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Thienyl substituted 2H-1,4,2-diazaphosphole complexes 3a,b were prepared via highly selective
ring-expansion reactions of 2H-azaphosphirene complex 1 and nitriles with our new synthetic

protocol using triflic acid and NEt;. The single-crystal X-ray structures of 3a,b show that the
3,5-substituents adopt a coplanar arrangement with the diazaphosphole ring resulting in extended
m-conjugation, thus giving rise to absorptions at long wavelengths in their UV/Vis spectra. On the
basis of Time-Dependent DFT (TD-DFT) calculations the longest-wavelength absorption could
be assigned to a metal-ligand charge transfer (MLCT) process and another low-energy band was

interpreted as a superposition of n—n* and n—n* transitions. Protonation of the ring nitrogen
yields a pronounced bathochromic shift of all bands along with an increase in their intensity.
These effects can be explained by the different extent to which the orbital energies are affected by

protonation.

Introduction

Organic oligomers and polymers with a planar, n-conjugated
backbone' *° have attracted considerable interest owing
to their potential application in electronic devices such as
organic light-emitting diodes (OLEDs), field-effect transistors
(FETs),® photovoltaic cells* and non-linear optical (NLO)
devices.® With the view to developing novel frameworks with
enhanced performance several strategies have been devised.
One successful approach was to incorporate heterocyclic
building blocks with different electronic nature in the
n-conjugated backbone, whereby the optical and electronic
properties of the materials could effectively be varied.® 2’
Enhanced conjugation due to intramolecular charge transfer
(ICT) was reached in copolymers with alternating electron-
rich and electron-deficient subunits, whereas it turned out that
the effect is maximized through incorporation of heterocycles
with low aromaticity.” For such purposes, e.g., group-14
heterocyclopentadienes have extensively been employed.®*
Réau and coworkers have established 2,5-diaryl- and
2,5-dihetaryl-phospholes I (Scheme 1),'°! and oligomers
and polymers thereof have also been reported.'?”!” Thorough
investigations on the optical and electrochemical properties of
I revealed that delocalization of the m system reaches a
maximum with two 2-thienyl substituents being attached in
2- and 5-position to the phosphole ring.!* It was further
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Scheme 1 Phospholes and complexes thereof I, II, 2H-14,2-
diazaphosphole complexes III, phospholium ions IV, V and
2H-1,4,2-diazaphospholium ions VI.

supported by quantum chemical calculations that this effect
is due to a low-lying LUMO, mainly localized at the phosphole
moiety, in combination with a high HOMO energy caused by
the electron-rich 2-thienyl substituents.'* Thienyl groups have
the further advantage that they are easily functionalized.?’ The
properties of I can also be adjusted by modification at
phosphorus, e.g., by transition metal coordination.'? '8
Baumgartner and coworkers have developed a similar strategy
making use of fused tricyclic dithieno[3,2-5:2',3’-d]phospholes
I1.'2125 Polymeric materials based on these systems have also
been described.?'?* The photophysical properties of II can
effectively be tuned through variation of the substituents R at
the thiophene rings or by modification at phosphorus. For
example, complexation of the phosphorus center of derivatives
of II with transition metal fragments such as AuCl or W(CO);
caused red shifts of the m—* absorption by 20-50 nm.** It is
noteworthy that pronounced bathochromic shifts were also
observed upon P-alkylation of both I'*!'® and 11?2 with methyl
triflate giving IV and V, respectively. This effect was attributed
to a lowering of the LUMO energy, and thus a lowering of the
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HOMO-LUMO gap, through the introduction of a positive
charge at the central phosphorus heterocycle.!*!6-22

We have recently developed a new and facile method for the
synthesis of 2H-1,4,2-diazaphosphole complexes III under
mild conditions using 2H-azaphosphirene complexes,? nitriles
and consecutive addition of trifluoromethanesulfonic acid
(CF3SO3H; hereafter referred to as triflic acid or TFOH) and
a base.?”?® While the substituent in 5-position (R?) can easily
be varied through the choice of the nitrile, so far we only
showed that this method can be used for the synthesis of
complexes with Ar = Ph, as this substituent is introduced with
the 2H-azaphosphirene complex. The molecular structures of
derivatives of III that were determined by single-crystal X-ray
diffraction showed in each case an almost perfectly planar
phosphorus heterocycle and the remarkable feature of a
coplanar arrangement with the 3-phenyl substituent and
also—if present—with hetaryl substituents (R?) at C>.27"%
Those complexes showed absorptions at comparatively
long wavelengths in their UV/Vis spectra. Furthermore, the
protonated intermediates VI, observed during the synthesis of
III, revealed very intense colors.?” Most of these species turned
out to be highly unstable, but when R> = NMe, they could
be isolated. UV/Vis spectra thereof showed remarkable
bathochromic shifts for all bands compared to their neutral
counter-parts (IIT).> It should be noted that acidichroism, i.e.,
red shift of visual absorption bands upon protonation, has
been observed also for some imine derivatives.>° Furthermore,
it has been reported that the emission wavelengths of phosphole-
based materials could efficiently be switched by protonation of
amino groups that are part of the n-conjugated scaffold.?

Against the background of the aforementioned effects of
thienyl substituents on the electronic properties of phosphole
derivatives I and II, we decided to synthesize 3-(2-thienyl)
substituted 2H-1,4,2-diazaphosphole complexes, which are
reported in this study. We also present investigations on the
photophysical properties of the products and provide
an interpretation of the obtained results on the basis of
Time-Dependent DFT (TD-DFT) calculations.

Results and discussion
Preparation of 2H-1,4,2-diazaphosphole complexes

2H-1,4,2-Diazaphosphole complexes 3a,b were prepared using
our newly developed acid/base protocol (Scheme 2). When
triflic acid was added to a solution of 2H-azaphosphirene
complex 1°! in the presence of the respective nitrile 2a,b the
initially pale yellow colored reaction mixtures turned immediately

1) CH,Cly, TFOH

1 1
(OC)SW‘p/R It (OC)5W\P{R
_\N + RCN %’ m \N‘
{ XN — [EtsNH][OTf] S N4_/(5
S R2
1 2a,b 3a,b

2, 3: R! = CH(SiMeg),
R2 = 2-thienyl (a), NMe; (b)

Scheme 2 Synthesis of 2H-1,4,2-diazaphosphole complexes 3a,b.

deep red (a) and deep green (b), respectively. Upon subsequent
addition of triethylamine the solutions turned yellow again
and the selective formation of complexes 3a,b was observed.

Complexes 3a,b were purified by low-temperature column
chromatography and unambiguously characterized by multi-
nuclear NMR experiments, mass spectrometry, IR and
UV/Vis spectroscopy and single-crystal X-ray diffraction
studies (Fig. 1 and 2); their purities were examined by elemental
analyses.

The NMR spectra of 3a,b display characteristic *'P resonances
at about 100 ppm with tungsten—phosphorus coupling
constant magnitudes of ca. 240 Hz. The *C resonance of
the C* centers appears at very low field (>195 ppm) and
exhibits [>T 3Jpc| values of about 22 Hz (see Scheme 2 for atom
numbering). The C° centers resonate at considerably higher
field (ca. 165 ppm) and have very small phosphorus—carbon
coupling constant magnitudes (3a: 5.5 Hz; 3b: 0.6 Hz), thus
indicating that at least two scalar couplings contribute to these
values. Noteworthy is that the NMe, group of 3b gives rise to
two sets of distinctly different '"H and '*C{'H} resonances,
which points to a hindered rotation about the C>~NMe, bond.

The C-O stretch vibration bands in the IR spectra of 3a,b
reflect the slightly perturbed Cy4, symmetry of these complexes.
They show each a single, well separated band at around
2070 cm~' and another band with low intensity at ca.
1975 cm™!, which can be assigned to normal modes of
local 4; and B; symmetry, respectively. In the range of
1900-1950 cm™' two or three very intense and partially
overlapping bands appear, which are attributable to vibrations
of local A; and E symmetry. Two bands according to C—N

stretch vibrations were observed at 1540-1600 cm ™.

Fig. 1 Molecular structure of complex 3a in the crystal (hydrogen
atoms omitted for clarity; only the prevailing conformation shown,
displacement parameters drawn at 50% probability level). Selected
bond lengths [A] and angles [°]: W(1)-P(1) 2.538(1), P(1)-N(1)
1.705(3), P(1)-C(2) 1.858(4), C(2)-N(2) 1.296(5), C(1)-N(1) 1.294(5),
C(1)-C(10) 1.445(5), C(2)-C(14) 1.441(5), N(1)-P(1)-C(2) 90.6(2),
P(1)-C(2)-N(2) 109.7(2), C(2)-N(2)-C(1) 109.5(3), N(2)-C(1)-N(1)
121.4(3), C(1)-N(1)-P(1) 108.0(2).

1594 | New J. Chem., 2010, 34, 1593-1602

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010


http://dx.doi.org/10.1039/C0NJ00151A

Downloaded by UNIVERSITA DI ROMA TOR VERGATA on 21 October 2010
Published on 24 May 2010 on http://pubs.rsc.org | doi:10.1039/CONJO0151A

View Online

Fig. 2 Molecular structure of complex 3b in the crystal (hydrogen
atoms omitted for clarity, displacement parameters drawn at 50%
probability level). Selected bond lengths [A] and angles [?]: W-P
2.527(1), P-N(2) 1.683(2), P-C(1) 1.879(3), C(1)-N(1) 1.295(4),

C2)'N(2) 1.3054), C(Q)-N(3) 1.343@), C(1)-C(12) 1.448(4),
N(@2)-P-C(1) 90.14(13), P-C(1)-N(1) 110.02), C(1)-N(1)-C(2)
109.4(3), N(1)-C(2)-N(2) 120.7(3), CQ)NQ2)-P 109.52),

N(2)-C(2)-N(3) 123.6(3).

In the solid state the molecular structures of both complexes
show an essentially planar 2H-1,4,2-diazaphosphole ring
(mean deviations from least-squares planes: 0.044 (3a) and
0.022 A (3b)). It is noteworthy that the three heterocycles
in 3a adopt a largely coplanar arrangement (torsion angles:
6.1° (C2-thienyl-diazaphosphole), 8.5°/9.6° (Cl-thienyl-
diazaphosphole), and 9.0°/12.4° (C2-thienyl-Cl-thienyl)).
The thienyl ring at Cl exhibits a statistical disorder (site
occupation factors 59 41). This feature has also been
observed for terminal rings of linear thiophene oligomers.*>
The interring C—C distances between the diazaphosphole and
the thienyl substituents are in the range of the lengths for
conjugated Cy2(—N)-CAr bonds (standard value: 1.476(14) A).*
Also complex 3b features a coplanar arrangement of the
thienyl ring with respect to the phosphorus heterocycle. The
dimethylamino nitrogen atom is almost perfectly trigonal
planar coordinated (3~ - 360.5°), and the plane of the NMe,
group does not deviate significantly from the regression plane
of the adjacent heterocycle (deviations from least-squares
plane: —0.037 (N3), 0.058 (C10), and —0.080 A (C11)).

In order to prepare the cationic 2H-1,4,2-diazaphospholium
complex 4, the reaction of 1 with dimethyl cyanamide (2b) and
TfOH was carried out without subsequently adding a base
(Scheme 3). The formation of 4 was evidenced by its >'P NMR
resonance at & = 103.3 (|'Jwp| = 255.6 Hz) with a phosphorus—
proton coupling constant magnitude of 21.6 Hz. However,
complex 4 suffered from partial decomplexation during the
reaction. The spectrum showed a second resonance at § = 99.8
(P*5Jpul = 29.2 Hz) that we assign to the protonated,
liberated ligand system 5, which could not be separated from

(OC)sW /R‘ TIOH (OC)sW, R R

/
CHCly, rt. 2 PO
A e oo LRI [P PeH
L s o s nHe
S NMe, NMe,
1 2b 5
R' = CH(SiMeg),

Scheme 3 Attempted
complex 4.

synthesis of 2H-1,4,2-diazaphospholium

the former. A similar result was obtained when a pure sample
of complex 3b was reacted with triflic acid.

Investigations on the electronic and optical properties of
2H-1,4,2-diazaphosphole complexes

The UV/Vis absorption spectra of complexes 3a,b show a
strong band at A, = 341 (Ig ¢ = 4.28; 3a) and 325 nm
(g ¢ = 4.19; 3b), respectively, and another band at very long
wavelength but with low intensity (3a: Z,.c = 444 nm,
lg e = 3.41; 3b: Aux = 413 nm, lg ¢ = 3.54). Compared to
analogous 3-phenyl substituted 2H-1,4,2-diazaphosphole
complexes,””?® these bands are bathochromic shifted by
4-24 nm. The lowest-energy absorptions are at even longer
wavelengths than the m—n* transitions of phosphole complex
derivatives 6'* and 7** (Scheme 4). Noteworthy are also the
long-wave optical end absorptions (Aynser) Of 3a (584 nm) and
3b (525 nm). For comparison, for complex 6 a value of 475 nm
was reported.'*

The largely coplanar arrangement in the crystal state of the
three adjacent ring systems in 3a as well as the two ring
systems and the dimethylamino group in 3b may allow for
extended m conjugation. Since the 2H-1,4,2-diazaphosphole
ring can be devised from the phosphole ring by replacement of
two CR units by nitrogen atoms, an even lower LUMO energy
may be expected for 2H-1,4,2-diazaphosphole complexes
compared to complexes of phospholes. This was evidenced
from cyclovoltammetric investigations, which revealed that
complex 3a is reversibly reduced at E;, = —1.635 V (calc.
vs. Ej;(FeCp, " /FeCpy)) (Fig. 3A). Complex 6 showed an
irreversible reduction wave at more negative potential under
comparable conditions (E,. = —2.20 V).'* On the other hand,
phosphole complex 6 exhibited a slightly lower anodic peak
potential (Ep,, = +0.70 V)'* than 3a (E,, = +0.83 V;
Fig. 3B), which points to a higher HOMO energy in the former
case; for both complexes the electrochemical oxidations were
irreversible under the applied measuring conditions.

In order to provide an interpretation of the UV/Vis absorption
bands of 2H-1,4,2-diazaphosphole complexes, vertical singlet
excitations were calculated for the di(2-thienyl) substituted
derivative 3a by means of Time-Dependent Density Functional

(OC)5W\P/Ph (OC)SW\P/Ph (Oi)SW\P/CH(SIMea)Z
B \ 7] A TN m °N
S S S N /
S S S
/
¥
6 7 3a
Amax = 408 nm Amax = 355 nm Amax = 341 nm,
444 nm

Scheme 4 Comparison of the long-wave absorption maxima for
complexes 3a, 6 and 7.
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Fig. 3 Cyclic voltammogram of 3a in CH,Cl, 3 mM; 0.1 M
["BuyN][PF4]) (A) between —1.40 and —0.82 V and (B) between
+1.00 and +1.40 V vs. Ag/AgCl/2 M LiCl in EtOH (GCE, Pt-wire;
scan rate 0.1 Vs~'; T = 25 °C).

Theory (TD-DFT).* In Fig. 4 the computed data are plotted
in comparison to the experimentally recorded UV/Vis spectrum
in wavenumbers.§

All relevant electronic transitions (Table 1) occur into the
LUMO (Fig. 5). This is unambiguously characterized as a n*
orbital of the heterocyclic system extended over all three rings,
whereas by far the largest contribution is given by the carbon
and nitrogen atoms of the diazaphosphole ring. As the
contribution of phosphorus is negligible, a c*-n* hyper-
conjugation, i.e., the interaction of a o* orbital of the
exocyclic bonds at P with a virtual orbital of the adjacent
n-system, as discussed for phosphole derivatives'>!'® and
similarly for silole, germole and stannole derivatives,® is not
supported here. The first excitation of considerable oscillator
strength is predicted at 19870 cm™" (No. 2) occurring from
the HOMO — 1. Because the latter shows clearly the
characteristics of a metal d orbital, this transition is described
as a metal-ligand charge transfer (MLCT) process. Against
the background that the applied calculation method yields
excitation energies that might by trend be somewhat too low,*
an assignment of the weak low-energy band detected at
22500 cm ™! (4 = 444 nm) to this MLCT process is plausible.

The more intense absorption band centered at 29400 cm ™'
(Amax = 341 nm) might arise from superposition of excitation
No. 4 and two further nearly degenerate excitations, No. 6 and 8.

In the former the electron is excited from HOMO — 3, which
is an almost pure m orbital wherein the dominance of the
thienyl ring at C° is clearly evident. Therefore, this excitation
can be assigned to a m—m* transition with an intramolecular
charge transfer character from the thienyl group at C to the
diazaphosphole ring. The excitations No. 6 and 8 both occur
from HOMO — 4 and HOMO — 6 into the LUMO. While the
HOMO — 4 exhibits distinct © characteristics and is uniformly
distributed over all three heterocycles, the HOMO — 6 (not
shown) has mainly o character and the largest amplitude
is found at the nitrogen lone pairs. Consequently, the
corresponding excitations may be described as mixtures of
n—n* and n—n* transitions.

As the 3-(2-thienyl) substituted cationic complex 4 could not
be isolated, the effect of N-protonation on the photophysical
properties of 2H-1,4,2-diazaphosphole complexes is discussed
on the example of the 3-phenyl derivatives>’ 8 and 9 (Fig. 6).
An inspection of their UV/Vis spectra reveals that the longest-
wavelength absorption maximum of 9 is significantly batho-
chromic shifted with respect to that of the neutral complex 8
(AVmax ~ 3000 cm™"). This band has a very broad shape and
the long tail in the visible region is giving rise to an extremely
long-wave optical end absorption (Agnser = 649 NM; Vopgey =
15400 cm™"). Another remarkable effect of protonation is a
pronounced increase in the molar absorptivity of the band in
the region of the m—m* transitions (8: Vmax = 34700 cm ™!,
lge =424;9: vy = 32700 cm™ !, Ig ¢ = 4.45).

We carried out TD-DFT calculations on the neutral
complex 8 (Table 2A) and the N-protonated complex 9
(Table 2B), the latter with TfO™ attached via an N-H-O
hydrogen bond.q The molecular orbitals of 8 and 9 can be
classified as either being of m type or constituting a metal d
orbital or a lone pair at nitrogen (n). For most MOs of 9
congeners to the orbitals of 8 (Fig. 7) can be found (see ESIY).
Because some have a different energetical order, they were
labeled for both complexes as 7;, d; or n in order to facilitate
the comparison.

The major effects caused by protonation of 8 can be
summarized as follows. All orbital energies are significantly
decreased but to a different extent (Table 3). Protonation at
the diazaphosphole ring has a stronger impact on the orbitals
being localized at this ring than on metal-centered orbitals.
For example, the energy of the LUMO, which is a m orbital
(m*) with the largest contribution at the phosphorus hetero-
cycle, is lowered by 0.9 eV. As the effect on d; and d, is
significantly lower (Ae(d;) = 0.51 eV and Ae(dy) = 0.45 eV),
the excitation energies for the MLCT processes d; — n* and
d, — =w* are decreased. These effects explain the observed
bathochromic shift of the longest-wavelength band and the
resulting pronounced long-wave optical end absorption of the
protonated complex.

The w5 orbital, which is localized at the amidine moiety, is
even more effected through the perturbation induced by
protonation than the LUMO; its energy is decreased by even
1.21 eV. Consequently, the corresponding excitation is blue

§ Data are given in wavenumbers because of the direct proportionality
to excitation energies. In the tables the calculated transitions are
numbered according to increasing wavenumbers.

4 When the counterion was omitted (using the cationic model system
9*) the excitation energies obtained were in poorer agreement with the
experimental results (see ESI).
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Fig.4 UV/Vis spectrum (continuous spectrum, solid line; n-pentane) and calculated vertical singlet excitations for 3a (line spectrum; TD-B3LYP/

SV(P)/ECP-60-MWB(W)//RI-BLYP/SV(P)/ECP-60-M WB(W)).

Table 1 Selected vertical singlet excitations calculated for complex 3a
(only the major orbital contributions given)

v/ Oscillator lc|

No. cm™! strength Orbital contributions (%)
2 19870 0.024 HOMO -1 - LUMO 98
4 24912 0.098 HOMO - 3 - LUMO 88
6 27721 0.114 HOMO - 6 - LUMO 47
HOMO - 4 -» LUMO 35
8 27928 0.189 HOMO -4 - LUMO 51

HOMO - 6 - LUMO 24

shifted (¢f. No. 4 of complex 8 and No. 5 of complex 9).
However, the strongest absorption maximum in the spectra of
8 and 9 arises from the superposition of three (complex 8: No.
15, 17 and 19) or two (complex 9: No. 14 and 16) nearly
degenerate excitations. The 1 orbitals that are involved in
these transitions are clearly polarized towards (m,) or largely
restricted to the phenyl substituent (m;) and are therefore
somewhat less affected through protonation than the
LUMO.|| As a consequence, the corresponding transitions
are bathochromic shifted, which is consistent with the experi-
mental results.

In order to provide a projection for the anticipated properties
of the 3-(2-thienyl) substituted protonated complex 4,
vertical singlet excitations were additionally calculated for this

| In the case of complex 8 the HOMO — 7 (n) shows a large
contribution to excitations No. 17 and 19. This orbital corresponds
to the lone pair at N', hence, an analog is missing in 9 as this lone pair
is protonated. On the other hand, complex 9 exhibits two orbitals,
HOMO — 7 and HOMO - 10, that have no congener in complex 8.
They are mainly localized at the oxygen atoms of triflate and con-
tribute, together with m; and m,, to the very intense excitation No. 16.
Therefore, this excitation is not described as a pure n—n* transition as
it additionally has certain characteristics of an anion—cation charge
transfer process.

derivative (Table 4 and ESIf). Qualitatively, this yielded a
similar picture as for 9. However, all calculated transitions of 4
appear at even longer wavelengths.

Conclusions

The synthesis of 3-(2-thienyl) substituted 2H-1,4,2-diaza-
phosphole complexes 3a,b with our newly developed acid/base
protocol was presented. Their molecular structures show
ligands that possess a completely coplanar arrangement of
the diazaphosphole rings with both thienyl groups (3a) and
with the thienyl and the NMe, group (3b), which allows
extended m conjugation over the planar framework. As
a result, complexes 3a,b exhibit interesting photophysical
properties. Compared to their 3-phenyl substituted analogs,
all UV/Vis absorption bands of 3a,b are bathochromic shifted.
They show one transition at very long wavelength, which is
assigned to a metal-ligand charge transfer (MLCT) process,
and one strong band close to the wavelength range of the n—n*
excitations of m-conjugated phosphole complexes. This band
results from a superposition of m—n* and n—n* transitions.
Upon N-protonation of the 2H-1,4,2-diazaphosphole ring the
intensity of the latter excitation significantly increases and all
bands experience a pronounced red shift, resulting in a very
long-wavelength optical end absorption. These effects can be
explained by the different extent to which the orbital energies
are influenced through protonation. Metal d orbitals are
significantly less affected than the m-orbitals with a large
contribution near the protonated site.

Currently, we are investigating the possibility to modify the
phosphorus center of 2H-1,4,2-diazaphosphole complexes via
decomplexation and/or oxidation, which may lead to different
interesting electronic and optical properties of this heterocycle.
Furthermore, the ease with which thienyl groups can be
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Fig. 6 UV/Vis spectra of complexes 8 (solid line; n-pentane) and 9 (dashed line; CH,Cl,).

functionalized may now allow the preparation of larger
n-conjugated oligomeric or polymeric systems.

Experimental
General procedures

All manipulations were carried out in an atmosphere of
purified and dried argon using standard Schlenk techniques.
Solvents were dried over sodium wire or CaH, (CH,Cl,) and
distilled under argon. 2H-Azaphosphirene complex 1°! was
prepared according to the method described in the literature.

Triflic acid, dimethyl cyanamide and 2-thiophenecarbonitrile
were purchased from Acros. Melting points were determined
using a Biichi apparatus type S; the values are not corrected.
Elemental analyses were performed by using an Elementar
VarioEL instrument. UV/Vis absorption spectra were recorded
on a Shimadzu UV-1650 PC spectrometer (4 = 190-1100 nm)
from n-pentane solution at ambient temperature and IR
spectra were recorded as KBr pellets using a Thermo Nicolet
380 FT-IR spectrometer. NMR data were recorded on
a Bruker Avance 300 spectrometer at 30 °C using Cg¢Dg
as solvent and internal standard; coupling constants J are
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Table 2 Selected vertical singlet excitations calculated for complexes 8 and 9 (only the major orbital contributions given)

No. vjem™! Oscillator strength Orbital contributions” le? (%)
(A) Complex 8
1 20912 0.003 HOMO (d,) » LUMO (r*) 99
2 21867 0.020 HOMO — 1(d,) -» LUMO (%) 99
4 25183 0.046 HOMO - 3 (n3) - LUMO (n%) 85
15 32992 0.111 HOMO - 4 (1) - LUMO (r%) 42
HOMO — 6 (1) > LUMO (%) 28
17 33636 0.085 HOMO — 7 (n) - LUMO (*) 44
HOMO — 4 (1,) » LUMO (%) 19
19 33898 0.137 HOMO — 7 (n) - LUMO (%) 35
HOMO - 4 (1,) —» LUMO (%) 29
(B) Complex 9
1 17355 0.010 HOMO (d;) -» LUMO (%) 93
2 18730 0.021 HOMO — 1 (d;) » LUMO (*) 90
5 26731 0.013 HOMO — 4 (1;) - LUMO (%) 81
14 30950 0.060 HOMO - 9 (n;) » LUMO (n*) 69
HOMO - 6 (1) > LUMO (n*) 25
16 32072 0.209 HOMO — 7 - LUMO (n*) 37
HOMO - 6 (n;) - LUMO (n*) 23
HOMO - 9 (1;) > LUMO (n*) 18
HOMO - 10 -» LUMO (n*) 12

“ See Fig. 7 for orbital denotation.

(Me3Si)zHG ,9
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‘ T
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Fig. 7 Visualization of selected molecular orbitals calculated for 8 (B3LYP/SV(P)/ECP-60-MWB(W); isovalue 0.04 au).

Table 3 Calculated orbital energies ¢ [eV] for complexes 8 and 9 (31P; 121.5 MHz). Mass spectra were recorded on a Kratos
Orbital energies Orbital energies Cpncept IH (FAB+, mNBA) spectrometer (selected data

Orbital® of complex 8 of complex 9 given). Cyclovoltammetric measurements (CV) were performed
" 255 (LUMO) 3.45 (LUMO) using an EG&G-Potentiostat/Galvanostat M273 in CH,Cl,

T —z. —J. . .

ds ~5.81 (HOMO) —6.26 (HOMO) with 0.1 M [n-BuyN][PF¢] z}s supporting electrolyFe at a glassy

d, —5.87 (HOMO — 1) —6.38 (HOMO — 1) carbon electrode (GCE) with an Ag/AgCl/2M LiCl reference

T3 —6.30 (HOMO - 3) —7.51 (HOMO - 4) electrode (Pt-wire as counter electrode; scan rate 0.1 V s™';

T ~7.09 (HOMO — 4) =775 (HOMO —6) 7 _ 55 ()

™ —7.33 (HOMO - 6) —7.94 (HOMO - 9) .

n —7.64 (HOMO - 7) —

“ See Fig. 7 for orbital denotation. Preparation of 2H-1,4,2-diazaphosphole complexes

|2-Bis(trimethylsilyl)methyl-3,5-di(2-thienyl)-2 H-1,4,2-diaza-

phosphole-k P]pentacarbonyltungsten(0) (3a). To a stirred

reported in Hz, chemical shifts in ppm relative to tetramethyl- solution of 2H-azaphosphirene complex 1 (250 mg,
silane (‘H: 300.13, '3C: 75.5, °Si: 59.6 MHz) and 85% H;PO, 0.40 mmol) in CH,Cl, (5.5 cm®) were added consecutively
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Table 4 Selected vertical singlet excitations calculated for complex 4 (only the major orbital contributions given)

No. vjem™! Oscillator strength Orbital contributions le? (%)

1 17041 0.010 HOMO (d,) - LUMO (n*) 93

2 18291 0.018 HOMO -1 (d;) » LUMO (n*) 91

5 26434 0.021 HOMO - 5 (13) > LUMO (1%) 54
HOMO - 4 (1,) > LUMO (r%) 32

11 29232 0.249 HOMO - 4 (1) > LUMO (n*) 56
HOMO — 8 - LUMO (n*) 18
HOMO - 5 (n3) - LUMO (n*) 15

2-thiophenecarbonitrile (40 mm?®, 0.42 mmol) and triflic acid
(37 mm®, 0.42 mmol) at ambient temperature. The initially
yellow colored solution turned deep green. Subsequently,
NEt; (58 mm?, 0.41 mmol) was added at ambient temperature
while the reaction mixture turned brownish yellow. Then all
volatiles were removed in vacuo (~ 1 Pa) and the product was
purified by column chromatography on silica (—20 °C,
2 x 8 cm) using petroleum ether/Et,O (100 : 1) as eluent.
Evaporation of the solvents of the first fraction (~1 Pa)
yielded complex 3a (193 mg, 0.26 mmol, 66%) as an orange
solid; mp 128 °C (found: C, 35.8; H, 3.4; N, 4.2; S, 8.6%. Calc.
for CyH,sN,O5PS,Si,W: C, 36.1; H, 3.4; N, 3.8; S, 8.8%);
Jmax/AM 444 (g/dm® mol™! ecm ™! 2557), 341 (19260), 287sh
(13 985), 249sh (38 120), 232 (59618); vmax/cm ™' 2963w and
2904w (CH;3/CH), 2069m, 1977m, 1935s and 1925s (CO),
1557m and 1545m (CN), 1261m (thienyl); oy —0.18 (9H, sgat,
Jen 119.7, SiMes), 0.53 (9H, Sgar, Jcn 120.1, SiMes), 1.09 (1H,
d, Jpu 3.7, CH(SiMe;),), 6.63 (1H, dd, Jyu 4.8 and 3.9,
thienyl-C(4)H at diazaphosphole-C(5)), 6.74 (1H, dd, Juu
5.0 and 3.9, thienyl-C(4)H at diazaphosphole-C(3)), 6.88
(1H, dd, Jgy 4.8 and 1.1, thienyl-C(5)H at diazaphosphole-
C(5)), 6.89 (1H, ddd, Jpy 1.2, Juu 5.0 and 1.1, thienyl-C(5)H
at diazaphosphole-C(3)), 7.86 (1H, dd, Jyg 3.9 and 1.1,
thienyl-C(3)H at diazaphosphole-C(3)), 8.05 (1H, dd, Juu
3.9 and 1.1, thienyl-C(3)H at diazaphosphole-C(5)); oc 2.7
(dsat> Jpc 2.3, Jsic 52.5, SiMes), 3.7 (dsar, Jpc 2.9, Jsic 53.4,
SiMes), 20.0 (d, Jpc 4.8, CH(SiMes),), 128.6 (s, thienyl-C(4)
at diazaphosphole-C(3)), 128.6 (d, Jpc 0.9, thienyl-C(4) at
diazaphosphole-C(5)), 133.4 (s, thienyl-C(5) at diazaphosphole-
C(5)), 134.2 (d, Jpc 0.9, thienyl-C(3) at diazaphosphole-C(5)),
134.7 (s, thienyl-C(5) at diazaphosphole-C(3)), 137.8 (s, thienyl-
C(3) at diazaphosphole-C(3)), 137.8 (d, Jpc 27.8, thienyl-C(2)
at diazaphosphole-C(3)), 138.5 (d, Jpc 14.5, thienyl-C(2) at
diazaphosphole-C(5)), 165.5 (d, Jpc 5.5, PNC), 195.2 (dgay,
Jwe 3.6, Jpc 22.3, PCN), 197.6 (dsar, Jwe 126.7, Jpc 6.1,
COv,iy), 198.4 (dsar, Jwe 143.5, Jpc 22.6, COypung); Osi 3.5 (dsar
Jpsi 11.8, Jsic 52.5), 3.5 (dsag, Ipsi 2.5, Jsic 53.4); op 110.4 (dsar,
Jwp 2352, Jpu 3.3); mjz 733 (M + H]™, 11%), 704
M* — CO, 17), 676 (M™ — 2CO, 34), 648 M* — 3CO,
49), 592 M ™ — 5CO, 13), 509 (M + H]" — W(CO)s, 100).

[2-Bis(trimethylsilyl)methyl-5-dimethylamino-3-(2-thienyl)-2 H-
1,4,2-diazaphosphole-k P]pentacarbonyltungsten(0) (3b). To a
stirred solution of 2H-azaphosphirene complex 1 (310 mg,
0.50 mmol) in CH,Cl, (6.2 cm®) were added consecutively
dimethyl cyanamide (42 mm?®, 0.52 mmol) and triflic acid
(42 mm®, 0.48 mmol) at ambient temperature. The initially
yellow colored solution turned deep red. Subsequently, NEt;
(68 mm?>, 0.48 mmol) was added at ambient temperature while

the reaction mixture turned yellow again. After removal of all
volatiles in vacuo (~1 Pa) the crude product was dissolved in
petroleum ether, filtered through Celite, and purified by
column chromatography on silica (=35 °C, 2 x 10 cm) using
petroleum ether/Et,O (100 : 1) as eluent. Evaporation of the
solvents of the first fraction (~1 Pa) yielded complex 3b
(246 mg, 0.35 mmol, 71%) as an orange solid; mp 133 °C
(found: C, 34.7;, H, 4.1; N, 6.2; S, 4.8%. Calc. for
CooHosN3OsPSSi,W: C, 34.6; H, 4.1; N, 6.1; S, 4.6%);
Jemax/nM 413sh (¢/dm?® mol~" cm™' 3459), 325 (15341), 292sh
(10678), 250sh (41259), 232 (72442), 212sh (43465);
Vmax/em ™' 2962w, 2930w, 2901w and 2878w (CHs/CH),
2066m, 1976m, 1942s, 1929s and 1906s (CO), 1604m and
1540w (CN), 1262m and 1251m (thienyl); oy —0.14 (9H, sgu,
Jeu 119.4, SiMes), 0.51 (9H, sgr, Jeu 119.5, SiMes), 1.04
(1H, d, Jpy 3.3, CH(SiMe3),), 2.80 (3H, s, NMe), 2.92 (3H, s,
NMe), 6.78 (1H, dd, Jyy 5.0 and 3.9, thienyl-C(4)H), 6.95
(1H, d, Jug 5.0, thienyl-C(5)H), 7.87 (1H, d, Jugu 3.9, thienyl-
C(3)H), (5C 3.0 (dsats JPC 16, JSiC 527, SiMe3), 4.0 (dsats JPC
2.6, Jsic 52.7, SiMes), 23.2 (d, Jpc 5.8, CH(SiMe3),), 37.6 (s,
NMe), 37.7 (s, NMe), 128.4 (s, thienyl-C(4)), 133.7 (s, thienyl-
C(5)), 137.2 (s, thienyl-C(3)), 137.9 (d, Jpc 25.2, thienyl-C(2)),
165.1 (d, Jpc 0.6, PNC), 193.3 (dsai, Jwe 3.6, Jpc 25.2, PCN),
198.5 (dsar, Jwe 126.7, Jpc 6.8, CO.), 199.7 (dgar, Jwe 142.9,
JPC 22.3, Cotmns); 5Si 1.7 (dsala JPSi 120a JSiC 527)5 2.1 (dsata
JPSi 25, JSiC 527), 5p 104.0 (dsata pr 2454, Jp]_[ 22), WZ/Z 694
(M + H], 7%), 665 (M ™ — CO, 29), 637 (M™ — 2CO, 27),
581 (M* —4C0, 29), 370 (M + H]" — W(CO)s, 100).

X-Ray crystallography

X-Ray crystallographic analyses of 3a,b. Suitable orange
single crystals of 3a and yellow single crystals of 3b were
obtained from concentrated n-pentane solutions upon decreasing
the temperature from ambient temperature to +4 °C. Data
were collected on a Nonius KappaCCD diffractometer
equipped with a low-temperature device (Cryostream, Oxford
Cryosystems) at 123 (3a) or 100 K (3b) using graphite mono-
chromated Mo-Ka radiation (4 = 0.71073 A). The structures
were solved by Direct Methods (3a) or Patterson methods (3b)
(SHELXS-97)* and refined by full-matrix least squares
on F* (SHELXL-97).* All non-hydrogens were refined
anisotropically. The hydrogen atoms were included isotropically
using the riding model on the bound atoms. Absorption
corrections were carried out analytically (3b) or semi-empiri-
cally from equivalents (3a) (min./max. transmissions =
0.36309/0.53875 (3a) and 0.3949/0.8787 (3b)). In 3a the thienyl
group at Cl is disordered. The disordered atoms were refined
isotropically with constraint for the displacement parameters
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and restraints for bond distances and angles. For more
information see the cif-file.

Crystal structure data for complex 3a (C5;H,5N,05PS,Si, W).
Crystal size 0.35 x 0.20 x 0.15 mm, triclinic, P1 (No. 2), a =
9.5035(3), b = 10.9580(4), ¢ = 15.4221(7) A, o = 75.868(2)",
B = 84.937(2)°, 7 = 65.551(2)°, V = 1417.6409) A*, Z = 2,
Peate = 1.716 Mg m 3, 20, = 55°, collected (independent)
reflections = 13970 (6484), Rin, = 0.0401, p = 4.397 mm ™',
309 refined parameters, 119 restraints, R; (for I > 2a(1)) =
0.0291, wR, (for all data) = 0.0686, S = 1.040, max./min.
residual electron density = 1.268/—2.092 e A3,

Crystal structure data for complex 3b (C;0H,5N3O0sPSSi, W).
Crystal size 0.26 x 0.20 x 0.03 mm, monoclinic, P2,/n,
a = 11.82392), b = 2028387(5), ¢ = 11.9270(3) A,
p = 104.5180(10)°, V = 2769.83(11) A3, 7z = 4, Peale =
1.663 Mg m™3, 20 = 55°, collected (independent)
reflections = 44556 (6333), Ry, = 0.0569, u = 4.423 mm ™,
306 refined parameters, 0 restraints, R, (for 7 > 2a(1)) = 0.0290,
wR, (for all data) = 0.0541, S = 0.983, max./min. residual
electron density = 2.001/—1.875 ¢ A3,

Computational methods

DFT calculations were carried out with the TURBOMOLE
V5.9.1 program package.’’” The structures were optimized>®
with the gradient corrected exchange functional by Becke®
(B88) in combination with the gradient corrected correlation
functional by Lee and coworkers®® (LYP) with the RI
approximation®' and the valence-double-{ basis set SV(P).*?
The core electrons of tungsten were substituted by the effective
core potential ECP-60-MWB.** All stationary points were
characterized as minima by analytical vibrational frequency
calculations.** Vertical singlet excitations were calculated by
means of Time-Dependent Density Functional Theory
(TD-DFT)** using the Three Parameter Hybrid Functional
Becke3 (B3)*® in combination with the LYP functional,® the
SV(P)* basis set and ECP-60-MWB* for tungsten.
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