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Abstract

Alternative methods for the synthesis of the following acyclic salts (CH,CHCHCHS)M [M = K, 1(bf K); Na, 1(Na); Li, 1(Li)],
(CH,CHCHCHSO)M [M =K, 2(K); Na, 2(Na)], (CH,CHCHCHSO,M [M =K, 3(K); Na, 3(Na); Li, 3(Li)], (CH(Me)CHC-
(Me)CHSO,)M [MeS-syn, M = K, 9(K); Na, 9(Na); Li, 9(Li), (CHMe)CHCHC(Me)S)M [Me5-syn, M = K, 10(K); Na, 10(Na);
Me5-anti, M = K, 11(K); Na, 11(Na)] are described, as a result of the activation of C—S bond in dihydrothiophenes by deprotonation
with different bases. The effect of methyl substituents in the dihydrothiophenes is significant, which modifies considerably the choice
of the base. The influence of the reaction conditions, type of solvent, base and dihydrothiophenes is analyzed. The NMR spectros-
copy, including NOESY, ROESY and difference NOE establish the preferred U conformation for all derivatives, and support a
delocalization of charge on the thiapentadienyl (1IM) and sulfinylpentadienyl (2M) complexes. However, a conjugated diene struc-
ture is proposed on the butadienesulfonyl compounds (3M), in which the negative charge is delocalized in the SO, fragment and
stabilized with the corresponding cations (M = K, Na and Li). In presence of traces of base, compounds 3M suffer a rearrangement,
to the most stable S conformer, 13M. The stability of 3M depends on the size of the cation, the greater the size, the greater stability.
Furthermore, a theoretical study shows that electronic and geometrical properties (energy conformers, charge distributions and
relative stabilities) of the thiapentadienyl, sulfinylpentadienyl and butadienesulfonyl anions and their corresponding metal salts
1M-3M (M = Li, Na and K) shows to be in good agreement with the experimental findings.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

While the synthetic utility of pentadienyl anion [1],
oxopentadienyl anion [2] and azapentadienyl anion [3]
chemistry is well established, the thiapentadienyl anion
(1) [4] and their corresponding oxidized derivatives, such
as the sulfinylpentadienyl (2) [5] and the butadienesulf-
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one (3) [6] anions are scarce. An extensive review of an-
ionic heteroallylic compounds [7] reports the synthesis
of allylic-SR, -S(O)R and -SO,R and their reactivity
with electrophiles. Contrastingly, only a few synthetic
procedures are reported for the extended sulfur-dienyl
analogous [4a], some of them with inconsistent results
as far as the structural aspects and spectroscopic studies
are concerned.

According to Kloosterziel et al. [4a] and Bleeke et al.
[4b—e] the thiapentadienyl anion has a delocalized
charge, but they propose different conformations, S
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and U shape in NH; and THF-dg, respectively. Kloo-
sterziel et al. [4a] also propose an anionic butadienylsulf-
one in NH;, with a delocalized charge along the
molecule, while Burger et al. [6a] propose a localized
charge for the diene fragment and an ionic bond be-
tween K and the delocalized SO, fragment for potas-
sium Z-2-methyl-1,3-butadienyl-sulfinate in DMSO-dg.
Crumbie [5] reports that 2,5-dihydrothiophene-1,1-diox-
ide (4) does not react with n-BuLi or LDA at tempera-
tures from —78 to 30 °C, while Ta-Shue Chou [6b]
reports ring opening of compound 4 at —78 °C. Because
of the high reactivity at the anionic intermediate 2 and 3,
the addition of alkyl halides to 3-sulfolenes has also
been studied immediately after and previously to the
deprotonation reaction, according to Crumbie [5] and
Chou, [6b], respectively. Given this uncertainty and
the lack of well defined methodologies to prepare dien-
esulfonyl and heteropentadienyl salts, it was necessary
to investigate the reactions of 2,5-dihydrothiophenes
(5), [8-13] (8) and the corresponding 2,5-dihydrothioph-
ene-1-oxide (6) [13] and 2,5-dihydrothiophene-1,1-diox-
ide (4), [13] (7) derivatives with Lewis bases, such as
hydride reagents MH (M = Li, Na, K) as well as LDA
(lithium diisopropylamide), n-BuLi, Et;BHLi, -BuOK
and Me(SO)CH,K.

Electronic structure calculations have been per-
formed to determine the nature of the structure and
bonding in metalated aldimines, where the lithium atom
is m-coordinated to the azaallylic system [14]. It has also
been found that the lithium-enolate of acetaldehyde
shows less m-coordination capability once solvent mole-
cules are incorporated [15]. Theoretically [3a] it has been
found for the azapentadienyl anion conjugated systems
that the minimum energy geometry is the W-form,
whereas the preferred conformer for azapentadienyl-
lithium is the U-form. Other studies on azapentadienyl
anions [3b] have shown that the C3 and C5 atoms in
the main chain are the most favorable sites for an elec-
trophilic attack, and that the charge density is distrib-
uted in an alternate manner along the chain.

There are several theoretical studies on pentadienyl
radicals [16], cations [17], anions [1p,17] and their corre-
sponding alkali metal complexes [lp,17]. The study of
the pentadienyl radical has established the energetic
preference for the W and S isomers over the U-shaped
conformer. More recently, Pratt and Streitwieser [17] re-
ported a thorough theoretical study on most stable
structures, geometrical parameters and charge distribu-
tions in the lower energy conformers of pentadienyl an-
ion, cation, as well as in pentadienyl-lithium and
pentadienyl-sodium complexes. They showed, at differ-
ent levels of theory and numerical accuracy, that for
the pentadienyl anion, there are three preferred con-
formers, all of them with plane geometry. The most sta-
ble corresponds to the W-shaped conformer, followed
by the S-shaped and finally the less stable U-shaped con-

former. The pentadienyl-lithium and sodium com-
pounds may exist in several conformations but the
lower energy is U form for both.

As far as we know, theoretical studies on the anions
of thiapentadienyl, sulfinylpentadienyl and but-
adienesulfonyl and their corresponding metal salts with
Li, Na and K have not been published. Then, the pur-
poses of the present work is to perform, on one hand,
a systematic theoretical study on these series of species
to understand and rationalize some of the experimental
findings and, on the other hand, to clarify the structural
aspects of compounds 1-3, 9-11 and, either, to establish
or to improve their synthetic methods. Also, the effect of
methyl substituents on the 2,5-dihydrothiophenes, such
as 2,4-dimethyl-2,5-dihydrothiophene-1,1-dioxide (7)
and the corresponding 2,5-dimethyl-2,5-dihydrothioph-
ene (8), and 2,5-dimethyl-2,3-dihydrothiophene (8') were
studied and will be discussed.

2. Results and discussion

2.1. Synthesis of the alkali metal salts of
butadienesulfonyl, thiapentadienyl and sulfinylpentadienyl

A general method for the synthesis of the following
salts (CH,CHCHCHSO,)M [M =K, 3(K); Na, 3(Na);
Li, 3(Li)], (CH(Me)CHC(Me)CHSO,)M [MeS-syn,
M = K, 9(K); Na, 9(Na); Li, 9(Li), (CH,CHCHCHS)M
M=K, 1(K); Na, 1(Na); Li, 1(Li)] (CH(Me)-
CHCHC(Me)S)M [Me5-syn, M = K, 10(K); Na, 10(Na);
Me5-anti, M = K, 11(K); Na, 11(Na)] and (CH,CHCH-
CHSO)M [M =K, 2(K); Na, 2(Na)] is described in
Scheme 1. Ultrasonic treatment is used when cleavage
of the C-S heterocycle bond is relatively slow.

2.1.1. Potassium, sodium and lithium butadienesulfonyls

Deprotonation of the 2,5-dihydrothiophene-1,1-diox-
ide (4) with one equivalent of ~~-BuOK in THF affords a
pale-yellow complex 3K in quantitative yield, (Scheme
2).

The reaction gives firstly a mustard-yellow solid,
which after 1 h at room temperature goes to a pale
yellow; according to these observations it is proposed
that there is an initial formation of a cyclic deproto-
nated intermediate 3-sulfolene 12K, which transforms
into the acyclic salt 3K, according to Scheme 3. Anal-
ogous sulfolenes have been reported by others
[5,6b,6c¢].

KH reacts with DMSO affording Me(SO)CH,K,
which acts as a base reacting with 4 in a quite exother-
mic reaction; however, the purification of 3K is not
straightforward because traces of KH are present and
it is difficult to remove the DMSO. Even more, if traces
of KH are present, compound 3K isomerizes from the U
to the S conformer 13K, as described in Scheme 2.



P. Gamero-Melo et al. | Journal of Organometallic Chemistry 690 (2005) 1379-1395 1381

R35=H 3K, 3Na, 3Li
— R35 =Me (Me’,syn) 9K, 9Na, 9Li
R X R
fi if + Base —— > R>=H 1K, 1Na, 1Li
— R?> = Me (Me?, syn) 10K, 10Na
Base: KH, i-BuOK, Me(SO)CH,K R25 = Me (Me?, anti) 11K, 11Na
NaH, LiH, n-BuLi, Et;HBLi, LDA
4 X:S0, R=H = 2K, 2Na
5 X:S R=H
6 X:SO R=H
7 X:SO, R=Me(3,)5) M= K. Na Li
8 X:S R =Me (2,5)

Scheme 1. General procedure for synthesis of the potassium, sodium and lithium salts of butadienesulfonyl, thiapentadienyl and
sulfinylpentadienyls.
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Scheme 2. Synthesis of metallic salts of butadienesulfonyls, hydrogenated derivatives and 3,5-dimethylbutadiensulfonyls.

The ultrasound synthesis of 3Na was carried out with ~60 °C), respectively. Nevertheless, even though MeCN

NaH and 4 in different solvents, showing that the speed is a better solvent than THF, the filtration of 3Na is eas-
of the reaction increases with the dielectric constant (&) ier after washing the cream powder with THF (see
of the solvent: DMSO (¢ =48.9; 25 min, ultrasound), experimental section).

MeCN (¢ =37.5; 5h, ultrasound and 12h at 55°C) 3Li can be prepared using different bases. Stoichiom-

and THF (¢=7.4; 5h, ultrasound and 18h at etric reaction of 4 and LDA in THF at low temperature
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Scheme 3. Synthesis of the potassium butadienesulfonyl 3K.

(=110 °C) gives an initial purple solution which after 1 h
at room temperature, affords a yellow solid in 67% yield.
The reaction of 4 with Et;BHLi in THF, after 3.5 h at
room temperature, affords compound 3Li along with
lithium Z-3-methyl-2-propen-1-sulfonyl (14Li) and
15Liin a 1.6:1:1 ratio, respectively. If the reaction is car-
ried out bubbling H,, after 4 h at room temperature, the
ratio changes to 1:6:6, respectively. (Scheme 2).

In order to compare the reactivity of the metal hy-
drides, compound 4 was dissolved in DMSO and LiH
was added. After 72 h at room temperature and 4.5 h
under ultrasound there was no reaction and 4 was recov-
ered. For compound 4 the reactivity of the metal hy-
drides decreases in the following order: KH
> NaH > LiH.

As estimated from "H NMR spectroscopy, a compar-
ative study of the conversion of compounds 3K, 3Na
and 3Li into the corresponding 13K, 13Na and 13Li
shows that the stability depends on the size of the cation,
the greater size, the greater stability of the correspond-
ing salt. Meanwhile, traces of base transform 3K into
13K (1:1 ratio) after 14 days at room temperature in
DMSO-dg or D,O; the corresponding sodium salt takes
6 days, at room temperature, to get a mixture of 1:0.74
ratio of 3Na and 13Na, and in the case of lithium it takes
3 days, at room temperature, to show a 1:1.5 ratio of
3Li:13Li.

The 'H and >C NMR data of compounds 3, 13, 14
and 15 are reported in the experimental section. Even
though chemical shifts and coupling constants of com-
pounds 3M (M = K, Na, Li) are quite similar to those
corresponding to the analogous potassium salt reported
by Kloosterziel [4a] as an S conformer (in NH; at
—60 °C), we proposed for compound 3K (in DMSO-dg
or D,O at 25°C) the U conformation. According to
the COSY experiment, the assignment of all resonances
indicates the presence of cross-peaks between H2 and
H3, H3 and H4, H4 and HS5 and H5’ (for numbering
see Scheme 1). Significant ROESY cross-peaks are also
observed between H2 and H3 and between H3 and
H4, suggesting the U conformation. This is also in
agreement with only one trans coupling constant for
Jss =172 Hz. Further support for the assignment
comes from the >*C NMR which suggests a conjugated
diene structure, as deduced from the observation of the
terminal vinylic carbon which appears at higher fre-

quency (118.8 ppm) compared to a delocalized vinylic
carbon in the pentadienyl complex (CsH;) M*
(79.9 ppm, M = K; 66.2 ppm, M = Li) [3a]. The corre-
sponding vinylic protons are in the case of but-
adienesulfonyl metal 3M at higher chemical shifts than
5.0 ppm, which is characteristic of terminal olefin
protons, such as butadiene [18a], bis-allylsulfide [18b],
bis-allylsulfinyl [18c] or bis-allylsulfone [18c], and these
contrast with those lower frequency values observed
for delocalized terminal protons in complexes with
pentadienyl (<3.55 ppm) [lc,18d], oxopentadienyl
(<4.52 ppm) [2b], azapentadienyl (<4.35 ppm) [3] and
thiapentadienyl (<4.87 ppm) [4a] anions.

The analogy between the spectroscopic data for 3M
(M = K, Na, Li) is indicative that the metal is interact-
ing exclusively with the sulfonyl group. This is in agree-
ment with a conjugated diene in which the charge is
delocalized along the oxygen—sulfur—oxygen atoms.

A complementary NOE study on compound 3Na
shows that the ratio between the integrals are equal to
11.2% and 19.1% when H3 is irradiated respect to H2
and H4, respectively. Irradiation on H4 resonance at
7.01 leads to the collapse of the triplet at 6.00 ppm to
a doublet of doublets with coupling constants of
3J2,3 =9.9 Hz and 4J5r, 3=5.3Hz due to a typical W
allylic coupling [19].

The 'H NMR spectra of 3K, 3Na and 3Li in D,O or
DMSO solutions show that they are quite stable for at
least 15 days. However, if a small amount of base is
added, there is evidence of a slow transformation to
the corresponding isomers 13K, 13Na and 13Li, which
adopt an S conformation, as indicated, by the trans
and cis coupling patterns, (e.g., 13Na in D,O):
J4‘5 = 166, J2’3 =15.7 and J4W5f = 99, ‘]3,4 =104 HZ,
respectively. Each couple of isomers 3 and 13 have a
cis-diene arrangement according to their similar cou-
pling constants, such as J;4 = 10.6 (13Na) and 11.0 Hz
(3Na). The similarity in the spectra of 3K, 13K and
3Li, 13Li suggests the same structures for all these spe-
cies, where the transformation from the kinetic products
3M to the thermodynamic ones 13M depends on the size
of the cation. The fastest isomerization is observed for
3Li to 13Li (15 days at room temperature), after this
time, it reaches equilibrium in 1:5 ratio, respectively.
Whereas the most stable potassium salt gives a 1:1 ratio
of 3K:13K after 14 days at room temperature and a 1:13
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ratio after 16 days at room temperature and 2 days at
60 °C. After this time, a small amount of different new
species appears in the "H NMR spectrum.

The 'H-NOESY experiment for the mixture of com-
pounds 3Li, 14Li and 15Li shows that the CH, and
CHj; protons in 14Li are in the same side.

A theoretical conformational analysis for the but-
adienesulfonyl anion results in nine conformers, the
three lower-energy ones adopt an S-conformation, an-
other one has higher energy, and the other five with
higher energies, possess a U-shape. In Scheme 4 the low-
est energy S (0.00 kJ/mol) and U (5.27 kJ/mol) conform-
ers are displayed, along with bond distances and charge
distributions; it can be noticed that the double bonds are
localized forming a diene with the negative charge lo-
cated at the sulfonyl group. Both conformers are close
in energy. Then, it should be expected the coexistence
of certain amount of both conformers.

Thereafter, plausible structures for complexes 3Li,
3Na and 3K were modeled beginning from the computed
butadienesulfonyl anion, with three S-conformers and
three U-conformers, all with the lower energy. Regard-
less of the initial anion conformer geometry, the full
geometry optimization of the derived complexes always
converge to an S-conformation. This result indicates
that the kinetic U-conformer experimentally observed
is transformed to the S-shaped thermodynamic con-
former. The calculated bond lengths and charge distri-
butions in the optimized structures of complexes 3Li,
3Na and 3K are shown in Scheme 5. It can be noted that
distances from atoms C5, C4, C3 and C2 to cations K™,
Na*, Li* are in a range from 3.484 to 6.357 A, so there is
no interaction or bonding between those C atoms and
the cations. From the bond lengths in C5-C4 and C3-
C2 it can be suggested that in both, the anion and its
derived metal salts, the hydrocarbon fragment is a con-
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jugated diene. Meanwhile, the calculated charge distri-
butions indicate that the amount of charge transferred
from the butadienesulfonyl anion to the cations is inver-
sely related to the cation size and that the charge is con-
centrated in the sulfonyl group in agreement with the 'H
and '*C NMR experimental observations (vide supra).
The highest stability is found in the potassium complex
and the lowest in lithium (vide supra).

2.1.2. Potassium, sodium and lithium 3,5-dimethy!-
butadienesulfonyls

A series of 9K, 9Na and 9Li were prepared by depro-
tonation of 7 with KH, -BuOK, NaH, Et;BHLi and n-
BuLi in THF and DMSO, as described in Scheme 2.

Reaction of 7 with KH in DMSO affords 9K in quan-
titative yield, while -BuOK in THF gives a poor yield
(15%), apparently from the bulky substituent of the
base. The results contrast with the efficient synthesis of
3K from ~-BuOK and the unmethylated 4.

The analogous 9Na and 9Li can be prepared effi-
ciently (quantitatively and 88.4%, respectively) when a
DMSO and THF solutions of 7 are treated at room tem-
perature and at —35°C with NaH and »n-Buli,
respectively.

The use of Et;BHLI in THF leads to a non-selective
reaction with 7, to give 9Li in low yield. From the differ-
ent synthetic routes it can be observed that 9Li, pre-
pared from 7 and »n-BuLi in THF, appear to be the
most suitable method because 9Li it is easily prepared
and purified, and it can be obtained from less strong
coordinated solvents than DMSO.

Compounds 9K, 9Li can be stored at 25 °C without
decomposition and their stability in solution is also high.
These complexes can slowly isomerize, in the presence of
a base, to the corresponding 16K (270 days) and 16Li
(60 days) in a (1:1.4) and (1:0.14) 9M:16M ratio,

2.093
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Scheme 4. Butadienesulfonyl anion conformations at the HF/3-21G//3-21G level of theory. (a) Relative energies (kJ/mol) and bond distances in
Angstroms. (b) Mulliken charges distributions with all of the hydrogen charges summed to the attached heavy atoms.
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Scheme 5. Optimized geometries of 3K, 3Na and 3Li at the HF/6-31+G(d)//HF/6-31+G(d) level of theory. (a) Bond distances in Angstroms, (b)
Mulliken charges distributions with all of the hydrogen charges summed to the attached heavy atoms.

respectively, (Scheme 2). When longer reaction times are
used, both compounds 9 and 16 are transformed to
other products which were not identified. These trans-
formations are significantly slower than those observed
for 3 and 13, which suggests that the methyl substituents
confer higher stability. This trend has also been ob-
served for several pentadienyl [1a,20] and heterodienyl
ligands [21].

The 'H and '>*C NMR data of compounds 9K, 9Na
and 9Li are described in Section 4 and they are consis-
tent with a U conformation and a butadienesulfonyl
structure, as described for compounds 3Li, 3Na and
3K (vide supra). Irradiation in 9Li of H4 gives a NOE
of 13.4% for Me5 and 15.1% for Me3, confirming that
the methyl groups are in the same side of the molecule.
U conformation is confirmed when H2 is irradiated and
a NOE effect of 13.3% is observed for Me3.

The reactions of 3Li and 9Li with [Cp*IrCl,], have
been shown the interesting formation of the dinuclear
intermediates [Cp*Ir(Cl),{(5-n)-SO,CH=CRCH=CHR}
(Li)(THF)], (R = H, Me), while 3K, 9K with [Cp*IrCl,],
afford the mononuclear complexes Cp*IrCI[(1,2,5-n)-
SO,CH=CRCH=CHR] (R = H, Me), which are the
first examples with a butadienesulfonyl ligand coordi-
nated to a transition metal [22].

2.1.3. Potassium, sodium and lithium thiapentadienyls
Potassium thiapentadienyl salt has been synthesized
with 5 and KNH, in liquid ammonia by Kloosterziel
et al. [4a] and used as a ligand by Bleeke et al. [4c—¢].
An easy alternative, to prepare compounds 1M in quan-
titative yields, is the reaction of compound 5 with NaH
(8 h) or KH (1 h) in DMSO-dg, at room temperature un-
der an ultrasound bath. Even more, there is an alterna-
tive method to get 1K or 1Na starting from a mixture of
2,5- and 2,3-dihydrothiophenes (5) and (5’) and KH or
NaH, respectively, in DMSO at room temperature in
ultrasound bath, (Scheme 6). Both compounds 1K and
1Na are indefinitely stable in DMSO solution. The same
mixture 5 and 5’ can be used with n-BuLi in TDF-dg at

—35°C, to afford complex 1Li, which is only stable be-
low this temperature. However, it was not possible to
isolate these three salts 1M (M = K, Na, Li), because
once the solvent is removed for 1K and 1Na or the tem-
perature increases for 1Li, insoluble solids of polymeric
appearance are obtained [23]. Attempts to deprotonate
efficiently 5 and 5’ with BuOK in THF were
unsuccessful.

The deprotonation of the 2,5-dihydrothiophene (5)
with a base is much faster than the corresponding con-
version of the 2,3-dihydrothiophene (5'). A stoichiome-
tric reaction of a mixture of 5 and 5’ in dry DMSO-dg
with KH was monitored, through "H NMR. After the
first hour, compound 5 was totally consumed; while 5’
is still present, along with 1K. Then, an excess of KH
is required in order to get the complete deprotonation
of compound 5’. Three equivalents of KH in a DMSO
solution of 5 and 5’, under ultrasound for 9 h, afford
1K in a quantitative yield. According to these results,
a mixture of thiophenes can be used as precursors of
acyclic thiapentadienides, requiring only an excess of
base and longer times than when 5 is used as the only
precursor. According to these results, the deprotonation
is more efficient when performed in the following order:
2,5-dihydrothiophene-1,1-dioxide (4) > 2,5-dihydrothi-
ophene (5) > 2,3-dihydrothiophene (5').

The effect of changing the reaction solvent was inves-
tigated trying to avoid the high boiling point of DMSO.
Therefore, THF and 1,2-dimethoxyethane (DME) were
used with the mixture of 5 and 5’ with NaH. There is
evidence of formation of 1Na in very low yield only after
refluxing THF for 24 h or stirring the mixture of reac-
tants in DME for 20 h. The present results show that
the success of the synthesis of these anions requires the
use of DMSO as a solvent. Previous studies have shown
that the methylsulfinyl carbanion is easily formed when
DMSO is in presence of a metal hydride [24]. And it is
precisely this anion which promotes the deprotonation
of the dihydrothiophenes 5, 5', or the corresponding
dihydrothiophene-1,1-dioxide 4. An experiment was
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Scheme 6. Synthesis of potassium, sodium and lithium thiapentadienyls and 2,5-dimethyl derivatives.

carried out mixing DMSO with NaH, LiH and KH. The
formation of the methylsulfinyl carbanion is signifi-
cantly faster with KH compared to NaH and LiH.
The reactivity of 4 in DMSO with the corresponding hy-
drides is decreasing as follows: KH > NaH > LiH and
in summary, the most effective deprotonation of the cyc-
lic dihydrothiophenes is carried out in DMSO as a sol-
vent and KH as a base.

The formation of lithium thiapentadienyls is favored
below —35 °C, and they can be prepared in more acces-
sible solvents, such as THF, in order to be accessible as
reagents in transmetallation reactions.

The 'H and '*C NMR data of compounds 1Li, 1Na
and 1K are described in Section 4 and they are also
consistent with a U conformation, similar to those of
3K, 3Na and 3Li. However, in these thiapentadienyls
IM (M =K, Na, Li) there is clear evidence, based
on the chemical shifts, of the charge delocalization
along the acyclic chain (Scheme 6); in contrast with
the localized charge detected in the U-shape but-
adienesulfonyl complexes 3M (Scheme 1). It is interest-
ing to mention that analogous pentadienyl (CsH;)™
anions, depending on the nature of the metallic cation
(M" =K, Li) can adopt a W (M =Li) or U (M =K)
conformation [1b]. The results of monitoring NMR
samples of 1INa and 1K in DMSO during several
months showed a high stability of these species in
solution. However, as described above, these thiapen-
tadienyl complexes can not be isolated because they
polymerize during the attempt of purification. Con-
trastingly, there was no evidence of isomerization of
IM (M = Na, K); while it was evident for the but-
adienesulfonyl derivatives 3M and 13M (M = Li, Na,
K). These results are in agreement with the delocaliza-
tion of the thiapentadienyl and their stabilization
through the corresponding cations.

The theoretical calculations yield four lower-energy
conformations for the thiapentadienyl anion, with a
lower relative energy W-conformer (0.0 kJ/mol) and S-
conformer (0.96 kJ/mol), and the higher-energy struc-
tures are S-shaped (15.81kJ/mol) and U-shaped
(22.8 kJ/mol). From the analysis of three of them with
different conformations, each one with the lowest energy
(Scheme 7), it was clear that the calculated bond lengths
and charge distributions show that there are no double
bonds forming a diene and the charge is distributed
along the molecule, although not homogeneously, being
strongly located in atoms C5, C3 and essentially in the
sulfur atom. Henceforth, it is expected that the interac-
tion between the thiapentadienyl anion and the metal
cations, when the complexes are formed, should proceed
through the sulfur atom.

The results for the geometry optimization of the me-
tal complexes 1M beginning alternatively from the S and
U shaped anion conformers (vide supra) yield in both
cases a U-shaped complex. Whereas, when the W-con-
former anion was chosen, the W-shaped metal complex
conformer was obtained. Further analysis of the calcu-
lated bond lengths and charge distributions of the S
and U optimized geometries of complexes 1Li, 1Na
and 1K allows to choose the U-geometry as most plau-
sible since in this structure both bond distances and
charge distributions (Scheme 8) are in agreement with
the experimental observations. In Scheme 8 one can note
that the charge transfer from the U-shaped thiapenta-
dienyl ligand towards the cations is larger for the
Li-atom and smaller for the K-atom. The charge in com-
plexes 1M is delocalized across the chain, including the
S-atom. Moreover, the calculated metal-carbon and me-
tal-sulfur bond distances indicate that it is plausible to
consider that the metal atom is bound to all atoms in
the chain and this fact makes the U-conformation as
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Scheme 7. Thiapentadienyl anion conformations at the HF/3-21G//3-21G level of theory. (a) Relative energies (kJ/mol) and bond distances in
Angstroms. (b) Mulliken charges distributions with all of the hydrogen charges summed to the attached heavy atoms.
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Scheme 8. Optimized geometries of 1K, 1Na and 1Li at the HF/6-31+G(d)// HF/6-31+G(d) level of theory. (a) Bond distances in Angstroms. (b)
Mulliken charges distributions with all of the hydrogen charges summed to the attached heavy atoms.

the most stable for all the thiapentadienyl complexes.
For the U-conformers, the cation size stabilization effect
follows the decreasing order of stability:
1K > 1Na > 1Li.

2.1.4. Potassium and sodium 2,5-dimethyl-
thiapentadienyls

The 2,5-dimethylthiophene was partially reduced
with sodium as described for thiophene in the literature
[12] affording a mixture of 2,5-dimethyl-2,5-dihydrothi-
ophene (8) and 2,5-dimethyl-2,3-dihydrothiophene (8').
Compounds 8 and 8’ were treated with different bases
and solvents, such as NaH, KH, ~-BuOK, DMSO and
THF. The syn-2,5-dimethylthiapentadienyls 10M
(M = Na, K) were obtained along with the anti-isomers
11M (M = Na, K) as described in Scheme 6. The most
effective procedure consists in the reaction of the mix-
ture of 8 and 8’ with NaH in DMSO, heated at 65 °C
for 9 h. Compounds 10Na and 11Na were obtained in
a 1.5:1 ratio, along with 8'. The last one can be removed
under vacuum. Heating longer times or higher tempera-

ture affords decomposition products of compounds 10
and 11, before reaction of 8 can occur.

Attempts to react the 8 and 8 with +BuOK or
NaH in THF did not succeed. The low reactivity ob-
served with KH in DMSO is attributed to the steric
effect of the methyl groups in the dihydrothiophenes
8 and 8'. Contrastingly, the formation of the meth-
ylsulfinyl carbanion, even with an excess of KH in
the DMSO, was not reactive enough in front of 8
and 8 (giving 10K in 7% and 11K in 3%) compared
to the reaction of 7 (Scheme 2, vide supra). While
the C-S bond for unmethylated-dihydrothiophenes is
easier to cleavage with KH than NaH; the opposite
trend is observed for the 2,5-dimethyl-dihydrothioph-
enes. All these features can be explained by assuming
that because of the higher steric hinderance, the acidic
proton is not able to be removed by the -BuOK or
the methylsulfinylcarbanion. Meanwhile, the small
NaH can react directly with compound 8, because it
does not react efficiently with DMSO in order to give
the corresponding methylsulfinyl carbanion.
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The 'H and "*C NMR spectroscopy of compounds
10K, 10Na and 11K, 11Na is described in Section 4.
The mixture of isomers 10Na and 11Na shows
Jss=154Hz and Js5=11.0 Hz indicating that the
Mes5 substituent at C5 is adopting a syn and anti orien-
tation, respectively (Scheme 6). The J54 = 10.3 Hz con-
firms the U conformation as observed for 3M, 9M and
IM (M =K, Na, Li).

2.1.5. Potassium and sodium sulfinylpentadienyls

Treatment of 5 and 5’ in acetone with H,O, as de-
scribed in the literature [13] gives compounds 6 and 6’
which react with KH in DMSO giving, after 30 min,
compound 2K as a major compound, along with unre-
acted compound 6’ and traces of disproportionation
products 3K and 1K. After 2.5 h there is a 1:1:1 ratio
of 2K, 3K and 1K; after 22 h 6’ has been completely con-
sumed, and 3K and 1K remained in solution, without
evidence of 2K. A similar reaction with NaH in DMSO
shows evidence of 2Na which immediately transforms
into 3Na and 1Na. Compound 6’ is consumed after
22 h. The analogous reaction of 6 and 6’ with Et;BHLi
in THF shows 'H NMR evidence of 3Li and 1Li, along
with other products which were not identified, which
suggests that 2Li must be formed, but it is rapidly trans-
formed. (Scheme 9).

From these results it is clear that the size of the cation
is important in the stabilization of the sulfinylpentadie-
nyls 2M (M = K, Na, Li). Compounds 2M can easily
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disproportionate to the corresponding thiapentadienyl
(1) and butadienesulfonyls (3) complexes, as described
in Scheme 10. The stability decreases in the following or-
der: 2K > 2Na > 2Li.

Compound 2K reacts with [(COD)IrCl], in THF
affording a binuclear compound [(COD)Ir(1,4,5-n-
CH,CHCHCHSO)],. The crystal structure gives clear
evidence of the stabilization of the sulfinyl ligand in this
complex [25].

The 'H and '*C NMR spectroscopy of compounds
2K, 2Na is described in Section 4. Similar trends in
chemical shifts and coupling constants suggest the U
conformation and the total delocalization of charge on
these sulfinyl complexes, as observed for thiapentadienyl
compounds 1M (M = K, Na).

The theoretical conformational analysis for the sulfi-
nylpentadienyl anion yielded eight lower-energy con-
formers, from which were selected the lowest three,
with geometries: S (0.00 kJ/mol), W (12.19 kJ/mol) and
U conformers (24.20 kJ/mol). The structure of these
conformers, as well as their relative energies, bond
lengths and charge distributions is displayed in Scheme
11. From these results, it is possible to conclude that
the sulfinylpentadienyl anion is a delocalized system
where the charge is distributed along the chain, includ-
ing the sulfur and oxygen atoms.

Henceforth, the performance of the geometry optimi-
zations of the corresponding 2M (M = Li, Na, K) com-
plexes formed from S and W anion conformers of the

SO 0.5h
( ) + ——= 2K + 3K + 1K
K 25°C main traces traces
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KH DMSO-dg
25 °C, immediately
o
/ + (0]
SQ K S / -+
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Scheme 9. Synthesis of metal sulfinylpentadienyl compounds 2Na and 2K.
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Scheme 10. Proposed mechanism for disproportionation of compound 2.

sulfinylpentadienyl anion always give a final S-shaped
complex conformer. The bond lengths and charge distri-
butions in the optimized geometries of complexes 2Li,
2Na and 2K are displayed in Scheme 12. In all cases,
one can observe an S conformer with the charge distrib-
uted along the chain, including the sulfur and oxygen
atoms. The computed bond distances for each of the
three complexes, between carbons C4-C5 (1.334, 1.335
and 1.336 A) and C3-C4 (1.345, 1.340 and 1.346 A)
are longer than typical values found for terminal double
bonds (1.300 A) and for internal double bonds (1.318 A)
[26a].

Furthermore, the calculated bond length for S-O in
the sulfinylpentadienyl anion (1.577, 1.588 and
1.581 A), is longer compared with typical experimental
S-O bonds (1.445-1.479 A) [26b]. The observed incre-
ment in the computed bond distances for the carbon-
carbon double bonds and S-O is consistent with the
experimental 'H and 'C NMR chemical shift data,
which indicates that the charge is distributed all the
chain long. Finally, charge transfer from the sulfinylpen-
tadienyl anion ligand towards the metal cations is larger
for Li and lesser for K. The metal-carbon bond lengths
for 2M (M = Li, Na, K), in Scheme 12, show that all dis-
tances are shorter than the corresponding values for the
van der Waals radius, which suggests an effective inter-
action of the ligand with the metal. Nevertheless the the-

(a) 2,052

-0.182 -0.248

12.19 KJ/mol

oretical study predicts the S-shape as the preferred
conformer with the lowest energy; the U-conformer of
2M (M = Na, K) was found experimentally, at room
temperature. As it has been discussed before, 2M suffers
a disproportionation process and it may occur before
getting the thermodynamically more stable S-shape, as
it has been observed for the butadienesulfonyls 3M.
The decreasing order of stability for 2M is proportional
to the cation size: 1K > 1Na > 1Li.

The theoretical study of the stability of the complexes
1M-3M was assessed in two manners:

(a) A frontier orbital [27] (HOMO and LUMO) sta-
bility criterion. The energy difference between the
HOMO of the donor species (anions) and the LUMO
of the acceptor species (cations) is a quantitative indica-
tion of the formation reaction of the complexes from the
cation and anion fragments. A relatively smaller
HOMO-LUMO energy difference corresponds to a
more favorable interaction between the heteropentadie-
nyl and the cation. These energy differences are graphi-
cally displayed in Scheme 13. One can note that the
reactivity of anions with cations Li*, Na*, K follows
the increasing trend Li* < Na® < K*. Therefore, the
stability of complexes decreases in each series as:
3Li < 3Na < 3K; 2Li < 2Na < 2K; 1Li < 1Na < 1K.

The stability trends may be explained from the fact
that interactions between anions 1M, 2M and 3M and
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Scheme 11. Sulfinylpentadienyl anion conformations at the HF/3-21G//3-21G level of theory. (a) Relative energies (kJ/mol) and bond distances in
Angstroms. (b) Mulliken charges distributions with all of the hydrogen charges summed to the attached heavy atoms.
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Scheme 12. Optimized geometries of 2K, 2Na, 2Li at the HF/6-31+G(d)// HF/6-31+G(d) level of theory. (a) Bond distances in Angstroms. (b)
Mulliken charges distributions with all of the hydrogen charges summed to the attached heavy atoms.

cations M = Li", Na" and K" may be determined by the
overlap between the HOMO of anions and the LUMO
of cations. Thus, an increase in the drive for complex
formation and further stabilization occurs with overlap
maximization. Since Li" is smaller, this overlap between
its LUMO (with the lesser spatial extent) and the anions
HOMO will cause very little effective overlap as com-
pared with other cations, such as Na* and K¥ LUMO?s,
and therefore Li" is less able to stabilize the complex,
which agrees with the observed experimental trends.
Perhaps the charge/radius ratio is important, and the
spatial extent of the cation, such as that a large one
might help stabilize greater degrees of delocalization
by being able to be closer to all three potentially charged
positions [28].

(b) Second stability criterion relies on the global hard-
ness concept: The electronic chemical hardness (1) [29]
and the maximum hardness principle (MHP) [30-32].

The computed chemical hardness was obtained for all
anions, cations and the corresponding complexes 1M,
2M and 3M (M =Li, Na and K) from the equation
n=é&L — ey, where g and ey are the LUMO and
HOMO orbital energies. From the individual molecular
hardness, hardness differences (d77) have been computed
for the reactions: anion + cation — complex. The results
of series of compounds, 1M, 2M and 3M (M = Li, Na
and K) are in Table 1. From the table values one can ob-
serve that the larger reactions Az correspond to the most
favorable reaction in each series, and the relative stabil-
ity of complexes in each series, according to the Ay sta-
bility criterion, follows the increasing trends:
3Li < 3Na < 3K; 2Li < 2Na < 2K; 1Li < 1Na < 1K.

In all cases the potassium complexes are always the
most stable, whereas sodium and lithium complexes
are predicted to be less stable or favorable in a clear rela-
tion to the cation size.

0.140

0.120 g

0.100

0.080 e

0.060 — \

0.040

0.020 "“\

0.000 Li+ Na+ K+
sulfinylpentadienyl 0.115 0.101 0.066
Thiapentadienyl 0.107 0.093 0.058
Butadienesulfonyl 0.055 0.041 0.006

Scheme 13. Differences of heteropentadienyl anions’ HOMO and the cations’ LUMO energies in hartrees at the HF/6-31+G(d)// HF/6-31+G(d) level

of theory.
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Table 1

Calculated reaction’s hardness differences (Ay) for the reaction heteropentadienyl + cation — heteropentadienyl complex at the HF/6-31+G(d)//HF/6-

31+G(d) level of theory

1Li 1Na 1K

2Li 2Na 2K 3Li 3Na 3K

Reaction’s hardness An (hartrees) —2.581 —1.636 —1.056

—2.592 —1.650 —1.060 —2.557 —1. 612 —1.030

3. Conclusions

The activation of C-S bond in dihydrothiophenes al-
lows the formation of the corresponding acyclic com-
pounds 1, 2, and 3 by different and easy synthetic
procedure.The 2,5-dihydrothiophenes reacts always fas-
ter than the corresponding 2,3-dihydrothiophenes. NaH
and KH react differently during the deprotonation pro-
cess of dihydrothiophenes. There is a competition
between the DMSO and dihydrothiophenes reacting
with the NaH; while for KH the reaction with DMSO
is favored, giving the corresponding methylsulfinyl carb-
anion which efficiently deprotonates the dihydrothioph-
enes without substituents. The effect of methyl
substituents in the dihydrothiophenes is significant,
modifying considerably the choice of the base.

The influence of the reaction conditions, type of sol-
vent and base is important in order to promote the acti-
vation of the C-S bond of the dihydrothiophenes and to
stabilize the heteropentadienyl and butadienesulfonyl
salts. The different heteroatoms in the chain influence
the nature of the corresponding anions. While species
with S and SO functional groups have a delocalized
charge along the chain, anions with the SO, group have
a localized diene structure along with an anionic delocal-
ized sulfonyl group. The U conformation is preferred for
all derivatives. Nevertheless compounds 3M (M =K,
Na, Li) can suffer a rearrangement, in presence of traces
of base, to the most stable S conformation.

The theoretical conformational analysis of the thia-
pentadienyl, sulfinylpentadienyl and butadienesulfonyl
anions yielded the lower energy conformers W, S and
S, respectively. The metal complexes 1M, 2M and 3M
(M = Li, Na and K) were optimized resulting the most
stable conformers, the U, S and S, respectively. The effi-
cient charge transfer obtained for the ligand — lithium
cation complex is in agreement with the fact that Li*
is a harder Lewis acid than K*, and the thiapentadienyl,
sulfinylpentadienyl and butadienesulfonyl anions are
good electron donors, which behave comparatively as
Lewis bases. These complexes follow the hard and soft
acid and base principle of Pearson. The stability trends
obtained from the electronic calculations show that the
charge transfer interactions between thiapentadienyl,
sulfinylpentadienyl and butadienesulfonyl anions with
Li", Na* and K" cations involve an effective overlap
of the HOMO (anions) with the LUMO (cations) and
thus, a better overlap may induce stronger bond forma-
tion and higher complex stability. Since the Li cation is

the smallest, the spatial extent of its LUMO is the lesser
and therefore its overlap is the least effective to stabilize
the formed complex. Due to the relative larger spatial
extension of LUMO in Na™ and K™ cations, their over-
lap with the HOMO (anions) increases. In general there
is good agreement between the theoretical calculated
lower-energy conformers, charge distributions, bond
lengths and relative complex stabilities with the experi-
mental results.

4. Experimental
4.1. General remarks

All experiments were carried out under nitrogen or
argon atmosphere using Standard Schlenk and glove-
box techniques. Solvents were distilled from Na/benzo-
phenone (THF) or Na (diethyl ether) under nitrogen
before use. Deuterated solvents were degassed and
DMSO-dg was dried with Na before use.

Na,S(anh), cis-1,4-dichloro-2-butene, thiophene, 2,5-
dimethylthiophene, 2,5-dihydrothiophene-1,1-dioxide,
2,4-dimethyl-3-sulfolene, »n-BuLi (1.6 M in hexane),
Et;BHLi (1 M in THF), LiH, NaH, KH, -BuOK were
purchased from Aldrich and used as received, except
KH which was separated from the mineral oil by filtra-
tion, washed with hexane and dried under vacuum. The
mixture of dihydrothiophenes 5 and 5’ (DHTSs) was ob-
tained as described in the literature [12]. NMR spectra
were recorded with Jeol GSX-270, Eclipse-400 and Bru-
ker 300 spectrometers in CDCl;, CD;0D, CD;CN,
THF-dg, D,O and DMSO-ds. 'H and "C chemical
shifts are reported in ppm with reference to TMS,
2Na and "Li chemical shifts refer to NaCl/D-O 0.1 M
and LiCl/D,0 9.7 mM, respectively. IR spectra were re-
corded in KBr pellets on a Perkin Elmer Spectrum GX
spectrophotometer. Elemental analyses were performed
at the Chemistry Department of Cinvestav with a Ther-
mo-Finnigan Flash 112 and Desert Analytics, Tucson,
AZ, USA. Activation of the C-S bond was carried out
in the ultrasound equipment Brandson Ultrasonics Cor-
poration, model 1510R-DTH.

4.2. Synthesis of potassium thiapentadienyl! (1K)
A mixture of xylenes with 2,5-dihydrothiophene (5)

(21.3%) and 2,3-dihydrothiophene (5') (10.63%)
(0.24 ml, 0.89 mmol of total DHTs, wt/'H NMR) was
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added dropwise to a cold solution (—35 °C) of 1 ml of
DMSO-d¢ in the presence of KH (107 mg, 2.65 mmol)
under ultrasonic treatment. The reaction mixture was al-
lowed to warm at room temperature and stay in the
ultrasound for 1 h, giving an amber solution. At this
time, the 'H NMR showed a total conversion of the
2,5-dihydrothiophene into 1K and, it was after 9 h when
the 2,3-dihydrothiophene was totally transformed in 1K
as well; while the xylenes remained intact. Compound
1K is very stable in solution of DMSO; however, at-
tempts to isolate this complex as a solid were unsuccess-
ful, showing the presence of polymeric species in the
NMR spectrum. The '"H NMR of 1K in DMSO-d, gave
broad signals, while a mixture of DMSO-dg and CgDg
allowed to determine the corresponding coupling con-
stants (DMSO-dg/CgDg): 6 =4.66 (d, J=17.4 Hz, 1H,
H), 4.48 (d, J=10.3 Hz, 1H, HY), 7.21 (m, 1H, H*),
5.82 (dd, J=10.2, 9.2 Hz, 1H, H?, 7.09 (d, J=9.2,
1H, H)."*C {'H} NMR (DMSO-d¢/C¢Dg): o = 105.0
(C%), 136.8 (C%, 1229 (C, 151.7 (C?». 'H NMR
(DMSO-dg): 6 =4.70 (1H, H>), 4.40 (1H, H*), 7.10
(1H, H%, 5.70 (1H, H?, 7.00 (1H, H?. “C {'H}
NMR (DMSO-dg): 6 =105.1 (C°), 137.7 (C%, 122.8
(C%), 151.5 (C?).

4.3. Synthesis of sodium thiapentadienyl (1Na)

To a solution of 2,5-dihydrothiophene (5) (21.3%)
and 2,3-dihydrothiophene (5') (10.63%) in xylenes
(0.12ml, 0.45mmol of total DHTs, wt/'"H NMR) in
DMSO-d¢ (0.8 ml) was added NaH (13 mg,
0.54 mmol) and the mixture was under ultrasound at
~25-35°C for 8h, giving a dark amber solution.
The "H NMR showed the total conversion of 2,5-dihy-
drothiophene and 2,3-dihydrothiophene in 1Na, and
xylenes which remained intact and were removed un-
der vacuum.

An NMR experiment in which compound 1 (38 mg,
0.45 mmol) in DMSO-d¢ (0.5ml) was treated with
NaH (13 mg, 0.54 mmol). After 8 h under ultrasound,
compound 1Na was formed as the main product. The
identification of traces of a second compound was
unsuccessful. 1Na is very stable in DMSO solution;
however, all attempts to isolate as a solid gave polymeric
insoluble species. '"H NMR (DMSO-d¢): 6 =4.63 (d,
J=17.5Hz, 1H, H°), 442 (d, J=10.5Hz, 1H, HY),
7.07 (m, 1H, H*), 5.72 (dd, J = 10.0, 8.9 Hz, 1H, H?),
6.95 (d, J=28.9, 1H, H»."*C {'H} NMR (DMSO-dg):
5 =105.3 (C%), 136.8 (C*), 122.9 (C3), 151.4 (C>).

4.4. Synthesis of lithium thiapentadienyl (1Li)

A 1.6 M solution of n-BuLi (0.19 ml, 0.3 mmol) was
added dropwise at —35 °C, to a solution of 2,5-dihydro-
thiophene (5) (21.3%) and 2,3-dihydrothiophene (5')
(10.6%) in xylenes (82 pL, 0.3 mmol of total DHTs,

wt/'"H NMR) in THF-dg (0.5 ml), under nitrogen. After
stirring 5 min the reaction mixture gives a yellow solu-
tion which is stable below —35°C. The 'H NMR
showed the total consumption of the 2,3- and 2,5-dihy-
drothiophenes and formation of 1Li. '"H NMR (THF-
dg): 6=4.87 (dd, J=17.5, 2.7Hz, 1H, H’), 4.64 (d,
J=104Hz, 1H, H>), 7.35 (m, 1H, H*, 5.97 (dd,
J=9.8Hz, 1H, H?, (H? is overlapped). Compound
1Li is thermally sensitive and an insoluble white material
precipitates in THF-dg at room temperature [18]. After
1.5h at room temperature around 30% of the original
1Li remained in solution.

4.5. Synthesis of potassium sulfinylpentadienyl (2K)

Addition of 0.05ml of compound 6 (62.5%,
33.7mmol) and 6 (37.5%, 20.3mmol) (0.06g,
0.54 mmol of total DHTs) to a mixture of 0.6 ml of
DMSO-dg in the presence of KH (22 mg, 0.54 mmol)
gives a brown-yellow solution which after 30 min
showed, through the '"H NMR, the presence of 2K as
the main product, and traces of 3K and 1K. After 2.5
h 2K, 3K and 1K are in a 1:1:1 ratio along with unre-
acted compound 6’. 2K'H NMR (DMSO-dg): 6 = 4.18
(d, J=172Hz, 1H, H’), 4.36 (d, J=10.3Hz, IH,
H>), 7.65 (m, 1H, H*), 5.34 (dd, J = 10.6, 10.6 Hz, 1H,
H?), 6.18 (d, J=10.6 Hz, 1H, H?. *C {'HINMR
(DMSO-dg): 6 =104.3 (C°), 137.5 (C%, 108.5 (C%),
147.9 (C?).

4.6. Synthesis of sodium sulfinylpentadienyl (2Na)

This complex was prepared as described for 2K,
using NaH (13 mg, 0.54 mmol) and DMSO-d¢ (1 ml).
During the first 30 minutes, there is evidence through
'"H NMR of 2Na. '"H NMR (DMSO-de): 6 =4.22 (d,
J=17.1Hz, 1H, H°), 7. 52 (m, 1H, H*, 5.35 (dd,
J=10.6, 10.5Hz, 1H, H?), 6.26 (d, J=10.6 Hz, 1H,
H?), (H> overlapped).

4.7. Synthesis of potassium butadienesulfonyl (3K)

A solution of 4 (2.5 g, 21.16 mmol) in 80 ml of THF
at room temperature was stirred. Then, a mixture of ¢-
BuOK (2 g, 17.82 mmol) in 10 ml of THF was added
dropwise. During the addition, a mustard-yellow precip-
itate was observed. After stirring 1 h at room tempera-
ture, the solid went to a pale yellow color. The
solution was evaporated under vacuum and the residue
was washed five times with THF (20 ml) and dried under
vacuum. The yield of the cream solid 3K was essentially
quantitative (99.1%). This compound is soluble in
DMSO and H,O. It does not melt below 250 °C. 'H
NMR (DMSO-dg): 6 =5.14 (d, J=16.8 Hz, 1H, H°),
5.08 (d, J=8.8Hz 1H, H”), 6.99 (m, 1H, H%, 5.97
(dd, J=10.3, 9.5Hz, 1H, H?), 575 (d, J=10.3 Hz,



1392 P. Gamero-Melo et al. | Journal of Organometallic Chemistry 690 (2005) 1379-1395

1H, H?). (D,0): d = 5.43 (d, J = 16.7 Hz, 1H, H>), 5.36
(d, J=9.9Hz, 1H, H), 7.02 (m, 1H, H*, 6.44 (dd,
J=108, 10.6 Hz, 1H, H?), 5.94 (d, J=10.6 Hz, 1H,
H?).13C {'H} NMR: (DMSO-d¢): 6 = 118.8 (C°), 133.4
(CY, 127.2 (CP), 153.5 (C?). 3C {'H} NMR: (D,0):
5=123.1 (C°), 131.2 (C*, 133.9 (C3), 1442 (C?. IR
(KBr): 3401 (m), 1645 (vs), 1581 (m), 1419 (m), 1302
(m), 1209 (m), 1122 (m), 1012 (s), 962 (s), 919 (vs), 778
(m), 643 (m) cm~'. C4HsSOLK - 0.1H,0 (158.04): calc.
C 30.40, H 3.31; found C 30.34, H 3.32.

4.8. Synthesis of sodium butadienesulfonyl (3Na)

A degassed solution of 4 (1.56 g, 13.2 mmol) was
added at room temperature, under argon, to a suspen-
sion of NaH (390 mg, 16.1 mmol) in THF (10 ml). The
reaction was carried out under ultrasound for 5 h, then
14 h more using an oil bath at 52 °C and finally under
reflux (65 °C) for 5.5 h, upon which the mixture turned
pale yellow. After cooling to room temperature, the sol-
vent was removed under vacuum and the solid was
washed three times with CH,Cl, (10 ml). The yield of
the 3Na was 93.5% (1.73 g, 12.35 mmol). The cream yel-
low powder does not melt below 250 °C and it is soluble
in DMSO and H,O. '"H NMR (DMSO-dg): 6 = 5.16 (d,
J=172Hz, 1H, H>), 5.11 (d, J=11.0 Hz, 1H, H>),
7.01 (m, 1H, H*), 6.0 (dd, J=10.6, 10.2 Hz, 1H, HY),
574 (d, J=10.2Hz, 1H, H?. (D,0): 6=543 (d,
J=179Hz, 1H, H>), 5.36 (d, J=10.1 Hz, 1H, H>),
7.0 (m, 1H, H*, 6.43 (dd, J=10.8, 10.3 Hz, 1H, H),
594 (d, J=103Hz, 1H, H?».C {'H} NMR:
(DMSO-dg): 6=119.0 (C°), 133.3 (C%, 127.5 (C%),
153.1 (C?). *C {'H} NMR: (D,O): §=123.3 (C°),
131.4 (C%, 134.0 (C3), 144.7 (C?). IR (KBr): 3403 (m),
1621 (m), 1577 (m), 1448 (m), 1142 (m), 1010 (s), 969
(s), 918 (m), 778 (m), 640 (m), 596 (m) cm~'. C4H;SO,.
Na - 0.5H,0 (149.15): calc. C 32.21, H 3.38; found C
32.26, H 3.89.

4.9. Synthesis of lithium butadienesulfonyl (3Li)

A 1.6 M solution of n-BuLi ( 2.65 ml, 4.23 mmol) was
added dropwise, at —110 °C (lig N,/EtOH), to a solu-
tion of diisopropylamine (0.6 ml, 4.23 mmol) in THF
(5.3 ml), under nitrogen. The freshly prepared LDA
was allowed to warm at room temperature and after
20 min the very pale yellow solution was once again
cooled to —110 °C. A solution of 4 (0.5 g, 4.23 mmol)
in THF (6 ml) was transferred to the LDA solution
which turned from yellow to red when the addition
has been finished. The reaction mixture was allowed to
rise to room temperature, and it was stirred for 1 h.
At this time the color of the suspension was yellow.
The solid was evaporated under vacuum and the residue
was washed three times with THF (10 ml) and washed
five times with EtOH (15 ml). Compound 3Li was par-

tially soluble in EtOH. The soluble fraction was recov-
ered by reducing the volume of EtOH (15 ml), adding
Et,O (80 ml) and cooling down to —5 °C for 24 h. The
cream yellow powder was filtered and dried 8 h under
vacuum, obtaining 67% yield (0.35 g, 2.82 mmol). The
solid is very soluble in DMSO and H,O and slightly sol-
uble in EtOH, MeOH and insoluble in acetone, THF,
Et,O and hexane. It does not melt below 250 °C. 'H
NMR (D,0): 6 =5.38 (d, J=17.5 Hz, 1H, H°), 5.31(d,
J=99Hz IH, H%), 696 (m, 1H, H*, 6.38 (dd,
J=11.0, 11.0 Hz, 1H, H?), 5.89 (d, J=11.0 Hz, 1H,
H?). °C {'H} NMR (D,0): 6 = 123.1(C°), 131.2 (C%),
134.0 (C?), 144.2 (C?). "Li {'H} NMR (D,0): 6 = 5.30.
IR (KBr): 3410 (m), 1817 (w), 1631 (m), 1580 (m),
1498 (w), 1416 (m), 1324 (w), 1295 (w), 1029 (s), 1008
(s), 902 (vs), 786 (vs), 645 (m), 599 (m) cm~'. C4,H5SO,.
Li- 0.25H,0 (128.594): calc. C 37.36, H 4.30; found C
37.39, H 4.30.

4.10. Synthesis of potassium 3,5-dimethyl-
butadienesulfonyl (9K)

(a) A solution of +-BuOK (190 mg, 1.71 mmol) in THF
(20 ml) was slowly added to a cold (—110 °C) THF
(10 ml) solution of compound 7 (250 mg,
1.71 mmol). The reaction mixture was allowed to
warm at room temperature and stirred 3 h. The
white solid from the solution was filtered, washed
three times with THF (10 ml) and dried under vac-
uum. Compound 9K was obtained in 14.3% yield
(45 mg, 0.024 mmol).

(b) A Schlenk tube was charged with KH (20 mg,
0.5 mmol), (previously washed from the mineral
oil with hexane, dried under vacuum and kept in a
dry box), and compound 7 (62 mg, 0.423 mmol).
An exothermic reaction was observed when
DMSO-dg (0.75 ml) was added with the immediate
evolution of dihydrogen gas. After 10 min of stirring
there was no insoluble material in the reaction mix-
ture, and 30 min later the pale amber solution was
observed through the '"H NMR showing 9K as the
only product. 'H NMR (DMSO-de): = 5.62 (m,
1H, H°), 1.73(d, J=5.8 Hz, 3H, Me’), 6.84 (d,
J= 15.0 Hz, 1H, H%, 1.68 (s, 3H, Me®), 5.52 (s,
1H, H?). (D,0): §=6.02 (m, 1H, H), 1.77 (d,
J=6.6Hz, 3H, Me’), 6.82 (d, J=154Hz, 1H,
H%, 1.85 (s, 3H, Me?), 5.71 (s, 1H, H?). 3C {'H}
NMR (DMSO-dg): 6= 125.7 (C°), 18.7 (Me°),
129.7 (C%, 130.7 (C%), 19.6 (Me?), 150.3 (C?). IR
(KBr): 3300 (m), 2362 (m), 2348 (m), 2169 (m),
1954 (w), 1795 (w), 1643 (vs), 1581 (m), 1500 (w),
1441 (m), 1378 (m), 1254 (m), 1209 (m), 1196 (m),
1002 (s), 958 (s), 853 (m), 806 (vs), 781 (m), 645
(m) cm . C¢HoSO,K - 0.75H,0 (197.80): calc. C
36.43, H 5.31; found C 36.36, H 5.25.
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4.11. Synthesis of sodium 3,5-dimethyl-butadienesulfonyl
(9Na)

This complex was prepared as described for 9K,
method (b), using compound 7 (160 mg, 1.1 mmol),
NaH (31 mg, 1.30 mmol) and DMSO-dg (1 ml). After
stirring for 1.5 h the '"H NMR gave evidence of a total
transformation of 7 to 9Na. 'H NMR (DMSO-dy/
Ce¢Dg): 6 =5.60 (m, 1H, H’), 1.66 (d, J=5.6 Hz, 3H,
Me®), 7.27 (d, J=154Hz, 1H, H*, 1.82 (s, 3H,
Me?), 6.25 (s, 1H, H?. **Na NMR (DMSO-dg):
0=23.12.

4.12. Synthesis of lithium 3,5-dimethyl-butadienesulfonyl
(9Li)

A solution of n-BuLi (1.6 M in hexane, 1.06 ml,
1.71 mmol) was slowly added to a cold (—35°C) THF
(2 ml) solution of compound 7 (250 mg, 1.71 mmol).
The light brown reaction mixture was allowed to warm
at room temperature and stirred 1.3 h. The beige solid
from the solution was filtered, washed five times with
THF (5 ml) and dried under vacuum for 4 h. Compound
9Li was obtained as a cream solid in 88.4% yield
(230 mg, 1.51 mmol). 'H NMR (DMSO-dg): d =5.63
(m, 1H, H>), 1.73(d, J=6.4Hz, 3H, Me¢’), 6.84 (d,
J=15.8 Hz, 1H, H%, 1.69 (s, 3H, Me®), 5.51 (s, 1H,
H?). (D,0): 6 =6.04 (m, 1H, H), 1.79 (d, J = 6.9 Hz,
3H, Me°), 6.83 (d, J=15.3 Hz, 1H, H*), 1.86 (s, 3H,
Me?), 5.72 (s, 1H, H?). °C {'"H} NMR (DMSO-dy):
5=125.9 (C°), 18.8 (Me’), 129.8 (C*), 130.8 (C3), 19.7
(Me?), 150.0 (C?). *C {'H} NMR (D,0): § =126.9
(C), 17.9 (Me®), 132.1 (C%, 140.3 (C?), 19.0 (M¢e?),
139.9 (C?. "Li {'"H} NMR (DMSO-dg): 6 =4.30. "Li
{'"H} NMR (D,0): 6 = 5.38. IR (KBr): 3036 (m), 2950
(m), 2917 (m), 2854 (m), 2728 (m), 2004 (m), 1925 (m),
1642 (m), 1591 (m), 1443 (vs), 1376 (m), 1333 (w),
1308 (w), 1221 (m), 1176 (m), 1029 (s), 1003 (s), 968
(s), 861 (vs), 816 (vs), 782 (m), 634 (m), 582 (m), 527
(m), 484 (m) cm~'. C¢HoSO,Li (152.144): calc. C
47.37, H 5.96; found C 47.64, H 6.20.

4.13. Synthesis of sodium 2,5-dimethyl-thiapentadienyl
(10Na) and (11Na)

An hexane solution (0.51 ml) of compound 8
(12.7%), 8 (29.4%) and thiophene (16.9%) (202 mg,
1.77 mmol of total DHTs, wt/'H NMR) was added
dropwise to a suspension of NaH (130 mg, 5.32 mmol)
in DMSO-dg¢ (1 ml) at room temperature. Then, the
mixture was refluxed at ~65 °C for 6 h and slowly
cooled down to 40 °C, evaporation, at this tempera-
ture, of the volatiles (0.05 mmHg) afforded the isomers
10Na and 11Na in a 1.5:1.0 ratio. 10Na (DMSO-d¢/
C¢Dg): =544 (dq, J=154Hz 1H, H’), 1.85 (d,
J=6.4Hz, 3H, Me’), 7.35 (m, 1H, H%, 6.25 (d,

J=10.3Hz, 1H, H?), 242 (s, 3H, Me?).*C {'H}
NMR (DMSO-d¢/C¢Dg): 6= 1159 (C°), 18.3 (Me),
135.9 (C%), 120.4 (C3), 152.5 (C?), 35.3 (Me?). 11Na
'H NMR (DMSO-d¢/C¢Dg): =518 (dq, J=
11.0 Hz, 1H, H°), 1.83 (d, J=5.9 Hz, 3H, Me’), 7.35
(m, 1H, H%, 6.47 (d, J=10.6 Hz, 1H, H?), 2.50 (s,
3H, Me?). "*C {'H} NMR (DMSO-d¢/CsDg):
d=113.0 (C°), 13.9 (Med), 133.6 (C*, 116.1 (C?),
156.2 (C?), 35.8 (Me?).

4.14. Synthesis of compounds lithium (Z-4-methyl-3-
propen-1-sulfonyl) (14Li) and ( E-4-methyl-3-propen-1-
sulfonyl) (15Li)

A solution of Et;:BHLi (1M in THF, 2.1 ml,
2.12 mmol) was added dropwise to a frozen THF
solution (10 ml) of 4 (250 mg, 2.12 mmol). As the mix-
ture began liquifing, dihydrogen was bubbled for 4 h.
After the volume was reduced until =4 ml, the result-
ing white precipitate was filtered, washed six times
with THF (5 ml) and dried under vacuum. The white
solid (30 mg) was a mixture of compounds 3Li, 14Li
and 15Li in a 1:6:6 ratios. Isomer 14Li 'H NMR
(D,0): 6=297(d, J=7.7Hz, 2H, H*?), 540 (m,
1H, H?), 5.67 (m, 1H, HY, 1.65 (d, J=6.6 Hz, 3H,
Me). ®C {'H} NMR (D,0O): d=133.4 (C%, 120.0
(C?), 64.5 (C?), 17.6 (Me). Isomer 15Li 'H NMR
(D,0): 6=3.10 (d, J=7.7Hz, 2H, H>?), 540 (m,
1H, H?), 5.80 (m, 1H, H*, 1.60 (d, J=6.9 Hz, 3H,
Me). *C {'H} NMR (D,0): 6=131.1 (C%, 119.0
(C%), 59.4 (C?, 129 (Me). 'Li {'H} NMR (D,0):
0=5.28.

4.15. Synthesis of potassium methylsulfinyl

Addition of KH (330 mg, 8.2mmol) in 2ml of
DMSO (28.2 mmol) gave an immediate exothermic reac-
tion with H, evolution. After 1 h there was no evidence
of solid KH in the green solution. Immediate reaction of
the methylsulfinyl potassium with compound 4 afforded
quantitatively compound 3K.

4.16. Theoretical methodology and calculations

For thiapentadienyl, sulfinylpentadienyl and but-
adienesulfonyl anions the initial conformational analy-
sis involved a systematic search of the potential energy
surface (PES) performed with a Genetic algorithm [33].
At each point in the PES, energies for each structure
were determined from calculations at the Hartree—Fock
[34] level of theory and with numerical precision given
by the use of the split valence basis set 3-21G.
This methodology is described by the notation: (HF/
3-21QG). Calculations and structure and property visual-
izations were performed with the sPARTAN 5.1.1. soft-
ware [35].
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Thereafter, all metallic complexes were formed from
the lower-energy anion conformers previously obtained.
The final level of theory/precision for all complexes 1M,
2M and 3M (M = Li, Na, K) was a geometry optimiza-
tion with no symmetry restrictions at the Hartree—Fock
ab initio level with a larger split valence basis set
augmented with polarization and diffuse functions
6-31+G(d).

A frequency analysis was performed for all opti-
mized structures to make sure that the obtained geom-
etries corresponded to a minimum in the PES. The
final molecular energies, Mulliken charges and wave-
functions were computed in a single point calculation
for each species, employing program GAUSSIAN 94
[36]. Then, the final level/precision was HF/6-
31+G(d)//HF/6-31+G(d). Results from these calcula-
tions were visualized with the aid of the GAuUsVIEw
2.0. software [37].
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