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Terminal Thienyl Moieties: Optical and
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Thiophene-based m-conjugated oligomers and polymers
have recently emerged as very promising organic devices for
electronic and optical technologies.l!' The optoelectronic
properties of these materials vary with the degree of extended
conjugation and the inherent electron density of the -
conjugated backbone. A recent strategy to modulate these
two parameters involves the synthesis of macromolecules
featuring more than one type of conjugated-ring unit along
the main chain.”! Increased conjugation can be achieved in
alternating copolymers such as A (Scheme 1) because of an
intramolecular charge transfer (ICT) from the electron-donor
thienyl to the electron-acceptor pyridinyl moieties.’! The
derivatives of B, the 2,5-bis(2-thienyl)heterocyclopentadienes,
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Scheme 1. Synthesis of the chromophores featuring phosphole cores and
terminal thienyl moieties. Synthesis: a) [Cp,ZrCl,], 2 BuLi, THF, —78°C;
b) PhPBr,, THF; ¢c) MeOTf. Cp = CsH;~; OTf = OSO,CF;; R = alkyl, aryl;
R!'=2-thienyl (1), 5-(2-thienyl)-2-pyridyl (2).
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are not only versatile synthons for the preparation of
copolymers,??4 but also act as well defined models suitable
for studying the dramatic influence of the electronic proper-
ties of the central heteroatom and its effect on the degree of
conjugation between the consecutive subunits. Silole deriva-
tives of B (X =SiR,) possess a higher degree of conjugation
than thiophene and pyrrole analogues (A4,,,, =60 nm) due to
ICT involving the electron-accepting silicon-containing het-
erocyclopentadiene.* 31 Phosphole-containing swt-conjugated
systems have been poorly investigated,l® in spite of the
phospholes possessing limited aromatic character and a
reactive phosphorus atom,”! which affords a family of
chromophores with different electronic properties. Herein,
we describe new chromophores featuring phosphole-based
cores and terminal thienyl moieties, and the preparation of
the first phosphole-containing polymers through electro-
oxidation.

Besides 2,5-bis(2-thienyl)phosphole 3 (Scheme 1), a phos-
phorus-containing derivative of B, the mixed oligomer 4 was
chosen as a target, since 4 should possess alternating donor
and acceptor units as phospholes are generally considered
electron-rich heterocyclopentadienes.®! Derivatives 3 and 4
were prepared through an intramolecular coupling of diynes
10 and 21 via a zirconacyclopentadiene intermediatel> 1%l
and addition of PhPBr, (Scheme 1). Phospholes 3 and 4 are
obtained as air-stable orange solids after purification by flash
chromatography on alumina (yields: 3: 73 %; 4: 55%). Their
NMR spectra show typical resonance patterns and the
simplicity of the 3C NMR spectra indicates a symmetric
structure.l'' The endocyclic phosphole carbon atoms give two
signals at low field, whereas only one set of signals is observed
for the two substituents at the 2,5 positions. The proposed
structures were confirmed by X-ray analysis performed on the
free phosphole 3 (Figure 1) and W(CO)s-coordinated 41"l
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Figure 1. X-ray structure analysis of 3. Hydrogen atoms have been omitted
for clarity. Selected bond lengths [A] and angles [°]: P1-C1 1.817(4), C1-C2
1.336(6), C2-C7 1.465(7), C7-C8 1.356(6), C1-C13 1.436(6), C8-C9 1.457(6);
C1-P1-C8 90.9(2), C1-P1-C17 104.3(2), C8-P1-C17 104.1(2).
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(Figure 2).181 In both cases, the thienyl rings exhibit a
statistical disorder (90-60% for the prevailing conforma-
tions), a feature which is typical for linear oligomers that bear
terminal thiophene rings.’® %414 For both compounds, the

Figure 2. X-ray structure analysis of [W(CO)s(4)]. Hydrogen atoms and
carbonyl ligands have been omitted for clarity. Selected bond lengths [A]
and angles [°]: P1-C1 1.822(9), C1-C2 1.362(12), C2-C7 1.466(13), C7-C8
1.341(12), C1-C18 1.444(12), C8-C9 1.476(12), C12-C14 1.445(14), C21-C23
1.469(13), P1-W1, 2.534(2); C1-P1-C8 90.7(4), C1-P1-C27 104.3(4), C8-P1-
C27 104.4(4).

twist angles between two adjacent rings are small (3: 16.7(5)°
and 12.5(5)°; [W(CO)s(4)]: 1.8(16)-18.3(17)°) and allow an
extended n conjugation. The C—C links between the rings (3:
1.436(6) - 1.457(6) A; [W(CO)s(4)]: 1.444(12)-1.476(12) A)
and the endocyclic C2—C7 bond (3: 1.465(7) A; [W(CO)s(4)]:
1.466(13) A) are relatively short, whereas the endocyclic P—C
bond lengths (3 and [W(CO)s(4)]: 1.817(4)-1.822(9) A)
approach that of a P—C single bond (1.84 A). These solid-
state data are in favour of an extended delocalisation path
involving the dienic moiety of the phosphole rings and the two
thienyl or 5-(2-thienyl)pyridyl units.

The absorption maximum in the UV/Vis spectrum of
compound 4 (4,,,, =427 nm) is at a notably longer wavelength
than that recorded for 2,5-bis(2-dipyridyl)phosphole (4. =
390 nm[**!) and clearly indicates an extended & conjugation.
The fluorescence spectrum of this oligomer shows an emission
maximum at 570 nm, which reveals a large Stokes shift (A1l =
143 nm). Remarkably, 3 shows an absorption at 412 nm, a
wavelength only slightly shorter than that of 41 but consid-
erably longer than those observed for the related derivatives
of B that feature central electron-rich rings, such as pyrrole
derivatives (X = N—CHj, A, = 322 nm)“dl or group 16 heter-
ocyclopentadienes (A, =366 (X =0),?¢1 356 nm (X = S)"),
This unexpected, relatively high value for A, is within the
range recorded for 2,5-bis(2-thienyl)siloles (X = SiPh,, A,.x =
418 nm), which possess an unusually low HOMO-LUMO
gap due to ICT.PI This surprising analogy between silicon- and
phosphorus-containing heterocyclopentadienes!!” should be
even more pronounced for o*A*-phospholes, which have no
aromatic character and feature an electropositive tetrahedral
heteroatom. We prepared electrically neutral o*A*phosp-
holes with polarised P**=Y%- bonds (Y=0O, S, Se) and
cationic o*,A*-phospholes in order to evaluate the influence
of the electron density of the phosphorus atom on the optical
and electronic properties of the chromophore B. Derivative 3
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was treated with selenium, elemental sulfur, bis(trimethylsi-
lyl)peroxide, and methyl trifluorosulfonate affording o*A*-
phospholes 5 (91 % yield), 6 (93 % yield), 7 (95 % yield), and 8
(95 % yield), respectively (Scheme 1). The 4, of derivatives
5-8 are red shifted with respect to that of 3 and, suggesting
ICT, this effect is weak for the P**=Y?~ derivatives 5—7 and
stronger for the phospholium salt 8 (Table 1). Compounds 5—
8 have comparable high energy absorptions, comparable with

Table 1. UV/Vis, fluorescence, and electrochemical data for 3-8.

Compound 3 4 5 6 7 8

Amax [nm ] 412 427 423 432 434 442
lge 3.94 4.53 4.09 3.98 3.97 3.87
Ao [nm](] 501 570 547 548 556 593

E, [V]d +1.01 +110 +128 4+127 +126 +152

pa

[a] In THFE [b] Maximum wavelength in emission spectra; in THF.
[c] Sample concentration 1 mm; solution 0.1m LiClO, in MeCN;; scan rate
100 mV s~!. Oxidation potential (versus standard calomel electrode (SCE))
measured against a ferrocene internal standard (E,;,= 0.5V versus SCE,
AE,=70mV).

those of reported chromophores B bearing a central thio-
phene-S-oxide unit (A, = 424 —428 nm).['%! The tuning of the
emission properties through derivativation is more pro-
nounced. Oxidation of the phosphorus atom causes a bath-
ochromic shift of ., in the fluorescence spectra (A, =46—
92 nm; Table 1) and a notable increase of the Stokes shifts (3:
Al=89 nm;5-8: AL =116-151 nm). The wavelenghts of the
emission bands of chromophores 3-8 cover a range of
approximately 92 nm.

Electropolymerization of B derivatives is usually accom-
plished by oxidation proceeded by coupling of cation radi-
cals.l*! Indeed, derivatives 3 and 5—8 were oxidized irrever-
sibly and with anodic potentials clearly related to the electron
density of the central phosphole rings (Table 1). The anodic
peak potentials (E,,) range from + 1.01 V for 0°,A*-phosphole
3 to +1.52V for cation 8, whereas compounds 5-7 show
intermediate E,, values (+1.27 V). Derivatives 5-8 are
oxidized at higher potentials than 4 bearing the terminal
thienylpyridyl groups (4 1.10V, irreversible). These data in
total clearly show that the optical and electronic properties of
phosphorus-containing chromophores B are considerably
influenced by the properties of the central phosphorus atom.

No films formed on the surface of the platinum working
electrode after oxidation of monomers 3 and 4 (containing a
0°,43-phosphole unit) or of cation 8. In contrast, films formed
on the electrode surface with compounds 5-7 (a typical
polymerization voltammogram is shown in Figure 3a). Re-
peated scan cycling results in increased activity of the
electrode surface, which is indicative of electroactive polymer
growth. Interestingly, the polymers formed have E,, values
(Figure 3b) dependent on the nature of the Y chalcogen
substituent (E,,=+1.63 (Y=Se), +1.54 (Y=S), +138V
(Y=0)). It should be noted that to deposit films, applied
potentials must lie between those of the monomer and of the
corresponding polymer. This behaviour is probably related to
the fact that the radical cations involved in the polymer-
izationl*! are not stabilized by delocalisation on the positively
charged phosphole rings.

0044-8249/00/11210-1883 $ 17.50+.50/0 1883



a)

b)

1/pA

ZUSCHRIFTEN

1.30 1.20 1.10 1.00 0.90 0.80

E/V (vsSCE) ———»

10

15

20

25

30

230 210 19 170 150 130 110 090 070 0.50

E/V (vsSCE) ——»

Figure 3. a) Anodic polymerization of 6 and b) anodic cyclic voltammo-
gram of the corresponding polymer using a 0.03 cm? Pt button electrode in
0.1 mMm LiClO, in MeCN solution at scan rate of 100 mVs~.

In conclusion, we have prepared a new family of mixed
donor-acceptor molecules with chromophores possessing
tunable optical and electronic properties that may be
modified via chemical procedures. The unprecedented elec-
tropolymerization of phosphole-containing derivatives opens
the route to a range of new materials upon functionalization
of the initial ¢3,A3-phosphole cores. Metal-containing poly-
mers are now important targets.!'s]

Experimental Section

A solution of BuLi in hexanes (5.32 mL, 1.6M, —78°C) was added to a
solution of [Cp,ZrCl,] in THF (1.18 mg, 4.06 mmol, 40 mL). The mixture
was allowed to warm to —60°C and a solution of 1 in THF (1.0g,
3.70 mmol, 40 mL) was added dropwise. The mixture warmed to room
temperature and neat PhPBr, (0.84 mL, 4.07 mmol) was added. The
solution was stirred for 4 h and the solvent removed under vacuum.
Phosphole 3 was isolated by flash column chromatography on basic
alumina (THF, R;=0.7) as an orange solid (1.02 g, 73 %, m.p. 205 °C (dec.)).
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The UV/Vis spectra of oligomer 4 in the free state and in the
coordination sphere of W(CO);s have similar 4,,,. Single crystal X-ray
diffraction studies of complex [W(CO)s(3)] (to be published) revealed
minor modifications of the geometric data compared to the free
phosphole 3.
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Aluminum compounds containing Group 16 elements have
been widely studied due to their important applications in
chemical vapor deposition (CVD) and catalysis.l! We have
recently shown that organoaluminum dihydrides are very
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useful precursors for preparing aluminum chalcogenides of
the formula [ (RAIE),] (R =organic ligand; E=S, Se, Te; n =
2,4).l1' A few novel intramolecularly stabilized aluminum
chalcogenides, [{[N(SiMe;)C(Ph)C(SiMe;),]AIE},]?  and
[(ArAIE),] (Ar=2,6-(Et,NCH,),C¢Hj3, 2-Et,NCH,-6-
MeC¢H;; E = Se, Te),?®! have been synthesized. We became
interested in employing the same synthetic route using other
ligand systems with the aim of studying the mechanism of the
reaction and synthesizing monomeric aluminum chalcoge-
nides [RAIE]. Previously we predicted that this reaction
proceeds through hydroselenide (SeH) or hydrotelluride
(TeH) intermediates.”! Barron etal. and Oliver etal. dis-
cussed the same intermediates for the reaction of Group 13
trialkyl compounds with H,Se.’l However, no stable com-
pounds of Group 13 elements with the SeH ligand have been
isolated so far. In fact, only a few transition metal complexes
(Co, Cr, Fe, Ir, Mn, Pt, Re, Ta, Ti) containing the SeH ligand
(both terminal and bridging) are known, but they have not
been structurally characterized. Herein we report on the
first stable aluminum SeH compounds with the S-diketimi-
nato ligand.

Reaction of the p-diketimine LH (L =N(Ar)C(Me)-
CHC(Me)N(Ar), Ar=2,6-iPr,CH;)P with AlH;-NMe; at
room temperature in n-hexane leads to the dihydride [LAIH,]
(1; see Scheme 1) in high yield. The IR spectrum shows typical
asymmetric and symmetric absorptionsl® for Al-H at 1832
and 1795 cm~!, and the mass spectrum gives the highest peak
at [M*—H], indicating the formation of a monomeric
dihydride. Compound 1 is related to [{(iPr),(ati)]AlH,]
(ati =2-aminotroponimine), which has a monomeric structure
in the solid state.[*]

Compound 1 reacts smoothly with two equivalents of
elemental selenium at room temperature to afford [LAI-
(SeH),] (2) in modest yield (Scheme 1). It is noteworthy that 2
is formed even when only one equivalent of Se is used for the

/ I
Ny » SeH
N
/. AL s ase B o 7N,
N oH =N SeH
Ar Ar
1 2
Ar Ar
[ se N
N, _Se =
— . NN
—HSe =N 3 : N
\ SeHHSe [/
Ar Ar
3

Scheme 1. Synthesis of 2 and 3. Ar=2,6-iPr,CsH;.

reaction. Compound 2 is not stable in solution (n-hexane,
THF) over a longer period of time at room temperature, and it
slowly eliminates H,Se to give pale yellow [L(HSe)AlSeAl-
(SeH)L] (3). Compound 3 can also be obtained by the
reaction of 1 with two equivalents of Se at 60°C.
Compounds 2 and 3 have been characterized by multi-
nuclear NMR spectroscopy, mass spectrometry as well as
elemental analysis. The 'TH NMR spectra of 2 and 3 show a
high-field singlet at 6 = —2.82 and —2.83, respectively, which
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