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Sulfur



Elemental Sulfur
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Sulfur has many allotropic forms: CY-Sg Dad Crown most stable.
Very complex phase relationships exist:
cyclo- 88 2347y, cyclo- 88 119" 5, 1597, Sn 100195, Soo
a-orthorhombic B-monoclinic  rings catena-sulfur dark-yellow
mp = 119.6°C  break light-yellow oil, viscosity
mr = 114-120°C >119°C  free-flowing increases 104

liquid.

>195°

600-720°C decreasing
S3 S4 S5 vapor »> S6 S7 >88 pressure > S4 S3 SZ
Intensely colored diradicals form in
the mixture, cyclic species occur

and viscosity decreases.
y O 0o, Ss=s 00,

S S Violet color, diradical,
Cherry red color, 3%, & 1A dss 188.7pm,
singlet state. DHdiss = 421.3 kJ/mol.



Atomic Sulfur & Sulfur Cations

Atomic Sulfur:

S=PF3 210-230 pm
-PFj4

Sulfur Cations:
2+
S—S
| |198 pm
S—S
bright yellow
color
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Bonds to virtually all
non-noble gas elements.

Very reactive: 3§ —s NR
CH4 +1S —» CHgsH

Sa_i04:sS
98 S 101

S/ 283 pm >S

\

/\S

204.5%1.5 pm ave.

Sg + SO53(H,SO,) —> Colored Solutions

S8 + 3 ASF5

SOq)
—> S§'+ 2 AsFg + AsFs



Sulfur as a Ligand

Sulfur is a "Class b" or "soft" donor ligand, cf. Oxygen is a "Class A" or "hard".
S and R»S are know, drebonding (cf. PR3) is possible. Sis usually a 2e- donor

but can donate up to 6e-in clusters.
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Sulfur as a Ligand
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M' = Cr, Mo, Fe, Co M = {Co(CO),}

also ferredoxins

This linear n2 complex can also (C5H5)(CO)2CFESECF(CO)Z(C5H5)

be regarded as a 6e- S donor.



Bonding of Sulfur Ligands

\/

Cp(CO),Lr=5=Cr(CO),Lp




Carbon Disulfide

Very important industrial
4S5 + CHy —> 2H,S + S=C=S chemical, very toxic,
extensive complex chemistry.

Synthesis:

Carbon disulfide as a ligand:

S _S—>M S—>M S

S S
C—
— \
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Derivative ligands from carbon disulfide: s—M

i /S Xanthates (dithiocarbonates)
R—O + CS;, —> R—0—C_© R=Etused to dissolve cotton
\‘S fiber to make viscose rayon.
S

Y%
R + CS — R—C%© Dithiocarboxylates

S
/S Dithiocarbamates, very
M—NR, + CS; —> R,N—C_ © importantagriculturally
\‘S as fungicides, M = Mn, Zn, Fe



Dithiocarbamates & Other Ligands

Synthesis of Dithiocarbamates: S Dithiocarbamates, very
ithi :

//
M—NR, + CS, —> RyN—C_ O importantagriculturally

N, as fungicides, M = Mn, Zn, Fe
Bonding in Dithiocarbamates Complexes:

S—M S S
RoN—C{ R,N—CL M RN—C] M
S S S
Other sulfur Ligands:
S—S S—S
S—S—S = S£S+S M ‘ M >s
) \S—S \S—S

R S

\_/ S n = 2,3 make chelates
T
5
N
/C\ S C 1,1-dithiolato-

R S 1.2-dithiolato- 4 \S-



Sulfur Hydrides — The Sulfanes

/H bp '60-3°0C Hydrogen sulfide is a very toxic gas (~HCN). A
S\92.1° pr -8—5668(8: weak dibasic acid in water. A base in super acid
ai1 = 0. in-
1336 pm N SKa;: A 1E media: g _HFISOFs o gy HShF

Sulfanes n = 1-6 isolated and characterized

HS—SH HS—GS%—SH n=7-~are known as mixtures. All sulfanes are

weak acids, all slowly oxidize in air to sulfur.

Reactions: ﬁ) C”) C”)

H—S;—H + SO; —> H—SX—T‘?—OH + HO ﬁ S; ﬁ OH
A O

H—S—H + Sg —> H—S—H

2 H—S—H + S,Cl, —» H—S—S—S—S—H + 2 HCI
2 H—-S—H + I, —» H—S—S—H + 2HI

L
H=SH + HpSO; —> H—S—S—OH + H0

O



Four General Methods to Make S-S Bonds
S—H + C|I—S —> S—S + HCI

—S + CI—S —> S—S + CI

This is the reaction in iodometric titrations:

2 —S—H + |, —> S—S + 2HI

S—H + HO—S— ——> S—S— + 2H,0

Sulfur Anions - Polysulfides

o S—S 'S—S;—S  Polysulfides x = 1- 4 isolated and
characterized, x 1- «» known as mixtures.
S 4+ X/g S A S—S—§G All are strong bases, hydrolyse in water
3 x-1 to hydrogen sulfide. Potent fungicides
¢H+ "lime sulfur" used since antiquity.

HS—S-—SH



Sulfur Halides

Strengths of Sulfur-Element Bonds:

S—X X= F Cl Br | S l,
AHgiss 327 271 218 ~170 225 150
kJ/mol

Chlorosulfuranes: *8Sg + Cl, —» CI—S—Cl| x=1-8have
X =92 .00 been isolated,

S,Cl, + xigSg —» Cl—S—S—S—Cl characterized

SF, not stable!
CS, + 3Cl;, —> CCl; + SyCl 2 SE,—» S—SF,

_Cl ZNCIZ’ FeCl, i/
~

sclynot  SClg" CIT <f2lieee 2 5], ME» gF, + 1/8Sg
stable! Tq =-30°C ,CH Important process!
AlCl4 HeC l[O] \ o
_ [O]
scl;* AlCl, O\S//O I
S(CH,CH,CI), O\ O\
"mustard gas" Cl Cl Cl Cl

sulfuryl chloride thionyl chloride



Sulfur Fluorides

K Q 160 pm 159 pm
k&s al 65 \92 59 ﬁslf
~ 189pm 879° QQE F F F
O O 2
k,\ bp -10°C F SF;
108.3° DS/
SZFZ F \
bp 150C FSSFB




Reactions of Sulfur Tetrafluoride

The great stability of the SFsOSF; + SF50—0SF5
S=0 bond (cf. P=0) is the (CF3CF»5),SF5 /4h
v

driving force of these reactions.
C2F4TCSF SF5C| h_V> 172 SZFlO

OSF, + IFs  CF3CF,SF3 "
Yl
OSF, + R3PF; ~_opR, C2F4TCSF 7 3 74 ¢CZF4
\ BF,
RCOOH S F _ SFsCF,CF,Br
RCF5 o R SFc square pyramid
°c ‘CEN
R
RCF,N=SF,
Compare: RCF,R' ROH Noen
025k RF CF3N=SF, +
sIowTSO3
NR <22 gF. OHy NR
A 6 A



Sulfur Dioxide - Reactions

Most sulfur dioxide is used in the manufacture of sulfuric acid. Lesser amounts
are used as reducing agents (agqueous), bleaches and as a food sterilant and
preservative. Starting point for dithionites, dithionates and thiosulfates. It is an
excellent solvent for molecular compounds has a high dipole moment but a low
dielectric constant. Sulfur dioxide is a serious air pollutant contributing to acid
rain. Has the ability to insert into Metal-Alkyl bonds.

O, 800°C 0
SOZ V,05K,0 803 ”
M—S—R M—S5—OR
With first row transition metals: ” ||
0 0

S0,

: -2
Tl OSMe, [TI (OSM e2) 6] [8207] S-sulfinate O-alkyl-S-sulfoxylate

In absence of DMSO metal dithionites

0
are produced. -2 v
p M(l) [S,04] TEITIEN > W
Sulfur dioxide has the ability to insert I N~
into a metal alkyl bond. =
O-sulfinate -0 "-sulfinate

M—R + SOZ —> M_(SOZ)_R
Several different types of products may Examples of all except possibly the second mode
be formed in this reaction: » are known.




Sulfur Trioxide

O Q O
|142 pm \ 137 pm
/ \ H}Sm O/S 143 pm
07 120 0 \ 0] \\o
503<g> S ;
OTsropm \%O
Reactions: ySO; O B SO,
O Sulfur

159 pm

O Oxygen  153pm | 141 pm

803 T —— 8309
Jrc=ctz e J \H\
O O

cl)—|802 HO—g—F HO—g—OH H—O—S—0O—H
H,C—CH, [ [ [

O O O 00



Oxoacids of Sulfur

217 pm

m 113° O
\432p15 pm \ / %\107{'\ %239 pm Q
—ﬁ 113° i ook
T T <
O @) O O
i i -2
[S,06] [S,05] [S204]
Some interesting equilibria:

Q\ ' Ly, U

/ OH — 7 \OH S\o /N0
O
predomlnant
2O Hi/ M
SO,
[5205] S\OH /S\O

\
Oo O o



Sulfur Nitrides

e ©
N=—S§=—=N N—S—N N=—S§—N
| |l [ |
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N=—S§—N N—S—N OGN—S=—N
@
O Nitrogen N—S§—N N—5—N N=§—N
O Sulfur -2€° | Nl ] |
S® S®@ S S S S
I | | |

2 ] ]
[SaNs " “[SbFg] [SboF11]T N—s—NO© N=S—N N—S8=N et

Two different
rings occurin
the same crystal.

Alternating
bond distances.

The [SbClg]- salt

has a non-planar
boat conformation
of the dication.




S,N,, S,N, and Polythiazyl
Ag gause 5o Polythiazyl is a bronze colored,
SaNy » SoN, —> (SN)y metallic conductor, a super-

250-300°C .
01-1mmHg explosive conductor T <0.26 K. Doping
© with Bro, ICI, IBr, I> increases
S_N S=——N 889.60 conductivity by 1016,
O D
90.4°
—S N——-3S N
165.1 pm
4 structures 2 structures

Schematic of the polymerization of SyN» to polythiazyl: See Fig. 15.36 p 727
S—#—N S——N S——N S——N

N——-3S N——-3S N——-3S N——-3S

Polymer is an almost planar chain of nearly equal, alternating bond distances of
163 and 159 pm. The bond angles centered on sulfur are 106° and on nitrogen
are 120°. The polymer is explosive at 240°C but sublimes readily at 135°C in
vacuum. The polymer is slowly decomposed by atmospheric moisture.



Thiazyl Halides

145 pm - F
SF4 + NH3 —>» N=S 164 pm — - N=S—=f

bp +0.4° 116.5°\ N\
P F bp 27.1° N

T

F,-78°C
SaNgy Sorsca™ N3SgFs  + NS4F4
mp 74.2° MpPdec 153°
CI2¢CC|4 bp 92.5°
O sulfur

O Nitrogen 164pm Ji69

1LA O Fluorine




