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ABSTRACT: The substitution of 2,7-dibromo-9-fluorenyl phos-
phaalkenes with heteroaromatic substituents (bithiophene, benzo-
thiophene, pyridine) offers access to interesting push−pull dye
molecules. Steric shielding due to the bulky P-substituent gives
marked different reactivities at the 2- and 7-positions, allowing the
synthesis of mixed/asymmetric derivatives. Further functionaliza-
tion via gold(I) coordination was demonstrated and increased the
acceptor character, concomitant with a red-shifted absorption.

■ INTRODUCTION
The construction of extended π-conjugated frameworks can be
rationally based on the combination of different conjugated
aromatic building blocks.1,2 The combination of suitable donor
and acceptor units often leads to interesting optical and
electronic properties.3,4 For example, 9,9-dialkylated fluorene
derivatives (Figure 1, I) have been used extensively as efficient

π-spacers in the construction of photoluminescent materials,
dyes for dye-sensitized solar cells, and other optoelectronic
applications.5−11 The dialkylation significantly enhances
solubility and has an influence on molecular packing, e.g., π-
stacking; however, it does not significantly alter the optical and
electronic properties compared to the parent 2H-fluorene.12

Similarly, dibenzoheteroles of group 14 to 16 have found
widespread use as optoelectronic materials.13−18 Fluorene
cores can also be functionalized with thiophene or
benzothiophene moieties to provide diverse optoelectronic

properties such as solvatochromism, tunable emission,
etc.19−23

The incorporation of main group elements into π-
conjugated materials has been identified as a promising path
to new functional materials with outstanding optoelectronic
properties.24−27 In particular, phosphorus has led to a number
of interesting optoelectronic materials that exploit its variable
bonding situations and coordination modes.28 Over the past
years, our group has been interested in utilizing the fluorene
core as a strong acceptor unit by introducing supermesityl-
phosphinidene or -arsinidene fragments (Mes*-P: or Mes*-
As:, where Mes* = 2,4,6-tri-tert-butyl phenyl) at the bridge-
head position (Figure 1, II and III).29 This sterically
demanding substituent greatly affects solubility and the solid-
state packing of these materials, and the possible metal
coordination is expected to have similar effects. Notably, the
steric demand of the Mes* substituent also has a remarkable
effect on the reactivity and electronic situation of the two sides
of the molecule, as reflected in the low and high NMR
frequencies of protons in the 1- and 8-positions of such
compounds, respectively.30,31

Herein, we describe the synthesis of novel thiophene and
benzothiophene derivatives using Stille coupling of the parent
2,7-dibromo-fluorenylidene phosphaalkene and suitable stann-
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Figure 1. Molecular fluorene derivatives, including the numbering
scheme used herein (top, I and III) as well as various phospha/arsa-
alkene derivatives.
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yl derivatives. The different environments at the 2- and 7-
positions caused by the steric demand of the Mes* substituent
allow for selective monofunctionalization at the less hindered
position, while difunctionalization requires harsher reaction
conditions. Solid-state structures of these derivatives are
reported, together with optical characterizations and theoreti-
cal studies of these products.

■ RESULTS AND DISCUSSION
The common precursor for the target molecules was the 2,7-
dibromo-fluorenyl phosphaalkene (1). Initially we attempted
the derivatization of this building block using Suzuki-type
coupling protocols; however, the tested conditions did not
result in C−C coupling and/or were incompatible with the
phosphaalkene moiety, mostly leading to degradation products
of the PC bond, for example, by the formation of the
corresponding (partially) brominated fluorenyl ketone and the
Mes*-phosphinic acid.32 Thus, milder coupling conditions
were required. Stille coupling protocols often perform well at
moderately elevated temperatures and do not require addi-
tional components such as inorganic bases (Scheme 1). First,

we attempted the synthesis of the 2,7-di(2-benzo[b]-
thiophene) derivative 2 by conventional and microwave
heating using [Pd(PPh3)4] as a catalyst. Despite an excess of
the stannyl reagent, analysis of the 31P-spectra of the crude
reaction mixture indicated formation of a variety of different
species containing phosphorus centers in both the phosphaal-
kene and phosphine region. Chromatographic workup afforded
the targeted disubstituted derivative in 5% isolated yield. The
31P-resonance at 268.4 ppm is in the expected range for this
compound and is indicative of a normally polarized fluorenyl
phosphaalkene. Despite the isolation of 2 in low yield, all
reaction conditions tested gave the monosubstituted product 3
as the major product. The presence of a single isomer of 3 was
confirmed by NMR spectroscopy, with a single 31P resonance
at 269.6 ppm and one set of proton/carbon signals being
detected. This behavior can be rationalized by the different
environments at the fluorenyl core introduced by the
phosphaalkene moiety and the steric demand of the Mes*
substituent, which shields the C2−Br group significantly and
reduces its reactivity. The spatial proximity of the Mes* group
is also reflected in the low-frequency resonance of proton H1
due to the ring current effect, with the observed shift being
5.43 ppm.
Further attempts to increase formation of 2 using harsher

reaction conditions such as increased reaction time and

temperature led to the formation of another derivative,
which upon separation via chromatography could be identified
by selective crystallization from several fractions as the 2-
diphenylphosphine-7-benzothiophene derivative 4. Due to the
small quantities of this side product, only single crystal analysis
could be performed. The PPh2 fragment could originate from
Ph2P−C6H5 cleavage of a triphenylphosphine ligand in the
catalytically active palladium [Pd(PPh3)n] species, which could
interfere with the productive transmetalation step.33,34 This is
particularly plausible due to the large SnBu3 stannyl groups at
the sterically shielded 2-position of the thiophene/benzothio-
phene reagents. We also attempted coupling of bithiophene to
1, encountering similar difficulties. Nonetheless, we were able
to obtain the targeted disubstituted product 5 in ca. 15% yield
using a microwave Stille coupling protocol (see details in the
Experimental Section). Similar behavior was also observed in
the attempted coupling of thiophene (using C4SH4−SnBu3),
which predominantly afforded the monosubstituted derivative
6 (for details see the SI). Further attempts to couple other
heteroaromatic units proved similarly difficult (Scheme 2).

The coupling of 1 with 2-tributylstannylpyridine using similar
conditions as before gave the mixed pyridyl/diphenylphos-
phine derivative 7 as the only isolated product in 10% yield. In
order to investigate this reactivity, we reacted 1 with
[Pd(PPh3)4] and excess triphenylphosphine under microwave
heating in THF. From the crude reaction mixture, we
identified residual starting material 1 (δ 31P = 272.7 ppm), a
mixture of the two monobromo derivatives (7-bromo-
fluorenylidene phosphaalkene and 2-bromo-fluorenylidene
phosphaalkene, δ 31P = 268.9 and 264.0 ppm, respectively;
see SI Figure 19),30 and a phosphaalkene species in which the
31P peak had shifted to lower frequencies (δ 31P = 255.2 ppm).
Chromatographic workup allowed us to identify this
compound as the 7-diphenylphosphine oxide-2-bromo-fluo-
renyl phosphaalkene 8. Preliminary work using Ph2P(TMS) as
diphenylphoshine source gave promising results, which will be
subject of future work.35 We assume that oxidation of the
phosphine was either a result of traces of water/hydroxide
under these harsh reaction conditions36 or took place during
workup.
Having sufficient quantities of 2, 3, and 5 on hand, we also

tested their behavior as ligands toward Au(I). A dichloro-
methane solution of the respective phosphaalkene was reacted

Scheme 1. Synthesis of Fluorenyl Phosphaalkene
Derivatives Using Stille Coupling Reactionsa

a(i) THF, [Pd(PPh3)4], μw 60 min 120 °C. (ii) THF, [Pd(PPh3)4],
μw 45 min 120 °C.

Scheme 2. Coupling Reactions of 1 with 2-Stannyl Pyridinea

a(i) THF, [Pd(PPh3)4], μw 45 min, 140 °C and in the absence of a
stannyl reagent. (ii) THF, μw 90 min, 165 °C.
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at room temperature with a solution of [AuCl(tht)] (tht =
tetrahydrothiophene) to give the corresponding gold chloride
complex quantitatively upon removal of all volatiles (Scheme
3). Immediate reaction can also be judged by the intense color

change, i.e., red-shifted absorption, upon addition of the
gold(I) solution. Complex [AuCl*3] showed a 31P NMR
resonance of 182.4 ppm, which corresponds to a coordination
shift (Δδ 31P) of −87.2 ppm and is indicative of a strong Au−P
interaction.37−39 Notably, the proton in proximity to the Au
center was shifted to higher frequencies (9.91 ppm compared
to 8.58 ppm), while the proton at position-1, which was
directly positioned in the ring current of the Mes* substituent,
was shifted further to lower frequencies (5.27 ppm compared
to 5.43 ppm). The corresponding disubstituted derivative 2
showed similar behavior upon complexation to gold(I). A
coordination shift of Δδ 31P = −87.0 ppm and a high
frequency proton shift to 9.93 ppm (compared to 8.63 ppm in
2) indicate similar AuCl coordination. The gold(I) complex of
5 was characterized by a coordination shift of Δδ 31P = −84.3
ppm, which was the smallest shift observed among this series.
The diagnostic shielded aromatic proton was only slightly
more shielded (from 6.31 to 6.23 ppm), while the high-
frequency proton was more significantly affected (from 8.47 to
9.74 ppm).
Crystallographic and Spectroscopic Characterization.

Compound 2 crystallized in the monoclinic space group P21/c
as dark red needles. The molecule showed disorder in the
unhindered benzothiophene, with S2A/S2B having 0.58:0.42
occupancy (Figure 2). On the other hand, the sterically
shielded benzothiophene containing S1 showed no signs of
disorder. The former was almost coplanar with the fluorene
moiety (twist angle 1.9(2)°), while the latter was significantly
distorted from coplanarity (24.1(1)°). The PC bond was
1.691(3) Å, and the C−PC angle of 106.7(1)° was in the
expected range for these compounds (147 CPC fragments
mean PC distance and C−PC angle 1.689 Å and
103.7°).40−42 The difference in steric demand is also reflected
in the P−C1−Cn angles, which were 119.0(2)° and 135.6(2)°
toward C2 and C5, respectively. The extended π-conjugated
system led to interesting stacking in the solid state, with
slipped π−π stacking roughly positioning a benzothiophene
unit above the fluorenyl phosphaalkene π-system. One short
centroid−centroid distance of 3.77 Å and several slightly
longer ones (>4.2 Å) can be calculated.
Compound 3 crystallized as dark orange needles in the

orthorhombic space group Pcnn with two independent
molecules in the asymmetric unit, one of which showed
benzothiophene disorder (0.86:0.14), as well as the para-tert-
butyl group. The solid-state structure confirmed the presence
of the expected isomer that had the benzothiophene at the

exposed position, while the bromide substituent remained in
the sterically shielded position. The bond metrics were very
similar to those found in 2, with a PC distance of 1.685(4)
Å and a slightly smaller C−P−C angle of 104.0(2)°. The P
C−Cn angles were 118.3(3)° and 136.3(3)° toward C2 and
C5, respectively, illustrating this asymmetry.43 The π-stacking
was weaker in this molecule, with only one noticeable
centroid−centroid distance of 3.94 Å.
The phosphine/phosphaalkene 4 had a typical phosphaal-

kene environment (PC 1.692(3) Å, C−PC 105.6(1)°),
and near coplanarity between the fluorenyl and benzothio-
phene was observed, with a twist angle of 8.6(1)° between the
two least-squares planes. The diphenylphosphine moiety was
rotated away from the Mes* unit, minimizing steric congestion,
but otherwise had typical metrics, such as P−C single bond
distances of ca. 1.83 Å. The dibithiophene derivative 5
crystallized as dark red blocks in the triclinic space group P1
containing four independent molecules and a solvent (DCM)
in the unit cell. Most thiophene moieties−but, in particular,
the terminal thienyl units−were disordered, and significantly

Scheme 3. Gold(I) Coordination of Derivatives 2, 3, and 5a

a(i) DCM, r.t., 2 h.

Figure 2. ORTEP-type representations of the solid-state structure of
compounds 2−5 (ellipsoid probability level 50%). Colored centroids
are placed in the planes. Further details of the structure solutions can
be found in the SI.
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lower coplanarity was seen compared to the benzothiophene
derivatives. This illustrates the rotational freedom of the
bithiophene substituents over the restricted benzannulated
thiophene. The phosphaalkene moieties were all within the
expected range of PC distances (1.675−1.685 Å), and the
other metrics were comparable to the other derivatives
discussed herein.
Obtaining the single crystal solid-state structures of

[AuCl*2] and [AuCl*3] also allowed us to study the impact
of gold coordination on the bond metrics and packing in the
solid state (Figure 3). Complex [AuCl*2] also crystallized in

the monoclinic space group P21/c as dark bluish-green needles.
The PC bond was significantly shortened (1.672(3) Å)
compared to 2, while the C−PC angle became wider
(114.3(1)°) as expected upon gold coordination;44 the P−
C1−Cn angles fell into the expected range (C5 = 130.6(2)°
and C2 = 123.5(2)°). The AuCl fragment was linear, and the
P−Au distance was 2.222(1) Å, which is typical of
phosphaalkene gold complexes.45,46 Overall, the molecular
packing was very similar to that of 2; however, the
intramolecular interactions showed increased π−π interactions
in [AuCl*2], with centroid−centroid distances in the range of
3.7−3.9 Å (2: 3.7−4.3 Å). The benzothiophene moiety
containing S1/S1B showed positional disorder with 0.63:0.37
occupancy. All benzothiophene substituents were nearly
coplanar with the central fluorenyl π-system, with torsion
angles between the planes being <10°. Similarly, the metal
coordination in [AuCl*3] resulted in short PC (1.675(6) Å)
and Au−P (2.217(1) Å) distances, as well as a slightly widened
C−PC angle (110.8(3)°). The P−C1−Cn angles were
110.8(3)° and 131.5(4)° for n = 2 and 5, respectively, with
these values being somewhat smaller for the former and very
similar for the latter compared to the complex [AuCl*2].
Intramolecular interactions were affected by the incorporation
of a solvent molecule (DCM) into the unit cell, which resulted
in CH-π interactions (H-centroid distances of 2.988 Å) and

weak π−π interactions (centroid−centroid distances of 3.928
and 4.131 Å).
Substitution of the fluorenyl phosphaalkene with (benzo-

)thiophenes had a profound impact on the UV−vis absorption
properties (Figure 4). While the parent dibromo-derivative 1

appeared yellow, with the lowest energy absorption peak being
at 369 nm (λonset ca. 480 nm), these new derivatives had clearly
red-shifted absorption onsets/maxima. The mono- and
disubstituted derivatives 3 and 2 had very similar low energy
absorptions features, with a shoulder at 486 nm and λonset ca.
575 nm; however, the extinction coefficient of this feature in 2
was almost double that of the same band in 3 (see inset in
Figure 4-top, ε = 1200 and 680 dm3 mol−1 cm−1, respectively).
The main absorption bands in the UV had similar structures
but were red-shifted for 2 (λmax = 362 nm) compared to 3
(λmax = 341 nm). Interestingly, the dibithiophene derivative 5
showed the most red-shifted onset of absorption (620 nm) and
low energy absorption peak (shoulder at 494 nm, ε = 2050
dm3 mol−1 cm−1) as well as strong bands (λmax = 389 nm).
Gold(I) coordination increased the acceptor properties of the
phosphaalkene moiety (see below), which is clearly reflected in
the further red-shift of the maximum absorption bands.

Figure 3. ORTEP-type representations (50% ellipsoid probabilities)
of the solid-state structures of gold complexes [AuCl*2] and
[AuCl*3]. Colored centroids are placed in the planes.

Figure 4. (Top) Experimental optical spectra of compounds 2, 3, 5,
[AuCl*2], [AuCl*3], and [AuCl*5] in DCM. (Bottom) An
illustrative example of modeled optical transitions of [AuCl*2]
using the TD-DFT M06-2X/6-311G**(LANL2DZ)//PBE1PBE/6-
31++G**(LANL2DZ) level of theory. The indicated low energy
transition corresponds mainly to a HOMO (extended π-fluorenyldi-
bithiophene) to LUMO+1 (heterofulvenoid π*) transition.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://dx.doi.org/10.1021/acs.joc.0c01336
J. Org. Chem. 2020, 85, 14619−14626

14622

https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c01336?fig=fig4&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c01336?ref=pdf


Complexes [AuCl*3], [AuCl*2], and [AuCl*5] have their
lowest energy absorption maxima at 518, 533, and 587 nm,
respectively, corresponding to red-shifts of 32, 47, and 97 nm,
respectively. While the solubility of the free phosphaalkenes
was good to excellent in organic solvents such as benzene,
DCM, and chloroform, the solubility of the corresponding gold
complexes of 2 and 3 dropped by at least a factor of five (0.5
and 0.2 mM in DCM, respectively). In contrast, [AuCl*5] had
a solubility of ≫2 mM, suggesting that the rotational freedom
of the thienyl units (cf. also disorder in the solid-state
structure) had a positive impact on the solubility.
An illustrative example of the observed low energy optical

transition is shown for [AuCl*2], with a calculated transition
energy of 558 nm (obs. 533 nm) composed mainly of a
HOMO to LUMO+1 transition. The HOMO is mainly
composed of the conjugated benzothiophene and fluorenyl π
orbitals, while the LUMO+1 exhibits a π* character localized
on the phosphaalkene fluorenyl core. This also underlines the
importance of lone pair modifications such as coordination of
gold(I) chloride on the low energy transitions, with this
resulting in increased acceptor character leading to the
observed red-shifted maxima.
In summary, we have demonstrated the functionalization of

fluorenyl phosphaalkenes using heteroaromatic stannyl re-
agents. The steric shielding provided by the Mes* substituent
led to distinctively different reactivities for the C2−Br and
C7−Br sites, allowing us to introduce a strong asymmetry into
the system. Further functionalization was achieved by
coordination of gold to the phosphorus center, resulting in
bathochromically shifted low energy absorption maxima and
onsets.

■ EXPERIMENTAL SECTION
Materials and Measurements. Except where otherwise stated,

reagents were purchased from Sigma-Aldrich and VWR and were used
without any further purification. All reactions were performed under
argon using flame-dried glassware and standard Schlenk techniques.
THF and diethyl ether were dried over sodium benzophenone; DCM
was dried over CaCl2. All solvents were freshly distilled prior to use.
Microwave reactions were carried out in a CEM Biotage Initiator
reactor, and reaction temperature was monitored using the built-in IR
sensor. Temperature profiles and durations are provided for the
individual reactions. NMR spectra were recorded using a JEOL
spectrometer (1H frequency 400 MHz). High-resolution mass spectra
were measured using FTMS + p APCI or FTMS + p NSI
(OrbitrapXL) at the University of Münster. UV/vis spectra were
recorded on a Varian Cary 50 or 50000 diodearray spectropho-
tometers.
X-ray Crystallography. All the measurements were performed

using graphite-monochromatized Mo Kα radiation at 150 K using a
Bruker D8 APEX-II equipped with a CCD camera. The structure was
solved by direct methods (SHELXS-2014) and refined by full-matrix
least-squares techniques against F2 (SHELXL-2018).47,48 The non-
hydrogen atoms were refined with anisotropic displacement
parameters. The H atoms of the CH2 groups were refined with
common isotropic displacement parameters for the H atoms of the
same group and idealized geometry with approximately tetrahedral
angles and C−H distances of 0.99 Å. The H atoms of the methyl
groups were refined with common isotropic displacement parameters
for the H atoms of the same group and idealized geometry with
tetrahedral angles, enabling rotation around the X−C bond, and C−H
distances of 0.98 Å. Additional details can be found in the cif files.
Analysis of solid-state structures was carried out using Conquest.49

Calculations are performed using the Gaussian suite of programs
(G09 Rev D.01)50 The structures are optimized at the DFT M06-2X
level of theory using a 6-311G** basis set and the LANL2DZ pseudo

potential for Au. TD-DFT calculations are carried out using an
extended basis set (6-311++G**/LANL2DZ. Among all tested
functionals the best agreement with experimental UV/vis data was
found for the PBE1PBE functional.

Synthesis of 2 and 3. Dibromo phosphaalkene 1 (108 mg, 0.18
mmol) and tributylstannylbenzothiophene (252 mg, 0.59 mmol, 3.2
equiv) were dissolved in 2 mL of THF (deaerated for 30 min)
followed by addition of [Pd(PPh3)4] (22 mg, ∼2% mol). The
microwave tube was sealed under argon after degassing for 5 min, and
then the vial was placed in the microwave reactor (CEM, Biotage) at
120 °C for 45 min. The crude reaction mixture was filtered through a
thin pad of Celite (top) and silica (bottom) and concentrated under
reduced pressure to yield a crude solid. The crude was dry-loaded into
a column and eluted using a DCM:pentane gradient (1% to 10%) to
yield 2 (Rf = 0.55, 5%) and 3 (Rf = 0.11, 5%) as a dark red solids.
Single crystals of both compounds were obtained by slow evaporation
of the solvents.

2: 1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 3.7 Hz, 1H), 7.89−
7.85 (m, 1H), 7.82 (dd, J = 7.1, 1.1 Hz, 1H), 7.76−7.70 (m, 4H),
7.69−7.63 (m, 3H), 7.57 (d, J = 7.9 Hz, 1H), 7.38 (td, J = 7.5, 1.3 Hz,
1H), 7.33 (tt, J = 7.8, 1.5 Hz, 2H), 7.29 (dd, J = 7.7, 1.5 Hz, 1H),
7.17−7.10 (m, 1H), 6.46 (s, 1H), 1.50 (s, 18H), 1.41 (s, 9H).
13C{1H} NMR (101 MHz, CDCl3) δ 154.1, 151.7, 144.9, 144.7,
140.9, 140.7, 139.5 (d, J = 14.4 Hz), 133.9, 133.3, 133.5, 133.3−133.0
(3−4 peaks), 128.8 (d, J = 5.2 Hz), 128.6 (d, J = 6.9 Hz), 127.2 (m,
2−3 peaks)126.6 (2d, ca. 5.9 Hz), 124.7 (m, min. 3 peaks), 124.4 (d, J
= 6.0 Hz), 124.2, 123.6 (d, J = 7.0 Hz), 123.2 (2 peaks), 122.4, 122.1,
120.1 (2 peaks), 119.7 (2 peaks), 119.5, 118.4 (d, J = 24.5 Hz; maybe
2 peaks), 38.6, 35.4, 32.8 (d, J = 6.3 Hz), 31.5. (Several carbon
resonances including the PC could not be detected due to small
quantities and insufficient resolution.) 31P{1H} NMR (162 MHz,
CDCl3) δ 268.4. HR-MS (APCI) m/z = M+ Calcd for C47H45PS2
704.2695; Found 704.2693; [M + H]+: Calcd for C47H46PS2
705.2773; Found 705.2727. Yield: 5 mg.

3: 1H NMR (400 MHz, CDCl3) δ 8.58 (d, J = 3.4 Hz, 1H), 7.85
(d, J = 7.8 Hz, 1H), 7.80 (d, J = 7.3 Hz, 1H), 7.69 (d, J = 8.5 Hz, 2H),
7.63 (s, 1H), 7.61 (s, 3H), 7.42 (d, J = 8.1 Hz, 1H), 7.37 (td, J = 7.5,
1.3 Hz, 1H), 7.32 (td, J = 7.5, 1.5 Hz, 1H), 7.28 (d, J = 8.2 Hz, 1H),
5.43 (s, 1H), 1.46 (s, 9H), 1.44 (s, 18H). 13C{1H} NMR (101 MHz,
CDCl3) δ 167.4 (d, 44.9 Hz), 154.2, 152.3, 144.6, 140.9, 139.6, 133.3
(d, J = 26.4 Hz), 131.0 (d, J = 5.9 Hz), 129.4 (d, J = 7.7 Hz), 127.2,
126.6 (2 peaks), 124.7, 124.4, 123.6, 123.1 (2 peaks), 122.4, 120.4 (2
peaks), 120.0, 119.6, 118.4, 118.2(2 peaks), 38.4, 35.4, 32.9 (d, J = 6.8
Hz), 31.6. 31P{1H} NMR (162 MHz, CDCl3) δ 269.6. HR-MS
(APCI) m/z = [M + H]+ Calcd for C39H41BrPS: 651.1845 and
653.183; Found 651.1835 and 653.1813; M+: Calcd for C39H40BrPS
650.1766 and 652.1752; Found 650.17686 and 652.17690 (Br isotope
pattern). yield: 23 mg.

Synthesis of 5. Dibromo-phosphaalkene 1 (0.084 g, 1 equiv),
[2,2′-bithiophen]-5-yltributylstannane 2 (0.1920 g, 3 equiv, [Pd-
(PPh3)4], 3 (27 mg, 0.017 equiv ∼17% mol), and THF (2 mL) were
added to a dry microwave tube under argon. The solution was
deaerated by thoroughly bubbling with argon for 45 min, and the
capped tube was placed in a microwave reactor at 120 °C for 45 min.
The crude reaction mixture was filtered through a thin pad of Celite
(top) and silica (bottom) into a round-bottom flask using a glass-
sintered frit and concentrated under reduced pressure to yield a crude
solid. The crude was dry-loaded into a column and eluted using a 95:5
pentane:Et2O mixture (Rf: 0.3) to yield 5 as a dark red solid. Single
crystals were obtained from diffusion of a 1:1 pentane:Et2O mixture
into a vial of 5 dissolved in DCM (yield = 15.2 mg, 14%).

1H NMR (400 MHz, THF-d8) δ 8.47 (d, J = 3.8 Hz = 1H), 7.70−
7.61 (m, 5H), 7.45 (d, J = 3.8 Hz, 1H), 7.40 (dm, J = 8.1 Hz, 1H),
7.31 (ddd, J = 5.1, 2.6, 1.2 Hz, 2H), 7.28 (dd, J = 3.6, 1.2 Hz, 1H),
7.23 (d, J = 3.8 Hz, 1H), 7.18 (dd, J = 3.6, 1.2 Hz, 1H), 7.05−6.96
(m, 3H), 6.66 (d, J = 3.7 Hz, 1H), 6.35 (m, 1H), 1.48 (s 18H), 1.39
(s, 9H). 13C{1H} NMR (101 MHz, CDCl3) δ 167.6 (d, J = 43.1 Hz),
154.3, 151.6, 144.3, 144.1, 143.8, 143.6, 139.6, 139.4, 138.5 (d, J = 9.7
Hz), 137.7, 137.4, 137.0, 136.9, 136.2, 133.6 (d, J = 58.0 Hz), 133.0,
132.5, 128.0 (d, J = 9.2 Hz), 126.5 (d, J = 5.4 Hz), 125.8 (d, J = 6.3
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Hz), 124.7 (d, J = 7.9 Hz), 124.4 (d, J = 3.0 Hz), 123.9, 123.8, 123.7,
123.6, 123.2 (d, J = 7.5 Hz), 123.1, 120.0, 119.6, 117.6, 117.4, 38.6,
35.4, 32.7 (d, J = 6.4 Hz), 31.5. 31P{1H} NMR (162 MHz, THF-d8) δ
263.9. HR-MS (APCI) m/z = M+ Calcd for C47H45PS4 768.2136;
Found 768.2130; [M + H]+: Calcd for C47H46PS4 769.2215; Found
769.2186. yield: 15.2 mg, 14%.
Characterization of 6.29,51 1H NMR (400 MHz, CDCl3) δ 8.50

(d, J = 4.2 Hz, 1H), 7.64 (s, 3H), 7.60 (d, J = 5.0 Hz, 1H), 7.59 (s,
1H), 7.47 (dd, J = 3.5, 1.3 Hz, 1H), 7.42(d, J = 8.1 Hz, 1H), 7.33 (dd,
J = 5.1, 1.3 Hz, 1H), 7.29 (d, J = 8.2 Hz, 1H), 7.14 (dd, J = 5.1, 3.7
Hz, 1H), 5.47−5.42 (m, 1H), 1.50 (s, 9H), 1.47 (s, 18H). 13C{1H}
NMR (101 MHz, CDCl3) δ 167.7 (d, J = 44.1 Hz), 154.2 (d, J = 0.7
Hz), 152.3, 144.8, 143.5 (d, J = 26.5 Hz), 140.0 (d, J = 16.7 Hz),
137.7 (d, J = 10.3 Hz), 136.5 (d, J = 14.0 Hz), 133.7 (d, J = 2.7 Hz),
131.0 (d, J = 6.2 Hz), 129.4 (d, J = 7.5 Hz), 128.2, 126.2 (d, J = 6.6
Hz), 124.9, 123.4, 123.0, 120.7 (d, J = 4.2 Hz), 120.3 (d, J = 2.9 Hz),
120.0, 117.9 (d, J = 24.4 Hz), 38.4, 35.4, 32.9 (d, J = 6.8 Hz), 31.7.
31P{1H} NMR (162 MHz, CDCl3) δ 268.4. HR-MS (APCI) m/z =
M+ Calcd for C35H38BrPS 600.1610 and 602.1589; Found 600.1610
and 602.1579; [M + H]+: Calcd for C35H39BrPS 601.1688 and
603.1668; Found 601.1667 and 603.1643 (Br isotope pattern).
Synthesis of 7. Compound 1 (184 mg, 0.52 mmol) was added to

2-(Bu3Sn)-pyridine (500 μL, 1.54 mmol) in 10 mL of THF, and the
solution was degassed for 30 min. After adding [Pd(PPh3)4] (130 mg,
0.1 mmol, 10 mol %) an immediate color change to dark blue
occurred, and the sealed vial was placed in a microwave reactor for 45
min at 140 °C. The crude reaction mixture was passed through an
alumina plug. Chromatographic workup (silica hexane/toluene) gave
a relatively pure fraction of the mixed phosphine oxide phosphaalkene
species. The splitting of the low frequency aromatic proton (6.36
ppm) indicates that the phosphine is in the sterically more shielded
position, leading to a 3-bond P−H coupling (3JPH = 11.0 Hz).

1H NMR (400 MHz, CDCl3) δ 9.51 (d, J = 3.2, 1H), 8.67 (d, J =
4.6 Hz, 1H), 8.27 (d, J = 8.2 Hz, 1H), 7.63 (2H), 7.55 (ps. tr., J = 7.8
Hz, 1H), 7.50−7.44 (m, 3H), 7.39 (1H), 7.35−7.27 (m, 4H), 7.14−
7.08 (m, 4H), 6.99 (m, 1H), 6.70 (dd, J = 6.9 3.4 Hz, 1H), 6.36 (d, J
= 11.0 Hz, 1H), 1.52 (9H), 1.49 (18H). 31P{1H} NMR (162 MHz,
CDCl3) δ 263.6 (PC), −3.9 (−PPh2) ppm. Satisfactory 13C{1H}
data and other analysis could not be obtained.
In an attempt to identify how the diphenylphosphine transfer

occurred, we reacted 1 (200 mg, 0.56 mmol) in the presence of excess
PPh3 (450 mg, 1.7 mmol) and [Pd(PPh3)4] (150 mg, 0.13 mmol).
The reaction solvent was THF, and the microwave was set to 165 °C
for 90 min. The phosphine oxide was isolated in a mixture with
OPPh3. Diagnostic peaks in the phosphorus and proton NMR
indicate the formation of the mixed phosphine phosphaalkene species
8. Based on the absence of a substantial 3JPH coupling of the low
frequency aromatic proton (br. s. 5.19 ppm), we assume that the
coupling occurred at the less hindered position.
Selected NMR shifts: 1H NMR (400 MHz, CDCl3) δ 7.02 (d, J =

8.0 Hz, 1H), 6.61 (m, 2H), 6.44 (d, J = 7.9 Hz, 1H), 6.21 (ps. t, J =
7.8 Hz, 1H) 5.19 (br. s., 1H), 1.43 (9H), 1.35 (18H). 31P{1H} NMR
(162 MHz, CDCl3) δ 256.9 (PC), 24.0 (−P(O)Ph2) ppm.
Synthesis of [AuCl*2]. A solution of 2 (11.65 mg, 0.0254 mmol)

in 3 mL of DCM was mixed with 1 equiv of a [AuCl(tht)] solution
(8.14 mg), stirred for 2 h, and then filtered over Celite. The solvent
was slowly evaporated, and all remaining volatiles were removed
under reduced pressure. The product was collected as crystalline
material in 96% yield.

1H NMR (400 MHz, CDCl3) δ 9.33 (d, J = 4.4 Hz, 1H), 7.95 (s,
1H), 7.04 (t, J = 13.3, 2H), 7.67−7.59 (m, 3H), 7.38−7.28 (m, 4H),
7.17 (s, 1H), 6.41 (d, J = 3.2 Hz, 1H), 1.67 (s, 18H), 1.40 (s, 9H).
13C{1H} NMR (101 MHz, CDCl3) δ 158.6 (d, J = 79.0 Hz) 155.8,
155.5, 143.6, 142.9, 141.0, 140.5, 139.9, 139.6 (2 peaks), 139.4, 139.3,
139.2, 138.0, 137.8, 134.6, 134.6, 133.7, 133.7, 129.0−128.8 (d, 2
peaks), 125.4 (d, J = 9.6 Hz), 124.7, 124.7, 124.4 (d, J = 10.1 Hz),
124.3, 123.7, 122.2 (d, J = 19.3), 120.9, 120.6 (2 peaks), 119.8 (d, J =
21.0 Hz), 119.4, 39.6, 35.7, 34.3, 31.2 ppm. 31P{1H} NMR (162
MHz, CDCl3) δ 181.4 ppm. HR-MS (MALDI) m/z = M + Au+ Calcd
for C47H45PS2Au2Cl 1133.1715; Found 1133.1708.

Synthesis of [AuCl*3]. A solution of 3 (23.44 mg, 0.058 mmol)
in 3 mL of DCM was mixed with 1 equiv of a [AuCl(tht)] solution
(18.7 mg), stirred for 2 h, and then filtered over Celite. The solvent
was slowly evaporated, and all remaining volatiles were removed
under reduced pressure. The product was collected as crystalline
material in 98% yield.

1H NMR (400 MHz, CDCl3) δ 9.91 (d, J = 5.3 Hz, 1H), 7.94
(1H), 7.89 (d, J = 7.3 Hz, 1H), 7.84 (d, J = 7.8 Hz, 1H), 7.77 (d, J =
4.1 Hz, 2H), 7.75 (m, 1H), 7.59 (dd, J = 8.0, 18 Hz, 1H), 7.40−7.30
(m, 4H), 5.27 (d, J = 3.4 Hz, 1H), 1.62 (s, 18H), 1.46 (s, 9H).
13C{1H} NMR (101 MHz, CDCl3) δ 158.8 (d, J = 80.1 Hz), 156.3,
142.7, 141.0, 140.5 (d, J = 13.6 Hz), 139.6, 139.0 (d, J = 5.8 Hz),
138.3, 138.0, 137.8, 137.6, 134.7 (d, J = 4.8 Hz), 133.1 (d, J = 7.7
Hz), 129.1 (d, J = 9.6 Hz), 128.9 (d, J = 7.7 Hz), 125.2 (d, J = 10.6
Hz), 124.7, 124.3, 122.3, 121.9 (d, J = 33.7 Hz), 123.3 (d, J = 6.7 Hz),
121.2 (d, J = 3.0 Hz), 121.0, 120.5, 119.7 (d, J = 20.2 Hz), 39.4, 35.8,
34.3, 31.3, 30.7. (Ortho and meta positions of the Mes* are not
magnetically equivalent.) 31P NMR (162 MHz, CDCl3) δ 182.5 ppm.
HR-MS (MALDI) m/z = M + Au+ Calcd for C39H40PBrSAu2Cl
1081.0769; Found 1081.0757.

Synthesis of [AuCl*5]. A solution of 5 (7.15 mg, 0.0137 mmol)
in 3 mL of DCM was mixed with 1 equiv of a [AuCl(tht)] solution
(8.14 mg), stirred for 2 h, and then filtered over Celite. The solvent
was slowly evaporated, and all remaining volatiles were removed
under reduced pressure. The product was collected as crystalline
material in 82% yield.

1H NMR (400 MHz, CDCl3) δ 9.74 (d, J = 4.4 Hz, 1H), 7.79 (d, J
= 3.9 Hz, 2H), 7.69 (m 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.53 (d, J = 3.7
Hz, 1H) 7.51 (s, 1H), 7.44 (dm, J = 7.8 Hz, 1H), 7.27 (dd, J = 3.7
and 0.9 Hz, 1H), 7.24- 7.21 (m, 4H) 7.14 (dd, J = 3.4 and 0.9 Hz,
1H), 7.03 (ps. q. J = 4.9 Hz, 2H), 6.97 (d, J = 3.7 Hz, 1H), 6.54 (d, J
= 3.9 Hz, 1H) 1.65 (s, 18H), 1.37 (s, 9H). 13C{1H} NMR (101 MHz,
CDCl3) δ 166.3 (d, J = 30 Hz), 156.1 (d, J = 79.0 Hz) 155.5, 142.7,
141.9, 139.9, 139.8, 139.5, 139.2, 138.7 (d, J = 17.3 Hz, 2C) 137.5,
137.3, 137.0 (d, J = 2.9 Hz) 134.2, 134.2, 133.2 (d, J = 5.8 Hz), 128.3
(d, J = 7.7 Hz), 128.0 (d, J = 9.6 Hz), 127.8 (d, J = 8.7 Hz), 125.3,
125.2 (d, J = 6.7 Hz), 124.8 (d, J = 7.7 Hz), 124.6 (d, J = 6.7 Hz),
124.1 (d, J = 7.7 Hz), 123.7, 123.0 (ps. m, 2C) 120.5, 119.0 (d, J =
21.2 Hz), 39.6, 35.7, 34.3, 31.2, 30.7. (Ortho and meta positions of
the Mes* are not magnetically equivalent.) 31P{1H} NMR (162 MHz,
CDCl3) δ 179.6 ppm. HR-MS (MALDI) m/z = M + Au+ Calcd for
C47H44PS4Au2Cl 1197.1156; Found 1197.1154.
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