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2,2-Dichloro-1,3-dichalcogena-2-telluroles of sulfur and phase. The most abundant fragmentation channel at the
neutral and cationic stages is due to loss of atomic telluriumselenium, C6H4[XTe(Cl)2Y] with X, Y = S, Se, serve as

precursors to generate the cation radicals of 1,3- to afford the corresponding benzo-1,2-dichalcogena-
cyclobutenes. For the latter, partial isomerization to thedichalcogena-2-telluroles C6H4[XTeY]+• as well as the

corresponding neutral counterparts by means of related dichalcogena-ortho-quinones is indicated by the
mass-spectrometric fragmentation pattern.neutralization-reionization mass spectrometry. These neutral

2-telluroles are intrinsically stable for at least 1 µs in the gas

Fused aromatic ring systems comprise a huge body of chloride, while weak isotope patterns for the monochloro
derivatives were observed.heterocyclic chemistry including several natural products,

e.g. indole derivatives. Heterocycles containing chalcogens
Scheme 2are of particular relevance in redox processes, but knowl-

edge about heteroindenes with several chalcogenes directly
attached to each other is limited[1]. In particular, benzo-
dichalcogena-2-telluroles, viz. 1,3-dichalcogena-2-tellurain-
denes, have not been isolated so far.

The metastable ion (MI) and collisional activation (CA)Scheme 1
mass spectra of the cation radicals 11•231• (Table 1) are
dominated by loss of atomic tellurium (∆m 5 130) yielding
the corresponding C6H4XY1• cations (X, Y 5 S, Se), while
loss of neutral C6H4XY concomitant with Te1• is hardly
observed. Location of the positive charge on the organic
fragment can be accounted for by the fact that already the

In this contribution, we describe the generation of the dithiete C6H4S2 has an ionization energy (IE) of ca. 8.2
ionized and neutral 1,3-dichalcogena-2-telluroles 123 eV[3] which is significantly lower than that of atomic Te
(Scheme 1) by means of neutralization-reionization mass (IE 5 9.0 eV)[4]; thiaselenete C6H4SSe and diselenete
spectrometry (NR)[2]. C6H4Se2 are expected to have IEs even lower than 8.2 eV.

Additional fragmentation channels of the cation radicals
are due to bond cleavages involving the other chalcogeneResults and Discussion
atoms, while degradation of the hydrocarbon backbone is
negligible. Interestingly, also losses of the chalcogene dimersThe cation radicals of the 1,3-dichalcogena-2-telluroles

123 are readily formed upon electron ionization (EI) of the S2, SeS, Se2, TeS, and TeSe, respectively, are observed to
some extent. The three former of these fragments indicatecorresponding 2,2-dichlorides, as shown in Scheme 2 for

the dithia compound. The ease of one-electron oxidation of the possible occurrence of some rearrangements prior to
fragmentation because the connectivities of these diatomic1,2,3-trichalcogenoles has been demonstrated previously, [1]

but the mass spectra do not reveal whether two chlorine entities are not contained in the precursor molecules (see
below).atoms or molecular chlorine is lost from the precursors

upon ionization. Thermal dechlorination appears unlikely, In neutralization-reionization (NR) mass spectrometry,
fast-moving ions are subjected to a double-collision eventhowever, because Cl2

1• is hardly observed in the EI mass
spectra. None of the precursors yields a significant signal in which first the ion is neutralized, then any remaining ions

are deflected, and subsequently the neutrals are reionizedfor the respective molecular ion of the corresponding di-
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Table 1. Mass differences (∆m in amu) in metastable ion (MI) and collisional activation (CA) mass spectra of 11•231• (data are given

as percentages of the base peak)[a]

∆m (amu)[b] 232 264 280 2108 2112 2130 2156 2160 2162 2194
neutral lost[c] S S2 Se C6H4S SeS Te C6H4Se Se2 TeS TeS2

11• MI 3 100
CA 3 10 5 100 8 2 1

21• MI 4 100 1
CA 2 12 15 8 100 3 4

31• MI 10 100 3
CA 15 100 8 3

[a] For the sake of clarity in the MI spectra intensities of less than 1% are omitted, and for the CA spectra only the leading fragments
are given. 2 [b] All data refer to the most abundant isotopes 32S, 80Se, and 130Te, respectively. 2 [c] Some of the neutrals may also arise
from multiple fragmentations, e.g. ∆m 5 206 may either correspond to loss of intact C6H4Te or to consecutive losses of Te and C6H4.

Figure 1. NR mass-spectra (trimethylamine/O2, both 80% T) ofto allow for conventional mass-spectrometric detection[2].
B(1)-mass-selected C6H4{XTeY}1• cation radicals generated byOften, xenon is used as a collision gas for the neutralization
electron ionization of (a) C6H4{STe(Cl)2S}, (b) C6H4{STe(Cl)2Se},

of cations having kinetic energies in the keV range. For and (c) C6H4{SeTe(Cl)2Se}
11•231•, however, no recovery signals due to the reionized
neutrals 123 are detectable when xenon is used for neu-
tralization of the cation radicals, while recovery signals are
observed when other collision gases are used. Target gas
effects in NR mass spectrometry have been analyzed by
Holmes[5] and have been associated with the thermochemis-
try of the neutralization step. In analogy to other heteroin-
denes, we can certainly estimate that the ionization energies
of 123 are below 8 eV. Thus, due to the high ionization
energy (IE) of xenon (12.1 eV), electron transfer from
xenon to the cation radicals 11•231• is highly endothermic
and requires a large amount of energy transfer in the colli-
sion. As a consequence, the Franck2Condon factors for
neutralization are unfavorable and fragments prevail the
NR mass spectra instead. Therefore, we have examined
some other collision gases for which electron transfer to the
cation radicals 11•231• is less endothermic, and the best
results were obtained using cyclopropane (IE 5 9.9 eV) and
trimethylamine (IE 5 7.8 eV), respectively.

The NR spectrum of 11• is dominated by signals due to
Te1• and TeS1• (Figure 1a), but an unambiguous signal
due to the reionized neutral parent is also detected. Simi-
larly, recovery signals for the reionized neutral counterparts
are present in the NR spectra of 21• and 31• along with
Te1•, TeS1•, and TeSe1• fragments (Figures 1b and 1c).
The mere observation of the recovery signals implies that
in the gas phase the neutral 1,3-dichalcogena-2-telluroles
123 correspond to stable species which can survive the

One particular series of fragments in the NR spectraflight time between the neutralization and the reionization
should, however, be discussed in some more detail. Thus,events (about 1 µs). Although this time interval appears to
the CA and NR spectra of 11•231• show weak, but yetbe short, these telluroles can be considered as being long-
distinct signals due to the S2

1•, SeS1•, and Se2
1•, respec-lived as far as unimolecular processes are concerned, be-

tively, which are not in keeping with the proposed connec-cause the microsecond range is likely to allow for energy
tivities, because these do not contain S2S, Se2S, anddistribution over all internal modes. In addition to the re-
Se2Se bonds, respectively. The most pronounced signal incovery signals, several fragment ions are observed which are
this respect is the Se2

1• fragment in the NR spectrum ofin accord with the structures 123 as deduced from the con-
33

1• (Figure 1c).nectivities of the corresponding 2,2-dichlorides used as pre-
Conceptually, there exist at least two possible scenarioscursors. Note that the weak, but yet significant loss of

2 occurring either at the cationic or the neutral stage 2atomic Se in Figure 1c points toward the formation of the
hitherto unknown benzoselenatellurete, C6H4SeTe, from 3. which can account for this result. Route as involves re-
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arrangement of the 2-telluroles (X, Y 5 S, Se) to the corre- give rise to the corresponding signals due to formation of
sponding 1-telluroles 4 and subsequent formation of XY. In XY according to route bs in Scheme 3.
contrast, route bs involves a stepwise fragmentation in Neutral benzodithiete C6H4S2 has previously been exam-
which first atomic tellurium is lost to yield the dichalcog- ined by matrix isolation methods as well as photoelectron
eno-ortho-quinones 5 which may rearrange via X2Y bond spectroscopy[3] [6]. These studies have provided strong evi-
formation to bicyclic 6 from which XY can subsequently be dence for the existence of benzodithiete (6; X, Y 5 S),
formed. In order to get a handle for the distinction of these whereas contribution of the dithioquinone structure 5 (X,
routes, we have examined the C6H4XY1• cation radicals (X, Y 5 S) was excluded[7]. Similarly, several substituted 1,2-
Y 5 S, Se) which are also formed upon electron ionization dichalcogenacyclobutenes of sulfur and/or selenium have
of the dichloro telluroles used as precursors for 11•231•. been characterized by various means[8] [9]. Nevertheless,

trapping reactions of dithiete with appropriate dienophiles
Scheme 3

led to cycloaddition products consistent with the formation
of transient 5 (X, Y 5 S)[3].

Qualitatively, the NR spectra lead to a similar conclusion
in that formation of the dichalcogenes XY is consistent
with 6, while the signals due to CS and/or CSe losses point
towards 5. Thus, for C6H4S2

1• (Figure 2a), the loss of neu-
tral CS and the complementary signal due to reionized CS
can be considered to be indicative for the quinone structure
5 (X, Y 5 S), while the S2

1• fragment is in keeping with
structure 6. The ratios of the corresponding (CX 1 CY)Figure 2. NR mass-spectra (cyclopropane/O2, both 80% T) of B(1)-

mass-selected C6H4XY1• cation radicals generated by electron io- versus XY fragments decrease from ca. 3:1 for X, Y 5 S
nization of (a) C6H4{STe(Cl)2S}, (b) C6H4{STe(Cl)2Se}, and (c)

(Figure 2a), to about 1:1 for X 5 S, Y 5 Se (Figure 2b)C6H4{SeTe(Cl)2Se}
and ca. 1:8 for X, Y 5 Se (Figure 2c). This trend can be
interpreted in the sense that the bicyclic structure 6 is fav-
ored over 5 the more Se is incorporated. Moreover, the in-
creasing abundance of the XY fragments going from X,
Y 5 S to X, Y 5 Se provides a rationale for the XY1•

signals in the NR spectra of 11•231• by involving route in
Scheme 3. In fact, the low-mass parts of the NR spectra
shown in Figure 1 can by and large be represented by a
superposition of the NR spectra of the C6H4XY fragments
with that of atomic Te.

In order to distinguish at which stage of the experiment
formation of XY from C6H4XY takes place, we subjected
C6H4Se2 to some additional experiments because the corre-
sponding fragment Se2

1• is most pronounced in Figure 1c.
In the MI spectrum of C6H4Se2

1•, loss of atomic Se leading
to C6H4Se1• is observed almost exclusively (100%). Forma-
tion of Se2

1•, as the only other fragment, is very minor
(3%) and may be due to collisional activation with residual
gas in the high-vacuum device. In fact, the 100:3 ratio of
C6H4Se1• and Se2

1• becomes 100:30 upon collisional acti-
vation; in addition, a series of other fragments is formed
among which C6H4

1• is most intense (8%). Accordingly,
the fragmentation of the cation via route bs in Scheme 3 can
in part account for the Se2

1• signal in the NR spectrum of
31•, but nevertheless, the cation route cannot be a major
route because otherwise also C6H4Se1• must be much more
intense. Accordingly, isomerization via route asof Scheme
3 can only be neglected, if Se2 can be formed at the neutralBesides sizable recovery signals, the NR spectra of these

C6H4XY1• ions show numerous fragments. In fact, the par- stage. Conventional mass spectrometry cannot provide dis-
tinct information about the neutral9s reactivity, but someticularly rich fragmentation pattern in the NR spectrum of

C6H4S2
1• (Figure 2a) can account for the seemingly noisy variants of the NR method can be applied[10d]. One of the

most sensitive and also straightforward approaches in thislow-mass region in the NR spectrum of 11• (Figure 1a) in
that this is due to the many fragments formed upon reioni- respect represents the NIDD method[10] which is based on

the comparison of two different ways to accomplish two-zation of neutral C6H4S2
1•. Notwithstanding, all three ions
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electron transfer either from an anion to a cation or vice lying triplet state of 5 (X, Y 5 S) was found which is only

about 15 kcal/mol less stable than singlet 6 (X, Y 5 S).versa. To this end, charge reversal (CR)[11] and NR mass
spectra are compared with each other. In brief, the resulting Interestingly, the endothermicity associated with loss of tel-

lurium from neutral 1 is predicted to be as small as 43 kcal/NIDD spectra reflect the reactivity of the neutral species,
and the scheme is defined as such that reactions occurring mol. This rather low value is consistent with loss of atomic

Te as a low-lying fragmentation channel at the neutral stageat the neutral stage appear as positive peaks, while processes
and thus can account for the intense signals due to atomic

Figure 3. NIDD mass spectrum of B(1)-mass-selected C6H4Se2
2•

Te present in the NR spectra. As we may expect that theanion radicals generated by electron ionization of
C6H4{SeTe(Cl)2Se} in the negative mode; note that reionization reactions 1 R Te 1 6 are even less endothermic when se-
leads to cations; the NIDD spectrum was obtained by subtracting lenium is involved, the computational results add furtherthe normalized ion intensities in the CR mass spectrum (O2, 80%
T) of C6H4Se2

2• from those in the corresponding NR mass spec- confidence to the assignment of route bs as the origin for
trum (O2/O2, each 80% T); for further details of the NIDD the formation of S2

1•, SeS1•, and Se2
1• under the exper-method, see ref. [10]

imental conditions.

Conclusions

Neutral 1,3-dithia-, 1-selena-3-thia-, and 1,3-diselena-2-
telluroles can be generated by one-electron reduction of the
corresponding cation radicals by means of neutralization-
reionization mass spectrometry. In this respect, it is, how-
ever, of prime importance to choose appropriate neutrali-

taking place in the ionic stage give rise to negative signals. zation agents, because otherwise long-lived neutrals cannot
The NIDD spectrum of the C6H4Se2

2• anion radical be assessed and dissociation by loss of atomic tellurium pre-
(Figure 3) shows three prominent signals at the positive vails. Thus, this study indicates that target-gas effects are
scale, i.e. an intense recovery signal due to neutral counter- particularly important in the neutralization of heavy, polya-
part reionized to the cation radical and signals due to reion- tomic ions. Finally, the present experimental results provide
ized Se2 and C6H4. As the latter two fragments are comp- evidence for the formation of 3,4-benzo-1,2-dichalcogena-
lementary to each other and appear on the positive scale, cyclobutenes of sulfur, selenium, and tellurium.
this observation identifies the occurrence of the reaction
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C6H4Se2 R C6H4 1 Se2 at the neutral stage. Accordingly, Volkswagen-Stiftung, the Fonds der Chemischen Industrie, and the

Gesellschaft von Freunden der Technischen Universität Berlin isroute bs in Scheme 3 can account for the observation of
gratefully acknowledged. S. O. acknowledges a travel support bySe2

1• in the NR spectrum of 31•, and although we cannot
the Iwate Network System. We thank R. Steudel for initiating thedefinitively rule out the isomerization to 4, there is no need
contact between the German and Japanese research groups.to invoke it. Further, we may assume that the anion radical

C6H4Se2
2• has an open structure similar to 5 (X, Y 5 Se),

Experimental Sectionsuch that the formation of the Se2 fragment indicates re-
arrangement to the bicyclic benzodiselenete at the neutral The experiments were performed with a modified VG ZAB/HF/
stage. AMD 604 four-sector mass spectrometer of BEBE configuration

(B stands for magnetic and E for electric sectors), which has beenFigure 4. Calculated structures of C2v-symmetrical 1 and 6 (X, Y 5
described elsewhere[12]. The cation radicals of the 1,3-dichalcogena-S) using the B3LYP method (bond lengths in A

˚
); for the sake of

clarity, the hydrogen atoms are left out (all C2H bond lengths are 2-telluroles were generated by electron ionization (EI, 70 eV) of the
close to 1.085 A

˚
) corresponding 2,2-dichlorides. After acceleration to a kinetic en-

ergy of 8 keV, the ions of interest were mass-selected using the
magnetic and electric sectors as indicated further below. Metastable
ion (MI) and collisional activation (CA) spectra of B(1)/E(1)-mass-
selected ions were obtained by monitoring the fragments formed in
the field-free region preceding B(2) by scanning B(2); for CA, he-
lium (80% transmission, T) was used as a collision gas. NR experi-
ments were performed by colliding B(1)-mass-selected cations withIn order to assess the stability of the neutral 2-telluroles,
either xenon, cyclopropane, or trimethylamine (80% T), deflectingwe briefly examined the thermochemistry of the reaction 1
the remaining ions by applying a potential of 1 kV, reionizing theR Te 1 6 (X, Y 5 S) by ab initio methods using the B3LYP
fast neutrals by collision with oxygen (80% T), and scanning E(1)method (Figure 4). The calculated structures are consistent
to monitor the cations formed. The NR spectra recorded for B(1)/with the description of 1 as 1,3-dithia-2-tellurole and for-
E(1)-mass-selected ions show similar fragmentation pattern, butmation of benzodithiete upon loss of tellurium. Both spe-
somewhat poor signal-to-noise ratios. All spectra were accumulated

cies exhibit singlet ground states and the similarity of the and on-line processed with the AMD/Intectra data system; 5240
C2C bond lengths in the carbon skeleton suggest that these scans were averaged to improve the signal-to-noise ratio. The natu-
systems maintain aromaticity without any tendency for ral abundances (Inat) of the chalcogenides9 isotopes pose quite some
bond localization. At the B3LYP level of theory we could restrictions for the mass selection of isotopically pure ion[13]. Ac-

cordingly, from the clusters of isotope patterns those ions werenot locate 5 (X, Y 5 S) on the singlet surface, but a low-
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