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SczS3-type ~ t r u c t u r e . ~ ~ * ~ ~ ~  The small increase in the 
lattice constant from LazTea to LarTee is due to the 
change in bond character. The compound LazTe3 has 
the highest electrical resistivity of all the phases in the 
binary system and can be considered to have the highest 
percentage of ionic character, while La3Te4 is much more 
conducting and has a more covalent metallic bond. 
This change decreases the effective ionic radius of 
tellurium, which nearly offsets the expansion due to 
the additional lanthanum atoms. 

The phase LaTez forms a defect solid solution with a 
maximum deficiency of Te corresponding to a com- 
position near LaTel.70. The compound FezAs, with 
which it is isostructural, also shows a varying deficiency 
of iron. The atomic sites in the faces of the unit cell 
are occupied by La and Te, respectively, and the latter 
need be only 85% of the time occupied and still pro- 
vide a stable structure. As the tellurium concentra- 
tion decreases the a axis shrinks and the c axis in- 
creases.g The stoichiometric LaTez has a high degree 
of metallic conductivity, while the defect structures 
have lower conductivities.ll This behavior indicates 
that the bonding changes from metallic covalent for the 
stoichiometric composition to  a more ionic type in the 
tellurium-deficient compounds. The lengthening of 
the c axis can also be considered as reducing the overlap 

among the orbitals of the remaining atoms. Similar 
behavior is observed in semiconducting transition 
metal oxides.15 

The melting behavior of LaTez is quite different from 
that of the neodymium analog. The two equilibrium 
diagrams neglect the effect of pressure which is no 
longer correct a t  these elevated temperatures. It is 
quite possible that the vapor pressure above LaTet, is 
much higher and that sublimation with subsequent de- 
composition in the vapor phase takes place, thus giving 
rise to an apparent incongruent melting point. If the 
vapor pressure above NdTez is lower, then the solid 
goes through the liquid phase and congruent melting is 
observed. The effect of pressure on the melting be- 
havior of these compositions needs to be investigated 
further. 

The La-Te bond length derived from the LaTe and 
LaTez structures is 3.22 A., while this distance is 3.33 
A. in the idealized LazTea structure if the variable 
parameter is 1/12. A detailed refinement of the LazTe3 
structure16 shows that the bond lengths are not equiv- 
alent and split into two sets of 3.24 and 3.42 A. The 
distortion of the coordination polyhedron in the LazTes 
structure probably reflects the more ionic nature of the 
bonding, and the shorter distance in LaTe and LaTez re- 
flects the presence of a metallic covalent bond. 

(15) F. J. Morin, J .  Apgl .  Phys. ,  82, 2195 (1961). 
(16) W. L. Cox, Master's Thesis, University of Texas, 1965. (14) J. P.  Dismukes and J. G. White, Inoug. Chem., 8 ,  1220 (1964). 
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The Ru-SO2 complex, [ R u ~ ~ ( N H ~ ) ~ ( S O ~ ) C I ] C ~ ,  has an orthorhombic unit cell, a = 13.962, b = 9.308, c = 7.312 A.  The 
space group is Pnam with four formula weights per unit cell. A three-dimensional crystal structure analysis of the complex 
yielded the positions of all of the atoms but the hydrogens, with a discrepancy factor of 0.047 for 1054 independent reflec- 
tions. The bond distances and bond angle in the co- 
ordinated SO2 are approximately the same as in free, solid SOZ and the Ru-N, Ru-S, and Ru-C1 bond lengths are comparable 
to  those observed in other platinum group complexes. Preliminary X-ray and infrared data on the [RuII( NHs)4(S0z)- 
Br]Br, [RuII( NHa)j(S02)] Clz, and [Ru11(NH&(S02)]Br2 complexes indicate that in each case the SO2 ligand is coordinated 
through sulfur. 

The SO2 is a moflodentate ligand, coordinated through the sulfur. 

Introduction 
The only metal complexes reported in the literature 

to contain sulfur dioxide as a ligand are those of the 

(1) (a) This paper is based on a part of a thesis submitted by L. H. 
Vogt, Jr., t o  the Graduate School of the Rensselaer Polytechnic Institute 
in partial fulfillment of the requirements for the degree of Doctor of Philoso- 
phy in the Department of Chemistry and was presented in part as paper L7 
a t  the American Crystallographic Association annual meeting, July 1964, a t  
Montana State College, Bozeman, Mont.; (b) N.A.S.A. Predoctoral 
Trainee: (c) present address: General Electric Research Laboratory, 
Schenectady, N.  Y. 

ruthenium-ammine series described by Gleu2f and 
possibly the products of the reactions of iron carbonyls 
with S02.4 Vaskas has prepared several platinum 
group complexes containing SO2 ligands as well as car- 
bonyl and substituted phosphine ligands. 

Since the ruthenium ammines are the only well 

(2) K. Gleu and K. Rehm, Z. unoyg. allgem. Chem., 237, 237 (1936). 
(3) K. Gleu, W. Breuel, and R. Rehm, i b j d . ,  286, 201, 211 (1938). 
(4) E. H. Braye and W. Hiibel, Angew. Chcm., 76, 345B (1963). 
(6) L. Vaska, private communication, 1964. 
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characterized SO2 complexes, it mould be informative 
to know more about the bonding involved, uiz., (1) 
whether the SO2 is coordinated through the sulfur or 
oxygen, (2) how the bond parameters and infrared 
frequencies of coordinated SOs compare with those of 
free SOz, and (3) the nature of the N, C1, and S bonds 
to the ruthenium. A three-dimensional crystal struc- 
ture analysis was performed on a representative 
complex, [Ru"(NH3)d(S02)C1]C1. The nature of the 
bonding of the SOz ligand in several other Ru-SOz 
complexes will also be discussed. 

Experimental 
Preparation.-The Ru-SOz complexes were prepared according 

to the procedures briefly outlined by G l e ~ , ~ # 3  with the exception 
of the [RurrI(?;H3)e]C13 Tqhich was prepared by (and purchased 
from) Johnson, Matthey and Co., Ltd., Hatton Garden, London 
E.C. 1, England, using Lever's method.e A detailed account of 
the preparation of the complexes follows. 
[Rul~I(NH~)~C1]Clp.-[Rullr(NHl)~]Cl~ (7.0 g., 0.023 mole) 

was dissolved in 75 ml. of water with warming and 75 ml. of con- 
centrated HC1 was added. The solution was refluxed for 3.5 hr. 
During this time a yellow crystalline precipitate formed which 
was subsequently filtered off, washed first with 1:l HCI, then 
with methanol, and dried under vacuum at room temperature. 
A yield of 6.42 g. (97y0) of bright yellow crystals of [RuIII- 
(SHa)jCl] Clz was obtained. 

mole) was dissolved in 160 ml. of water a t  75-85". T o  this solu- 
tion was added 5.66 g. (0.056 mole) of solid XaHSO1. Sulfur 
dioxide was slowly bubbled through the solution which was kept 
a t  75" on a water bath. After about 15 min. at 7 5 O ,  small, 
clear, faintly yellow crystals started to form. These conditions 
were maintained for 1 hr., after which the system was allowed to 
cool to  room temperature but with continued saturation with 
SOL. Thereafter, the crystals were filtered off, washed first 
with water, then with methanol, and dried under vacuum a t  
room temperature. A yield of 2.98 g. (70%) of [Ru11(hTH3)4- 
(HS03)2] was obtained. This slightly soluble complex could 
not be recrystallized since i t  reacts in aqueous solution giving a 
pale blue color. Use of the SOL, which was not mentioned in the 
literature, was found necessary in order to  prevent the occurrence 
of side reactions which greatly reduced the yield of the desired 
complex. Presumably, the SaHS03 alone is too weak an acid 
in solution to  prevent some OH- from coordinating with the 
ruthenium and resulting in the forniation of highly colored, 
insoluble products. 
[Ru~I(NH&ISO~)C~]C~.-[R~~~( KH3)4(HS03)2] (2.77 g., 0.001 

mole) was dissolved in 325 ml. of 1 : 1 HC1 by heating a t  the boiling 
point for about 15 min. The [ R U ~ ~ ( K H ~ ) ~ ( H S O ~ ) ~ ]  turned a 
rust color when treated with the acid and went ipto solution 
slowly, producing a deep red solution. The solution was filtered 
hot, then reheated to redissolve any crystals that  had formed and 
allowed to cool slowly overnight. Deep red-orange, needle- 
shaped crystals of [ R u Y  NH3)a(SOz)Cl] C1 formed which were 
filtered off, washed first with 1.1 HC1, then with methanol, 
and dried under vacuum a t  room temperature. 

Anal. Calcd. for [Rurr(KH3)4(S0~)C1]C1: H, 3.98; Ru, 
33.23; N, 18.41; S, 10.54; C1,23.31; mol.wt.,304.16. Found: 
H, 4.00; Ru, 33.12; N, 18.27; S ,  10.44; C1, 23.56. 

The complex is slightly soluble in water (in which an  equi- 
librium exists between the chloro and aquo forms)3 and ethanol, 
but is insoluble in acetonitrile, dimethyl sulfoxide, and dimethyl- 
formamide. 
[RUII(NH~)~(S~~)B~]B~.-T~~ bromo bromide was prepared 

in a manner exactly analogous to  the chloro chloride complex 

[Ru'*(NH~)~(HSO~)?]  .--[RUI"(NH~)~CI] CL (4.00 g., 0.014 

(6) F. M. Lever in "International Conference on Co-ordination Chemis- 
try," Special Publication No. 13, The Chemical Society, Burlington House, 
London W . l ,  1959. 

by substituting HBr for HCl in the conversion of [RUII(STH:,)~- 
(HS03)?] t o  the SOz complex. 

[ R U ~ ~ ( N H ~ ) ~ ( S O Z ) I C ~ Z  and [Rur1(NH~)6(SO~)]Br~.-The di- 
chloride and dibrornide can be obtained from either the chloro 
chloride or bromo bromide complexes by the method described in 
the l i t e r a t ~ r e . ~  Both the dichloride and dibromide complexes 
decomposed after standing a t  room temperature for about 1-2 
months. 

X-Ray Diffraction.-Preliminary information on the crystal 
system, cell constants, space group, and atom positions of the 
chloro chloride complex were obtained using limited precession 
and U7eissenberg film data. A microphotodensitometer designed 
for reading spectroscopic plates was employed to  measure the 
intensities. It was then decided to collect extensive three- 
dimensional intensity data using a G.E. XRD-6 diffractometer 
equipped with a Goniostat, pulse-height discriminator, and scin- 
tillation counter. Sickel-filtered Cu K a  radiation was empoyed. 
A red-orange, needle-shaped crystal with a rhombohedral cross 
section (0.042 X 0.042 X 0.273 mm.) was used. The long 
crystal axis corresponds t o  the [ O O l ]  direction in Pnam. 

The crystal is orthorhombic with cell constants a = 13.962 =k 
0.007, b = 9.308 i 0.003, c = 7.312 + 0.003 Ak., as calculated 
from the single crystal diffractometer data. The density, 
measured by flotation, is 2.15 3= 0.03 g./cc. at 21' (d,  = 2.127 
g./cc.) and corresponds to a calculated value of 4.0 formula 
weights per unit cell. Extinctions were observed for: Okl ,  
k + I # 2n; hk0, h # 2n; ,400, h # 2ny OkO, k # 2n; 001, I # 2n, 
which are consistent with two space groups, vie., Pna2l (No. 33) 
and Pnam (equivalent to Pnma-No. 62-by exchanging b and c). 

Intensities of 1099 independent reflections (all those for which 
160' > 28 > 0') were obtained using the full 28 scan method. 
Corrections for Lp, absorption' ( p  208.3 cm.-l), and spectral 
dispersions were applied to the data. The atomic scattering 
factors given in the International Tablesg were used for C1-, 
Clo,I\;O, So, Oo, and those given by Thomas and Umedalo were 
used for Ruf2.  Least-square calculations were made with a 
block-diagonal programll using an IBM 1620 except for the final 
full-matrix12 refinements, which were made using an IBM 7044. 

Infrared Spectra.-The infrared spectra of the complexes (in 
KBr) were recorded with a Perkin-Elmer Model 421 infrared 
spectrophotometer in the rock salt region. There was no evi- 
dence for reaction between the complexes and the KBr. 

Solution of the Crystal Structure 
The intensities of 70 independent zero level reflections 

from the preliminary precession and Weissenberg films 
were used to obtain first estimates of the atom positions. 
The zero level precession photographs show regions of 
very weak or absent reflections, which is characteristic 
of crystals having high symmetry ; therefore the initial 
refinement was based on Pnam rather than on PnaP1. 
Of the three sets of equivalent positions in Pnam for 
four asymmetric units per unit cell, only the set for 
which the point symmetry is m (x ,  y, l / 4 ;  3, pj 3 / 4 ;  

considered, since the complex cannot have a center of 
symmetry. Thus, the ruthenium, two chlorines, and 
sulfur must have their z coordinates in the mirror 

1/2 - x, '/z + y, 3/4; '/2 + x, '/z - Y, '/4) need be 

(7) Using a modification of an absorption program for a crystal bounded 
by ?z plane faces ( x  < 20) written by B. M. Craven, Crystallographic Lahora- 
tory, University of Pittsburgh, Pittsburgh, Pa. 

(8) L. E. Alexander and C. G. Smith, "Single Crystal Intensity Measure- 
ments with the Three Circle Counter Diffractometer," Mellon Institute, 
Pittsburgh, Pa., 1961. 

(9) J. A. Ibers in "International Tables for X-Ray Crystallography," 
Vol. 111, Table 3.31A, the Kynoch Press, Birmingham, 1962. 

(10) L. H. Thomas and K. Umeda, J .  Chem. P h y s . ,  26, 293 (1957). 
(11) Program written by D. Van der Helm, Physics Dept., The Institute 

(12) A. Zalkin's modification of an unpublished program by P. K. Gantzel, 
for Cancer Research, Philadelphia, Pa. 

R. 9. Sparks, and K. N. Trueblood, U.C.T,.A., Los Angeles, Calif. 
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plane a t  z = both of the oxygens must be either 
in the mirror plane or symmetrically arranged above 
and below z = l / 4 .  The four nitrogens could be sym- 
metrically arranged two above and two below the mirror 
plane or two in the mirror plane with the other two 
symmetrically placed above and below z = l /4 .  

Possible positions of the Ru were determined from 
Patterson projections. The conventional R factor 
(R = 2 / / F o /  - ~ F c \ ~ / 2 ~ F o ~ ) ,  using isotropic tempera- 
ture factors, was then computed for each of the possible 
Ru positions and the coordinates giving the lowest 
R (0.41) were selected. Positions of the coordinated 
chlorine and sulfur atoms were estimated by using 
Harker-Patterson maps and Bragg-Lipson contours 
combined with chemical considerations. An R factor 
of 0.28 was computed using the coordinates of the Ru, 
C1, and S thus far determined. The C1 anion was 
located from full and difference Fourier projections 
synthesized with the aid of a Von Eller optical analog 
computer and using the phases determined by the other 
three heavy atoms. The nitrogen and oxygen atoms 
were very poorly resolved in the Fourier. Block- 
diagonal least-squares refinements were performed 
using the four heavy atom positions and possible posi- 
tions for the nitrogen and oxygen atoms. The R 
factor differed by less than 0.01 for the various light 
atom arrangements but showed a slight preference for 
placing the nitrogen atoms two above and two below 
the mirror plane and for the two oxygen atoms in the 
mirror plane. This arrangement of atoms (all with 
isotropic thermal parameters) gave a value of R = 
0.234. 

A series of block-diagonal least-squares refinements 
and Fourier syntheses followed, using the intensities of 
the 1099 reflections measured on the diffractometer 
and the coordinates of the atoms determined from the 
film data. The atom positions refined in this way gave 
an R factor of 0.105 using isotropic thermal parameters. 
Isotropic refinement based on Pna21 gave an R factor 
lower by only 0.003. Anisotropic refinement of all 
atoms based on Pna21 resulted in an R factor of 0.071 
after six cycles. After deletion of 43 very weak or zero 
intensity reflections plus 3 2 reflections which were 
apparently recorded incorrectly the R factor dropped 
to 0.050. The standard deviations of the z parameters 
of the four heavy atoms indicated that the departure 
of this parameter from z = l / 4  was small but significant. 
However, block-diagonal refinement does not always 
correctly estimate the standard deviations. When the 
structure was refined anisotropically on the basis of 
Pnam with a full-matrix least-squares program, the I-? 
factor leveled off a t  0.047 after three cycles. Attempts 
to refihe on Pna21 with the full-matrix program gave 
several meaningless anisotropic temperature factors. 
These results indicate that Pnam is very likely the 
correct space group and illustrate one of the short- 
comings of the block-diagonal least-squares method. 
An attempt to locate the hydrogens from the dif- 
ference Fourier sections down [001] was not successful. 

The final positional and anisotropic temperature 

parameters and their standard deviations are given in 
Tables I and 11. Table I11 contains a list of the ob- 
served and calculated structure factors. 

TABLE I 
FINAL POSITIONAL PARAMETERS (BASED ON PNAM) AND 

THEIR STANDARD DEVIATIONS FOR [RuI1( NH3)4(SOz)Cl] C1 
Atom 
R u  
ClP 
c12n.c 

S 
N1 

Nz 
0 1  

0 2  

x/a 
0.0857 
0,0028 
0.1503 
0.1653 

- 0.0126 
0.1748 
0.2699 
0.1299 

y / b  
0.2189 

-0 0087 
0.4324 
0.4068 
0,2899 
0.1300 
0,3986 
0.5469 

z/c 
0.2500 
0,2500 

- 0.2500 
0.2500 
0.4829 
0.4568 
0.2500 
0.2500 

u (%/a) 

0.0001 
0.0002 
0.0002 
0.0002 
0.OOOB 
0.0004 
0.0006 
0.0007 

u (r/b) 
0.0001 
0.0003 
0,0003 
0.0003 
0.0007 
0.0007 
0.0010 
0.0010 

c W C )  
Ob 
Ob 
Ob 
06 
0.0008 
0.0008 
Ob 
Ob 

a C1, is the coordinated chlorine and Cla the anion chlorine. 
b z parameter is fixed by symmetry. 0 This set of coordinates 
places the C1 anion closer to the positive region of the complex 
than the symmetry related coordinates in which z/c = f0.2500. 

TABLE I1 
F~NAL ANISOTROPIC TEMPERATURE FACTORS~ AND 

THEIR STANDARD DEVIATIONS I N  A,' 
Atom Bir 

Ru 1 . 8 ( 0 . 0 )  
Cli 3 .4(0 .1)  
C1, 2 .9 (0 .1 )  

Kt 3 .1 (0 .3 )  
N2 3 .0 (0 .3 )  
01 3 . 3 ( 0 . 4 )  
0 2  6 .0 (0 .5 )  

S 3 . 0 ( 0 . 1 )  

Bzz B33 

1 .5  (0.0) 0.9 (0.0) 

2 .8 (0 .1 )  2 . 7 ( 0 . 1 )  
2.5(0.1) 1 . 5  (0 .1)  
3 .0 (0 .3 )  1 . 7 ( 0 . 2 )  
3 . 6  (0 .3)  1 . 4 ( 0 . 2 )  
4 .2 (0 .4 )  5.4(0.5)  
3 . 4 ( 0 . 4 )  2 . 6 ( 0 . 4 )  

2 .2 (0 .1 )  1 . 8 ( 0 . 1 )  

Biz 

0 .1  (0.0) 
- 0 . 6 ( 0 . 1 )  

0 . 7 ( 0 . 1 )  
-0.7 (0 .1 )  

O.Q(O.2) 
0.9(0.2)  

- 2 . 0 ( 0 . 3 )  
- 1 . 2 ( 0 . 4 )  

a The values of B13 and B23 for all atoms except NI and NZ are 
zero (by symmetry). B13 and B23 and (their standard deviations) 
are 0.7 (0.2) and -0.3 (0.2) for N1 and -0.3 (0.2) and 0.4 (0.2) 
for NB, respectively. 

Discussion of the Structure 
The complex is in the form of a slightly distorted 

octahedron with the four ammine groups a t  the corners 
of a square whose plane is essentially perpendicular to 
the line joining the S, Ru, and coordinated C1, and in 
which the latter three atoms, the two oxygen atoms, 
and the chlorine anion lie in a plane of mirror sym- 
metry. A schematic diagram of the structure pro- 
jected down [001] is shown in Figure 1. Figure 2 shows 
a perspective drawing of [Ru"(NH~)~(SO~)C~]  +. A 
list of the most important bond distances and angles 
is given in Table IV. The most significant results 
of the structure analysis are (1) that the SO2 ligand 
has been shown to be coordinated through the sulfur and 
(2)  that the S-0 bond lengths and the 0-S-0  bond 
angle are approximately the same as in free, solid SO2 
(S-0 ,  1.430 f 0.015 A.; 0-S-0, 119 f 20).13 The 
significance of the difference between the individual 
S-0 bond lengths and the average of these values 
(1.428 f 0.010 8.), which amounts to three standard 
deviations, is open to question. On chemical grounds 
there is no reason to expect that the two S-0 bonds 
should differ. If the observed deviation is real, i t  is 
most likely the result of packing effects. The same 
argument can also be applied to  the deviation of the 

(13) B. Post, R. S. Schwartz, and I. Fatikuchen, A d a  Cryst.,  5,  372 
(1952). 
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.45 

.05 

0 I 2 A  - 
Figure 1.-Projection of the structure of [RuII( NHS)~(SO&Y] C1 

(excluding hydrogen atoms) down the c axis (the origin is a t  the 
bottom left). and the unshaded 
atoms are a t  z = 3/4 except for the nitrogen atoms whose z co- 
ordinates are indicated. 

The shaded atoms are a t  z = 

Figure 2.-Perspective view of [RulI( NHa)4(SOz)Cl] -t (exclud- 
ing hydrogen atoms). 

TABLE IV 
INTERATOMIC DISTANCES (IN A.) AND ANGLES AND 

THEIR STANDARD DEVIATIONS~ 
Ru-NL 2.127 & 0.006 LO-S-0 113.8 f 0 . 6  
RU-XZ 2.126 & 0.006 LCli-Ru-S 176.3 f 0 . 1  
Ru-Cli 2.415 f 0.003 L Cli-Ru-h-1 87 .9  & 0 . 2  
Ru-Clz 4.258 f 0.002 L Cli-Ru-N? 86.5 i 0 . 2  
Ru-S 2.072 f 0.003 L S-Ru-Ni 94.8 f 0 .2  
$01 1.462 i 0,010 LS-RU-NZ 90.9 f 0 . 2  
$ 0 2  1.394 f 0.010 LNi-Ru-Ni* 88.5 f 0 . 3  
0 1 - 0 2  2.393 f 0.014 LNI-RU-NO 90.1 f 0 . 2  

LNj*-Ru-Nz* 90.1 i 0 .2  
L Ns-Ru-Nz* 90.7 0 . 3  

An asterisk designates the atom related by the mirror sym- 
metry. 

Cll-Ru-S bond angle from 180”. Coordination of the 
SO2 through the sulfur might have been anticipated 
since ligands containing both sulfur and oxygen 
generally prefer to  coordinate through the sulfur when 
the metal involved contains electrons in low lying d 
orbitals which can T bond with the empty d orbitals 
of s~1fu r . l~  

The Ru-N bond distance is comparable to the 
value of 2.10 8. found in [ R U ~ ” ( N H ~ ) & ~ ] C ~ ~ ~ ~  and is 
within the range of 2.00-2.35 A. found in other plati- 
num group ammines.16 The Ru-Cll distance appears 
to be typical of chlorine coordinated to platinum group 
metals. l5,I6 Transition metal-sulfur bond lengths 
of 2.1-2.5 8. have been the lower limit of 
which is slightly greater than the distance observed in 
the Ru-S02 complex. 

Realizing that no firm conclusions can be drawn from 
utilizing the sums of ionic or covalent radii to determine 
the ionic or covalent character of bonds, except in some 
organic compounds where sufficient statistical data 
are available, the following observations are pre- 
sented: (1) The sum of the octahedral covalent radius 
of Ru(II)18 and the single bond covalent radius of N18 is 
2.03 8., which is about 0.1 8. smaller than the observed 
Ru-N distance, indicating partial ionic character in 
the Ru-N bond (infrared evidence is also consistent with 
ionic character in M-NHs bonds-see Nakamoto19). 
(2) The sum of the octahedral covalent radius of Ru(I1) 
and the radius of sulfur (calculated from the S-0  bond 
distance in solid SOa and the double bond covalent 
radius of oxygen1*) is longer by 0.14 8. than the ob- 
served Ru-S distance, indicating partial double bond 
character in the Ru-S bond. (3) The sum of the octa- 
hedral covalent radius of Ru(I1) and the single bond 
covalent radius of C118 is 2.32 8., which is 0.1 8. smaller 
than the observed Ru-C1 distance and considerably 
smaller than the sum obtained using the chloride anion 
(3.13 A.);  thus the Ru-C1 bond is predominantly 
covalent. 

Like other ammine complexes1g containing very elec- 
tronegative atoms, the Ru-S02 complex is hydrogen 
bonded, as is evidenced by inter- and intramolecular 
spacings of 2.9-3.3 8. between the ammine nitrogens 
and the sulfur, two chlorines, and two oxygens. These 
inter- and intramolecular spacings of 2.9-3.3 8. fall 
into the range of values reported in Table 4.1.12 of the 
International Tablese for hydrogen bonds between 
N-N, N-C1, and N-0 atoms. 

Examination of the X-ray powder pattern and pre- 
liminary single crystal precession photographs of 
[ R U ” ( N H ~ ) ~ ( S O ~ ) B ~ ] B ~  shows that this complex has 
an orthorhombic unit cell with a = 14.35, b = 9.51, 

(14) K. Suzuki and K. Yamasaki, J .  Inovg. Nucl .  Chem.,  24, 1093 (1962). 
(15) C. K. Prout and H. M. Powell, J .  Chem. SOC., 137 (1962). 
(16) “Tables of Interatomic Distances and Configurations in Molecules 

and Ions,” Special Publication No. 11, The Chemical Society, Burlington 
House, London W.l, 1958. 
(17) C. K. Jergensen, “Inorgnnic Complexes,’’ Academic Press, New 

York, N. Y., 1963, p. 142. 
(18) L. Pauling, “The Nature of the Chemical Bond,” 3rd Ed., Cornell 

University Press, Ithaca, N. Y., 1960. 
(19) K. Nakamoto, “Infiared Spectia of Inoiganic and Coordination Com- 

pounds.” John Wiley and Sons, Inc., New York, N. Y., 1963, p. 145. 
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TABLE 1- 
OBSERVED INTERPLANAR SPACINGS~ (IX A,)  FOR 

SEVERAL Ru-SO, COMPLEXES 
[Ru" (NH3)r-  
(sod c11 c 1  

5.i13 s 
5.589 s 
5.019 ni 
4.405 vw 
1.156 w 
3 . 8 5 i  vw 
3.768 vw 
3.643 ms 
3.406 m 
3 270 vw 
3.142 VW 

3.047 ni 
2 846 w 
2 801w 
2.740 m 
2.640 w 
2.603 w 
2.575 w 
2 433 m 
2 316w 
2 295 UT 
2 20i wni 
2.157 wni 
2.082 wm 
2.058 w 
1.993 w 
1.955 wm 
1.941 vw 
1.913 vw 

[Ru" (NH3)r- 
(SOp)Br]Br* 

5.821 w 
5.673 s 
5.169 w 
4.244 s 
3,844 v w  
3.755 m 
3 ,489 w 
3.136 w 
3 ,  Oil vw 
2.941 v w  
2.908 vw 
2.88i vw 
2.819 m 
2.741 vw 
2,692 vw 
2.631 TV 

2,501 vw 
2.369 m 
2.334 TV 
2,154 vw 
2.134 m 
2.122 w 
2.058 vw 
2,049 wv 
2.005 ni 
1.986 vw 
1.969 v w  
1.930 vw 
1.913 v w  

[Iiu'I (NHa)a- 
(sod IClnb 

5.897 s 
5,745 s 
5.101 w 
5.016 VI' 
4.341 vw 
1.174 vw 
3.963 w 
3.69; vw 
3,624 U' 
3.582 s 
3.487 vvi 
3,365 v w  
3,325 vw 
3.125 v w  
3.0il m 
3.009 w 
2.819 v w  
2 .  i94 vw 
2. 736 w 
2.715 vw 
2.680 vw 
2.622 vw 
2.556 wm 
2.516 wm 
2 . 470 I'W 
2.406 vw 
2.355 wm 
2.314 w 
2.282 win 
2.260 vw 
2.230 vvv 
2.211 vw 
2 . 154 vw 
2.089 wm 
2.064 vw 
2,001 v w  
1,989 VU' 

1,971 vw 
1,957 vw 
1.926 vw 
1. 907 vw 

[Rurl(NHa)s- 
(SO$ ]BI .~ ' ,~  

6.45 w 
6.15 s 
5.85 w 
5 . 6 5  s 
4.52 m 
4 . 1 5  w 
4.05 m 
3.60 s 
3.51 s 
3.49 s 
3 ,  39 vw 
3.23 m 
3.10 w 
3.05 V\V 

2.95 m 
2.85 m 
2.i6 m 
2.59 TVIIl 
2 , 5 0  vw 
2.38 vw 
2.32 v w  
2.06 m 

4 T h e  patterns were recorded on film, using a Debye-Scherrer 
camera and Cr K a  radiation. Estimated to  i 0 . 0 0 5  A. Esti- 
mated to 10.01 A. d Many extremely weak lines arc not rc- 
ported. 

c = 7.45 A. f 0.2% (estimated). The density, meas- 
ured by floatation, is 2.45 1 0.05 g./cc. a t  24" (cor- 
responding to four formula weights per unit cell). 
Space group absences for Okl, k + I # 2n; hkO, h # 2n; 
hO0, h # 2n; OkO, k # 2n; 001, 1 # 2n are consistent with 
either Pna2l or Pnam. Thus, the bromo bromide and 
chloro chloride complexes appear to be isomorphous. 

Comparison of the powder patterns of four of the 
Ku-SO2 complexes (Table V) afforded a qualitative 
method of determining whether or not their crystal 
structures were isomorphous. The pattern of the 
bromo bromide was consistent with the conclusions 
drawn from the single crystal data. In the case of the 
dichloride complex, however, departure from the chloro 
chloride pattern was evidenced by splitting of some of 
the corresponding medium intensity lines in the 
former into doublets, suggesting deviation from ortho- 

TABLE VI 
INFRARED FREQUENCIES (IN CM.-l) O F  THE NHq LlGASD 

IN RUTHENIUW 
Sym. 
str.n Complex 

[Rurrr (NHa)n]Cla 3218 s 
[Rur1'(NH~)~C1IC1z 3208 s 
[Ru"(NHs)a(HSOs)*] 3260 s 
[R~'~(NHs)r(Soi)CllCl  3225 s 
11~u"(SH~)a(SOi)BrlB1~ 3225 s 
[Ru" (NHs)a(SOz) ]Cln 3208 s 
fKn11(NHa)s(SOi)]Br2 3215 s 

- A h h I I N E  

Asym. 
str. 

3405 m 
3405 m 
3130 m 
3420 ms 
3420 s 
3423 s 
3410 ms 

COMPLEXES 
Sym. Asym. 
clef. def. 

1312 m 1608 m 
1290s 1610m 
1299 s 163:1 m 
1245 s 1625 m 
1248s 1618 m 
1240 s 1625 m 
1260s 1620 m 

Rock 

775 m 
780 ni 
782 m 
779 m 
763 m 
808 m 
803 m 

ck X broad irregularly shaped band. 

TABLE VI1 
ISFRARFD FREQUENCIES ( I N  CM.-') OF FREE ASD 

COORDINATED SO2 
Complex Sym. s t i r  Asym. str .  Bend 

IRu"( SH3)4(S02)Br] Br 1100 s 12991 j50 , ~ i  

1278 i 

111;s 1327is 551 
1301) 

SO, (solid)20 1147 m 13301q 521 ,,, 
1308 J 

rhombic to lower symmetry. The pattern for the di- 
bromide complex was dissimilar to the patterns of 
the other complexes. Three-dimensional data for 
these complexes presently are being collected by counter 
methods similar to those used for the chloro chloride, 
with the intent of obtaining detailed structure analyses. 

The Infrared Study 
Coordinated ammines exhibit five fundamental 

modes in their vibrational spectra (plus the M-N 
mode, whose position is still a subject of controversy).19 
Table VI gives the positions and empirical assignments 
of the bands in the Ru-SOn complexes and in three of 
its precursors that are considered to arise from the 
ammine ligand. The remaining medium and strong 
bands are attributed to the SO2 ligand and are presented 
in Table VI1 along with the band assignments for un- 
coordinated, solid S02.20 
In the Ru-SO2 complexes, the band at  1245 cm.-' 

was assigned to the symmetric deformation mode of 
the NH3 ligand rather than the band a t  1301 cm.-', 
on the basis of its intensity relative to the asymmetric 
deformation band in the SOn-free complexes. The 130 1 
cm.-l band is considered to arise from the SO2 group. 
Additional support for this assignment is the appear- 
ance of a band a t  1302 cm.-l in two of Vaska'sj SO? 
complexes which do not contain ammine or other ligands 
having absorptions in this region (aside from the SO2). 

The lower values of the stretching modes of the SO2 
in the complexes, compared to those in uncoordinated, 
solid SO2 may arise from the same factors that are 
responsible for the C-0 stretching frequencies in metal 
carbonyls being lower than those in free C0.21 How- 
ever, the effect in the metal carbonyls is of much greater 
magnitude than in the SOn complex. It is suggested 

(20) I<. N.  Wilson and E. li. Xixon, J .  C h e m  P h y s . ,  26,  175 (1956) 
(11) 1s. W. Abel, C)unvt. Rea. (London), 1 3 3  (lCIfi3). 
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therefore that the S-0 bond order may be lowered and 
the Ru-S bond order raised by overlap of empty 
antibonding ?r orbitals on the SOz ligand with the filled 
nonbonding d orbitals of the ruthenium. A molecular 
orbital treatment of the complex would be helpful in 
deciding the validity of this suggestion. 
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The reaction of trisulfur dichloride with methylamine has been investigated. 
leum ether “B” as a solvent, a crystalline compound, Se(NCHa)z, was prepared. 
spectra are reported in support of a 1,5 or symmetrical ring structure. 
eight-membered, cyclic imide is proposed. 

Under conditions of high dilution using petro- 
Infrared and proton magnetic resonance 

A reaction mechanism for the formation of this 

Introduction 
Various investigators have allowed S2C1, and SC12 

to react with primary organic amines to form six- 
and eight-membered heterocyclic sulfur-nitrogen com- 
pounds. 

prepared a series of 
six-membered compounds by the reaction of S2C12 
with primary amines. Configuration I was proposed 
for the primary product isolated 

Becke-Goehring and Jenne2s 

R-N hT-R 

s-s \ /  

I 
( R  = ethyl, n-dodecyl, cyclohexyl, benzyl, and P-phenylethyl) 

A series of eight-membered sulfur-nitrogen hetero- 
cycles, with proposed configurations 11, 111, and IV, 
have been prepared by the reaction of SClz with pri- 
mary amines. Stone and Nielsen4J prepared the 
methyl analogs. Becke-Goehring and Schlotters pre- 
pared the benzyl and P-phenylethyl analogs of 11. 
Ross, Roscoe, and Pace7 prepared the ethyl analog of 
I1 and the benzyl and P-phenylethyl analogs of 111. 

(1) Taken in part from the Ph.D. thesis submitted by J. S. P., June 1964. 
(2) M. Becke-Goehring and H. Jenne, Angew. Chem., 70, 399 (1958). 
(3) M. Becke-Goehring and H. Jenne, Chem. Ber., 92, 1149 (1959). 
(4) B. D. Stone and M. L. Nielsen, J .  Am. Chem. Soc., 79, 1264 (1957). 
(5) B. D. Stone and M. L. Nielsen, ibid., 81, 3580 (1959). 
(6) M. Becke-Goehring and H. A. Schlotter, 2. Naturfovsch., 16b, 622 

(1961). 
(7) L. A. Ross, J. S. Roscoe, and A. Pace, J. Cheiiz. Eng.  Data, 8, 611 

(1963). 

S I I  S-R I I 

\ /  

s s  I 
N-R 

I 
I I I I 1 1  

\ /  \ 

R-N 

S R-N N-R S S 

h- S 
I 

R 
I 
R 

I1 111 I v 
11, R = methyl, ethyl, benzyl, j3-phcnylcthyl 
111, R = methyl, benzyl, P-phenylethyl 
IV, R = methyl 

No successful cyclizations of the polysulfur dichlo- 
rides (S,C12, where n > 2 )  have been reported, although 
attempts have been implied.8 FehCr, Naused, and 
Weber9 have described the preparation and properties 
of the individual polysulfur dichlorides where n = 
3, 4, 5 ,  and 6. 

Various open-chain condensations of S3Cl2 have been 
reported. FehCr and KruselO have allowed Sac12 
to react with a large excess of H2S to prepare H&. 
Feher and Weber’l have prepared RS02S3S02R (where 
R = $-toluene) by the reaction of S3C12 with RS02Na. 

(8) F. Feher, Chemical Society Symposia, Bristol, 1958, p. 305; Special 
Publication No. 12, The Chemical Society, London, 1958. 
(9) F. Feher, K. Naused, and H. Weber, Z. anwg.  allgem. Chem., 290, 303 

(1957). 
(10) F. Feher and W. Kruse, dbid., 298, 302 (1958). 
(11) F. Feher and H. Weber, Angev .  Chem., 67, 231 (1955). 


