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On the Mechanism of Ring Metallation of Aromatic Compounds.
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Metal-

lation of Thiophen by Lithium and by Lithium Dihydroarylides

By Constantinos G. Screttas, T Chemistry Division, N.R.C. Democritos *, Greek Atomic Energy Commission,

Athens, Greece

Thiophen is metallated by lithium metal or lithium dihydroarylides in the 2-position.

Product yields and magnetic

titration results indicate that the transformation is a two electron process. The process becomes one-electron

when the reaction is carried out in the presence of 1.1-diphenylethylene or «-methylstyrene.
in solutions of various lithium dihydroarylides and thiophen is of the first order.
r-energy change of the reaction ArH= —= ArH + e-.
dihydroarylides involving an unstable thiophen radical-anion intermediate is suggested.

Paramagnetic decay
The log &, values correlate with the
A mechanism for the metallation of thiophen by lithium
Itis also suggested that

metallation by conventional lithiating agents takes place through the intermediacy of a radical-anion.

ButyL-LITHIUM in cyclohexane has been reported?! to
exhibit a strong absorption band with a maximum at
207 nm. The origin of this absorption was attributed
to charge transfer transitions.2 A new band appears to
arise at 277 nm and it is thought of as a result of charge-
transfer-to-solvent when adding Lewis bases, such as
7-oxabicyclo[2.2.1Theptane.? In some instances it is
possible that organolithium reagents can eject an
electron into a broad continuum of states where the
electron is no longer bonded to its source.® This can be
achieved either by irradiation, hence the ready photo-
lysis %% of organolithium compounds, or through the
addition of substances of great electron affinity (thermal
electron transfer). There is ample experimental evi-
dence that organolithium compounds can function as
single electron donors. Two important pieces of such
evidence are (a) the generation of radical anions by the
action of lithium alkyls on aromatic substrates? and
(b) the conversion of stable radicals into carbanions in
a Lewis base catalysed reaction.® In a number? of
instances alkali metals have been reported to metallate
various organic compounds under conditions normally
employed for the generation of radical anions® (direct
metallation). A question thus arises: are radical
anions intermediates in conventional and/or direct
metallation reactions? In order to answer this question
it was decided to study the direct lithiation of thiophen
as well as its metallation by lithium dihydroarylides.
Thiophen was chosen as a model compound because it
does not exhibit any pronounced carbon acidity although
it undergoes ready metallation by butyl-lithium.

Two related studies should be noted: Schick and
Hartough found ¢ that 2-chlorothiophen is directly
metallated by sodium in ether, but in benzene solution
halogen—-metal exchange took place. Eisch and Kaska
reported 10 that in the metallation of fluorene by lithium
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in tetrahydrofuran (THF) the hydrogen replaced by the
metal reacted with the aromatic hydrocarbon to produce
partially reduced fluorenes.
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RESULTS AND DISCUSSION

Thiophen was metallated in the 2-position with
lithium metal in THF; 2-thenoic acid (129%,) was
obtained after carbonation. Addition of naphthalene
in the reaction mixture resulted to an increase in rate as
well as in yield (419). These results were markedly
improved by treating preformed lithium dihydroarylides
with thiophen. Aliquot portions of lithium dihydro-
naphthylide or -biphenylylide (analysed for active
lithium) were treated with an excess of thiophen. The
yield of thienyl-lithium was determined by carbonation
and isolation of 2-thenoic acid. Table 1 summarises
the results. In no case did the yield of 2-thenoic acid
significantly exceed 50%. The amount of thiophen
that is required in order to bring about complete dis-
charge of paramagnetism in a given amount of lithium
dihydronaphthylide was determined by magnetic titra-
tion (Figure 1). A well-defined discontinuity occurs at
a [C,H,S]:[Li*C,yH*] ratio of ca. 0-5. These results
indicate that the reaction is a two-electron process. The
stoicheiometry changes drastically when the reaction is
carried out in the presence of 1,1-diphenylethylene or
a-methylstyrene. In these cases the yield of 2-thenoic
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acid was in the range ca. 80—1009, (Table 2). This re-
sult, which might be of mechanistic significance, suggests

TABLE 1

(@) Metallation of thiophen by lithium dihydronaphthylide @
at ¢ca. 20—26°

[C4H,S]/mM ¢t/ Yield of acid (%)

60 0-5 48
60 1-0 46-5
60 5-0 485
60 2-0 53
60 0-25 56
60 30 54

120°% 0-5 52

(b) Metallation of thiophen by lithium dihydrobiphenylylides
at ca. 20—30°
60 3 54
60 3 45
60 3 525
60 0-03 34
5 3 28, ¢

60 3 474

s Concentration 10mM except where stated. ¢ Concen-
tration of LitC,,Hg~ 20mmMm. °© A 289, yield of phenyl-
cyclohexadienecarboxylic acid was also obtained. ¢ Tem-
perature —20 to 418°.

TABLE 2

Metallation of thiophen by lithium dihydronaphthylide in the
presence of 1,1-diphenylethylene or w«-methylstyrene
at ca. 20—38°

Yield
of
[Lit*C,gHg~] [C,H,S] [Ph,C=CH,;] [PhCMe=CH,] acid
JmMm [mM /mM Jmm th (%)
10 50 26 025 77
10 50 25 3 78
10 50 20 3 75
20 60 30 2 93
20 60 38 2 96
8 * 50 25 0-256 99

* Lithium dihydrobiphenylylide.
that the reaction becomes a one-electron process in the
presence of a substance that can dimerise or polymerise
80
70
60
50
L0
30

Paramagnetism {arbitrary units}
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0 02 ok 06 08
[CHSTIILI*C o]

Ficure 1 Magnetic titration of lithium dihydronaphthylide
against thiophen

under the reaction conditions. The n.m.r. spectrum of
the neutral fraction after carbonation of a metallation
carried out in the absence of additives shows that

1 (@) D. F. Evans, Proc. Chem. Soc., 1958, 115; J. Chem.

Soc., 1959, 2003; (b) C. G. Screttas, J.C.S. Chem. Comm., 1972,
869.
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naphthalene remains unchanged but some minor com-
ponents exhibit resonances in the olefinic and aromatic
regions. The neutral fraction from runs with diphenyl-
ethylene and methylstyrene were shown to contain
(Ph,CHCH,), and polymethylstyrene, respectively.
G.l.c. analysis indicated the presence of butan-1-o0l in the
reaction mixture of lithium dihydronaphthylide and
thiophen.
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Ficure 2 A typical first-order plot for the disappearance of
paramagnetism in lithium dihydroarylide-thiophen mixtures
Evans’ method ' for measuring paramagnetic sus-
ceptibility was adapted to our kinetic study In mix-
tures of various lithium dihydroarylides and thiophen in
THF paramagnetism decays according to the first-order
rate law. Thus linear plots of In(Av, — Av,) versus time
were obtained (Figure 2). Table 3 summarises the

TaBLE 3

Apparent first-order rate constants of the reaction
LitArH* - thiophen at 40 4 0-5°. [LitArH™), =
0-50M; [C,H,S]; = 1-25m

ArH kyfmin-1 — M1

Biphenyl 2:06 4 0-21 @ 0-705
Naphthalene 0-566 -+ 0-006 0-618
Naphthalene 0-474 + 0-003
Phenanthrene 0-088 - 0-005 0-605
Phenanthrene 0-062 + 0-001
Stilbene 0-125 -+ 0-005 0-504
Stilbene 0-123 -+ 0-005
Anthracene 0-018 - 0-001 0-414

* Estimated from a log % vs. log [C,;H,S], plot at [LitArH~],
= 0-50M, by linear extrapolation: %; = 1-20 4- 0-006 min-?,
[C,H,S], = 0-46M; k, = 180 4 0-03 min-%, [C,H,S], = 0-63m.
? Initial rate.
kinetic results. Obviously the specific rate constants
depend very strongly on the type of arene. The re-
activities of the lithium dihydroarylides toward thiophen
decrease as the electron affinities of the parent hydro-
carbons increase. Phenanthrene seems to be an
exception. In Figure 3 log %, values are plotted against
Mm1 (In units of B) where m,, ., is the Hiickel value of
the coefficient of the MO resonance integral in the
expression for the energy of the lowest unoccupied
orbital, and B is the resonance integrall? With the

2 my,,, Values were taken from A. Streitwieser, jun.,

‘ Molecular Orbital Theory for Organic Chemists,” Wiley, New
York, 1961, p. 178.
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exception of phenanthrene the rest of the data can be
correlated. The deviation of phenanthrene is not
understood; it can only be noted that lithium dihydro-
phenanthrylide in the analogous case of its reaction
with anisole exhibits the same deviation from other
arenes.l’® Similar correlations have been found to hold
in the case of the reaction of arylalkali-metal and various
alkyl halides.® It should be stressed that —#py
represents the m-energy change for process (1).

ArH" —» ArH + e~ AE, = —tpy, (1)

If we attempt to explain the observations on the
basis of the most generally accepted reaction scheme for
metallation, namely proton abstraction by a carbanion 14

ZCIOHB—-* 2CLHLS—’ C‘oHe + 2 (/ \)
S

we are led to the overall reaction (2). This process
predicts that one half of the naphthalene is converted
into dihydronaphthalene and every molecule of lithium
dihydronaphthylide produces one molecule of 2-thienyl-
lithium. Both these conclusions contrast with the ex-
perimental evidence. The same scheme also fails to

300

2501 A

FIGURE 3 Plot of the logarithms of the apparent first-order
rate constants against m,, .y values for the reaction Li+ArH*
thiophen: A, biphenyl; B, naphthalene; C, phenanthrene;
D, stilbene; E, anthracene

explain the pronounced kinetic dependence on the type
of the arene. The structural differences e.g. between
species A and B do not seem to be so marked as to

H H
H H
A B

warrant such a difference between their reactivities.
Similar conclusions are reached on consideration of a
reaction scheme in which the anion-radical reacts via a
hydrogen atom abstraction.

13 B. J. McCleltand, Chem. Rev., 1964, 64, 301.

14 J. M. Mallan and R. L. Bebb, Chem. Rev., 1969, 69, 693.

15 T. L. Staples, J. Jagur-Grodzinski, and M. Szwarg, J. Amer.
Chem. Soc., 1969, 91, 3721.
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The experimental results are best explained as an
initial electron transfer from the arene to thiophen in
the rate-limiting step, followed by a relatively fast
fission or dissociation of thiophen radical-anion [reaction
(3)]. The step in which the second electron enters the
reaction sequence is not clear. However, the necessity
of a second electron can be understood because of the
fact that in most cases a stable chemical system has
neutral charge and paired spins. For instance an un-
stable species produced by the attack of H+ on a solvent
molecule would require one electron in order to be con-
verted into a butoxide ion [reaction (4)].

The different results obtained with 1,1-diphenyl-
ethylene could possibly arise from reactions (5)—(7).

H, H,
ool -
H

Dimerisation 15 of C leads to the formation of a dia-
magnetic dianion D which acts as a conventional

. i . fast
ArH™ + C(HS b ArH + (C.HS)"—> 4 d-inp

lithiating agent, 4.e. it metallates thiophen with 1:1
stoicheiometry. Of particular relevance to the present

+CygHg™
% > JEPRASLLL
CioHg

0

problem is the report1® of Jagur-Grodginski and
Szwarc on the one-electron oxidation of carbanions by

Bul 0™ (4)

ArH™ + Ph,C=CH, —® PhC=CH; + ArH {5}
c
2PhaC=CH, —> (Ph;CCHy), (6)
D
(PhyCCHaly + 2C4H,S — 2 B~ +(PhaCH-CHy)y (7)
s

transfer to aromatic substrates [reaction (8)]. There is
no obvious reason that an analogous thiophen radical-
anion could not form in a reaction between thiophen

e+ (L) —eme G e
R_+</ \>————->!:R-+<l:;)>}—b (>—+RH {9)
S S S

and a carbanion [reaction (9)]. We propose this
scheme, in which the intermediate radical-anion dis-
sociates to a carbanion, as an alternative to the mechan-
ism of aromatic ring metallation which involves shifts
of electrons in pairs.* In the case of lithiation by
alkyl-lithiums a solvated oligomer plays the role of a
carbanion.

16 J. Jagur-Grodzinski and M. Szwarc, J. Amer. Chem. Soc.,
1969, 91, 7594.
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EXPERIMENTAL

Lithium metal was from Riedel-De Haan AG, thiophen
was Fluka puriss and used after drying over molecular
sieve 4A. Tetrahydrofuran and 1,2-dimethoxybutane
(Fluka purum) were refluxed with lithium aluminum hydride
and distilled directly into the storage bottle. Argon
(99-999%) was passed through two wash-bottles containing
109, butyl-lithium in decalin and two cold traps containing
silica gel and cooled with dry ice-acetone.

Naphthalene (Riedel sublimed), biphenyl, phenanthrene,
stilbene, and anthracene (Fluka puriss) were used without
further purification. G.l.c. analyses were performed with
a Varian Aerograph model 90-P.

Kinetic and Magnetic Titration Methods.—Concentrations
of paramagnetic species were measured with a Varian
A60 n.m.r. spectrometer according to the method of
Evans.!t In the kinetic runs cyclohexane was used as a
double reference. The external standard, 10% (v/v)
cyclohexane in CCl,, was sealed in a thin-walled, Pyrex
capillary with an internal diameter of ca. 2 mm. The
height of the liquid in the capillary was 35-—40 mm. The
internal reference was 109, (v/v) cyclohexane in THF.
The n.m.r. tube was stoppered and the air replaced by
oxygen-free argon. Measured volumes of standard, argon-
saturated solutions were introduced and the spectra
recorded. Reactions with #; >>0-5 min could be studied
by this technique. Dilution experiments gave linear plots
of chemical shift change against concentration. In the
case of magnetic titrations the internal standard was the
high field band of THF. Signal separations were recorded
14 h after mixing and were plotted without a correction for
volume change.

Preparation of Lithium Dihydroarylides—These were pre-
pared in the normal way using aromatic hydrocarbon (0-025
mol) and lithium metal (0-03 g-atom) in THF (25 ml).
Analysis by double titration using ethylene bromide showed
that <{59%, inactive lithium remained.

Metallation of Thiophen with Lithiwm Metal.—Thiophen
(50 ml), THF (100 ml), and a 309, lithium (with 29, sodium)

J.C.S. Perkin II

dispersion in mineral oil (5 g) were stirred under nitrogen
for 168 h. The mixture was then poured over ether—
crushed dry ice. Work-up gave 2-thenoic acid (3-3 g,
129,), m.p. 115-—122°, n.m.r. spectrum identical with that
of authentic material.

Metallation of Thiophen with Lithium and Naphthalene.—
Lithium (1 g in small pieces) was added to 1,2-dimethoxy-
ethane (DME) (40 ml). The metal was activated by
adding t-butyl alcohol (0-3 ml) and naphthalene (12-8 g,
0-1 mol) dissolved in DME (40 ml) was added at once.
After a short induction period, the solution turned dark
green, and thiophen (25 ml) was added. The resulting
mixture was stirred at room temperature overnight,
turning red-brown. Carbonation and work-up gave
2-thenoic acid (7-5 g, 41%).

Metallation of Thiophen with Preformed Lithium Dihydro-
naphthylide—A 1-0m solution of lithium dihydronaphthylide
(20 ml) in THF was mixed with thiophen (10 ml). After
ca. 0-5 h carbonation and work-up afforded 2-thenoic acid
(52%).

Metallation of Thiophen with Lithium Dihydronaphthylide
in the Presence of 1,1-Diphenylethylene.—To 1-OM-lithium
dihydronaphthylide (20 ml) was added 1,1-diphenylethylene
(4-0 ml) and thiophen (5-0 ml). An exothermic reaction took
place and the mixture turned red-brown instantly. After
2 h at room temperature the mixture was carbonated.
2-Thenoic acid was formed in 929, yield. The neutral
fraction was freed from naphthalene by sublimation.
The semicrystalline residue was recrystallised from boiling
ethanol, m.p. 120°, and shown by n.m.r. to be 1,1,4,4-
tetraphenylbutane.
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