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present structure from 108.0 to 112.1’ (Table HI), are in the 
middle of the range 106.0-114.3° found for the other 
structuresl-4 containing this heterocycle and are very close to 
the tetrahedral angle. The range of C-0-C angles found 
previously’-4 was 112.3-1 14.6’; one of our two C-0-C angles 
(1 13.0, 116.4’) falls slightly outside these limits. It is satisfying 
to note that the average C-0 and C-C bond distances found 
here are precisely the same, 1.430 and 1.495 k, respectively, 
as the respective averages of 36 determinations of the C-0 
distance and 18 determinations of the C-C distance in the 
previous four structures,l-4 and that the individual values all 
fall within three standard deviations of these averages. The 
mean C-H bond distance, 0.98 A, is as usual shorter than the 
true internuclear separation,Il presumably about 1.09 A, 
because of the bias of the electron density of the hydrogen 
atoms toward the bonding region. Some systematic errors in 
bond distances may occur because of thermal motion, but no 
correction for these was attempted. 

The structure contains no atoms with unusually large 
thermal amplitudes (Table II and Figure 1). The oxygen atoms 
of the hexahydrated magnesium unit exhibit their largest 
components of thermal vibration in directions approximately 
perpendicular to the Mg-0 bonds. The cation itself shows 
the smallest thermal amplitudes and is nearly isotropic. In 
contrast to those structures where the heterocycle functions 
as a tetradentate ligand,1-4 the ring oxygens show considerable 
anisotropy. 
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[(C6H5)4P][Hg(SCN)3] crystallizes in the space group P21/c with unit-cell parameters a = 11.574 (4) A, b = 20.014 
(8) A, c = 12.144 (4) A, p = 103.56 (3)”, and 2 = 4. The structure was refined on 1899 independent observed reflections 
to an R factor of 0.039. The anionic part of the compound can be described as infinite chains of [Hg(SCN)3]- ions, in 
which one of the SCN groups is bridging. The Hg-S bonds of the two nonbridging groups are of reasonable lengths (2.46 
A) for a basically three-coordinate species. For the bridging group, the Hg-S bond is much longer (2.59 A) and nitrogen 
is close (2.40 A) to the mercury atom of the next ion. As a result of this interionia Hge-N interaction, the metal is displaced 
by 0.45 A from the trigonal plane toward the nitrogen atom and its overall coordination corresponds to a flattened tetrahedron 
of one nitrogen and three sulfur atoms. The [[Hg(SCN)3]-In chains run parallel to the c axis and the space between the 
chains is filled with [ ( C ~ H S ) ~ P ] +  cations. 

Introduction 
Compounds of the type MHgX3 are known for a variety of 

monovalent cations (M) and halide or pseudohalide anions 
(X).lJ Crystallographic studies have shown that chloro 
compounds with small cations (Na,3 NH4,4 and Cs)5 are 
double salts in which linear HgC12 molecules and chloride ions 
are packed in such a way that an approximate octahedral 
geometry is achieved around mercury. According to Zhdanov 
and Sanadze,6 KHg(SCN)3 and NH4Hg(SCN)3 are double 
salts as well. In those cases, the Hg(SCN)2 molecule is bent 

at mercury and the metal is surrounded by a very distorted 
tetrahedron of sulfur atoms. Trigonal [HgX3]- ions have been 
observed in crystals of [(CH3)4N] [HgBr3]7 and [(CH3)3- 
SI [Hgh]  .g  

The existence of discrete trihalogenomercurate anions in 
presence of larger cations prompted us to investigate similar 
systems with thiocyanate ions. The structure of the 
[(C6H5)4P]+ salt is reported here. 
Experimental Section 

Preparation. When KSCN and [(C6H5)4P]Ci both dissolved in 
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Table I. Refined Atomic Coordinates (X l o 4 )  and Temperature Factors (X lO3Ia 

Atom X Y Z Ul 1 u2, u33 u, 2 Ul3 u23 

4,274 (1) 
3,071 (3) 
6,281 (4) 
3,556 (4) 
8,486 (3) 
3,271 (12) 
6,068 (14) 
2,294 (13) 
3,349 (11) 
5,958 (13) 
1,415 (12) 
7,645 (12) 
6,477 (13) 
5,794 (14) 
6,253 (16) 
7,403 (16) 
8,108 (13) 
8,961 (11) 
9,782 (13) 

10,198 (15) 
9,787 (18) 
9,007 (18) 
8,566 (13) 
9,782 (12) 

10,738 (12) 
11,737 (13) 
11,808 (13) 
10,824 (15) 
9,826 (13) 
7,535 (11) 
7,261 (14) 
6,457 (16) 
5,937 (16) 
6,163 (13) 
6,971 (12) 

2322 (1) 
3185 (2) 
2702 (3) 
1221 (2) 
454 (2) 

2843 (7) 
2986 (9) 
1192 (7) 
2384 (7) 
3162 (9) 
1163 (7) 
-30 (7) 
168 (8) 

-210 (10) 
-770 (9) 
-971 (9) 
-608 (8) 
1216 (7) 
1614 (8) 
2200 (8) 
2360 (10) 
1976 (11) 
1402 (8) 

-1 (7) 
10 (8) 

-358 (9) 
-722 (8) 
-725 (8) 
-363 (8) 

615 (7) 
1250 (7) 
1347 (9) 

182 (9) 
74 (8) 

424 (9) 

2191 (1) 
3061 (3) 
2130 (4) 
2640 (4) 
2514 (3) 
4322 (12) 

795 (16) 
1591 (13) 
201 (10) 

-116 (14) 
914 (13) 

3286 (11) 
3266 (13) 
3836 (14) 
4407 (14) 
4413 (14) 
3843 (12) 
3236 (12) 
2817 (16) 
3406 (18) 
4377 (20) 
4799 (18) 
4190 (13) 
2408 (11) 
3314 (13) 
3280 (15) 
2382 (16) 
1425 (15) 
1451 (13) 
1156 (11) 
753 (13) 

-277 (14) 
-864 (14) 
-516 (14) 

534 (13) 

72.1 (4) 
73 (3) 
68 (2) 
95 (3) 
43 (2) 
52 (9) 
71 (10) 
75 (11) 
85 (9) 
99 (12) 
67 (10) 
46 (9) 
62 (10) 
66 (11) 

101 (14) 
96 (13) 
70 (10) 
35 (8) 
54 (10) 
62 (11) 

109 (14) 
89 (17) 
64 (10) 
50 (10) 
52 (10) 
54 (10) 
56 (10) 
79 (12) 
63 (10) 
47 (8) 
83 (12) 

116 (15) 
87 (14) 
59 (10) 
46 (9) 

73.7 (3) 
62 (3) 

111 (4) 
65 (3) 
46 (2) 
49 (12) 
85 (14) 
54 (11) 
59 (9) 

137 (16) 
91 (13) 
46 (10) 
61 (13) 

110 (17) 
83 (15) 
67 (14) 
60 (12) 
41 (11) 
64 (13) 
54 (14) 
70 (15) 
96 (16) 
65 (13) 
42 (11) 
68 (13) 
89 (15) 
61 (13) 
64 (13) 
83 (14) 
47 (10) 
35 (11) 
63 (13) 
98 (15) 
95 (15) 
59 (12) 

48.4 (6) 
49 (2) 
87 (3) 
65 (3) 

49 (10) 
102 (14) 
70 (12) 
55 (9) 

116 (14) 
99 (13) 
35 (9) 
52 (11) 
59 (12) 
52 (12) 
53  (12) 
42 (10) 
60 (11) 
97 (169 

123 (17) 
130 (20) 
109 (17) 
58 (12) 
33 (9) 
51 (10) 
86 (15) 

10'1 (15) 
88 (13) 
57 (11) 
33 (9) 
52 (11) 
62 (12) 
47 (12) 
57 (12) 
58 (11) 

42 (2) 

a The form of the anisotropic temperature factor is e ~ p [ - 2 n ~ ( U , , h ~ a * ~  + UZzk2b*l c U,,lZc*l + 2Ulzhka*b* + 2Ul,hla*c* + 
2Uz3kIb*c*)]. 

absolute ethanol are mixed together (1:l ratio), KCI precipitates 
immediately and the starting compound [(C6Hs)4P]SCN is isolated 
by evaporation of the filtered solution. 

[(C6Hs)4P] [Hg(SCN)3] was obtained by evaporation of a 1:l 
solution of Hg(SCN)2 and [(C6Hs)4P]SCN in ethanol. Pure samples 
of the alkali salts had been prepared by this method? but in the present 
case, mixtures were obtained. They consisted of a colorless crystalline 
material and large pieces of a yellowish porous solid, which were 
mechanically separated. On the basis of elemental analyses and 
powder patterns, it was assumed that the crystalline fraction cor- 
responds to the expected compound with some unreacted Hg(SCN)2. 
Elongated crystals of Hg(SCN)2 could be identified under the mi- 
croscope and prismatic crystals of the new compound were selected 
for the present work. 

Crystal Data: Formula CnH2oN3S3PHg; FW 71 3.8; monoclinic, 
space group P21/c; a = 11.574 (4) A, b = 20.014 (8) A, c = 12.144 
(4) A, f i  = 103.56 (3)O, V =  2844.5 A3,Z = 4, ~ O W  = 1.68 (1) g/cm3 
(flotation in c c b - 1  1,2,2-tetrabromoethane), d&d = 1.66 g/cm3; 
X(Mo KC) 0.71068 8, (graphite monochromator); ~ ( M o  Ka)  = 58.1 
cm-1. 

Crystallographic Measurements. A crystal of dimensions 0.04 mm 
X 0.06 mm X 0.08 mm was used for the present work. Space group 
P2i/c was established from a set of precession photographs. Accurate 
cell parameters were obtained by refinement of the setting angles 28, 
w,  and x of twelve reflections automatically centered on a Picker 
FACS- 1 diffractometer. 

Intensities of 2557 independent reflections within a sphere 28 5 
40° were measured with the FACS-1 diffractometer using the 8-2,8 
scan technique. The scan rate was 1' (28)/min and the 28 range 
(minimum 1.5') was increased by 114.6 sin 8 (X(Ka2) - X(Kai))/ 
X(Ka1) to account for the a1a2 separation. Stationary-background 
counts (Bi and B2) of 20 sec each were_ taken at  the limits of the wan. 
Three standard reflections (514,0,10,1, and 036) showed fluctua.tions 
of f3% during data collection. 

Net  intensities I were calculated from I = It - T(B1 + &)/40, 
where I t  is the total scan count and T the scan time. A total of 658 
reflections with o(Z) = [It + P ( B i  + B2)/160 + 0.00041.?]1/'2 > 0.41 

were considered as unobserved.10 An absorption correction based on 
the crystal geometry was applied (NRC-3 Program, Ahmed and Singh). 
A grid of 10 X 10 X 10 was used and the transmission factor ranged 
from 0.49 to 0.68. Lorentz and polarization corrections were finally 
applied. The 1899 observed reflections were used to solve and refine 
the structure. 

Solution and Refinement of Structure. The structure was solved 
by the heavy-atom method and refined by block-diagonal least squares. 
The function minimized was Cw(lF01- I F c ~ ) ~ .  Isotropic refinement 
of all the nonhydrogen atoms converged to R = CllF01- IFcII/CIFO~ 
= 0 108 (observed reflections only). At this stage, the hydrogen atoms 
were fixed a t  the calculated positions (C-H distance = 1.0 A) and 
were assigned isotropic temperature factors between 5.0 and 7.0 A2, 
depending on the factors of the carbon atoms to which they were 
attached. The hydrogen parameters were not refined, but shifts equal 
t o  those of the carbon atoms were applied to the coordinates of the 
corresponding hydrogen atoms. Weights w = l / U F 2  were used10 and 
corrections were made for anomalous scattering of Hg, P, and S.11 
Anisotropic refinement of all nonhydrogen atoms converged to R = 
0.039 and Rw = C[w(lFol - lFc1)2/zwlF~12]1/2 = 0.044 (observed 
reflections only). 
On the final difference Fourier map, four peaks of f 0 . 3  e/A3 were 

found at  <1 A from mercury, the remaining peaks being lower than 
f0.12 e/A3. The programs used are listed elsewhere.12 The form 
factors were those of Cromer and Waber.13 

Description of the Structure and Discussion 
The environment of mercury is shown in Figure 1. In- 

teratomic distances and bond angles are found in Table 11. 
The anionic part of the compound can be described as 

[Hg(SCN)3]- ions in which mercury is surrounded by a 
triangle of sulfur atoms. The metal is displaced by 0.45 A 
from the plane of the triangle toward atom N (  1) of the next 
ion. In this manner, S(1)-C(1)-N(1) groups bridge con- 
secutive [Hg(SCN)3]- ions and form infinite chains. 

The refined atomic parameters are given in Table I. 



142 Inorganic Chemislxy, Vol. 14, No. 4, 1995 Amar Sakhri and Andre L. Beauchamp 

5 d t 

Figure 1. Stereoscopic illustration of a chain of bridged [Hg(SC- 
N)J- ions. The numerical p a t  of the symbol is the same for all 
three atoms of a given SCN group. Successive ions are linked by 
the dashed H g  . .N bond. The ellipsoids correspond to 50% prob- 
ability. 

Therefore, the overall coordination of mercury in the chains 
corresponds io a very flattened tetrahedron of one nitrogen 
and three sulfur atoms. 

The present structure bears a certain relationship to 
[(CH3)4N] [HgBn], which contains trigonal [HgBr3]- ions.7 
One bromine atom from the next ion is found above the center 
of the triangle and mercury is displaced loy 0.3 A from the 
plane toward this fourth neighbor. In the resulting infinite 
chain, [HgBr3]- trigonal ions are bridged by a bromine atom 
playing the same role as S( 1)-C( 1)-N( 1) in the present case. 

The Hg-S bond lengths of the nonbridging groups (2.46 A) 
are reasonable for a basically three-coordinate species, since 
they fall between the distances observed for two-coordinate 
digonal (2.38 A)14 and four-coordinate tetrahedral compounds 
(2.55 A).l5 The third Hg-S bond (2.59 A) is much longer 
and comparable with those found in Hg(SCN)2( 1 ,lO-phen)z, 
a six-coordinate molecule.16 Consequently, in contrast with 
[HgBr3]- where bridging does not significantly affect the 
corresponding Hg-Br bond, a considerably weakened Hg-S 
bond is observed here for the bridging group. The Hg.-N( 1) 
distance (2.40 A) is greater than the sum of the covalent radii 
(2.2 A),2 but it certainly denotes much stronger attractions 
than the intermolecular interactions found in Hg(SCN)2 
(Hg-N? 2.81 A)14 and Hg(CN)2 (2.74 Apparently, this 
is the first crystallographic example of a Hg-SCN-Hg bridge 
in which both ends of the SCN group interact about equally 
with the metal, the Hg-S bond being usually greatly favored. 

The usual characteristics are observed for the SCN groups: 
linear, Hg-S-C angles close to looo, normal lengths for the 
S-C ( 1.67 A) and C-W (1.14 A) bonds. 

The [(C6H5)4P]+ ions have the expected tetrahedral 
structure, with P-C bond lengths between 1.78 (1) and 1.813 
(1) A and C-P-C angles varying from 106.6 (6) to 11 1.8 (6)'. 
Within the phenyl rings, the C-C distances range from 1.36 
(2) to 1.43 (2) A (average 1.38 A), and the C-C-C angles, 

Table 11. Interatomic Distances and Bond Angles around Mercurv 
Bond Distance, A - 

Hg-S(l) 2.591 (4) 
Hg-S(2) 2.462 (4) 
Hg-S(3) 2.460 (4) 
Hg-N(1)' 2.40 (I) 
Hg-N(2Ib 3.53 (3) 
S(l)-C(l) 1.64 (1) 
S(2)-C(2) 1.69 (1) 
S(3)<(3) 1.70 (1) 
C(l)-N(l) 1.15 (1) 
C(2)-N(2) 1.12 (2) 
C(3)-N(3) 1.13 (2) 

Bonds 
S(l  )-Hg-S(2) 
S(I )-Rg-S(3) 
S(2)-Hg-S(3) 
§(l)-Hg-N (1 )" 
S(2)-Hg-N(l)a 
S(3)-Hg-N(1)' 
S(I)-C(l)-N(l) 
S(2)-C(2)-N(2) 
S(3)<(3)-N(3) 
Hg-S(I )-C(l) 
Hg-S(2)<(2) 
Hg-S(3)4(3) 
C( 1 )"-N( 1 )"Hg 

Angle, deg 
113.9 (1) 
105.3 (1) 
130.9 (1) 
102.8 (3) 
98.8 (3) 

100.1 (3) 
176 (1) 
178 (1) 
176 (1) 
97.5 (5) 

101.8 (5) 
97.7 ( 5 )  

147 (1)  
' x,  ' I 2  - y, - 1 1 2  + z. x,  ' I 2  -y, ' I 2  -t 2 .  

Table 111. Interionic Contacts (A)" 

S(1). . .C(l5Ib 3.37 N(2). . .H(14)b 2.56 
S(1). . .C(16)b 3.39 N(3). . .H(22)e 2.39 
S(2). . .H(34)' 2.87 N(3). . .H(36)f 2.53 
S(2). . .H(43Id 2.89 C(15). . .H(32)g 2.86 
C(2). . .H(43) 2.86 C(16). . .H(32)g 2.68 
C(2). . .H(14Ib 2.80 C(44) .H(34)h 2.80 
C(3). . .H(22)e 2.80 C(45). . C(45)f 3.30 

' The esd's are 0.01 A for bonds involving sulfur and 0.02 A for 
theothers. b 1 - ~ , 1 / 2 + y , ' / 2 - z .  C 2 - x , l / , + y , 1 / 2 - ~ .  d x ,  
' /2-Y,'12+z. e - 1 + x , y , z .  f l-x,y,z.  "z- -x ,y , l -z .  

2 -x,Y, i. 

from 116 (1) to 124 (1)' (average 120'). The rings are planar 
within 1 CT. Such values are similar to those already reported 
for the same ion.l8J9 

Figure 2 shows the packing of ions in the crystal. Chains 
of bridged Hg(SCN)3 units run parallel to the c axis, and the 
c glide plane of the space group generates the alternation of 
parallel-antiparallel chains in the b direction. Space between 
the chains is occupied by cations. 

[(C6H5)4P]+ ions sometimes assume suitable conformations 
and relative orientations to allow the stacking of  phenyl rings 
at 3.5-3.6 li. In crystals of [ ( C ~ H S ) ~ ~ P ~ ~ [ H ~ ( S C W ) ~ ] , ~ ~  for 
instance, cations define a three-dimensional network with 
"holes" filled with discrete [Hg(SCN)4]*- anions. The in- 
terionic contacts listed in Table I11 indicate that stacking effects 
are not important in the present case; most of the contacts 
involve one atom from the anion and one from the cation. 
Apparently, the approach of donor atoms above and/or below 
the trigonal plane cannot easily be avoided and the complex 
ions in the solid state tend to associate rather than to exist as 
monomeric species, even when favorable cations are present. 
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des Materiaux de Construction d'Algerie" for a scholarship 
and the National Research Council of Canada for a research 
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Registry NO. [(c6H5)4P] [Ng(SCN)3], 53516-71-5. 

Figure 2. Stereoscopic diagram of the packing of ions in the crystal of [(c,H,),~Pl[Hg(ScrS),j. The origin of the cell is represented by a 
black dot. The axes are oriented as follows: a, approximately perpendicular to the drawing, away from the reader; b,  horizontal and to the 
left; c ,  vertical and up. Two antiparallel chains of bridged [Hg(SCN),] ions are seen to run parallel to the c axis of the cell. 
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The crystal and molecular structure of cis-di-~-chloro-dicarbonylbis(dimethylphen~lphosphine)dirhodium(I) has been solved 
by single-crystal X-ray diffraction. The compound crystallizes in space group P1 with two asymmetric units per unit cell. 
Lattice constants are a = 10.495 I 0.009, b = 12.086 & 0.009, and c = 10.337 & 0.007 %.; a = 112.71 I 0.04,p = 97.50 
I 0.04, and y = 103.69 I 0.04’. The structure has been refined by a full-matrix least-squares procedure to a conventional 
R factor of 0.037 for 2370 observed reflections. Each rhodium atom is surrounded approximately in a square-planar fashion 
but there is a dihedral angle of 123O between these two planes. Bond distances of interest are as follows: two Rh-Cl trans 
to phosphorus, 2.410 (3) and 2.427 (3) A; two Rh-C1 trans to carbonyl groups, 2.408 (3) and 2.406 (2) 8; Rh-P 2.230 
(3) and 2.220 (2) 8; Rh-Rh, 3.167 (1) A. In conjunction with X-ray results, a careful discussion of the infrared spectra 
in the solid state and in solution indicates an isomerization phenomenon in solution which is extented to the parent compounds. 

Introduction 
A previous infrared and nmr study2 showed that complexes 

of the type [RhCl(CO)(PR3)]2 have a double square-planar 
structure. However a definitive conclusion about the cis or 
trans configuration could not be clearly set up. Moreover, nmr 
spectra2 of [RhCI(CO)(P(CH3)2C6H5)]2 at room temperature 
showed an apparent equivalence of the methyl protons which 
could be interpreted as an entirely planar structure. However, 
previous crystal structures of dinuclear chloro-bridged rho- 
dium(1) complexes such as [RhCl(C0)2]2,3 [RhCl(C2H4)2],4 
CsHi2Rh2Clz[P(OCsHs)3] 2r5 [RhCI(C6Hio)2] zr6 and 
[RhCI(C8Hi2)]27 showed that each rhodium atom is in a 
square-planar configuration but the dihedral angle between 
these two planes departs from 180” except in the last case. 
The present study was undertaken to elucidate these two points 
of interest. 

The X-ray structural determination has been carried out 
on a single crystal of [RhCI(CO)(P(CH3)2C6H5)]2. Discussing 
results in comparison with those of a careful infrared study 
in the solid state and in solution, an interpretation of isom- 
erization is given; it is extented to the parent compounds such 
as trimethyl- and tris(dimethy1amino)phosphine complexes of 
Rh(1). 
Experimental Section 

The compounds [RhCl(CO)PR3]2 were prepared as previously 
described? All attempts to crystallize the [RhCl(CO)P(CH3)3]2 

compound failed to give suitably sized crystals. However beautiful 
clear brown-yellow prisms of [RhCl(CO)(P(CH3)2C6H5)]2 were 
obtained using the following technique. Hexane, in which the 
compound is slightly soluble, was added to a solution of the complex 
in toluene without stirring. At -20’ the slow diffusion of toluene in 
hexane and of hexane in toluene led to suitable crystals. Anal. Calcd 
for RhClC9HiiOP: C, 35.49; H, 3.65; P, 10.17; Cl, 11.64. Found: 
C, 34.77; H, 3.81; P, 10.35; C1, 11.62. 

Infrared Studies. The infrared spectra were recorded with a 
Perkin-Elmer 225 grating spectrometer equipped with a scale ex- 
pander, either in cyclohexane solutions or in cesium bromide pellets. 
In the carbonyl stretching region, the spectra were calibrated by water 
vapor lines. Line shape analyses were performed with a Dupont 310 
curve resolver. The part due to diffusion in the Lorentz shape analysis 
of the spectra in the solid state has not been taken into account. We 
checked that this neglected part does not affect our conclusions. 

Crystal Data. Examination of crystals of Rh2Ch(C0)2(P(C- 
H3)2C6Hs)2 by precession methods using Mo Ka radiation did not 
reveal any symmetry but the centerjmposed by the Friedel law. Hence 
the space group is either P1 or P1. The lattice constants, obtained 
after alignment of a crystal on a four-circle diffractometer, are a = 
10.495 I 0.009, b = 12.086 5 0.009, and c = 10.337 & 0.007 8; a 
= 112.71 f 0.04,p = 97.50 f 0.04, and y = 103.69 f 0.04’ (T21°,  
h(Mo Ka)  0.71069 A). 

Based on a calculated volume of 11 39 %.3 and two asymmetric units 
per unit cell, the calculated density of 1.783 g cm-3 is in good 
agreement with the density of 1.77 g cm-3 measured by flotation in 
an aqueous solution of zinc chloride. 

Data Collection. Diffraction data were collected a t  room tem- 
perature from a truncated hexagonal bipyramid of average dimension 




