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The reactions of S4N4 with Se4(AsF6)2, Se4(Sb2F,J2, and Seg(ASF6)2 in SO2 have been found to give the first well-characterized 
examples of a sulfurselenium-nitrogen cationic ring in the compounds (Se4S2N4)(A~F6)2 and (Se4S2N4)(SbF6)2. Blue-green 
crystals of both compounds are isomorphous and crystallize in the monoclinic space group P2,/n. The cell dimensions 
of the hexafluoroarsenate salt determined at  -30 "C are a = 10.358 (3) A, b = 16.002 (5) A, c = 9.748 (4) A, and /3 = 
98.16 (3)'; those of the hexafluoroantimonate salt, determined at 22 OC, are a = 10.619 (1) A, b = 16.523 (2) A, c = 
9.873 (2) A, and /3 = 97.70 (1)'. In both salts, the bis(thiodiselenazy1) cation, Se4S2N?+, is very similar to the bis(thiodithiazy1) 
cation in that it consists of two thiodiselenazyl rings linked by long Se-Se interactions of 3.12-3.1 8 A between the diselenide 
bonds in each ring. The cation also has some significant interactions with the hexafluoroarsenate and hexafluoroantimonate 
anions. These cation-cation and anion-cation interactions are discussed and compared to similar interactions in the 
sulfur-nitrogen cations and other selenium compounds. 

Introduction 
The synthesis of the monomeric and dimeric forms of the 

thiodithiazyl cation, S3N2+ and S6N42+, by the oxidation of 
S4N4 with Tes4+ and Ss2+, respectively, has been reported 
recently.' These novel oxidations raised the question as to 
whether the analogous reactions of S4N4 with the selenium 
cations Set+ and Se?+ would also give a sulfur-nitrogen cation 
or alternatively a mixed sulfur-selenium-nitrogen cation, no 
example of which had been well characterized. The first report 
of a compound possibly containing a S-Se-N cation was made 
by Garcia-Fernandez,2 who obtained a compound, which was 
reported to analyze as  SeS2N2ClS, from the reaction of sele- 
nium dichloride and S4N4 in thionyl chloride. However, 
Bannister and co-workers3 were unable to reproduce these 
results, and they suggested that the compound was probably 
Se2S4N4C12 for which some possible structures were postulated. 
Recently Street and co-workers4 have reported the preparation 
of compounds formulated a s  (S2Se4N42+)(C1-)2 and 
(S2Se4N42+)(Br-)2 from the reactions of bis[bis(trimethyl- 
silyl)amino] sulfane and the appropriate selenium tetrahalide 
in methylene chloride. On the basis of infrared and mass 
spectroscopic data and the absence of an ESR signal from the 
solid compounds the structures of these new cations were 
proposed to be analogous to that of the S6N:+ cation as 
determined by Bannister et alSs However, because of the 
insolubility of the compounds, no crystals could be obtained 
for a definite X-ray crystallographic confirmation of the 
proposed structures. 

In this paper, we show that oxidation of S4N4 using either 
of the cations Se42+ and Seg2+ gives the sulfur-selenium-ni- 

(1) Gillespie, R. J.; Kent, J. P.; Sawyer, J. F. Inorg. Chem., in press. 
( 2 )  Garcia-Fernandez, H. C. R. Hebd. Seances Acad. Sci. 1961,252,411. 
(3) Banister, A. J.; Padley, J. S. J .  Chem. SOC. A 1967, 1437. 
(4) Wolmershauser, G.; Brulet, G. R.; Street, G. B. Inorg. Chem. 1978, 17, 

3586. 
( 5 )  Banister, A. J.; Clarke, H. G.; Rayment, I. Inorg. Nucl. Chem. Lett .  

1974, 10, 647. 

trogen dimeric cation Se4S2N42+. The structure of this ion 
has been determined by an X-ray crystallographic study of 
its hexafluoroarsenate and hexafluoroantimonate salts. 
Experimental Section 

Reaction vessels, the recording of IR spectra, and the preparation 
of S4N4 were the same as described previously.' Salts of S e t '  and 
SeS2+ were prepared with use of established methods68 but with the 
following modifications. 

Preparations of Seg(ASF6),. In a typical experiment 10.1 g (16 
mmol of Seg) of selenium powder (Alfa Inorganics) was used with 
the stoichiometric amount of AsFS. The product was extracted near 
the freezing point of sulfur dioxide because of its increased solubility 
a t  low temperatures. The yield was 14.5 g (90% based on Se8) of 
semicrystalline Seg(AsF6),. 

Preparation of &4(ASF6)2 and Se4(Sb2FI1),. In typical experiments 
3.0 g (38 mmol) of powdered selenium was used with 57 mmol of 
AsFS and 70 mmol of SbFs. In the latter case approximately twice 
as much solvent (100 mL) was used to avoid formation of the SbF5.S02 
adduct.6b The products were used without further purification. 

Reaction of S4N4 with Ses(ASFg)2 in SO2. S4N4 (0.152 g, 0.83 
mmol) and S ~ , ( A S F , ) ~  (0.833 g, 0.83 mmol) were transferred to 
separate sides of a double-bulb reaction vessel. The vessel was then 
evacuated, and sulfur dioxide (ca. 15 mL) condensed at -196 OC onto 
the solid reactants. Both sides of the apparatus were flame sealed. 
The mixture was allowed to warm slowly to room temperature and 
stirred for 24 h. A dark green solution was obtained initially, which 
slowly changed to a reddish-brown solution containing a black pre- 
cipitate, which was identified as a Se/S mixture by XRF and powder 
diffraction data. After filtration at room temperature and very slow 
removal of the solvent, blue-green crystals, identified by crystallo- 
graphic examination as Se4S2N4(AsF6),, were obtained (0.25 g, 0.3 1 
mmol; 37% yield based on S4N4). In some preparations an unidentified 
orange-red powder was also obtained. On exposure to air the blue- 
green crystals quickly decompose to a brown solid, which further 
decomposes to an orange material. Infrared spectrum of Se4S2N4- 
(ASFg),: 1304 (W), 1260 (VW), 1223 (w), 1165 (m), 1153 (m), 1091 

(6) (a) Gillespie, R. J. ;  Ummat, P. K.; Dean, P. A. W. Inorg. Synrh. 1974, 
15, 215. (b) Dean, P. A. W.; Gillespie, R. J. J .  Am. Chem. SOC. 1969, 
91, 7260. 
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(sh), 1008 (sh), 990 (s), 972 (sh), 948 (vs), 892 (sh), 805 (sh), 720 
(vs), 678 (s, sh), 655 (s), 617 (s), 591 (sh), 565 (s), 532 (s), 485 (vw, 
sh), 473 (vw, sh), 445 (s), 382 (vs), 342 (s), 275 (m), 241 (w) crn-l. 

Reaction of S4N4 with S~*(ASF~)~ in Methylene Chloride. The same 
weights of reactants were used as described above. Methylene chloride 
(ca. 20 mL) was condensed at  -196 OC onto the solid reactants and 
allowed to warm to room temperature. The bright yellow solution 
quickly turned to an orange-brown solution containing a black pre- 
cipitate. The reaction mixture was then shaken for 12 h, and the 
solution turned crimson red. No further changes occurred on shaking 
for a further 60 h. After filtration and removal of solvent (ca. 1 week) 
both orange-yellow and light red crystals were obtained. The or- 
ange-yellow crystals were identified as unreacted S4N4 by comparison 
of a single-crystal Raman spectrum with that of an authentic sample. 
Crystallographic examination of the light red crystals identified them 
as the S4N4 adduct of arsenic pentafluoride, S4N4.AsF5.’ 

Reaction of S4N4 with Se4(ASFg)2. S4N4 (0.250 g, 1.36 mmol) and 
Se4(A~F6)2 (940 mg, 1.36 mmol) were transferred to one side of the 
reaction vessel. Sulfur dioxide (ca. 15 mL) was condensed onto the 
solid reactants a t  -196 OC, and both sides of the ampule were flame 
sealed. Upon warm-up to room temperature, a yellow solution was 
first obtained, which became deep red as it reacted with undissolved 
S4N4. At room temperature a dark green solution containing a brown 
solid was obtained, which after stirring for 90 min became reddish 
brown. The solution was filtered, and slow removal of the solvent 
(ca. 1 week) produced crystals of similar morphology and color to 
those isolated from the reaction of S4N4 with Ses2+ described above. 
Indeed, the final series of color changes noted for the Se42+ reaction 
indicated that the reaction is essentially the same as with Se;’ except 
that it is faster, which is consistent with the stronger oxidizing power 
of Se42+. Crystallographic examination confirmed that the major 
crystalline product from this reaction was identical with that produced 
in the Se;+ reaction, namely (Se4S2N4)(A~F6)2. 

Reaction of S4N4 with Se4(Sb2FIl),. S4N4 (462 mg, 2.5 mmol) and 
Se4(Sb2F,l)2 (2.80 mg, 2.3 mmol) were transferred to the reaction 
vessel. Sulfur dioxide (ca. 20 mL) was then added to the evacuated 
vessel a t  -196 OC, and both sides were flame sealed. The reaction 
proceeded in a similar manner to that described above. Dark blue- 
green crystals, which were obtained after removal of the solvent, were 
identified as Se4S2N4(SbF6)2 by crystallographic examination. Infrared 
spectrum of Se4S2N4(SbF6)2: 1304 (w), 1260 (w), 1223 (w), 1155 
(m, br), 1091 (vw), 1010 (s, sh), 995 (s), 972 (s), 949 (vs), 892 (sh), 
847 (sh), 81 1 (sh), 721 (vs), 678 (s, sh), 655 (s, br), 637 (s, sh), 618 
(s, sh), 565 (vs, br), 532 (vs, br), 447 (s), 389 (sh), 371 (s), 359 (s), 
319 (sh), 272 (vs) cm-I. 

X-ray Crystallography. Crystals of (Se4S2N4)(A~F6)2 are dark 
blue-green prisms and plates. The crystal used in the final data 
collection was obtained by cleaving one of the larger crystals in the 
products from the S4N4/Se42+ reaction into smaller fragments and 
shaping one of these crystals until it was approximately a sphere of 
radius 0.09 mm. Preliminary precession photographs indicated that 
the crystal was monoclinic, and the crystal data were obtained on a 
Syntex P2, diffractometer using graphite monochromatized Mo Ka 
radiation (A = 0.71069 A). 

With the identification of the compound as (Se4S2N4)(A~F6)2 
containing the selenium analogue of the bis(thiodithiazy1) cation, 
S6N2+, a preliminary study of the original crystal a t  lower tem- 
peratures using a Syntex LTl  attachment to the diffractometer was 
initiated. It was hoped that these studies would give further infor- 
mation on the inter-ring bonding interactions that would be useful 
in the interpretation of the ESR and variable-temperature magnetic 
susceptibility measurements of salts of the S6Nd2+ and Se4SzN42+ 
cations.8 

Similarly, blue-green crystals of (Se4S2N4)(SbF6), were isolated 
from the reaction of S4N4 with Se4(Sb2Fll)2, and precession photo- 
graphs indicated that they were isomorphous with the hexafluoro- 
arsenate salt. Because of our interest in the anion-cation interactions 
in these salts a data set was collected on a crystal, which approximated 
to a sphere of radius 0.13 mm. 

Crystal Data. At room temperature (22 “ C ) ,  (Se4S2N4)(A~F6)2 
is monoclinic, space group P2,/n, with a = 10.373 (3) A, b = 16.089 
(4) A, c = 9.799 ( 3 )  A, p = 98.095 (25)O, V =  1619.1 (8) A’, DBl,,j 
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= 3.36 g cm-3 for Z = 4 (Se4S2N2’ dimers), fw = 813.8, and F(000) 
= 1480; Mo Ka radiation (A  = 0.71069 A); ~ ( M o  Ka) = 144.8 cm-’. 

At room temperature (22 “C), the isomorphous hexafluoro- 
antimonate salt (Se4S2N4)(SbF6), is monoclinic, space group 
with a = 10.619 (1) A, b = 16.523 (2) A, c = 9.873 (2) A, = 97.70 
(l)’, V = 1716.6 (4) A3, Dald = 3.51 g cm-j for Z = 4 (Se4S2N2+ 
dimers), fw = 907.5, and F(000) = 1624; Mo Ka radiation (A = 
0.71069 A); ~ ( M o  K a )  = 126.6 cm-I. 

At -30 OC, (Se4S2N4)(AsF )2 is monoclinic with a = 10.358 (3), 
b = 16.002 (5), c = 9.748 (4) 1 , p  = 98.16 (3)O, V = 1599.4 (9) A’, 
and space group P2,/n. 

At approximately -75 OC, (Se4S2N4)(A~F6)2 is monoclinic with 
a = 10.347 (2) A, b = 15.970 (4) A,c = 9.725 (3) A, p = 98.14 (2)O, 
V = 1590.8 (7) A’, and space group P2,/n. However, a t  this tem- 
perature there is substantial broadening of the reflection profiles as 
shown by 26/w scans on the diffractometer. Below this temperature 
some of the reflection profiles measured were definitely split into two 
components with significant losses in intensities. Overall the symmetry 
appeared to be triclinic with some twinning. This process was reversed 
on warming the crystal, and data sets were collected on the hexa- 
fluoroarsenate salt at both -30 OC and room temperature. At each 
of the temperatures above -95 OC, unit cell dimensions were obtained 
from least-squares refinements of 20, w, and x for the same 15 
high-angle reflections. 

Intensity data on the two salts were collected in the 8-26 mode with 
use of the data collection options specified ic Table I. For all three 
data sets, Lorentz, polarization, and spherical absorption corrections 
were applied to all reflections. Subsequent averaging of equivalent 
data and exclusion of systemically absent and zero intensity data 
resulted in the final numbers of nonzero data shown in Table I. 

Structure Solutions. The structure of the hexafluoroarsenate salt 
was assumed, on the basis of volume considerations and by analogy 
with the S4N4/S2+ system, to contain a mixed sulfur-selenium 
analogue to the S3N2’ (S6N2’) cation. Normalized structure factors 
were therefore calculated with the assumption that the unit cell 
contained 16 (Se2SN2)(AsF6) molecules, and the solution was at- 
tempted with use of the direct-methods routines in the program SHELX? 
The best E map obtained was not immediately interpretable since, 
although many of the highest peaks in the map were within reasonable 
bonding distances, several additional peaks were spurious and formed 
bonds that were much too short. However, with the aid of a Patterson 
map, six heavy-atom positions (initially assumed to be selenium) were 
found, which gave reasonable R factors on least-squares refinement. 
Subsequent Fourier maps gave the positions of all the lighter atoms 
and enabled the selenium and arsenic positions to be correctly assigned. 
For the two data sets collected on the hexafluoroarsenate salt, 
block-diagonal least-squares refinements (two blocks) with all atoms 
having anisotropic temperature factors converged to the final 
agreement indices in Table I. Similarly for the room-temperature 
data set collected on the isomorphous hexafluoroantimonate salt, the 
final coordinates from the above refinements were used with the 
scattering curve for antimony replacing that for arsenic. Block-di- 
agonal least-squares refinement of this model with all atoms having 
anisotropic temperature factors converged to the final agreement 
indices in Table I. For each refinement comparisons of the average 
w ( A p )  as a function of sin 0 and F,, showed no systematic trends, 
which confirms the suitability of the weighting schemes used. 

For all refinements, neutral-atom scattering factors in the analytical 
form were taken from ref 1 1 .  All calculations were performed on 
a CDC 6400 computer using a series of programs in the XRAY 76 
system,12 the program SHELX? and some local programs. The final 
atomic positional parameters from the refinements of both salts are 
given in Table 11, and the corresponding parameters of the AsFC salt 
a t  room temperature along with the temperature factors for all three 
refinements have been deposited as supplementary material (Tables 
A and B).13 Interatomic distances and angles calculated with use 
of the coordinates in Table I1 are included in Table I11 and IV. 

(7) Gillespie, R. J.; Kent, J. P.; Sawyer, J. F. Acfo Crysrallogr., Secr. B 
1980, 836, 655. 

(8) Gillespie, R. J.; Kent, J. P.; Lever, A. P. B. unpublished results. 

(9) Sheldrick, G. M. “SHELX, A Program for Crystal Structure 
Determination”; University of Cambridge, Cambridge, En land, 1976. 

(10) Ri = ZWol - l ~ c l l / ~ l ~ o l ;  R2 = [Ew(lFoI - IFCI)~/Z~FO 1”’. 
(1 1) “International Tables for X-ray Crystallography”, Kynoch Press: 

Birmingham, England, 1965. 
(12) “X-Ray 76 System of Crystallographic Programs”, Technical Report 

TR446 of the Computer Science Center; University of Maryland: 
College Park, MD. 

(13) Foss, 0.; Janickis, V. J .  Chem. Soc., Chern. Commun. 1977, 834. 
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The Dimeric Thiodiselenazyl Cation Se4S2N42+ 

Table I. Details of Data Collections and Structure Refinements 

Inorganic Chemistry, VoL 20, No. 12, 1981 4055 

(Se, S,N,)(SbF, ) 2  
(Se,S,N,)(AsF,), 

room temp (22 "C) low temp (-30 "C) room temp (22 "C) 
reflctns used in unit cell determn 

max 20 scan type, deg 50,0-20 50,e-2e 55,0-2e 

15/(28 < 28 < 32") 
(no. of reflctns/26 range) 

radiation 

scan speeds, deg niin-l (dependent 3.5" 3.5" 2.5-29.3 

scan range 

Mo Ka(graphite monochromated) ( h  = 0.710 69 A) 

on intensity of a 2-s prescan) 
(KO, - l .OC) - (K~ ,  + 1.0") (KO,  - 1.0')-(K0, t 1.0") (KO, - 0.8')-(Kct2 + 0.8") 

bkgd measmts 
std retlctns (no./interval) 2/48 2/68 3/67 

no. of data collected (including std) 3284' 3212d 4501e 
abs cor spherical, pr = 1.3 spherical, p r =  1.3 spherical, pr = 1.65 
no. of indep dataf 2506f 2580h 3583' 
no. of data F > 6.0o(F) 1504 1666 2517 
no. of data F > 2.0u(F) 2129 2248 3287 

stationary counter-stationary crystal equal to one-fourth scan time at each end of the scan 

quadrants collected (17 ,k , il) 

0.049 0.045 0.057 
0.052 0.050 0.066 
0.079 0.069 0.073 
0.072 0.066 0.079 

R l  160 datal' 

i: 12u datal' 
R2 

max shift/error, final cycle 0.18 0.15 , 0.16 

final diff Fourier 
wts 2(u(F))2 + 0.0012Fi w = xy' w = xyk 

+3'50 1 near Sb max peak, e t 1 .20  + 1.04 
min trough, e .X3 -1.20 -1.12 -3.50 

" Intense reflections were collected at 29.3" min-'. 
In addition 254 equivalent data in the quadrants (-h,k, i /)  were collected. 

No decline in the intensities of the standards was observed during data collection. 
In addition all 1020 equivalent data in the quadrants (-h,k,+I) 

with 20 < 35" were collected. e In addition 21 1 equivalent data with negative h and k indices were collected. Systematically absent reflec- 
tions and reflections with F ,  = 0.0 excluded. 
flections. i Rmerpe = 0.0320 for 368 equivalent reflections. j x = F 55 if F < 55, or x = 90/F if F > 90, otherwise x = 1 . 0 ; ~  = (sin e j/U.26 if 
sin 0 < 0.26, o r y  = 0.295isin e if sin 0 > 0.295, otherwise y = 1.0. ' x = F/33  if F < 33, o r x  = 45/F if F > 45, otherwise x = 1 . 0 ; ~  = (sin e ) /  
0.28 if sin 0 < 0.28, o r y  = 0.36/sin 0 > 0.36, otherwisey = 1.0. 

Rmerge = 0.0246 for 335 equivalent reflections. Rmerge = 0.031 2 for 496 equivalent re- 

Table 11. Final Atomic Positional (X104) Parameters with Standard Deviations in Parenthesesa 

atom X Y Z atom X Y z 

3751 (2) F(11) 3152 (11) 1730 (10) 4072 (10) Se(1) 371 (1) 1917 (1) 
330 (1) 1929 (1) 3733 (1) 3081 (13) 1683 (12) 4202 (13) 

S a )  -344 (1) 2013 (1) 1349 (1) W12) 2384 (7) 2178 (5) 1781 (10) 
-369 (1) 2031 (1) 1358 (1) 2290 (8) 2159 (6) 1780 (12) 

889 (14) 346 (1) 3880 (1) 1461 (1) 4215 (16) 1344 (16) 
Se(4) 1039 (1) 3843 (1) 3819 (1) ~ ( 1 4 )  4900 (9) 929 (5) 3322 (9) 

1051 (1) 3792 (1) 3823 (1) 4966 (10) 858 (7) 3383 (11) 
S(1) -2412 (3) 1878 (2) 3027 (4) F(15) 2621 (10) 731 (6) 2294 (14) 

-2386 (3) 1923 (2) 3049 (4) 2589 (13) 627 (6) 2259 (16) 
S(2) 3089 (3) 3986 (2) 2131 (4) F(16) 4637 (10) 2383 (7) 2767 (20) 

3061 (3) 3927 (2) 2141 (4) 4653 (13) 2403 (8) 2869 (26) 
N(1) -1209 (11) 1836 (7) 4169 (11) F(21) -1720 (8) 3687 (5) 2860 (8) 

-1217 (12) 1874 (8) 4173 (12) -1686 (9) 3702 (6) 2838 (10) 
N(2) -1999 (11) 1960 (7) 1545 (11) F(22) -2416 (10) 4829 (6) 1333 (11) 

-2002 (11) 2002 (7) 1592 (11) -2466 (13) 4900 (8) 1205 (14) 
N(3) 1889 (11) 3990 (7) 1005 (11) F(23) -4331 (9) 5076 (6) 2463 (12) 

1902 (12) 3946 (7) 1012 (12) -4480 (13) 5120 (9) 2484 (18) 
N(4) 2697 (1 1) 3914 (7) 3635 (11) F(24) -3623 (10) 3910 (7) 4017 (9) 

2676 (12) 3849 (8) 3601 (12) -3675 (12) 3854 (9) 4109 (11) 
3662 (1) 1541 (1) 2511 (1) F(25) -3903 (9) 3692 (6) 1563 (9) 
3660 (1) 1494 (1) 2513 (1) -3972 (10) 3654 (7) 1476 (10) 

-3046 (1) 4386 (1) 2674 (1) F(26) -2146 (10) 5052 (6) 3792 (12) 
-3095 (1) 4406 (1) 2672 (1) -2142 (13) 5132 (8) 3828 (15) 

Se(3) 304 (1) 3912 (1) 1433 (1) ~ ( 1 3 )  4143 (13) 1394 (12) 977 (10) 

" The first line in each entry gives the final coordinates for the low-temperature refinement of the structure (Se,S,N,)(AsF,),; the second 
corresponds to the final parameters for the room-temperature refinement of the structure of (Se,S,N,)(SbF,),. b M =  As, Sb. 

Tabulations of the observed and calculated structure factors for both 
structures have been included in the supplementary material (Tables 

Discussion of Crystal Structures 

The structure determinations show that the crystals obtained 
from the reactions of S4N4 with the cations Se42+ and Seg2+ 
are the same and contain a selenium analogue of the dimeric 
thiodithiazyl cation, that is, Se4S2N42+, as hexafluoroarsenate 
or hexafluoroantimonate salts. The Se4S2N42+ cation is for- 

C-E). 

mulated as the dimeric ion on the basis of rather short contacts 
between the selenium atoms in two adjacent thiodiselenazyl 
rings (Figure 1 ) .  In contrast to the S6N42+ cation' the 
Se4S2N42+ cation in the present compounds has slightly 
asymmetric interactions between the two thiodiselenazyl rings 
and does not have crystallographic inversion symmetry. 

The diselenide bonds in the two rings of the Se4S2N42+ 
cation do not show the appreciable lengthening over accepted 
single-bond lengths (e.g., 2.335 A in Se813) that have been 
observed for the disulfide bonds in the analogous S6N42+ and 
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Table 111. Bond Distances (A) in the Compounds (Se,S,N,)(MF,), (M = As, Sb)' 

M =  As M= Sb M =  As M =  Sb 

1.553 (12) Se(l)-Se(2) 2.358 (2) 2.369 (2) S( 1 )-N(1) 
Se(3)-Se(4) 2.345 (2) 2.356 (2) S( 1)-N(2) 1.570 (12) 1.551 (13) 
Se( l)-N(l)  1.746 (12) 1.756 (13) S(2)-N(3) 1.537 (11) 1.546 (12) 
Se(2)-N(2) 1.753 (12) 1.781 (12) s (2 )-N (4) 1.580 (12) 1.556 (13) 
Se( 3 )-N( 3 ) 1.755 (12) 1.770 (13) Se(l).,.Se(4) 3.159 (2) 3.171 ( 2 )  
Se(4)-N(4) 1.756 (12) 1.771 (13) Se(2).-Se(3) 3.111 (2) 3.147 (2) 

1.550 (11) 

M =  As M =  Sb 

M( 1 )-F( 1 1) 1.708 (11) [1.761] 
-F( 12) 1.742 (8) [1.758] 
-F( 13) 1.658 (12) [1.734] 
-F(14) 1.715 (9) [1.731] 
-F(15) 1.680 (10) [1.721] 
-F(16) 1.681 (11) [1.760] 

M(2)-F(21) 1.761 (8) [1.768] 
-F(22) 1.697 (11) [1.726] 
-F(23) 1.719 (9) [1.748] 
-F(24) 1.695 (10) [1.724] 
-F(25) 1.709 (9) [1.727] 
-F(26) 1.704 (10) [1.737] 

a Values in brackets are thermally corrected (riding model) bond lengths in the MF,- anions. 

104.8 (4) 
106.0 (4) 

Figure 1. ORTEP view of the dimeric cation in the compound (Sed- 
S2N,)(AsF,)2 at -30 OC showing some principal bond lengths (A) 
and bond angles (deg). 

S3N2+- cations.' The lengths of the diselenide bonds are 
generally comparable to the Se-Se bond lengths in other 
compounds containing diselenide bonds or chains of selenium 
atoms,14 although, in compounds containing several directly 
bonded selenium atoms, interactions between adjacent bonds 
result in a significant alternation in these bond lengths. 
However, in the majority of these compounds there are  sig- 
nificant intermolecular (ionic) contacts, and their influence 
on the Se-Se bond lengths is a t  present not well understood. 

The  average lengths of the four Se-N bonds in the 
Se4S2N4*+ cations at  1.75 (1) 8, for the salt and 1.77 
(1) 8, for the SbF6- salt are comparable to the Se-N distance 
of 1.77 (1) 8, observed in the anion [N3Se302-] l 5  and distances 
of 1.77-1.80 (3) A in Se4N4.16 The bonds are, however, 
significantly shorter than the sum of the covalent radii of 1.87 
8,'' but nonetheless longer than the quoted selenium-nitrogen 

(14) (a) Hauge, S. Acta Chem. Scand., Ser. A 1975, A29,163. (b) Hauge, 
S.; Sletten, J. Acta Chem. Scand. 1971, 25, 3094. (c) Hauge, S. Ibid. 
1971, 25, 3103. (d) Hauge, S. Acta Chem. Scand., Ser. A 1975, A29, 
771,843. ( e )  Foss, 0.; Janickis, V. J .  Chem. SOC., Dalton Tram. 1979, 
620,628. (0 McKinnon, B. J.; de Mayo, P.; Payne, N. C.; Ruge, B. 
N o w .  J .  Chim. 1978, 2, 92. (9) Gould, R. 0.; Jones, C. L.; Savage, 
W. J.; Stephenson, T. A. J .  Chem. SOC., Dalton Trans. 1976,908. (h) 
Bottcher, P. Z .  Anorg. Allg. Chem. 1977, 432, 167. ( i )  Woodward, C. 
M.; Brown, D. S.; Lee, J. D.; Massey, A. G. J .  Organomef. Chem. 1976, 
121, 333. 6)  Palmer, H. T.; Palmer, R. A. Acta Crystallogr., Sect. B 
1969, B25, 1090. (k) Marsh, R. E. Acta Crystallogr. 1952,5,458. (I) 
Kruse, F. H.; Marsh, R. E.; McCullough, J. D. Ibid. 1957,10, 201. (m) 
Husebye, S. Acta Chem. Scand. 1966, 20, 51. 

(15) Kocman, V.; Rucklidge, J. Acta Crystallogr., Sect. B 1974, B30, 6. 
(16) Baernighausen, H.; Volkmann, T. V.; Jander, J. Acta Crystallogr. 1966, 

-9, c-31 
L 1 ,  J / I  

1.880 (14) [1.941] 
1.889 (9) [1.910] 
1.798 (16) [1.905] 
1.857 (11) [1.883] 
1.826 (12) [1.871] 
1.841 (13) [1.931] 
1.885 (9) [ 1.8991 
1.863 (14) [ 1.9031 
1.875 (14) [1.928] 
1.858 (13) [1.895] 
1.874 (11) [1.896] 
1.859 (13) [1.903] 

Table IV. Bond Angles (Dee) in the Compounds 
(Se,S,N,)(MF,), (M = As, Sb) 

M = As M = Sb 
N(l)-Se(l)-Se(Z) 
N(2)-Se(2)-Se( 1) 

S( 1)-N( 1)-Se( 1) 
S( 1)-N(2)-Se(2) 
N( 3)-Se( 3)-Se(4) 
N(4)-Se(4)-Se(3) 

S(2)-N( 3)-Se( 3) 
S(2)-N(4)-Se(4) 

N(l)-S(l)-N(2) 

N(3)-S(2)-N(4) 

F(  1 1 )-M( 1)-F( 12) 
-F(13) 
- ~ i i 4 j  
-F(15) 
-F(16) 

F(12)-M(l)-F(l3) 
-F(14) 
-F(15) 
-F(16) 

F(  13)-M( 1)-F(14) 
-F(15) 
-F(16) 

F( 14)-M( 1)-F( 15) 
-F(16) 

F(15)-M(l)-F( 16) 
F(21)-M(2)-F(22) 

-F(23) 
-F(24) 
-F(25) 
-F(26) 

F(22)-M(2)-F(23) 
-F(24) 
-F(25) 
-F(26) 

F(23)-M(2)-F(24) 
-F(25) 
-F(26) 

F(24)-M(2)-F(25) 
-F(26) 

F(25)-M(2bF(26) 
se (~ j - se (1  j-s&j 
N( 1)-Se( 1)-Se(4) 
Se( l)-Se(2)-Se(3) 
N(2)-Se(2)-Se(3) 
Se(4)-Se(3)-Se(2) 
N(3)-Se( 3)-Se(2) 
Se(3)-Se(4)-Se( 1) 
N(4)-Se(4)-Se(l) 

93.6 (3) 
93.6 (4) 

11 1.6 (6) 
120.9 (7) 
120.2 (6) 
93.2 (3) 
94.6 (4) 

112.0 (6) 
121.3 (7) 
118.9 (6) 
86.9 (5) 

177.8 (8) 
89.8 (5) 
88.5 (7) 
88.9 (8) 
91.3 (6) 

176.7 (5) 
87.9 (4) 
89.8 (5) 
92.0 (6) 
92.7 (7) 
89.8 (9) 
92.4 (5) 
89.7 (5) 

176.6 (6) 
88.0 (4) 

178.8 (5) 
89.5 (5) 
88.8 (4) 
89.0 (4) 
90.9 (5) 

177.4 (5) 
90.3 (5) 
89.8 (5) 
91.7 ( 5 )  
91.1 (5) 
91.1 (5) 
89.4 (5) 
90.4 (5) 

177.9 (5) 
89.64 (6) 

106.0 (4) 
90.11 (6) 

104.8 (4) 
91.08 (6) 

105.6 (4) 
89.16 (6) 

106.0 (4) 

94.0 (4) 
92.9 (4) 

112.5 (7) 
120.3 (7) 
120.3 (7) 
93.9 (4) 
93.5 (4) 

112.7 (7) 
119.9 (7) 
120.0 (7) 
85.3 (6) 

178.6 (1 1) 
89.8 (6) 
88.8 (8) 
86.7 (9) 
93.8 (7) 

175.0 (5) 
88.3 (5) 
89.5 (5) 
91.1 (7) 
92.3 (9) 
92.2 (1 1) 
91.8 (5) 
90.0 (6) 

175.1 (8) 
88.5 (5) 

178.8 (6) 
88.4 (5) 
88.1 (4) 
89.1 (5) 
90.3 (7) 

176.5 ( 6 )  
90.0 (5) 
88.4 (6) 
92.8 (7) 
92.1 (6) 
90.6 (6) 
88.2 (5) 
93.2 (6) 

176.8 (6) 
90.08 (6) 

105.9 (4) 
89.68 (6) 

104.9 (4) 
90.89 (6) 

106.3 (4) 
89.35 (6) 

106.4 (4) 
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double-bond length of 1.64 AI8 and the Se-N bond of 1.67 
(5) 8, observed in the compound c ~ - A g , N S e 0 ~ . ~ ~  Some other 
reported Se-N bond lengths are 1.807 (5) and 1.814 (4) A 
in the compound 3,4-diphenyl- 1 ,2 ,5-~elenadiazole ,~~ 1.832 
(6)-1.845 (3) A in the compounds R2Se, (R = NC5Hlo,  x = 
4; R = NC4H80,  x = 2,3, and 4),Ik 1.805 (3) 8, in the phenyl 
selenoimine C14H13NOSe,21a 1.83 (4) 8, in 3,4-benzo-1,2,5- 
selenadiazole18 and 2.19 (2) and 2.20 (2) 8, in the 1:2 adduct 
of SeOC12 with pyridine.18 From these values it is apparent 
that the Se-N bonds in the thiodiselenazyl rings have con- 
siderable double-bond character although due to the lack of 
comparable data on similar ring systems it is not possible to 
estimate the bond order. 

The average S-N bond length in the two thiodiselenazyl 
rings of the Se4S2N42+ cation is 1.56 (1) A for the AsF6- salt 
and 1.55 (1) A for the SbF6- salt, and the average N-S-N 
and S-N-Se angles are respectively 11 1.8 (6)’ and 120.3 (7)’ 
for the AsF6-salt and 112.7 (7)’ and 120.1 (7)’ for the SbF6- 
salt. These S-N distances are comparable to the S-N bond 
lengths to S(3) in the thiodithiazyl rings of the S3N2’ and 
S6N42+ cations,’ and the S-N-Se angles in the present sele- 
nium cations are the same (120’) as the S-N-S angles in the 
sulfur analogues. However, the average N-Se-Se angles in 
the thiodiselenazyl rings of 93.8 (4)” for the AsF6- salt and 
93.6 (4)’ for the SbF6- salt are slightly smaller than the 
N-S-S angles (96-97’) in the thiodithiazyl rings. Overall 
the most significant differences between the thiodithiazyl and 
thiodiselenazyl rings are the lengthening of the disulfide bond 
compared to the diselenide bond in Se4S2N42+ and possibly 
a shortening of the Se-N bonds adjacent to the diselenide bond 
over the corresponding S-N bonds in the thiodithiazyl cations. 

The bonding in the Se4S2Nt+ cation may be discussed with 
use of either the MO or valence-bond schemes described 
previously for S6N42+.’ Valence structures in which the positive 
charge is on selenium or structures in which the r-electron 
density is concentrated more in the Se-Se and Se-N bonds 
would presumably be more favored than in the sulfur ana- 
logues. 

One of the most important findings in the present study is 
the close similarity in the structures of the bis(thiodithiazy1) 
and bis(thiodiselenazy1) cations, which lends weight to the 
argument that the inter-ring interactions must be considered 
as significant, although weak, bonding interactions. In the 
cation of the AsF6- salt the weak S e 4 e  bonds between the 
two rings have lengths of 3.121 (3) and 3.180 (3) 8, at  room 
temperature, or 0.88 and 0.82 A, respectively, less than twice 
the van der Waals radius for selenium (4.0 AI’). At -30 “C 
the asymmetry in the interactions between the rings is slightly 
reduced and the S e 4 e  bonds have lengths of 3.121 (2) and 

Cotton. F. A,; Wilkinson. G. “Advanced Inorganic Chemistrv”, 3rd ed.; 
Interscience: New York, 1972; pp 117-126 
Cordes, A. W. In “Selenium”; Zingaro, R. A., Copper, W. C., Eds; Van 
Nostrand-Reinhold: New York. 1974. 
Fawcett, J. K.; Kocman, V.; Nyburg, S. C.; OBrien, R. J. J .  Chem. SOC. 
D 1969. 1198. ~~. 

Mellini; M.; Merlino, S. Acta Crystallogr., Sect. B 1976, 832, 1074. 
It is interesting to note that there is a n  extremely short Se-N inter- 
molecular contact of 2.95 A present in this compound, which has the 
effect of reducing the cell volume to a value lower than that for the 
analogous sulfur compound. 
(a) Atkinson, A,; Brewster, A. G.; Ley, S. V.; Osborn, R. S.; Rogers, 
D.; Williams, D. J.; Woode, K. A. J .  Chem. Soc., Chem. Commun. 
1977, 325. The short intramolecular S-0  and Se-0 distances of 2.604 
(3)  and 2.575 (3) 8, in these compounds are also of some interest in the 
context of the present interionic contacts. See also: (b) Kalman, A,; 
Parkanyi, L. Acta Crystallogr., Sect. B 1980, 836, 2372. (c) Chiesi- 
Villa, A.; Nardelli, M.; Vidoni-Tani, M. E. Ibid. 1970, 826, 1504. (d) 
Hauge, S. Acta Chem. Scand., Ser. A 1979 A33, 313. ( e )  Shibaeva, 
R. P.; Kaminskii, V. F. Kristallografiya 1978, 23, 1183. (0 Hilti, B.; 
Mayer, C. W.; Rihs, G. Helu. Chim. Acta 1978,6/, 1462. (g) Hauge, 
S.; Odepal, D.; Arskog, J. Acta Chem. Scand., Ser. A 1975, A29, 225. 
(h) Katrynoik, D.; Kniep, R. Angew. Chem., Inr. Ed. Engl. 1980, 19, 
645. 
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3.162 (2) A. The S e s e  bond lengths in each ring of the dimer 
do not change in length between 22 and -30 ‘C although it 
is noteworthy that the significant difference between the Se-Se 
bond lengths in each ring of the dimer exists a t  both tem- 
peratures (e.g., 2.345 (2) and 2.360 (2) 8, a t  -30 ‘ C ) .  The 
asymmetry in the weak interactions between the diselenide 
bonds in the dimers can also be seen in the Se-Se-Se angles 
between the two rings, which are  slightly distorted from the 
ideal 90’ angles. 

In  the hexafluoroantimonate salt the inter-ring Se-Se 
distances are again different, 3.147 (2) and 3.171 (2) A, and 
the lengths of the two diselenide bonds in the thiodiselenazyl 
rings are 2.356 (2) and 2.369 (2) A. It is notable that the 
inter-ring contacts are  significantly longer by ca. 0.01-0.02 
A than those in the hexafluoroarsenate salt. 

From the close similarity in the structures of the S6N42+ and 
Se4S2N2+ cations it appears that the interactions between the 
rings are very similar, and both can be regarded as three- 
electron bonds.’ Although its structure has not been deter- 
mined, the cation [Se(C2F,)],+ is also presumed to dimerize 
via pairing of the single T* electrons in two moieties in a 
side-on or end-on configuration and a similar bonding de- 
scription to that for the weak bonds in the present cation might 
apply.22 Furthermore, in the comparison of the Se4SzN42+ 
cation to its sulfur analogues it may be noted that the weak 
S-Se interactions appear to be slightly stronger than the S-S 
interactions between the thiodithiazyl rings of the S6N42+ 
cation, which are only ca. 0.7 8, less than twice the van der 
Waals radius of sulfur (3.7 A).17  A similar trend is also 
observed in the transannular interactions in the Sea2+ and S p  
 cation^^^,^^ and can also be seen in Se4N4 and S4N4,16325 since 
the S e 4 e  and S--S distances in these two cages are  2.748 
(9) and 2.595 (1) A, respectively, or 1.25 and 1.1 1 A less than 
the van der Waals contact distances. 

Some other short S e 4 e  interactions of comparable length 
to those in the Se4S2Nd2+ cation have been observed in com- 
pounds such as KSe(SeCN)3.1/2H20 where there are four 
Se-Se bonds somewhat longer than single bonds (2.395 
(2)-2.419 (2) A) and four secondary S e 4 e  “bonds” (3.089 
(2)-3.255 (2) A) trans to these primary bonds, which result 
in dimeric units. These dimeric units may also be linked 
together by some additional weaker contacts >3.3 Even 
in the crystal structures of the various forms of elemental 
selenium there are several intermolecular contacts between 
rings or chains of selenium atoms, which are significantly less 
than van der Waals distances. Typically, however, these 
contacts are  3.4 A or more in length and are  significantly 
longer than the inter-ring distances in the present cation. 
Similarly in selenium bis(diethyldise1enophosphinate) and 
dimorpholinotriselane the shortest intermolecular contacts are 
3.679 (4) and 3.404 (2) A, respectively.leJ8 It has been 
suggested elsewhere that the shortest intramolecular contacts 
in the cations Selo2+ (3.30-3.49 A) and Sex2+ (12.84 A) are  
weak bonds resulting from population of the antibonding or- 
bitals of the corresponding bonds in the parent clusters from 
which these structures are d e r i ~ e d . ~ ~ ? ~ ~  

Several anion-cation interactions are shorter than the sum 
of the appro riate van der Waals radii (Se + F = 3.35 A, S 

angles are included in the supplementary material (Table G). 
+ F = 3.20 w ). They are given in Table V, and some related 

(22) Passmore, J.; Richardson, E. K.; Taylor, P. J .  Chem. Soc., Dalton 
Trans. 1976. 1006. ~. ~-~~ 

(23) Mullen,k. K.; Prince, D. J.; Corbett, J. D. Inorg. Chem. 1971, 10, 1749. 
(24) Davies, C. G.; Gillespie, R. J.; Park, J. J.; Passmore, J. Inorg. Chem. 

1971, 10, 2781. 
(25) Delucia, M. L.; Coppens, P. Inorg. Chem. 1978, 17, 2336. 
(26) Burns, R. C.; Chan, W.-L.; Gillespie, R. J.; Luk, W.-C.; Sawyer, J. F.; 

Slim, D. R. Inorg. Chem. 1980, 19, 1432. 
(27) Gillespie, R. J. Chem. SOC. Rev. 1980, 8,  315. 
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Figure 2. Stereoscopic view of the compound (Se4S2N4)(A~F6)2 including all the anion-cation and cation-cation interactions (unfilled lines) 
less than the van der Waals distances. 

Figure 3. Environment of Se(3). 

A view of the cation in the AsF6- salt with these interactions 
included is shown in Figure 2. Although there are some slight 
variations of up to f0.05 A in the analogous Se-F and Sa-F 
contacts in the two salts, the geometries of the contacts remain 
essentially the same. However, in the hexafluoroantimonate 
salt, these contacts appear to be slightly longer and hence 
weaker than those in the hexafluoroarsenate salt. In the 
following discussion distances for the hexafluoroarsenate salt 
will be quoted. A feature of the anion-cation interactions is 
that  the environments of the two hexafluoroarsenate and 
hexafluoroantimonate anions are completely different. As a 
consequence the dimeric Se4S2N42+ cations are not centro- 
symmetric (unlike all examples of the S6N42+ cation) and the 
planes of the two thiodiselenazyl rings in each cation make 
a small but nonetheless significant angle with respect to each 
other (1.56’ in the AsF6- salt and 1.43’ in the SbF6- salt 
(supplementary material, Table F)). 

In the AsF6- salt a t  -30 OC the  environment of anion 2 
resembles that of the anions in (S6N4)(A~F6)2’  with the 

A -  A ,a 
I “ I  L& - 1  

fluorine atom F(21) asymmetrically bridging the diselenide 
bond Se(3)-Se(4) of ring 2 [Se(3)-F(2) = 2.699 (9) A, Se- 
(4).-F(21) = 2.889 (8) 8, and also forming a close sulfur- 

and S-F contacts are 0.65,0.46, and 0.21 A less than van der 
Waals distances. Due to the asymmetry in the bridging in- 
teractions this anion is rotated slightly and a further contact 
Se(3)--F(22) of 3.166 (10) 8, is now less than the sum of the 
van der Waals radii. An analogous contact to Se(4) involves 
another anion. The two fluorine atoms F(21) and F(22) a re  
-0.15 and 1.62 8, out of the plane of ring 2. 

The environment of the second AsFL anion in the structure 
can be obtained by exaggerating the rotation of anion 2 above 
until there are two fluorine atoms virtually in the plane of the 
thiodiselenazyl ring. Thus this anion can be considered to be 
almost bidentate with contact distances Se( l).-F( 1 l ) ,  Se- 
(1)--F(12), Se(2)--F(11), and Se(2)--F(12) of 2.868 ( l l ) ,  
3.057 ( lo) ,  3.228 (13), and 2.810 (8) A, respectively. How- 
ever, the fluorine atom F(  l l )  is still significantly out of the 
plane of the thiodiselenazyl ring (by -0.38 A) compared with 
F(12) (by 0.18 A) and does not form a close contact with S(2). 
Nevertheless the atom F(12) is still able to interact with S(2) 
[S(2)-F(12) = 2.992 (9) A], and further the rotation of the 
anion makes the contact S(2)--F(16) [3.042 (1 1) A] also less 
than van der Waals distances. The lengths of these Sm-F 
contacts a re  marginally longer than the analogous contacts 
to the atom S(3) in the S6N42+ dimers. Other S-.F contacts 
shorter than or close to the van der Waals limits are included 
in Table V. 

Apart from the different environments of the MF6- anions 
another slight difference in the geometries of the contacts to 
the Se4S2N:+ and S6N4*+ cations is in the number of addi- 
tional S w F  contacts to each Se atom in the Se4S2N42+ cation. 
With the exception of Se(3), each Se atom forms three Se-F 
contacts, which may be considered to be reasonably close to  
the extensions of the Se-Se, Se-N, and inter-ring Se-Se bonds 

fluorine contact [2.991 (9) A 3 with S ( l )  in ring 1. These Se-F 

Figure 4. Stereoscopic view of the crystal packing of (Se4SZN4)(A~F6)2 at -30 O C .  Some of the shorter interionic contacts are indicated. 
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Table V. Geometry of the Anion-Cation and Cation-Cation Interactions: Contact Distances 
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3.159 (2) 
2.870 (4) 
2.868 (11) 
3.057 (10) 
3.296 (10) 
2.905 (9) 
3.111 (2) 
2.881 (4) 
2.810 (8) 
3.342 (10) 

3.228 (13) 
2.991 (9) 
3.220 (10) 
3.137 (11) 

... 

3.171 (2) 
2.872 (4) 
2.924 (14) 
3.045 (11) 
3.303 (15) 
2.876 (10) 
3.147 (2) 
2.891 (4) 
2.806 (9) 
3.370 (15) 

[3.374 (13)] 
3.291 (16) 
3.046 (10) 

3.226 (14) 
... 

2.871 (4) 
2.699 (9) 
3.166 (10) 
3.246 (9) 
3.141 (11) 
3.013 (9) 
2.874 (4) 
2.889 (8) 
3.018 (11) 
3.098 (13) 

2.992 (9) 
3.042 (11) 
3.170 (10) 
3.275 (10) 
2.961 (10) 

2.873 (4) 
2.715 (10) 
3.407 (14) 
3.290 (11) 
3.191 (14) 
3.043 (11) 
2.884 (4) 
2.942 (9) 
3.027 (13) 
3.014 (17) 

3.041 (10) 
3.064 (14) 
3.253 (14) 

2.971 (11) 
... 

a Roman numerals as superscripts refer to atoms related to the position x, y ,  z by the following transformations: (I) - x ,  + y ,  - 
z;(II)1/z +x , ' / z -y , ' / z  +z;(III)-1/2 +x,1/2-y,-1/2 + z ; ( I v ) - 1  + x , y , z ; ( v ) ' / 2 - x ,  ' / z + y ,  ' / 2 - z ; ( v I ) - x , l - ~ , l - z ; ~ I I ) - ~ / ~ +  
x, 
(AsF, Iz, and the second column refers t o  the equivalent data from the room-temperature structure of (Se, S,N,)(SbF,),. 

- y ,  1/2 + z ;  (VIII) 1 + x, y ,  z .  The first column in each entry refers to the low-temperature refinement of the structure of (Se,S,N,)- 

a t  each Se, although the deviation in the X-Se-F angles from 
180° are more marked than the corresponding contacts in the 
sulfur cations. There are also two additional contacts to Se(3) 
from atoms F(  11) and F(22). A view of the overall geometry 
of Se(3) is given in Figure 3 where it may be seen that the 
four longest contacts appear to surround a space in the co- 
ordination shell of the selenium, which can reasonably be 
attributed to a lone pair of electrons on Se. Furthermore this 
assumed lone-pair direction is approximately tetrahedrally 
related to the Se-Se and Se-N primary bonds and the 2c-3e 
inter-ring Se-Se bond. The deviations of many of the Se-F 
contacts a t  the other S e  atoms in the cation from the pro- 
jections of the bonds with which they are presumed to interact 
may then also be related to the presence of a lone pair on each 
of these other atoms. The  view that these interactions are 
formed in the directions of three of the four remaining corners 
of a cube surrounding the selenium, which was proposed' for 
the interactions in the S6N42+ ion, is valid in the present case. 
However the larger size of Se and the increased stereoactivity 
of the lone pair on each Se  (compared with S )  with respect 
to the primary bonds means that the lone pair is closer to the 
nucleus and has a reduced stereoactivity with respect to the 
secondary bonds. This presumably allows two further inter- 
actions to Se(3) (from F( 11) and F(22)) to become significant. 

In general these interactions may thus be described as 
forming in directions that best avoid the bonding pairs and 
any lone pairs on the central atom and involve some charge 
transfer from the fluorine atoms into the u* orbitals of the 
bonds approximately opposite. According to the classification 
proposed by Dunitz et aL2* for weak interactions with sulfur 
(and which may also presumably be applied to selenium) 
interactions that are collinear with the Se-N and S e s e  bonds 
of the five-membered ring would be regarded as type I (nu- 
cleophilic) interactions in agreement with our own description. 
However the interaction that is roughly collinear with the long 
Se-Se bond and in addition the S-aF(11) or S-.F(21) inter- 
actions, which are  approximately perpendicular to the plane 
of the Se2SN2 rings, would be regarded as  type I1 or elec- 
trophilic interactions. This implies an interaction between filled 
Se  3p, (or S 2p,) orbitals and a vacant orbital on fluorine. 
As this is a highly unlikely type of interaction it would appear 
that the Dunitz description of type I1 weak interactions is not 
applicable in the present case. Although the remaining one 
or two interactions on some of the Se  atoms cannot be related 

(28) Rosenfield, R. E.; Parthasarathy, R.; Dunitz, J. D. J.  Am. Chem. SOC. 
1917, 99, 4860. 

directly to any of the u bonds in the cation, it is worth em- 
phasizing that, as is the case in many other compounds of the 
nonmetals with lone pairs, the weak interactions tend to form 
in the general direction of an unshared electron pair on the 
Se  atoms but nevertheless avoid the direction of maximum 
electron density. 

In several other selenium compounds similar charge-transfer 
interactions to those observed here are also of some importance 

in examples of the Se42f cation (and all other planar dipositive 
chalcogen cations) fluorine or oxygen atoms are  found to 
bridge the edges of the square-planar cation or interact with 
the selenium atoms along the extensions of the diagonals of 
the square.29 In these structures the Se-0 interactions a re  
of lengths 2.69-2.93 A (bridging) and 3.11 and 3.17 A (along 
the diagonals) in Se4(HS207)2 and the See-F interactions are  
2.66-3.20 A in Se4(Sb2F4)(Sb2F5)(SbF6),. In both cases it 
is presumed that the charge-transfer interactions involve 
transfer of electron density to the two lowest unoccupied 
molecular orbitals of the Se42+ cation, which are  both anti- 
bonding.29 Similarly in SeB(AlC14)2 there are  several Se-Cl 
interactions that are approximately collinear to the primary 
bonds or are approximately trans to the assumed positions of 
the lone pairs on each Se  atom23 (cf. discussion of contacts 
above), and in Selo2+, the Se-F contacts vary from 2.86 A 
up to the van der Waals limit.26 

Overall, the role of the contacts to the Se4SzN42+ cation, 
as in S6N42+ appears to be to maintain and stabilize the charge 
distribution in the cation via predominantly nucleophilic 
contacts. The most significant effect of the anion-cation 
interactions to each ring appears to be in the difference be- 
tween the Se-Se bond lengths in the two rings of the cation 
and the asymmetry in the weaker inter-ring bonds. As with 
the sulfur cations S3N2+ and S6N42+ the effect of the cation- 
cation and anion-cation charge-transfer interactions on the 
bonding in the thiodiselenazyl rings is difficult to  estimate 
q ~ a n t i t a t i v e l y . ~ ~  As a result of the charge transfer involving 
the anions in the AsF6- structure there appears to be some 
lengthening of some of the As-F bonds. In particular, the 
fluorine atoms, F(  11) and F(21), involved in the strongest 

(29) Cardinal, G.; Gillespie, R. J.; Sawyer, J. F.; Vekris, J. E. J.  Chem. Soc., 
Dalron Trans., in press. 

(30) Note, however, a linear correlation between S-N and Se-N bond 
lengths with the adjacent S.-N and Se-N contact distances in com- 
pounds with SN2 and SeN2 fragments has been commented upon by: 
Gieren, A.; Lamm, V.; Haddon, R. C.; Kaplan, M. L. J .  Am. Chem. 
SOC. 1980, 102, 5070. 

in determining the packing in these ~ o m p o ~ n d s . ~ ~ + ~ ~ , ~ ~ ~ ~ ~  Th us, 
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Se.-F and S--F interactions both form As-F bonds (As( 1)- 
F(11) = 1.742 (8) A, As(2)-F(21) = 1.761 (8) A) that are 
somewhat longer than the other As-F bonds and also longer 
than the As-F bond of 1.719 (3) A in potassium hexa- 
f l u ~ r o a r s e n a t e . ~ ~  It is clear from Figure 2 that these weak 
anion-cation bonding interactions also have a significant effect 
on the thermal motion of the hexafluoroarsenate anions. For 
example, the librations in anion 1 are limited principally to 
rotations about the F( 1 1)-As( 1)-F( 14) axis as is shown by 
the thermal ellipsoids for the “equatorial” fluorines, which are 
significantly elongated along axes in the equatorial plane and 
approximately tangential to the As-F bonds. This evidence 
is probably more conclusive than the bond-length differences, 
which are notably reduced on applying thermal corrections 
to the bond lengths since the riding correction for the 
“equatorial” fluorines is larger than that for the “axial” 
fluorines. The distortion in the octahedral geometry of the 
two hexafluoroarsenate anions due to the lengthening of these 
As-F bonds is slight (1-2O in some cases). 

In the hexafluoroantimonate salt, the average Sb-F bond 
length is 1.86 (1) A and no individual value(s) appears to be 

(31) Gafner, G.; Kruger, G. J. Acta Crystallogr., Secr. B 1974, 830, 250. 

significantly longer than the remaining values. This is con- 
sistent with the slightly weaker Se-F and S-.F interactions 
involving these anions. However, it may still be observed that 
those atoms that are involved in the shortest interionic in- 
teractions also have the smallest anisotropic thermal param- 
eters (for example, atoms F(12), F(14), and F(21)). The 
observed average Sb-F bond length is slightly longer than that 
for K+SbF6- of 1.844 (7) A.32 
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Chelating 2-( Dipheny1phosphino)pyridine. Synthesis and Structure of 
Dichlorodicarbonyl(2- (diphenylphosphino) pyridine) ruthenium( 11) 
MARILYN M. OLMSTEAD, ANDRE MAISONNAT, JAMES P. FARR, and ALAN L. BALCH* 

Received March 25, 1981 
The white complex R ~ ( P h ~ P p y ) ( C o ) ~ c l ~  (Ph2Ppy = 2-(dipheny1phosphino)pyridine) has been synthesized by the addition 
of chlorine to [ R ~ ( C 0 ) ~ P h , P p y l ,  and has been characterized by a single-cr stal X-ray structural analysis. The compound 
crystallizes in the orthorhombic space group P212121 with a = 8.375 (3) A, b = 15.034 (4) A, and c = 15.559 ( 3 )  8, at 
140 K. The structure was refined by full-matrix least-squares methods to a final R of 0.030 for the 1367 reflections that 
had I > 3u(I). The complex is six-coordinate with a four-membered chelate ring involving Ru-P and Ru-N bonding to 
the 2-(dipheny1phosphino)pyridine ring. The following trans ligand pairs are present: PRuCI, NRuCO, and ClRuCO. 
The conversion of R u ( P ~ ~ P ~ ~ ) ( C O ) ~ C I ~  into Ru(Ph2Ppy),(CO),C12 is described. 

Q Introduction 
We have recently described the use of 2-(diphenyl- 

phosphino)pyridine (Ph,Ppy) in the stepwise construction of 
binuclear transition-metal complexes. l4 Two coordination 
modes for this ligand have been encountered previously. In 
a number of complexes (e.g., Rh(Ph2Ppy)2(CO)C11,2 and 

‘I P / P h  t (1 .5 -CeHp1PdCl2  - 9 ‘p,h’ \Ph 

’\ 
R u ( C O ) ~ ( P ~ ~ P ~ ~ ) , ~ )  this ligand acts as a phosphorus-bound P d P  ‘0 monodentate ligand. In these cases it closely resembles tri- Ph 
phenylphosphine. The presence of the uncoordinated nitrogen 
however allows such complexes to bind a second metal ion. 
An example is shown in reaction le1,, In the product, 2- 

coordination modes for PhzPpy that are readily anticipated 

lation of a single metal ion. In the latter case this ligand should 
structurally resemble ortho-metalated’ triphenylphosphine. 

(1) Farr, J .  P.; Olmstead, M. M.; Balch, A. L. J .  Am.  Chem. Sot. 1980, 
102,6654. 

(2) Farr, J. P.; Olrnstead, M. M.; Lindsay, C. H.; Balch, A. L. Inorg. Chem. 
1981, 20, 1182. 

(3) Maisonnat, A.; Farr, J.  P.; Balch, A. L. Inorg. Chim. Acra 1981, 53, 
L217. 

(4) Maisonnat, A,; Fan, J.  P.; Olmstead, M. M.; Balch, A. L., to be sub- 
mitted for publication. 

Ph\ 

CI -Rh’-Pd-CI I co I 
Ph- P (dipheny1phosphino)pyridine acts as a bridging ligand. Other 

include monodentate coordination through nitrogen and che- 
(1) 

l’&b7pr 

One of the five products resulting from the reaction between 
Ru(C0)3(ph2Ppy), and ( 1,5-C8HI2)PdCl2 is a white crystalline 

we report on an independent synthesis of this material, the first 
with the Ru(PhZPpy)(C0)ZC12*4 Here 

( 5 )  Bruce, M. I .  Angew. Chem., Int .  Ed. Engl. 1977, 16, 73. 
(6) Mann, F. G.; Watson, J .  J .  Org. Chem. 1948, 13, 502. 
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