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ABSTRACT: Germyl- and stannyl-substituted phospholes have been prepared and isolated. ' T,,,,Ge'\/'es
The increased reactivity of the tetrel carbon bond requires increased effort in purification by 7N\ N\ o 5 ph A
initial transformation to the chalcogen derivatives and subsequent reduction to the phosphole | /|| | Ph =

/ \\[ m
after subsequent to chromatographic purification for the germanium derivative. The [ jk
photophysical properties of the germyl phosphole are comparable to that of its silyl analogue, \| LUMO
whereas the stannyl phospholes turned out to be nonluminescent. All isolated compounds [AVARY X g
have been characterized by NMR spectroscopy, mass spectrometry, and elemental analysis. AN\ %%&5
Furthermore, single-crystal X-ray diffraction and density functional theory (DFT) calculations | X o .

/ — HOMO

have been performed on selected compounds.

B INTRODUCTION luminescence properties of the corresponding phospholes by
systematic variation in the sequence Si, Ge, Sn. Moreover, their
biological activity has led to increased interest in heterocyclic
organogermanium compounds in the recent past.”’

Phosphorus-containing heterocycles are an exceptionally
versatile class of compounds with unique and attractive
properties.'~/ A prominent example is the respective
unsaturated five-membered heterocycles, known as phosp-

holes.® These have emerged as attractive 7z-conjugated Bl RESULTS AND DISCUSSION

materials and luminophores with remarkable photophysical Phosphole via Phosphanide Addition. The synthesis of
features hlghllghtlng their Potentlal for fu.ture applications. the heavier tetryl phospholes was explored along the previously
From alsynthetlc_ point of view, mgdlﬁcatlc_)n at 'the phosphorgs published route to silyl phospholes.'® Therefore, in an initial
atom via rechuctlon or formal 0?(1dat10n IS quite common in step, the corresponding tetryl-substituted phosphanides were
phospholes. © However, selective functionalization at the prepared in situ. To this end, phenylphosphane was lithiated
carbon backbone of the phosphole ring is relatively rare in with n-BuLi and reacted with Me,ECI (E = Ge and Sn, Scheme
contrast 120 their nitrogen analogues, the highl?f aromatic 1). Subsequently, the reaction mixture was treated with
pyrroles. * A feW years ago, we (i'eveloped'synthetlc access to another equivalent of n-BuLi and the diyne was added. The
phospholes carrylng one or 'two sllé)Il7un1t_s.1n the ﬁ -position of reaction was ended by adding a protic solvent (ethanol) to the
the heteroc.ycle in h}gh y1elfis. o Initially, this approach reaction mixture. The *'P NMR spectrum of crude germyl
focused mainly on trlm.ethylsﬂyl units ‘(TMS). but Ia‘t.er was phosphole 1 shows a signal at 8 19.5 ppm (CD,CL,), which is
expanded to functional §1lyl groups allowing 'for 1mmob;l}§at10n comparable to the corresponding S-silyl phosphole ITIa (5 22.3
o.f the Phosphole to omde—based.surfaces via grafting.” Th.e ppm)."” Considering the successful preparation of germyl-
silyl un'lts may be used for tuning the steric and 'electromc substituted phosphole, we set out to explore the formation of
properties of the phosphole and desilylation reactions have the related stannyl-substituted compounds. Upon the addition
been explored for further derivatization of the heterocyclic ring of the corresponding trimethylstannyl phosphanide to the
,17—1 . o
system. ° These findings inspired us to explore the diyne (Scheme 1), a product was obtained with 3'P NMR
possibility of attaching the heavier congeners as germyl and resonance at 3 17.4 ppm and tin satellites with a ''/!7Sn-
stann}.fl units at thé phosphole system via the route previously coupling of 20.1 Hz. Unfortunately, compound 2 could not be
established for f-silyl phospholes. isolated without the loss of the SnMe; group during the

While a few stannyl phosphole derivatives have been already workup procedure. Nevertheless, the presence of 2 was proven
reported by Matano (type VI and VII, Figure 1) and Mathey

(type IV and V), in fact, only a single report for a germanium- -
containing phosphole derivative has been previously published Rece_we‘l: Jam_lary 12, 2023
which does not involve a classical germyl unit (type V).'**9~** Published: April 18, 2023
Besides the possibility of using the heavier Ge and Sn

derivatives for further functionalization, eg, in established

cross-coupling reactions, we were particularly interested in

exploring the impact of these heavier atoms on the
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Figure 1. Top: general sketch of published f-substituted phospholes obtained via our previously reported method. Bottom: examples for reported
Sn/Ge-substituted phosphole derivatives.

Scheme 1. Formation of #-Germyl and -Stannyl Phospholes 1 and 2 with Subsequent Oxidation of #-Germyl Phosphole 1 with
0O, S, and Se to O-1, S-1, and Se-1“

1. n-BulLi
EMe = GeMe
2. MezECI 1. Ph—==—==—Ph (-50 °C) 3 for E = Ge / \ 3
3. n-BuLi EMe 2 40 °C [\ i
PhPH, PhP, : -EtOH ¢ ) Ph p Ph ——— > Ph Ph
PME s 3 LT ol
1E=Ge 0-1Ch=0
2 E = Sn (notisolated) 2-1 1C(I; = SS
e-1 Ch = Se

%: 1 equiv H,O,, rt, 30 min (O-1); 1/8 Sg, rt, 16 h (S-1); 1 Seeg, rt, 16 h (Se-1), and reduction ii: 20 equiv LAH, S min in Et,O, rt starting from
phenylphosphane.
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C24 c25
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Figure 2. Molecular structures of f-germyl phosphole chalcogenides O-1 (left), S-1 (middle), and Se-1 (right) in the solid state. Thermal ellipsoids
were drawn at the 30% probability level. For clarity, hydrogen atoms have been omitted as well as disordered positions. Important bond lengths and
angles of O-1: (C1)—(C2) 1.347(10) 4, (Gel)—(C2) 1.976(7) A, (C2)—(C3) 1.491(9) A, (C3)—(C4) 1.350(9) A, (C1)—(P1) 1.817(7) A,
(C4)—(P1) 1.804(7) A, (C17)—(P1) 1.801(7) A, (P1)—(01) 1.482(4) A; (C1)—(P1)—(C17) 108.9(3)°, (C4)—(P1)—(C17) 105.5(3)°, (C1)—
(P1)—(C4) 93.4(3)°, (01)—(P1)—(C17) 111.2(3) A; S-1: (C1)—(C2) 1.346(12) A, (Gel)—(C2) 1.976(7) A, (C2)—(C3) 1.469(12) A, (C3)—
(C4) 1.357(10) A, (C1)—(P1) 1.824(7) A, (C4)—(P1) 1.803(9) A, (C17)—(P1) 1.846(11) A, (P1)—(S1) 1.936(4) A; (C1)—(P1)—(C17)
104.5(4)°, (C4)—(P1)—(C17) 107.6(5)°, (C1)—(P1)—(C4) 93.3(4)°, (S1)—(P1)—(C17) 115.4(4)°; Se-1: (C1)—(C2) 1.347(3)°, (Gel)—(C2)
1.979(2) A, (C2)—(C3) 1.480(3) A, (C3)—(C4) 1.345(3) A, (C1)—(P1) 1.821(2) A, (C4)—(P1) 1.813(2) A, (C20)—(P1) 1.816(3) A, (P1)—
(Sel) 2.108(1) A; (C1)—(P1)—(C20) 106.7(1)°, (C4)—(P1)—(C20) 108.3(1)°, (C1)—(P1)—(C4) 92.9(1)°, (Sel)—(P1)—(C20) 114.0(1)°.
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Figure 3. Postulated reaction mechanism calculated at ®B97X-D/6-311+G** (for Sn, the LANL2DZ basis set was used). The relative Gibbs free

energy values are in kcal/mol unit.

by mass spectrometry (for ESI-MS of 2, ¢f. Supporting
Information).

Attempted purification of crude phospholes 1 and 2 via
column chromatography entailed some difficulties. For the
germanium derivative, similar polarities of the diyne reactant
and the desired product precluded proper separation. There-
fore, germyl phosphole 1 was oxidized in situ with H,O,, sulfur,
or red selenium, and the resulting chalcogenophospholes O-1-
Se-1 (Scheme 1) could be purified and isolated via
chromatography. By contrast, stannyl phosphole 2 turned out
to be sensitive even toward silica gel deactivated with Et;N,
whereas with alumina as the stationary phase, no separation
could be achieved. Likewise, the higher reactivity of the tin—
carbon bond did not allow the controlled formation of the
respective chalcogenide derivatives for improved polarity
differences.

The obtained germanium-based phosphole chalcogenides
(O-1-Se-1) show singlet resonances in the *'P NMR spectra at
0 43.6, 55.0, and 43.8 ppm, respectively, which are shifted by
approximately 2 ppm to a higher field compared with the
respective f-silyl phosphole chalcogenides. The 7’Se NMR
spectrum of Se-1 shows a doublet at § —408 ('] = 743 Hz),
which is identical to the known f-silyl phosphole derivative
suggesting comparable basicity of the lone pair of the
underlying phosphole.'” Suitable crystals for X-ray measure-
ment could be obtained in case of all oxidized phosphole
derivatives, which verified the chemical composition of these
compounds and allowed the investigation of the molecular
structures of these systems in the solid state (Figure 2). To the
best of our knowledge, these are the first germanium
derivatives of phospholes being structurally characterized in
the solid state. The germyl groups induce a twisting of the
neighboring ring adjacent to the phosphole’s a-position,
similar to the one described for f-silyl phospholes III (Figure
1). The twisting increases with a higher atomic number of the
chalcogen atom from 38.6(2)° in oxygen-based O-1 over
47.2(3)° in sulfur-based S-1 to 82.5(1)—83.3(1)° in selenium-
based Se-1. The phenyl substituents not directly neighboring
the germyl group show a smaller twisting of 17.7(2)° (O-1),
5.2(4)° (S-1), and 1.4(1)—15.2(1)° (Se-1). Compared to the
P-silyl phosphole oxide, the angles found here are about 2°
smaller.'” The bond distance of the Gel—C2 bond is similar in
all structures (1.976(7)—1.979(2) A).

795

Reduction of the corresponding phosphole chalcogenides O-
1 through Se-1 has been investigated with (SiCly), in a
dichloromethane solution following known protocols.”*~*°
Interestingly, the reduction was either nonselective or a
heterolytic cleavage of the germanium—carbon bond was
observed. Therefore, the halide-free reducing agent LiAlH,
(LAH) was used instead,”” for which selective formation of
compound 1 was observed within five minutes, as followed by
*'P NMR spectroscopy.

Our experimental findings indicate that germyl and stannyl
phosphanides can add to diynes with subsequent phosphole
formation in a similar fashion as silylphosphanides. Therefore,
we aimed to compare the mechanism of their formation with
the silyl-substituted derivative, which has been investigated in
detail in our previous work."” Our density functional theory
(DFT) study showed that the reaction pathway is very similar
to the parent silyl-substituted derivative (Figure 3). The
corresponding phosphanide anion attacks one of the triple
bonds of the diyne; this step has a low barrier in both cases.
The following step is the migration of the germyl/stannyl
group, which has a very low barrier in both cases (AG" = 5.4
kcal/mol for E = Ge and AG* = 2.6 kcal/mol for E = Sn).
Apart from the fact that the C—E bond is more stable than the
P-E bond (E = Ge, Sn), the thermodynamic sink of the
process is the formation of a delocalized system (1-
phosphaallylic anion), where the negative charge is distributed
(Figure S45). Indeed, the high degree of delocalization lends
high stability to these intermediates. On the other hand, this
intermediate has Z-configuration; therefore, it is not ready for
ring closure. The corresponding E-isomer, which is ready to
undergo ring-closing, is accessible via a medium-high barrier
(19.3 and 19.0 kcal/mol), while the ring closure has a
somewhat higher barrier (25.7 and 25.6 kcal/mol), compared
to the other step of the mechanism. After protonation, the
corresponding phosphole forms, which is more stable by 37.0
kcal/mol (E = Ge) and 36.6 kcal/mol (E = Sn) than the
corresponding protonated 1-phosphaallylic anion derivatives
(Table S4 in the Supporting Information).

Phosphole via Zirconacycle. Since the phosphanide
addition was only partly successful in the preparation of
stannyl-substituted phospholes, we considered an alternative
strategy to get to these compounds using the well-established
method by Fagan and Nugent.”* Here, bissilyl phospholes have
been reported where regioselectivity of the silyl groups has
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Scheme 2. Preparation of 2,4-Bisstannyl Phosphole Derivatives Form Ethynylstannes 3a-c with R = Methyl (Me, a), n-Butyl (n-
Bu, b), and Phenyl (Ph, c)®

R3Sn + La + CpyZrCl
(1) PhPCl, s a " Ll PRPC,
2) Ch a-c
SnR, 4()/ \ SnR,
i

S-5b R=n-Bu,Ch=S8 RASN R Snﬂ 5b R = n-Bu
Se-5bR=n-Bu,Ch=Se '3 Pseh 8 P 5¢ R = Ph
Se-5¢ R = Ph, Ch = Se Ph Ph

ii (for R = n-Bu, Ch = 8)

“Reaction conditions: S-5b (Ch=S) and Se-5c, (Ch=Se) i: 1/8 Sg, rt, 16 h (§-5b) 1 Se .4, rt, 16 h (Se-5c), and reduction ii: 1.5 equiv (SiCly),,
toluene-dg, 16 h, rt (Sb).

C25 C26 C38
@ o

sn2 %4 ca2s
d, Qo

Figure 4. Molecular structures of Sc (left), Se-Sc (middle), and 4c (right) in the solid state. Thermal ellipsoids were drawn at the 30% probability
level. For clarity, hydrogen atoms have been omitted as well as disordered positions. Important bond lengths and angles of Sc: (C1)—(C2)
1.350(4) A, (C2)—(C3) 1.458(3) A, (C3)—(C4) 1.356(4) A, (C1)—(P1) 1.790(3) A, (C4)—(P1) 1.793(3) A, (P1)—(C41) 1.823(3) A, (C1)—
(Sn1) 2.132(2) A, (C2)—(Sn2) 2.128(3) A, (Sn1)—(C5) 2.137(3) A, (Sn1)—(C11) 2.139(3) A, (Sn1)—(C17) 2.138(3) A, (Sn2)—(C23)
2.135(3) A, (Sn2)—(C29) 2.134(3) A, (Sn2)—(C35) 2.124(2)°%; (C1)—(P1)—(C41) 106.5(1)°, (C4)—(P1)—(C41) 105.9(1)°, (C1)—(P1)—
(C4) 91.2(1) A, (C1)—(Sn1)—(C5) 106.9(1) A, (CS)—(Sn1)—(C17) 106.6(1) A, (C5)—(Sn1)—(C11) 110.0(1)°, (C29)—(Sn2)—(C35)
112.9(1)°, (C3)—(Sn2)—(C23) 107.1(1)°, (C23)—(Sn2)—(C35) 110.1(1)°; Se-5c: (C1)—(C2) 1.319(2) A, (C2)—(C3) 1.515(1) A, (C3)—
(C4) 1.351(2) A, (C1)—(P1) 1.811(1) A, (C4)—(P1) 1.798(1) A, (P1)—(C41) 1.802(1) A, (C1)—(Snl) 2.154(9) A, (C2)—(Sn2) 2.104(10) A,
(Sn1)—(C5) 2.121(12) A, (Sn1)—(C11) 2.139(12) A, (Sn1)—(C17) 2.117(14) A, (Sn2)—(C23) 2.133(10) A, (Sn2)—(C29) 2.117(12) A,
(Sn2)—(C35) 2.118(13) A, (P1)—(Sel) 2.098(6) A; (C1)—(P1)—(C41) 105.8(5)°, (C4)—(P1)—(C41) 109.2(6)°, (C1)—(P1)—(C4) 92.6(6)°,
(C1)—(Sn1)—(CS) 110.3(4)°, (C5)—(Sn1)—(C17) 107.9(5)°, (C5)—(Sn1)—(C11) 113.8(5)°, (C29)—(Sn2)—(C35) 111.4(5)°, (C3)—(Sn2)—
(C23) 109.9(4)°, (C23)—(Sn2)—(C35) 110.1(4)°, (C41)—(P1)—(Sel) 114.7(4)°; 4c: (Sn1)—(C1) 2.101(6) A, (Sn1)—(C3) 2.162(5) A,
(Sn1)—(C9) 2.134(6) A, (Sn1)—(C15) 2.128(7)°, (C2)—(C2) 1.464(11) A; (C1)—(Sn1)—(C15) 108.3(3)°, (C3)—(Sn1)—(C15) 107.9(2)°,
(C3)—(Sn1)—(CY) 111.8(2)°, (C9)—(Sn1)—(C15) 108.4(3).

Table 1. Selected Bond Lengths and Angles for Sc and Se-5c

5¢ Se-5¢
2(2P) [] 303.6(2)
C-Sn-C bond angle [°] 106.6 - 112.9 107.9-113.8
Sn-C bond length [A] 2.124(2)-2.139(3)  2.104(10)- 2.154(9)
P-Se- bond length [A] - 2.098(6)

been achieved.””’* Therefore, we adapted this approach using
stannyl-substituted terminal alkynes with differently substi-
tuted stannyl groups (Scheme 2; R = methyl (Me, a), n-butyl
(n-Bu, b), and phenyl (Ph, c)). We found a significant impact
of the substituents of the stannyl group on the reaction
outcome. With Me-substituted ethynylstannane being insolu-
ble, a possibly polymeric material was obtained instead of the
envisaged phosphole Sa. By contrast, with n-Bu- or Ph-
substituted ethynylstannanes, the respective bisstannyl phosp-
holes Sb,c have been obtained regioselectively. The *'P NMR
spectra in the CD,Cl, solution show singlet resonances at 6
37.0 ppm (5b) and & 35.3 ppm (5c). While n-Bu-substituted
Sb is very sensitive toward oxidation, phenyl-substituted Sc is

796

air-stable and was obtained in good yield (74%). During the
synthesis of Sc, the formation of the byproduct (Ph;SnCH=
CH), (4c) has been observed, which could be separated from
Sc via fractional crystallization. The rather limited efficiency of
this procedure was found to be improved for its selenium
derivative Se-5¢ owing to the larger difference in polarity. Most
efficiently, Sc and Se-5c have been purified via column
chromatography. By contrast, purification of the tributylstann-
yl-substituted phosphole Sb via chromatography turned out to
be difficult but could be achieved for the respective phosphole
chalcogenides obtainable by direct oxidation of the crude
product mixture with elemental sulfur or red selenium. After
successful purification, sulfide S-5b was isolated as a yellow oil,

https://doi.org/10.1021/acs.organomet.3c00019
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Table 2. Summarized NMR Data of Sb, S-5b, Se-Sb, Sc,

and Se-5c Recorded in CD,Cl,

Sb S-5b Se-5b Sc Se-5¢

3P NMR [ppm] 37.0 63.9 50.6 353 52.8
coupling [Hz] ooy, = 54 s = 128 Jprvsy = 128 2Jp_rog, = 70 o1y = 176

o5, = 173 p_tog, = 131 *Jp_trg, = 132 *Jp-17s, = 209 *Jp_rg, = 184

o5, = 177 o5y = 172 o5, = 184 Jp_rs, = 219 o175, = 208

*o_ s = 176 *Jp_ 175y = 208 Jp_rog, = 218
1196y NMR [ppm] —38, —46 —38, —47 —131, —14S —138, —148
77Se NMR [ppm] —478 —479
coupling [Hz] Vset'p = 714 Ysetp = 725
- - - Absorption O-llla
—— Absorption 1 (DCM) 1.0 1 - - - Emission O-llla

—— Emission 1 (DCM)
—— Absorption 1 (Solid)
Emission 1 (Solid)

Normalized Absorption/Emission

0.0

T
300

Wavelength [nm]

—— Absorption O-1

—— Emission O-1
Absorption S-1

—— Absorption Se-1

0.5 1

Normalized Absorption/Emission

0.0
300

660
Wavelength [nm]

T
450

Figure S. Normalized absorption and emission spectra of f-germyl phosphole 1 in the solid state and solution (DCM) and of f-germyl phosphole
chalcogenides O-1—Se-1 and their analogous #-TMS derivative O-IIla in the solid state.

while selenium derivative Se-5b showed an orange color. From
these chalcogenides, the corresponding phosphole 5b has been
regenerated via reduction with excess (SiCl;), at room
temperature in a toluene solution. Nevertheless, Sb was still
contaminated with the starting phosphole chalcogenide.
Regeneration of 5c from Se-Sc is feasible as well, however,
of limited synthetic use, as Sc can be purified directly via
chromatography. For compounds Sc, Se-Sc, and 4c, the
molecular structures in the solid state have been determined
via SCXRD (Figure 4). The tin atoms in bisstannyl phosphole
Sc, selenide Se-Sc¢, and diene 4c adopt a distorted tetrahedral
environment (Table 1). The bond lengths of the Sn—C bonds
lie below the van der Waals radii of the atoms involved.”" In
Sc, the phosphorus atom adopts a distorted trigonal pyramidal
geometry, whereas the oxidized derivative Se-Sc inhibits a
distorted tetrahedral geometry. In 4c, the Ph;Sn substituents
adopt a gauche conformation to each other.

The NMR data of compounds 5b,c are summarized in Table
2. Sc shows a signal with two pairs of tin satellites at 6 35.3
ppm Y, g, = 70 Ha, p g, = 209 Hz, and Jp_1vg, = 219
Hz in the *P NMR spectrum. "’Sn{’"H} NMR shows two
doublets at 6 —131 and —14S5 ppm with the corresponding
coupling constants. Close by but easy to distinguish, byproduct
4c features a single resonance at 5 —143 ppm in the '"Sn
NMR spectra. For chalcogenide Se-Sc, the signal is more
deshielded and shifted to § 52.5 ppm with larger coupling
constants ranging between 176 and 218 Hz. The n-butyl
derivatives Sb, S-5b, and Se-Sb show comparable chemical
shifts and coupling constants to phenyl-substituted Sc and Se-
5c, which are also consistent with the literature.>* By contrast,
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a comparison of the "’Se coupling constants for Se-5b and Se-
Sc show lower values than for most other phosphole selenides
found in the literature. In germyl-substituted Se-1, the value of
the coupling constant is 743 Hz which is larger than in
bisstannyl-substituted Se-Sb (714 Hz) and Se-Sc (725 Hz), as
well as in already reported 1-phenyl-2,4-bis(trimethylsilyl)-
phosphole selenide (716 Hz)* albeit in a different solvent
(CDCl,). This comparison suggests a high basicity of the lone
pair at the phosphorus atom in the underlying germyl
phosphole 1, which could be interesting regarding its
coordination properties in future investigations.
Photophysical Properties. Given the luminescent proper-
ties of many phospholes and their derivatives, we wanted to
explore the photophysical properties of the new germyl- and
stannyl-substituted phosphole derivatives, namely, 1, O-1, S-1,
Se-1, 5b, and Sc (Figure 5). Compound 1 shows comparable
absorption maxima in solution (DCM) and the solid state (370
and 373 nm, respectively). The quantum yields are similar in
both solution and the solid state as well (13 and 14%,
respectively). Only the emission maxima differ significantly
with red-shifted emission in the solid (472 vs 532 nm,
respectively). Compared to the previously published -TMS
phosphole Illa, its germanium analogue 1 shows very similar
photophysical properties in solution, which is quite remarkable
since formally, a 3rd-row element (Si) is replaced by a 4th-row
element (Ge) for which fluorescence quenching owing to the
heavy atom would be anticipated. In the solid state, the
situation is more complex; while the absorption maximum of
IITa at 375 nm is similar to 1, the Stokes shift of the silyl
phosphole is much smaller compared with the germyl
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phosphole (6006 vs 8013 cm™, respectively), and the quantum
yield, on the other hand, is much higher (82%)."% Also
referring to the solid state, the oxidized germyl phosphole O-1
exhibits an intense absorption band at 450 nm, which is blue-
shifted with respect to the nonoxidized phosphole 1, yet almost
identical to that of the literature-known silicon analogue O-
IITa. For the heavier chalcogen derivatives, S-1 and Se-1, the
absorption bands are shifted further to shorter wavelengths
(430 and 432 nm, respectively). In the case of 5b and Sc, no
luminescence was found in the solid state or solution. TD-DFT
calculations (Table SS5) have demonstrated that the observed
absorption maxima are mainly due to the highest occupied
molecular orbital (HOMO)—lowest unoccupied molecular
orbital (LUMO) transitions in the case of 1 and O-1, while in
the case of S-1 and Se-1, the transition from HOMO-1 and
HOMO-2 has a significant contribution as well (Table SS in
the Supporting Information). Since both the HOMO and
LUMO (Figure 6) are localized mainly at the phosphole unit

P at & Sl
L& Y . . = =
=) TE S % oee \,&\?m [ A,
¢ - Lo Y
LUMO LUMO LUMO LUMO
£=-1.71eV £=-2.26 eV £=-2.23eV £=-2.23eV

i

o%f
Lk
&

HOMO HOMO HOMO HOMO
£=-5.66 eV £=-596 ¢V r—-S%cV £=-5.69 eV
HOMO-1 HOMO- HOMO 1 HOMO-1
8—-631eV £=-6.86 eV £=-6.15¢V a=-<80ev
R
HOMO-2 HOMO-2 HOMO-2 HOMO-2
£=-6.91eV £=-7.05eV £=-6.18 eV £=-6.18 eV
1 0-1 S-1 Se-1

Figure 6. Selected Kohn—Sham orbitals of 1, O-1, S-1, and Se-1 at
the B3LYP/6-31G*//@wB97X-D/6-311+G** level of theory.

in the case of 1 and O-1, the corresponding electron
excitations could be considered as local # — #* transitions.
On the other hand, in the case of S-1 and Se-1, transitions
from the HOMO-1 and HOMO-2 may lend some charge
transfer (CT) character (from the chalcogen toward the
phosphole unit) of these excitations since the lone pairs of the
chalcogen atoms have major contributions to the above-
mentioned occupied orbitals. In the case of 5b, the 7-system of
the ring has a main contribution to the HOMO, while
HOMO-1 is basically the lone pair of the phosphorus atom
(Figure S46 in the Supporting Information). The energy order
of these two orbitals changes in the case of Sc.

Investigating the luminescence of the above-discussed
compounds, it can be established that O-1 shows no
luminescence in solution, whereas, in the solid state, the
compound is luminescent with a 22% quantum yield, which
indicates aggregation-induced emission. Similar behavior has
been observed for silyl-substituted phosphole oxides, with
hindered rotation of the nonplanar fluorophore in the solid as a
potential explanation,®” as is established for various molecular
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scaffolds.”>™*% The quantum yield of the germanium
compound is 7% higher than that of its literature-known
silicon analogue O-IIla. Both emission spectra were recorded
with an excitation wavelength of 450 nm. The corresponding
emission maxima were detected at 560 nm for O-1 and blue-
shifted by 20 nm for the reference substance (Figure S). The
absorption, on the other hand, is much broader for the
germanium derivative. The point where the absorption drops
to 50% is red-shifted by 67—573 nm compared to 506 nm for
the TMS derivative.

In contrast to 1 and O-1, no fluorescence was found for S-1
and Se-1, which was also mentioned for the chalcogen
derivatives o the 1,2,5-triphenyl-1H-phosphole. According to
the literature, the suppression of fluorescence could be induced
by a hlgher spin—orbit coupling for the heavier chalcoge-
nides.”’ Analogous to these findings, also the tin-based
phospholes 5b and Sc show no emission, which in these
cases could be justified by the increased number of degrees of
freedom in these molecules.

B CONCLUSIONS

In conclusion, we have prepared and isolated the first germyl-
substituted phosphole 1 and its chalcogen (O, S, Se)
derivatives O-1 to Se-1. The increased reactivity of the Ge—
C bond, as compared to Si—C, in the phosphole did not allow
direct purification via chromatography. The corresponding
chalcogen derivatives were more robust and thus purification
and subsequent reduction back to 1 turned out to be a
successful synthetic pathway. In the DCM solution, the
photophysical properties of 1 are almost interchangeable
with that of its silyl-substituted analogue, whereas, in the solid
state, the germyl phosphole shows lower quantum yields and a
larger Stokes shift. Our attempts to prepare an analogous
stannyl-substituted phosphole were only partly successful.
Formation of 2 has been confirmed by *P NMR spectroscopy
and mass spectrometry; however, isolation of the pure
compound failed in our hands. The higher reactivity of the
tin—carbon bond did not allow the formation of the
corresponding chalcogenides, as in the germanium case. By
contrast, the Fagan—Nugent approach gave access to
bisstannyl phospholes Sb,c in a regioselective manner. These
bisstannylated phospholes show no detectable luminescence
but may be useful precursors for embedding phospholes into
more extended molecules via cross-coupling reactions in future
studies.

B EXPERIMENTAL SECTION

General. All reactions were carried out by means of standard
Schlenk or glovebox techniques under an inert gas atmosphere
(argon) when necessary. Solvents were dried over a Na/K alloy before
use and were freshly distilled under inert gas. Phenylphosphane
(PhPH,) has been prepared following the literature procedure.”® 1,4-
diphenyllbutadiyne was synthesized according to the literature.*'
Deuterated solvents for NMR spectroscopy were dried and stored
over molecular sieves. All chemicals were purchased from Sigma-
Aldrich, ABCR, or TCI and used without further purification. For
purification via column chromatography, a puriFlash XS 520 plus
(Interchim) was used. The used cartridges were filled with spheric
silica gel (particle size: 15 or 25 um). 'H, *C, P, ¥Si, 7’Se, and
19Sn NMR data were recorded on a Varian VNMRS-500 or MR-400
MHz spectrometer at 25 °C. Chemical shifts were referenced to
residual protic impurities in the solvent ("H) or the deuterated solvent
(3C) and reported relative to external SiMe, (*H, *C, ¥Si), H;PO,
(*'P), Me,Se (’Se) and SnMe, (*'°Sn). APCI mass determinations
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were performed on a Finnigan LCQ Deca (ThermoQuest). Mass
calibration was carried out immediately before sample measurement
on sodium formate clusters or by the ESI-Tune Mix standard
(Agilent). Elemental analyses were performed with a HEKAtech Euro
EA CHNS elemental analyzer. Samples were prepared in an Sn cup
and analyzed with added V,0;. Absorption spectra were recorded
using a Shimadzu UV-1900 spectrometer in solution. Emission
spectra, as well as luminescence quantum yields (absolute method),
were measured with the Hamamatsu C11347 system in solution. For
the refinement of the data, OriginPro was used. Crystallographic
measurements were carried out on a STOE IPDS2 diffractometer with
an STOE image plate detector and a Mo Ka (4 = 0.71073 A)
monochromator or a STOE StadiVari diffractometer with a Pilatus
200K image plate detector and Cu Ka (1 = 1.54186 A) radiation.
Direct methods were used to solve the measurements and refined by
“least-square” cycles (SHELXL-2017).** All non-hydrogen atoms
were anisotropically refined without restriction. The evaluation of the
data sets, as well as the §raphical preparation of the structures, was
carried out using Olex2™ and Mercury."* Details of the structure
determinations and refinement are summarized in Tables S1 and S2.
The CCDC depositions 2223036—2223041 contain the supplemen-
tary crystallographic data for this paper, which can be obtained free of
charge via emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre at 12 Union Road,
Cambridge CB2 1EZ, UK,; fax: +44 1223 336033.

Synthetic Protocols and Characterization. Synthesis of 1,2,5-
Triphenyl-3-(trimethylgermyl)-1H-phosphole (1). A Schlenk tube
filled with phosphole Se-1 (50.8 mg, 0.1 mmol, 1 equiv) and LAH
(75.9 mg, 20 mmol, 20 equiv) was charged with Et,0 (S mL) and
stirred for S min at rt. Afterward, additional LAH was filtered and the
solvent was removed under reduced pressure. The obtained residue
was extracted with pentane, and after evaporation of the solvent,
compound 1 was obtained as a greenish wax. Yield: 82% (35.2 mg).
'"H NMR (499.75 MHz, CD,Cl,) § = 7.56—7.55 (m, 2H, 2x CH,,),
7.39 (d, 3J("H-3'P) = 10.3 Hz, 1H, (CH;);GeCCH), 7.32—7.15 (m,
13 H, 13X CH,,), 0.27 (s, 9H, 3x Ge(CH,)). *C{'H} NMR (100.56
MHz, CD,CL) 6 = 161.5 (d, J(*C-*'P) = 5.6 Hz, C,), 151.0 (d,
J(PC>'P) = 3.0 Hz, C,), 149.5 (d, J(*C-'P) = 5.1 Hy, ¢ ), 139.3 (4,
J(*3C-3'P) = 20.1 Hz, ¢ ) 137.9 (4, J(°C-*'P) = 13.0 Hy, CH), 137.2
(d, J(BC-3'P) = 159 Hz, C,), 1342 (d, J(PC-'P) = 18.9 Hz, CH),
1314 (d, J(3C3'P) = 108 Hz, C,p), 1300 (s, CH), 129.5 (d,
J(**C-3'P) = 8.2 Hz, CH), 129.4 (s, CH), 129.2 (s, CH), 129.2 (s,
CH), 129.1, (s, CH), 128.5 (s, CH), 127.6 (s, CH), 127.0 (d,
J(**C-3'P) = 9.4 Hz, CH), 0.4 (s, Ge(CH;);).>'P NMR (202.30 MHz,
CD,CL,) 6 = 19.4 (s). MS (APCL-LR) m/z: found: 431.00. [1 + H]",
caled for CysH,;GeP: 431.10. Elemental analysis (%): calcd for
C,sH,5GeP: C 69.98, H 5.87 found: C 69.98, H 6.11.

Synthesis of 1,2,5-Triphenyl-3-(trimethylgermyl)-1H-phosphole-
T-oxide (O-1). A Schlenk tube was charged with DME (20 mL) and
cooled to —70 °C. Then, phenylphosphane (0.11 g, 1 mmol, 1.0
equiv) was added. After that, nBuLi (2.5 M, 0.42 mL, 1,05 mmol, 1.05
equiv) was used for lithiation. The orange solution was stirred for 30
min and quenched with chlorotrimethylgermane (0.12 mL, 1 mmol, 1
equiv). The colorless solution was lithiated with nBuLi (2.5 M, 0.42
mL, 1.0S mmol, 1.05 equiv) again. After 45 min, 1,4-diphenylbuta-1,3-
diyne (0.202 g, 1 mmol, 1 equiv) dissolved in DME (10 mL) was
added dropwise to the orange solution. The color changed to deep
blue, and after 80 min, the reaction mixture was warmed up to 40 °C
and stirred for 10 min. The reaction was terminated by adding
ethanol. Afterward, the solvent was removed, and the crude product
was suspended in 20 mL of DCM. After that, an excess of H,0, was
added and the suspension was stirred for 16 h at rt. The crude
product was purified by silica gel column chromatography with
dichloromethane. The product was obtained as an orange solid. Yield:
63% (0.278 g). "H NMR (499.75 MHz, CD,Cl,) 6 = 7.75-7.71 (m, 2
H, 2x CH,,), 7.64—7.62 (m, 2H, 2X CH,,), 7.49—7.46 (m, 1H, 1x
CH,,), 7.42—7.38 (m, 2H, 2x CH,,), 7.40 (d, ’J("H-*'P) = 36.8 Hz,
1H, (CH,;);GeCCH), 7.33—7.23 (m, 8H, 8x CH,,), 0.29 (s, 9H, 3X
Ge(CH;)). BC{'H} NMR (100.56 MHz, CD,Cl,) § = 1534 (d,
J(PC'P) = 15.4 Hz, C,), 147.8 (d, J(®C-*'P) = 85.5 Hz, C,), 137.9
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(d, J(*C-'P) = 34.6 Hz, CH), 137.2 (d, J(*C-’'P) = 96.8 Hz, C,),
135.4 (d, J(°C-3'P) = 13.9 Hz, CH), 133.0 (d, J(*C-*'P) = 12.6 Hz,
Cy), 1325 (d, J(C-'P) = 2.9 Hz, CH), 130.9 (d, J(°C-*'P) = 10.4
Hz, CH), 129.5 (d, J(**C-*'P) = 87.5 Hz, C,), 129.5 (d, J(*C-*'P) =
11.8 Hz, CH), 129.4 (s, CH), 129.2 (s, CH 3 1289 (d, J(Bc3'p) =
4.2 Hz, CH), 128.8 (s, CH), 128.7 (s, CH), 126.8 (d, J(**C-*'P) = 5.9
Hz, CH), —0.6 (s, Ge(CH,);). 3'P NMR (202.30 MHz, CD,Cl,) 6 =
43.5 (s). MS (APCI-LR) m/z: found: 447.07. [O-1 + H]*, calcd for
C,sH,,GeOP: 447.09. Elemental analysis (%): calcd for
C,5H,GeOP: C 67.47, H 5.66 found: C 67.66, H 5.80.

Synthesis of 1,2,5-Triphenyl-3-(trimethylgermyl)-1H-phosphole-
T-sulfide (5-1). A Schlenk tube was charged with DME (20 mL) and
cooled to —70 °C. Then, phenylphosphane (0.11 g, 1 mmol, 1.0
equiv) was added. After that, nBuLi (2.5 M, 0.42 mL, 1,05 mmol, 1.05
equiv) was used for lithiation. The orange solution was stirred for 30
min and quenched with chlorotrimethylgermane (0.12 mL, 1 mmol, 1
equiv). The colorless solution was lithiated with #nBuLi (2.5 M, 0.42
mL, 1.0S mmol, 1.05 equiv) again. After 45 min, 1,4-diphenylbuta-1,3-
diyne (0.202 g, 1 mmol, 1 equiv), dissolved in DME (10 mL), was
added dropwise to the orange solution. The color changed to deep
blue, and after 80 min, the reaction mixture was warmed up to 40 °C
and stirred for 10 min. The reaction was terminated by adding
ethanol. Afterward, an excess of elemental sulfur (96 mg, 3 mmol, 3
equiv) was added and the suspension was stirred for 16 h at rt. The
crude product was purified by silica gel column chromatography with
n-pentane/dichloromethane 1:1. The product was obtained as a
yellow solid. Yield: 63% (0.289 g). "H NMR (499.75 MHz, CD,Cl,)
8 = 7.89-7.85 (m, 2H, 2x CH,,), 7.67—7.65 (m, 2H, 2x CH,,),
7.52—7.43 (m, 3H, 3x CH,,), 7.50 (d, 3J("H-3'P) = 36.0 Hz, 1 H,
(CH,);GeCCH), 7.34—7.27 (m, 6H, 6xX CH,,), 7.21-7.19 (m, 2H,
2X CH,,), 0.30 (s, 9H, 3x Ge(CHj;)). *C{'"H} NMR (100.56 MHz,
CD,ClL,) 6 = 153.2 (d, J(*C-*'P) = 11.9 Hz, C.), 151.3 (d, J(*C-*'P)
= 67.2 Hz, C,p), 140.5 (d, J(°C-*'P) = 81. 7 Hz, C,), 138.0 (d,
Jj(*3c3'p) = 314 Hz, CH), 134.8 (d, J(*C-3'P) = 15.4 Hz, Cy), 1327
(d, J(*C-'P) = 13.4 Hz, Cy), 132.6 (d, J(**C'P) = 3.0 Hz, CH),
130.9 (d, J(**C-3'P) = 11.7 Hz, CH), 129.7 (d, J(**C-3'P) = 4.0 Hz,
CH), 129.5 (d, J(®C-*'P) = 12.3 Hz, CH), 129.3 (s, CH), 129.2 (s,
CH), 128.9 (d, J(*C-3'P) = 2.0 Hz, CH), 128.5 (d, J(**C-3'P) = 1.3
Hz, CH), 127.5 (d, J(®C-*'P) = 69.9 Hz, C,), 127.2 (d, J(®C-*'P) =
6.1 Hz, CH), —0.5 (d, J(*C-*'P) = 1.0 Hz, Ge(CH;)5). 3P NMR
(202.30 MHz, CD,Cl,) § = 55.0 (s). MS (APCI-LR) m/z: found:
463.00. [S-1 + H]*, calcd for C,gH,GePS: 463.07. Elemental analysis
(%): caled for CosH,GePS C 65.12, H 5.46, found: C 65.06, H 5.52.

Synthesis of 1,2,5-Triphenyl-3-(trimethylgermyl)-1H-phosphole-
1-selenide (Se-1). A Schlenk tube was charged with DME (20 mL)
and cooled to —70 °C. Then, phenylphosphane (0.11 g, 1 mmol, 1.0
equiv) was added. After that, nBuLi (2.5 M, 0.42 mL, 1,05 mmol, 1.05
equiv) was used for lithiation. The orange solution was stirred for 30
min and quenched with chlorotrimethylgermane (0.12 mL, 1 mmol, 1
equiv). The colorless solution was lithiated with nBuLi (2.5 M, 0.42
mL, 1.0S mmol, 1.05 equiv) again. After 45 min, 1,4-diphenylbuta-1,3-
diyne (0.202 g, 1 mmol, 1 equiv), dissolved in DME (10 mL), was
added dropwise to the orange solution. The color changed to deep
blue, and after 80 min, the reaction mixture was warmed up to 40 °C
and stirred for 10 min. The reaction was terminated by adding
ethanol. Afterward, an excess of red selenium (237 mg, 3 mmol, 3
equiv) was added and the suspension was stirred for 16 h at rt. The
crude product was purified by silica gel column chromatography with
n-pentane/dichloromethane 1:1. The crude product was purified by
silica gel column chromatography with n-pentane/dichloromethane
1:1. The product was obtained as an orange solid. Yield: 64% (0.326
g). '"H NMR (499.75 MHz, CD,Cl,) § = 7.96—=7.91 (m, 2H, 2X
CH,,), 7.73=7.72 (m, 2H, 2X CH,,), 7.58 (d, *J(*H-*'P) = 35.1 Hz, 1
H, (CH,;);GeCCH), 7.53—7.45 (m, 3H, 3X CH,,), 7.36—7.25 (m,
8H, 8x CH,,), 0.34 (s, 9H, 3X Ge(CH;)). *C{'H} NMR (100.56
MHz, CD,CL,) 6 = 153.2 (d, J(**C-*'P) = 10.5 Hz, C,), 150.9 (d,
J(C-'P) = 58.7 Hz, C,), 140.5 (d, J(*C-*'P) = 74.4 Hz, C,),137.8
(d, J(**C-3'P) = 29.7 Hz, CH), 134.6 (d, J(*C-'P) = 162 Hz, Cy)
132.6 (s, CH), 132.5 (s, C), 131.5 (d, J(**C-*'P) = 114 Hz, CH)
130.0 (d, J(3C-*'P) = 4.0 Hz, CH), 129.5 (d, J(3C-3'P) = 12.2 Hz,
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CH), 129.5 (s, CH), 129.2 (s, CH), 128.9 (d, J(**C-3'P) = 1.9 Hz,
CH), 128.3 (s, CH), 127.3 (d, J(*3C-3'P) = 6.1 Hz, CH), 125.9 (d,
J(PC>'P) = 61.0 Hz, C), —0.4 (s, Ge(CH,);). *'P NMR (202.30
MHz, CD,CL) & = 43.8 (s) 77Se NMR (95.31 MHz, CD,Cl,) § =
—408 (d, 'J(7’Se-3'P) = 743 Hz). MS (APCI-LR) m/z: found: 511.00.
[Se-1 + H]*, calcd for C,sH,,GeSeP: 511.01. Elemental analysis (%):
caled for CysH,3GePSe: C 59.10, H 4.96 found: C 59.30, H 5.05.
Synthesis of 1-Phenyl-2,4-bis(tri-n-butylstannyl)-1H-phosphole-
1-sulfide (S-5b). Zirconocene dichloride (1.17 g, 4.0 mmol, 2.0 equiv)
and elemental lanthanum (0.36 g 2.6 mmol, 1.3 equiv) were
transferred into a Schlenk flask. 10 mL of THF was added to the
reaction vessel, followed by the addition of ethynyltri-n-butylstannane
(3.00 g, 8.0 mmol, 4.0 equiv). The dark-colored reaction mixture was
stirred for 6 h at room temperature. Then, the reaction temperature
was lowered to —80 °C and dichlorophenylphosphane (0.36 g, 2.0
mmol, 1.0 equiv) was added. The reaction mixture was stirred for a
further 16 h. After that, elemental sulfur (0.19 g, 6.0 mmol, 3.0 equiv)
was added to the reaction vessel and stirred for a further 24 h at room
temperature. The raw product was extracted with dichloromethane (3
X 30 mL) and dried over Mg,SO,. The solvent was removed under
reduced pressure and column chromatographic purification (n-
pentane/dichloromethane 7:3) was performed. The isolated com-
pound was obtained as a yellow oil. Yield: 47% (0.72 g 0.97 mmol).
'"H NMR (499.74 MHz, CD,Cl,) 6 = 7.81-7.75 (m, 2H, 2x CH,,),
7.50-7.38 (m, 3H, 3X CH,,), 7.14 (d, ¥J(*H->'P) = 49.4 Hz,
3(*H-1Y8n) = 36.1, }J(*H-1178n) = 6.2 Hz, 1H, PCCH), 6.77
(d, YJ('"H-*'P) = 41.0 Hz, *J(*H-'"/1"$n) = 36.8, 1H, PCH), 1.65—
0.79 (m, 54H, 2X n-bus-H). *C{*H} NMR (100.56 MHz, CD,Cl,) §
=161.0 (d, ](13c *'P) = 10.6 Hz, C,), 153.8 (d, J(*C-*'P) = 19.3 Hz,
CH), 147.1 (d, J(*3C-3'P) = 33.4 Hz, Cy), 144.9 (d, J(PC-'P) = 54.2
Hz, CH), 132.0 (d, J(°C-*'P) = 3.2 Hz, CH), 130.9 (d, J(**C-*'P) =
113 Hz, CH), 129.1 (d, J(**C-*'P) = 11.9 Hz, CH), 128.0 (d,
J(C-'P) = 69.6 Hz, C,), 29.8 (s, n-Bu), 29.4 (s, n-Bu) 27.8 (s, n-Bu)
27.8 (s, n-Bu) 14.9 (s, n-Bu) 14.1 (s, n-Bu), 10.7 (d, J(°C-3'P) = 1.5
Hz, n-Bu) 10.6 (s, n-Bu). 3'P{*H} NMR (202.30 MHz, CD,Cl,) 6 =
63.9 (s, 2J(*'P-Y7Sn) = 128 Hz, JJ(*'P-'"Sn) = 131 Hgz, *J(*'P-'""Sn)
= 172 Hz, 3J(*'P-'Sn) = 176 Hz). "Sn{'H} NMR (186.25 MHz,
CD,Cl,) 6 = =38 (d, J(®'P-'"Sn) = 134 Hz, PCCSn), —46 (d,
31(3'P-¥Sn) = 169 Hz, PCSn). MS (APCI-LR) m/z: 771.00 found
[S-Sb + H]*, caled for C3,Hg,PSSn,: 771.23; 713.07 found [S-5b —
Bu]*, caled for C3,Hg,PSSn,: 713.16. Elemental analysis (%): calcd
for Cy,He,PSSn, C 53.01, H 7.98, found: C 53.13, H 8.08.
Synthesis of 1-Phenyl-2,4-bis(tri-n-butylstannyl)-1H-phosphole-
1-selenide (Se-5b). Zirconocene dichloride (1.17 g, 4.0 mmol, 2.0
equiv) and elemental lanthanum (0.36 g, 2.6 mmol, 1.3 equiv) were
transferred into a Schlenk flask. 10 mL of THF was added to the
reaction vessel, followed by the addition of ethynyltri-n-butylstannane
(3.00 g, 8.0 mmol, 4.0 equiv). The dark-colored reaction mixture was
stirred for 6 h at room temperature. Then, the reaction temperature
was lowered to —80 °C and dichlorophenylphosphane (0.36 g, 2.0
mmol, 1.0 equiv) was added. The reaction mixture was stirred for a
further 16 h. After that, red selenium (0.24 g, 3.0 mmol, 1.5 equiv)
was added to the reaction vessel and stirred for a further 24 h at room
temperature. The raw product was extracted with dichloromethane (3
% 30 mL) and dried over Mg,SO,. The solvent was removed under
reduced pressure and column chromatographic purification (n-
pentane/dichloromethane 4:1) was performed. The isolated com-
pound was obtained as orange oil. Yield: 34% (0.48 g, 0.59 mmol). 'H
NMR (499.74 MHz, CD,Cl,) 6 = 7.81=7.76 (m, 2H, 2X CH,,),
7.49-7.45 (m, 1H, 1x CH,,), 7.41-7.37 (m, 2H, 2x CH,,), 7.10
(dd, *J("H3'P) = 49.4 Hz, J(*H-'H) = 0.8 Hz, J(*H-/17Sn) =
35.1, }J("H-1""18n) = 6.6f Hz, 1H, PCCH), 6.85 (d, 2J('"H-*'P) =
42.7 Hz, YJ(*H-'H) = 0.8 Hz, *J(*H-'*/'YSn) = 35.9, 1H, PCH),
1.60—0.81 (m, 54H, 2X n-buy-H). C{*H} NMR (100.56 MHz,
CD,CL,) & = 1608 (d, J(“C-*'P) = 9.0 Hz, C,), 153.7 (d, J(C-*'P)
= 17.6 Hz, CH), 147.2 (d, J(®C-3'P) = 242 Hz, C,), 1449 (d,
(13C 31P) = 45.8 Hz, CH), 132.1 (d, J(°C-*'P) = 3.0 Hz, CH), 131.5
(d, J(BC-*'P) = 11.4 Hz, CH), 129.1 (d, J(**C-*'P) = 11.9 Hz, CH),
128.2 (d, J(°C-*'P) = 61.8 Hz, C,), 29.8 (s, n-Bu), 29.4 (s, n-Bu) 27.9
(s, n-Bu) 27.8 (s, n-Bu) 14.1 %s, n-Bu) 14.0 (s, n-Bu), 11.0 (d,
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J(*3C-3'P) = 1.8 Hz, n-Bu) 10.6 (s, n-Bu). ¥'P{"H} NMR (202.30
MHz, CD,Cl,) 6 = 50.6 (s, JJ(*'P-'""Sn) = 128 Hz, JJ(*'P-'"Sn) =
132 Hz, 3J(3'P-'¥Sn) = 161 Hz, 3J(*'P-'"Sn) = 169 Hz). ’Se NMR
(95.31 MHz, CD,CL) & = —478 (d, J("’Se-*'P) = 714 Hz).
19¢n{"H} NMR (186.25 MHz, CD,CL,) § = —38 (d, JJ(*'P-'Sn) =
134 Hz, PCCSn), —47 (d, 3J(*'P-1*Sn) = 169 Hz, PCSn). MS (APCI-
HR) m/z: 819.1825 [Se-5b + H]*, calcd for C3,Hy,PSeSn,: 819.1792.
Elemental analysis (%): caled for Cy,Hg PSeSn, C 49.97, H 7.52,
found: C 50.14, H 7.69.

Synthesis of 1-Phenyl-2,4-bis(triphenylstannyl)-1H-phosphole
(5¢). Zirconocene dichloride (1.17 g, 4.0 mmol, 2.0 equiv) and
elemental lanthanum (0.36 g, 2.6 mmol, 1.3 equiv) were transferred
into a Schlenk flask. 10 mL of THF was added to the reaction vessel,
followed by the addition of ethynyltriphenylstannane (3.00 g, 8.0
mmol, 4.0 equiv). The dark-colored reaction mixture was stirred for 6
h at room temperature. Then, the reaction temperature was lowered
to —80 °C and dichlorophenylphosphane (0.36 g, 2.0 mmol, 1.0
equiv) was added. The reaction mixture was stirred for a further 16 h.
After that, the raw product was extracted with dichloromethane (3 X
30 mL) and dried over Mg,SO,. The solvent was removed under
reduced pressure and a column chromatographic purification
(cyclohexane/ethyl acetate 4:1) was performed (Rp = 0.6). The
isolated compound was obtained as a brown oil, which was crystalized
at =20 °C from a mixture of pentane and dichloromethane. The
product was obtained as a colorless, crystalline solid. Yield: 74% (1.28
g 1.49 mmol). "H NMR (399.87 MHz, CD,Cl,) & = 8.04—7.10 (m,
37x CH,,). BC{'H} NMR (100.56 MHz, CD,Cl,) 6 = 154.6 (d,
J(*3C-3'P) = 18.6 Hz, CH), 152.3 (d, J(3C-*'P) = 9.0 Hz, C,,), 149.2
(d, J(*C-'P) = 6.2 Hz, C,), 146.9 (s, C,), 145.2 (d, J(*C-*'P) = 35.0
Hz, CH), 140.0 (s, CH), 138.6 (s, CH), 137.9—13722 (m, CH), 136.7
(s, CH), 134.9 (d, J(**C-3'P) = 19.5 Hz, C,,), 131.1 (s, C,,), 130.2 (d,
J(BC-3'P) = 1.9 Hz, Cy,), 129.9—129.4 (m, Cy,), 129.3—128.9 (m,
Ca). ¥P{'H} NMR (202.30 MHz, CD,Cl,) § = 35.3 (s,
2](31P—117/H9Sn) = 70 Hz, 3J(*'P-7Sn) = 209 Hz, J(3'P-'®Sn) =
219 Hz). "¥sn{'H} NMR (186.25 MHz, CD,Cl,) § = —131 (d,
3J(3'P-1Sn) = 219 Hz, PCCSn), —145 (d, JJ(*'P-'**Sn) = 71 Hz,
PCSn). MS (APCI-HR) m/z: 859.07327 [5¢ + HJ*, calced for
C4H;sPSn,: 859.07437. Elemental analysis (%): calcd for
CyH,PSn,: C 64.38, H 4.35 found: C 64.09, H 4.20.

Synthesis of 1-Phenyl-2,4-bis(triphenylstannyl)-1H-phosphole-1-
selenide (Se-5c). Phosphole 7 (0.86 g, 1.0 mmol, 1.0 equiv) was
dissolved in DCM (15 mL) at rt; red selenium (0.16 g, 2 mmol, 2
equiv) was added and stirred for 16 h. Then, the solvent was removed
under reduced pressure and the raw product was purified by column
chromatography (DCM; Ry = 0.4). The product was obtained as an
orange crystalline solid. Yield: 41% (0.38 g 0.41 mmol). '"H NMR
(499.74 MHz, CD,Cl,) § = 7.60—7.17 (m, 37X CH,,). Due to
overlaps in the *C NMR spectrum, just a list with the detected signals
is shown. *C{'H} NMR (100.56 MHz, CD,Cl,) § = 138.3, 138.0,
137.8, 137.8, 137.7, 137.6, 137.6, 137.4, 137.4, 137.3, 136.8, 136.7,
136.7, 135.2, 131.8, 131.8, 131.7, 131.4, 130.8, 130.4, 130.4, 130.3,
130.0, 129.7, 129.6, 129.4, 129.3, 129.1, 129.0, 129.0, 128.8, 128.8,
128.1. 3'P{'"H} NMR (202.30 MHz, CD,Cl,) § = 52.5 (s, 'J(*'P-""Se)
= 727 Hz, J('P-'Sn) = 176 Hz, )J('P-'"Sn) = 184 Hyz,
37(3'P-""Sn) = 208 Hz, 3J(3'P-'"Sn) = 218 Hz). ’Se NMR (95.31
MHz, CD,ClL,) 6 = —479 (d, 'J(7’Se-3'P) = 727 Hz). "¥sn{'H}
NMR (186.25 MHz, CD,Cl,) 6 = —139 (d, JJ(*'P-'"Sn) = 184 Hz,
PCSn), —148 (d, }J(3'P-'"Sn) = 218 Hz, PCCSn). MS (APCI-HR)
m/z: 859.071 [Se-5¢-Se + H]*, caled for C,sH3sPSn,: 859.074.
Elemental analysis (%): calcd for C,sH;,PSeSn,: C 58.96, H 3.98, H
435 found: C 58.95, H 4.22.

Spectroscopic Data for (1E,3E)-1,4-Bis(triphenylstannyl)buta-
1,3-diene (4c). "H NMR (399.87 MHz, CD,Cl,) 6§ = 7.75-7.46
(m, 13H, 13X CH,,), 7.46—7.27 (m, 19H, 19X CH,,), 6.93—6.54 (m,
2H, 2X SnCCH), C{'H} NMR (100.56 MHz, CD,CL,) § = 137.3
(s, J(C-""7/"98n) = 8.2 Hz, J(*C-""7/18n) = 41.0 Hz, C,), 136.9.3
(s, J(BC-117196n) = 37.7 Hz, CH), 129.0 (s, J("*C- HI/9GHY — 114
Hz, CH), 128.8 (s, J(*C-1Y/19Sn) = 11.2 Hz, CH), 128.7 (s, CH),
128.5 (s, CH). "¥Sn{'H} NMR (186.25 MHz, CD,Cl,) 6§ = —143
(s). MS (APCI) m/z: 351.02 [PhySn + H]", calcd for: 351.02. 4c was
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obtained in the synthesis of Sc or Se-Sc, after attempted chromato-
graphic purification, via fractional crystallization from the eluate,
evaporated to dryness, and redissolved in dichloromethane, adding an
equal volume of pentane, followed by crystallization at —20 °C. Sc or
Se-Sc crystallize first, followed by a second crop consisting of 4c.
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