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Abstract

Thé structures and bonding,of the following-épecies are discussed:

e 4 24 : ' o
SNy, SN SN, S3N3013, SsN505C1,, S7NH, S,(M),, S(MH)5, SN, H,,

s~

. T
s,N.C1%, S;N,NPPh,, S,N_,

: 2- o+ +
S,N,F,, SN, s,N,, SN, SN, N0,

-and S4N3+.v These species are characterized.by rings or chains of alter-

nating sulfur and nitrogenvatoms., The structuresvcan be ratiopalized'by

compérison with isoelectronic compdunds of known structure and by the

assumption'of-deibcalized pt bonding whénever,possible.‘
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- Introduction

In this ‘paper I snall‘discusS-the.structures'of compounds which con-
tain rings or chains of aiternating sulfur-and'nitfogen atoms."During the
last 15“years‘or‘so this ciass of compounds has been a source of frustra-
tion and"mysteryito'chemists'because'various Stfucture.determinations”have
often showed that‘structures'Which had been predictedﬂfor these compounds
were wrong. However, enough structures of such compounds are now known
that it is possible‘to systematize and rationalige'tne data. 'I shall dis-
cuss. this rationale and use it to make several predictions.

The structural ratmonale is based in part on the comparison of sulfur-
nltrogen compounds with 1soelectron1c compounds of known structure and on
the essumption of delocalized pX bond;ng whenever_p0551ble._ In the study _

of these'structures;.it became apparent that certain empirical bonding

rules must be kept in mind; these are discusseddin the following section.

‘Empirical Bonding Rules

Rule'l. Bond angles at sulfur atoms are usually in the nelghborhood

of 100°. This rule is not pecullar to sulfur nltrogen compounds For other

‘examples we may cite the_Cl—S-CL angle of 100.3° in $Cla and the F-S-F

" and O~S-F angles of 92.8 and-106.8°,'respectiVely; in SOFg.'(l) ‘The rule

is undoubtedly a consequence of the tendency for sulfur atoms to use

mainly orthogonal p orbitals in bondlng.

~ Rule'2. Tervalent sulfur\atomS‘(i,e.) sulfur‘atomspbonded to three

other atoms)rcannot engage in prn-pn bonding. This rule seems reasonable



in view of Rule 1. The lone pair of a tervalent sulfu? atom is essentially
ih'él3S"orbital,fénd exteﬁsive nybridization would be required for it.to,_

be used in ' bonding. - . [ P

' Rule;3.-»and-ang1es at ‘divalent hitrbgen atoms which are involved

in bonding are usually 120° orﬁgreater. 'The-larger bond angles at

nitrogen atoms are probably a consequence of the smaller size of nitrogen
atoms and the greater repulsion between valence-shell electron pairs.

Rule 4.. In cyclic (SN)y systems, the Huckel Un + 2 Rule is applicable.

That is,‘a planar structure with delocalized n bonding is favored when n,
the nuﬁbér_of n electrons, is 2, 6, 10 or 14. (2) 1In noncyclic chain
systems, n bonding 1is éonsiderably more lbcalized;

Rule 5. Lone'pair-lone pair repulsion between directly attached

atoms is structurally unimportant; however it can be significant between

. other atoms which are close together because of the molecular geometry.

- (SN)y Ring”Systems'

' The simplest.knowh (SN)* fingvsystemviérfound in the cqmpoﬁnd S.N..
‘Thié molecule and its.isoeiectrbnié anélog,'S42+,‘have square planar |
’configﬁrations (3-5). Bécause the ring has 6 x electféns; the bn + 2
Rule»ié 6béyed1and ﬁﬁe,plénaf structurevis stable. According to.simpie
- Huckel moleculafeorbital theory; the mélecule has one pair 6f‘bonaing.ﬁ

electrons, in agreement with valence bond theory:

oo™ TS m S=— N  S—N
| O N e A A
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' Although the free ra.dica',loSQNé+ has been identified the only avail-
able structural 1nformat10n is that the two nltrogen atoms are structurally
equivalent and that the two sulfur atoms are structurally equivalent. (6)
The spec1es is probably planar (or nedrly planar), w1th the odd electron
occupying a nonbondlng'n orbital.

ThedSpeoies SgNéé is at present unknown. On'the basie of ite
analogy to the P4 molecule, one might predlct a tetrahedral ;structure;
however in view of the tendency for bond angles‘at nltrogen atoms to bev
larger than those'at secondffow oﬁoms; the acute bond angles in the tetra-
.hedral structure may‘introducedso’much instability as to make an oblong
or rhoﬁboidal planerdstrnotnre,Awifh two»loealized double bonds, stable:

§f———n [ —

1 Lo N\ \. |

A six-membered (SN)s ring is found in thedmolecule S3N3C1s, $1lus-

trated in Figure .1 and in the following valence-bond étructure.
B
+
- 4’S\ -
I
+
A\ st
c1r” N C1 .
The tervalent sulfur atoms prohlblt pit bonding, and the rlng has a non-'
planar conformation, analogous to the chair conformatlon of cyclohexane.
(7) However, the rlng is nearly planar (the average dlstance of the
nitrogen atoms from the plane of the sulfur]atoms is. only 0.2 A) and the -

Tson bond distance (1.605 ﬁ) is 31gnif1cant1y stiorter . than the S- N



dis’ta’hce. in S;&NQHQ (1.65 A). ~Although i;hésé features >suggest ‘that dn-pr.
3ondihg‘exists.in the_ring;'it should be pointed out”that the short
fS-N’ bénd disténce may. be simply‘a'donsequénCevof the polariﬁy of -the
boﬁd.'“Thelmolecule is remarkable because all three.chlorihe'atdmsv0ccupy
apical, rather than equatorial, positions and because the nonbonding
electroﬁ ofbitals of each of the six pairs_of»adjacént sulfur and niﬁrogén
#toms.are éséentialiy coplanar.- One mighﬁ'have'predictédithat the chlorines
woﬁld océupy equatorial positions so that the nonbonding orbitalélon ad-
jacent atoms would be forced to lie in_differehﬁ élanes. However, such -
a structure would cause the nonbonding.electrons'of the chlorine atoms
to intéréct with those of the_nitrdgen atoms. Apparently thé lattér inter-
action is more repulsive than that between.nonbdnding electrons on adjacent
ring dtéms; This observation will be useful later in our interpretation
of the structure of S,N,F,. |

The structure of S$N$O3C13 is essentially the same as tﬁat of S3NsCls
“except that-oxygen-afoms occupy. the positioﬁs of the sulfur lone pairs. -
(8) " 1t is interesting thaﬁ;.in ﬁhe isoelectronic compound P,N,Cl,, the
P3N3’ring is_almost'exéctly planar. This near planarity may be caused. by
dn-pﬁ bonding and is probably favorediin the P3N; ring.more,than in the
, S3N3 ring becau§e of'the;greater size of the phosphorus atom and the con-
sequent relatife ease Ofvachieving'ah'N-P-N bond angle near 120°.
| Thé Sg ring, ;f'planaf,-would have 16 =« electrons and consequently
vah equal number of antibonding and bonding = eiectrons. 'Thus the noﬁplanar
‘crown configuration, with bond angles of 108°, is Staﬁle. The sulfur

imides correspond to Sg rings in which 1, 2, 3, or 4 of the sulfur atoms ,

>



‘have been replaced with the iscelectronic,NH groups - with the restriction

that therNH groups*never’occupy adjacent-positicns.in’the ring Thus, as
far as is known, S -NH, S N’H3, S N +H,, and the isomers of S, N2H2 have
structures completely analogous to that of Sg (9)ﬁ

InS N4F4, ‘the fluorine atoms are attached to the'sulfur atoms;
consequently the (SN)4 ring»bas no bﬂ bonding and is highly puckered, as
shown in Figure 2. (lO'll)' The remarkable feature of this structure is
that there are two S-N bond distances (1.66 and 1. 54 ﬁ) whlch occur alter-
natlngly in the ring. 1In Flg. 2, the S5,-N, distance is 1. 66 X and’ the o

Nlésg distance is l}5h K; By examination of Fig. 2, it can be seen that

‘the Sl Nl and N;-S, bonds are stereochemically quite. dlfferent The

S, -N bond is longer probably because of repulsive interaction of’ the
nonbonqing electrons‘of fluorine atom Fy with the nonbcnding electrons
of nitrogen atom N;.  The N,-S, bond is shorter probably because there is
no such interaction between'the nonbonding electrons of atoms Fg’and.Ni.
It is ‘significant to note.' that, if‘.atems F, and F, were flipped to the
upper side of the rlng, there would be no resultant net advantage in
terms of nonbondlng electron lnteractlons. In such a conformation, the
S-N bonds would be expected to occur”iu the'sequence.s,s,l,l,s,s,l,l

(s = short; i =-long) ‘ | | |

’The Se ion has the remarkable structure 1llustrated in Flg. 3.

- (12) Although a planar monocyclic structure with lh 7 electrons would

fit the hn + 2 Rule,»sucb~a structure is ruled out by the requlrement
that the selenium bond angles be in the nelghborhood of 95°. Indeed the -

only concelvable plandr structure even with bond angles as. hlgh as 105
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is the following, in which two §f the atoms are almost. on top of each

other.

The ébserﬁed.strﬁcture of Fig. 3fis derivable from the normal crown

conformation of Seg by the lOés of two eiéCtroné, the tréﬂsahhular’

~ bridging from Se(h4) to Sé(S); and ﬁhe ring flip of Se(l).v The species
' S4N42‘, which is isoelectronic with Seéa+,3has,never been unequivocally

identified. (13,14) The prediction of its structure is difficult. Tt

might‘hdve a étructure‘analogous to that of Se82+

» or it might have a
planar n-bonded structure. A planar structure would not be unreasonable
fof'S;N42E'beéaﬁSe of the ability of nitrogen atoms toihavé bond angles
as high as 153°. (15,16)

Removal of two electrons from Se82+ to forﬁ tﬁé hypoth'etical-Ses4+
would be expected to cause the'flipping up of Sé(B)‘and the formation
of a bridge from Se(8) to Se(1l). This'cage structure would be anaiogous,
to that of the isoeleétronié.molecule, S,N,, illustrated in Fig. 4. (17)

Remdval of two eiéctrons from S,N, would yield the species S;N42+,
which és yet has not been'iAenfifiéd but which may be the stable sulfur-
nitrogen-cationic species which formé'when S4N4 is dissolved in anhydrous
sulfuric acid. (18) This speciés would.be isoelectronic with the cyclo-

octatetraenide ionvCEHéE’ and, because of adhefencevto_the 4n + 2 Rule,

would be éxpected to be a planar eight-membered ring of alternating sulfur

and nitrogen atoms.

&
.
s

» .
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The SN.* cation is a planar heart-shaped ring of alternating sulfur
and nitrogen atoms: (19) |
M

It will be noted that.this ten-atom system'has 1k n_elecﬁrons, for which

one prediétsvthree_n bonds.

Planar Sulfur-Nitrogen Chains

In'this section we éhali discuss chains:oftalterngting sulfur and
nitrogen‘ato@s which_ﬁre'eﬂgAged:in‘ﬁ bbnding but_which are pot pSeudo-.
aromatic either because of an open chain.sﬁfuctﬁre'or, in\the case’ of
cyciic_compduhds, becaﬁﬁe of fhe‘preséhcé of ring atOﬁS'Whiéh'blOCk.ﬁ
bénding. | ' |

‘The S;N,0; moiecuie is a planar chain of sulfur and nitrogen atoms
términated»by oxygen atoms: (20) | | | ‘

. N_ N
+Sé/ \S/ \s; :

- -

-0 _ .0

Thefindicétédfst;uctﬁre brobabiy_is the'principal]contfibutor'to the
- resonance hybrid because it minimizes the separation of positive and

.negatiVe-formal chafges'and puts negative formal charges on the most
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»electronegatlve atoms; As éxpettéd;'the S,-N distance (1.58_3} is Shortér
than the S,-N dlstance (l 69 R). |
The S3N201 cation, plctured in Flg 5, has an essent1a113 planar
S3N2 rlng (21) Because of the inability of the tervalent sulfur atom
to engage in = bonding, x bondlng is restricted to the SNSN chain which
vis attaéhed to the SC1 group. Apparently the fact that the tervalent
sulfur atom is coplanar with the SNSN chain is accidental. It will be
‘noted fhat the bond angles in the ion are all normal. FrOﬁ the observed
bond distances, we cénclude'that the n bond is largely localized as in-
dicated in the following structure. |
clL '
, \St——-—-‘ ]

N

This_étfhcture would be expec%ed ﬁo bevthe principal_contributor to the
resohance'hybrid beéause it involves the least separation of negative
and positive. formal charges.

The atructure of S;N,NPPh; is shown in Fig. 6. (22) Because the
vtervalent Sulfur atom cannot engage in =« bondlng, the T bond;pg-ls re;
Stficted to‘the remaininé'NSNSN chaih’of atoms which are copiaﬁar. It
is notApossible to form a completel& planar six membere§ (SN)j ring
w1th normal bond angles. However, by allowing the %er?élent sulfur afom
to fllp out of the plane, the other five atgms can malntaln planarlty

with normal bond angles at all six atoms. Because the n orbitals of the

nitrogen atoms bonded to the tervalent sulfur atom are not ideally

-» ‘

r'gy



oriented thegﬂ{bonding woﬁld‘Se expected to bé sﬁropgeét.in,the‘bonds
to thg-middle nitfogen'atqm,of_the;pianar-NSNSN chain., .

The structure of S N has not yet been'determihed, (23) .One reason-
eble stsibiiity is a structﬁié'like that of S;N.C1%, in which the chlorine

atom has‘been replaced by a.sulfur atom. Another possibility is the six-

'-mémberedvring structure indicated below.

e

s —
One wpﬁid.expect'that bi¢ bohding'woﬁld be restricted to theASNSNS chain:
of ‘atoins and thét these wouid be coplanar, with the middle.sulfuf-atom
ofthe 58S chain flipped out of the plane to allow normal bond angles at
all the atams.

The S4N3 ion is a planar seven-membered ring, as shown below. (15,16)
+s////(/ \\\\\~s+
N\s /N

The fact that the S- N bond distances are equal within experlmental error

1ndicates that there is con31derable delocallzatlon of the T bondlng in
this ring (except in the S-S bond). The 1nd1cated structure would be

expected to be the main contributor to the resonance hybfid because it

involves the least separation of negative and positive formal charges.'
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The electronic absorption spectrum of the S4N3+ cation has been inter-

preted in terms of a 7 - 7% transition. (24,25)
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. Figure Captiohs

The S,N,Cl, molecule.  Reprinted with permission fromvreference‘(7).

Thé'S4N4F4 molecule.:jReprinted with permission 'rom reference (10).

The Se 2+ jon. . Reprinted with'permissign-from reference (12).

8

The S,N, molecule. ~Repfinted with permission from Cotton, F. A.,

and Wilkinson, G., "Advanced Inorganic Chemistry," 2nd ed.,

- Interscience Publishers, New York, 1966.

The S3Né01+'ion; Reprinted with permission from reference (21).

The S,N;NPPh, molecule. Reprinted with permission from reference

(22).
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such contractor, to the extent that such employee or contractor of the
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