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Annulated oxy-substituted 1,3,4-azadiphospholides such as the anion in Na[l] are readily accessible phos-
phorus heterocycles made from the phosphaethynolate anion (OCP)~™ and 2-chloropyridines. The sodium
salt Na[l1] reacts with oxophilic element halides such as OPCls, PhSiCls, PhBCl, and CpTiCls at room
temperature to form exclusively the oxygen bound tris-substituted compounds E(1)s (with E = OP, PhSi,
PhB~ or CpTi). Six equivalents of Na[1] with group four metal chlorides MCly (M = Ti, Zr, Hf) form cleanly
the hexa-substituted dianions (Na,[M(1)el) which are isolated in excellent yields. The titanium complexes
are deeply coloured species due to ligand to metal charge transfer (LMCT) excitations. In all complexes,
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the phosphorus atoms of the azadiphosphole moieties are able to coordinate to a soft metal center as
shown in their reactions with [Mo(CO)sMes], yielding complexes in which the Mo(CO)s binds in a fac
manner. Functionalization of the oxy group with amino phosphanes allows isolation of tridentate ligands,
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Introduction

One of the world’s most famous dyes is Prussian blue, an iron
cyanide complex with the formula [Fe(CN)];Fe,." The different
oxidation states of the iron centers in the polynuclear complex
allow charge transfer processes which cause the dark blue
color of the complex. Polynuclear metal complexes often show
luminescence” or even phosphorescence making them poten-
tial triplet emitters in light emitting diodes.® Assemblies of
metal complexes with unpaired electrons can form single
molecule magnets.”'° Not only small linear linkers'" such as
cyanates'>'* or azides'® have been applied but also anionic
rings such as triazoles,'® tetrazoles'” or phosphorus contain-
ing heterocycles'® have been used to generate scorpionate type
ligands which serve as ligands in a very broad range of metal
complexes'®?" and as components in opto-electronic
materials.”> The phosphaethynolate anion (OCP)~ is an excel-
lent building block for a wide variety of organophosphorus
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which have been used as synthons for macrocyclic molybdenum carbonyl complexes.

compounds.”*>® Due to its ambident nucleophilic character,

it binds to soft centers®** via the phosphorus atom (M-
P=C=0) and hard centers via the oxygen atom (M-O-
C=P).***° Furthermore, phosphaketenes ([M]-P—C=0) with
[M] = main group element or transition metal fragment show a
tendency to lose carbon monoxide which allows to prepare
mono- and polynuclear metal phosphides.”****°™*” There are
very few examples which show a bridging OCP-unit between
two metal centers.*>** A high yield multigram synthesis of
annulated oxy functionalized 1,3,4-azadiphospholides such as
Na[1] (Scheme 1) from Na(OCP) and 2-chloropyridines was
developed.®>>* These anionic heterocycles contain a OCP-func-
tionality stabilized within the aromatic scaffold of the 1,3,4-
azadiphosphole and therefore no elimination of carbon mon-
oxide is expected.

Results and discussion

In this paper, we report the use of Na[1] as anionic building
block to form tridentate scorpionate-type ligands containing
low-coordinated A*,6*-phosphorus atoms as donor sites. The
electronic properties of these polydentate ligands can be modi-
fied easily by varying the central oxophilic linker.

To form a neutral tridentate ligand, three equivalents of the
azadiphospholide Na[1] were added to the phenyl trichlorosi-
lane PhSiCl; in THF. The reaction mixture turned yellow
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Scheme 1 Synthesis of main group substituted scorpionates 2, Na[3] and 4 from Na[1] and the corresponding molybdenum complexes 5 and Nal[6].

immediately and a white precipitate was formed. Isolation of
the pure compound 2 was possible by recrystallization. In
CD,Cl, as solvent, the product exhibits two doublet resonances
with very similar chemical shifts (*'P § = 118.8 and 123.0 ppm,
YJpp = 442.3 Hz). The similarly tris(substituted) but anionic
boron analogue Na[3] has been isolated in the reaction of
three equivalents of Na[1] with PhBCl,. However, similar reac-
tions with PCl; only formed a mixture of products and copious
amounts of a brown precipitate, which could not be identified.
The reaction of three equivalents of Na[1] with phosphoryl
chloride POCI; on the other hand formed one major product,
which was unambiguously identified by X-ray crystallography
as the expected tris(substituted) phosphine oxide compound 4
(Fig. 1). The *'"P{'H}-NMR spectrum in CD,Cl, shows three
different phosphorus resonances. The resonance for the P=0O
atom is observed at low frequency (*'P 6 = —20.8 ppm), com-
parable to (Ph-O);P=0 (*'P 6 = —17.3 ppm in CDCl;),** and
does not show any coupling to the phosphorus atoms of the
azadiphospholide substituents. The 'Jpp coupling in the azadi-
phosphole ring (/py p, = 446.5 Hz) is comparable to that in the
silicon species 2 (‘Jpp = 442.3 Hz) and significantly larger than
that in the sodium salt Na[1] (/py p, = 424.7 Hz).

To study the suitability of these compounds as ligands in
transition metal complexes, one equivalent of the molyb-
denum complex [Mo(Mes)(CO);] dissolved in THF was added
to a solution of 2, Na[3], or 4, respectively. Upon standing at
room temperature for 16 hours, dark yellow single crystals suit-

Fig. 1 Crystal structure of compound 4. Anisotropic thermal displace-
ment ellipsoids are shown at the 50% probability level. Hydrogen atoms
and the solvent molecules are omitted for clarity reasons. Average
interatomic distances (A) summarized in Table 1.

8202 | Dalton Trans., 2020, 49, 8201-8208

able for X-ray crystal diffraction studies of the silicon complex
5 and boron species Na[6], grew from the reaction mixtures
(Fig. 2). The complexes show the expected k’P-coordination
mode of the tridentate ligands 2 and Na[3]. No clean product
was isolated from the reaction of [Mo(Mes)(CO);] with 4.

In the next step, the use of oxophilic transition metal
halides as central connecting node was tested. Therefore
CpTiCl; and three equivalents of Na[1] were suspended in
toluene to instantly form a deep purple solution. The mixture
was left at room temperature for 72 hours without stirring to
give a dark purple product 7 as crystalline solid. This pro-
cedure only produces a low yield due to the formation of
several side products. When a large excess of Na[1] was added
to CpTiCls, a dark green solution was obtained from which
dark green crystals were isolated and identified as the dianio-
nic hexa-substituted compound Na,[8y;] (Scheme 2). In this
reaction not only the chloride but also the cyclopentadienide
(Cp”) became substituted by a azadiphospholide group. Both
compounds, 7 and Na,[8y;], have been unambiguously identi-
fied by single crystal X-ray diffraction methods and plots are
shown in Fig. 5.

The titanium species Na,[8y;] can be synthesized directly in
the reaction of six equivalents of the sodium salt of Na[1] with
TiCl,(THF),. This route gives very good yields (>95%) and pure
and single crystalline material can be isolated on a multi-gram
scale. The analogous dianions (Na,[8z,| and Na,[8y]) with the
heavier group four metals zirconium and hafnium were syn-
thesized using a similar procedure (ESIT for details).

The salts containing the heavier group four metals in the
center show a significant blue shift of the longest wave absorp-
tion compared to the titanium species (Fig. 3).

Solutions of 7 are dark purple and Na,[8y;] are coloured
dark green, whereas the zirconium and hafnium complexes
yield yellow to orange solutions, respectively. To elucidate the
excitation processes, TD-DFT calculations (on the B3LYP/6-
31G* level of theory) were performed on optimized structures
of the titanium compound 7 and [8y]>” including a PCM
solvent model with THF. Complex 7 exhibits an absorption
maximum at A,.x = 498 nm in THF, which agrees well with the
calculated values. The most intense absorption of the ones at
lower energies is calculated to be at 464 nm with weaker

This journal is © The Royal Society of Chemistry 2020
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“Significant disorder around the phosphine oxide unit resulting in a low bond accuracy and potentially a large error.
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Fig. 2 Solid state structure of 5 (a) and the anion in Nal[6] (b), aniso-
tropic thermal displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms and the sodium ion in [6]~ are omitted for clarity.
Average interatomic distances are summarized in Table 1.

absorptions up to 504 nm. Analogously [81;]>~ possesses a Amax
of 520 nm in THF with a broad shoulder up to 700 nm in the
UV-VIS spectrum (Fig. 3) which matches well with the absorp-
tions found by TD-DFT at Aj,.x = 544-547 nm with weaker ones
up to 608 nm. Contours of the frontier molecular orbitals for
compound [81;]°” are depicted in Fig. 4 and show that the
occupied orbitals are mainly ligand centered. On the other
hand, the unoccupied acceptor orbitals are metal centered
d-orbitals. Consequently, these absorptions are best described
as ligand to metal charge transfer (LCMT) bands and the fact
that these occur at rather low energies support the fact that
azadiphospholides Na[1] are electron rich molecules. A related
charge transfer process was observed for the anions of the
cyano-substituted azadiphospholides of Na[1], which have
absorption maxima ranging from Ap., = 525 to 596 nm.>* In
these anions, the azadiphospholide acts as a donor and the
cyano substituent as the electron accepting group causing
strongly coloured species. The absorption maxima of the
heavier group four metals dianions, Na,[87;] (Amax = 422.5 nm)
and Na,[8g¢] (Amax = 409.0 nm) are blue shifted compared to
Na,[8y;] which is explained by the lack of LCMT bands (Fig. 3).
The reason for this are the energetically higher lying acceptor
orbitals at the heavier group four metals resulting in a poor
overlap with the occupied ligand orbitals.

In analogy to the reaction with compound 5, compound 7
was added to a THF solution of the molybdenum precursor
complex [Mo(Mes)(CO);]. After 24 hours dark red crystals were
obtained from the reaction mixture and the product was
identified as the bimetallic complex 9 (Fig. 5). Due to the low
solubility in common organic solvents, no NMR spectra could
be recorded but the purity of the complex was proven by
elemental analysis. Reactions of Na,[8y;] with two equivalents
of [Mo(Mes)(CO);] did form an insoluble microcrystalline
solid. In the IR-spectrum, two distinct CO stretching vibrations
at v =1925 cm ™' and v = 1829 cm ™" are observed indicating a
similar coordination environment around the molybdenum
center as observed in compounds 5 or 9, respectively. Addition
of two equivalents of [Mo(Mes)(CO);] to a solution containing
18-crown-6 (18C6) and Na,[8y¢] in DCM yielded single crystals
suitable for X-ray diffraction analysis. This species was identi-

Dalton Trans., 2020, 49, 8201-8208 | 8203
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Fig. 3 UV-VIS absorption spectra of the complexes Nay[8+l, Nax[8z],
Naz[84¢] in THF. The wavelength in nm is plotted against the absorption
in arbitrary units.

fied as the trinuclear heterobimetallic complex Na,[10y¢]
which contains one Hf*" in the center and two Mo(CO); units
bound to the outer-sphere via the six phosphorus donor sites
of the azadiphospholide units (Fig. 5). Once crystallized, com-
pound Na,[10y4¢] is also only sparingly soluble in common
organic solvents.

The three compounds 4 (Fig. 1), 7 and Na,[8y] (Fig. 5)
which do not contain a Mo(CO); fragment show similar
characteristics in the solid state. The “hard” P(v) or Ti(v)
centers are, as expected, bound to the oxygen atoms of the aza-
diphospholide unit which for steric reasons adopt a paddle
wheel arrangement around the oxophilic centers. Upon com-
plexation to Mo(CO)s, the azadiphospholide units are rotated
inwards such that in every case the P1 centers form a triden-
tate pocket to which the Mo(CO); can bind in a facial fashion;
that is every CO group is positioned ¢rans to a P1 center. This
feature can be seen in complexes 5 and Na[6] (Fig. 2). The
coordination sphere around the molybdenum centers is

8204 | Dalton Trans., 2020, 49, 8201-8208
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L
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Fig. 4 Selected molecular orbitals of complex [81]%~ which are
involved in the absorption processes at low energies. Energies are given
in eV and orbitals are depicted at an isovalue of 0.04.

slightly distorted octahedral with Mo-P bond distances (Mo-
P, 2.475 A) in the expected range.’® A comparison between the
structures of 7 and 9 indicates that the structural parameters

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Plots of the structures of (a): 7; (b): 9, (c): Nay[8vl, and (d):
Na,[104¢]. Anisotropic thermal displacement ellipsoids are shown at the
50% probability level. Hydrogen atoms, solvent molecules are omitted
for clarity. The two sodium cations in Na,[8y] and Na,[104¢] are not
shown. Average interatomic distances are summarized in Table 1.

of the azadiphospholide rings does not change significantly
upon coordination to Mo(CO); and specifically the P1-P2 dis-
tance varies very little (7: 2.118 A; 9: 2.1029 A).

The only remarkable structural differences between these
complexes are associated with the P1-C1, P2-C2, and C1-O1
distances. In compounds 4, 5, and Na[6], which do not contain
a transition metal in the center, the P1-C1 bond adjacent to
the C1-O1 group (av. 1.345 A) is in the range of 1.705-1.710 A.
This is significantly shorter than the P2-C2 bond
(1.742-1.746 A). This feature is opposite to what is observed in
the salt Na[1] - with the “free” azadiphospholide anion -
where the P1-C1 bond [1.760(3) A] is longer than the P2-C2
distance [1.725(4) A] and the short C1-O1 bond [1.268(3) A]
indicates significant C-O multiple bond character.>® In the
compounds 7, Na,[8yi], 9, and Na,[10g¢] with a M(1v) center (M
= Ti, Hf) the P1-C1 and P2-C2 bonds are almost equally long
and the C1-O1 bond slightly shortened (1.302-1.332 A) with
respect to 4, 5, and Na[6]. We attribute these effects to the
more pronounced polarization of the C1°*-01°~ bond which
makes the azadiphospholide units in the Ti(v) and Hf(iv) com-
pounds more “anion like” such that adopt a structure which is
closer to [1]". The partial charge transfer from the azadipho-
spholide units to the Ti(v), which is the reason for the red
shifted long wave absorptions, is not reflected in the structural
parameters. In all compounds containing Mo(CO); fragments,
the distance between the Mo centers and the central atom is
far above 4 A and excludes any electronic through space
interactions.

In order to evaluate the electronic properties of the new
tris(azadiphospholide) ligands Na[3], 4 as well as the titanium
compound 7 and hafnium derivative Na,[8y¢], Table 2 lists the
carbonyl stretching frequencies, vco [em™], of the Mo(CO);

This journal is © The Royal Society of Chemistry 2020
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Table 2 IR frequencies in cm™ for the carbonyl groups in the molyb-
denum metal complexes compared with literature known species

Compound v[em™] vem™]
Mo(CO)g 1967.1

[Mo(Mes)(CO);]*° 1973 1900
[Mo(triphos)(CO);]>® 1930 1905
[Mo(PMe;)5(CO);]™! 1923 1821
[Mo{HB(pyr)s}(CO)s]~ ** 1897 1761

5 1960 1871
(6] 1939 1844

9 1943 1863
(104~ 1930 1817

complexes synthesized in this work. For comparison, the v¢o of
a number of [Mo(L),(CO);] complexes including [Mo(CO)s] are
given. As expected, all complexes with a facial arrangement of
the three CO groups show two vgo stretching vibrations.
Strongly c-electron donating and poor zm-accepting ligands like
PMe; or especially the anionic tris( pyrazolyl)borate shift the vgo
to lower wave numbers below 1900 cm™ and 1800 cm™,
respectively, for the latter. Strong o-donation increases the
electron density at the Mo center which consequently increases
the electron back donation in the n* orbital of the CO groups.
On the contrary, a strong n-acceptor ligand like 1,3,5-tri(methyl)
benzene (i.e. mesitylene = Mes) diminishes the M — CO back
donation and hence the v¢o increases. As Table 2 shows, the
neutral tris(azadiphospholes) 2 and 7 have a smaller o-
donor : n-acceptor ratio when compared to phosphanes like
PMe; or triphos (Me-C{CH,PPh,};).>® That is they behave as
comparatively weaker c-donors but stronger n-acceptors, a prop-
erty which is well established for phosphinines, PCsRs, the
phosphorus analogues of pyridines.”’° As expected the mono-
anionic ligand [3]” or dianionic ligand [8y¢]*~ give the lowest
vco in the series of complexes described in this paper and are
coming very close to [Mo(PMe;);(CO),].°° It is, however, remark-
able that replacement of the PhSi group in 5 by the CpTi unit in
9 has a significant influence on vco and shifts the frequency
16 ecm™" to lower wavenumbers. This shows that the electron
donation in the tridentate azadiphospholide ligands can be sen-
sitively tuned by the remotely placed connecting node in the
center of the ligand.

Finally, we studied the suitability of the azadiphospholide
salt Na[1] as building block for bidentate ligands. Earlier work
showed that related alkoxy functionalized phosphinines®
react with chlorophosphanes, R,PCl, to form such bidentate
ligands which could be successfully used in the synthesis of
photo-luminescent complexes.®>®® However, reactions of Na[1]
with chloro-phosphanes such as PCl;, PhPCl, and Ph,PCl only
formed brown insoluble precipitates. On the other hand, the
reaction of Na[1] with bis(diisopropylamino)chlorophosphane,
(iPr,N),PCl, proceeded cleanly to form compound 11
(Scheme 3). This substitution is accompanied by a colour
change of the reaction mixture from orange to dark yellow and
the precipitation of an off-white solid. *'P{'"H} NMR spectro-
scopic analysis revealed the formation of one major product
with three inequivalent phosphorus nuclei, forming a AMX

Dalton Trans., 2020, 49, 8201-8208 | 8205
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\N(f"')z [Mo(Mes)(CO) o .
(NiPr,),PCl + Na[1] — C/ o N(’Pr)2 — C/ )_ h N(Pr)2

Scheme 3 Synthesis of 11 and the reaction with [Mo(Mes)(CO)s] to form complex 12.

spin system: *'P § (ppm) = 134.4 (dd, “Jps p1 = 121.7 Hz, *Jps ps
= 19.1 Hz), 121.7 (dd, Ypop1 = 425.6 Hz, *Jprps = 19.1 Hz),
109.0 (dd, “Jpy pp = 425.6 Hz, Jp; ps = 121.7 Hz). The coupling
constant between the two phosphorus atoms in the azadi-
phosphole ring (Jpp = 426 Hz) is comparable to the one in Na
[1] (Jep = 424.7 Hz) indicating that the substitution took place
at the oxygen atom. The coupling constant Jp; p3 = 121.7 Hz is
relatively large for a *J-through bond coupling, and may be
caused by the alignment of the two lone pairs at P1 and P3
causing a strong through space coupling.’® This assignment
was supported by a structure determination through X-ray
diffraction methods using a single crystal of 11 (Fig. 6).

In 11, the two phosphorus atoms P1 and P3 form a biden-
tate binding site (P1---P3 3.299 A) which is ideally suited to
bind a metal center in a k*>-fashion. Furthermore, the phos-
phorus center P2 may bind to an additional metal center
which opens the possibility of preparing multinuclear com-
plexes. This idea was tested in the reaction of equimolar
amounts of 11 and [Mo(Mes)(CO);] which upon loss of mesity-
lene opens up three coordination sites. Dark orange crystals
were isolated directly from the reaction mixture after about
12 hours at room temperature and the product was analysed
by X-ray diffraction analysis. Indeed, a tetranuclear molyb-
denum complex of the composition [Mo,4(11),(CO);,] (12) was
formed (Fig. 7). Elemental analysis proved the purity of the
compound, which is insoluble in all common deuterated sol-
vents. The IR spectrum exhibits two major carbonyl bands at

Fig. 6 Crystal structure of compound 11. Anisotropic thermal displace-
ment ellipsoids are shown at the 50% probability level. Hydrogen atoms
and the solvent molecules are omitted for clarity. Average interatomic
distances (A): P1 P2 2.1284(5), P2 C2 1.7373(15), P1 C1 1.7308(14), O1 C1
1.3496(16), N1 C1 1.3773(17), N1 C2 1.4074(17), P3 P1 3.299.

8206 | Dalton Trans., 2020, 49, 8201-8208

structure of

Fig. 7 Crystal the organometallic macrocycle 12.
Anisotropic thermal displacement ellipsoids are shown at the 50% prob-
ability level. Hydrogen atoms and three DCM molecules are omitted for
clarity reasons. Average interatomic distances (A): Mol P1 2.4816(17),
Mol P3 2.5357(17), P2 Mo2 2.5042(15), P2 P1 2.100(2), P2 C2 1.740(7), P1
C11.722(7), C1 01 1.347(8), C1 N1 1.372(9), C2 N1 1.397(8).

veo [em™'] = 1950, 1849 in the same range as observed in the
complexes mentioned above.

Complex [Mo,(11),(CO);,] crystallizes in the orthorhombic
space group Fdd2, with two azadiphosphole and molybdenum
centers per asymmetric unit. The individual bond lengths and
angles within the azadiphosphole units are comparable to the
ones observed in the complexes discussed above. Upon coordi-
nation to Mo, the distance between the two phosphorus atoms
P1 and P3 is slightly diminished to 3.132 A. In the solid state,
the [Mo,(11),(CO);,] macrocycles stack above each other such
that channels with a diameter of about 5.6 A are formed (diag-
onal Mo-Mo distance 7.276 A).

Conclusions

The salt Na[1] containing the azadiphospholide anion is a ver-
satile reagent for the synthesis of a range of new multidentate
ligands. These are accessed via nucleophilic substitutions reac-
tions with various main group and transition metal halides
and in all cases studied so far, the “hard” oxygen center in [1]”
binds to the electrophilic center E in R,ECl,, (E = B, Si, P, Ti,
Zr, Hf). The azadiphospholides form strongly coloured com-
plexes with d’-titanium centers which is explained by LMCT
excitations which indicate that the 1,3,4-azadiphospholes are
rather electron rich heterocycles. The two adjacent phosphorus
centers in the azadiphospholide ring possess each a lone pair
of electrons which can be further engaged in the coordination
to a transition metal center. This property was exploited in reac-
tions [Mo(Mes)(CO);] and allowed to synthesize bi- and trinule-

car heterobimetallic complexes. The reaction between

This journal is © The Royal Society of Chemistry 2020
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(iPr,N),PCl and Na[1] leads cleanly to a molecule with a P-O-
C-P scaffold which is suitable as ligand for the synthesis of
polynuclear macromolecular metalloheterocycles. In the crys-
talline state, these compounds from channels which eventually
may be used for the encapsulation or adsorption of guest mole-
cules. The preliminary results reported in this paper let hope
that an especially rich coordination chemistry can be developed
with these kind of polydentate phosphorus compounds which
are moreover easily synthesized on a multi-gram scale.
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