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Bis-phosphoryl-bridged stilbenes have been synthesized using an intramolecular cascade cyclization. They show intense blue fluorescences
at longer wavelengths with higher quantum yields compared to those of the known element-bridged stilbenes. In addition, they have much
lower reduction potentials due to the inductive effect of phosphoryl groups. The incorporation of the phosphoryl moiety is an effective way
for the construction of highly electron-accepting m-conjugated systems.

Ladder-typer-conjugated molecules having fully ring-fused some of which indeed show a high performance in organic
structure represent an important class of fundamental materidight-emitting diodes and transistors. Among the elements,
als in the current organic electronitheir rigid coplanar the incorporation of phosphorus atoms is of particular
frameworks endow them with a set of superior properties, interest, because of the facile functionalization of the
such as an intense luminescence and a high charge carriephosphorus atom, that is, oxidation to phosphine oxides or
mobility. For further design to modulate their inherent sulfides, or complexation with Lewis acids or transition

electronic and structural characteristics, one promising way
is the incorporation of main group elements into the ladder
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metals, which allows the electronic and thus properties in terms of dipole moment. Third, the high chemical stability
tuning. This advantage has been well demonstrated in variousof the phosphoryl functionality affords facile handling as a

m-conjugated systems consisting of phosptiotébenzo-
phospholé,or dithienophospholéas a building unit. Among

stable material. Herein we report the efficient synthesis of
the bis-phosphoryl-bridged stilbenes based on a new intra-

the phosphole skeletons, we now focus our attention on themolecular cascade cyclization. Throughout the study of their
oxidized form, phosphole oxide, and designed bis-phosphoryl fundamental properties, we also show the potential utility

(P(=0)R)-bridged stilbenek (Figure 1) as a new entity of
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Figure 1. Kohn—Sham HOMO and LUMO energy levels of

bridged stilbenes based on the calculations at the B3LYP/6-31G(d)

level.

the ladder materials. In this skeleton, a fused phospholo-

[3,2-b]phosphole dioxide substructure would provide several
attractive features. First, the double substitution with the
strong electron-withdrawing phosphoryl group would lower
the LUMO level and provides a highly electron-accepting
nature. According to the molecular orbital calculations
(Figure 1), the bis-phosphoryl-bridged stilbehehas the

lowest-lying LUMO among a series of bridged stilbenes
having carbon (2), silicon3), and phosphorug}j bridges.

of this skeleton as a building unit for-electron materials.

Our new cyclization employs a simple bis(2-bromo-
phenyl)acetylen®& as the starting material and comprises of
four-step sequential procedures, as shown in Scheme 1. Thus,

Scheme 1. Intramolecular Cascade Cyclization
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compound5 was first dilithiated witht-BuLi in THF,
followed by treatment with PhP(NBCI to produce bis-
(aminophosphanyl) derivativé in situ. An excess amount
of PCk (6 mol amounts) was then added to the reaction
mixture at room temperature. The final step was the oxidation
with H,O,, which afforded the bis-phosphoryl-bridged stil-
benesl as a mixture of cis and trans isomers. Notably, these
isomers could be easily separated from each other by silica
gel column chromatography, due to the significant difference
in their polarity, and were obtained in 34 and 24% vyields,
respectively. Their structures were verified by NMR spec-

Second, the incorporation of two phosphoryl bridges gives troscopy as well as mass spectrometry and finally by X-ray
rise to two geometrical isomers with respect to the directions crystallographic analysé$For this cyclization, the addition

of the P=0O bonds, which would be different from each other
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of excess PGlis crucial. Decreasing the amount of R@k
well as the replacement with HCI resulted in much lower
yields.

A plausible mechanism for the cyclization is shown in
Scheme 2. Because the bis(aminophosphanyl) intermediate
6 does not undergo cyclization at ambient temperature, the
initial step is likely the chlorination of one or both amino
groups with PGl The 3P NMR spectrum of the reaction
mixture indeed confirms the formation of gR)PCk. In the
producedra or 7b, one phosphanyl group acts as a nucleo-
philet? and the other acts as an electrophile, and a nucleo-
philic cascade cyclization proceeds to produce a doubly
cyclized phosphonium intermedia8a or 8b. Butters and
Winter reported a similar monocyclization from 2-(amino-

(11) See Supporting Information for detail.
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Scheme 2. Plausible Mechanism
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Figure 2. UV—vis absorption and fluorescence spectracis:1

(blue broken line)frans-1 (blue solid line), andt (black solid line)

in CH,CI, at rt. The photographs dfandtrans-1 under irradiation
' of a black light at 365 nm are given in inset.

phosphanyl)phenylacetylene mediated by treatment with HCI
which gives the corresponding benzophosphdldotably,
whereas their monocyclization required harsh condition
(heating at 90C in neat condition), our double cyclization  as follows: (1) In the UV—visible absorption spectra, both
proceeds smoothly even at room temperature. These resultgis- andtrans-1have absorption maxima at 395 nm, which
demonstrate that the presence of two phosphanyl groupsare the longest wavelengths among those of the bridged
facilitates the cyclization and reflects the ambiphilic nature stilbenes. Notably, the absorption spectra of the cis and trans
of the chloro-substituted phosphanyl group. Finally, the direct isomers are almost identical to each other. This indicates

oxidation of8 with H,O, or a stepwise elimination-oxidation
process viad* gives the bis-phosphoryl-bridged stilbenes
1.

Bis-phosphanyl-bridged stilberewas also prepared for
the sake of comparison with as shown in Scheme 3. Thus,

Scheme 3. Synthesis of Bis-Phosphanyl-Bridged Stilbehe
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the reduction of the pure trans isomerbivith an excess
amount of HSICJ afforded4 in 58% yield as a mixture of
cis and trans isomet8 All attempts to separate these isomers
from each other by chromatography failed due to their
negligible difference in polarity.

UV—vis absorption and fluorescence spectra of the bis-
phosphoryl-bridged stilbeness- andtrans-1are shown in
Figure 2. Their photophysical data are summarized in Table
1, together with those of carbon- (2), silicon- (3), and
phosphanyl-bridged stilbene4)(® and fused phosphole
oxides (dibenzophosphole oxid®sand dithienophosphole

oxide 10) for comparison. Several features are summarized

(13) Butters, T.; Winter, WChem. Ber1984,117, 990.

(14) The formation otis- andirans4 as the intermediates was confirmed
by the3P NMR spectrum of the reaction mixture.

(15) The ratio of two isomers was found to be 1/1.1, which was estimated
by the integral ratio of théH NMR and3P NMR spectra.
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that the configuration of the phosphoryl group does not affect
the absorption propertié8.In addition, Aaps of the bis-
phosphoryl-bridged stilbenesare significantly red-shifted
compared to those of the known diaryl-fused phosphole
oxides 9 and 10 due to the effective extension of the
m-conjugation. (2) The bis-phosphoryl-bridged stilberdes
exhibit intense blue emissions with the fluorescence quantum
yield ®¢ of almost unity, whereas they have large Stokes
shifts of 85 nm (4500 cmt). This is in contrast to the faint
fluorescence of the phosphanyl countergha(tr = 0.07).

It is also noteworthy that th&.m, of 1 is more than 110 nm
longer than that of the carbon analogljelemonstrating the
considerable effect of the phosphoryl groups. Thevalues

of cis- andtrans-1are extremely higher even compared to

Table 1. Photophysical Data for the Bridged Stilbenes and
Related Compounds

UV—vis absorption fluorescence
Aabs® €/103 Aem? 7€
cmpd (nm) (M~ lem™}) (nm) O (ns)
cis-1¢ 395 6.60 480 0.99¢ 15.7
trans-1¢ 395 6.92 480 098¢  15.7
£ 322 28.2 367 0.92 1.6
3fe 360 12.0 426 0.58 5.5
4eh 351 13 415 0.074 1.4,9.8
9o 332 3.01 366 0.042 -
10%/ 366 2.14 453 0.57 -

aQOnly the longest absorption maxima are shoWEmission maxima
upon excitation at the absorption maximum wavelengtifduorescence
lifetimes within 0.5 ns errord Absolute fluorescence quantum yields
determined by a calibrated integrating sphere system witt8fo errors.
eIn CHCly. fIn THF. 9 Ref 4a.h Mixture of cis and trans isomersRef
9b.J Ref 10a.
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those of the hitherto known phosphole oxide derivativés. || NG

(3) Both cis- andtrans-1 have fluorescence lifetimes of
15.7 ns, which is significantly longer than those 4.
Figure 3 shows a comparison of the radiative rate constant

current

6 |

radiative rate constant (k)
W non-radiative rate constant (k)

'i% -1.0 —1|.5 —2|.0 —2|.5 —3|.0 -3.5

s Z| Potential / V vs Fc/Fe*

) 1—' Figure 4. Cyclic voltammograms otis-1 (solid line), trans-1

0 — (broken line), and2 (dotted line) in THF (1 mM) containing
E= CMe, SiMe, P(=0)Ph Bu,N*PR~ (0.1 M) with a scan rate of 50 mVv-&.
(2) (3) (trans-1)

Figure 3. Comparison of radiative rate constant)(&nd non- 1 show the first reversible reduction waves with reduction
radiative rate constank4) among various element-bridged stilbenes potentials of—1.63 and—1.67 V (vs Fc/F¢) and the second
in solutions. Rate constants were calculated with and 7 irreversible reduction waves with peak potentials-.14

according to the formula dt = Pe/zs andker = (1~ P/ and—2.35 V, respectively. The first reduction potentials of

the bis-phosphoryl-bridged stilbenésre approximately 1.5

V more positive compared to that of the carbon-bridged one
2 (—3.17 V). These observations demonstrate that the
phosphoryl-bridges substantially alter the nature of the

stilbene to be highly electron-accepting. These results are
consistent with the results of the molecular orbital calcula-

tions as shown in Figure 1.

In summary, the bis-phosphoryl-bridged stilberlgsf-
ficiently synthesized by a newly developed intramolecular
cascade cyclization, show unusual photophysical properties
as well as a high electron-accepting ability, which are totally
different from the known bridged stilbenes. These results
demonstrate not only the potential utility of this skeleton as
a building unit but also the effectiveness of the incorporation
of the phosphoryl moiety for construction of highly electron-
acceptingr-conjugated systems. Further study of the syn-
thesis of a variety of phosphoryl-bridged ladder molecules

k- and nonradiative rate constdqt, calculated fromtbg and

75, for the series of bridged stilbenes. Two trends are noted.
First, the replacement of the bridging element from carbon
to the heavier main group element, such as silicon or
phosphorus, causes a dramatic decrease ik theue (5.8

x 108, 1.1 x 10%, and 6.2x 10" s7* for 2, 3, andtrans-1,
respectively). This trend is consistent with a decrease in the
oscillator strength for the lowest-energy transition, which is
confirmed by the TD-DFT calculations! Second, the bis-
phosphoryl-bridged derivativésalso have extremely smaller
nonradiative rate constaky; (1.3 x 10° s™1) compared to
other derivatives such @&(5.0 x 10’ s™%) and3 (7.6 x 107

s1). The phosphoryl-bridge significantly impedes the non-
radiative decay process, despite the large Stokes shift.

\S/ \S/ based on the present methodology is now in progress.
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We also evaluated the electrochemical properties of the
bis-phosphoryl-bridged stilbene$ by means of cyclic
voltammetry. The cyclic voltammograms c- andtrans-1
and carbon-bridged stilberizare shown in Figure 4. The
cis- andtrans-isomers of bis-phosphoryl-bridged stilbenes
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tails, spectral data for all new compounds, crystallographic
data, and ORTEP drawings - andtrans-1, photophysical
data, electrochemical data, and results of theoretical calcula-
(16) TD-DFT calculations for compoundsand4 demonstrated that the tions. This material is available free of charge via the Internet

transition energies for the lowest-energy excited state are nearly identical at http://pubs.acs.org.
to each other between the cis and trans isomers. See Supporting Information
for detail. OL7030608
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