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deviations maybe from reactant-reactant and reactant—solvent
interactions, which the model does not address. There is a cor-
relation between large negative entropies and weak donor solvents.
This work is being extended with the study of cross-reactions with
the Cr(CNdipp)¢* complex.
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log K, AH, and AS values for the interactions of Hg(Il) and Pd(II) with 1,4-dithia-18-crown-6 (1,4-T,;18C6) and 1,10-dithia-
18-crown-6 (1,10-T,18C6) were determined in aqueous solution at 25 °C by polarography and competitive calorimetry. The
reaction stoichiometries of either metal ion with 1,4-T,18C6 and 1,10-T,18C6 are 1:2 and 1:1, respectively. The formation of
both metal complexes of 1,10-T,18C6 is favored by both AH and AS, while that of both metal complexes of 1,4-T,18C6 is favored
by AH only. The thermodynamic results have been interpreted in terms of ligand field stabilization energy (LFSE), charge-transfer,
and macrocyclic effects. The UV /vis absorption spectra of Pd(11) complexes with both crown thioethers in 0.5 M HNO; show
that LFSE and charge-transfer effects make large contributions to the formation of the very stable complex Pd(1,4-T;18C6),%*.
The molecular structures of Pd(II) complexes with both crown thioethers have been determined by single-crystal X-ray analysis.
The complex Pd(1,10-T,18C6)(NO;), crystallizes in the orthorhombic Pna2, space group with a = 10.508 (4) A, b = 13.871 (7)
A, c=13772 (A, Z =4, and R = 0.064. The complex Pd(1,4-T,18C6),(NO;), crystallizes in the orthorhombic Pbca space
group with a = 8.474 (2) A, b = 18.349 (5) A, ¢ = 148.969 (25) A, Z = 8, and R = 0.083. A cis-square-planar configuration

is found for the Pd(1,10-T,18C6)** complex.

Introduction

Crown thioether ligands are noted for their significant affinity
for Cu(I), Cu(II), Pd(II), Ag(I), Pt(I), Pt(1V), Au(I), Au(III),
Hg(I), and Hg(I1) in aqueous solution.!”> Hence, these crown
thioethers represent potentially useful reagents for these specific
metal ions in analytical determinations, recovery and separation
processes, and homogeneous catalysis. Complexes of Pd and Pt
have been shown to act as active homogeneous catalysts in re-
actions of industrial importance.’ The coordination chemistry
of Pd and Pt complexes with open-chain and crown thioethers has
been elucidated by using X-ray diffraction results ®® However,
few thermodynamic quantities for crown thioether—Pt group metal
interactions have been reported,'® probably because of the difficulty
in the determination of these quantities, particularly in aqueous
media.!!

In the present study, this difficulty is circumvented by using
a competitive procedure combining calorimetric!! and polaro-
graphic data. Since log K values for the formation of Pd(II)-
thioether complexes are expected to be very large, determination
of these constants is not possible by using direct methods.!>!*  For
instance, potentiometric and spectrophotometric methods become
invalid because Pd(II) forms very stable complexes with thioethers.
Also, the polarographic method cannot be used because of the
irreversibility of the reduction of the Pd(II) complex at the
dropping-mercury electrode in aqueous solution. However, the
polarographic determination of K values for Hg(II)-thioether
interaction is not difficult. As will be seen in the Results and
Discussion sections, the differences between log K (A log K) values
for Hg(II) and Pd(II) interactions with these thioethers are of
the correct magnitude to allow them to be determined by a
competitive calorimetric technique. The combination of these A
log K values with those for Hg(1l) interaction with thioethers
should lead to corresponding Pd(II) values. This method should

* To whom correspondence should be addressed.
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be useful for the determination of the log K values for other
Pd(11)-ligand interactions. Since Hg(II) is one of the few metal
ions that can bind strongly to thioethers in aqueous media, these
systems may provide the possibility of selective removal of Hg(IT)
from the environment. In the present paper, attention is directed
to the investigation of K, AH, and AS values for the interaction
of sulfur-substituted macrocyclic ligands with Pd(IT) and Hg(II)
and to the correlation of these quantities with structural data for
the Pd(II) complexes.

Experimental Section

Materials. The crown thioethers and metal salts were obtained in the
best purity available from the sources indicated and used without further
purification: 1,10-dithia-18-crown-6 (1,10-T,18C6) and 1,4-dithia-18-
crown-6 (1,4-T,18C6) (Parish Chemical Co.) (molecular structures
shown in Figure 1); Pd(NO,); and Hg(NO,), (Morton Thiokol); HNO,
(Mallinckrodt).
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Table I. Details of the Crystallographic Analysis of Pd(1,10-T,18C6)(NO,), and Pd(1,4-T;18C6),(NO;), Complexes

Pd(1,10-T,18C6)(NO;),

Pd(1,4-T,18C6),(NO;),

formula

fw

cryst size, mm
space group
a,

b, A

c,
v, A

no. of reflens to determine cell consts

z

D, gcm™

u, cm™!

(sin 8)/A

no. of unique reflens colled

no. of reflcns used in refinement with F = 3¢(F)

" final R
final R,
goodness of fit

max and min peaks in A map, e A~

[PdC12H2404sz](N03)2
526.8

0.40 x 0.10 X 0.05
Pna2,

10.508 (4)

13.871 (7)

13.772 (7)

2007.5 (1.7)

25 (7.66 < 20 < 18.87)
4

1.68

11.49

0.79, =0.55

[Pd(C,;H24045,),](NOy)2H,0
858.3

0.45 x 0.40 x 0.10
Pbca

8.474 (2)

18.394 (5)

48.969 (25)

7613.8 (3.9)

25 (14.31 < 26 < 28.02)
8

1.45

7.49

0.54

4713

2808

0.083
0.085

1.67

0.72, -0.71

s {1
LoJ L)
s

1,4-Dithia-18-Crown-6 1,10-Dithia-18-Crown-6

( 1,4-T,18C6 ) (1,10-T18C6 )

Figure 1. Structural formulas of crown thioethers studied.

Solution Preparation. Solutions were prepared with 0.5 M HNO; as
a solvent. A Pd(II) solution was prepared by dissolving an appropriate
amount of Pd(NO,), in 0.5 M HNO, with rigorous stirring to prevent
the irreversible formation of Pd(OH),(s).!* Metal ion concentrations
were determined by atomic absorption spectrophotometry (Perkin-Elmer
Model 603). The ligand solutions were standardized by calorimetric
titration with a standard Hg(II) solution, which gave stoichiometric 1:1
and 1:2 end points in the cases of 1,10-T,18C6 and 1,4-T,18C6, re-
spectively. The uncertainties associated with the endpoints were £0.5%.
UV /vis spectra were measured in a 1-cm cell by using a Perkin-Elmer
Mode! 320 UV /vis spectrophotometer.

Calorimetric Procedures, Procedures used to determine log K, AH,
and AS values by competitive and direct calorimetric titration have been
described.!"!"13 In the present study, direct calorimetric titrations were
performed at 25 °C to obtain the AH values for the reactions of Hg(II)
with crown thioethers, while competitive calorimetric titrations were used
at 25 °C to obtain both log K and AH values for the reactions of Pd(II)
with crown thioethers.

Polarograhic Procedures. The dc current-voltage curves of Hg(IT)
complexes were obtained with a Model 364 pen-recording polarography
analyzer (EG&G Princeton Applied Research). Potential measurements
were made vs a Ag/AgCl (3.5 M KCl) electrode. This reference elec-
trode is kept in contact with the testing solution via a special porous plug
(Vycor frit) supplied by EG&G Princeton Applied Research. The use
of this special plug at the interface of the solutions assures very long
periods of reliable operation without fear that the solution in the reference
electrode will contaminate the test solution. The potential scanning rate
was either 2 or S mV/s. The droppng time of the dropping-mercury
electrode (DME) was regulated to be 2.0 s for both normal- and dif-
ferential-pulse polarography by a Model 303 static DME (EG&G
Princeton Applied Research). HNO; (0.5 M) was used as a supporting
electrolyte. Values of the half-wave potentials of Hg anodic waves were
read directly from the individual polarograms. This method introduces
approximately &3 mV uncertainty into the values. However, the un-
certainties can be reduced by determining the half-wave potentials at
various ligand concentrations. The temperature at which all experiments
were performed was 25 °C.

(14) Jorgensen, C. K.; Parthasarathy, V. Acta Chem. Scand. 1978, A32, 957.
(15) Christensen, J. J; Eatough, D. J.; Ruckman, J.; Izatt, R. M. Thermo-
chim. Acta 1972, 3, 203.

Table II. Variation of Pulse Polarographic Data? with Varying
Ligand Concentration in 0.5 M HNO,; Media at 25 °C

El{27
V vs Ag/AgCl (3.5 M KCl)

system -log [T,18C6]
1,4-T,18C6 4.053 +0.110
3.655 +0.098
3.354 +0.087
3.053 +0.078
2.655 +0.067
2.352 +0.059
1,10-T,18Cé6 4.352 +0.059
3.653 +0.060
3352 +0.059
2.352 +0.056

70.5 M HNO, was used as the supporting electrolyte.

X-ray Crystallographic Procedures. Suitable single crystals of Pd(II)
complexes were obtained in a sraightforward manner by dissolving the
ligand and Pd(NO,), in warm acetonitrile and cooling the solution. One
of these crystals was mounted on a Nicolet P3 autodiffractometer. The
radiation used for data collection was graphite-monochromated Mo Ka.
Crystal data and experimental conditions are summarized in Table I.
Structures of Pd(1,10-T,18C6)(NO,), and Pd(1,4-T,18C6),(NO,), were
obtained by heavy-atom methods with the use of Patterson and Fourier
maps.

Results

Polarographic Studies. Polarographic studies have been done
for heavy-metal complexes of thiourea and various cyclams in
aqueous solution.!®!” In the present study, a well-defined single
anodic wave of mercury was obtained in the presence of either
1,10-T,18C6 or 1,4-T,18C6 in 0.5 M HNO, solution. Plots of
EMPFppe vs log [(ig - 1)/1] gave straight lines of Nernstian slope,
30 = 3 mV, which confirms a two-electron reversible oxidation
of mercury. Two series of polarograms were made by varying
the concentrations of 1,4-T,;18C6 from 4.45 X 107 t0 8.85 X 107
M and 1,10-T,18C6 from 4.45 X 1073 to 4.45 X 105 M in 0.5
M HNO, solution (Table II).

Because Hg is oxidized to Hg(II) in the presence of either thia
macrocycle (denoted as T,18C6), the following equations are
considered

Hg + xT,18C6 = Hg(T,18C6),** + 2¢~ n
K = [Hg(T,18C6),2*]/{[Hg**][T,18C6]% ()
where x is the stoichiometry of the reaction. The half-wave
potential of the DME is then expressed as
Ey ) = E° — 0.0296{log K +
log [(T,18C6)/2]*"" - log [k¢/kcl} (3)

(16) Nyman, C. I.; Parry, E. P. Anal. Chem. 1958, 30, 1255.
(17) Kodama, M.; Kimura, E. J. Chem. Soc., Dalton Trans. 1976, 2335.
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Table III. log K, AH (kJ/mol), and AS (J/(K-mol)) Values for the Reactions in 0.5 M HNO; at 25 °C
Hg(1l) Pd(11)
ligand reacn L:M ratio log K AH AS log K AH AS
1,4-T,18C6 2:1 222 0.1° -116.5 £ 0.2% 34.9% 25.1 £ 0.4¢ -184.1 £ 0.3¢ -137¢
1,10-T,18Cé6 1:1 19.5 £ 0.1° -74.0 £ 0.2 125.0 211 £0.2¢ -82.4 £ 0.3 127.6°
18C6 M 2424 -19.6¢ -19.7
@ Polarography. ®Direct calorimetry. <Competitive calorimetry. 4Reference 1.
110 I— T Pd(1,4-T,18C6),2¢
100 + Log €
90 ‘__ / 37 Pd(1,10-T,18CE)2¢
E1/2 |
80 — g
(mv) | 2+
70 I_
60 |— : ;
20

25 30 35 40 45

-log [1,4-T218C6]

Figure 2. Variation of half-wave potential with logarithm of ligand
concentration at DME.

where E°, is the formal potential of the Hg/Hg(II) half-cell
vs the Ag/AgCl electrode (3.5 M KCl) and k; and k, are the
diffusion coefficients of free ligand and complexed ion, respectively.
The value of the formal potential was calculated by using 0.8535
V for the standard potential of the Hg/Hg(II) half-cell'® and
0.2046 V for the Ag/AgCl (3.5 M KCI) half-cell.'’®% The activity
coefficients were calculated for 0.5 M ionic strength by using the
revised Debye—Hiickel equation.?!

A plot of E, /, vs log [1,4-T,18C6] (data from Table II) gave
essentially a straight line of slope 30 mV, indicating that the
predominant species present is Hg(1,4-T,18C6),2* (x = 2) within
the range of experimental concentrations of 1,4-T,18C6, as shown
in Figure 2. The polargraphic data in Table II show that the
E, , value of the Hg anodic wave was independent of 1,10-T,18C6
concentration, indicating that the predominant species present is
Hg(1,10-T;18C6)?*. The reaction stoichiometries were further
confirmed by the end points of the thermograms of direct cal-
orimetric titrations of both 1,4-T,18C6 and 1,10-T,18C6 with
Hg?*. The thermodynamic quantities obtained by direct and
competitive calorimetric determinations together with those ob-
tained polarographically are given in Table III.

Calorimetric Studies. The K and AH values for the formation
of the Pd(II) complexes were determined simultaneously by
competitive calorimetric titrations of Hg(1,10-T,18C6)?* and
Hg(1,4-T;18C6),** with Pd(II). The log K and AH values for
the formation of Hg?* complexes were determined polarograph-
ically and calorimetrically, respectively. Stoichiometries of re-
actions of M2* (Pd?*, Hg?*) with 1,10-T,18C6 and 1,4-T,18C6
were confirmed calorimetrically as 1:1 and 1:2, respectively, by
either the mole ratio method or nonlinear least-squares procedure.
In order to perform the competitive calorimetric titration of Hg(II)
complexes with Pd(II), 0.5 M HNO, was used as the solvent to
prevent the formation!? of either soluble or insoluble hydroxide
species of Pd(IT) during the course of the titration. Direct cal-
orimetric titration of either Pd(IT) with the ligands or the ligands
with Pd(IT) is not possible because neither of these titrant solutions

(18) Bard, A. J.; Parsons, R.; Jordan, J. Standard Potentials in Aqueous
Solution, Marcel Dekker: New York, 1985.

(19) Bates, R. G. Determination of pH; John Wiley & Sons: New York,
1973.

(20) Sawyer, D. T.; Roberts, J. L. Experimental Electrochemistry for
Chemists, Wiley: New York, 1974.

(21) Robbins, J. Ions in Solution(2); Clarendon Press: Oxford, England
1972.

wavelength (nm)

Figure 3. Spectra of Pd(1I) and its crown thioether complexes in 0.5 M
HNO,.

Table IV. Wavelength (A) and Extinction Coefficient (¢) Data for
Pd?*, Pd(1,10-T,18C6)?*, and Pd(1,4-T,18C6),2* in HNO, Media at
25 °C

system media Amaxs MM €
Pd(1,4-DT18C6),** 0.5 M HNO, 302 1.1 x 10
Pd(1,10-DT18C6)** 0.5 M HNO, 398 1.1 x 103
pPdz* 0.5 M HNO, 400 105
Pd*a 1.1 M HNO, 395 116

4Values from ref 14.

Table V. Atom Coordinates (X10%) and Equivalent Isotropic
Temperature Factors (A2 X 10%) for Atoms Involved in the Complex
Formations of Pd(1,10-T,18C6)(NO;), and Pd(1,4-T,18C6),(NO;),

atom x y z ue
Pd(1,10-T,18C6)(NO,),
Pd 945 (1) 5393 (1) 0 51 (1)
S1 3045 (4) 5206 (3) ~353 (4) 61 (2)
S10 1304 (4) 6974 (3) 326 (4) 60 (2)
OIN1 562 (13) 4004 (6) -397 (7) 79 (5)
O1IN2 -911 (7) 5531 (9) 442 (6) 80 (5)
Pd(1,4-T,18C6),(NO;),
Pd 5052 (1) 664 (1) 6252 (1) 51 (1)
S1 3926 (2) 1547 (4) 6395 (1) 56 (1)
S4 5342 (2) -23 (4) 6695 (1) 56 (1)
S’ 4722 (2) 1206 (4) 5808 (1) 63 (1)
S4 6210 (2) -10 (4) 6112 (1) 71 (1)

2Equivalent isotropic U defined as one-third of the trace of the or-
thogonalized U, tensor.

can be prepared in concentrations greater than 0.02 M in 0.5 M
HNO; media.

Spectroscopic Studies. The spectra of Pd?*, Pd(1,10-T,18C6)%*,
and Pd(1,4-T,18C6),2* are given in Figure 3. The extinction
coefficients and wavelength maxima values are given in Table IV.
The spectrum of Pd?* in HNO; media agrees well with that of
Jorgensen and Parthasarathy.'®

Crystallographic Studies. Structures of Pd(1,10-T,18C6)(NO,),
and Pd(1,4-T,18C6),(NQO;), were obtained by heavy-atom
methods with the use of Patterson and Fourier maps. In complex
Pd(1,4-T,18C6),2*, one of the two ligands was ordered, while the
other was highly disordered. In the disordered ligand, atoms C6’,
C¢,C9,010,Cl11,C12,, 013, C15,C17, and C18’ were found
at two different positions, each with an occupancy factor of 0.5.
In Figure 4, only one position was plotted. Also, one of the nitrate
groups in Pd(1,4-T,18C6),(NO;), was highly disordered and could
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Pd(1,4-T218C6),2+

Figure 4. Crystal structures of Pd(II) complexes with 1,10-T,18C6 and
1,4-T,18C6.

Table VI. Significant Bond Lengths (A) and Bond Angles (deg)
Pd(1,10-T;18C6)(NO;),
Bond Lengths

Pd-Si 2.274 (4) Pd-OIN1 2.039 (10)
Pd-S10 2.270 (4) Pd-O1N2 2.052 (8)
Bond Angles
Pd-S1-S10 89.6 (1) Pd-S1-OINI1 91.5 (4)
Pd-O1N2-S10 90.5 (3) Pd-OIN2-OIN1 88.8 (5)
Pd(1,4-T,18C6),(NO;),
Bond Lengths
Pd-S1 2.307 (3) Pd-S1’ 2.304 (3)
Pd-S4 2.308 (3) Pd-S4/ 2.306 (3)
Bond Angles
Pd-S1-S4 90.2 (1) Pd-S1’-S1 89.2 (1)
Pd-S4'-S4 90.3 (1) Pd-S1-S4/ 90.6 (1)

not be located. Details of the crystallographic analysis are listed
in Table I. Atomic coordinates for the atoms involved in coor-
dination of the two Pd(II) complexes are listed in Table V. The
most significant bond lengths and bond angles of these complexes
are given in Table VI.

As observed previously,??? 1,4-T,18C6 forms an exodentate
complex with Hg(II), while 1,10-T,18C6 forms an endodentate
complex. As indicated in Figure 4, oxygen donor atoms of the
crown thioether ligand are not involved in the complexation of
Pd(II) in the cases of Pd(1,10-T,18C6)(NQ;), and Pd(1,4-
T,18C6),(NO3),. In Pd(1,10-T,18C6)(NO;),, the palladium
coordinates two sulfur atoms and two oxygen atoms from different
nitrato groups. The coordination around Pd(II) is distorted
square-planar, with small differences between donor-metal—donor
angles, as seen in Table VI. In Pd(1,4-T,18C6),%*, the platinum
coordinates four sulfur atoms, which are chemically equivalent,

(22) Dalley, N. K.; Larson, S. B. Acta Crystallogr., Sect. B 1981, B37, 2225.
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and the resulting structure is a nearly undistorted square-planar
conformation (Table VI). The planar configurations of both
complexes are preserved on coordination. The atoms involved in
the coordination of each cation are coplanar within ca. 0.1 A.

Discussion

Ligand Field Stabilization Energy (LFSE) and Charge-Transfer
Effects. As seen in Table III, AH values favor the complexation
of M2* with the crown thioethers in each case. A comparison of
the AH values for the interactions of Hg(II) and Pd(II) with the
crown thioethers indicates that the palladium-sulfur bond is
stronger than the mercury—-sulfur bond in these crown thioether
complexes. The stability of Hg(11) complexes is a reflection of
the presence of the polarizable sulfur atoms and the resulting stable
Hg?*-ligand covalent bonds. In addition to these factors, LFSE
and, particularly, charge transfer might play important roles in
the increased stability of Pd(1,4-T,18C6),%* over that of Hg-
(1,4-T,18C6),%*. The difference between the AH values for the
formation of Pd(1,10-T,18C6)?* and Hg(1,10-T,18C6)** is much
smaller than that for the formation of Pd(1,4-T,18C6),** and
Hg(1,4-T,18C6),%*. Charge transfer from the ligand donor atoms
to Pd(I1) has been found in Pd(II)-tetraaza complexes.??* In
the case of Pd(1,10-T,18C6)?*, the LFSE and, particularly, charge
transfer are less evident. The contribution of LFSE and charge
transfer to the stability of Pd(1,4-T,18C6),?* is evident by ex-
amining its spectrum. As shown in Figure 3, the spectrum of
Pd(1,4-T,18C6),** is composed of two bands, in which the strong
charge-transfer band (a) merges with the second ligand field (b),
which is a shoulder.

On the other hand, a comparison of the AH values for the
interactions of 1,4-T,18C6 and 1,10-T,18C6 with the Hg(II) ion
reveals that the metal-sulfur (M-S) bond strengths in both Hg(1I)
complexes are nearly the same and that oxygen atoms of the crown
thioether might be involved in complexation. This is shown by
subtracting® the contribution of the other four oxygen donor atoms
of 1,10-T,18C6. The average bond strengths in the two Pd(II)
complexes are quite different (46 kJ compared to 41 kJ), even
without subtracting the possible contribution of the other four
oxygen atoms of 1,10-T,18C6 in the case of the complex in so-
lution. This difference between the two Pd(II) complexes indicates
that a possible exodentation of 1,4-T,18C6, which is similar to
that of open-chain polythia ethers with the freedom of approaching
to Pd(II), is more enthalpy favorable than the endodentation of
1,10-T,18C6 adopted in the cis-Pd(II) complex (Figure 4). This
difference also indicates that the oxygen atoms of the crown ligand
may not coordinate to the Pd(II) ion and the structure of the
Pd'l(1,10-T,18C6)?* complex in solution might be identical with
that of the crystal.

The resulting splitting of the d orbitals in Pd(1,10-T,18C6)**
compared with that in nitrato-complexed Pd?* is nearly negligible.
This expectation is further confirmed by the comparison of the
UV /vis absorption spectra of Pd(NO,),2*, Pd(1,4-T,18C6),?*,
and Pd(1,10-T,18C6)?*. As shown in Figure 3, the maximum
absorption for the Pd(1,4-T,18C6),** complex is found at a much
shorter wavelength than that of either Pd(NO,),%* or Pd(1,10-
T,18C6)?*. The large shift in Appsg from 400 nm for either
Pd(NQ,),2* or Pd(1,10-T,18C6)?* to around 330-340 nm (the
shoulder band) of Pd(1,4-T,18C6),2* is attributed to the larger
ligand field splitting by 1,4-T,18C6. The large log € value at Ay,
(300 nm) in the case of Pd(1,4-T,18C6),** results from the charge
transfer superimposed on the double-band spectrum. The greater
stability of Pd(1,4-T,18C6),** is a combined result of the charge

(23) Yatsimirskii, K. B.; Kazanskii, L. P.; Boiko, A. N,; Pavlishchuk, V. V.
Teor. Eksp. Khim. 1982, 18, 490.

(24) Yatsimirskii, K. B.; Boiko, A. N.; Kazanskii, L. P. Russ. J. Inorg. Chem.
(Engl. Transl.) 1983, 28, 1155.

(25) Because Hg?* bonds to all four sulfur atoms only in the Hg(l,4-
T,18C6),** complex, the enthalpy contribution of each Hg-S bond is
-29.1 kJ/mol (-116.5 kJ /mol divided by 4). In the Hg(1,10-T;18C6)**
complex, the enthalpy contribution of each Hg-S bond is =30.4 kJ /mol,
calculated by subtracting the enthalpy contribution of each Hg—O bond
(3.3 kJ/mol; e.g., —19.6 kJ/mol divided by six Hg-O bonds in Hg-
(18C6)?*, as shown in Table IIT).
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transfer and the LFSE. On the other hand, in spite of the 10-fold
increase in the absorption of Pd(1,10-T,18C6)** over that of
Pd(NO;),>*, Ap., remains nearly unchanged. The agreement of
the difference in the AH values of the two Pd?* complexes with
their spectra confirms that stronger Pd—S bonds exist in Pd-
(1,4-T,18C6),%*,

Macrocyclic and Entropic Effects. The relatively high stabilities
per ligand bound of the 1,10-T,18C6 complexes compared to those
of the 1,4-T,18C6 complexes may be a result of the macrocyclic
effect of 1,10-T,18C6 (see Table III). Also, the formation of
1,10-T,18C6 with either Pd(II) or Hg(II) ion is very entropy
favored as compared with the 1,4-T,18C6 complexes. The AS
values for the M(II)/1,10-T,18C6 systems are much more fa-
vorable than those for the M(I1)/1,4-T,18C6 systems. These
entropic differences probably result from the different abilities
of the two ligands to effect dehydration of the metal ions and the
different degrees of dehydration of the complexed ligands. The
increased number of liberated solvent molecules from both metal
ion and ligand (1,10-T,18C6) accounts for the more favorable
AS values for these systems. Therefore, it seems reasonable to
assign an entropic origin to the macrocyclic effect for these metal

ions. The different entropies of formation of the 1,4-T,18Cé6
complexes of Pd(II) (square planar) and Hg(II) (tetrahedron)
may also be caused by the different degrees of dehydration of the
two metal ions.

In conclusion, the relative magnitude of the enthalpy contri-
bution is mainly dependent on the number of S-donor atoms
coordinated to the central cations and their orientation with respect
to these cations. The magnitude of the entropy contribution is
mainly dependent on the dehydration of both the ligand and central
cations. The size selectivity for these crown thioether ligands is
not critical for the formation of stable complexes of transition-
metal and post-transition-metal ions as was found in the com-
plexation of alkali-metal and alkaline-earth-metal ions with crown
ethers.
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The M(Se,),> ions, M = Ni, Pd, Zn, Cd, and Hg, have been synthesized by reaction of the metal xanthate with a polyselenide
solution in CH;CN-DMF. The corresponding Mn(Se,),?" ion was synthesized by reaction of MnCl, with a polyselenide solution
in DMF. The Pt(Se,),* ion was synthesized in situ by reaction of Pt(Se,);*” with excess BH,~. The crystal structures of
[PEtPh,],[Ni(Se,),] and of [PPh,],[Zn(Se,),] have been determined. The Ni center in the centrosymmetric Ni(Se,),?™ ion is
essentially square planar with Ni~Se distances of 2.298 (1) and 2.315 (1) A. The two independent Zn(Se,),> ions have ap-
proximately tetrahedral Zn centers, but they show significant metrical differences. Zn—Se distances range from 2.450 (5) to 2.493
(6) A. The MSe, rings have the distorted envelope conformation. The ions (except Mn(Se,),*") show two ""Se NMR resonances.
These occur for the following M (8(metal-bound Se), ppm; é(ring Se), ppm): Ni (820; 748); Pd (893; 758); Pt (727; 642); Zn
(127; 598); Cd (62; 608); Hg (76; 594). Trends in these resonance positions are rationalized in terms of the d-electron configurations
of the metal. Reaction of the corresponding M(Se,),?” ion with dimethy! acetylenedicarboxylate affords the ions M(Se,C,-

(COOCH,),)," (M = Zn, Ni).

Introduction

The chemistry of soluble transition-metal chalcogenides began
more than 100 years ago with the synthesis of the MS,2” (M =
Mo, W) anions! and continues to be the subject of intense in-
vestigation. The chemistry is rich and presents a variety of
structural types,2 most of which do not have oxide analogues.
Although the transition-metal sulfides have been studied exten-
sively,? the corresponding selenium and tellurium chemistry is in
an embryonic stage.*> While many of the soluble selenide ions
discovered in the last three years do not have sulfide analogues,
the M(Se,),* ions do. These M(Q,),* ions (Q = S, Se) appear
to be especially stable and accessible. Thus, Ni(S,),2"** Pd(S,),*

(1) (a) Kriss, G. Liebigs Ann. Chem. 1884, 225, 1-57. (b) Corleis, E.
Liebigs Ann. Chem. 1886, 232, 244-270.

(2) (a) Miiller, A.; Jaegermann, W.; Enemark, J. H. Coord. Chem. Rev.
1982, 46, 245-280. (b) Miiller, A.; Diemann, E. Adv. Inorg. Chem.
1987, 31, 89-122. (c) Coucouvanis, D.; Hadjikyriacou, A.; Draganjac,
M.; Kanatzidis, M. G.; lleperuma, O. Polyhedron 1986, 5, 349-356. (d)
Harmer, M. A ; Halbert, T. R.; Pan, W.-H,; Coyle, C. L.; Cohen, S.
A.; Stiefel, E. I. Polyhedron 1986, 5, 341-347. (e) Fenske, D.; Ohmer,
J.; Hachgenei, J.; Merzweiler, K. Angew. Chem., Int. Ed. Engl. 1988,
27, 1277-1296.

(3) Ansari, M. A,; Ibers, J. A. Coord. Chem. Rev. 1990, 100, 223-266.

(4) Miller, A.; Krickemeyer, E.; Bogge, H.; Clegg, W.; Sheldrick, G. M.
Angew. Chem., Int. Ed. Engl. 1983, 22, 1006-1007.
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Zn(S,),*,* and Hg(S,),? ¢ are known. While the present work
was in progress, new M(Se,),? ions were reported for M = Zn,>"8
Cd,"® Hg,”® Ni,! Pb,® and Mn.® Here we report a general method
of preparation of M(Se,),*" anions, M = Ni, Pd, Zn, Cd, and Hg,
a new route to Mn(Se,),?", the in situ synthesis of Pt(Se,),>, their
77Se NMR spectroscopy (except for Mn), selected structural
characterization, and the reactivity of M(Se,),* (M = Ni, Zn)
toward dimethyl acetylenedicarboxylate (DMA).

Experimental Section

Syntheses. All the manipulations were carried out under N, with the
use of standard Schlenk-line techniques. Solvents were distilled and
dried. Elemental analyses were performed by Galbraith Laboratories,
Knoxville, TN. UV-vis and IR spectra were recorded on a Perkin-Elmer
330 spectrophotometer and a Perkin-Elmer 283 spectrometer, respec-
tively. "Se NMR spectra were obtained on a Varian XLA-400 spec-
trometer with a 10-mm tunable probe and a deuterium lock. All chem-

(5) Coucouvanis, D.; Patil, P. R.; Kanatzidis, M. G.; Detering, B.; Baen-
ziger, N. C. Inorg. Chem. 19858, 24, 24--31.

(6) Miiller, A.; Schimanski, J.; Schimanski, U.; Bégge, H. Z. Naturforsch.,
B 1985, 408, 1277-1288.
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1094-1100.

(8) Banda, R. M. H.; Cusick, J.; Scudder, M. L.; Craig, D. C.; Dance, I.
G. Polyhedron 1989, 8, 1995-1998.
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