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SceSs-type structure.”$1* The small increase in the
lattice constant from La,Te; to LasTe; is due to the
change in bond character. The compound LasTe; 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 LasTe, 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 LaTe; forms a defect solid solution with a
maximum deficiency of Te corresponding to a com-
position near LaTe; . The compound Fe,As, 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 839, of the time occupied and still pro-
vide a stable structure. As the tellurium concentra-
tion decreases the a axis shrinks and the ¢ axis in-
creases. The stoichiometric LaTe; has a high degree
of metallic conductivity, while the defect structures
have lower conductivities.!* 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 ¢ axis can also be considered as reducing the overlap

(14) J. P. Dismukes and J. G. White, Inorg. Chem., 8, 1220 (1964).
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among the orbitals of the remaining atoms. Similar
behavior is observed in semiconducting transition
metal oxides.*

The melting behavior of LaTe, is quite different from
that of the neodymium analog. The two equilibrium
diagrams neglect the effect of pressure which is no
longer correct at these elevated temperatures. It is
quite possible that the vapor pressure above LaTe; 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 NdTe; 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
LaTe, structures is 3.22 A., while this distance is 3.33
A. in the idealized La,Te; structure if the variable
parameter is /i3 A detailed refinement of the La,Te;
structure’® 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 La,Te;
structure probably reflects the more ionic nature of the
bonding, and the shorter distance in LaTe and LaTe; re-
flects the presence of a metallic covalent bond.

(15) F. J. Morin, J. Appl. Phys., 83, 2195 (1961).
(16) W. L. Cox, Master’s Thesis, University of Texas, 1965.
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The Ru-S0, complex, [Rull{NH;)4(S0,)Cl]Cl, has an orthorhombic unit cell, ¢ = 13.962, b = 9.308, ¢ = 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 SO; is a monodentate ligand, coordinated through the sulfur.

The bond distances and bond angle in the co-

ordinated SO, are approximately the same as in free, solid SO, and the Ru-N, Ru-S, and Ru—Cl bond lengths are comparable

to those observed in other platinum group complexes.

Preliminary X-ray and infrared data on the [RulT(NH;)(SO:)-

Br]Br, [Rull(NHj;);(S0:)]Cly, and [Rull(NHj;)s(SO2)] Br, complexes indicate that in each case the SO, ligand is coordinated

through 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., to 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
at the American Crystallographic Association annual meeting, July 1964, at
Montana State College, Bozeman, Mont.; (b) N.A.8.A. Predoctoral
Trainee; {(c) present address: General Electric Research Laboratory,
Schenectady, N, V.

ruthenium-ammine series described by Gleu?® and
possibly the products of the reactions of iron carbonyls
with SO,.* Vaska’ has prepared several platinum
group complexes containing SO, ligands as well as car-
bonyl and substituted phosphine ligands.

Since the ruthenium ammines are the only well

(2) K. Gleuand K. Rehm, Z. anorg. aligem. Chem., 227, 237 (1836),
(3) K. Glen,’W. Breuel, and K. Rehm, ibid., 288, 201, 211 (1938).
(4) E. H. Braye and W. Hiibel, Angew. Chem., T8, 3458 (1963).
(5) L. Vaska, private communication, 1964,
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characterized SO, complexes, it would be informative
to know more about the bonding involved, viz., (1)
whether the SO, is coordinated through the sulfur or
oxygen, (2) how the bond parameters and infrared
frequencies of coordinated SO, compare with those of
free SO,, and (3) the nature of the N, Cl, and S bonds
to the ruthenium. A three-dimensional crystal struc-
ture analysis was performed on a representative
complex, [Ru(NH;):(SO,)C1]Cl. The nature of the
bonding of the SO, ligand in several other Ru-SO,
complexes will also be discussed.

Experimental

Preparation.—The Ru-SO; complexes were prepared according
to the procedures briefly outlined by Gleu,?3 with the exception
of the [RullI(NH;)s]Cl; which was prepared by (and purchased
from) Johnson, Matthey and Co., Ltd., Hatton Garden, London
E.C. 1, England, using Lever’s method.! A detailed account of
the preparation of the complexes follows.

[Rulll(NH;);Cl]Cly.—[RulT{ NH;3)]Cl; (7.0 g., 0.023 mole)
was dissalved in 75 ml. of water with warming and 75 ml. of con-
centrated HCl 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 1:1 HCI, then
with methanol, and dried under vacuum at room temperature.
A yield of 6.42 g. (97%) of bright yellow crystals of [Rulll.
(NH;3)sCl]Cl; was obtained.

[RUII(NH;)(HSO;).] .—[RullI(NH;);Cl}Cl; (4.00 g., 0.014
mole) was dissolved in 160 ml. of water at 75-85°. To this solu-
tion was added 5.66 g. (0.056 niole) of solid NaHSQ;. Sulfur
dioxide was slowly bubbled through the solution whicl was kept
at 75° on a water bath. After about 15 min. at 75°, 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
SO;. Thereafter, the crystals were filtered off, washed first
with water, then with methanol, and dried under vacuum at
room temperature. A yield of 2.98 g. (70%) of [Rull(NH;),-
(HSO;);] was obtained. This slightly soluble complex could
not be recrystallized since it reacts in aqueous solution giving a
pale blue color. TUse of the SO,, 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 NaHSQ; alone is too weak an acid
in solution to prevent some QH~ from coordinating with the
ruthenium and resulting in the formation of highly colored,
insoluble products.

[Rull{NH;),(SO:)CI]Cl.—[RulI(NH;)( HSOs).] (2.77 g., 0.001
mole) was dissolved in 325 ml. of 1:1 HCI by heating at the boiling
point for about 15 min. The [Rull(NH;),(HSO;),] turned a
rust color when treated with the acid and went into 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 [Rull(INH;)y(SO,)ClICl formed which were
filtered off, washed first with 1:1 HCI, then with methanol,
and dried under vacuum at room temperature.

Anal, Caled. for [RulT(NH;)(S0:)ClCl:
33.23; N, 18.41; S, 10.54; Cl, 23.31; mol. wt., 304.16.
H, 4.00; Ru, 33.12; N, 18.27; S, 10.44; ClI, 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.

[Rull(NH;)y(SO,)Br]Br.—The bromo bromide was prepared
in a manner exactly analogous to the chloro chloride complex

H, 3.98; Ru,
Found:

(6) F. M. Lever in “International Conference on Co-ordination Chemis-
try,” Special Publication No. 13, The Chemical Society, Burlington House,
London W.1, 1959.
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by substituting HBr for HCI in the conversion of [Rull{ NHjy),-
(HS0s):] to the SO, complex.

[Rull(NH;);(S0,)]Cl, and [RuT(NH;);(SO;)]Br;.—The di-
chloride and dibromide can be obtained from either the chloro
chloride or bromo bromide complexes by the method described in
the literature.? Both the dichloride and dibromide complexes
decomposed after standing at 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 chioride complex were obtained using limited precession
and Weissenberg 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 diffractoameter
equipped with a Goniostat, pulse-height discriminator, and scin-
tillation counter. Nickel-filtered Cu Ke radiation was empoyed.
A red-orange, needle-shaped ecrystal with a rhombohedral cross
section (0.042 X 0.042 X 0.275 mm.) was used. The long
crystal axis corresponds to the [001] direction in Pnam.

The crystal is orthorhombic with cell constants ¢ = 13.962 +
0.007, b = 9.308 = 0.003, ¢ = 7.312 = 0.003 A., as calculated
from the single crystal diffractometer data. The density,
measured by flotation, is 2.15 £ 0.03 g./cc. at 24° (d, = 2.127
g./cc.) and corresponds to a calculated value of 4.0 formula
weights per unit cell. Extinctions were observed for: 0k,
k415 2n; BRO, B 5% 2n; h0O, b 5= 2n; 0RO, k 5= 2r; 00,1 = 2n,
which are consistent with two space groups, viz., Pna2; (No. 33)
and Pnam (equivalent to Pnma—No. 62— by exchanging b and ¢).

Intensities of 1099 independent reflections (all those for which
160° > 26 > 0°) were obtained using the full 28 scan method.
Corrections for Lp, absorption? (u 208.3 c¢m.™?), and spectral
dispersion® were applied to the data. The atomic scattering
factors given in the International Tables® were used for Cl-,
CIP,N9, 89, O and those given by Thomas and Umedal® were
used for Ru'?. Ieast-square calculations were made with a
block-diagonal program!! using an IBM 1620 except for the final
full-matrix!? 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 Pha2,.
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, v, Vs &, 7, %/
Vo —x, e+ 3 s Vo4 x, Y2 — ¥, 1/s) need be
considered, since the complex cannot have a center of
symmetry. Thus, the ruthenium, two chlorines, and
sulfur must have their 2z coordinates in the mirror

(7) Using a modification of an absorption program for a crystal bounded
by # plane faces (» < 20) written by B. M. Craven, Crystallographic L.abora-
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. ITI, Table 3.31A, the Kynoch Press, Birmingham, 1962,

(10) L. H, Thomas and K. Umeda, J. Chem. Phys., 26, 293 (1957).

(11) Program written by D. Van der Helm, Physics Dept., The Institute
for Cancer Research, Philadelphia, Pa,

(12) A. Zalkin’s modification of an unpublished program by P. K. Gantzel,
R. A, Sparks, and K. N. Trueblood, U.C.L.A,, Los Angeles, Calif.
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plane at z = 1/4; both of the oxygens must be either
in the mirror plane or symmetrically arranged above
and below z = 1/, 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 = /4.

Possible positions of the Ru were determined from
Patterson projections. The conventional R factor
(R = 2|[Fo — ch / ElFo}), 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,
Cl, and S thus far determined. The Cl 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 Pna2; gave an R factor
" lower by only 0.003. Anisotropic refinement of all
atoms based on Pna2, resulted in an R factor of 0.071
after six cycles. After deletion of 43 very weak or zero
intensity reflections plus 12 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 = !/, 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 R
factor leveled off at 0.047 after three cycles. Attempts
to refine on Pna2; 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
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parameters and their standard deviations are given in
Tables I and II. Table III contains a list of the ob-
served and calculated structure factors.

TABLE 1

FiNAL PosSITIONAL PARAMETERS ( BASED ON PNAM) AND
THEIR STANDARD DEVIATIONS FOR [Rull( NH;)(S0,;)Cl1]Cl

Atom x/a »/b z/c e (x/a) o (3/b) o (2/¢)
Ru 0.0857 0.2189 0.2500 0.0001 0.0001 QY
cLe 0.0028 —0.0087 0.2500 0.0002 0.0003 0f
Clyee 0.1503 0.4324  —0.2500 0.0002 0.0003 O°
s 0.1653 0.4068 0.2500 0.0002 0.0003 O°
N1 —0.0126 0.2899 0.4528  0.0005 0.0007 0.0008
N: 0.1748 0.1300 0.4568 0.0004 0.0007 0.0008
O1 0.2699 0.3986 0.2500 0.0006 0.0010 O°
0: 0.1299 0.5469 0.2500 0.0007 0.0010 @Y

¢ Cl, is the coordinated chlorine and Cl; the anion chlorine.
b z parameter is fixed by symmetry. ¢ This set of coordinates
places the Cl anion closer to the positive region of the complex
than the symmetry related coordinates in which z/¢c = +0.2500.

TaABLE II

FINAL ANISOTROPIC TEMPERATURE FACTORS® AND
o
THEIR STANDARD DEVIATIONS IN A2

Atom Bun Bae Bas By

Ru 1.8(0.0) 1.5(0.0) 0.9(0.0) 0.1(0.0)
Cl, 3.4(0.1) 2.2(0.1) 1.8(0.1) —0.6(0.1)
Cly 2.9(0.1) 2.8(0.1) 2.7(0.1) 0.7(0.1)
S 3.0(0.1) 2.5(0.1) 1.5(0.1) —0.7(0.1)
Nt 3.1(0.3) 3.0(0.3) 1.7(0.2) 0.9(0.2)
N, 3.0(0.3) 3.6(0.3) 1.4(0.2) 0.9(0.2)
O 3.3(0.4) 4.2(0.4) 5.4(0.5) —2.0(0.3)
O, 6.0(0.5) 3.4(0.4) 2.6(0.4) —1.2(0.4)

¢ The values of Bz and By for all atoms except Ny and N; are
zero (by symmetry). Bj;and By; and (their standard deviations)
are 0.7 (0.2) and —0.3 (0.2) for N; and —0.3 (0.2) and 0.4 (0.2)
for Ny, respectively.

Discussion of the Structure

The complex is in the form of a slightly distorted
octahedron with the four ammine groups at the corners
of a square whose plane is essentially perpendicular to
the line joining the S, Ru, and coordinated Cl, 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(NHg)i(SO»)Cl]+. 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 SO, ligand
has beenn shown to be coordinated through the sulfur and
(2) that the S-O bond lengths and the O-S-O bond
angle are approxzimately the same as in free, solid SO,
(8-0, 1.430 = 0.015 A.; 0-S-0, 119 = 2°).18 The
significance of the difference between the individual
S-O bond lengths and the average of these values
(1.428 = 0.010 A.), which amounts to three standard
deviations, is open to question. On chemical grounds
there is no reason to expect that the two S-O bonds
should differ. If the observed deviation is real, it 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. Fankuchen, Acta Cryst., B, 372
(1952),



Chemistry

rgAnIc

Ino

Y

D)

L. H. Voer, Jr., J. L. Karz, anp S. E. WIBERLL

1160

F¢ AQ pardnnur usaq IABY °f Pue 7 og ,  IT0M 010z Pausdisse SUOLOD[RT SITOUIP SIS UY »
#'& Aq poydn| q 1% PU® Y 130d 4 st paust [ p st

vl3i a0d 61- g1 6 261 681 % v34 A4 1 - - 21-641 0 192 163 8 45- 1S/ By =NtH 25¢-96¢ 1 f1- £0t 2 6L1-€61 ¥ 96— 85 1 £S89 &
s tgTonin 601 211 1 o WM N Nem M,a ¢ mu::mu.z MMN.MMN w ow Nmu n MM_ ww“ M ¥4 W03 Y 12 o5 1 2y 4y 062-2¢2 0 292 92 1 9y 85 € 652 492 0 6R- 001 ¢
8L fy 0 80T §01 ¢ ACz-652 7 € of 1 1 vg swem gzt oost gy T =NH £9€-0%€ 9 9% 96 9 €7 sz ! v34 Hod 1 26% €0% 0 2Lz s17 ¥I1oucs 1 8€- 95 2
04 1% v ¥i4 803 1 or- 61 2 A9 ze 1 89- 65 1 212 iz © 98- 26 0 16- 16 601-601 € 27 0 Q *u =HH ¥34 803 1 €07-901 1 6 1 =NH s 92 1
§9- 67 ¢ R OSFI=N'H 0122 1 <12 112 0 2€1-621 9 ¥4 804 1 69- 99 9 vidracd 1 99 09 1 52y 82y ¥ 921-021 ¥ ey~ 15§ € 05 =t 861-102 0 ss w0
- 8E 2 25 09 0 vI4 #4041 €6 95 ¢ 06 “%'H 69- %0 601yt M- 120 0z sz € L 98 §f =0 2 Y -1z € ¥4 %04 7 25- 9% 9 ¥4 963 1
89 12 1 19- 89 € LRI © IT=NH SLT 691 % ERTE ¥4 QU3 7 209-565 7 oL St 2 € 1y f T6- 65 2 o8- 1L § A T A I 11 I 10T i
%% 9 0 1y 9y 2 AR fo- g f woT-18T & 91 fL f Ter-Te1 6 119 =AM 46- €9 1 €91-€51 1 €2- 01 2 <21 921 1 [ZEL ! 9L 2% &
¥33 804 1 59 o1 1 | 68 9 €81-921 2 vz 0 9 ve- 06 2 2ET-6LT & 5zs H6Y 0 902-€6T 0 €6- 45 1 58 26 0O 1t o 9 911 80T ® 117912 T e 16 €
PRI ve- 5¢ 0 $01-901 9 b6 161 6 65 1L 1 8ol €41 < 98- 98 1 P L vo4 603 1 ¥4 €404 1 s01-0 0 vI4 8034 1 88 9% 151 651 2 19- 0y 2 ST1-921 1
¥vI4 M0 1 sz 01 & ATL-F1T & 91z 022 0 M- 52 & g WL O ce1 151 2 91 91 2 2 %9 =a'm S ' =AM ¥4 u0d 1 TT4C =X’m S51-461 % 061-ART © %02 €61 1 ¥34 9C4 1
- vz v PR R 127 02T 5 21Z-912 ¥ v33 904 1 S1Z-%17 % ¥4 Med €el-1g1 1 YL f1 X Loty =tk €9 69 ¢ a1-221 e € 0 110 =%*H
tz zz ¢ b6 @b € 61 151 27 [T o or 81 2 9 %y yen oyl-291 0 1 €1 0O 12 f€ 8 %0 0 8 4ET-LST & 022 €27 7 817 LRZ % vI3 8cd 1
IPART I 06- 68 ¥ 951851 7 €27 czz 1 £07 02 1 w14 gog 1 ¥O3 8040 SSE-RYZ 1 98 28 2 0%- b€ £ sT- Gl € ST1 611 1 062 552 € 8 41 =N'H w1t 120 &
- 0 1 Zur 91t f - 6 1 0f1-2¢1 0 - s1 4 6wt 0 1i-19 & R e w0109 =AM f5- €9 9 x01-0 9 061-241 9 011 €41 2 9€2-112 0 052-%92 2 L0T1-921 2
N-12 0 901 601 2 €1 SE1 0 vI2 803 1 o9 9 vl e84 1 95- €9 9 902 S12 161-651 ¢ 66 9% < Az 1z 1 ¥34 #0311 112-022 1 »01-201 L S%1 681 0
¥4 1804 1 SI-€1 1 ¥24 904 1 b ALT=AAH 911 €21 < G b swu 15 19 S otz-g1z 9 €= 1§ Ss 6% v € 0y €81 Syl 5 .281-281 O 2 %€ =atu 515 655 0 9 w9 ¥4 UCd 1
62 8z 1 2 rgrontH 201-501 0 PPN - g9 v i sm s €1- o1 v HEH-16Y € 611 711 € 69- 49 f ¥4 804 1 ¥4 ¥04 1 g6 <6 S o140 =3*n
9% 901 0 v34 203 1 £ et 9 201-011 § 2- ez ¢ T1-121 § € 61 € 09- 99 7 6 9z 2 0rz-222 7 O1*€ =3'H 461 75T & bz ENH 89- 69 ¥
¥24 804 1 04~ 15 & 9 CEI=X‘H 6%- by 9 4~ 52 5 62 A1 7 06 Sy 9 19- b5 2 9 91 2 sLE 1€ Y 6L1-tL1 1 €8 62 1 999 L 951-€51 € 1 &9 ¢
PARTE R b by b 111 601 6 bE- &% 4 6T 8E1 T w0T- 0 ¢ 10T 601 1 €= 91 1 SO 001 0 0z 61 o 0€7 1£7 0 Z11-691 102-%02 9 16 46 8 AET Bzt 2 g9- 58 €
69 12 € otr-€ol < 19 €9 v < €y € €1- 99 0 60T-111 % 911 SI1 0 s2- 12 0 ¥4 8ud 1 ¥4 401 1 ¥4 904 7 6 a1 %8- %6 S €6b- Zb 1 9% €91 1 96 €6 1
sy 8y Z 9¢- 19 2z 851 €61 % BE1-LET € €2 Wz 2 ¥2i 904 1 - 9% € Vo4 oo 1 vI4 803 1 T 9 =Nt 5 4 =NH 9 4y =u'm 761 G61 € 0L 067 % 66- 201 9 €6- 15 0 34 wed 1
of €L 1 - 02 1 11§21 € 96- 16 7 aF- 1€ 1 A Y oF1 621 7 6 ‘B =w'h 6 19 =utH Y- %y 7 0€1 0% € 922 0€Z § VI3 ucd ¥ 6 ‘0 =¥*'H
55— 9¢ 0 €€ f€ O 181-061 2 ST 9%~ o€ @ 7 81 1 SOT-1T1 8 Sw1 A€l 8 £6- 95 8 <1¢-91Z 1 655-19% 2 71T 60T & IR .
vI3 804 1 ¥334 803 1 1£1-051 1 0% @6 0 v33 0ul 1 0¥1 0T ¢ 60T-ST1 0 FUT-01T 2 i-z¢ 9 er- 0 U €2~ 99 L 65— %9 L w21-0 0 L91-691 ¥ £91-86T ¢ 0- 0 9
2 i1en'h HrPacrm ¥91 021 0 vo3 803 1 Pt €11 601 9 v23 203 1 wi- 22 9 gg-we 4 8 0 & 6L 98 @ 202-461 9 69 0L 9 VI3 004 1 €0% 85E 00z-212 2 16- 06 & o9 s
v34 903 1 £ 0 Z1=% FL1-£9T ¢ Ve st €67 96T § co- 96 9 SU ST % v 1z % 99 29 26 of < TN vI4 803 1 €2f 91f 1 261 <81 1 1 2¢ 2
f1- 61 2 6 €1 1 S fE1eNH 21 61 2 £61-961 & 9 1 b 6yl 9a1 g 92— €7 € 6%- 06 v 567 %92 4 sb- €6 % 1A =aH s9 29 © S1T 801 9 11 0 0
62- 0¢ 1t %6 65 0 16§69 E 15 9 091 651 € %01 €01 ¢t 781881 € 621 221y 1 91 2 £2- %2 ¢ £01-€6 € 59- w1 € RIT-TLT 9 ¥13 804 7 191-291 & ¥23 6Cd 1
of 2% 0 ¥4 and 1 29 89 s 21- 1z s - 0€ S 0 a5 7 wZ- 7z a 1w o1zoz T-s01 ¢ 02 021t bEZ Svz 7 lie-s0¢ 7 6s S92 L€ 9€ § w9~ 0 L FF1-SE1 5 8 0 =xw
v34 903 1 LoyT=n 001 §0% ¥ »21-5T1 % T5- 5y b 602-602 1 BE1-5F1 6 062 €92 1 9z1-921 z 0% 9% 0 2% s 1 86 16 1 Le 9t 1 Lte o1z » NS €1e 9te
1 21=wn To- 6 € bI- €2 F  wi— 0 ¢ 102-012 © by 9% b b8 RL 0 €1 ger 1 V24 w04 101 971 @ 26€ 9€€ 0 TE1-6¢1 0 RI- 1B F  ws- OV 1 94- 6% 8 iz 21z 2 16- 06 1
19- €6 € v6- SO1 2 YTl BT 2 @ oz ¥3s B04 1 191 £91 ¢ Vo4 80 1 co1 wor o M ‘9 =M ¥4 804 1 ¥4 804 1 v woi Y <sz-9z7 7 8- 29 0 66T-16T ¢ 17617 1 ZS1 991 ¢
8y 6y 1 ot1- el 7 1 68 1 - 61 1 - 61 1 EART ST (S I (A 4 v '8 =N'H ¥4 8C3 Y 0 =N £ 06 =un R f9 09 1 ¥4 803 7 06 16 9 Ly1-851 O 9LT-591 €
€9- %7 0 05 6y 1 €1 961 © 8Y1-9y1 ¢ =B5- 0 0O S21-6 1 9 %1 d'm sz 0 9 192 152 0 T4 -'H 262 w57 & ¥o4oucs 1 €1z 612 1
vyd 804 1 6 91 o vi4 904 1 ¥4 804 1 vod w03 1 6 76 1 €6 %% 0 9y 8% ¢ 52 5 0zv-1z1 7 16- %6 B -0f- 1% W ¥3J 604 7 OFT-%E1 4 2 'T ="M ¥4 904 1
S t9T=N'H vI3 804 1 b oETNtH Z tzt=wen 7 TEAte 261-58T 9 vd4 804 1 097 45z 9 56- 96 1 1= f1 v 1€ 0f 1 BUT-€1T 2 vET OET I AT £ 2% v 0%0-85€ L% =3'n
I CH1=uH 1S1-06T ¢ £ WM 0T 0§ €5 1% 9 91- €2 € 17 210 121 2€V 9 € Bz 9 16 86 6% 99 7 927 21z 8
12 <2 2 . o1 % <1 €1 9 [ asz 8a%s u 2y6-2v€ b 61 6L S f1 KT 2 w4 W04 1 821 11 < v22-522 § 991-091 2 we- 1E 2 6RF BLF 1 SEL SZ1 L 9%~ 96 -3
18- 16 1 88- 06 % fh- 9y b €22-217 ¢ o8- 61 9 €91 gl %9 oL 1 729 £9 ¢ FE- B¢ v 97 2¢ 1 110G =3 e9€1-0Z ¥ f1- €2 % el Ol 9 001-€01 1 662-192 0 897-552 9 267 261 9
12- 52 © 02- 22 ¢ fE- 86 € ee- 62y TS TN 612-%22 2 A01-50T 9 [T E10r4 v6- 06 €  91- 92 0 vA1-881 € 202 €07 ¢ RZZ 612 L %L O ¥J4 803 1 CH1-RET ¢ TIT-ELY Y
v3 804 1 €11 ST 7 L9 49 2 402 <07 § "01 66 Y 061-181 1 €51 151 o €1- 61 1«6~ %2 2 y24 4041 01- %2 v €67 652 7 16 % 2 vz~ 2€ Y vdd H04 T 202 =M TEE o b 617 922 2
9 9T=N'H 21 @l 1 69 w1 1 st 2 t- 91 ¢ 1St 0SE 0 ©01 10T ¢ 915-21% © ROT SOT 1 4 *9 =x*m 251-9%1 ¢ z61 181 1 S1z-182 1 9nz-6€2 € 014z =u¢n 577 0€2 € 922-822 ©
001-f6 0 To- 85 0 197-692 1 zo1-f01 7 ¥4 903 1 BGT-261 7 viioacs 1 L~ 88 0 sU 15 2 151-191 © € 8L 0 % sy 2 - 29 6 Gou-56Y 7 ¥4 ACs 1
LT T VI3 903 1 ¥24 804 1 -9z 0 6 €z 1t 1 otk 85— 56§ € '8 =itn ¥4 WC4 T w2- 0% 2 19% 191 1 vIs A03 3 v} 604 7 AHZ 182 1 ef1- 11 9 €22-22¢ ® €F7-022 1 9 %0 =3'n
qe- v 2 S teE=NtR £ TN ¥34 804 1 6T BET Q 1H1 £yl O < SI'H 1§- £¢ 9 wh— 12 0 2 ' =M RIS 12- 1 0 9% 15 < 8 76 1 B9¢ LSE O
€6~ 19 1 TOCZTNH vid4 804 1 o€1-0L1 1 ¥4 H0d T ST 601 ® fl- 61 € vd4 803 1 ¥I$ 404 1 TR 90¢ H15 9 viaoucs 1 2 %8 2
88 %6 O BL 98 & o2z e T ti=ate fWw- 26 @ Z =M 191 99 ¢ 70T 9% ¢ U9 99 0r's =u*H - 11 8 €67 781 8 L it - 12 ¢ SST-191 § S 1 =wm €6- 2L S
¥J3 804 1 L1 gev ¢ i1y~ 4% & GHZ-t%¢ 9 2197 65 S 6%1-1%1 9 e 111 9 - 9t 11 9y &S 1 YT EFT L €21-611 7 LZ%-6%% & 06 00V €
€ P9TNH 19- 69 2 i2- 16y -5 s S1- 91 € BIU LTI & 6 S8 8 S€7-262 5 SRT-UT & Ti- 99 2 001-66 11- 1 9 992-192 9 ay 9t 1 €01 A0T € sz1 221 8 €S- 09 1
=11 T 6L BL € £2€ BIL Y 16 8 2 00Z-$02 ¢ 21- 11 4 €A TRT 5 G- 9¢ v e21-0 T IET-151 % f1- 52 ¢ 171-821 5 8 9% 0 624 18% 2 1ST-291 & ¥24. 804 1
-6t € z0T 111 0 vi- 97 2 211 601 € [T te- 1o 2 zz1-921 S€7 752 € 79T SLT € 98 %8 0O 11 €21 F BE 2% v 25§ BSF & ¥4 803 7 $81-061 1 srt-zatl 9 S f0 =x*M
€01-901 Z V33 404 1 9L- 8L 1 207 -60f 2 16- 6% 0 808 662 1 £2 41 % 697-96¢ 7 24 99 2z wid d0d 1 % Syl 7 €% 05 € €8z 182 ¢ 6 'z =u'm 219-1€9 © 1€1 ZFL © :
501 101 1 b thI=NtH %6~ 9% * 0 6T1-S1T 1 VOd a0d 1 “S1 01 0 05t 161 & s0CE-0f 1 YEZ-922 1 9 '9 A*H 821-621 1 €9~ 9y 2 96F 665 2 ¥33 804 1 192 §57 & 16T 891 8
96 001 © ¥4 B4 T 21y 109 0 & to1=atH vad 04 1 Bl- 02 ¢ 127 f1z © 81~ %2 o0 191-%9L 0 =0T- 2Z 1 1i7-682 1 - 1% © VP2 =Nt 2%Z-€%2 s6T-681 9
¥4 904 1 96 06 S [A 2SS A1 v34 w03 I 0 *01=N*H 7He-2ve ¢ Vi3 4Cd 1 vI3 9cd 7 0Z1-811 ¢t ¥v13 604 1 1 2 o L6y 12y 0 99- By S 067-867 2 162 847 &
Z '9Toa'H fL.9r % a fzt=nte 89 €9 v Rz F7 1 ¢ te =nu v M sE- 92 9 6 'S =uH ¥4 403 1 V3 6§03 Y 16 16 4 $02-102 6 761 281 1 926 -29F 7
91- 11 f %1- 0z 9 e €T F - 6 GLY 6LY O 6y 621 4 1 -atm € *% =uM 0z F1 % £01 <11 8 RS 086 O 892 197 ©
6i- 08 % 101-601 2 11- €1 5 SU-A11 7 S6- 001 2 101 fFIT © v23 uD3 1 611 211 B 66 16 8 Ib 55 b HTT-6TT 9 ve~ 96 7 122 252 1 viiogcs T vI3 6C3 1
S0T-801 € 10T %01 1 o9z v €1 91 1 ot 6 1 ¥4 404 1 1 swem 101-%6 L 801 90T £ He1-10Z €  #S41-01 § 99 88 2 0€1 921 # 19~ 0¢ 1 6491-591 9 LIRS I v S0 =A'H
221 221 2 01 %1 0 61- 52 € SIT 121 0«18 91 o 0T =x*u »91-6SY 9 IN1-4€T 9 7z- €2 2 as1 1v1 » 98 16 1 TeT-€61 2 a1- 61 8 15 65 0 £27-0B€ €
sot 201 1 Va3 104 1 12— 1e 7 ¥24 804 1 V)4 and 1 9F vy 7 61T 611 6 9~ 849 5 452 <52 1 1ST 091 € 91- 2L 0 1v1-6€1 9 651 0S1 2 vI4 e 1 0BT 80¢ & 15- 59 @ 102-€6T ¢
Si- 08 © [ 3R B v- 6 1 6 STI=¥*n 8 401=X'H S9T-691 € 8 fU ORT ZHY v Bl ZEl vy 2L 59 O 151-191 2 ¥4 804 1 Y1z 12 S 25 v 9 LIEAEE zue 11y tz- €6 2 %17 682 S
vi3 #4041 1toEl 0 98- 6 2 9- €1 0 651861 € €11 %21 € V24 804 1 t61-681 1 114y =%'u 791 19T & 112-507 § 161-aLv 7 5 %9 9 vY¢-19F €
T *9T=X’N €11 €11 ¢ vI2 W04 1 £51-161 € =% 0§ 19T 2411 Vo4 B0 1 007-€07 2 SHI-ZULT 2§ *9 ='W »81 081 0 TE-11F ¢ Th- 4 91- 12 2 £95-65C 1 101 BOT € €25 2y 1
0- €1 & T SEI=i*M B 0 2 15- S5y 65 orta =x*u R9T €91 1 2Z1~%21 T ¥I4 803 1 9T 07 Y 062-20€ 7 7222 912 ¥ G- %t 9 2L €62 0 6= %6 Y ¥o4 84 1
501-101 % S9T-£91 ¢ 191 €91 1 cZ- 42 vi3 €272 822 0 192 852 0 601-601 # ¥ fe =AM 12 61 f 61f 10f 1 1 %7 2 es- 0 ¥4 WO T 62- %€ € €10 =x'n
101 001 € £1- 02 2 ST- 91 2 1 6 -0 16 oy 2 6 62 1z % vI4 6ca 1 vi3 9Cd 1 2 0 9- €1 2 9€T 111 0 092-892 1 % 6w Qs =M THT Sat 2
261 921 2 16T 49T 1 a 91 1 ¥4 404 o1 el 1 07 62 ¢ T*8 ='W 3 SMEH 9% €51 9 Sh- €5 L 7z- 1z 1 ¥24 903 1 9- 19 0 81- 92 o1 71t 1 -7 #
Sl= bl 1T sE  6° D 52 s€ 0 B 1INt 1i- 08 0 26 55 < 05~ 65 2 £ 9 ¢ 712-502 9 € €y 0 Z 'y =M ¥34 803 1 26- 26 2 8- by ¥ f1- 1% 0 101 611 9
8I1-f11 0 vl uod4 1 V4 904 1 ¥J3 904 1 RGI-I61 Y s 91 1 e~ 51 8 €01 001 8 SET-181 & 16 6 S ABENIERRS 5 ' SNCH 9- 81 1 o6 Y6 7 ¥I4 8Cd S11-021 %
¥4 704 1 7 hTntw 8 f2T=d'n RIS I Lot01=NH 6i- 06 F 2. 42 0 TY-921 2 z9- €9 1 ST S§Z € Y07 €92 % LITLAE 8ST-551 9 o€ ¥21 0 701 101 1 [ " €1- 121 2
0 ‘91=d'H ¢ 28 68 € 10¢ 161 2 ¥d4 HD4 1 of 17 9 401-901 9 T2t 241 2 €5- 85 € 8yT1-0S1 ¢ HE1 2T 8 ¥4 804 1 16- 16 0 121-851 0
zz- %7 S [T T 191 191 2 6f- 2y 9 9 42 1 [T I 012 01z 5 S6 w6 S 81 v 1 Y7597 7 vl 22 s11 901 9 76- 8¢ L L'z =¥'m ¥4 904 1 ¥oy 8cd 1
ofr €€ 1 [ TE I8 56~ 15 € 19- L 1 18- 18 S Ze1-021 0 Te- L€y 021 %21 % §€2-622 O 18 69 1 ss- 0 v 611 221 6 981-881 9 T Atk 7 0 =atn
811-811 0 1€ BEf ve- 2y 7 SUT-11T 0 6 09 % ¥4 404 T 6F- 4y < 992957 ¢ 0f- 68 € V)4 804 1 79¢ 5%€ 0 1mo9r € 507-902 % - sz ¢ 28~ 08 2
¥2J 904 1 212 102 7 [EEETE ¥34 903 1 96 16 ¢ 8 Y6 =xtu 6 91 'y « A1z REZ-%€7 2 5 49 N*H v24 ¥03 1 woss 2 267-0%e ¥ wzz 022 % 6~ 66 9 76- €6 4 227-€07 &
9 CSIN‘H 0f- £ 1 6t 6% 0 LOU=NtM wg9- 0 2 17 0f € 182 282 1 s7v 021 1 L% Si'H n o€z ot 9IF 165 ¢ 601-211 ¢ 88 6B < 171-611 ¥ W0z 617 1
£61-€61 0 ¥24 804 1 101-€01 1 #Z1-921 ¢ 6= 9% 7 sy ST 0 06 BE o 51 S1 @ - 0 O 011 <91 1 26z2-9%2 2 vl 6L % 601 01T € 6$5-18Y 5
68 16 € vo4 wed 0 1 tZ1=N%n Y6- 68 € 18 6L 0 42— 2 L4 by~ 20 1 VIid o804 0 ¥4 4904 1 081 61T ¢ TE1-%20 2 ¥4 ¥U3 1 89T-621 ¢ 19 69 1 TTT-¢11 5 FARER] R Brd 97F 6%¢ €
9z 81 2 T tet=N'H LI vI4 404 ) Z61 16T £ w6~ 12 0 RTINS 242 i'm v- b1 9 8 68 0 PR ¥34 404 1 582 <92 © QTT-%1t 7 211-T1t 1 169-999 1
s11-021 1 [Z2R 1 091 €91 € 9 01=3"'N €18 2 vO1 HO4 1 612-612 ¢ ¥6Z Su2 S T4y =xtu ¥d4 ¥04 1 s11 21T 1 861-1ST 0 ¥ 863 1
v2- €1 0 991-151 § 14- 01 % va- 16 2 911-971 1 8 'y =u'M 11-851 € [EIET T S B Y PUL-6TT ¥ 19- 69 9 bt =AM 101 9tt 0 ¥I3 904 1 100 =weu
¥34 804 1 00T 101 » LIS TaR HEL-6FT T wg- €69 76— %€ 0 6R- 56 7 s6- 96 1 252 €52 % 907-€02 € 9 bt & 8yT-151 8 v33 404 1 0Tt SutH
S SST=N'H 861 €8T ¢ se 08 2 £ % 0 6= 08§ ¥4 904 1 s- 02 9 767 291 1 L % 9 09- €5 2 6t 76 2 88 f6 b 172 0€2 1 9 a8 9 02 =tk 09¢ L9F 8,
RZT-0F1 2 sh by 1 vJ4 903 1 56 €01 v Io%e =nth 6- 12 g £5 95 0 o 212-952 1 £0€ f0F. U sR- O ¢ SL1 9L1 9 261621 L 9LY-49T 9 01~ %2 & IRG-229 9
1 0 € 201-FHT 1 78- 0¥ © 9 *TI=W*H % <8t AT1 17 s ¥4 4cd 7 201-5T1 5 w2 61 0O FL1-81T © ZE1-5ET 2 SRT-€6T ¢ 96~ 201 9 vz1-221 *® 86- 09 S £ 2y 9 806 666 &
191-€91 2 £11 911 © ¥34 404 1 HZ1-261 7 £91-651 0 07- 12 01%1 ='H 19- 0L € ¥I4 904 7 v224 804 1 ze 0y 1 622-8%2 & €21 521§ tz w6 1 112 602 % 9z- 12 & 616-16% 7
g€- £6 1 ¥3d 903 1 9 *ZT=M'H €91-191 9 »07-011 T 9T F7 ¢ 9- 92 7 T 95T 2 £ 49 SN'H 9 45 =NH 007 201 0 875 154 oLV fFal b SST 16T % 2y 9y € ty- 05 9 ¥34 6Cd 1
291 U1 0 0 *HT=N'H 0y 99 S 901 %01 0 002107 % 9 6l 1 9= ¢8 9 sl 1 ¥4 805 1 »95 98¢ 2 $22-N7 € Fo- 6§ €9z-952 2 - 4§ 0 *0 =utn

IDIDFOSFEIIN ) M| A0 ¢ »SAOLOV,] FYALINNWLG AILVIANTVY) UNV JFATAST()
111 aEv ],



Vol. 4, No. 8, August 1965

Figure 1.—Projection of the structure of [Rull(NHj3)4(SO.)C1]C1
(excluding hydrogen atoms) down the ¢ axis (the origin is at the
bottom left). The shaded atoms are at 2 = 1/, and the unshaded
atoms are at 2 = 3/, except for the nitrogen atoms whose 2z co-
ordinates are indicated.

Figure 2.-—Perspective view of [Rull(NH;)«(S0,;)Cl]* (exclud-
ing hydrogen atoms).

TABLE IV

INTERATOMIC DISTANCES (IN A.) AND ANGLES AND
THEIR STANDARD DEVIATIONS®

Ru-N; 2.127 & 0.006 £0-8-0 113.8 = 0.6
Ru-N, 2.126 & 0.006 £Cl-Ru-8 176.3 = 0.1
Ru-Cl; 2.415 =% 0.003 £ ClL-Ru-N,; 87.9£0.2
Ru-Cl, 4.258 =% 0.002 £ClL-Ru—-N; 86.5 £ 0.2
Ru-§ 2.072 £ 0.003 £S-Ru-N; 94.8 £ 0.2
S-0, 1.462 == 0.010 £S-Ru~N; 90.9 =£0.2
S-0q 1.394 =+ 0.010 LNp-Ru-N;* 88.5 % 0.3
0,-0, 2.393 £+ 0.014 £ZN-Ru-N: 90.1 = 0.2

ZNp*-Ru-Nqo* 90.1 £ 0.2

ZNz—RU*Ng* 907 =+ 03

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

CHLOROTETRAAMMINE (SULFUR DIOXIDE)RUTHENIUM(II) CHLORIDE 1161

Cl;-Ru-S bond angle from 180°. Coordination of the
SO, 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 7 bond with the empty d orbitals
of sulfur.*

The Ru-N bond distance is comparable to the
value of 2.10 A. found in [Ru™(NH;);Cl]CLY and is
within the range of 2.00-2.35 A. found in other plati-
num group ammines.’® The Ru-Cl, distance appears
to be typical of chlorine coordinated to platinum group
metals. 1% Transition metal-sulfur bond lengths
of 2.1-2.5 A. have been reported,’V the lower limit of
which is slightly greater than the distance observed in
the Ru-SO; 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)®™ and the single bond covalent radius of N is
2.03 A., which is about 0.1 A. 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-NH; bonds—see Nakamoto®).
(2) The sum of the octahedral covalent radius of Ru(II)
and the radius of sulfur (calculated from the S-O bond
distance in solid SO, and the double bond covalent
radius of oxygen!®) is longer by 0.14 A. 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(II) and the single bond
covalent radius of Cl®¥is 2.32 A., which is 0.1 A. smaller
than the observed Ru-Cl distance and considerably
smaller than the sum obtained using the chloride anion
(3.13 A); thus the Ru-Cl bond is predominantly
covalent.

Like other ammine complexes!® containing very elec-
tronegative atoms, the Ru—-SO, complex is hydrogen
bonded, as is evidenced by inter- and intramolecular
spacings of 2.9-3.3 A. between the ammine nitrogens
and the sulfur, two chlorines, and two oxygens. These
inter- and intramolecular spacings of 2.9-3.3 A. fall
into the range of values reported in Table 4.1.12 of the
International Tables® for hydrogen bonds between
N-N, N-Cl, and N-O atoms.

Examination of the X-ray powder pattern and pre-
liminary single crystal precession photographs of
[Ru’'(NH;)4(SO:)Br|Br shows that this complex has
an orthorhombic unit cell with ¢ = 14.35, b = 9.51,

(14) K. Suzuki and K. Yamasaki, J. Inorg. Nucl. Chem., 24, 1093 (1962).

(18) C. K. Prout and H. M. Powell, J. Chem. Soc., 137 (1962).

(16) ““Tables of Interatomic Distances and Configurations in Molecules
and Joms,”” Special Publication No. 11, The Chemical Society, Burlington
House, London W.1, 1958.

(17) C. K. Jgrgensen, ‘“‘Inorgadic Complexes,”” Academic Press, New
York, N. Y., 1063, p. 142,

(18) L. Pauling, “The Nature of the Chemical Bond,” 3rd Ed., Cornell
University Press, Ithaca, N. Y., 1960.

(19) K. Nakamoto, “Infrared Spectra of Inorganic and Coordination Com-
pounds,”” John Wiley and Sons, Inc., New York, N, Y., 1963, p. 145.
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TaBLE V

OBSERVED INTERPLANAR SPACINGS® (IN A.) FOR
SEVERAL Ru~-SO; COMPLEXES

[Rubl (NHg)e [Rull (NHs)s- [Rull (NHy)s- [Rull (NHa)s-
(sonCIICl (SO9) Br]Br? (802 ICH (S0s) | Brt @
5.713 s 5.821 w 5.897 s 6.45 w
5.589 s 5.673 s 5.745 s 6.15 s
5.019 m 5.169 w 5.101 w 5.85w
4,405 vw 4.244 s 5.016 w 5.65s
4,156 w 3.844 vw 4.341 vw 4.52 m
3.857 vw 3.7556 m 4,174 vw 4. 15w
3.768 vw 3.489 w 3.963 w 4.05m
3.643 ms 3.136 w 3.697 vw 3.60s
3.406 m 3.071 vw 3.624 w 3.51s
3.270 vw 2.941 vw 3.582s 3.49 s
3.142 vw 2.908 vw 3.487 vw 3.39 vw
3.047 m 2.887 vw 3.365 vw 3.23 m
2.846 w 2.819 m 3.325 vw 3.10 w
2.801 w 2.741 vw 3.125 vw 3.05 vw
2.740 m 2.692 vw 3.071 m 2.95m
2.640 w 2.631 w 3.009 w 2.85m
2.603 w 2.501 vw 2.819 vw 2.76 m
2.575 w 2,369 m 2.794 vw 2.59 wm
2.433 m 2.334 w 2.736 w 2.50 vw
2.316 w 2.154 vw 2.715 vw 2.38 vw
2.295 w 2.134m 2.680 vw 2.32 vw
2.207 wm 2.122 w 2.622 vw 2.06 m
2.157 wm 2.058 vw 2. 556 wm
2.082 wm 2.049 vw 2.516 wm
2.058 w 2.005 m 2.470 vw
1.993 w 1.986 vw 2.406 vw
1.955 wm 1.969 vw 2,355 wimn
1.941 vw 1.930 vw 2.314 w
1.913 vw 1.913 vw 2,282 wim

2.260 vw

2.230 vw

2,211 vw

2.154 vw

2.089 wm

2.064 vw

2.001 vw

1.989 vw

1.971 vw

1.957 vw

1.926 vw

1.907 vw

¢ The patterns were recorded on film, using a Debye—Scherrer
camera and Cr K radiation. * Estimated to 20.005 A. ¢ Esti-
mated to #0.01 A. ¢ Many extremely weak lines are not re-
ported.

¢ = 7.45 A. £ 0.29, (estimated). The density, meas-
ured by floatation, is 2.45 =+ 0.05 g./cc. at 24° (cor-
responding to four formula weights per unit cell).
Space group absences for 0kl, & + [ = 2n; hk0, h # 2n;
h00, b % 2n; 0RO, k = 21, 001, [ £ 2n are consistent with
either Pna2; or Pnam. Thus, the bromo bromide and
chloro chloride complexes appear to be isomorphous.
Comparison of the powder patterns of four of the
Ru-S0; 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-

Inorganic Chemisiry

TaBLE VI

INFRARED FREQUENCIES (IN cM. !) oF THE NH; LicaxD
IN RUTHENTUM—-AMMINE COMPLEXES

Sym. Asym. Sym, Asym.

Complex str.® str. def. def. Rock
[RulTT(NH3)s]Cls 3218 s 3405 m  1312m 1608 m 775 m
[RulTI(N'H3);Ct]Cle 3208 s 3405 m  1290s  1610m 790 m
[Rull (N'H;)s(HSOs)2] 3260s 3430 m 1299 s 1633 m 782 m
[Rull(NHs)4(502) C1ICI 3225 s 3420 ms 1243s 1625 m  779m
[Rull(NHg4(S0:)Br]Br 3225 s 3420 s 1248 s 1618 m 763 m
[Rull (NH3)3(SO2) ICle 3205 s 3425 s 1240 s 1625 m 808 m
[Rull (NH;5)5(SOs) ) Bra 3215s 3410 ms 1260s 1620 m 805m

@ A broad irregularly shaped band.
TasLE VII
INFRARED FREQUENCIES (1IN CM.!) OF FREE AND
COORDINATED SO»
Complex Sym, str. Asym. str. Bend

(N , X s 21

[Rull(NH,;).(50.)Cl]Cl 1100 s 1391 )S 552 m
1278)

[Ru!l( N'H;),(S0:)Br]| Br 1100 s 12997 .
12785’ 3 550 m

II(N (80 '

[Rul'(NH;)(80:)]Cl, 1098 s 1‘3(—)3 L 548 m
12551

[RuT(NH;)y(80,)] Bra 1117 s 13271 .
13015 s 551 m

SO, (solid )® 1147 m  1330] .
13085 s 521 mi

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).®
Table VI gives the positions and empirical assignments
of the bands in the Ru-SO, 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 SO, ligand and are presented
in Table VII along with the band assignments for un-
coordinated, solid SO,.20

In the Ru-SO, complexes, the band at 1245 cm.™!
was assigned to the symmetric deformation mode of
the NH; ligand rather than the band at 1301 cm. ™,
on the basis of its intensity relative to the asymmetric
deformation band in the SOs-free complexes. The 1301
cm. ™! hand is considered to arise from the SO, group.
Additional support for this assignment is the appear-
ance of a band at 1302 ecm.—! in two of Vaska's® SO,
complexes which do not contain ammine or other ligands
having absorptions in this region (aside from the SO).

The lower values of the stretching modes of the SO,
in the complexes, compared to those in uncoordinated,
solid SO, may arise from the same factors that are
responsible for the C~O stretching frequencies in metal
carbonyls being lower than those in free CO.22 How-
ever, the effect in the metal carbonyls is of much greater
magnitude than in the SO; complex. It is suggested

(20) R. N. Wilson and E. R. Nixon, J. Chem, Phys., 25, 175 (1956).
(21) E. W. Abel, Quart. Rev. (l.ondon), 133 (1963),
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therefore that the S-O bond order may be lowered and
the Ru-S bond order raised by overlap of empty
antibonding = orbitals on the SO, 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. Under conditions of high dilution using petro-

leum ether “B’’ as a solvent, a crystalline compound, S¢( NCHj),, was prepared,
spectra are reported in support of a 1,5 or symmetrical ring structure.

eight-membered, cyclic imide is proposed.

Introduction

Various investigators have allowed S;Cl; and SCl,
to react with primary organic amines to form six-
and eight-membered heterocyclic sulfur-nitrogen com-
pounds.

Becke-Goehring and Jenne*® prepared a series of
six-membered compounds by the reaction of S;Cl
with primary amines. Configuration I was proposed
for the primary product isolated
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R—N  N—R
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(R = ethyl, n-dodecyl, cyclohexyl, benzyl, and g-phenylethyl)

A series of eight-membered sulfur-nitrogen hetero-
cycles, with proposed configurations II, III, and IV,
have been prepared by the reaction of SCl, with pri-
mary amines. Stone and Nielsen*® prepared the
methyl analogs. Becke-Goehring and Schlotter® pre-
pared the benzyl and B-phenylethyl analogs of II.
Ross, Roscoe, and Pace’ prepared the ethyl analog of
IT and the benzyl and B-phenylethyl analogs of III.

(1) Taken in part from the Ph.D. thesis submitted by J. S. P., June 1964.

(2) M. Becke-Goehring and H. Jenne, 4ngew. Chem., T0, 399 (1958).

(3) M. Becke-Goehring and H, Jenne, Chem, Ber., 92, 1149 (1959).

(4) B. D. Stone and M. L. Nielsen, J, 4m. Chem. Soc., 79, 1264 (1957).

(5) B. D. Stone and M. L. Nielsen, ¢bid., 81, 3580 (1959).

(6) M. Becke-Goehring and H., A. Schlotter, Z. Naiurforsch., 16b, 622
(1961).

(7) L. A. Ross, J. S. Roscoe, and A. Pace, J. Chem. Eng. Data, 8, 611
(1963).

Infrared and proton magnetic resonance
A reaction mechanism for the formation of this
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11, R = methyl, ethyl, benzyl, 8-phenylethyl
111, R = methyl, benzyl, 8-phenylethyl
IV, R = methyl

No successful cyclizations of the polysulfur dichlo-
rides (S,Cl;, where # > 2) have been reported, although
attempts have been implied.® Fehér, Naused, and
Weber® have described the preparation and properties
of the individual polysulfur dichlorides where n =
3, 4, 5, and 6.

Various open-chain condensations of S;Cl; have been
reported. Fehér and Xruse” have allowed S;Cl
to react with a large excess of HyS to prepare H,S;.
Fehér and Weber!! have prepared RS0,S;SO;R (where
R = p-toluene) by the reaction of S;Cl, with RSO;Na.

{8) F. Fehér, Chemical Society Symposia, Bristol, 1958, p. 305; Special
Publication No. 12, The Chemical Society, London, 1958.

(9) F. Fehér, K. Naused, and H. Weber, Z. anorg. aligem. Chem., 290, 303
(1957).

(10) F. Fehér and W. Kruse, £bid., 298, 302 (1958).

(11) F. Fehér and H: Weber, Angew. Chem., 67, 231 (1955).



