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NEW OXIDES AND SULFIDES OF CARBON

DETLEV SULZLE+
Technische Universitit Berlin, Institut fiir Organische Chemie, Berlin,

Germany

Abstract Recent results from the literature about the chemistry of carbon oxides
and sulfides are reviewed. The generation and characterization of elusive
polycarbon oxides and sulfides XC,Y, X, Y=0,S and n=2 by
neutralization—reionization mass spectrometry or flash vacuum pyrolysis and
matrix isolation techniques is described. The clectronic ground state of dicarbon
disulfide, C,S,, is discussed taking theoretical results and experimental
observations into consideration. Finally, the sulfides CS3 and CsSs are
presented.

INTRODUCTION

The aim of this lecture is to give an overview about recent developments in the field
of carbon oxides and sulfides. The terms carbon oxides and sulfides are used to cover
the whole range of neutral compounds which are formed by the elements carbon, oxy-
gen and sulfur.

A number of new oxides and sulfides have been synthesized or experimentally proven
to be capable of existence in recent years. Heterocyclic and cyclic oxides and sulfides
have been synthesized by applying classical synthetic methods and characterized by
modern analytical techniques, i.e. 13C—NMR spectroscopy or X—Ray crystallogra-
phy. The availability of carbon—fullerenes in macroscopic quantities allows now the
investigation of the oxidation of the fullerene cage by a number of different methods
leading to the formation of hitherto unknown carbon oxides. Thermal decomposition

of heterocyclic carbon oxides and sulfides in a flash vacuum pyrolysis experiment or
+ Present address: Schering AG, PCS, Postfach 650311, W-1000 Berlin 65, Germany
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their electron induced dissociation in the ion source of a mass spectrometer gives rise
either to neutral fragment molecules or ionized fragments. The neutral molecules are
usually trapped in noble gas matrices at low temperatures, and characterized by apply-
ing optical spectroscopical techniqueslike IR or UV/VIS spectroscopy. A different ap-
proach is taken in the mass spectrometric experiment to synthesize elusive neutral mo-
lecules. In a neutralization—reionization mass spectrometric experiment a beam of
mass—selected accelerated ions is neutralized by collision—induced charge transfer
between the fast moving ions and a thermalized target gas, i.e. xenon or oxygen. Re-
maining ions are deflected by applying an electrical field, and the newly’ generated
beam of fast moving neutrals is reionized in a second collision experiment and ana-
lyzed by applying standard mass spectrometric techniques. Analysis of the collision—
induced dissociation spectra obtained with and without the presence of the electrical
deflection field reveals the presence of a neutral molecule as a stable entity between
the two collision events. The charge—transfer processes are best described as vertical

processes. Molecular lifetimes are typically of the order of 10~ seconds?.

ETEROCYCLI RBON OXIDE FIDE

Carbon sulfides

A key intermediate in the synthesis of heterocyclic carbon sulfides is the dianion of
1,3~dithiole—2—thione—4,5~dithiol2, 1, C3552~. Compound 1 is formed in the
reduction of carbon disulfide by alkali metals in aprotic solvents together with the

trithiocarbonate dianion, CS32™.

AN _ / AN - S= j[ =S
_S:E o N I/c > <s s>
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A product of the electrochemical reduction of carbon disulfide is
[1,3]dithiolo[4,5—d]~1,2,3~trithiole—5—thione3, 2, C385. The reaction of 1 with
electrophiles according to equation (la) gives rise either to
1,3,4,6—tetrathiapentalene—2,5—~dithione* 3, or according to (1b) to
[1,3]dithiolo[4,5—f]—1,2,3,4,5—pentathiepine—7—thione3, 4, C3S;.
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) a) C3S52~ 4+ CLCS —+CySs +2Cl—
1 3

¢)) b) C3852~ + CLTi(CsHs), — C3S5Ti(CsHs)y + 2ClL~
1

C3S5Ti(CsHs )y + S52ChL - C38s (1) + ClzTi(C5H5)2C3S52-
4
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Sulfide 4 is not stable in solution and decomposes into bis{1,3]dithio-
lo[4,5—d: 4, 5'—i][1,2,3,6,7,8]hexathiecine~ 2,8~ dithione, 6, C5S7, and elemental
sulfur. The oxidation of 1 with sulfuryl chloride according to equation (2) leads to the
formation of  bis[1,3]dithiolo[4,5—c: 4’, 5’ —g]tetrathiocine—2,7~dithione5, 5,
CsS10.

2) 2C3852= + 280,Cly — C4S19 + 4Cl ~ + 250,

1 5

Whereas polymeric 1,3—dithiolo—2,4,5—trithione’, 7, (C3Ss), is formed in the
oxidation of 1 with elemental iodine according to equation (3). The structure of 7 is

not known.

3) xC3852= + xIh - (C3Ss)y + 21~

1 7
The thermal induced isomerization of 1 leads to the dianion of 1,2—dithiole~3~
thione—4,5—dithiol8, 8, C3Ss2~. Reaction of 8 with thiophosgene according to
reaction (1a) results in the formation of [1,3]dithiolo[4,5—f]—1,2—dithiole— 3,5 —dithi-
oned, 9, C4Ss.
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A third C4Ss isomer, [1,2]dithiolo[4,3—c]—1,2—dithiole—3,6—dithionel0, 10, is
generated in the reaction between hexachlorobutadiene and sodium pentasulfide in

aprotic solvents according to equation (4).

4) 8 C4Cls + 24 NazSs — 8 C4Ss + 48 NaCl + 9 Sg
10
S
Y
S —
IC[ S S\ /C\S
s/ s ; D C=5§
s S 5 S/
//C\ S/ \C —S
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11 12

Formally oligomers of carbon monosulfide are the compounds
benzo[1,2—c¢:3,4—c¢’ : 5,6—c"tris[1,2]dithiole—1,4,7—trithionell, 11, and
benzo[1,2—d : 3,4—d’ : 5,6—d"]tris[1,3]dithiole—2,5,8—trithionel?, 12.  Both
compounds are of the elemental composition C9S9. Compound 11 is formed in the
reaction between polyhalogenomesitylenes and elemental sulfur in N,N—dimethyl-
formamide. Compound 12 is formed by trapping the hexaanion of hexamercaptoben-

zene with thiophosgene in analogy to reaction (1a).

Carbon oxides

The members of the family of heterocyclic carbon oxides are mainly cyclic anhydrides
or oxalates. A well known example is the trisanhydride of benzenehexacarboxylic acid,
14, C;209. The anhydride 13, C50g, has not been isolated yet. It is only known in
1:1-Diels~Alder adducts, i.e. with 9,10—dimethoxyanthracenel3. The only
experimental proof so far for the existence of the free molecule 13 in the gas phase is

a neutralization—reionization mass spectrometric experiment!4,
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Two well characterized oxides (UV, IR, NMR) which are not heterocycles in a strict
sense have been prepared by the Eglington—Glaser coupling of
3,4—dialkinyliden—cyclobutene—1,2—diones!®. The two compounds obtained are
tetracyclo[20.2.0.059.0141)tetracosa—1(22),6(9),14(17)triene—2,4,10,12,18,20— hexayne—7
,8,15,16,23,24—hexaone, 15, C40g, and
pentacyclo[28.2.0.069.014.17,02225) dotriaconta—1(30),6(9),14(17),22(25) —tetraecne —2,4,10,
12,18,20,26,28 —octayne—7,8,15,16,23,24,31,3—octaone, 16, C3,0z. Both carbon oxides

are described as very unstable.

15 16

Carbon oxidosulfides

As in the case of the heterocyclic oxides and sulfides the known carbon oxidosulfides
belong either to the class of anhydrides, thioanhydrides, carbonates, thiocarbonates
or oxalates. Starting from the above—mentioned thiones it is possible by performing
a mercury(Il) induced C=S§ —+ C=0 transformation to synthesize the mono— and
diketones 17 — 20. These compounds are of the elemental composition C4S50 and

C4840,1017 respectively.
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Noteworthy is the formation of 3—oxo—4—thioxo—1,2,5,6—tetrathiapentalene, 21, in
the reaction between diethyl ethoxyethylenemalonate and Lawesson reagent,
followed by an oxidative cyclization and sulfuration18, Compound 22 is obtained in the
reaction between 8 and phosgenel? according to reaction (1a).

0
Il ﬂ

/C S C ?é f_! S
AN
L s sC o

20 21 22

The reaction of trithiocarboxylic acid or the dianion CS32~ with oxalyl chloride or
1,2,4,5—tetrachloro—p—benzoquinone, results in the formation of
1,3—dithiole—2—thione—4,5—dione??, 23, C30,53, or 2,6—dithioxo—benzo[1,2—d :
4,5—d']bis[1,3]dithiole—4,8—dione?!, 24, C30,S55. The diketone 25 is synthesized
starting from 24 by performing a mercury(Il) induced C=S — C=0 transformation.
Trapping of the hexaanion of hexamercaptobenzene with phosgene according to (1a)
leads to the formation of the triketone benzo[1,2—d : 3,4—-d": 5,6—d" |tris[1,3]dithi-
ole—2,5,8~trione?2, 26, Co03Ss.

s._b Iq H
5:<1r _S S _S S
T e =00
0 S S S S
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23 24 25
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Unique for carbon oxidosulfides is the existence of heterocyclic compounds which are
derivatives of squaric or croconic acid. The compounds 27 — 29 are synthesized either
from the dianions of dithiosquaric acid or dithiocroconic acid or from the correspond-

ing acid chlorides and Lawesson reagent?3.24,

0
5 ,0 N S 0 | 5 7
o=(_T| I T o=(_T)=o
S N / \Y )
0 0 S 0 \\O
27 28 , 29

Unprecetented are the dithioanhydrides 30, 31 and 32. The 2,3:5,6—dithioanhydride
30 is synthesized from dichloromaleic thioanhydride and hydrogen sulfide.
Dichloromaleic thioanhydride is easily available as the product of the reaction
between tetrachlorothiophene and fuming nitric acid. Oxidation of 30 leads to
4—ox0—4H—-4)\4—ditheno[3,4—b : 3’,4’—e]dithiine—1,3,5,7—tetraone, 31, C50sSy,
which upon thermolysis loses sulfur monoxide to generate the 2,3:4,5—dithioanhy-

dride of thiophenetetracarboxylic acid?, 32, Cs0,S;.

0 0 0 g O 0 0
I i Il !SI I El IC!
S/Cff\s S/CI IC\S Su:
Ng s/ \lcI S ﬁ/ \ﬁ 5
|
0 0 0 0 0 0

30 31 32
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Mass spectrometric studies of the reaction products of the photooxygenation of Csp
and Cy in benzene revealed the formation of oxides of the elemental composition
Cs00,, x=1—4, C70 and C7p0,25. It was possible to isolate CspO from the reaction
mixture by preparative chromatography?’. CsyO is also formed in the reaction of Cgp
with dimethyldioxirane28, On the basis of the 13C—~NMR spectrum the epoxide struc-

ture 33 were assigned to CgpO and not the annulene structure 34.

33 34

CgpO and C7pO were also identified as byproducts in the carbon~arc synthesis of full-
erenes?’29, In an electrochemical study it was shown that the dianion of Cgp, Csp2™,
reacts with oxygen in the presence of water to form the oxides CspOy, x=1—4. Pro-
longed electrolytic reduction in the presence of oxygen and water leads to the loss of

what appear to be Cyp fragments30,

CUMUILATED CARBON OXIDES AND SULFIDES

The title compounds are of the general composition X=C(C),, =Y, X5£Y=0, S, elec-
tron pair,n=0—-6. The general formula covers also the well known carbon oxides, sul-
fides and oxidosulfides CO, CS, CO,, COS, CS;, C30,, C30S and C3S5,. Also included
are the polycarbon oxides and sulfides which are only capable of existence as transient
species. The photolysis of CO/C,, —mixtures in solid neon at 4 K leads to the formation
of G, 4+ 10 forn=3 and n="531.32, The even —numbered carbon oxides are identified on
the basis of their characteristic ESR spectra. The electronic ground state of these
compounds is the triplet state 3 ™. C30 has been identified as a free molecule with the
help of microwave spectroscopy>3. The electronic ground state of the odd—numbered

carbon oxides is the singlet state 1Z+. The presence of polycarbon monosulfides C3$
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and C3S in He/CS; mixtures, which were subject to electrical discharges, has been
shown by microwave spectroscopy. The experimentally determined electronic ground
states of CS34, €535 and 3536 are 13+, 33~ and 13+,

Polycarbon dioxides, disulfides and oxidosulfides

A basic requirement for the detection and analysis of transient species by microwave
spectroscopy is that the molecule of interest is provided with a permanent dipole
moment. Accordingly, polycarbon dioxides or disulfides can not been characterized

by microwave spectroscopy.

Dicarbon disulfide

The existence of a molecule S=C=C=S§ as the global minimum on the [(,,5;]
potential energy hypersurface was predicted on the basis of results from CI/DZ+P
calculations as carly as 198337, The clectronic ground state of the C;S> molecule
according to the aforementioned calculations is the 3Eg‘ state. The reason for the
stability of C,.5; is seen in the spin—forbidden nature and the unfavourable energetics

of reaction (5).
(5) 3257 62y - 1ZFCS + 1Z¥CS

The calculated endothermicity of reaction (6) is 39.4 kcal/mo], and the endothermicity
of the spin—allowed reaction (6) is 118.5 kcal/mol. The calculated energy difference

of 78.1 kcal/mol is in good agreement with the experimentally determined value of 79.1
keal/mol for the *T1- 15 splitting of CS38.

(6) 35,7 G, —+ JTICS + 1Z+CS

In line with the theoretical prediction, C)S; was synthesized in a
neutralization —reionization mass spectrometric experiment in 198839, Starting from
the ion C»8, %, which was generated upon electron impact induced dissociation of 17,
it was possible to generate neutral C,S;. The observed fragmentation pattern,
especially the loss of neutral CS and atomic S from the radical cation in the
collision—induced dissociation and charge transfer experiments, are in agreement

with the connectivity S—C—C—S§ for neutral and ionic dicarbon disulfide. C,S5; is
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perfectly stable under the conditions of the mass spectrometric experiment.

A different point of view about the electronic ground state of C,S; is taken by the
authors of reference 23. They generated neutral C,S; in a flash vacuum pyrolysis
experiment starting from 27 or 29. On the basis of their results from
CASSCEF(6,6)/3—21G(d) calculations the authors of reference 23 claim that the
electronic ground state of C,.5; is the 1Ag state. At this level of theory 1Ag Cy5,is 0.7
kcal/mol more stable than 3Zg‘ C585. The decomposition of 1Ag 8 into two Is+cs
molecules according to equation (7) should not be hampered by the presence of a

spin—inversion barrier as it is the case in reaction (5).
™ 1Ag G2y — 1Z+CS + 12+CS

Conclusively, C,5; is described as a highly reactive species which polymerizes as ancat
substance at 77 K and at a pressure of ca 10~4 mbar in the gas phase. Independently,

however, the gas phase IR spectrum of C,S, has been observed?0,

Polycarbon disulfides

The higher member of the family of polycarbon disulfides are accessible by mass
spectrometric experiments. Upon electron impact induced dissociation 32 generates
the ions C, 8, * for n=2—6, which can be neutralized and reionized. The observed
fragmentation pattern of the radical cations of the higher member of this series in
collision—induced dissociation and charge transfer experiments are characteristic for
the connectivities S—-C~-C-C-C-§, §-C-C-C-C-C~-Sund §-C-C-C~-C~
C—C-S. The spectra are dominated by the loss of neutral CS or atomic sulfur from
the molecular ions*!. The radical cation C4S; *- is also available upon electron impact
from the compound 28. Upon thermolysis 28 generates neutral CyS; as well which can
be trapped in argon matrices at 12 K42, Also for this compound the question has been
raised whether the 3% g~ state is the electronic ground state. CsSj is available in matrix
isolation experiments upon photolysis or flash vacuum pyrolysis of
benzo[1,2-d:3,4—0d":5,6—d”|tris[1,2,3]thiadiazole*3. The cumulenes are easily
recognized in the IR spectra of the matrix isolated molecules on the basis of their
intense out—of—phase stretching vibrations. Furthermore, photolytic studies of the
trapped cumulenes show that photo—equilibria exist between the cumulenes and

their decomposition products. Whereas no difference between the stability of even—
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and odd—-numbered cumulenes could be detected in the mass spectrometric
experiments, the matrix isolation experiments clearly indicate that the
even—numbered cumulenes are more prone to polymerization upon annealing than

the odd—numbered ones.

Dicarbon oxidosulfide and the polycarbon oxidosulfides

The healthyrivalry between the two experimental techniques resulted in the formation
of not only dicarbon oxidosulfide, C,0S, by the mass spectrometric method45, but also
in the generation of a number of polycarbon oxidosulfides, C,OS, for n=3, 4 and 5,
by mass spectrometric and matrix isolation techniques?47, C30S was synthesized
before from C30; and P4S;p* or identified as a fragment molecule in the pyrolysis of
28 by photo electron spectroscopy*’. Noteworthy, the intensities of the radical anions,
G, 08, formed upon electron impact induced dissociation of the precursor molecules
28 or 30 in the presence of an electron moderator gas in the ion source, i. e. ammonia,
are nearly as high as the intensities of the corresponding radical cations, C,08*",
formed under electron impact induced dissociation®. The major fragmentation
pathway of the ions of interest in collision—induced dissociation and charge transfer
experiments is the energetically favoured loss of carbon monoxide from the molecular

ion. Flash vacuum pyrolysis of 32 leads to the isolation of CsOS in a cryogenic matrix.

Polycarbon dioxides
With one exception all known polycarbon dioxides contain a odd—number of carbon

atoms. Cs0, and C70; have been identified as fragment molecules formed in flash
vacuum pyrolysis experiments starting from 1,3,5—trisdiazo—cyclohexa-
ne—2,4,6—trione*® or 14%%, The known even—numbered polycarbon oxide is C405.
The neutral molecule is generated upon photolysis of 1,2~bisdiazo~cyclo-
pentane—1,3,4—trione in argon matrices at low temperatures®l. The corresponding
radical anions and cations are easily generated upon electron impact induced
dissociation from 35%2. On the basis of results from CASSCF—CI(SD)/3-21G(d)
calculations the authors of reference 51 argue that the equilibrium geometry of C4O»
belongs to the point group Cy,, and that the electronic ground state is the IAg state.

The energy difference between the excited 32g" state and the ground state was
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calculated to be 4.9 kcal/mol3.

CARBON TRISULFIDE

Applying the technique of neutralization—reionization mass spectrometry’* to
[C, 53] —ions, which were generated from specifically labelled 1,3—dithiole —2—34§5—
thione, 36, or 1,2—dithiole—3—34§ —thione, 37, it was possible to show that at least two
different isomers exist on the [C,S3] potential energy hypersurface of the neutral spe-

cies and the radical cation.

- s

36 37
According to the mass spectrometric analysis one isomer belongs to the point group
Cs and the other belongs either to the point group D3y, or to the point group Cy, . These
observations are in line with a recent theoretical study of the lowest singlet and triplet

potential energy hypersurfaces of the reaction between atomic sulfur and carbon disul-
fide3>.

HEXACARBON HEXASULFIDES

The application of the above—mentioned techniques to 32 results not only in the
formation of neutral and ionized polycarbon disulfides. It was also possible to charac-
terize a sulfide of the elemental composition [Cg, S5] which is formed together with the
polycarbon disulfides. Whereas in the neutralization—reionization study’ primarily
the existence of neutral CsSs has been proven, the structure of the starting material

and the applied method for the generation of the corresponding radical anion CsS5 ~
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suggested that minor structural changes are taking place during the ion formation
process. In the matrix isolation study the presence of a photo—equilibrium between
the compounds 38 and 39 was established upon prolonged photolysis of the trapped
species’. Applying the technique of flash vacuum pyrolysis and matrix isolation to 25

it was also possible to generate the 1,4—dioxo derivative of 38, C0,Sy.

S 5
s A __s s ) s
@Y |
S S S
1]
5 N
38 39
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