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Abstract: The reaction of tetrasulfur tetranitride with tetrafluoroboric acid diethyl etherate in methylene chloride solution 
produces S4N4H

+BF4", the first simple salt of S4N4. the crystal and molecular structure of S4N4H
+BF4" has been determined 

by X-ray crystallography. Crystals of the compound are monoclinic, space group PlxJn, a = 6.563 (2) A, b = 11.717 (2) 
A, c = 11.409 (2) A, j8 = 101.63 (2)°, V = 859.3 (6) A3, and Z = A. The structure was solved by direct methods and refined 
by Fourier and full-matrix least-squares procedures to give a final R of 0.042 for 1428 observed reflections. The structure 
of the S4N4H

+ cation consists of a boat-shaped 8-membered ring with approximately coplanar (to within 0.02 A) sulfur atoms. 
The reasons for the structural rearrangement which the protonation of S4N4 induces are discussed in the light of MNDO molecular 
orbital calculations on a number of idealized conformations of S4N4H+ unit. 
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also give further information. Experiments with this objective 
have been in progress. 
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In spite of the lack of evidence usually regarded as diagnostic 
of aromatic behavior, e.g., heats of formation and2 diamagnetic 
ring currents,3 the descriptions of the electronic structures of cyclic 
binary sulfur nitride derivatives often allude to their aromatic 
character. The empirical rules devised by Banister4 and the 
symmetry-based molecular orbital arguments of Gleiter5 and of 
Gimarc and Trinajstifi6 emphasize the preponderance of cyclic 
ir systems containing 4« + 2 electrons. However, the need for 
such a complement vanishes in molecules possessing less than 
3-fold symmetry.7 Recently several cyclic molecules containing 
4« -IT electrons have been reported.8,9 

The observed structure of tetrasulfur tetranitride (1) has long 

L 

S - S ' 

1 2 
been regarded as a manifestation of the 4« + 2 rule. In his 
extended Huckel analysis of S4N4, Gleiter pointed out that the 
12-7r-electron ground state of a planar S4N4 would be orbitally 

(1) (a) University of Arkansas, (b) University of Calgary, (c) Permanent 
address: Department of Chemistry, University of Guelph, Guelph, Ontario 
NlG 2Wl, Canada. 

(2) Only for S4N4 has thermochemical data been reported. See: Barker, 
C. K.; Cordes, A. W.; Margrave, J. L. J. Phys. Chem. 1965, 69, 334. 

(3) For a compilation of'3N chemical shifts of binary sulfur nitrides, see: 
Chivers, T.; Oakley, R. T.; Scherer, O. J.; Wolmershauser, G. Inorg. Chem. 
1981, 20, 914. 

(4) (a) Banister, A. J. Nature (London), Phys. Sci. 1972, 237, 92. (b) 
Banister, A. J. Ibid. 1972, 239, 69. 

(5) Gleiter, R. Angew. Chem., Int. Ed. Engl. 1981, 20, 444. 
(6) Gimarc, B. M.; Trinajstic, N. Pure Appl. Chem. 1980, 52, 1443. 
(7) Palmer, M. H.; Wheeler, J. R.; Findlay, R. H.; Westwood, N. P. C; 

Lau, W. M. J. MoI. Struct. 1981, 86, 193. 
(8) Burford, N.; Chivers, T.; Cordes, A. W.; Laidlaw, W. G.; Noble, M. 

C; Oakley, R. T.; Swepston, P. N. J. Am. Chem. Soc. 1982, 104, 1282. 
(9) Koenig, H.; Oakley, R. T. J. Chem. Soc., Chem. Commun. 1983, 73. 

degenerate and as such unstable with respect to Jahn-Teller 
distortion.10 However, as indicated above, there is no a priori 
reason to suppose that the cage shape will be more stable than 
a cyclic structure if the symmetry of the molecule is lowered by 
the attachment of an exocyclic ligand. Certainly the structural 
evidence obtained from numerous Lewis acid adducts, e.g., S4N4-A 
(2),11"17 indicates that the coordination of a lone pair of electrons 
on nitrogen to an acceptor site is a sufficient perturbation to cause 
the cage to open. However, the electronic factors that dictate this 
conformational change have not hitherto been addressed. In order 
to develop some understanding of this rearrangement we have 
carried out a synthetic, structural, and molecular orbital (MNDO) 
study of S4N4H+BF4", the first simple salt of S4N4 to be struc
turally characterized. The results provide an insight into the 
factors that govern the conformational preferences of sulfur-
nitrogen rings. 

Experimental Section 

Reagents and General Procedures. Tetrasulfur tetranitride, S4N4, was 
prepared according to a published method.18 Fluoroboric acid-diethyl 
ether complex was obtained commercially (Aldrich) and used without 
further purification. Methylene chloride (reagent grade) was dried by 
distillation from phosphorus pentoxide. Infrared spectra were recorded 
on Nujol mulls (CsI cells) by using a Perkin-Elmer 467 grating spec-

(10) Gleiter, R. J. Chem. Soc. A. 1980, 3194. 
(11) Gieren, Von A.; Dederer, B.; Roesky, H. W.; Amin, N.; Peterson, O. 

Z. Anorg. AlIg. Chem. 1978, 440, 119. 
(12) Gieren, Von A.; Hahn Ch.; Dederer, B.; Roesky, H. W.; Amin, N. 

Z. Anorg. AlIg. Chem. 1978, 447, 179. 
(13) Drew, M. G. B.; Templeton, D. H.; Zalkin, A. Inorg. Chem. 1967, 

6, 1906. 
(14) Neubauer, Von D.; Weiss, J. Z. Anorg. AlIg. Chem. 1960, 303, 28. 
(15) Thewalt, U. Z. Naturforsch., B: Anorg. Chem., Org. Chem. 1980, 

3SB, 855. 
(16) Gillespie, R. J.; Kent, J. P.; Sawyer, J. G. Acta Crystallogr., Sect. 

B 1980, B36, 655. 
(17) Thewalt, U.; Albrecht, G. Z. Naturforsch., B. Anorg. Chem., Org. 

Chem. 1982, 37B, 1098. 
(18) Villena-Blanco, M.; Jolly, W. L. Inorg. Synth. 1967, 9, 98. 
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Figure 1. Definition of the atom numbers and dihedral angles 0\-0$ used 
in the molecular orbital analysis of S4N4H+. 

trophotometer. UV-visible spectra were recorded on a Cary 219 spec
trophotometer. Chemical analyses were performed by MHW Labora
tories, Phoenix, AZ. 

Preparation of S4N4H
+BF4". An excess of HBF4-Et2O (500 mg, 3.01 

mmol) was added dropwise via a pipet under a stream of nitrogen to a 
solution of S4N4 (500 mg, 2.72 mmol) in 50 mL of methylene chloride. 
The deep burgundy red solution so obtained was then cooled to 0 °C 
overnight. The red crystalline precipitate of S4N4H+BF4" (560 mg, 2.06 
mmol, 77%) was collected by filtration under nitrogen and dried in vacuo. 
Crystals of S4N4H+BF4" are extremely air sensitive, reverting to S4N4 

on contact with moisture: IR (Nujol mull) 3180 (s, br), 1303 (w), 1291 
(w), 1278 (w), 1132 (s), 1050 (vs, br), 990 (s), 828 (vw), 791 (m), 772 
(m), 694 (m), 629 (s), 605 (vw), 570 (w), 525 (vs), 396 (s), 382 (w), 362 
(m), 258 (m) cm"1; UV-vis (CHjCl2), X^x (log i) 474 (3.1), 325 (3.7) 
nm. Anal. Calcd for S4N4HBF4: H, 0.37; N, 20.59; S, 47.14. Found: 
H, 0.6; N, 20.39; S, 46.89. 

X-ray Analysis of S4N4H
+BF4". A crystal suitable for X-ray work was 

grown from methylene chloride solution and sealed under argon in a glass 
capillary. All data were collected by using an Enraf-Nonius CAD-4 
diffractometer and graphite-monochromated Mo Ka (X = 0.71073 A) 
radiation. The 0.5 X 0.6 X 0.7 mm crystal used for data collection was 
mounted with the 3-6-2 vector approximately parallel to the * axis. A 
least-squares calculation using the diffractometer settings for 25 (28° < 
20 < 30°) carefully centered reflections gave the following cell param
eters (at 21 0C): a = 6.563 (2) A, b = 11.717 (2) A, c = 11.409 (2) A, 
/3 = 101.63 (2)°, V= 859.3 (6) A3. For S4N4HBF4 with MT = 272.10 
and Z = 4, Dc = 2.10 g cm"1 and F000 = 536. 

Systematic absences of AOl for h + I odd and OW for k odd uniquely 
indicated the space group P2\/n. A total of 2448 unique reflections were 
measured by using 0-20 scans for values of 20 ranging from 4 to 60° with 
h = 0 to 9, k = 0 to 16, and / = -16 to 16. The scan range was 1.2 + 
0.35 tan 0 and the scan speeds varied from 4 to 20° min"1. A total of 
888 reflections had / < 3<r(/) and were considered unobserved. The 
intensities of three reflections (-3,5,-3, -2,-2,-6, 3,-6,-2), which were 
measured periodically during the data collection, revealed a loss of in
tensity (total = 14.9%) attributed to crystal decomposition; a simple 
correction based on the intensities of monitor reflections was made. An 
empirical absorption correction (ji = 10.85 cm"1) based on \p scans gave 
correction factors that varied from 1.00 to 1.03. 

The structure was solved by direct methods (MULTAN78)19 and refined 
by Fourier and least-squares techniques. The final full-matrix least-
squares refinement based on (|F0| - |FC|)2 included 1428 observed reac
tions and 122 parameters (positional and anisotropic thermal parameters 
for all non-hydrogen atoms; positional and isotropic thermal parameters 
for the hydrogen atom) and a parameter:reflection ratio of 1:11.7. The 
weighting scheme based on counting statistics (p = 0.05) gave no sys
tematic variation of AF/o(F) as a function of either F or sin 0. No 
secondary extinction correction was made. In the final cycle of refine
ment the maximum shift/error was 0.005, J? = 0.042, Rw = 0.054, and 
GOF = 1.61. The final difference map had a maximum value of 0.53 
e A"3. Neutral atom scattering factors corrected for real and imaginary 
anomalous dispersion corrections were used.20 The computer programs 
used were those provided by the Enraf-Nonius SDP program package. 

Computational Method and Models. The use of the MNDO (modified 
neglect of diatomic overlap) method21 and the DFP geometry optimiza-

(19) Main, P.; Hull, S. E.; Lessinger, L.; Germain, G.; Declercq, J-P.; 
Woolfson, M. M. MULTAN78—a system of computer programs for the auto
matic solution of crystal structures from X-ray diffraction data, 1978, 
University of York, England and University of Louvain, Belgium. 

(20) Cromer, D. T.; Waber, J. T. "International Tables for X-ray 
Crystallography"; Kynoch Press: Birmingham, England, 1974; Vol. IV. 

(21) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899, 4907; 
QPCE 1977, No. 353 (MNDO). 
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Figure 2. ORTEP drawing of S4N4H+BF4" (30% probability ellipsoids) 
illustrating the orientation of a cation-anion pair and the boat-like con
formation of the S4N4 ring. 

tion algorithm22 for the study of binary sulfur-nitride molecules has been 
reported by several groups.23"25 It reproduces well the molecular orbital 
energies and compositions obtained by ab initio methods23 and provides 
reliable predictions regarding conformational preferences.23,24 In the 
study of S4N4H+ we have examined a wide range of idealized geometries, 
all of which could be interconverted by the varition of five dihedral angles 
0\-0i- To clarify the meaning of these parameters and the geometries 
that they generate, we illustrate several examples (see Figure 1). The 
first model (I) studied possessed C2 symmetry and consisted of a planar 
arrangement of nitrogen atoms with the dihedral angles between this 
plane and the planes of the two symmetry-unrelated NSN planes desig
nated as S1 and B2. Protonation of S4N4 with retention of the cage 
structure could then be simulated by setting 0{ = 02 = 90°. All other 
bond lengths and angles were then released to optimize independently 
(within the confines of C2 symmetry). This model could be converted 
into a planar C21, arrangement (model II) by setting S1 = B2 = 0°. A third 
model (III) was generated from the C20 structure by rotating the plane 
of the S-N(H)-S group away from the coplanar SNSNSNS fragment, 
this dihedral angle being defined as 03. Finally, a fully optimized C, 
geometry (model IV) was obtained by allowing all nitrogen atoms to 
move independently of the four coplanar sulfur atoms. The dihedral 
angles B1, 04, and 8S defined these motions. In all the calculations the 
bonds to the protonated nitrogen were held coplanar. The atom num
bering scheme used throughout the discussion is shown in Figure 1. 

Results and Discussion 

Preparation of S4N4H+BF4
+ . The reactions of S4N4 with Lewis 

acids have been extensively studied.26 However, its behavior with 
protic acids is less well documented. In 1956 MacDiarmid re
ported the formation of a red solid upon passing dry hydrogen 
chloride through a solution of S4N4 in carbon tetrachloride, but 
the material rapidly decomposed to give S4N3Cl.27 At the time 
he suggested that the intermediate compound was S4N4-HCl, but 
no evidence for this formulation was provided. More recent studies 
on the reactions of S 4N 4 with fluorosulfuric28 and trifluoro-
methanesulfonic29 acid have also indicated the transitory existence 
of red solids and solutions, but no protonated materials were 
isolated. In the course of our work we have found that dilute 
solutions of tetrafluoroboric acid (as its diethyl ether adduct) in 

(22) (a) Fletcher, R.; Powell, M. J. D. Comput. J. 1963, 6, 163. (b) 
Davidon, W. C. Ibid. 1968, 10, 406. 

(23) Olivers, T.; Codding, P. W.; Laidlaw, W. G.; Liblong, S. W.; Oakley, 
R. T.; Trsic, M. J. Am. Chem. Soc. 1983, 105, 1186. 

(24) Gleiter, R. J.; Bartetzko, R. Z. Naturforsch., B: Anorg. Chem., Org. 
Chem. 1981, 36B, 492. 

(25) (a) Sensarma, S.; Turner, A. G. lnorg. Chim. Acta 1982, 64, L161. 
(b) Turner, A. G. Ibid. 1982, 65, L201. 

(26) See, for example: (a) Alange, G. G.; Banister, A. J. J. Inorg. Nucl. 
Chem. 1978, 40, 203. (b) Heal, H. G. Adv. Inorg. Chem. Radiochem. 1972, 
15, 375. 

(27) MacDiarmid, A. G. J. Am. Chem. Soc. 1956, 78, 3871. 
(28) Gillespie, R. J.; Kent, J. P.; Sawyer, J. F. Inorg. Chem. 1981, 20, 

3784. 
(29) Roesky, H. W.; Hamza, A. Angew. Chem., Int. Ed. Engl. 1976, 15, 

226. 
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Table I. Final Fractional Coordinates and S e q Values for 
S4N4H

+BF4" with Esd's in Parentheses 

atom x/a y/b z/c B1, 

Sl 
S2 
S3 
S4 
Nl 
N2 
N3 
N4 
6 
Fl 
F2 
F3 
F4 

0.4755 (7) 
0.3573 (7) 
0.0003 (6) 
0.1215(7) 
0.367 (2) 
0.459 (2) 
0.211 (2) 

-0.025 (2) 
0.486 (3) 
0.362(1) 
0.673 (1) 
0.384(1) 
0.518(2) 

0.2602(4) 
0.1104(3) 
0.2563 (3) 
0.3983 (3) 
0.3713(9) 
0.147(1) 
0.1982 (9) 
0.3404 (9) 
0.552(1) 
0.4616(7) 
0.5215(7) 
0.6240 (7) 
0.6129(8) 

0.4041 (3) 
0.5849 (3) 
0.5875 (3) 
0.4034 (3) 
0.4596 (8) 
0.480(1) 
0.6316(8) 
0.4807 (9) 
0.239(1) 
0.2007 (7) 
0.3073 (7) 
0.3060 (6) 
0.1397(6) 

5.32(9) 
5.22(9) 
4.63(7) 
4.72 (8) 
4.2 (2) 
4.8 (3) 
4.0 (2) 
4.5 (3) 
4.1 (3) 
5.5 (2) 
5.4 (2) 
5.9 (2) 
6.9 (2) 

0 5 e q = isotropic B values equivalent to the anisotropic 
ellipsoids= *li(pna

2 + p21b
7 + 033c

2 + fi^ac cos(3). 

Table II. Bond Distances (A) and Angles (deg) for S4N4H
+BF4"

a 

1 

Sl 
Sl 
S2 
S2 
S3 
S3 
Nl 

1 

N3 
Nl 
N2 
Nl 
S2 
S2 
Sl 
Sl 
S2 
S4 

itom 

2 

N3 
N4 
Nl 
N2 
N2 
N3 
H 

atom 

2 3 

Sl N4 
S2 N2 
S3 N3 
S4 N4 
Nl S4 
N2 S3 
N3 S3 
N4 S4 
Nl H 
Nl H 

dist 

1.569 (2) 
1.539(3) 
1.656(3) 
1.582(2) 
1.573(2) 
1.555 (2) 
0.72(3) 

angle 

118.8(1) 
109.7(1) 
119.3(1) 
111.1(1) 
118.4(1) 
138.9 (2) 
138.1(1) 
138.0(2) 
113(2) 
121 (2) 

atom 

1 

S4 
S4 
B 
B 
B 
B 
H 
H 

1 

Fl 
F l 

F l 
F2 
F2 
F3 
Nl 
Nl 

2 

Nl 
N4 
F l 
F2 
F3 
F4 
F2 
F3 

atom 

2 

B 
B 

B 
B 
B 
B 
H 
H 

-

3 

F2 
F3 

F4 
F3 
F4 
F4 
F2 
F3 

dist 

1.643 (3) 
1.595 (3) 
1.373(3) 
1.386(3) 
1.378(3) 
1.356 (3) 
2.38(3) 
2.19(3) 

angle 

110.0(2) 
109.1(2) 

109.7(2) 
107.0(2) 
110.4(2) 
110.6(2) 
149 (3) 
152(3) 

a Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

methylene chloride provide a suitable medium for the clean 
protonation of S4N4; the red crystalline salt S4N4H+BF4" readily 
precipitates upon cooling the mixture. We note that the salt is 
rapidly hydrolyzed (to S4N4) by atmospheric moisture; evidently 
S4N4 is a relatively weak base (i.e., weaker than water). 

Molecular Structure of S4N4H
+BF4". Crystals of the title 

compound consist of S4N4H+ cations and BF4" anions linked by 
hydrogen bonds from H to F2 and F3 (</(H-F) = 2.38 (3) and 
2.19 (3) A, respectively), making N - H - F angles near 150° in 
each case. The relative orientation of the cation anion pair and 
the boat-like conformation of the eight-membered ring are il
lustrated by the ORTEP drawing displayed in Figure 2. Atomic 
coordinates for both the cation and the anion are listed in Table 
I, and bond distance and angle information is given in Table II. 
Table III provides a compendium of the mean values of the 
structural parameters for all S4N4-A structures reported to date. 
As the data in this latter table indicate, there is a remarkable 
regularity in the structural features of the different adducts; the 
conformational consequences of the complexation of S4N4 at 
nitrogen do not appear to depend significantly on steric or packing 
effects. In the case of S4N4H+ the four sulfur atoms are coplanar 
to within 0.02 A, with the nitrogen atoms N1-N4 lying respec
tively -0.845 (2), 0.221 (2), -0.502 (2), and 0.242 (3) A from 
this plane. The geometry at the protonated nitrogen is almost 
planar (sum of angles at Nl = 352°). The reasons for the ob
served bond length variations, e.g., the long N l - S l and short 

Figure 3. The 4e' orbital (MNDO) of S4N4. It is with this orbital that 
an incoming proton binds. 

AH f 

(kcal/mol) 

LJ, — H 

.N 
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i 

Ii 

in 

IV 
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9 0 0 

OO 

OO 

OO 
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90 0 

OO 

OO 
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e3 
0 0 

OO 

7 9 8 
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e, 
0-0 

OO 

0 0 

88-6 

8, 

OO 

0 0 

OO 

£1-9 

<% w; 
S - K 

IV 
Figure 4. Heats of formation (AH1, kcal/mol) for various idealized 
conformations of S4N4H

+. 

S2-N2 bonds (see Table III), and the conformation of the 8-
membered ring will be discussed in the next section. 

Electronic Structure of S4N4H+. Many theoretical studies of 
the S4N4 molecule have been carried out.10,30 While the results 
differ in detail, the existence of at least a partial cross-ring S-S 
bond is generally acknowledged. That these transannular in
teractions are weak is demonstrated by the effect of oxidation of 
S4N4 to S4N4

2+,31 which causes a collapse of the cage structure 
to give an essentially planar 8-membered ring. Recent semi-
empirical32 and ab initio HFS33 molecular orbital calculations on 
the Dld and Dih conformations of S4N4

2+ have determined that 
the stability of the latter structure is a result of its strong ir 
network. In the case of the Lewis acid adducts 2 and S4N4H+, 
the reasons for the opening of the S4N4 cage to give a boat-shaped 
ring are more subtle. The interpretation of their structures is best 
approached by an examination of the molecular orbital makeup 
of a series of key model compounds (models I-IV defined above). 
A stepwise analysis of this series reveals the electronic factors that 
mold the final conformation. 

We begin our discussion with some comments on the formation 
of the donor-acceptor bond. The development of a bond between 
S4N4 and a proton involves those orbitals on S4N4 that are en
ergetically and directionally disposed to interact with the Is orbital 
of an approaching proton, i.e., the high-lying "lone pairs" on 
nitrogen. In agreement with our earlier prediction33 it is one of 
the 4e orbitals of S4N4

30c that is the primary participant in u-bond 
formation.34 However, in addition to exhibiting lone-pair 

(30) For examples, see: (a) Findlay, R. H.; Plamer, M. H.; Downs, A. J.; 
Egdell, R. G.; Evans, R. Inorg. Chem. 1980, 19, 1307. (b) Haddon, R. C; 
Wudl, R.; Williams, G. R. J. J. Am. Chem. Soc. 1980,102, 6687. (c) Chivers, 
T.; Fielding L.; Laidlaw, W. G.; Trsic, M. Inorg. Chem. 1979,18, 3379 and 
references therein. 

(31) Gillespie, R. J.; Kent, J. P.; Sawyer, J. R.; Slim, D. R.; Tyrer, J. D. 
Inorg. Chem. 1981, 20, 3799. 

(32) Sharma, R. D.; Aubke, F.; Paddock, N. L. Can. J. Chem. 1981, 59, 
3157. 

(33) Trsic, M.; Laidlaw, W. G.; Oakley, R. T. Can. J. Chem. 1982, 60, 
2281. 

(34) Recent X-ray fluorescence studies on S4N4 have confirmed that the 
HOMO of S4N4 is localized predominantly on nitrogen. See: Dolenko, G. 
N.; Zibarev, A. V.; Pykhov, V. Z. Russ. J. Inorg. Chem. (Engl. Trans!.) 1981, 
26, 795. However, we point out that this orbital (2a2)

30c is not correctly 
oriented to interact with an approaching proton and makes little contribution 
to the bonding process. 
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Table III. Meana SN Distances (A) and Valence and Dihedral6 Angles (deg) in Molecules of the Type S4N4-A 

Nl -S l 
S1-N2 
N2-S2 
S2-N3 

Nl 
Sl 
N2 
S2 
N3 

« 3 

0« 
es 
ref 

H+ 

1.650 
1.589 
1.538 
1.562 

118.4 
110.4 
138.4 
119.0 
138.1 

88.8 
64.4 
24.7 

this work 

SO3 

1.678 
1.589 
1.547 
1.578 

116.1 
108.2 
137.8 
119.6 
139.3 

84.0 
57.4 
23.2 

11 

FSO2NCO 

1.677 
1.589 
1.547 
1.578 

116.3 
108.1 
138.3 
120.4 
140.0 

83.2 
50.9 
26.5 

12 

A 

BF3 

1.659 
1.593 
1.546 
1.584 

112.7 
110.2 
137.5 
120.7 
137.9 

86.4 
57.4 
23.1 

13 

SbCl5 

1.69 
1.59 
1.57 
1.58 

113 
112.5 
137 
121 
144 

89.9 
45.1 
29.5 

14 

FeCl3 

1.662 
1.578 
1.559 
1.576 

109.8 
110.7 
137.6 
119.5 
137.3 

86.8 
59.7 
28.1 

15 

AsF5 

1.659 
1.584 
1.540 
1.567 

113.6 
109.9 
139.3 
119.5 
138.7 

87.6 
54.6 
26.6 

16 

TaCl5 

1.65 
1.56 
1.54 
1.60 

110.7 
110.2 
139.9 
119.9 
133.8 

89.6 
53.6 
31.5 

17 

° Average values of two chemically equivalent parameters, 
the four sulfur atoms. 

b Dihedral angles, as defined in the text, were measured from the mean plane of 

Table IV. Orbital Energies and Bond Orders0 for the n Molecular 
Orbitals of S4N4H+ (Model II) 

orbital 

5b, 
3a2 

4b, 
2a, 
3b, 
2b, 
Ia2 

l b , 

PSN 
total 

q(o) 
qW 

I ej, ev 

-5.656 
-6.784 

-12.638 
-15.317 
-15.792 
-18.689 
-19.853 
-21.036 

M 
PSN (° + ") 

N l -S l 

-0 .06 

-0 .40 

-0 .09 
0.44 

0.11 

0.00 
0.80 

2c J1C 

S1-N2 

- 0 . 1 9 
- 0 . 3 2 
- 0 . 1 5 

0.02 
0.05 
0.08 
0.34 
0.22 

0.30 

1.22 

o and •K Charge Densities for S4N4H' 

H 

0.23 

Nl Sl 

3.79 3.53 
1.97 1.69 

N2 

4.49 
1.17 

is 

N2-S2 

0.35 
0.39 
0.08 
0.01 

-0 .01 
-0.05 

0.37 
0.33 

0.53 
1.37 

S2-N3 

-0.36 

-0 .23 

0.02 
0.25 

0.32 

0.13 
1.09 

h (Model II) 

S2 

3.57 
1.34 

N3 

4.28 
1.65 

a See ref 35. 

characteristics this orbital (See Figure 3) also provides an anti-
bonding contribution to the transannular S-S bond. Thus, the 
evolution of this orbital into the strongly localized N-H a bond 
of S4N4H+ (model I) leads to a net strengthening of the S-S bonds; 
the S-S bond order35 increases from 0.29 in S4N4 (with 0, = 62 

= 90°)36 to 0.34 in S4N4H+ (model I). However, despite the 
increased strength of the S-S bonds, the cage structure of S4N4H+ 

is unstable with respect to the planar conformation (see Figure 
4). 

The reasons for the relative stability of the planar conformation 
(model II) can be traced to the influence of the proton on the a 
and ir networks of the S4N4 skeleton. Table IV provides a bond 
order and charge density analysis of this model. First it should 
be noted that protonation of S4N4 lowers the molecular symmetry 
and lifts the orbital degeneracy of the 12-rr-electron ground state. 
Examination of the charge densities30 listed in Table IV reveals 
an important difference in the polarization of electrons in the a 
and rr systems. In the a system, the presence of a proton bound 
to nitrogen draws charge away from this atom into the N-H <r 
bond. In response to this perturbation there is a migration of 
charge in the T system back toward this nitrogen. Thus the w 
charge at Nl corresponds to a net transfer of 0.97 electron, while 
the ir charges at N2 and N3 suggest the transfer of only 0.17 and 
0.65 electron. The bonding characteristics of the individual w 
orbitals provide further insight into the structure of the T system. 

(35) Bond orders and charge densities calculated as in: Armstrong, D. R.; 
Perkins, P. G.; Stewart, J. J. P. J. Chem. Soc, Dalton. Trans. 1973, 838. 

(36) In the structure of S4N4 itself the observed dihedral angles range from 
87.3° to 88.8°. See: (a) Delucia, M. L.; Coppens, P. Inorg. Chem. 1978,17, 
2336. (b) Sharma, B. D.; Donohue, J. Acta Crystallogr. 1963, 16, 891. 

U 5b, 

4b, 3a2 

*-^yg^~\ 

3b, ^ Ip-, 2a, 

2b, 

1b, 

Figure 5. Distributions and relative energies of the ir molecular orbitals 
of S4N4H

+ (model II). See Table IV for eigenvalues. 

Figure 5 illustrates the distributions and nodal properties of these 
orbitals. There are a total of six occupied orbitals: three bonding 
(Ib1, 2bh Ia2), two nonbonding (3b,, 2a2), and one antibonding 
(4b!). As Table IV indicates, the total ir bond orders35 around 
the ring are determined, in large part, by the contribution of the 
4bj, which concentrates antibonding electron density into the 
N l - S l and, to a lesser extent, the S2-N3 regions and offsets the 
bonding effects of the To1. The net ir bonding then stems from 
the contributions of the Ib1 and Ia2 orbitals, one of which (Ib1) 
is strongly bonding over the entire SNSNSNS fragment, while 



6012 /. Am. Chem. Soc, Vol. 105, No. 19, 1983 Cordes et al. 

_ l 1 1 L 

300 400 500 600 

WAVELENGTH(nm) 

Figure 6. UV-visible spectrum (in CH2Cl2) of S4N4H+BF4". 

the other (Ia2) is restricted to the S1-N2 and N2-S2 bonds. As 
a result, the latter bonds are particularly strong; their ir bond 
orders35 are commensurate with that found for planar S4N4

2+ 

(0.36).37 In essence, the effect of protonation of a planar S4N4 
is to restrict the influence of the antibonding electrons by localizing 
them in one region of the molecule, i.e., the Nl-Sl bonds. The 
remainder of the ir network is simultaneously strengthened, so 
that the planar SNSNSNS fragment is sufficiently robust to 
withstand any potential gains in a bonding that would accompany 
a puckering of the molecule into C2 symmetry (model I). 

The above description of the planar model II provides a rationale 
for its stability relative to model I. However, because of the 
localized nature of the 4b] orbital, the bonds to the protonated 
mtrogen are unacceptably weak. A structural modification that 
alleviates this situation while maintaining the integrity of the ir 
system in the remainder of the ring involves a displacement of 
the NH group from the molecular plane. At the energy minimum 
associated with this process (model III), the 2a2 orbital of model 
II is transformed into a lone-pair orbital located primarily on the 
protonated nitrogen. The remaining ir orbitals of II retain their 
ir-like character in III. As a result of the redistribution of electrons 
between the a and ir networks the Nl-Sl bonds are strengthened; 
the total (tr + ir) bond order35 is increased from 0.80 (model II) 
to 0.90 (model III). There is also a concomitant weakening of 
the S1-N2 bonds; their total (<r 4- JT) bond order35 is reduced from 
1.22 to 1.07. The changes in the N2-S2 and S2-N3 bonds are 
minor. From an energetic standpoint, the heat of formation of 
the molecule is lowered by ca. 15 kcal mol"1. 

Additional structural refinements of model III can be envisaged 
that further lower the energy of the system. Within the seven-atom 
SNSNSNS fragment, the S2-N3 ir bonds are relatively weak and 
puckering of the ring in this region is to be expected. Certainly 

(37) This is an MNDO estimated obtained from a calculation on a Dih 
model. 

the actual structure of S4N4H
+ illustrates this effect. A calculation 

involving the complete optimization of 03, S4, and 05 reduces the 
value of AH1 by a further 6 kcal mol"1 and provides a final ge
ometry (model IV) that resembles the observed conformation (see 
Table III). In fact, in view of the shallowness of the conforma
tional energy surface with respect to changes in 04 and 8S, the 
correspondence between the predicted and observed conformations 
is remarkably good. 

Electronic Spectrum of S4N4H
+. Like most Lewis acid com

plexes of S4N4 the protonated salt S4N4H
+BF4" is deep red in color. 

The UV-visible spectrum of this compound, as illustrated in Figure 
6, exhibits two distinct low energy absorption maxima at 325 and 
474 nm. In previous studies of the electronic spectra of planar 
or nearly planar sulfur-nitrogen ring systems (S3N3",38 S4N4

2+,33 

S4N3
+,39 S4N2,

23 and R2PS2N3
8), the electronic transitions re

sponsible for their characteristic colors have been shown to be of 
the ir* - • ir* type. In the present case, a similar description can 
be invoked, but the designation w can retain only a local signif
icance. A comparison of the frontier orbitals of models II, III, 
and IV shows that the LUMO(3a2) and 2LUMO(5b,) and the 
HOMO(4b,) and 2HOMO(2a2) of II all evolve, without change 
in ordering, into predominantly ir-like orbitals in III and IV. Thus, 
while these results do not allow a definite assignment of individual 
transitions (configuration interaction may well be important39), 
it is reasonable to suggest that the two low-energy absorptions 
in S4N4H

+ are ir* -» ir* type excitations. 

Summary 
MNDO molecular orbital calculations indicate that, in contrast 

to S4N4 itself, the 12-ir-electron ground state of a planar S4N4H
+ 

is more stable than a cage structure. The relative stability of the 
planar conformation is made possible by the localization of ir* 
electrons into the skeletal bonds to the protonated nitrogen. In 
this way the ir network of the SNSNSNS fragment is strengthened 
at the expense of the S-N(H) bonds. Puckering of the ring causes 
a redistribution of electrons in the a and ir systems and leads to 
a net stabilization of the molecule. We conclude by noting that 
it is the molecular orbital distributions of the uppermost anti-
bonding electrons, i.e., those that impart electron-rich character 
to the molecule, which decide its structural fate. 
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