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Compounds of Group 13/15 elements play an

H, derivatives

H, derivatives H free derivatives

important role in the design of semiconduct-  pg—gp, H H

ing materials and layers!"! as well as of unique \_ H, H,E—EH, HE.»/HETT"\EH

inorganic polymers.?) More recently N/B HE—EH, B W \EHZ = ™ %E‘/ nx [EE‘]
systems became of interest for hydrogen- A : e __E;/ -3 B EEE,H -6nH, 6n
storage purposes.’! In contrast, the well- 2 He E\E-—E/

known P/B compounds*! have not been meooH LA LB
considered for such objectives until Stephan A LA\ /LB LB LA:‘E—E/\ P
et al. discovered the first reversible, metal- ax JETER o E'\‘éﬁBé,‘/E
free hydrogen activation in such systems.” HZE*E'{'Z T N S LB\_«,lg_.é*\
Furthermore, it has been found experimen- LB /HE*EH\ W SN
tally” and by theoretical calculations® that LA LB LB/E N

frustrated Lewis acid/base pairs of phos-
phanes (PR;) and boranes (BR';) can be
used for a concerted H, activation under
mild conditions. What role can the parent
compounds play in this context? Ammonia-
borane H;N—BH; is an air and water stable
adduct, which is, owing to its high hydrogen content, an
interesting material for hydrogen storage.’! In contrast, the
parent pair of the heavier homologue, H;P —BH,, is very
labile even at low temperatures and dissociates."”) However,
Denis et al. described dehydrocondensation of both compo-
nents (H,P and BH;) at higher temperatures (90 °C) catalyzed
by B(C4Fs); to give a polymer of the presumed composition
[H,P-BH,],."Yl Tt is ambiguous if a monomeric phosphinobor-
ane is an intermediate of such a reaction (Scheme 1). On the
other hand, a defined synthetic approach to compounds of the
general formulae H,E-E'H, (A) does not exist, even by matrix
isolation techniques.'”

Recently we succeeded in the stabilization of these
monomers by blocking the donor and acceptor positions by
Lewis acids (LA) and Lewis bases (LB). In this way we have
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Scheme 1. Schematic comparison of the H,-elimination processes by a trimerization
reaction starting from unprotected (not yet existing) as well as from Lewis acid/base-
stabilized Group 13/15 compounds. E=P, As; E'=B, Al, Ga; LA= Lewis acid, LB = Lewis

been able to synthesize the first stabilized parent compounds
of the phosphanylalanes and phosphanylgallanes!™ as well as
the corresponding arsanylboranes and phosphanylbor-
anes."*1’l Whereas arsanylboranes and phosphanylboranes
of type B (Scheme 1) show no tendency to eliminate H,, the
phosphanylalanes and phosphanylgallanes loose H,
extremely easily, for example by dissolving them in solvents
more polar than hydrocarbons which results in mixtures of
oligomers and polymers. In general, H, elimination processes
of LA/LB-stabilized pentelyltrielanes B will always differ
from those of unprotected (not yet existing) monomers A as
Scheme 1 illustrates for a trimerization process. For unstabi-
lized compounds A, the final product will probably be the
binary Group 13/15 material and only the use of organic
substituents at the Group 15 as well as the Group 13 elements
can formally stop this process!'®! as has been demonstrated for
example, by the Driess group for CH, elimination reactions
starting from (iPr;Si)PH, and Me;AL" Such organically
substituted trimers™® and hexagons'”! have also been
obtained by synthetic routes other than H, eliminations. In
contrast, because of the blocked donor/acceptor functions, the
H, elimination of the LA/LB-stabilized pentelyltrielanes B
(Scheme 1) would proceed through the exclusive formation of
obonds?” and no additional donor-acceptor bonds.?!! A
following trimerization process gives the cyclo-trimer and
subsequently the hexagonal prism as the entirely H-free final
product (Scheme 1). This fundamentally different approach
led to the challenge to control H, elimination in the LA/LB-
stabilized pentelyltrielanes B. We now report that by tuning
the reaction parameters such as temperature, solvent, con-
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centration, and catalysts, a straightforward synthesis to novel
Group 13/15 oligomers is found. Thus, the first oligomers
showing no additional donor-acceptor bonds within the
framework are obtained.

In our initial synthetic approach for
[{(CO)sWJH,PAIH,-NMe;] (3)!*! n-pentane was used as the
solvent to stop the reaction between [W(CO)sPH;] (1) and
H;AI'NMe; (2). The pure product was obtained in yields of
about 45 %. We have now found a high-yield synthesis of 3
(>80%) by combining the starting materials in CH,Cl, at
room temperature. After the initial gas evolution ceases the
solution must be quickly cooled to —28°C to protect the
product 3 from a subsequent H, elimination reaction.
Dissolving 3 in toluene and stirring at 30°C for one hour
gives yellow crystals of the cyclo-trimer 4 as the only isolable
product. Compound 4 is also formed by stirring 3 in CH,Cl, at
room temperature (Scheme 2). In this solvent additional dark

(OC)sW. NMe,
OC)sW=—PH,
(©Cs 3 (CONW, HP—AIA
RT 30°C \\
> HP—AMH Me;N——AH PH—=W(CO)s
CH,Cl, 2 \\ 2 toluene /
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HP—AI=— 00 4+ |
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(OC)sWH,P' W(CO);

5
6

Scheme 2. Solvent-dependent reaction pathways of H, elimination
(room temperature, ca. 22°C).

yellow crystals of the ladder compound 5 are isolated as
byproduct. To demonstrate that the cyclo-trimer 4 is a
possible source of the ladder compound 5 by formal intra-
molecular H, elimination, 4 was treated with ultrasound in
CH,Cl,. This approach resulted in a considerable conversion
of the cyclo-trimer into the ladder derivative 5 (Scheme 2).
Metal-catalyzed dehydrocoupling is a general method to
obtain, for example, oligophosphanylboranes [HRP-BH,],
(n=3, 4; R=Ph) as Manners et al. have demonstrated.?”!
For such P/B systems the active Rh' catalysts usually work at
elevated temperatures. Our initial attempts to introduce Rh'
catalysts for example, [{(cod)Rh(pu-Cl)},] (cod=cycloocta-
diene) to oligomerize the monomers B of LA/LB-stabilized
phosphanylalanes have been unsuccessful. For this class of
compounds the H, elimination occurs at low to ambient
temperatures at which the catalyst is still inactive. In contrast
by using [{(cod)Rh(p-Cl)},] as the catalyst at 30°C in CH,Cl,,
the reaction between the starting materials 1 and 2 results in 4
and 5. Besides these products a third component is isolated in
low yields, which is identified as 6. A straightforward synthesis
of this compound in moderate yields is achieved by using a 2:1
stoichiometry of 1 and 2 in CH,Cl, (Scheme 2).
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The products are characterized by mass spectrometry as
well as by IR and Raman spectroscopy. Additionally, despite
the low solubility, it was possible to record the 'H and
3P NMR spectra, in which all signals are found to be broad
because of coupling to the Al nucleus. The *'P NMR
spectrum of 4 shows three doublets, of which two overlap at
0=-3285 (J(PH)=242Hz) and —3282ppm (J(PH)=
238 Hz). The third signal occurs at o=-317.4 ppm
('J(PH) =223 Hz). The *P NMR spectrum of 5 shows two
doublets at 6 =—-289.4 ("J(P,H)=227 Hz) and —267.6 ppm
('J(P,H) =234 Hz) for the phosphorus atoms carrying hydro-
gen substituents and a singlet at 6 =—312.3 ppm for the
phosphorus atom bound to all three aluminum atoms. In the
P NMR spectrum of 6, a triplet is observed at &=
—234.6 ppm ('J(P,H) =287 Hz) for the exocyclic phosphorus
atoms. Furthermore, a doublet is detected at 6 = —287.6 ppm
(J(PH) =229 Hz) for the phosphorus atoms within the ring.
The *PNMR signals are shifted upfield compared to
coordinatively-bound compounds such as Me;Al<—P(H)-
(SiMe;), (6 =—201.8 ppm), and the P-H coupling constants
in 4-6 are smaller than those reported for Me;Al—P(H)-
(SiMe;,), (263 Hz).” Moreover, P-H functionalized frame-
works of phosphanylalanes containing a mixture of donor—
acceptor and o bonds show a similar behavior with values in
between, for example, for [(R,Al)s(R’(H)P)g] a chemical shift
of 0=-242ppm and a P-H coupling constant of 256 is
found."

An X-ray structural analysis of 4 shows a distorted six-
membered Al;P; ring in boat conformation (Figure 1).*) The
atoms P1 and P2 are coordinated by W(CO)s units in an

Figure 1. Molecular structure of 4 (hydrogen atoms at the methyl
groups are omitted for clarity).?’!

equatorial position and at P3 the W(CO);s unit is in an axial
position. The amine bases at the atoms All and Al2 adopt
equatorial positions and at Al3 an axial position. Interestingly,
for the parent compound, AL,P;H,, the C;, symmetric chair
conformation is predicted to be about 16 kJ mol ' more stable
than the C, symmetric boat conformer.? In contrast, the
calculated energies for the isomers of 4 differ by less than
7 kJmol™, with a structure corresponding to the experimen-
tally observed conformer being the most stable.’”) The
influence of the steric bulk of the LA and the LB dictates
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which conformer of 4 is formed. All the bond angles in 4
within the ring are almost equal (110.60(6)-112.63(6)°) except
for the Al1-P2-Al2 angle, which is compressed to 103.88(6)°.
This fact is a consequence of the arrangement of the large
W(CO)s units and leads to distortion of the ring.

Compound 4 is the first example of a LA/LB-stabilized
phosphanylalane oligomer forming exclusive ¢ bonds?"?!
between the Group 15 and 13 elements. This fact is clearly
revealed in the AI-P bond lengths (2.362(2)-2.383(2) A)
which are shorter than for example, in the comparable H-
containing trimer [{Me,AIP(H)SiiPr;}5] (2.453(2) A)!7 in
which additional donor-acceptor bonds are present. Conse-
quently the Al—P bond lengths in 4 are in good agreement
with a 0 bond as in comparable monomers like for example,
[(Me;Si),PAIMe,-dmap] (2.379(1) A; dmap = 4-dimethylami-
nopyridine).”®! However, they are longer than those in
[(Mes*AlIPPh);] (2.323(3)-2.336(3) A; Mes* =2.4,6-tri(tert-
butyl)phenyl) in which, in addition to the o bond, a weak 7
interaction is expected.”’

The X-ray structural analysis of 5 shows a distorted Al;P;
ladder core (Figure 2).®! Unlike the cyclo-trimer 4, the
central atoms of 5, Al3 and P2, bind to each other, which is a

Figure 2. Molecular structure of 5 (hydrogen atoms at the methyl
groups are omitted for clarity).””

result of the H, elimination. Of 10 isomers considered for the
ladder compound § the structure corresponding to the one
found experimentally is the most stable; the maximal energy
difference between the isomers is 29 kImol . For the
parent (LA/LB-free) Al;P;H, ladder, the maximal difference
between conformers is 25 kJmol™!, with the C, symmetric
structure with cis-orientation of P lone pairs being the most
stable. The structures of the most stable parent (LA/LB-free)
and LA/LB-stabilized ladder 5 do not match. Thus, the
influence of the steric bulk of the LA and LB dictates which
ladder conformer is formed as well.

The P—Al bond lengths of 5 (2.332(3)-2.394(3) A) corre-
spond to single bonds and are in good agreement with those in
4. In contrast to the six-membered ring structure in 4 most of
the angles are strongly bent to values below 100° (97.67(9)-
76.83(8)°) as a result of the two four-membered ring
substructures (Al1-P1-Al3-P2 and Al2-P2-Al3-P3). Other
four membered ALP, rings such as (Ph,PAliBu,),,*" also
show small angles (Al-P-Al 93.8(1) and P-Al-P 86.2(1)°), but
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the differences within the corresponding ring systems are
smaller owing to the longer Al-P bond lengths (2.475(1) A)
caused by the mixture of donor—acceptor and o-bonding
interactions. The range of bond lengths and angles are in good
agreement with those reported for an eight-membered ladder
compound (CIAIPR),Et,0 (R=SiiPr; and SiMeiPr,)
(2.280(1)-2.427(1) A and 78.51(5)-121.76°), but in this com-
pound donor-acceptor bonding as well as the electron-
withdrawing influence of the chlorine substituents is pro-
posed.P!

The X-ray structural analysis of 6 shows a planar ALP,
four-membered ring with two additional exocyclic
{(CO)sWJPH, fragments at both the aluminum atoms
(Figure 3).%° The substituents at the ring have an all-trans
configuration.

Figure 3. Molecular structure of 6 (hydrogen atoms at the methyl
groups are omitted for clarity).””

The endo- and exocyclic Al-P bond lengths (2.368(6) and
2.375(5) A) correspond to those in 4 and 5. The angles within
the ring (P-Al-P 98.86(17)°, Al-P-Al 81.14(17)°) are compa-
rable to the four-membered ring substructures in 5. Other
Al,P, rings, such as [{(Me;Si),PAlMe,},], have angles closer to
90° (P-Al-P 89.4(3) and AIl-P-Al 90.60(5)°) owing to longer
Al—P bonds (2.460 A) as a result of donor—acceptor bonding
contributions.

As mentioned above, the ladder compound 5 is formed
together with the cyclo-trimer 4 from the monomer 3 in
CH,Cl,. Experiments showed that direct H, elimination from
4 leads to 5. Theoretical studies using density functional
theory (DFT) calculations®™ for corresponding gas-phase
reactions support this pathway with a Gibbs energy of
AG5y=—355kImol™ (Scheme 3). A second pathway for
the formation of § is proposed in which two units of 3 form a
four-membered ring [({(CO)sWJHPAIH-NMe,),] (7) that
adds a third molecule of 3 to give the ladder molecule 5.
The computations show the formation of the dimer 7 (AG5y =
—41.1 kJmol ') is in thermodynamic competition with the
generation of the trimerization product 4 (AGh,=
—37.8 kJmol™"). Intramolecular H, elimination of 4 to give
5 is only slightly more exergonic (—35.5kJmol™) than
addition of the monomer 3 to the dimer 7 (AG=
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Scheme 3. Reaction pathways and calculated Gibb’s energies [k) mol™]
of H, eliminations at B3LYP/6-31G*(ECP on W) level of theory.?*!

—32.2kJmol ™). In fact, abortion of the reaction of 3 in
CH,Cl, to form 4 after a short reaction time led to *'P NMR
spectroscopic evidence for a possible intermediate 7. Yet,
attempts to isolate 7 failed to date. Another question is the
formation mechanism of the four-membered ring product 6.
Two pathways are possible (Scheme 3). Two equivalents of
the PH; complex 1 could add to 7 resulting in 6. Alternatively
another molecule of 1 could add to the monomer 3 and the
thus-formed compound [({(CO);W}PH,),AIH-NMe;] (8)
gives 6 by subsequent H, elimination. As the computations
show, the first path (3—7—6) includes the thermodynami-
cally unfavorable step 7—6 (AGjy=+159kImol™),
whereas the alternative pathway (3—8—6) includes only
favorable steps: the formation of an intermediate 8 from 3
(AG5=—7.8 kJmol™") with a subsequent dimerization of 8
under H, elimination to 6 (AGjy= —9.6 kJmol™"). In agree-
ment with these assumptions the *'P NMR spectrum of the
crude reaction mixture indicates a possible compound 8.*")
Note also that decomposition of 3 with production of solid Al
and 6 is also a thermodynamically allowed process that leads
to the formation of 6.%")

The results presented show that Lewis acid/base-stabilized
parent compounds of the phosphanylalanes can be synthe-
sized in high yields. In comparison to unstabilized Group 13/
15 compounds, this new class of Group 13/15 compounds
undergoes a novel and fundamentally different dehydrogen-
ation process. For the first time a controlled H, elimination is
afforded by fine tuning the temperature and solvent con-
ditions to obtain the cyclo-trimer 4, from which a subsequent
H, elimination is induced to produce the ladder compound 5.
Thus, the first compounds showing no additionally donor—
acceptor bonds within the framework are synthesized.
Comprehensive DFT calculations on different reaction path-
ways indicate the competition between the dimerization and
trimerization reactions as well as the role of stoichiometry of
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the starting materials for the formation of the desired
products.
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