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3,7-Diazadibenzophosphole Oxide: A Phosphorus-Bridged Viologen
Analogue with Significantly Lowered Reduction Threshold**

Stefan Durben and Thomas Baumgartner*

4,4"-Bipyridine (1) and its N-alkylated congeners!!! are classic
organic building blocks that have been utilized in a variety of
fields, such as photochemistry,'” electrochemistry,!' solar-
energy conversion,'!l and as bridging ligands in metallosu-
pramolecular assemblies, or molecular wires.'® Methylviol-
ogen MV?*, or paraquat, easily accessible from 4,4"-bipyridine
by methylation (Scheme 1), is frequently used as a photo-
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Scheme 1. Synthesis and reduction of methylviologen (MV**).

chemical probe,® an electrochemical label,”™ or a co-
sensitizer in studies concerning the electron-transport pro-
cesses or oxidative damage in DNA.F!

The high practical value of MV?*' is based on its
pronounced electron-acceptor character and the change
between intense colors (purple and orange) for the radical
cation (MV*"), and the neutral species (MV), respectively,
that make the reduction event(s) easily detectable by optical
spectroscopy or even the naked eye.['"]

In the context of systematic studies on phosphorus-
containing m-conjugated materials for organic electronics,
our group! and others®! could confirm the highly tunable,
favorable electron-acceptor features that are attributable to
the electronic nature of phosphorus. Recently we have
extended our studies toward m-conjugated phospholes with
pyridine units as integral part of the scaffold and were able to
establish the highly functional nature, as well as the pro-
nounced electron-accepting features of these systems, partic-
ularly for the phosphole oxides."

[*] Dr. S. Durben, Prof. Dr. T. Baumgartner
Department of Chemistry, University of Calgary
2500 University Drive NW, Calgary, AB T2N 1N4 (Canada)
E-mail: thomas.baumgartner@ucalgary.ca
Homepage: http://www.ucalgary.ca/chem/pages/Baumgartner

[7‘: *

Financial support by NSERC of Canada and the Canada Foundation
for Innovation (CFl) is gratefully acknowledged. We also thank
Alberta Ingenuity, now part of Alberta Innovates—Technology
Futures, for a graduate scholarship (S.D.) and a New Faculty Award
(T.B.). Thanks to Prof. T. Sutherland for his help with the electro-
chemical studies, as well as Dr. T. Linder and Prof. U. Englert
(RWTH Aachen University) for helpful discussions with regard to X-
ray crystallography.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201102453.

SWILEY i

ONLINE LIBRARY

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

We now report the synthesis and characterization of a 3,7-
diazadibenzophosphole oxide, which can be considered a
phosphorus-bridged viologen precursor, and its subsequent
conversion into the dimethylated phospha-MV?** species. Our
study shows that incorporation of the bridging phosphoryl
group dramatically enhances the electron-acceptor features
of the scaffold, while maintaining MV>"-analogue stability
and responses.

To synthesize the title compound using our established
method towards ring-fused phospholes,! 3,3'-dibromo-4,4'-
bipyridine (3) had first to be prepared on a synthetically
useful scale. Despite the fact that compound 3 had been
reported before, the procedure outlined was tedious only
providing 3 in very low yield and analytical amounts.”) To gain
access to the starting material 3 in synthetically useful
amounts, we applied an Ullmann coupling® of 3-bromopyr-
idine (2) to afford the target bipyridine in moderate yield
(44%; Scheme 2). Remarkably, the reaction involves only
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Scheme 2. Synthesis and reactivity of 3,7-diazadibenzophosphole oxide
4:2) 1. LDA (—85°C, THF), 2. CuCl,, 3. air. b) 1. 2 nBuLi (—85°C,
THF), 2. PhPCl,, 3. H,O, (excess, CHCl;). ¢) 2 MeOTf, CH,Cl,, room
temperature.

inexpensive starting materials and was proven to be scalable,
so that bipyridine 3 could be obtained on a gram scale within
two days. Multinuclear NMR spectroscopy, mass spectrome-
try and elemental analysis confirmed the formation of
compound 3. In addition, single-crystals, suitable for X-ray
crystallography were also obtained (see the Supporting
Information).

The best results for the synthesis of 4 were obtained by
treatment of 3 with two equivalents nBuLi at —85°C in THF
(Scheme 2);1""! diazadibenzophosphole oxide 4 was isolated in
49% vyield as colorless solid. The *'P NMR resonance of 4
(6*'P =33.6 ppm) agrees well with that observed for the 3-
azadibenzophosphole oxide analogue (6*'P =34.0 ppm)® and
dibenzophosphole oxide (6*'P =31.4 ppm).!"? Single crystals,
suitable for X-ray crystallography, were obtained from a
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concentrated solution of 4 in ethanol upon evaporation.'”
The structure (Figure 1) exhibits a planar backbone with
small C—C and C—N bond-length alternation and shows
essentially equidistant endo- and exocyclic P—C bond lengths

Figure 1. Molecular structure of 4 (left) and packing (right) in the solid
state (thermal ellipsoids set at 50% probability, H atoms are omitted
for clarity). See the Supporting Information for detailed metric
parameters.

that are in good agreement with the reported 1-aza-, and 4-
azadibenzophosphole oxide,” as well as dibenzophosphole
oxide.""!

The packing in 4 shows a layered motif with two different
face-to-face interactions. The layers with the O-atoms point-
ing toward each other show a strong m-stacking interaction
with a distance of 3.41 A, whereas the layers with the phenyl
rings pointing toward one another show weaker face-to-face
interactions with a distance of 3.61 A.

The photophysical features of 4 were investigated by UV/
Vis spectroscopy in dichloromethane (Table 1). The spectrum
(Supporting Information) shows an absorption profile with a
maximum at A, =276 nm and a molar absorptivity of &,,, =
10750 Lmol'ecm™!, as well as shoulders at 305nm and
269 nm; the onset of absorption is found at A, =330 nm.
The photophysical features are comparable to those observed
for the azadibenzophosphole oxides.!

Table 1: Photophysical and electrochemical features of 3-5 and MV?",

Compd  Ane [nm]  &[Lmol™ cm™] Ered™ [V] Eo [V]
3 272 5340 —2.58 0.48, 0.95
4 276 10750 —1.85, —2.47 0.81

5 288 17720 —0.51, —1.00 -
My -1.09, —1.52 -

[a] Dichloromethane, ¢~107°>m. [b] CH;CN, NBu,PF, as supporting
electrolyte, vs. Fc/Fc*.

The electrochemical characteristics of 4 were probed via
cyclic voltammetry (CV), performed in acetonitrile solution
at different scan rates and referenced versus Fc/Fc* (Fc=[(n-
CsHs),Fe] see the Supporting Information). The cyclic
voltammograms show a reversible reduction at E. 4 ,=
—1.85V (E ymo = —2.95 eV). Furthermore, another irrever-
sible reduction is observed at E,.4,=—2.47 V; an irrever-
sible oxidative wave can be found at Eg=0.81V
(Table 1). The first reduction occurs at a lower potential
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compared to 3-azadibenzophosphole oxide (AE=0.29 V),
due to the presence of the second nitrogen within the scaffold
of 4. Since the material revealed reversible one-electron
reduction events, assessed by the separation between anodic
and cathodic peak potentials, its electron-transfer constant
ker was evaluated.' 3,7-Diazadibenzophosphole 4 shows a
lower kppr=2.01x10"*cms™' than those observed in the
azadibenzophospholes® probably due to the less polar
backbone structure, resulting in lower mobility in an electric
field. Nevertheless, the obtained kg value indicates suffi-
ciently fast electron-transfer processes that are beneficial for
an application in electronic devices,'" well within the range of
previously reported phosphadiazole-oxide, thiadiazole, thia-
diazole-oxide and -dioxide fused phenanthrenes, and pyr-
enes.™!

After having established synthetic access to the 3,7-
diazadibenzophosphole oxide 4, its reactivity towards tran-
sition metals was investigated. Due to the analogy of the
backbone of 4 to 4,4'-bipyridine, the synthesis of a supra-
molecular square (see Supporting Information), analogous to
a compound reported by Fujita and co-workers,™® was
attempted. However, no reaction was observed upon mixing
of 4 with [Pd(bipy)(NOs),], and slow heating resulted in
decomposition to unidentified products, as confirmed by
NMR spectroscopy and MALDI-TOF mass spectrometry.
The lack of success can be explained by the electron-
withdrawing effect of the phosphoryl group, making 4 a
weak N-donor system not capable of coordination to two Pd**
centers. Furthermore, owing to the distortion of the back-
bone, the arrangement of the N donors in 4 is such that the
formation of an ideal square complex is not possible, the
geometry of the product would be a distorted square with
considerable ring strain. Alternatively, the synthesis of a
coordination polymer was attempted by treatment of 4 with
0.9 equivalents of K,[PtCl,], affording a poorly soluble, bright
orange solid. Despite the fact that 'H and *'P NMR spectros-
copy and UV/Vis spectroscopy, as well as MALDI-TOF
spectrometry (see the Supporting Information) suggest the
formation of oligomeric species, the insolubility of the
material precluded a clear assignment of its structure.
However, note in this context that the analogous reaction
using the related monodentate 3-azadibenzophosphole (L) as
ligand cleanly results in the formation of the [Pt(L),Cl)]
complex.

3,7-Diazadibenzophosphole oxide 4 was subsequently
converted into the methylviologen analogue 5 (Scheme 2).
In stark contrast to the metal complexation, the reaction of 4
proceeded cleanly by addition of two equivalents of methyl
triflate, providing phospha-MV?>" 5 in good yield (79 %) as
colorless solid. In addition to multinuclear NMR spectrosco-
py and CHN analysis, the formation of § was confirmed by X-
ray crystallography (Figure 2). Single crystals were obtained
from a concentrated solution of § in ethanol upon cooling to
OOC.[IZ]

Note that the triflate anions are disordered over two
positions and only the major component is shown. Due to the
symmetry, both pyridinium rings and triflate anions are
equivalent. The triflate anions are located on top of the
annelated backbone, resulting in a short contact between O12
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Figure 2. Molecular structure of 5 (left) and packing (right) in the solid
state (thermal ellipsoids set at 50% probability, H atoms are omitted
for clarity). See the Supporting Information for detailed metric
parameters.

and N1 (2.86 A). The bond lengths observed in 5 are in good
agreement with those of 4. In the packing diagram, no face-to-
face interactions are observed due to the position of the
anions, preventing close contacts between the m systems, in
favor of dipolar interactions.

The photophysical features of the phospha-MV*" § were
investigated via UV/Vis spectroscopy. The absorption profile
is featureless with a maximum at A,,,, =288 nm and a molar
absorptivity of &,4=17720 Lmol'cm™!, comparable to that
of 4 (Table1). Cyclic voltammetry of 5 revealed two
reversible reductions at  E.4,,=-051V (ELymo=
—4.29eV) and E,.41,=—1.00 V, respectively (Figure 3).

-2x107
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EIV —

Figure 3. Cyclic voltammograms of 5 in CH,;CN solution at varying
scan rates (10, 20, 50, 100, 200, 500, 1000, 1500, and 2000 mVs™;
peak height increases with increasing scan rate). NBu,PFg as support-
ing electrolyte; referenced vs. Fc/Fc™.

The separate electrochemical events result from sequen-
tial one-electron reduction of the individual pyridinium
moieties. The reduction potentials of 5 are significantly
lower than those of both, the starting material 4 and the
parent MV*" (E,q11,=—1.09 Vand E,.g 1= —1.52'V, vs. Fc/
Fc*),l7 as a result from the methylation and incorporation of
the phosphole oxide, respectively. Both modifications
decrease the energy of the LUMO-levels, facilitating the
reduction. The electron-transfer rates were determined to be
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ke =1.93x10° cms™! and kg =1.71x107 cms™, respec-
tively.'"¥ Compared to 4, the methylated congener 5 shows
increased electron-transfer rates, probably due to the charges,
resulting in a high mobility in an electric field.

As mentioned above, MV*" and analogues have been
shown to be useful redox-active photochemical probes to
investigate electron-transfer processes from DNA intercala-
tors (i.e., ruthenium complexes or ethidium) to MV?* 23
The reduction events on MV>" result in an increase of the
absorption in the visible range of the spectrum and are
monitored by UV/Vis spectroscopy.”! To investigate the
suitability of § for studies of this kind, the spectroelectro-
chemical features were examined. As shown in Figure 4,

450 500 550 600 650 700

L L T + 3 1
300 400 500 600 700

Alnm —

Figure 4. Spectroelectrochemistry of compound 5 in acetonitrile at
E=0.0V (—), —0.6 V (sseee, 5.4), and —1.1V (===, 5,.4) vs. Fc/Fc".
Inset: magnification of the visible-light region.

without applied potential (0.0 V), the phospha-MV>" 5 shows
no significant absorption in the visible range of the spectrum.
After application of a potential (—0.6 V), resulting in the
reduction of 5 to the corresponding monocation radical §,.q;,
the absorption in the visible range of the optical spectrum is
significantly increased over a wide spectral window, as
expected for the reduced monocation radical. MV*" (the
product for reduction of MV>") also shows a broad absorption
over the whole visible range of the spectrum, due to its
charge-transfer nature, with a maximum at A,,, =605 nm."
The second reduction, resulting in the formation of the
neutral 5.4, leads to a slightly decreased absorptivity
(Figure 4).

However, even after applying a higher potential (—1.1 V),
the absorption remains significantly higher than that of the
dication 5. These results, in combination with its solubility in
water, show that the phospha-MV?*" 5 is well suited for an
application as redox-active photochemical probe, due to its
significant change in the absorption profile upon reduction.
Its advantage over parent MV>* lies in the decreased (i.e., less
negative) reduction potentials (5: E..q110=—0.51V, E\cpp1p =
—1.00 V; MV*": E,g11p=—1.09V, E,pp1p=—1.52V, vs. Fc/
Fc"), inherently leading to increased sensitivity and wider
scope of useable excited-state electron donors with low-lying
LUMO levels.
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To better understand the electronic and photophysical
characteristics, DFT calculations (B3LYP/6-31G*) have been
performed on the diazadibenzophosphole oxide 4, the
dimethylated congener 5, and the corresponding native
species 1 and MV?*1*20 The geometries were fully optimized
and the orbital energies determined (Table 2).

Table 2: Frontier orbital energies [eV] and (character) for 1, 4, 5, and
MV2+ 19l

Orbital 1 4 56 MV2H

LUMO —2.02 (w%)  —2.60 (n*) —4.18 (m¥)  —3.77 (w¥)

HOMO —7.40 (ny)  —7.37 () —7.45 (mp,)  —8.96 (m)

HOMO-1  —7.45 (ny) =739 (ny)  —7.61 (mp) —8.97 (m)

HOMO-2  —7.57 (m) —7.50 (ny)  —8.58 (0p) —8.99 (m)
]

[a] Only the cationic portion was calculated using PCM solvation.!

The LUMO energy of 4 is significantly stabilized in
comparison with 4,4-bipyridine 1 (AE~0.6 ¢V), while the
HOMO energy level essentially remains the same, despite a
switch in character from ny to m. The energy differences
between HOMO, HOMO-1, and HOMO-2, representing
either the nitrogen lone pairs or the 7 system (see Supporting
Information), are minor in both compounds, which supports
the fact that the general reactivity of 4 toward methylation is
not compromised; the phosphoryl bridge largely introduces
increased electron-acceptor features to the system. While the
correlation between computational results for 4 with the
experimental electrochemical data is fair (from CV: E| yyo =
—2.95¢eV; calculated: E;yyo=—-2.60eV), the calculated
LUMO level of dication 5 (E yyo=—4.18 eV) agrees very
well with that determined by CV (E;yyo = —4.29 eV);?! as
expected, it is significantly stabilized compared to that of 4
(AE~1.6€eV), but also that of MV*" (AE~0.4eV). The
character of the LUMO in 5 is very similar to that for 4 and
MV?*!, representing a quinoidal mt* system. It is interesting to
note, however, that the HOMO level of 5 shows no
contribution from the main m system, only the m system of
the exocyclic phenyl ring is represented; the same is true for
the HOMO-1. Since MV?*" does not have this structural
feature, the essentially degenerate HOMO, HOMO-1, and
HOMO-2 involve the i system, however at lower energy
than the corresponding orbitals for 5 (AE~0.4-1.5¢eV).

In conclusion, we have successfully synthesized 3,3'-
dibromo-4,4"-bipyridine in reasonable quantities for the first
time, which has allowed us to access a novel phosphorus-
bridged viologen analogue. Owing to the pronounced elec-
tron-acceptor character of the phosphoryl bridge, the com-
pound shows reversible reduction features, but only a limited
capacity to act as a rigid bidentate ligand for transition-metal
species through the nitrogen centers. However, methylation
of the nitrogen centers is clearly possible, providing the water-
soluble phospha-MV?*" 5 with a further lowering of the
reduction potentials. This species can be reversibly reduced in
two steps and the reduction can be monitored by optical
spectroscopy, as the reduction events correlate well with the
formation of strongly absorbing charge-transfer species,
similar to those observed for the parent MV*" system.
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Importantly, the reduction of the system can be achieved at
significantly lower potential (AE.,>0.5V) than for the
parent viologen system, owing to the planarized geometry,
as well as the electron-withdrawing nature of the phosphoryl
bridge. Our studies suggest considerable practical value of the
new system, for example, in the context of electron-transfer
processes with weaker electron donors. Verifying studies with
corresponding transition-metal complexes and species of
biochemical relevance are currently underway.
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