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The first examples of a π-conjugated benzo[b]phosphole P-
oxide in which two phosphole P-oxide units are connected by a
carbon-carbon double bond are described. The molecules are
synthesized as E isomers with respect to the carbon-carbon
double bond and exist as stable cis and trans isomers (chiral

and meso one respectively) relatively to the two stereogenic P
atoms. The optical and electrochemical properties of both
isomers have been investigated by experiment and computa-
tions.

Introduction

Phosphole-based compounds with extended π-conjugation
have been extensively studied as functional materials for
organic electronic devices.[1] Phospholes are the phosphorus
analogues of pyrroles and display unique electronic properties.
While pyrrole is aromatic and has electron-donating character,
phosphole has a lower aromaticity than furan and is therefore
weakly aromatic, reflecting the low propensity of the
phosphorus atom to delocalize its lone pair in the five-

membered ring.[2] This intrinsic electronic structure confers to
phospholes electron-accepting properties, which can be en-
hanced by means of different transformations involving the
lone pair of the phosphorus atom. Such transformations include
i) the coordination with transition metals,[3] ii) the formation of
phosphonium salts,[4] and iii) the oxidation into phosphine
oxides and phosphine sulphides.[3,5,6] The latter are the most
useful systems for applications in organic electronics thanks to
their thermal and chemical stability. In particular,
benzo[b]phosphole P-oxides and their π-conjugated derivatives
have attracted significant attention due to their intriguing
luminescent properties (e.g., aggregation-induced emission,
high quantum yields and photostability), that proved to be very
useful for organic light-emitting diodes (OLEDs) technology,[7]

photovoltaics,[8] and bioimaging.[9] Moreover, significant im-
provements have been made in the synthesis of phosphindole
oxides and their modification through the introduction of
different π-conjugated substituents onto the α and β positions
of the phosphole ring.[10] Different synthetic methods towards
π-conjugated benzo[b]phosphole P-oxides rely on the construc-
tion of the phosphole ring by multi-step sequences, including
the intramolecular cyclization of 2-(arylethynyl)-phenylphos-
phine derivatives[11] or the intermolecular cycloaddition of
internal arylacetylenes with phosphine derivatives,[12] in which
the π-conjugated groups are incorporated into the starting
materials. Otherwise, divergent syntheses of 2- or 3-aryl-,
alkenyl- and alkynyl-benzo[b]phosphole derivatives have been
developed using palladium chemistry (e.g. Stille, Suzuki, Heck,
Sonogashira reactions) starting from 2-[13] or 3-[14]

bromoareno[b]-phosphole P-oxides. Over the last years, some of
us have been studying procedures to synthesize phosphole
derivatives for potential applications in organic electronics.[15]

In our continued interest in the study of phosphole
derivatives, we turned our attention to bis-(benzo[b]phosphole)
P-oxides[9i,11f–h,13c] that are a subclass of phosphole P-oxides, in
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which the presence of two phosphindole oxide groups confers
peculiar electronic and stereochemical features. Indeed, the
introduction of two electron-withdrawing phosphole P-oxide
moieties significantly increases the electron-accepting nature of
these systems, while the presence of two stereogenic
phosphorus atoms provides the cis and trans stereoisomers
with respect to the directions of the P=O bonds. Some
examples of both cis and trans bis-(benzo[b]phosphole) P-
oxides have been reported in the literature and fully charac-
terized (Figure 1, structure A, example of a cis isomer),[9i,11h,13c]

whereas structures containing two phosphole P-oxide units
connected by a π-spacer (i.e., phenyl ring) are still scarce, and
attempts to separate the two diastereoisomers failed (Figure 1,
structure B, example of a cis isomer).[11f,g,16]

Herein, we describe the study of an unexplored class of bis-
(benzo[b]phosphole) P-oxides linked through a carbon-carbon
double bond as π-spacer. The synthesis of the novel bis-
benzo[b]phosphole P-oxide (E)-1 has been investigated through
transition metal-promoted coupling reactions starting from
halogenated benzo[b]phospholes, including bromide 2a and
iodide 2b (Figure 2), and the two cis and trans diastereoisomers
of (E)-1 have been analytically and spectroscopically character-
ized.

The optical properties have been studied by absorption and
emission spectroscopy (steady state and time resolved lumines-
cence), and their electrochemical features have been deter-
mined by cyclic voltammetry. Preliminary DFT calculations have
been performed as complementary characterization of these
systems.

Results and Discussion

Strategies to synthesize olefin (E)-1

We envisaged a stereoselective synthesis of olefin (E)-1 through
the three different pathways A, B and C, starting from 2-
halogenated benzophosphole P-oxide 2a and 2b (Scheme 1).

Pathways A and B are convergent syntheses and start from
the common precursor 2-alkenylbenzo[b]phosphole P-oxide 3,
prepared by Stille coupling from bromide 2a and the
vinyl(tributyl)stannane.[13b] In Pathway A, the Heck cross-cou-
pling reaction is utilized to combine alkene 3 with iodide 2b,
while in Pathway B olefin 1 can be obtained by the homo-
metathesis reaction of 3. The third, more straightforward
alternative (Pathway C) to prepare 1 makes use of a double
Stille coupling reaction between halides 2 and the commercially
available trans-1,2-bis(tributylstannyl)ethene (4).

Synthesis of iodide 2b

Bromide 2a was synthesized according to a literature
procedure,[13c] while iodide 2b is a novel compound. It could be
prepared using an analogous method as that reported for the
synthesis of 2a. We first investigated the electrophilic iododesi-
lylation of 5[17] using N-iodosuccinimide (NIS, route a)
Scheme 2). In particular, the reaction was performed using
3 equivalents of NIS in acetonitrile as solvent at 35 °C, and after
50 h the required iodide 2b was isolated in 17% yield
(Scheme 2).

Using iodine monochloride (ICl, route b) Scheme 2), as more
reactive iodinating agent, we were able to obtain compound
2b with a much better yield of 80%, and lower reaction time (4
vs. 51 h). In this case, the reaction was performed using
2.2 equivalents of ICl in dichloromethane at reflux. Single
crystals suitable for X-ray structural determination were ob-
tained by slow diffusion of cyclohexane into a DCM solution of
2b. As illustrated in Figure 3, the structure confirms the
molecular integrity of the compound. The
iodo-benzophosphole fragment is essentially coplanar (average

Figure 1. Structure of cis bis(benzo[b]phosphole) P-oxides.

Figure 2. Structure of bis(benzo[b]phosphole) P-oxides cis-(E)-1 and trans-(E)-
1, and the benzo[b]phosphole halides 2a,b.

Scheme 1. Retrosynthetic analysis for the synthesis of olefin (E)-1.
Scheme 2. Iododesilylation of 5 to obtain iodide 2b. a) NIS (3 equiv), CH3CN,
35 °C, 17%; b) ICl (2.2 equiv), DCM, reflux, 80%.
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deviation from the least squares plane (lsp) 0.017 Å). The bond
metrics are unexceptional with endocyclic P� C distances of
1.807(6) and 1.799(6) Å, and an exocyclic P� CPh distance of
1.796(6). The sum of the C� P� C angles is 308.5° illustrating the
pyramidalization at the phosphine oxide center. The PO bond
(1.482(4) Å) encompasses a 38.4° angle with the aforemen-
tioned lsp, imparting a large dipole moment to this motif.

Pathway A: Synthesis of (E)-1 through Heck reaction

According to Pathway A (Scheme 1), the synthesis of (E)-1
through the Heck reaction between iodide 2b and alkene 3
was attempted using experimental conditions very similar to
those reported in Matano’s work.[13b] As illustrated in Scheme 3,
the reaction was carried out using a catalytic amount of
Pd(OAc)2 (4 mol%) in DMF at 120 °C for 24 h, and the required
bis-(benzo[b]phosphole) P-oxide (E)-1 was obtained as a mixture
of cis-(E)-1 and trans-(E)-1 diastereoisomers (overall yield 19%).

The two diastereoisomers could be separated by column
chromatography on silica gel. cis-(E)-1 eluted first (Rf=0.38,
dichloromethane/acetone, 7 : 1) and was isolated in 11% yield,
while the trans-(E)-1 with a lower Rf of 0.22 (dichloromethane/
acetone, 4 :1) was isolated in 8% yield.

Pathway B: Homo-metathesis reaction of 2-vinyl-
benzo[b]phosphole P-oxide 3

The metathesis reaction involving benzo[b]phosphole chalcoge-
nides is quite an unexplored process,[18] and the homo-meta-

thesis of 3 was explored according to a protocol reported for
the olefin metathesis of vinyl and allyl diphenyl phosphine
oxides.[19] Thus, a solution of 3 and the Grubbs’ catalyst 6 was
refluxed in CH2Cl2 for 43 h. After chromatographic purification
of the crude mixture, cis-(E)-1 and trans-(E)-1 were isolated in
19% and 12% yield, respectively (Scheme 4).

Aiming to improve the reaction outcome, a brief screening
of some experimental parameters (e.g., temperature and
solvent) was carried out. However, the use of toluene instead of
CH2Cl2 (at 40 or 110 °C) or chloroform (at 80 °C) did not result in
any significant improvement.

Pathway C: Double Stille coupling reaction

This approach involves the synthesis of the target olefin (E)-1
through a “one-pot” double Stille cross-coupling reaction
between halides 2 and the commercially available trans-1,2-
bis(tributylstannyl)ethylene (4) (Scheme 5).

A mixture of Pd2(dba)3, (2-furyl)3P and 1-methyl-2-pyrrolidi-
none (NMP) was stirred for 1 h at room temperature. To this
mixture, bromide 2a or iodide 2b (2.1 equiv.), stannane 4
(1 equiv.), CuI and NMP were added. The resulting mixture was
stirred at 17 °C for 4 h. Using bromide 2a, the two diaster-
eoisomers of (E)-1 were isolated in 20% (cis) and 12% (trans)
yield (overall yield 32%). Better results were obtained using
iodide 2b: in this case cis-(E)-1 and trans-(E)-1 were isolated in
31% and 15% yield, respectively (overall yield 46%).

Both diastereoisomers of (E)-1 were fully characterized by
NMR and HR-MS spectroscopy. Their NMR assignment was
carried out using 1- and 2-dimensional experiments, to obtain
the resonances of both 1H and 13C (reported in Table S2). To
assign the resonances of the protons, NOESY experiment was
used for the identification of the interaction between olefinic
and benzophosphole protons (H1 and H3, see Table S2). In
particular, similar resonances were observed for the benzo-
phosphole protons in the two diastereoisomers, while a differ-

Figure 3. ORTEP view of benzo[b]phosphole halide 2b.

Scheme 3. Synthesis of cis-(E)-1 and trans-(E)-1 through Heck reaction.

Scheme 4. Synthesis of cis-(E)-1 and trans-(E)-1 through homo-metathesis
reaction of 3.

Scheme 5. Synthesis of cis-(E)-1 and trans-(E)-1 through double Stille
coupling reaction.
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ence in terms of 1H chemical shift was observed for the phenyl
ring bound to phosphorus.

In detail, 1H NMR spectra acquired at 283 K exhibited, for
the cis isomer, the chemical shift value of 7.75, 7.45 and
7.30 ppm for ortho, meta and para protons, respectively, while
for the trans isomer, the same protons resonate at 7.63, 7.37
and 7.27 ppm. (Table S2).

This difference can be ascribed to proton-proton steric
interactions in the aromatic systems that can be observed for
the cis isomer in which the two phenyl rings face each other’s
(see Figure 7), giving rise to deshielding effects on the proton
chemical shifts.[27] This observation can be compared with the
results observed in the CV experiments (see “electrochemical
properties” paragraph) and allows the assignment of the
configuration for the two molecules.

Also, the resonances of 31P were identified as singlet peaks
at 37.9 ppm and 38.3 for the two diastereoisomers, respectively.

According to literature reports the cis-diastereomer in
related compounds show a shielded 31P NMR signal compared
to the trans diastereoisomer.[13c] Consequently, cis-(E)-1 was
assigned to the signal at 37.9 ppm, whereas trans-(E)-1 showed
a deshielded signal at 38.3 ppm. Therefore, also the chemical
shift of 31P can be used as indicator for cis or trans
configuration.

Worth noting, the calculated 31P NMR shifts obtained
employing the GIAO formalism and described below in
theoretical calculations section (� 4.75 ppm for cis-(E)-1 and
� 4.10 ppm for trans-(E)-1, see Supporting Information), beside
the offset, perfectly agree with the observed experimental trend
and thus supports this assignment.

Although no suitable crystals for X-ray analysis were
obtained, we suggest the proper stereochemistry for the two
diastereoisomers by combining NMR data, electrochemical
behavior along with DFT calculations.

Furthermore, differential scanning calorimetry (DSC) analy-
ses were performed under nitrogen atmosphere in a range of
temperature starting from 25 °C to 350 °C, with a temperature
rate of 10 °C/min (see Figures S9 and S10, Supporting Informa-
tion). For cis-(E)-1 we can observe three main points: 1) a
possible enantiotropic transition related to a different metasta-
ble phase at 86.5 °C; 2) a sharp endothermic peak at 300.9 °C
corresponding to the melting point; 3) a sharp exothermic peak
at 303.7 °C corresponding to the instantaneous decomposition

of the compound. These phenomena can also be confirmed by
the black residue left on the sample after the heating cycle. For
the trans-(E)-1, we observed a similar situation: a sharp
endothermic peak at 268.1 °C corresponding to the melting
point and a sharp exothermic peak at 281.9 °C corresponding to
the instantaneous decomposition of the compound that leads
to the formation of a black residue after the heating cycle.
These data show that these compounds are stable up to 260–
300 °C.

Optical studies

The optical properties of cis-(E)-1 and trans-(E)-1 were inves-
tigated by means of absorption spectroscopy which prove the
two systems to be almost undistinguishable except for the
lowest energy transitions around 420 nm. This absorption is
slightly more intense in the trans compared to the cis isomer
(Figure 4a). In CH2Cl2 solution at room temperature, the
absorption spectra (Figure 4a) are characterized by two major
transitions, one at high energy at 270 nm (ɛ=30000 cm� 1M� 1)
and a second with a maximum at 395 nm (ɛ=39000 cm� 1M� 1).
The resolved fine structure of the low energy band is typical of
π-π* transitions in rigid conjugated systems.

The cis-(E)-1 was further characterized by emission spectro-
scopy both at room temperature and at 77 K in a frozen matrix
of 2-MeTHF. Compound cis-(E)-1 shows a broad and unstruc-
tured fluorescence with a maximum at 483 nm (Figure 4b). The
emission quantum yield is 0.52 with a lifetime of 6.14 ns. The
excitation spectrum perfectly matches the absorption one,
confirming the absence of any aggregates and that the
emission arises from the conjugated system of the molecule.
Compound cis-(E)-1 exhibits a higher emission efficiency with
respect to the close related BPO compounds A[13c] and B[11f]

(Figure 1). In addition, the overall redshift indicates a better
conjugation when the two BPO units are connected through a
carbon-carbon double bond with respect to a direct connection
as in compound A or an aryl bridge as in compound B.

At 77 K, in rigid matrix of 2-MeTHF, the fluorescence
spectrum features a more structured and vibrationally resolved
shape (three clear peaks observable) with respect to the room
temperature one (Figure 4c); the emission lifetime is 5.5 ns. The
almost perfect mirror image of the low temperature emission

Figure 4. a) Absorption spectra in DCM solution of the cis-(E)-1 and trans-(E)-1; b) emission and excitation spectra of cis-(E)-1; c) compared emissions at RT and
77 K.
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spectrum and its corresponding absorption spectrum is
indicative of an overall rigid structure in glassy matrix. More-
over, this behaviour indicates a significant geometrical dis-
tortion of the molecule in the excited state compared to that of
the ground state. Hence, we can attribute the room temper-
ature broad emission to rotovibrational modes and conforma-
tional freedom of the molecule in fluid solution.

Electrochemical properties

The electronic properties of cis-(E)-1 and trans-(E)-1 and those
of precursors 2a and 2b were investigated by cyclic voltamme-
try (CV, Figure 5).

The first oxidation and the first reduction processes that are
observed in the CVs provide information on the HOMO/LUMO
levels for the four compounds and are summarized in Table 1.

From a previous work reported in literature,[20] the reduction
of the phosphine oxide group is located at very negative
potentials (~ � 2.8 V vs. Fc+ /0). In this light, the first irreversible
reduction peaks observed in the CVs of 2a and 2b at Ec,p=

� 2.03 V and � 1.98 V, respectively, are attributed to the
cleavage of the C� X bond. The more cathodic redox features at
� 2.31 V and � 2.33 V are assigned to the reduction of the
aromatic systems of 2a and 2b, respectively (all potentials
reported hereafter are vs. Fc+ /0).[21] Actually, the first two
reduction peak system is typical of the aryl bromide family. In
particular, shape and potentials of 2a and 2b peaks are very

similar to those of p-Br-benzophenone, which, like in 2a and 2b
case, is highly reactive.[21]

Moreover, the CV pattern of precursors 2a and 2b (see also
Supporting Information) is consistent with a stepwise dissocia-
tive electron transfer (DET) mechanism for the reductive
cleavage of the C� X bond, consisting of a fast ET resulting in a
stable radical anion, followed by cleavage of the C� X bond to
give R* radical and X� anion. This is suggested by the evaluation
of the ET barrier symmetry coefficient α (0.77 for 2a and 0.75
for 2b), estimated by the following equation δEp/δlog v=

� 1.15RT/Fα.[22–25]

Electrochemical reductive cleavage of C� X bonds can lead
to either dehydrohalogenation or coupling/dimerization prod-
ucts. The former outcome is typical of aromatic halides, while
the latter is predominantly observed in aliphatic and benzyl
halides. In this respect, it would be interesting to perform
semipreparative experiments with the present halogenated
benzophospholes in the future.

In case of cis-(E)-1 and trans-(E)-1, the first reductions are
observed at Ec,p= � 1.76 and � 1.77 V, respectively. The electron
uptakes are probably related to the formation of the radical
anion on the extended π-conjugated system, while the second
reductions are associated to the phosphine oxide (� 2.71 V and
� 2.83 V).[26]

Comparing the CVs of precursors and diastereoisomers
(Figure 5), cis-(E)-1 and trans-(E)-1 are characterized by a more
positive reduction peak and a more negative oxidation peak,
which could be justified in terms of extended conjugation
induced by the double bond between the two benzophosphole
units. According to these observations, the two diastereoisom-
ers have a narrower HOMO-LUMO gap (Table 1), due to the
higher degree of π-conjugation. In particular, the reduction
potentials of cis-(E)-1 and trans-(E)-1 can be observed at � 1.76
and � 1.77 V, that is, shifted by about 200–250 mV compared to
those of the monomeric precursors; this trend is even more
pronounced when comparing the oxidation potentials of cis-(E)-
1 and trans-(E)-1 with those of 2a,b, the oxidations in the
former being observed at around 1.10 V, cathodically shifted by
more than 500 mV compared to those of the latter.

Finally, a small but possibly significant difference is
observed in the oxidation peak potential Ep,a of trans-(E)-1 and
cis-(E)-1) at 1.08 V and 1.12 V, respectively. This is consistent
with the two compounds being diastereoisomers and therefore
electrochemically distinguishable.

Theoretical calculations

The geometries of the trans and cis (E)-1 were optimized at the
B3LYP/6-311g theory level to support the assignments of the
different diastereoisomers. The method has been reported to
provide confident results,[13c] and in our case parameters
calculated for the benzo[b]phosphole P-oxide (BPO) core in 1
are consistent with crystallographic data of (�)-2b. TDDFT
calculations have been performed to determine the lowest 10
excited states of the optimized geometry. In addition, the
isotropic values of calculated absolute shielding constants for

Figure 5. Normalized CVs on glassy carbon (GC) electrode at 200 mV/s
potential scan rate in CH3CN+0.1 M TBAPF6 as supporting electrolyte of 2a
(light grey), 2b (dark grey), cis-(E)-1 (green line) and trans-(E)-1 (red line)
(0.00075 M).

Table 1. HOMO and LUMO and relative energy gap values of the analysed
compounds.

Ep,Ia
[a]/V Ep,Ic

[b]/V EHOMO
[c]/eV ELUMO

[d]/eV H� L Gap/eV

2a 1.72 � 2.03 � 6.52 � 2.77 3.75
2b 1.65 � 1.98 � 6.45 � 2.82 3.63
cis-(E)-1 1.12 � 1.76 � 5.92 � 3.04 2.88
trans-(E)-1 1.08 � 1.77 � 5.88 � 3.03 2.85

[a] Ep,Ia= first oxidation peak potential. [b] Ep,Ic= first reduction peak
potential. [c] EHOMO (eV)= � 1e×[(Ep,Ia/V(Fc+ jFc)+4.8 V(Fc+ jFc vs. zero)]
(maxima criterion). [d] ELUMO (eV)= � 1e× [(Ep,Ic/V(Fc

+ jFc)+4.8 V(Fc+ jFc vs.
zero)] (maxima criterion).
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31P are computed for the optimized structures in gas phase
using the gage-independent atomic orbital (GIAO) method at
the same theory level used for the geometry optimizations (see
Supporting Information).

The optimized geometries of trans and cis isomers are
reported in Figure 6.

Trans-(E)-1, i.e., the isomer where the phenyl rings bonded
to the P atoms are directed above and below the plane
described by the BPO-ethene system, is characterized by a
completely flat conjugated system which includes the ethene
double bond and the two BPO moieties. The BPO-ethene bond
length is in the range of 1.45 Å and the ethene double bond
result to be 1.35 Å; the P� C bond lengths in the two phosphole
rings range between 1.83–1.85 Å and the P=O distance is in the
range of 1.49 Å like the distances reported in the literature for
similar compounds and those of 2b (this paper). The cis-(E)-1,
i.e. the isomer with the two phenyl rings bonded to the P atoms
directed towards the same side of the BPO-ethene plane,
displays a rather distorted geometry of the conjugated BPO-
ethene-BPO skeleton resulting in a twisted arrangement of one
BPO moieties with respect to the other one and describing a
dihedral angle between their average planes approaching 40°;
the torsion appear to be the result of a partial (attractive)
interaction between the P� Ph residues although these do not

eclipse each other. Beside this structural conformation all other
bond lengths are in the range reported for the trans-(E)-1.

The calculated frontier molecular orbital energies and
relative plots are reported in Figure 7 and Table S3 and
Figure S15 (Supporting Information). Overall, in both diaster-
eoisomers, the HOMO and LUMO spread over the two BPO
units and the double bond. It is noteworthy that the small
torsion angle between the BPO units and the double bond in
cis-(E)-1 does not preclude the conjugation to spread over the
whole molecule. Apparently, no contribution comes from the P
atoms in these orbitals. Interestingly, the energy values of the
frontier levels are in quite good agreement with the corre-
sponding values measured by cyclic voltammetry, within the
typical 100 meV shift between experiment and theory (which
do not account for solvent effects). For the HOMO values, it is
interesting to observe that calculations seemingly reproduce
the ca. 50 meV difference in HOMO energies with the cis-(E)-1
value slightly more negative than that of the trans-(E)-1. In
analogy to the experimental CV trends (Table 1), the result is
suggesting that the compound with the deeper HOMO has a cis
geometry, likewise the other has trans geometry.

In both compounds, the LUMOs lie close in energy, in line
with the values obtained from the CV experiments (Table 1).
Thus, the theoretical HOMO-LUMO gaps (being 2.92 and
2.99 eV for trans and cis, respectively) nicely reproduce the
trend experimentally determined by CV (Table 1). TDDFT
calculations indicate that the lowest energy absorption in trans-
(E)-1 (calc. 444 nm) and cis-(E)-1 (calc. 437 nm) is associated
with a HOMO-LUMO transition and consequently has π-π*
characteristics.

Finally, employing the GIAO formalism, we calculated the
31P NMR shift of trans-(E)-1 (� 4.10 ppm) and cis-(E)-1
(� 4.75 ppm) to compare the trend and the shifts gap with the
experimental values inferred from NMR.

Conclusion

In summary, we have investigated three synthetic method-
ologies (A, B and C, Scheme 1) for the synthesis of a π-
conjugated benzo[b]phosphole P-oxide in which two phosphole
P-oxide units are connected by a carbon-carbon double bond.
We have found that the double Stille approach (pathway C) was
most efficient for the synthesis of the title compounds. Due to
the presence of the two stereogenic phosphorus atoms, the bis-
BPO-ethylene was isolated as a mixture of the two cis and trans
diastereoisomers (the chiral and the meso one respectively)
that could be separated by column chromatography and fully
characterized. The electrochemical and photophysical behav-
iour of the isolated cis and trans isomers were investigated, and
their frontier molecular orbital energies calculated. The calcu-
lated HOMO-LUMO gaps reproduced the trends from the CV
experiments very well. The configuration of the two diaster-
eoisomers has been assigned based on CV experiments as well
as on chemical shifts of the protons of phenyl rings on the P
atoms, which resulted to be deshielded in the cis isomer due to
proton-proton steric interaction.

Figure 6. Optimized structures of the trans-(E)-1 (left) and cis-(E)-1 (right).

Figure 7. Frontier orbitals plot (HOMO and LUMO) and corresponding
energies of the trans-(E)-1 (left) and cis-(E)-1 (right).
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Experimental Section
General Information: All the reactions were carried out under inert
atmosphere (nitrogen or argon) by means of standard Schlenk
technique for manipulating air-sensitive compounds. Anhydrous
DCM, DMF and NMP in 100 mL bottles containing molecular sieves
and equipped with crown caps were used once required in the
synthesis. Compounds 5,[17] 2a[13c] and 3[13b] were synthesized
following literature procedures. Reactions were monitored by thin-
layer chromatography (TLC) using Aldrich silica gel 60 F254
precoated plates. Column chromatography was carried out with
silica gel (70–230 mesh). Melting points were determined with a
Büchi Melting Point B-540 apparatus and are uncorrected. NMR
spectroscopy experiments were performed at 298 and 283 K on
Bruker Avance 400 and 600 MHz spectrometers. The NMR experi-
ments were carried out in CDCl3 at a concentration of 10 mM.
1D-1H, 1D-13C and 1D-31P spectra and two-dimensional homonu-
clear (1H,1H-COSY and 1H,1H-NOESY) and heteronuclear (1H,13C-HSQC
and 1H,13C-HMBC with a long-range J=8 Hz) experiments were
acquired. For 1D-1H, 30-degree flip angle sequence and inverse
gated decoupling (for the decoupling with 31P) are acquired and
used for the assignment. For 1D-13C, APT (attached proton) and ig
(inverse gated decoupling) sequence are applied, with 15360 scans.
For 1D-31P, ig (inverse gated decoupling) sequence is used for the
determination of phosphorus resonance (see Figure S8, Supporting
Information). The assignment of compound 2b is reported in
Table S1 (Supporting Information). The complete NMR assignment
for cis-(E)-1 and trans-(E)-1 is obtained for all resonances and is
reported in Table S2 (Supporting Information). DSC analyses were
recorded with a Mettler Toledo Star™ SW equipped with a HUBER
TC100-MT RC 230 V COOLING SYSTEM. The IR spectra were
recorded on powder samples using an ATR Fourier Transform
Infrared (FTIR) spectrometer (PerkinElmer spectrum 100). High
Resolution Electron Ionization (HR EI) mass spectra were recorded
on a FISONS-Vg Autospec-M246 spectrometer.

Synthesis of iodide 2b: To a stirring solution of 5 (1.84 mmol,
0.55 g) in dry DCM (25 mL) at 0 °C, a solution of ICl (6 mL, 6.9 mmol,
1 M in DCM) was added dropwise under nitrogen atmosphere, and
the resulting mixture was stirred at reflux. After 4 h, the reaction
mixture was cooled to room temperature, a saturated aqueous
solution of Na2S2O3 (80 mL) was added, and the aqueous phase was
extracted with DCM (4×20 mL). The collected organic phases were
washed with water (2×20 mL), dried over Na2SO4, and concentrated
under reduced pressure. The residue was purified by column
chromatography on silica gel (DCM:acetone 10 :1) to afford 2b
(521 mg, 80%) as a colourless solid, m.p. (hexane :DCM) 167–169 °C.
IR (neat): ṽ=3050, 2922, 1995, 1717, 1589, 1530, 1455, 1440, 1306,
1289, 1236, 1196, 1179, 1167, 1130, 1112, 1070, 1023, 997, 958, 922,
904, 878, 756, 728, 696, 617, 605, 565, 535, 526, 507, 477, 439,
405 cm-1. 31P NMR (CDCl3, 125 MHz) δ= +39.1 ppm. HRMS (EI):
calculated for C14H10IOP [M]+ : 351.9503, found 351.9514. For the 1H
and 13C NMR data, see Table S1, Supporting Information.

Synthesis of (E)-1 through Heck reaction (Pathway A): Iodide 2b
(85 mg, 0.24 mmol), olefin 3 (69 mg, 0.27 mmol), nBu4NCl (65 mg,
0.25 mmol), NaOAc (61 mg, 0.75 mmol) and Pd(OAc)2 (2.17 mg,
0.09 mmol) were dissolved in dry DMF (13 mL) under an argon
atmosphere. The resulting mixture was stirred at 120 °C for 24 h,
and a saturated NH4Cl aqueous solution (50 mL) was then added to
the mixture. The aqueous phase was extracted with DCM (4×
10 mL), and the collected organic phases were washed with water
(2×20 mL), dried over Na2SO4, and concentrated under reduced
pressure. The residue was purified by column chromatography on
silica gel (DCM:acetone, 10 :1 to 4 :1) to provide the cis-(E)-1
(13 mg, 11%) and trans-(E)-1 (9 mg, 8%) as yellow solids (19%
overall yield).

Synthesis of (E)-1 through homo-metathesis reaction (Pathway B):
Olefin 3 (87 mg, 0.34 mmol) was dissolved in dry DCM (5 mL), and
Grubbs’ catalyst 6 (15 mg, 0.018 mmol) was added. The resulting
mixture was stirred at reflux for 9 h under a nitrogen atmosphere.
Afterwards, the mixture was cooled to room temperature, and the
solvent was removed under reduced pressure. The residue was
purified by column chromatography on silica gel (DCM:acetone,
10 :1 to 4 :1) to provide the cis-(E)-1 (15 mg, 19%) and trans-(E)-1
(10 mg, 12%) as yellow solids (31% overall yield).

Synthesis of (E)-1 through double Stille coupling (Pathway C): A
mixture of Pd2(dba)3 (17 mg, 0.02 mmol), (2-furyl)3P (28 mg,
0.12 mmol), and dry NMP (4 mL) was stirred for 1 h at room
temperature under a nitrogen atmosphere. Next, iodide 2b
(427 mg, 1.12 mmol), stannane 4 (0.31 mL, 0.58 mmol), CuI (121 mg,
0.64 mmol) and NMP (16 mL) were added. The resulting mixture
was stirred for 3.5 h at room temperature under a nitrogen
atmosphere. The mixture was poured into a saturated NH4Cl
aqueous solution (100 mL). The aqueous phase was extracted with
toluene (10×20 mL), the collected organic phases were washed
with H2O (3×100 mL), dried over Na2SO4, and concentrated under
reduced pressure. The residue was purified by column chromatog-
raphy on silica gel (DCM:acetone, 10 :1 to 4 :1) to provide the cis-
(E)-1 (83 mg, 31%) and trans-(E)-1 (40 mg, 15%) as yellow solids
(46% overall yield). Iodide 2b was also recovered (81 mg).

cis-(E)-1: m.p. (pentane) 300.9 °C. 31P NMR (CDCl3, 125 MHz) δ= +

37.9 ppm. IR (neat): ṽ=3067, 3008, 1588, 1547, 1482, 1447, 1435,
1308, 1283, 1232, 1192, 1171, 1128, 1109, 1065, 1028, 990, 941, 910,
855, 755, 745, 722, 707, 691, 672, 619, 592, 530, 503, 471, 449,
430 cm� 1. HRMS (EI): calcd for C30H22O2P2 [M]+ : 476.1095, found
476.1091. For the 1H and 13C NMR data, see Table S2, Supporting
Information.

trans-(E)-1: m.p. (pentane) 268.1 °C. 31P NMR (CDCl3, 125 MHz) δ= +

38.3 ppm. IR (neat): ṽ=3452, 3012, 1589, 1549, 1483, 1451, 1439,
1305, 1275, 1185, 1128, 1109, 1065, 1027, 978, 913, 859, 847, 757,
747, 738, 722, 705, 687, 671, 615, 592, 550, 537, 527, 511, 495, 486,
463, 452 cm� 1. HRMS (EI): calcd for C30H22O2P2 [M]

+ : 476.1095, found
476.1079. For the 1H and 13C NMR data, see Table S2, Supporting
Information.

Deposition Number 2205296 (for 2b) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Optics: The absolute photoluminescence quantum yields were
measured with a spectrofluorimeter Hamamatsu QY-C11347 Quan-
taurus provided with a 150 W Xenon lamp, integration sphere and
a multichannel analyzer. UV/Vis absorption spectra were obtained
on Shimadzu UV-Vis-NIR 3600 Spectrophotometer in 1 cm path
length quartz cell. Steady state emission and excitation spectra
were recorded with a FLS 980 (Edinburgh Instrument Ltd.)
equipped with a 450 W Xenon arc lamp. The photoluminescence
lifetime measurements were determined via TCSPC (time correlated
single photon counting) routine, using a pulsed LED source and a
laser one form Edinburgh (Edinburgh Instrument Ltd.). The photo-
luminescence experiment at room temperature were performed in
air saturated DCM solutions and 2-MeTHF one in concentration of
2×10� 5 M. Low temperature experiments were run in 2-MeTHF
solution at 77 K.

Electrochemistry: The electrochemical experiments were carried
out using an AutoLab PGStat potentiostat and a classical three-
electrode glass minicell (working volume about 3 mL), including as
working electrode a glassy carbon GC disk (Metrohm, S=0.033 cm2)
polished by diamond powder (1 μm Aldrich) on a wet cloth (Struers
DP-NAP), as counter electrode a platinum disk, and as reference
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electrode a saturated aqueous calomel one (SCE) inserted in a
compartment with the working medium ending in a porous frit, to
avoid contamination of the working solution by water and KCl
traces. Experiments were run at scan rates ranging 0.05–2 V/s on
0.00075 M solutions in CH3CN+0.1 M tetrabutylammonium hexa-
fluorophosphate TBAPF6 as the supporting electrolyte, previously
deaerated by nitrogen bubbling. Positive and negative half cycles
have been separately recorded to avoid reciprocal contamination
by electron transfer products. The reported potentials have been
normalized vs. the formal potential of the intersolvental ferricinium/
ferrocene (Fc+ jFc) reference redox couple, recorded in the same
conditions.
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RESEARCH ARTICLE

The synthesis of the two diaster-
eoisomers cis-(E)-1 and trans-(E)-1
(the chiral and meso one respec-
tively) containing two stereogenic P
atoms has been accomplished in
three different ways. This highly con-
jugated bis-(benzo[b]phosphole) P-
oxide has been characterized by
means of electrochemical and photo-
physical studies and the relative con-
figuration of the two diastereoisom-
ers assigned through CV and NMR
studies.
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