WILEY-VCH

Unexpected Isomerization of Hexa-tert-butyl-octaphosphane
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Dedication ((optional))

Abstract: Octaphosphane {cyclo-(P4tBuz)}, (1) undergoes an
unexpected isomerization reaction to the constitutional isomer
2,2',2",2" 3,3"-hexa-tert-butyl-bicyclo[3.3.0]octaphosphane (2) in the
presence of Lewis acidic metal salts. The mechanism of this reaction
is discussed and elucidated with DFT calculations. The results
underline the fascinating similarity between phosphorus-rich and
isolobal carbon compounds. The new bicyclic octaphosphane 2
shows a dynamic behavior in solution and reacts with [AuCl(tht)] (tht
= tetrahydrothiophene) to give a mono- ([AuCl(2-kP®)], 3) and a
dinuclear complex ([(AuCl)»(2-kP3,kP®)], 4). With cis-[PdCl,(cod)] (cod
= 1,5-cyclooctadiene), the chelate complex ([PdCl,(2-k?P2,P?)], 5)
with a different coordination mode of the ligand was obtained.

The chemistry of phosphorus-rich compounds is an interesting
field with a history of almost 150 years. Since the discovery of
“Phosphabenzol’™ and the pioneering work of Baudler? who
reported a vast number of these molecules, several groups focus
on this topic today because of its outstanding importance in the
direct activation of white phosphorus (P4)P®! or the preparation of
phosphorus-rich metal phosphides!*%. Surely one of the most
fascinating features of these compounds is their similarity to
organic molecules as they can exhibit constitutional,
configurational as well conformational isomerism and also
multiple bonds!® and even aromaticityl”). This analogy can be
rationalized with the isolobal concept and is the reason why
phosphorus is often referred to as the carbon copy.®
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Scheme 1. Isomerization reaction between octaphosphane 1 and 2 as well as
for the isolobal bi(cyclobutane) to bicyclo[3.3.0]octane (pentalane) and
bicyclo[3.2.1]octane.

We here report a discovery that further substantiates this
statement. Recently, we reported on the facile synthesis of
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hexa-tert-butyl-octaphosphane (1) which reacted with [AuClI(tht)]
(tht = tetrahydrothiophene) yields mono-, di- and trinuclear
complexes in which up to four phosphorus atoms of the ligand are
involved in coordinating gold(l) atoms.® During these studies we
observed a limited coordination behavior of 1. Instead of
coordination, the constitutional isomer octaphosphane 2 was
formed on reaction with a large variety of Lewis acidic metal salts
and complexes such as MX; or [MXz(L)] (M = Mg, Mn, Fe, Co, Zn,
Cd, Sn; X = CI, Br; L = 2,2-bipyridine or N,N,N’,N’-
tetramethylethane-1,2-diamine) (Scheme 1).

Isomerization reactions of phosphorus-rich molecules are well
known in the literature.*% One famous example is the Cope-like
rearrangement of the P73~ anion.[*¥l In addition to that, the heavier
homolog of octaphosphine 1, {cyclo-(AsstBus)}, spontaneously
isomerizes in solution at room temperature to the homolog of 2.2
Furthermore, the isolobal octane, bi(cyclobutane), irreversibly
isomerizes to bicyclo[3.3.0]octane (pentalane) if treated with the
Lewis acid AlBr; with formation of bicyclo[3.2.1]octane as the final
product (Scheme 1).1!

In the case of the octaphosphane 1, the isomerization requires a
Lewis acidic metal salt, which influences the reaction rate and
temperature. The reaction of 1 with different equivalents of ZnCl,
(in CgDs, reflux) was monitored by 3*P{*H} NMR spectroscopy. In
each case, the conversion stopped at approximately 90% and no
complete conversion of 1 to 2 was observed. The amount of the
salt merely influenced the time until this state was reached (Figure
S1, Sl). Conversely, under the same conditions the conversion of
octaphosphane 2 stops at 10%. These observations thus imply
an equilibrium between octaphosphanes 1 and 2 in the presence
of a Lewis acidic metal salts. Accordingly, octaphosphane 2 was
also obtained as a side product in the synthesis of 1 which
involves the two metal salts SnCl, and MgCl..
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Scheme 2. Proposed mechanism of the isomerization reaction between
octaphosphanes 1 and 2. Reaction energies (calculated with Zn?* as M?* and
two CI- coligands) are given in kJ-mol-t. Bond formation (dashed line) and
cleavage (wavy lines) are indicated.

In analogy to the mechanism that was postulated for
bi(cyclobutane)®® we propose the mechanism depicted in
Scheme 2 for the isomerization of 1 and 2. Firstly, a monometallic
complex (i1) is formed in which the metal cation is coordinated by
a bridge P atom and one of the tBu carrying P atoms usually
involved in coordination (B-P)®. This leads to a proximity of the
second bridge P atom to the other tBu carrying P atom thus
facilitating bond cleavage and formation to give the spirocyclic
intermediate i2. In this intermediate, cleavage of the conceivable
P—P bonds would either lead to a diastereomer with wrong
configuration (bond | in Scheme 2) or is impaired, as the
phosphanido group is sterically blocked by the metal cation (bond
Il'in Scheme 2). Therefore, a rearrangement to intermediate i3 is
required followed by formation of intermediate i4. Liberation of the
metal and inversion of the phosphorus atom P* finally gives 2.
DFT calculations involving a ZnCl, fragment showed that the
reaction energies (Scheme 2) for the mechanism are plausible,
especially given the elevated temperatures required. While the
inversion barriers of phosphanes are usually high, they can be
much smaller in oligophosphanes, and thus the inversion of P* is
conceivable.'
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Figure 1. Experimental (top) and simulated (bottom) 3P{*H} NMR spectrum of
octaphosphane 2 (AA'A"A™BB'CC' spin system with Cov symmetry). Chemical
shifts in ppm: 8(Pa) = +66.3, 8(Ps) = +35.0, 8(Pc) = +23.7. Selected coupling
constants in Hz: *Jas = —292.30(3), *Jac = —262.67(3), 1Jcc' =-311.99(12), 2Jan=
+143.18(8).

The analogs of octaphosphane 2 with Me, Et and iPr instead of
tBu substituents are known but could not be characterized by X-
ray diffraction.*® The identity of 2 was unambiguously verified by
single crystal XRD. The molecular structure (Figure S18, Sl)
confirms the proposed connectivity of the Pg skeleton in a Co-
symmetrical octaphosphane. All structural parameters including
the P-P bond lengths between the bridgehead phosphorus atoms
are in the expected range. The structure is furthermore analogous
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to AsgtBug with respect to configuration and conformation. The
31p{'H} NMR spectrum of octaphosphane 2 shows three
symmetrical multiplets which could be successfully simulated as
an AA'A"A™BB'CC' spin system assuming C,y symmetry (Figure
1). The obtained parameters confirm the constitution as well as
the configuration of the oligophosphane, as the Jpp coupling
constants range between —262.67 and —311.99 Hz which is in
excellent agreement for similar compounds with tBu substituents
in a trans arrangement.l*s! Moreover, the 2Jpp coupling constant
(Jaar) is large and positive indicating lone pairs of electrons
directed towards each other™, thus corroborating the endo
configuration of the molecule. Finally, the values are also similar
to the respective ethyl-substituted oligophosphane.*® This is also
the case for the chemical shifts. While 8(P») and 8(Pg) are similar
to the analogs, the signal Pc appears at higher field. This matches
the trend for Me, Et and iPr where an increasing steric demand of
the substituent causes a growing shielding of this signal.*"

Scheme 3. Libration of octaphosphane 2. The transition state corresponds to
the average structure in solution. The remaining structures (left and right)
correspond to the enantiomeric structure found in the solid state.

Obviously, there is a molecular process which causes a higher
effective symmetry in solution (C,y) compared to the solid state
(Cy). This was confirmed by VT NMR measurements which show
that on cooling the signal of P, in the 3!P{*H} NMR spectrum
(Figure S6, Sl) appears to lose its mirror symmetry resulting into
two partially overlapping multiplets. The situation is much clearer
in the 'H{*'P} NMR spectra (Figure S7, Sl) where a proper
decoalescence of the singlet of the tBu group attached to Pa
(+1.38 ppm, le; = 2) is observed at —75 °C. The resulting pattern
at lower temperatures is thus consistent with an AA'BB'CC'DD'
spin system (C;) matching the molecular structure in the solid
state. The molecular motion responsible for the process is the
libration around the bond between the bridgehead atoms
(Scheme 3). We performed a relaxed surface scan of the
respective dihedral angle (henceforth A) using DFT calculations
(PBEO-D3/def2-TZVP). The profile (Figure S24, Sl) indeed shows
that the molecular structure in the solid state (A = 40.6°) presents
a minimum on the energy surface potential, while the Cjyy-
symmetrical transition state (A =0°) matches the average
structure in solution. Furthermore, the respective activation
energy of +32.6 kJ-mol agrees well with the experiment
according to the temperature range in which the coalescence is
observed.



In view of the discovery of octaphosphane 2, which was stated to
be unstablel*?, the discovery of further octaphosphanes become
more conceivable. We calculated the relative energies of all eight
possible octanes CgHis, phosphanes PgHs as well as
organophosphanes PgtBus (Scheme 4, detailed in SI) and draw
some key conclusions from these calculations. Going from the
octanes to the phosphanes (formal exchange of CH, with PH)
changes the order of relative energies which is due to phosphorus
preferring smaller bond angles than carbon. Replacing the
hydrogen atom with tBu groups changes the order once again for
the organophosphanes. Structure A is usually considerably less
stable than the other ones due to the higher strain of the four-
membered ring. However, attractive dispersion interactions
between the 'Bu groups stabilize this structure for the
organophosphane 1. For PgtBug thus type A (AE = 28.2 kJ-mol~
1) and B (AE = 0 kJ-mol?, octaphosphane 2) are the most stable
structures. Nevertheless, structures D and F are only slightly
higher in energy (AEe = 41.1 and 60.4 kJ-mol™) and hence they
are expected to be isolable compounds.
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Scheme 4. Possible constitutional isomers of CgHi4, PsHs or Pg'Bus precluding
multiple bonds.

As its constitutional isomer, octaphosphane 2 is able to coordinate
gold(l). When 2 is reacted with one or two equivalents of
[AuClI(tht)] a mononuclear complex [AuCI(2)] (3) or a dinuclear
complex [(AuCl)(2)] (4) are obtained, respectively (Scheme 5).
The molecular structures of both complexes (Figures S19 and
S20, Sl) show that the peripheral phosphorus atoms of the ligand
coordinate gold(l) chloride (kP3kP? binding mode) resulting in a
linear coordination environment. The structural parameters of the
ligand in 3 and 4 are not significantly different from the free
octaphosphane 2 besides a slightly larger dihedral angle A which
seems to be increasing with the number of AuClI fragments (44.8°
for 3 and 50.69° for 4). Mass spectrometry and elemental analysis
confirm the composition of the proposed complexes.
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Scheme 5. Formation and isomerization reaction of gold(l) complexes 3 and 4.

However, 3'P{*H} NMR spectroscopy indicates a more complex
situation in solution. Thus, for 3, five multiplets with a relative
intensity (l)) of 1:2:2:2:1 are observed whereas the spectrum of
4 shows three multiplets with I of 4:2:2. This is consistent with
the respective solid-state structure assuming the same libration
motion as for the free octaphosphane equally causing a higher
effective symmetry. Furthermore, in the 3'P{*H} NMR spectrum of
3 (Figure S9, Sl) additional signals corresponding to the free
octaphosphane 2 and the bimetallic complex 4 are observed. This
indicates an equilibrium in solution (Eg. 1, Scheme 5) analogous
to the one observed for the gold(l) complexes of octaphosphane
1.19201|n fact, when octaphosphane 2 is reacted with the dinuclear
complex 4, the resulting NMR spectrum is identical to the one of
complex 3. Furthermore, this is also supported by the crystal
structure of 3, which cocrystallized with 4% of complex 4 (details
in Sl). The situation is different for complex 4. In the 3'P{*H} NMR
spectrum (Figure S12, Sl), in addition to the signals which match
the solid state structure, a second signal set is observed for which
we propose a constitutional isomer (Eq. 2, Scheme 5). As the
experimental PXR diffractogram of 4 matches well the theoretical
pattern calculated from its single crystal structure data, it appears
that the second isomer is only formed in solution.

The reaction of octaphosphane 2 with an excess of [AuClI(tht)]
yields an insoluble substance, presumably, a coordination
polymer. Elemental analysis indicates the formation of a
tetranuclear complex [(AuCl)4(2)], and the IR spectrum shows the
same characteristic vibrations of the tBu group that were
observed for 2-5.
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Scheme 6. Reaction of octaphosphane 2 with cis-[PdClz(cod)].

When octaphosphane 2 is reacted with an excess of cis-
[PdCly(cod)] (cod = 1,5-cyclooctadiene), the chelate complex
[PdCI,(2-k?P?,P?)] (5) is obtained. The ligand features a different
binding mode compared to the gold(l) complexes, now involving
the phosphorus atoms (P,) adjacent to the bridgehead atoms in
coordination (Figure 2). The coordination of the Pd atom (square-
planar coordination environment) furthermore induces some
changes in the structure of the ligand. These include a very large
dihedral angle A (54.1°) as well as a significantly shorter bond
between the bridgehead phosphorus atoms. The pattern of the
31P{*H} NMR spectrum of 5 (Figure S15, Sl) agrees well with the
expected AA'BB'CC'DD' spin system (C, symmetry). Remarkably,
the change in the chemical shift induced by coordination is
enormous. Thus, the coordinating atoms (Pa) are deshielded by
90.1 ppm whereas all other nuclei experience a high-field shift by
45.1 (Pg), 39.1 (Pc) and even 89.0 ppm (Pp) for the bridgehead
atoms. All other analytical data, namely mass spectrometry, IR
spectroscopy (characteristic tBu vibrations), elemental analysis
as well as H{?!P} NMR (3 singlets) and C{H,2P} NMR
spectroscopy (6 singlets) are in excellent agreement with the
observed structure.
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Figure 2. Molecular structure of complex 5 (H atoms and co-crystallized solvent
molecule omitted for clarity). Selected bond lengths [A] and angles [°]: Pd1-P1
2.2657(4), Pd1-P5 2.2568(4), P4-P8 2.1564(5), P1-Pd1-P5 89.06(1), P1—
Pd1-CI2 90.89(1), P5-Pd1-Cl1 91.722(14), A 54.1(1).

In conclusion, octaphosphane 2 exhibits a variety of different
coordination modes, as shown in complexes 3-5. The peripheral
P atoms (P and equivalent) seem to be slightly better donors.
Chelation of a metal, however, requires the coordination of the P
atoms adjacent to the bridgehead atoms (P, and equivalent).
Discovery of additional coordination modes in the future are very
likely. Further insights might also be gained preparing complexes
with NMR active metals such as Rh. These results once again
show how complex the coordination chemistry of an apparently
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simple phosphine molecule can be.®! They furthermore underline
the similarity between phosphorus-rich compounds and they
isolobal organic molecules.
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