituent R, (ii)
a controlled slow shift of an equilibrium con-
necting the insoluble compound and a solu-
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ble (further ligated) species in solution, and
(iii) a controlled thermal polymerization {1}.
We tried an additional preparative method:
New phases can by synthesized by partial
thermal decomposition. Different polynu-
clear Cu(I) thiolates, primarily investigated
as model compounds for native Cu(l) thio-
neins (5), were used as precursors. The goal
of this technique so far was the preparation
of the uncharged CuRS species (R = CHj;).
Different structure types have been sug-
gested for this compound, mostly based on
IR data (6—8). The X-ray powder diffraction
analysis performed by the Rietveld tech-
nique exhibits a new structure type for one-
dimensionally nonmolecular metal thio-
lates.

Experimental

Synthesis

Materials and Methods. Sodium meth-
ane-thiolate {(CH,Na$), (C;H,),NBr, (Ph),
PBr and Cu,0 were purchased from Fluka
AG, Buchs/Switzerland and used without
further purification. The syntheses were
performed in a Schlenk-type apparatus in
nitrogen atmosphere,

Cu content and solvent molecules were
determined by thermogravimetry (TG). The
final product of these degradations was iden-
tified by X-ray powder diffraction analysis
using a Guinier camera with a Johansson
type monochromator (CuKe, radiation). C,
H and N analyses were performed by H.
Frohofer, lnstitute of Organic Chemistry,
University of Ziirich,

Preparation of {(Cu(CH;87)),. (I). This
compound was obtained by thermal decom-
position of [{C;H)N*LICu(CH;S )]
CH,O (IIT) as yellow needles. Anal. calc. for
CH,CuS: C 10.86%, H 2.73%, Cu 57.43%.
Found: C 10.60%, H 2.71%, Cu 57.41%

Preparation of [(CeH) P L [Cud CH,S7),] -
C,H 0, (I1I. Cuy0 310 mg (2.18 mmole) was
added to a solution of 1.24 g (2,96 mmol)}
(Ph),PBr and 200 mg (2.85 mmole) CH,SNa
in 12 ml of MeOH and 8 ml of ¢thylene
glycol and 10 ml of CH;CN. The solution

was kept at 55°C for | hr until it became
clear yellow. Then an additional 1.15 g (16.4
mmol) CH;SNa was dissolved making the
solution deep yellow. Slow evaporation at
room temperature yielded orange-yellow
crystals. Anal. calc. For Cy;Hg,Cu0,P,55:
C 49.31%, H 4.86%, Cu 22.88%, solvent
4.47%. Found: C 48.81%, H 5.06%, Cu
23.14% (TG analysis), solvent 3.06% (TG
analysis).

Preparation of [(CH LN LICu{CH,S )]
CH,O ({1f). Cu,0 1.00 g (7.03 mmole) was
added to a solution of 2.96 g (11.1 mmole)
(C;H;),NBr and 700 mg (9.98 mmole)
CH,5Na in 40 ml of MeOH and 25 ml of
ethylene glycol and 25 ml of CH,;CN. This
mixture was kept at 55°C for 1 hr until it
became a clear pale yellow solution. Then
an additional 2.27 g (32.36 mmol) CH,SNa
was dissolved making the solution yellow-
ish. Slow evaporation at room temperature
yielded colorless crystals. Anal. calc. for
C;H.,Cu,ON,S,: C 39.55%, H 8.35%, Cu
26.99%, N 2.98%, solvent 3.40%. Found: C
39.47%, H 8.11%, Cu 26.65% (TG analysis),
N 2.83%, solvent 3.50% (TG analysis).

Thermal Analysis

The thermal degradation of the com-
pounds were registered on a Perkin Elmer
TGS-2 thermobalance. The data in the tem-
perature range of 30 to 500°C were recorded
in flowing N, with a heating rate of 10°/min
and 2.0-3.5 mg of sample, The gasesevolved
were simultaneously analysed with a Balzers
(QMG-511 quadrupole mass spectrometer
coupled to the thermobalance (TG/MS).

High temperature-powder diffraction in-
vestigations were performed on a SIE-
MENS D 500 (CuKa) with a high-tempera-
ture camera by ANTON PAAR KG (Graz,
A). The experiments were run under inert
atmosphere (N,-flow 40 ml/min) and a heat-
ing rate of 10°/min. The interpretation of
the raw data was done with the program
DIFFRAC/AT.

Structure Determination

(Cu(CH-.S™),, (I). The Guinier pattern
was indexed with the program ITO (9) on a
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tetragonal unit cell, and the lattice parame-
ters refined to a = b = 8.4488(2) A and ¢ =
4.0059(2) A. The observed systematic ab-
sences led to the space group P4,/m (or P4,).

Comparison of the powder patterns ob-
tained with a Guinier camera in transmission
mode and with a diffractometer (flat plate)
in reflection mode showed marked differ-
ences in peak intensities, indicating that the
needle like crystals were preferentialty ori-
ented. To suppress this preferred orienta-
tion and to protect the material from the
atmosphere, a sample was sealed in a 0.5
mm capillary. The powder pattern was then
recorded with a Scintag PAD-X diffrac-
tometer on which a capillary rotating stage
had been mounted. Such a modification of
a Bragg-Brentano diffractometer has been
described by Hill (10).

Diffracted intensities were measured ev-
ery 0.02° 26 in the range of 10 to 82° 24.
Background values were estimated in areas
of the pattern between peaks, linearly inter-
polated, and then subtracted from each data
point. A “learned’’ standard peak shape
function {//} was determined from the 110
peak at 14.78° 26. Further details pertaining
to the data collection and the refinement are
summarized in Table 1.

The X-ray Rietveld System XRS-82 (12)
was used for the solution and refinement of
the structure. The centrosymmetric space
group P4,/m was assumed. Integrated inten-
sities were extracted with the program
EXTRACT (/3) and the intensity of strongly
overlapping reflections equipartitioned. The
atemic positions of Cu and S could be de-
duced from a Patterson map generated from
these data. With these atoms a Rietveld re-
finement was initiated and the CH, group
located on a subsequent Fourier map. This
position was then refined using the atomic
scattering factor for C and a population pa-
rameter of 1.5. Attempts to include fixed
hydrogen atoms did not improve the re-
finement. A geometric restraint of 1.835 A
had to be put on the C-S bond distance.
A test refinement in the asymmetric space
group did not show any significant differ-

ences in the structure. No absorption cor-
rection was applied.

The observed and calculated profiles are
shown in Fig. 1. The final atomic parameters
are given in Table II and selected bond dis-
tances and angles in Table III.

UCH )P [Cus{ CH,S7),] - C.H O, (ID
and ((CyH) N T [Cuy(CH,S 7)) CH,0
(/11), Compound (II) was measured twice,
as the assumption of space group P1 proved
to be wrong. P1 refinement showed R and
R, values of about 20%. The second mea-
surement collected 14724 intensity data (in-
cluding 126 standards) of the whole limiting
sphere. As the crystal size was relatively
small, 8461 reflections had intensities [ <
30(l) and were considered unobserved
(o(I) based on counting statistics). Thus
5628 reflections were used in the refinement,
nine of them were omitted because second-
ary extinction was suspected. The atomic
positions of the bulky (C.H.),P" cations
were refined successfully not only in Pl
(Z=1,s.0f = 1)butalsoin PT(Z =1,
s.0.f. = 0.5). The Cu-S cluster did not refine
well in the centrosymmetric space group
P1 because the center of symmetry gener-
ated split atomic positions with high dis-
placement parameters u;; for all the atoms
of the cluster. To improve the precision of
the atomic positions and to decrease the val-
ues of the displacement parameters, we fi-
nally refined the structure in Pl with two
different  oriented isomers for the
[Cus(CH,3S87),]*~ anion cage, each of them
with an s.0.f, of 0.5; the two isomers for the
Cu-thiolate cluster can not be transformed
accurately to each other by a centre of sym-
metry (see Table 1I). However, E-statistic
({4) and N(z) test (15}, carried out with 7299
measured reflections (including unob-
served; those with negative intensities were
omitted), showed that the probability distri-
bution of the data was between centric and
hypercentric. Friedel pairs with large inten-
sities were different with regard to the 2o (1)
criterion (o {I) based on counting statistics),
referring to the noncentric part of the struc-
ture. Weissenberg photographs showed no
indication of a superlattice.
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TABLE I

EXPERIMENTAL DATA AND STRUCTURE REFINEMENT PARAMETERS FOR (Cu(CH;S™ ). (I},
{CeHe)P*1,[Cus(CH,8 )} - C,H O, (D), AND [(CyHp)N*],[Cu(CH,87)g] - CH,O (1)

D (I (I1I)
Crystal shape and size Powder 0.31 X 0.33 X 0.16 0.75 x 0.22 X 0.15
(needles) platelet needles
Color yellowish orange-yellow colorless
Lattice parameters a=h=848B2A a=1124003) A a = 12.125() A
(298 K) ¢ = 4.0059(2) A b = 13.066(3) A b= 17.11%6) A

Space group

Dca]c; Z

Data collection technique
Scan mode

Wavelength

(517 Ao Omae

No. of measured refl.
hk{ range

No. of refl. with I > 3g(l)
No. of variables refined
Absorption correction

Absorption coefficient

Extr. transmission factors
Atomic scattering factors

f:andfu

V = 2859(1) A’

Payym (No, 84)
2.571; 4

Powder, capillary
0.02%step

CuKa

0.462; 82.0°

101

7,73

9 + 8 (profile)
none¢

@ (CuKa) = 146.2
cm™!

neutral atoms

c=131422) A
e = 118.61(2)°
B = 92.48(2)°

vy = 111.852)
V= 1514(2) A}
Pl

1.523; 1

CAD-4 Enraf Nonius
w-26

MoKa
0.66055; 28.0°
14,598

~14, 17, £17

5637
502
based on 6 crystal faces

w (MoKa) = 20.6 cm™

0.72, 0.53
SHELX76 (173,
International
Table Vol IV (1974)
unit weight (w = 1)
8.7,93

c = 24.256(5) A

a = 105.54(2)°

g = 90.33(2)°

v = 107.48(2)°

V = 4616(3) A

P1

1.355: 4

CAD-4 Enraf Nonius

w-26

MoKa

0.57228; 24.0°

8760

—13/+2, —17/+19,
2710

2832

473

based on B crystal
faces

p (MoKa) = 20.3
em™!

0.78, 0.37

SHELX76 (17),
International
Table Vol IV (1974)

unit weight (w = 1)

75,86

Weighting scheme Vol
R, R, (%) 7.3,12.3
(Ao ) as

0.114

In contrast, rotation and Weissenberg
photographs of compound (III) showed su-
perlattice reflections: Strong intensities are
observed for Akl reflection with { = 2n and
only weak intensities for those with [ =
2n + 1. The refinement was performed in
space group P1, Z = 4, using 2832 reflec-
tions; 16 of them were omitted because of
secondary extinction.

Both structures (II) and (11I) were solved
using a combination of Patterson syntheses,
conventional Fourier techniques and full-
matrix least-squares refinements. The cal-
culations were performed with the programs

SHELXSB86 (16) and SHELX76 (17). Due
to a disordered arrangement of some of the
terminatl carbon atoms of the thiolate Ii-
gands, the S(x)-C(x) (x = any number) dis-
tance was treated with a constrained bond
length (1.835(5) A). In the final refinement
copper, sulfur, phosphorus, nitrogen and
the carbon atoms of the thiolate ligands in
(I) were refined anisotropically and all
other atoms with isotropic displacement fac-
tors. The phenyl-rings were included as rigid
groups with free varying isotropic displace-
ment factors. The carbon atoms and all the
atoms of the inserted solvent molecules
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FiG. 1. Observed (top), calculated {middle), and difference (bottom) profiles for the Rietveld refinement
of (Cu{CH;S ). (I). The scale of the second part has been increased by a factor of 4 to show more detail.

were also treated with isotropic temperature
factors. The position of the hydrogen atoms
were calculated, and the H atoms were in-
cluded as fixed contributions in the refine-
ment. Experimental details of the data col-
lection and the refinement are listed in Table
1, final atomic parameters are given in Table
II, selected bond length and angles in Tabie
IV and V.

Bond distances and angles were calcu-
lated by the program ORFFE (I8), ster-
eoplots were generated by the program
SCHAKAL (/9).

Results and Discussion

Description of the Structures

Within the structure of (Cu(CH,;S7)). (1),
each copper atom is coordinated to three
sulfur atoms in a trigonal planar manner;
each of these thiolate sulfur atoms bridges
three Cu{l) in a distorted tetrahedral CSCu,
arrangement. These two elements are com-
bined to form a polymeric chain structure

with S, symmetry. In Fig. 2, a stereoview
of the configuration of this structure is
given. The chains running parallel to the ¢-
axis are centered at (0, 0, Z. An additional
structural feature is the six membered
Cu;S;-ring often observed in polynuclear
Cu(I) thiolates and Cu(l) sulfides.

This structurg represents a new Ltype of
one-dimensionally nonmolecular metal thio-
lates and at the same time the second poly-
meric Cu(l) thiolate (I, 20). The similarity
of the IR spectra of different polymeric
(Cu(RS7™)), suggests that all these com-
pounds might have similar structures (6).

Recently, two oligomeric complexes with
a copper to sulfur ratio of 1:1 have been
published: [Cuy(SCH;(i-Pr);)s] with a six-
teen membered ring of alternating linear co-
ordinated copper atoms and g,-S (21) and
[Cu(SCH{o-SiMey)) ] (22, 23). The sec-
ond structure is best described as a Cu,»S;
core arranged as a molecular paddle wheel:
Two approximately parallel Cu;S; rings are
connected by three Cu atoms forming
Sing—Cu—~S;,, bridges and three S—-Cu-S
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TABLE I1I

SELECTED BOND DISTANCES (A), ANGLES (%) AND THE DEVIATION (A} OF
THE Cu ATOM FROM THE CORRESPONDING Sy-PLANES FOUND In (I).

Bond distances (A) Angles (%)
Cu-$ 2.284(19) S—Cu-S8(, ii) 115.0(4)
Cu~S(i, ii) 2.229(7) S{i)-Cu-Stii) 128.1(D
Cu-Cu, ii, iii, iv) 3.003(9) Culiii)}-S-Cu(iv) 128.1(9)
Cu~Cuv, vi) 4.006(1) Cu-S-Cufiii, iv) 83.4(6)
Deviation 0.180 Cu-S-C 101.9(1.3)
5-C 1.837(24) Cufiii, iv)-5-C 115.9(4)

Sym. op: (i), y, ~x, & + z; (i), ¥y, —x, =4 + g; (i), —y, 0, 2+ 25 (v}, -y,
L+ vy LHzvi), xy, -1+ 2

TABLE IV

$-Cu—S COORDINATION ANGLES (°), DEVIATION (A) oF THE Cu ATOMS FROM THE CORRESPONDING S;-
PLaNES AND Cu—S BonD DISTANCES (A, IN ORDER OF INCREASING S-LaeeL) Founp IN (I1) anp (IH)

(1) ) (A CuSA ) &) CuS(A)
S(13Cu{1)-5(4)  113.1(% 2177(11) 5(8)-Cu(B)-S(11) 95.8(6) 2.117(17)
S(1)-Cu(1}-S(6)  130.0(5) 0.001 2.298(12) 5(8)-Cu(6)-S(13)  130.8(6) 0.059 2.396(12)
S(4)-Cu(1)-5(6) 116.9(4) 2.267(12) S{11)-Cu(6)-S(13)  132.9(6) 2.288(20)
S(1)-Cu(2)-5(2)  110.9(6) 2.158{10) S(8)-Cu(7)-5(9) 112.9(5) 2.299(9)
S(1)-Cu(2)-5(7) 126.3(7} 0.048 2.405(15) S(8)-Cu{7)-5(14} 126.9(6) 0.155 2.283{17)
S(2)-Cu(2)-S{(7)  122.6(4) 2.241(18) S(9)-Cu(7)-S(14)  118.7(4) 2.200(15)
5(31-Cu(3}-5(5)  114.1(5) 2.274(15) S(10)-Cu(8)-5(13)  123.5(6) 2.355(13)
5(3)-Cu(3)-5(8) 121.5(6) 0112 2.215(17) S(12)-Cu(8)-5(13) 122.4(6) 0.067 2.340(18)
5(5)-Cu(3)-8(6)  123.7(5) 2.204(11) S(10)-Cu(8)-S(12) 113.7(4) 2.218(11)
S{4)»-Cu{#)-S(5)  106.8(4) 2.308(9) 5(11)-Cu(8)-8(12)  119.7{5) 2.153(15)
S{4)-Cu(4)-5(7) 123.1(5) 0.009 2.320(15) S(11)-Cu(8)-S(14)  113.3(5) 0.071  2.258(13)
S{5)-Cu{)-S(7)  130.0(5) 2.151(12) 5(12)-Cu(9)-5(14)  126.8(4) 2.427(12)
S(2)-Cu{5)-S(3)  168.9(8) 2.243(14) 5(9)-Cu(10)-5(10)  169.8(7) 2.106(14)
2.077(15) 2.186(13)
(1 ¥ A (A) v} (A) (A)
S(1}-Cu(1)-5(2)  120.6(4) 2.270(8) 5(7)-Cu(5)-5(8} 123.5(4) 2.296(9)
S(1)-Cu(1}-S(3) 121.4(4) 0.065 2.283(12) 5(7)-Cu(5)-5(9) 112.5(4) 0.040 2.211(12)
5(2)-Cu(1)-5(3)  117.8(3) 2.278(10) 5(8)-Cu{5)-5(9) 123.8(4) 2.301(12)
5(1)-Cu(2)-8(4)  122.6(4) 2.260(12) S{73-Cu(6)-5(10)  121.0(4) 2.298(10)
5{1)-Cu(2)-5(5} 121.9(5) 0.046 2.300{11) S(7-Cu(B)}-S(11)  111.8(5) 0.033 2.266(11)
S{4)-Cuf{2)-5(5)  115.4(5) 2.256{13) S(10)-Cu(6)-5{11}  127.2(4) 2.302(13)
5(2)}-Cu(3)-5(4)  121.8(4) 2.256(13) S(8)-Cu(7)-5(10)  121.9{4) 2.263(12)
5(2)-Cu(3)-5(6) 123.7(4) 04031  2.279(9) S(8)-Cu(7)y-S(12)  118.3{4) 0.062 2.289(11}
5(4)-Cu(3)-5(8) 114.5(4) 2.263(9) S{(10)-Cu(7)-5(12)  119.6(4) 2.270(9)
5(3)-Cu(4}-5(8)  110.7(4) 2.290(13) S(9)-Cu8)-5(11}  116.0(4) 2.297(13)
S(5)-Cuf4)-S(6)  121.2(5) 0.111 2.230(12) 5(9)-Cu(8)-5(12)  128.5{(4) 0.059 2.339(12)
S(3)-Cu(4)-S(5) 127.3(4) 2.335(10) S )-Cu(B)-S(1 2) 115.3(5) 2.262(11)
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TABLE V
STEREOCHEMISTRY OF THE py-BRIDGING THIOLATES (°, A) AND Cu—Cu DISTANGES (A) FOUND IN
(I1} anD (IID

)] Cu-S-Cu({) CuCuih) Cu-5-C (9 SG(A)

Cu(1)-5(1)-Cu(2) 79.1(4) 2.756(6) Cu(1)-S(1)-C(1) 105.3(8) 1.829(26)
Cu(2)-S(1)-C(1) 105.3(8)

Cu(2)-5(2)-Cu(S) 75.4(5) 2.845(13) Cuf2)-5(2)-C(2) 109.5(9) 1.858(13)
Cu(5)-5(2)-C{2) 100.3(7)

Cu(3)-S(3)-Cu(5) 81.8(5) 2.853(11) Cu(3)-5(3)-C(3) 118.1(8) 1.836(28)
Cu(5)-5(3)-C(3) 99.1(9)

Cu{1)-5(4)-Cu(d) 72.3(4) 2.715(7) Cu(1)-5(4)-C(4) 108.0(8) 1.836(21)
Cu(4)-5(4)-C(4) 113.9(5)

Cu(3)-8(5)-Cul4) 75.2(5) 2.769(13) | Cu(3)5{5)-Ci5) 105.3(8) 1.827¢14)
Cu(4)-5(5)-C(5) 113.3(7)

Cu(1)-5(6)-Cu(3} 87.4(4) 3.090(7) Cu{1)-S(6)-C(8) 103.3(8) 1.841(23)
Cuf3)-5(6)-C(6) 110.8(8)

Cu(2)-5(7)-Cu(4) 88.4(5) 3.063(12) | Cu(2-8(7)-C(7) 113.5(10) 1.824(18)
Cu(4)-8(7)-C(7) 106.7(8)

CulB)-5(8)-Cul?) 75.5(4) 2.875(7) Cu(6)-S(8)-C(8) 114.5(g) 1.827(25)
Cu(7)-5(8)-C(8) 110.0(8)

Cu(7)-8(9)}-Cu(10) 78.1(5) 2.769(11) | Cu(7)-S(3)-C(9) 93.6{10) 1.844(17)
Cu(10)-5(9)-C(9) 111.7(8)

Cu(8)-5(10)-Cu(10) 77.0(4) 2.83110) | Cu(8)-S(10}-C(10)  107.0(6) 1.833(25)
Cu(10)-S(10)-C{10)  99.4(8)

Cu(6)-S(11)-Cu(g) 72.7(6) 2.693(9) Cu6FS(11)}-C(11)  111.4(10) 1.822(23)
Cu(@)-S(11)-Cl11)  112.1(6)

Cu(8)-5(12)-Cu(9) 74.3(5) 2.718015) | cu(8)S(12-C{12)  105.7(10) 1.825(14)
Cuf@)-S(12-C(12)  111.3(8)

Cu(6}-S(13)-Cu(8) 91.7(5) 3.084(9) Cu(6)-S(13}-C{13)  120.7(9) 1.827(26)
Cu@F-S(13}-C(13)  101.0(7)

Cu(7)-S(14)-Cu(g) 85.8(4) 315511} | Cu(7)-S(14-C(14)  105.2(10) 1.827(18)
Cu(9)}-S(14)}-C(14)  109.5(8)

(1 Cu-S-Cu(®) Cu-Cu(h) Cu-5-C (9 SCA

Cu{1)-8(1)-Cuf2) 73.5(3) 2710(7) Cu(1)-S(1)-C{1) 106.0(10) 1.828(25)
Cu(2)-8(1)-C(1) 103.1(12)

Cu(1)-5(2)-Cuid) 71.8(4) 2.654(7) Cul1)-$(2)-C(2) 100.6(12) 1.830(20)
Cu(3)-5(2)-C(2) 107.3(13)

Cu(1)-8(3)-Cu4) 75.7(3) 2.802(8) Cu(1)-5(3)-C(3) 107.6(10) 1.845(29)
Cu(4)-5(3)-C(3) 106.8(15)

Cu(2)-S(4)-Cu(3) 74.0(3) 2.754(6) Cu(2)-5(4)-G(4) 98.6(13) 1.845(34)
Cu(3)-5(4)-C(4) 104.8(11)

Cu(@)-S(5)-Cud) 72.8(4) 2.663(5) Cu(2}-5(5)-C(5) 108.5(14) 1.833(36)
Cul(4)-5(5)-C(5) 109.4(15)

Cu(3)-5(6)-Cu(4) 74.5(3) 2.783(7) Cu(3)-5(6)-C(6) 1155(13) 1.824(21)
Cu{4)-S(8)-C(6) 101.0(11)

Cu(5)-5(7)-Cu(6) 74.4(3) 2.778(7) Cu(5)-8(7)-C(7) 101.3(9) 1.821(27)
Cu(6)-S(7)-Cl7) 104.9(11)

Cul5)-S(8)-Cu(7) 74.3(4) 2.703(8) Cu(5)-5(8)-C{8) 103.2(13) 1.828(30)
Cu(7)-5{8)-C(8) 106.8(16)

Cu(5)-5(9)-Cu(8) 70.3(4) 2.646(6) Cu(5)-5(9)-C19) 105.8(14) 1.836(20)
Cu(8)-5(9)-C(9) 107.0(14)

Cu(B)-S(10)-Cu(7) 70.6(3) 2 632(6) Cue}S(10-C(10)  106.5(12) 1.827(25)
Cul7)-S(101-C(10)  104.4(12)

Cu6)-5(11)-Cul8) 72.6(4) 2.746(6) Cu(6)-S(11)-C(11)  116.9(15) 1.832(24)
Cu(@-S{11)}Cli1)  1028{13)

Cu{7}-5(12)-Cu(8) 75.1(3) 2.763(8) Cuf7)-S(12-C(12)  103.2(13) 1.829(32)
Cu(8)-5(12)-C(12) 105.8(16)
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F1G. 2. Stereoplot of the (Cu{CH,S7)). chain in (1) with numbering scheme. The indices correspond

with the symmetry operators given in Table III.

units are linking the Cu,;,, atoms. Compared
to (I these structure types exhibit no related
structural elements beside the Cu;S, rings
in the second one. However, the Cu-S
framework in [Cug(SCsH; L(S,CSCsH, ;)]
represents a real substructure of the poly-
meric chain structure found in (1) (24, 25).
This molecular compound is formed by an
insertion of C§; in Cu,(SCH, ). Because
the reaction presumably takes place at the
boundaries of the oligomer, it is obvious that
the structure retains some of the features of
the unit (25).

In (1), metal-metal distances between two
1S bridged Cu atoms are 3.003(9) A or
4.007(1) A, corresponding to the Cu—(u;-
8)—Cu angles of 83.4(6)° and 128.1(9)°, re-
spectively. The Cu-S8 distances range from
2.23(1) A to 2.28(2) A. All these values are
comparable to those found in Cu(l) thiolate
structures containing us-thiolate ligands (5,
20, 22-28). The copper atom in (1) is dis-
placed 0.180 A from the plane through the
three S atoms toward the center of the chain.
This deviation is caused by geometrical re-
striction more than by the possibility of
Cu—Cu bonding. The shortest interchain
Cu-Cu distance is 3.16(2) A. The S—C dis-
tance was restrained to 1.835(5) A. This
value is the average taken from ten Cu(l)
thiolate structures, investigated by X-ray
analysis (5) and corresponds to the
mean value of 1.838(40) A found in

[(CH ),NLICu,(CH,8 )] (29). Selected
bond distances and angles are summarized
in Table III.

The two compounds [(CqHs),PT1,[Cus
(CH,S )] - C,H,O, (1I) and [(C;H;),N*],
[Cuy(CH,S7),] - CH,O (111) exhibit both mo-
lecular anionic [Cu,RS,]*” units, separated
by bulky cations. The refinements of these
cations {C¢H,),P* and (C;H;),N* show no
unexpected geometries. Thus, lists of
atomic positions and relevant bond dis-
tances and angles of these ordinary cations
are deposited with the supplementary ma-
terial.!

The structure of (IlI) consists of
[(Cu,S0)? ] adamantane-type cluster units,
separated by the [(C;H,),N*] cations. The
structure of the cluster anion can be consid-
ered as a tetrahedron of copper atoms in-
scribed in a distorted octahedron of six u,-
sulfur atoms (Fig. 3). This cluster type is
the most common for Cu(I)-thiolates (3, /8,
29-34). The Cu-Cu distances range from
2.632(6) to 2.802(8) A with a mean distance
of 2.720 A, the Cu-S distances from
2.211(12) to 2.339(10) A, with a mean dis-
tance of 2.279 A,and the Cu~S—Cu angles

! Additional material to this paper can be ordered
from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen 2, Federal Republic of Ger-
many. Please guote reference No. CSD-56668, the
names of authors, and the title of the paper.
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Fic. 3.

Stereoplot  of the
[(C3H N LICu(CH,S )¢l - CH,O (11I) with numbering scheme.

range from 70.3(4)° to 75.7(3)°. All copper
atoms in (I11I) are systematically displaced
from the plane through the three S atoms
away from the centroid of the cage. These
results are in agreement with data ob-
tained in a similar structure: [{CH;}N*],
[CudCH;57)] (29).

Different cations can favor the formation
of different clusters, but no distinction is
evident for (CH,),N* and (C;H;),N*. The
structurally rigid (C¢Hs),P™ group allows
the enlarged adamantane-type unit, the
(CusS,)*~ core type to form. A reverse in-
fluence of the cations (CH,;),N™ and
(CeHs),P* is observed for Cu(I) thiolates
with the thiophenolate ligand (30). The
structure of [(C¢H;),P*1,[Cus{CH;87),]
C,H,O, (1I) is therefore the second example
containing this (CusS,;)?~ core type (30, 35,
36). This polyhedron may be regarded as a
structural derivation of the (Cu,S¢)*~ cluster
obtained by opening two of the trigonal co-
ordination planes of the S, octahedron and
replacing the linking sulfur atom by a linear
S-Cu-S group. Thus, the unit contains four
trigonally and one linearly coordinated cop-
per atom (see Fig. 4). The following mean
values for bond distances and angles have
been determined {a full list is given in Table
V): Cu=Cu 2.873 A (u,-S bridged), Cuy;,~S
2.265 A, Cug~S 2.153 A. The S-C distance
was again restrained to 1.835(5) A.

The solvate molecules within the units in
both structures are linked with the Cu-§
cluster by hydrogen bonds of the type
§ - - - H=0. The corresponding § - - - O

adamantane-type

s(1)
o), N0

cu(2)/” A

C(1L)
\

[Cu(CH;S™ )]  cluster anion in

acceptor-donor distances in (II) are between
3.01(2) and 3.35(2) A, mean 3.22 A, and in
(III) 3.21(4) and 3.15(4) A, mean 3.18 A.
Similar ranges are discussed in other struc-
tures with solvate molecules linked to metal
coordinating thiolates (5, 20, 37—40). The
ethylene glycol molecule in (I1) is connected
with both OH groups to the (CusS,)*~ core
and thus forms a seven membered ring (see
Fig. 4).

Thermogravimetry

The compounds were investigated by
thermogravimetry (TG) because of different
reasons: In order to determine the stoichi-
ometries the inserted solvent molecules and
the metal content have been quantified. An
additional point was the elucidation of de-
composition pathways and, as a final conse-
quence of these investigations, to elaborate
preparative methods to obtain  special
phases.

The thermogravimetric decomposition of
the two compounds (I} and (III), built up
by molecular units, exhibit a prestep where
the inserted solvent molecules are removed.
This desolventization is not clearly resolved
in the case of (I1I). The identification of the
inserted solvents was performed by mass-
spectrometry.

The course of the subsequent degrada-
tions indicates the following characteristics:
Compound (II) is decomposed in one broad
step. On the other hand, a two step pathway
is observed in the case of (III), where the
first of these steps is again divided into two
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FiG. 4. Stereoplot of the [Cug(CH,S7),J*"
[{CgH )P LICu{CH;S )] - C;H,O, (ID).
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FiG. 3. (a) Thermal degradation of

[(CeHs),P*LICus(CH;S7),) CH:Q, (I} and
[(CyH),N*1,[Cu{CH,S )] - CH,O (Iil), (b) First deriv-
ative of this decrease of weight as a function of tempera-
ture, and (c) the simultaneously registered masses of
evelved gas molecules during the decomposition of
(1il).

cluster anion

(with numbering scheme) in

sections. Figure 5 shows the decrease of
weight of the compounds while heating the
samples, the first derivative of this function
and, in the case of (ITII) only, the courses
of the simultaneously registered masses of
evolved gas molecules. An analysis and in-
terpretation of these features is discussed in
detail elsewhere (47).

(Cu(CH,;87)).. (I) is a stable intermediate
in the temperature range 210-280°C during
the decomposition of (I1I). It is obtained as
thin needles crystallized in a melt of (III).
Variation of the heat rate or the sample
amount has no influence nor on the size nor
on the shape of the crystals. Investigations
of other compounds exhibiting a stable in-
termediate of the stoichiometry Cu, {(RS7),
during the thermal decomposition have not
yet been obtained in crystalline form. We
assume this to be a consequence of the low
melting point of 153°C of (1II) (3, 41).

The final product of these degradations is
a mixture of different Cu(l) sulfides. Figure
6 shows the temperature profile of the com-
bined heating-X-ray diffraction investiga-
tions and the corresponding phases. At
500°C only one high-temperature phase
Cu,S (ASTM No. 12-176 (42)) was ob-
served, together with monoclinic Chalcocite
{ASTM Nos. 23961 and 33-490). While
cooling to 150°C and then to room tempera-
ture (RT), the formation of two new phases,
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—_ — — —— —— ——[(CaH7)aN*2[Cua{CH35 J6]- CH4O (Il

1 — — — ——(CUICH3S Voo )
........ Heatrate: 10°fmin'."-.,

- Ceoling *  JHT-CupS (ASTMNr. 12-176)

Chalcocite (mongcl) (ASTM Nr. 23-961, 33-4580)

— e —— —— —— | | Djurleite (ASTM Nr. 34-880)
Chalgocita (tatrag.) (ASTM Nr. 29-578)

Chalgocita (monoel.) (ASTM Nr. 23-681)
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100 300 500

Temperature (°C)

F1G. 6. The temperature profile of the combined high temperature-X-ray diffraction investigations of
HCH N 11 Cus(CH,5 7)) - CH,LO (11D and the observed phases identified by the ASTM cardindex {42).

Djurleite (ASTM No. 34-660) and tetragonal
Chalcocite (ASTM No. 29-578), is ob-
served. In addition a very small amount of
monoclinic Chalcocite (ASTM No. 23-961)
is observed. So far, the formation of
Djurleite is observed as final product only
within the decomposition of [(C;H,),N'L
[Cuy(CH,;S7)] - CH,O (IID). This behavior
is remarkable with respect to the fact that
tetragonal chalcocite is metastable and con-
verts to djurleite with time at RT (43—46).
The relationship between these two phases
is still not well understood. Annecaling at
temperatures above 100°C, slightly cooling
to RT or syntheses under high pressure fa-
vors the formation of the metastable chalco-
cite phase (45—¢7). On the other hand, djur-
leite is more easily synthesized at a slight
copper deficiency (44). Thus the composi-
tion of the final product of the thermal de-
composition of the compounds under inves-
tigation seems to be contingent with respect
to all the different Cu([)-S cluster types,
thiolate ligands and cations. To determine
the metal content of the compounds, the
stoichiometry of the predominant phase
was used.
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