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Isomeric Dithienophosphepines: The Impact of Ring Fusion on
Electronic and Structural Properties

Kevin Padberg,” Johannes D. R. Ascherl,” Frank Hampel,” and Milan Kivala*™

Abstract: The synthesis and extensive experimental (X-ray
crystallography, UV/Vis spectroscopy, cyclic voltammetry)
and theoretical (DFT calculations) characterization of two
isomeric dithieno[b,flphosphepines (DTPs) are presented
herein. The relative orientation of the phosphepine and
the thiophene moieties has a decisive impact on the elec-
tronic and structural properties of these compounds.
Moreover, the thiophene units allow for a facile subse-
quent functionalization through direct Pd-catalyzed C—H
coupling, which renders DTPs highly promising building
blocks for organophosphorus functional materials.

- /

Heteroatoms are commonly implemented into m-conjugated
scaffolds to achieve diverse organic materials with desirable
optical and electronic properties. In this context, phosphorus
holds a privileged position due to its versatile electronic nature
and reactivity, which allows for efficient molecular property
tuning.”

For this reason, phospholes, the phosphorus-containing ana-
logues of cyclopentadiene, have emerged as promising build-
ing blocks for organic materials with unique electronic and
redox properties.”**3 In contrast, the larger seven-membered
phosphorus heterocycles, so-called phosphepines, have not
been studied yet in detail. This is mainly due to synthetic chal-
lenges arising from the high thermodynamic instability of
these compounds.” As a matter of fact, early reports on the
synthesis of unsubstituted phosphepines describe their rapid
degradation already at room temperature.” Stabilization can
be achieved through steric shielding of the phosphorus center

[a] J. D. R. Ascherl, Prof. Dr. M. Kivala

Institute of Organic Chemistry & Centre for Advanced Materials
Ruprecht-Karls-University Heidelberg

Im Neuenheimer Feld 270 & 225, 69120 Heidelberg (Germany)
E-mail: milan.kivala@oci.uni-heidelberg.de

Dr. K. Padberg, Dr. . Hampel

Department of Chemistry and Pharmacy
Friedrich-Alexander-University Erlangen-Niirnberg
Nikolaus-Fiebiger-Strasse 10, 91058 Erlangen (Germany)

=

&J Supporting information and the ORCID identification number(s) for the
@ author(s) of this article can be found under:
https://doi.org/10.1002/chem.201905429.

Ef © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of Creative Commons Attri-
bution NonCommercial License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited and is
not used for commercial purposes.

Chem. Eur. J. 2020, 26, 3474 - 3478 Wiley Online Library

3474

Previous work

This work

L}

‘

! 7\ 1\
! s” P78
' o Ph

D g DI o e
! =

1

L}

‘ —

' S s
! \ /
' N P ¥
' Ph

. p-DTP (1B)

Scheme 1. Schematic depiction of reported phosphepines (left) as well as
isomeric dithieno[b,flphosphepines (DTPs, right). The notations a- and f3-
DTP refer to which positions of the thiophenes are bridged by the phospho-
rus.

or annulation of the [b,d,fl-C=C double bonds (compounds A-
D, Scheme 1, left).”) Especially the fusion of (hetero)aromatic
rings to the [b,fl-bonds proved to be a desirable motif as the
precursors for this strategy are easily made from simple start-
ing materials.*®@ Only recently, the annulation strategy was ex-
ploited to furnish dibenzo[b,flphosphepines (DBPs, B)" and di-
azaphosphepines (D), both showing remarkable stability. The
bottleneck of this chemistry is the variety of derivatization that
can be applied to these systems, which up to now required
mostly the preinstallation of suitable functionalities and carry-
ing them through the entire synthetic sequence.”’ Thus, the re-
alization of phosphepine-based small molecules that allow for
m-expansion by post-functionalization methods is a desirable
goal.

In this connection, thiophene-fused phosphepines are inter-
esting synthetic targets due to the well-established rich
chemistry of thiophenes allowing for regioselective functional-
ization.” Several dithieno[b,flphosphepines (DTPs) are in princi-
ple feasible, depending on the relative orientation of the fused
heterocycles. Among these, we were particularly interested in
the two symmetric isomers a-DTP (1a) and (-DTP (1§,
Scheme 1, right). Both scaffolds have been reported previously,
however, no photophysical and electrochemical investigations
of 1a have been described.®™ Moreover, B-DTP was only isolat-
ed as pentavalent phosphine oxide."” With this work, we
therefore provide a reliable and scalable synthesis of trivalent
and pentavalent DTPs and discuss the influence of the isomer-
ically different ring fusions on the electronic and structural
properties of these compounds. Additionally, we explored the
possibilities of post-functionalization at the thiophene moieties
to achieve novel -expanded DTPs.
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For the realization of o-DTP and -DTP we combined the
strategy reported by Lammertsma and co-workers for DBPY
with the synthetic route towards thiophene-fused borepines
described by Tovar and co-workers."” In detail, DTPs were syn-
thesized starting from isomeric (2)-dithienylethenes"? 2 and 3
allowing for the incorporation of phosphorus at either the o-
or the B-positions of the thiophene moieties (Scheme 2, left).
Given that oxidation of trivalent phosphepines during chroma-
tography is a known issue, borane adducts 4o and 4f were
synthesized first in 46 % and 69 % yield, respectively, through a
sequence of lithiation using tBuli, ring closure through treat-
ment with PPhCl,, and protection of the phosphorus center
with borane dimethylsulfide. Deprotection with 1,4-diazabicy-
clo[2.2.2]octane (DABCO) gave the desired DTPs 1o and 1f in
yields of 96% and 91%, respectively. Additionally, the phos-
phorus center was further modified through treatment with
H,O, to afford the corresponding DTP oxides 5a and 5f in
82% and 93 % yield, respectively. All DTP derivatives were pre-
pared on a gram scale and handled under ambient conditions,
however, slow oxidation of the parent DTPs 1a and 1§ was ob-
served during storage of the isolated solids at room tempera-
ture.

Single crystals of all DTP derivatives suitable for X-ray crystal-
lography were obtained by slow liquid diffusion of n-pentane
into CH,Cl, solutions of the corresponding compounds at
room temperature (Scheme 2, left). Owing to the nonplanar
seven-membered rings, all derivatives adopt butterfly shaped
structures with an average dihedral angle of 145° between the
thiophene moieties, whereby 1 has the most bent structure
(134°) and 5 the most flattened one (156°). Regarding the en-
vironment of the phosphorus center, the sum of C-P-C bond
angles (Z.,.0) ranges from 303.9° (1f) to 319.1° (5a), which is
similar to the pyramidalizations of PPh; (S, =308.4°)"% and
PPh;O (Zcpc=318.6°)."" Whereas the P—C,;.,,, bond lengths of
the DTP derivatives (P—Cppeny 1.80-1.84 A) lie in the same
range as the P—C bond lengths of PPh,O (1.80 A)™ and PPh,
(1.83 A" the P—C,,, bonds are found to be slightly shorter
with an average length of 1.789 A throughout the series. In
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this connection, it is worth mentioning that the P—C;,, bonds
in the o-isomers are on average slightly shorter by 0.016 A
than in the p-derivatives (Table S1, Supporting Information).

DTP oxide 5 adopts a different conformation than the
other DTPs with its oxygen atom being oriented almost per-
pendicular to the DTP backbone (anti conformation). These
features agree with those of the crystal structure reported for
the same compound by Delouche et al." In contrast, the lone
pairs, borane units, and oxo groups, respectively, are pointing
in the same spatial direction as the thiophenes (syn conforma-
tion) in case of all other derivatives. It has been shown compu-
tationally that syn and anti conformations of phosphepines
can interconvert through ring flip of the seven-membered ring
with rather small activation barriers <5 kcalmol™' (Scheme 2,
right).*>"¥! Based on calculations performed at the B3LYP-D3/
def2-TZVPD level of theory (Figure S39, Supporting Informa-
tion), we found the syn conformation of 1a and 1f to be
lower in energy by 3.6 and 5.7 kcal mol™', respectively, than the
corresponding anti geometries. In case of the oxides 5a. and
5B, this energy difference amounts to less than 1 kcalmol™.
With such small energetic preferences in mind, it can be as-
sumed that the observed conformations in the crystal struc-
tures are a result of packing effects.

A common packing motif or distinct intermolecular interac-
tions were not observable in the solid state packing of DTPs 1,
4, and 5, except for 1 showing S-S interactions with a dis-
tance of 3.6 A (Figure S32, Supporting Information).

The electronic properties of DTPs 1 and 5 were investigated
through UV/Vis absorption and fluorescence spectroscopy (in
CH,Cl,) as well as cyclic voltammetry (in THF) and the results
were corroborated by DFT calculations performed at the
B3LYP-D3/def2-TZVPD level of theory.

The lowest-energy absorption wavelengths (4,,.,) of the -
isomers are considerably red-shifted by 31-39 nm as compared
with the a-derivatives (Figure 1, Table 1). The optical band
gaps obtained from UV/Vis spectroscopy are in qualitative
agreement with the calculated HOMO-LUMO gaps, which are
found to be around 0.5 eV smaller for the -DTPs (Figure 2).
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Scheme 2. Synthesis of a- and B-DTPs starting from isomeric (2)-dithienylethenes together with ORTEP plots of DTPs drawn at the 50% probability level (left).

Hydrogen atoms are omitted for clarity. Conformational ring inversion of phosphepines (right, E=

Chem. Eur. J. 2020, 26, 3474 -3478 www.chemeurj.org

3475

lone pair, BH;, O).

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

\\;* ChemPubSoc
el Europe
3.0 1
a) o-DTPs B-DTPs
S=(5 “Y)=5
51 a¥e &,
R
Ph E PH E 5
i 20 wing-to-phosphorus wing-to-wing @
g communication communication -~
= S
5 —10 | 8
Al - g
® — ¥ |3
—58 <
o
7]
e
T
550 600
b) —6a
. —6
Ie) B
kel
(9]
N
®©
€
—
o
c

250 300 350 400 450 500 550 600
A/ nm

Figure 1. a) UV/Vis absorption (solid lines) and fluorescence spectra (dashed
lines) of DTPs 1 and 5 recorded in CH,Cl, at room temperature. The inset
shows the different conjugation pathways within a- and p-isomers (E=lone
pair, O). b) Normalized (with respect to the lowest energy absorption bands)
UV/Vis absorption spectra of m-expanded DTPs 6 recorded in CH,Cl, at rt.

These findings point to the presence of a longer effective con-
jugation pathway in the 3-DTPs, as a result of the relative ori-
entation of the thiophenes allowing for electronic communica-
tion between the outer a-positions through the [d]-bond of
the seven-membered ring (wing-to-wing communication,
Figure 1). It is worth mentioning that Tovar and co-workers
have reported similar observations in isomeric dithieno[b,floor-
epines (DTBs), however, the effect in this case was much less
pronounced with a redshift of only 12 nm of the A,,,, value of
the B-isomer."

All DTPs feature weak (@ <5%) blue light fluorescence in
solution (CH,Cl,). The fluorescence spectra are mirror-imaged
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Figure 2. Kohn-Sham FMOs of isomeric DTPs 1 and 5 as obtained from DFT
calculations at the B3LYP-D3/def2-TZVPD level of theory.

to the corresponding lowest-energy absorption bands with
large Stokes shifts of approximately 80 nm (5500-7000 cm™").
Recent studies have shown that dibenzannulated arsepines as
well as other 8m-electron heteropines undergo planarization
upon photoexcitation due to a gain of excited-state aromatici-
ty (Baird’s rule)™ resulting in unusually large Stokes shifts.""”
Although computations suggest that phosphepines might
behave similarly,"’? our experimental results provide no indica-
tion for such effect as the fluorescence of trivalent and penta-
valent DTP derivatives is essentially the same.

The electrochemical data of DTPs 1 and 5 is summarized in
Table 1. Anodic events were not observable within the electro-
chemical window (< 1.0 V) except for 1B, which shows an irre-
versible oxidation at +0.67 V. All derivatives feature a revers-
ible or quasi-reversible reduction between —2.2 and —2.8V
(vs. Fc/Fc™). Going from trivalent DTPs 1 to oxides 5 lowers the
reduction potential by approximately 0.3 V. Regarding the in-
fluence of the relative orientation of thiophene and phosphe-
pine it is discernible that the reduction potentials of the a-
DTPs are cathodically shifted by 0.2V as compared with their
isomeric counterparts. In analogy to this observation, the cal-
culated LUMO levels of 1a and 5a are higher in energy by
0.25-0.3 eV than those of their isomeric relatives (Figure 2).
These trends can be explained by a higher electron density
around the phosphorus center in the a-isomers. In detail, the

Table 1. UV/Vis spectroscopic, electrochemical, and theoretical data of DTPs 1, 5, and 6.

Compound Arnax £ Egap HOMO-LUMO gap Dem Stokes shift o Ereq,
[nm][a] M 1cm 1] [eV][b] [eV][c] [nm][a] [nm] ([cm 1])[d] [%) [V][f]
1o 306 4900 4.05 4.38 390 4 (7050) <1 —2.74
50 314 7800 3.95 433 392 78 (6340) 2 —2.40
1B 345 10200 3.59 3.87 425 0 (5460) <1 —2.52
56 345 14500 3.59 3.86 424 79 (5400) 5 —2.22
60 314 - 3.95 - 424 110 (8260) 1 —2.16
6 407 - 3.05 - 479 72 (3690) 13 —1.93

ments in 0.1 M solutions of nBu,NPF in THF (scan rate 0.1 Vs~', vs. Fc/Fc*).

[a] Measured in CH,Cl, at room temperature. [b] Optical band gap calculated using Eg,,=h-C-Apay '
B3LYP-D3/def2-TZVPD level of theory. [d] Calculated as Am—Anmay. [€] Fluorescence quantum yields. [f] Half-wave potentials were obtained from CV measure-

. [c] Obtained from DFT calculations performed at the
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ring fusion in the latter facilitates the delocalization of electron
density from the electron-rich thiophenes towards phosphorus
(wing-to-phosphorus communication, Figure 1), which conse-
quently renders their reductions more difficult.

Additional support for the observed conjugation pathways
is provided by the frontier molecular orbitals (FMOs, Figure 2).
In case of 0-DTPs 1 and 5a, the orbitals are mostly concen-
trated on the central ring and on the sulfur atoms, which re-
flects the strong wing-to-phosphorus conjugation. In contrast,
the orbital coefficients at the outer a-positions at thiophene
are noticeably larger in 3-DTPs 1 and 5f, which is in agree-
ment with wing-to-wing communication.

With DTPs 1, 4, and 5 in hand, we targeted the functionaliza-
tion of the thiophene moieties. In this connection, the intro-
duction of functional groups at the a-positions of the thio-
phenes was probed first. Given the fact that DTPs possess a
phosphine-like reactivity rendering them susceptible towards
oxidation, our efforts were focused on the borane adducts 4
and phosphepine oxides 5. In principle, two reaction pathways
are feasible, that is, first, electrophilic aromatic substitution
and, second, metalation followed by quenching with suitable
electrophiles. Unfortunately, both routes showed to be unsuit-
able for our DTPs with the exception of borane adduct 4f,
which allowed for the introduction of bromines and formyl
groups at the a-position of thiophene through treatment with
tBuLi and subsequent quenching with elemental bromine and
DMF, respectively (compounds S1 and S2 in the Supporting In-
formation). Although both functionalities should in principle
allow for subsequent derivatization, we did not pursue this ap-
proach any further and turned our attention towards more
straightforward methods such as direct oxidative cross-cou-
plings. Very recently, Delouche et al. reported on the direct Pd-
catalyzed arylation of 5B,"% however, we found that this ap-
proach is not applicable to the corresponding a-isomer. In-
stead, we were able to introduce phenylethynyl units through
direct C—H functionalization of thiophene. Suitable conditions
(Pd,(dba);, PivOH, Cs,CO;, Et;N, Ag,0 in DME at 100°C)®** were
adapted from Jie etal. and afforded the desired ethynylated
DTP oxides 6a. and 6f in over 40 % yield (Scheme 3).

The influence of the m-expansion through ethynylation was
investigated through UV/Vis spectroscopy (Figure 1, Table 1).
Strikingly, a-derivative 6a has the same A, value (314 nm) as
unfunctionalized 5a.. This observation is comprehensible re-
membering that the outer a-positions in the a-DTPs are cross-
conjugated, which prevents efficient communication of the
phenylethynyl substituents in 6a. Turning to [(-isomer 6, a

43%

/ \ D N _ A\ -
s” R s ph—= 87 R8T —pn
Ph O Pd,(dba)s, PivOH, Ph O
5a Cs,CO3, EfN, 6o
Ag,0, Ph—=
_ DME, 100 °C _
S s S s
9 ) — A ' )~
R 45% Ph—= R =~ph
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Scheme 3. Functionalization of DTP oxides 5 through direct Pd-catalyzed C—
H coupling.
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strong bathochromic shift of the lowest-energy absorption
band of 62 nm is observed as compared to 5. In this case, the
acetylenes are conjugated through the olefinic backbone,
which leads to an effectively expanded m-system.

Similar to their unfunctionalized counterparts, 6 show fluo-
rescence in solution (CH,Cl,) with Stokes shifts >70 nm (3700-
8300 cm™', Figure S37, Supporting Information). Noteworthy,
the fluorescence quantum yield of 6o (P:=1%) was found be
as low as for the unfunctionalized DTPs, whereas the fluores-
cence of 6f was significantly stronger with @ =13%. Cyclic
voltammetry measurements revealed that the first reduction
potentials of 6 are lowered roughly equally by 0.2V as com-
pared to 5. Thus, the significantly redshifted absorption of the
[B-isomer is most likely to be ascribed to a more pronounced
increase of the energy of its HOMO. With the different elec-
tronic structures of a- and -DTPs in mind, the coupling of dif-
ferent acetylenic groups offers great possibilities for target-ori-
ented molecular property tuning.

In summary, we presented a reliable and scalable synthetic
route towards a series of two isomeric dithieno[b,flphosphe-
pines, that is, a- and 3-DTPs. Comprehensive experimental and
theoretical investigations revealed the different electronic
nature of the isomeric DTPs regarding the relative orientation
of phosphepine and thiophene moieties. In particular, wing-to-
phosphorus communication turned out to be the preferred
conjugation pathway in a-DTPs, whereas wing-to-wing com-
munication was found to be dominant in B-DTPs. Finally, we
showed that it is possible to introduce acetylenes through
direct C—H functionalization at thiophene, which is a promising
strategy for the synthesis of novel functional materials based
on the DTP scaffold.
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