Angewandte

5150

Communications

Phosphorus—Boron Oligomers

DOI: 10.1002/anie.201209703

The Oligomerization of Phosphinoborane by Titanium Complexes**

Christine Thoms, Christian Marquardt, Alexey Y. Timoshkin, Michael Bodensteiner, and

Manfred Scheer*

Dedicated to Prof. H. Noth on the occasion of his 85th birthday

Among inorganic monomers that are interesting for poly-
merization reactions to obtain inorganic polymers,’) ammo-
nia-borane is currently in the focus of interest owing to its
high hydrogen content.”! The metal-induced polymerization
is widely studied,” and recently some progress was achieved
for the recycling of the oligomerized material.” Compared to
organic analogues, the 14-valence electron (VE) monomer
H;NBH; can be regarded as an ethane analogue. Following
this comparison, the corresponding BN congener of ethylene
would be the 12 VE species aminoborane (NH,BH,), which
was only proposed to be a transient on the way to further
oligomerization.’! In contrast, the parent pair of heavier
homologue H;PBHj; is very labile even at low temperatures,
and it dissociates.’! However, Denis et al. described dehy-
drocondensation of both components at higher temperatures
(90°C) catalyzed by B(C4Fs); to give a polymer of the
presumed composition [H,P-BH,],." It is ambiguous
whether monomeric phosphinoborane is an intermediate of
such a reaction. Thus some time ago we have been focused
and finally succeeded on the synthesis of the Lewis base-
stabilized parent phosphinoborane PH,BH,NMe,® It is
a potential precursor compound for the unknown phosphi-
noborane PH,BH,, for which a defined synthetic approach
does not exist, even by matrix-isolation techniques.” Initial
investigations for its use in polymerization reactions show
spontaneous polymerization by elimination of the base,
resulting in a material with a high ceramic yield."” In
contrast, Manners et al. could show alkane-analogous phos-
phine-boranes of the type RPH,BH; to polymerize by using
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Rh' catalysts or {Cp,Ti} in stoichiometric reactions.'!! The
question thus arises as to whether the ethylene-analogous
phosphinoborane PH,BH,NMe; can be used to monitor its
oligomerization process, and if so, can a stepwise aggregation
be achieved. Herein, we report first snapshots of the early
transition-metal-supported oligomerization of this parent
phosphinoborane.

For the oligomerization, a defined {Cp,Ti} source was
needed, and we chose [Cp,Ti(btmsa)] (btmsa = bis(trimethyl-
silyl)acetylene) for which a clean elimination of the acetylene
is known.'” The reaction of the parent phosphinoborane
PH,BH,NMe; with [Cp,Ti(btmsa)] depends on the reaction
conditions, such as stoichiometry and temperature
(Scheme 1). The resulting dinuclear (2), trinuclear (3), and
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Scheme 1. Generation of the complexes 1-4. Reagents and conditions:
a) +PH,BH,NMe;, —80°C—RT, —btmsa; b) —80°C—RT, —btmsa.

tetranuclear (4) titanium compounds are unprecedented
examples of transition-metal-mediated Group 13/15 oligo-
mers formed by dehydro-oligomerization reactions. Formally,
the phosphinoborane chains of the products can be regarded
as head-to-tail dehydro-oligomers of two (in 2) or three (in 3
and 4) phosphinoboranes under partially loss of amines
initiated by oxidative additions at {Cp,Ti} centers under
hydrogen elimination and P—P coupling reactions to double
the chains, as found in 2 and 4.

The reaction between [Cp,Ti(btmsa)] and one equivalent
of PH,BH,NMe; proceeds already at —80°C with exclusive
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formation of the adduct 1 in almost quantitative yield
according to *'P NMR spectroscopic investigations. A down-
field shift is observed at d = —106.9 ppm compared to the free
monomer (0 =-215.5 ppm). The red crystalline compound
1 is only stable in the solid state up to —60°C. Above this
temperature it decomposes, whereas in solution the signal of
1 disappears in the *'P NMR spectra with increasing temper-
ature, and free btmsa is found in the '"H NMR spectrum at
room temperature. The green paramagnetic compound 3 is
formed from this solution by hydrogen elimination, which was
monitored by 'HNMR spectroscopy (6=4.50 ppm in
[Dg]toluene; lit. 6 =4.55 ppm).*! If a second equivalent of
PH,BH,NMe; is added to the solution of 1 at low temper-
atures and the mixture is then warmed to ambient temper-
ature, the blue paramagnetic chain product 2 was generated
under formation of hydrogen. Moreover, another blue para-
magnetic product 4 revealing the longest chain of PHBH,
units to date was isolated as a minor product from the reaction
solution of 3.

The composition and the sequence of products obtained
according to the reaction conditions applied show the
elimination of the btmsa ligand from the complex 1 as the
initial step of the reaction series. The subsequent formation of
3 indicates that a head-to-tail dehydro-oligomerization of
phosphinoboranes occurs. The incomplete dehydrogenation
of one of the phosphinoborane units in 3 suggest the
intermediacy of the phosphido complex
[Cp, TiH(PHBH,NMe;)] (A) formed by oxidative addition
of the P—H function of the remaining phosphinoborane ligand
of the former 1. A subsequent 3-H elimination could proceed
to give dihydrogen and transient [Cp,Ti(PHBHNMe,)] (B),
which could be an intermediate of the formation of 3 besides
A. By addition of a second equivalent of PH,BH,NMe; to A,
hydrogen elimination and subsequent P—P bond formation
occur to form the chain complexes 2 and 4. P-H activation
and consequent P—P bond formation were shown by Stephan
to be the key pathways in the reaction between a Ti"
precursor and primary phosphines.!'*]

Owing to the paramagnetic nature of 2, 3, and 4 (see
below), only 1 could be characterized by NMR spectrosco-
py."®! Moreover, the products 2 and 3, which are stable at
room temperature, reveal a molecular ion peak in the mass
spectra and show in the IR spectra the expected B—H and P—
H stretching frequencies. Compounds 2—4 are soluble in polar
organic solvents such as THF or toluene, but should not be
dissolved in halogenated solvents, owing to decomposition
caused by the formation of [Cp,TiX,] (X =halogen). The
remarkable structural features of all of the compounds have
been unambiguously confirmed by X-ray diffraction stud-
ies.”]

In the red crystalline compound 1 (Figure 1), owing to the
steric demand of the additional PH,BH,NMe; ligand the
dihedral angle between the two Cp ligands is 49.5(1)°, which is
larger compared to the starting compound [Cp,Ti(btmsa)]
(46.6°).1 The C20—C21 bond length of the coordinating
acetylene is 1.287(4) A, which is almost the average of
a normal C—C triple bond (1.181 A) and a usual C—C
double bond (1.331 A). In the starting material [Cp,Ti-
(btmsa)], an almost equal C—C bond length of 1.283(6) A is
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Figure 1. Molecular structure of 1 in the crystal. Carbon-bound hydro-
gen atoms are omitted for clarity.

found.'"” The P1-B1 bond length of 1.981(4) A in 1 corre-
sponds to a single bond and is in good agreement with that of
free PH,BH,NMe; (1.976(2) A).®) The Til—P1 distance is
2.592(1) A and therefore only slightly longer than the
reported Ti—P distance of 2.527(2) A in [Cp,Ti(PMe),].l'”
The X-ray structure of the green trimerization product 3
(Figure 2) shows a six-membered metallacycle in a boat

Figure 2. Molecular structure of 3 in the crystal. Carbon-bound hydro-
gen atoms are omitted for clarity.

conformation, consisting of alternating phosphorus and boron
atoms and one titanium atom (Til) of a titanocene fragment.
Although each Group 13/15 atom has lost one hydrogen
substituent compared to the starting compound
PH,BH,NMe;, the boranyl group BH,NMe; at P1 remains
intact. Furthermore, two titanocene fragments are coordi-
nated side-on at the P2—B2 and P3—B3 bonds, which is the
most striking feature of 3 and to the best of our knowledge the
first reported of this kind."®! Whereas the exocyclic P-B bond
(1.990(3) A) is in the same range as in the starting material,/®
the side-on coordinated bonds (1.936(3)-1.968(3) A) are
slightly shorter. The terminal Ti—P distances between Til
and P1 (2.6209(8) A) or P3 (2.5960(7) A) are almost equal
and in a common range.'"”! In the paramagnetic compound
[Cp,Ti(PPh,)(PMe;)] they are slightly longer (2.636(3) A and
2.681(3) A) than in 3" The side-on coordinated Ti—P
distances (Ti2—P2 2.5224(8) A, Ti3—P3 2.5462(7) A) are
slightly shorter than the discussed terminal bonds. In the
complex  [Ti(ebthi)(P,Ph,)]  (ebthi= ethylene-1,2-bis(1’-
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4,5,6,7-tetrahydro-1-indenyl), containing a side-on coordinat-
ing P, unit, the Ti—P distances are in a similar range
(2.525(2) A).” Indeed, the Ti-B distances (Ti2—B2
2.702(3) A, Ti3—B3 2.605(3) A) are significantly longer than
for known Ti—B bonds (for example, 2.335(5) A in [Cp,Ti-
(HBO,CH,),]? or 2.51(2) A in the titanium carborane
compound [Cp*(n’-C,B,H ;) Ti(N=CMe,)(MeCN)]).*?! How-
ever, the values are considerably smaller than the sum of the
van der Waals radii (3.92 A), indicating that Ti—B interaction
is present.

The molecular structures of 2 (Figure 3) and 4 (Figure 4)
are related and consist of chains of phosphinoborane units

Figure 3. Molecular structure of 2. Carbon-bound hydrogen atoms are
omitted for clarity.

Figure 4. Molecular structure of 4. Carbon-bound hydrogen atoms are
omitted for clarity.

coordinated to titanocene fragments so that five-membered
metallacycles, fused by a P—P bond, are formed. This bicyclic
structure is reminiscent of the related organic compound
bicyclo[3.3.0]octane. Every Group 13/15 atom has four sub-
stituents. However, in comparison to the starting compound,
each boron atom retains its two hydrogen substituents, while
each phosphorus atom has just one. The new generated P—P
bonds (2.235(1) A in 2 and 2.216(13) A in 4) are on the order
of P—P single bond. In the structure of 4, along with the
anellated five-membered rings, two {Cp,Ti} units are coordi-
nated to the neighboring B,P, units, forming an overall
tetracyclic structure with two central fused five-membered
rings and two terminal anellated six-membered rings. The
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experimentally observed distances between the phosphorus
and the boron atoms in 2 are all in a narrow range from
1.970(8) A to 1.977(9) A, which are typical for P-B single
bonds; the corresponding distances in 4 reveal a wider
distance variety (1.90(2) A-1.981(15) A) but are still in
a common single bond length range.®! The Ti—P bonds
distances are in the typical range (2: 2.615(10) A-2.679(11) A
and 4: 2.498(10) A-2.678(10) A).!'"”) However, the P-B and
P-Ti distances of 4 that deviate most compared to 2 are
located in the Ti---H-containing six-membered rings.

The magnetic properties of 2 and 3 were determined by
the Evans method. The effective magnetic moment of 3 was
found to be u.;=2.48, whereas for 2 a value of 1.81 was
determined. As 4 was the minor product, it was not possible to
isolate a pure sample of 4 to carry out magnetic measure-
ments. Moreover, EPR investigations™” were carried out for 2
and 3 as solids and in solutions, showing complex spectra with
unresolved hyperfine splittings. They are reminiscent of
{Cp,Ti™} compounds containing phosphanido!™ and amidi-
nate substituents®™ and are consistent with the density
functional (DFT) calculations.*"

To clarify the electronic structures, DFT calculations at
the B3LYP/pVDZ level of theory have been executed.™ Tt is
interesting that 2 and 4 have a different orientation of P—H
hydrogen atoms. In 2, all of the hydrogen atoms are oriented
on the one side of the heterocycle (Figure 3), while in 4 three
are down and three up (Figure 4). Theoretical computations
show that these orientations are the energetically most
favorable form for each of the compounds. Alternative
isomers are predicted to be by 9 and 6 kImol™' higher in
energy for 2 and 4, respectively.'”) For 2, a triplet ground state
with a spin density of 1.07 at each titanium atom has been
calculated. Therefore, the formal oxidation state of both
titanium atoms is + III. The next excited electronic state,
a singlet state, is 101 kJmol™" higher in energy. Complex 2 has
a u. value of 1.81 at 300 K. This value is not consistent with
the expected value of 2.38 for two S=1/2 centers. This
discrepancy could be accounted for by antiferromagnetic
exchange between the two Ti centers or by spin—orbit
coupling. Computational results reveal a quartet ground
state for 3, which is very close in energy to the following
excited doublet and sextet states (AE=7 and 14 kJmol ™).
According to Mulliken atomic spin densities, in the doublet
state the single unpaired electron is located at Til. The
quartet ground state has one unpaired electron at Til and one
at Ti2, and the spin density of the third unpaired electron is
split between Ti2 and B2. The sextet state features a single
unpaired electron on each titanium atom, two additional
unpaired electrons are equally shared by Ti2 and B2, and Ti3
and B3. The most striking feature of 3 is its structural
flexibility: small energy changes (below 15 kJmol ') between
electronic states are accompanied by significant structural
changes: for example, the Ti3—B3 distance varies from
3.101 A in doublet state to 2.309 A in the quartet and
2.748 A in the sextet state. DFT calculations predict that the
difference in energy between the triplet and the quintet state
of 4 is very small (0.2 kJmol™); they are essentially degen-
erate. Both in the triplet and quintet state, all four Ti atoms
possess one unpaired electron each. For the quintet state
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Table 1: Thermodynamic characteristics of gas-phase processes, calculated at the B3LYP/pVDZ level of theory.”!

No. Process AE° ! AHC 59 AS® 5 AG® 5
1 [Cp,Ti(btmsa)] + PH,BH,NMe, — 1 ~10.8 ~21 ~196.5 56.5

2 1— [Cp,Ti(PH,BH,NMe;)] + btmsa 21.0 13.6 2129 —49.8
3 [Cp,Ti(btmsa)] -+ PH,BH,NMe, — [Cp,Ti(PH,BH,NMe,)] + btmsa 102 1.6 16.3 6.7
4 21+ 2PH,BH,NMe, —2+2H, +2NMe, + 2 btmsa “1155 ~152.7 363.8 —261.1

5 31—3+2.5H,+2NMe;+ 3 btmsa 203.0 139.9 814.0 —-102.8
6 41+ 2PH,BH,NMe — 4+ 3 H, + 2 NMe, + 4 btmsa ~143.6 ~216.0 804.3 _4558
7 2+21—4+2NMe;+2btmsa+H, —28.1 —63.3 440.5 —194.7
8 341+ 2PH,BH,NMe — 4+ 0.5 H, + btmsa ~346.6 ~355.9 97 ~353.0

[a] Data are given for compounds in their respective ground states (see the Supporting Information). [b] Reaction energies AE%, [k] mol™'"]. [c] Standard
enthalpies AH°,q; [k] mol™']. [d] Reaction entropies AS®,q; [ mol™'K™']. [e] Gibbs energies AG®,4 [k) mol™'].

Mulliken atomic spin densities are + 1.06 for central and
+1.08 for terminal titanium atoms, while in the triplet state
one of the terminal titanium atoms has Mulliken atomic spin
density —1.08. Owing to low energy differences between
electronic states for the gaseous compounds, it is expected
that packing may alter the ground electronic state of the
molecule in the solid compounds 3 and 4.

Thermodynamic characteristics for the major reactions
for the formation of compounds 1-4 are summarized in
Table 1. Formation of 1 from [Cp,Ti(btmsa)] and
PH,BH,NMe, is exothermic by only 2 kJmol~' and entropi-
cally unfavorable, suggesting that 1 should be stable only at
low temperatures in excess of PH,BH,NMe;, as was found
experimentally. Note that dissociation of 1 with elimination of
PH,BH,NMe; is slightly more preferable than elimination of
btmsa (process?2), although the Gibbs energy difference
between two dissociation channels (process3) is small
(6.7 kJmol™), suggesting that both reactions may occur
simultaneously. Formation of 2 from 1 upon addition of
PH,BH,NMe; (process 4) is exothermic by 153 kJmol™". In
contrast, formation of 3 from 1 (process 5) is endothermic by
140 kImol ™!, but the process is very favorable by entropy,
which results in substantial negative Gibbs energy of
—103 kJmol . Thus, formation of 3 is entropically favorable.
In contrast, formation of 4 from 1 and PH,BH,NMe
(process 6) is exothermic by 216 kJ mol .

Based on these theoretical predictions, from the thermo-
dynamic point of view, low-temperature conditions should
favor formation of 4 rather than 3. Easy dissociation of 1 with
PH,BH,NMe; evolution may provide the excess of
PH,BH,NMe; for process 6 (formation of 4). Alternative
formation of 4 by addition of two molecules of 1 to 2
(process 7) is exothermic by 63 kJmol™, and favorable by
entropy. However, mechanistic considerations show that this
reaction is not expected to be plausible. To form 4, 1 should be
added to different sides of 2 (spatially separated centers), but
the process requires elimination of only one mole of
dihydrogen (two spatially separated hydrogen atoms). A
dimer-involved mechanism, similar to one proposed recently
for the hydrogen splitting," may be operational in this case
but it is highly unlikely. Thus, formation of 4 by direct reaction
of 2 with excess of 1 is doubtful. Formation of 4 from 3, 1, and
excess of PH,BH,NMe; (process 8) is very exothermic. Such
transformation can be facilitated by aforementioned struc-
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tural flexibility of 3 in a low-lying excited state. This is
consistent with the experimental observation of 4 in the
mother liquor of 3.

It is of interest to compare the coordination of phosphi-
noboranes on early and late transition metals. An alkene-type
side-on coordination of substituted phosphinoboranes on Pt
has been recently reported by Bourissou et al.'* The different
nature of the interaction between B—P and early (Ti) or rather
late (Pt) transition metals can be seen from the experimental
bond distances. For example, experimental Pt—B distances are
shorter than Pt—P bonds,'® while for 3 both Ti—B distances
are longer than Ti—P, despite much smaller radii of boron
atom compared to phosphorus. Moreover, experimental Pt—B
distance (2.23 A)"! is much shorter than experimental Ti—B
distances in 3 (2.61 A and 2.70 A). This trend is in contrast to
the almost equal radii of Ti and Pt atoms. Both observations
indicate different bonding patterns in Ti and Pt compounds.
MO analysis of 3 at experimental geometry further corrob-
orates these conclusions.™ In contrast to the late transition
metal Pt, there is no interaction between the B—P fragment as
a whole unit and the Ti atom. Major contribution comes from
the orbital overlap from P2 and P3 atoms to d orbitals of Ti2
and Ti3. There is also a similar overlap of d orbitals of Ti2 and
Ti3 with B2 and B3 atoms, which results in a three-center P—
Ti—B interaction. Highest SOMOs are predominantly d
orbitals of Ti2 and Ti3.

The results have shown that the phosphinoborane
PH,BH,NMe; is an excellent ethylene-like monomer to
study its stepwise aggregation on titanium complex centers
to form long unprecedented phosphinoborane catenae, which
are reminiscent of organic chain molecules. In contrast to
ethylene polymerization, the inorganic analogues oligomerize
by an additional dehydrocoupling, leading to P—P coupled
oligomers in polynuclear complexes. The chosen titanocene
shows to be an ideal starting material for this study, as on one
hand it monitors the initial step of the aggregation by forming
the simple adduct 1. On the other hand, the obtained chains
are stabilized by formed five- or six-membered titanahetero-
cycles, a principle that seems to be the key to isolate the novel
products. Moreover, the formed products are open-shell
species revealing the titanium-complex-induced electronic
redistribution processes during the dehydrogenation cou-
plings. Further study of the oligomerization of these phos-
phinoborane monomers by different transition metals and
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under various conditions will lead to novel insight into the
ongoing processes.
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