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ARTICLE INFO ABSTRACT

Keywords: Herein we present the redox active behaviour of the sodium salt of 1-aza-3,4-diphospholide Na[1]. Cyclic vol-
Phosphorus heterocycles tammetry in MeCN shows an irreversible reduction and an irreversible oxidation wave indicating EC mecha-
Polyphosphanes

nisms. This anionic heterocycle is chemically oxidized with hexachloroethane likely to a short-lived 1-aza-3,4-
diphospholyl radical which rapidly dimerizes to give bis(1-aza-3,4-diphospholyl) (2) which contains a tetra-
phosphane unit, P—P—P—P. In solution and in the solid state a rac- and meso-isomer have been identified. The
oxidation reaction is chemically reversible, and using lithium metal, the central P—P bond in 2 can be cleaved to
afford Li[1]. Both the anion [1]™ and the P—P coupled dimer 2 have been applied as ligands in combination with
iron carbonyl precursors to isolate the strawberry red complex [FeCp(nl-l)(CO)z] (3). This complex undergoes
dimerization under the loss of carbon monoxide to form the complex [Fea(Cp)2(p2-1)(CO)2] (4-syn and 4-anti).
The reaction of bis(1-aza-3,4-diphospholyl) 2 with [Fe3(CO);2] in THF leads to cleavage of the P—P bond, and a

Iron complexes
Redox Chemistry
Metal metal bonds

dinuclear complex [Fex(p2-1)2(CO)e] (5) with a direct Fe(I)—Fe(I) bond [;\ = 2.5866(4)] is obtained.

1. Introduction

1,3,4-triphospholes are accessible via a variety of synthetic routes
from phosphaalkynes [1,2] or phosphaketenes [3] and show versatile
binding modes in transition metal complexes [4,5]. Furthermore the
formation of iron or copper containing coordination polymers has been
reported [6,7]. Upon oxidation, these phosphorus rich molecules tend to
form cage compounds [8-11]. An exception is the 1H-1,2,4-triphosphole
I which dimerizes upon addition of water resulting in the formation of a
P—P dimer II (Scheme 1). This dimer undergoes a homolytic P—P bond
dissociation reaction to form two stable triphosphole radicals [12]. The
dinitrogen analogue 1,2-diaza-4-phospholide [III]” undergoes an
oxidative coupling reaction to form the P—N coupled dimer IV [13]
which can be reduced to its dipotassium radical complex [14]. The
diazaphospholide [III]~ shows a rich coordination chemistry with alkali
metals, lanthanides and transition metals [15-19], and it has been
employed as a ligand to stabilize Bi-Bi and Sb-Sb bonds [20,21]. We
recently reported a new 1-aza-3,4-diphospholide Na[1] [22] and their
annulated analogues [23]. They can be synthesized from two equiva-
lents of Na(OCP) [24-28] and imidoyl chlorides in a mechanism which
is accompanied by the loss of carbon monoxide [29]. This anionic
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heterocycle is the structural link between the 1,3,4-triphospholides and
the 1,2-diaza-4-phospholides (Scheme 1). Herein, we report the redox
chemistry of the 1-aza-3,4-diphospholide salts and its coordinating
behaviour in iron complexes.

2. Results

Structural and theoretical investigations have shown that the easily
accessible 1-aza-3,4-diphospholide anion [1]  is electron rich, high-
lighted with an energetically high lying HOMO in a model compound Na
[1'] (Fig. 1). To gain insight into the redox activity of anion [1]™ and to
provide a deeper understanding on its electronic properties, cyclic vol-
tammetry (CV) measurements were performed ((for details consult the
Supporting information). In acetonitrile, an oxidation at —0.58 V and
reduction wave at —1.72 V against the Fc/Fc' couple as standard were
observed (Fig. 1). The separation of the oxidation and reduction peak
potentials by 1.04 V indicates an irreversible electrochemical redox-
process in which a chemical reaction might be involved (EC mecha-
nism). This inspired us to scrutinize the chemical oxidation of anion
[11". The anionic azadiphospholide Na[1] was therefore mixed with
half an equivalent of hexachloroethane which led to an immediate
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Scheme 1. Triphospholes I and diazaphospholides [III] ~ oxidatively couple to
form dimers II and IV, respectively.

colour change of the reaction mixture from colourless to dark yellow
(Scheme 2).

According to the UV/VIS spectra, the process is accompanied by a
significant bathochromic shift of 35 nm (Apax from 372 nm to 407 nm).
The 3P NMR spectrum of the reaction mixture indicated a clean for-
mation of two similar species having complex and partially overlapping
multiplet resonances (Fig. 1). To resolve these multiplet resonances, low
temperature (263 K) 31p NMR measurements in CeDg were carried out.
The data were analysed and resulted in the elucidation of two AA’XX’
spin systems corresponding to two stereoisomeric structures (vide infra):
one at § (ppm) = -39.2 (m), 75.4 (m) with Jxx = 305.2 Hz, 3Jxx = 34.4
Hz, Wax = 310.6 Hz, 2Jsx = 9.6 Hz and another at § (ppm) = —48.2 (m),
74.3 (m) with 1Jaa = 239.6 Hz, Wax = 300.0 Hz, 2Jax = —9.5 Hz, 3Jxx
= 0 Hz. These multiplets are consistent with the formation of P—P
bonded dimeric species, resembling the spectra obtained for other Py-
chain type arrangements [30-39].

It may be anticipated that the initially formed single electron
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oxidation product is a short-lived 1-aza-3,4-diphospholyl radical with
the spin density mainly localized at the P center, which rapidly di-
merizes to form a P—P bond. This is in line with the large contribution of
one of the P atoms in the HOMO of the model compound Na[1’] shown
in Fig. 1. We were interested in whether the bis(1-aza-3,4-diphospholyl)
2 can be reduced back to anion [1]™ and based on the results of the CV
measurements this reduction may be possible using alkali metals. To
achieve this, a solution of 2 in DME was stirred overnight with an excess
of lithium (Scheme 2). 3'P NMR spectroscopic investigations revealed a
clean and quantitative reduction of 2 back to the anion [1]". From a
saturated hexane solution at —30 °C, yellow crystals of the dimer 2 can
be isolated. Since selective crystallisation of one isomer was not possible
(and hence an exact assignment of the NMR data is likewise not possible)
several crystals were mounted to obtain the solid state structures of both
diasteromers 2-meso and 2-rac (Fig. 2). Both diasteromers contain
bridgehead phosphorus atoms which have a pyramidalized coordination
sphere (sum of angles around P1 and P3 in 2-rac 292.2° and 298.7 and
in 2-meso 287.0° and 280.7°, respectively). The CO bond distances
(1.214 — 1.233 A) in the dimers are significantly shorter than in the
monomeric azadiphospholide anions [1]™ (1.266 — 1.282 ;\) which is
consistent with the increased double bond character of the C—O bond in
2 compared to the alkoxide moiety in [1] .

In 2, the C1 P1 bond distance (1.824 — 1.856 10\) matches a typical
C—P single bond, while the C2 P2 bond length (1.705 — 1.720 A) is
similar to the one in [1]™ (1.713-1.724 10\) and can also be considered a
C=P double bond. This supports a description with localized bonds for
the two bridged azadiphosphole moieties. The endocyclic P—P bonds
(ca. 2.17 A) are somewhat shorter than the bridging ones (ca. 2.23 A, in
the range of a normal P—P single bond) [40] indicating only a small
delocalization in the azadiphosphole unit. The bond distances in 2 are
significantly longer than the P—P dimer of 1H-1,2,4-triphosphole II
(bridging P—P bond 2.17 A; endocyclic P—P bond 2.12 A). The C=P
bond lengths (1.72-1.78 10\), however, do not differ significantly.

To study the coordination properties of the azadiphospholide Na[1],

-

(1T Mr

Fig. 1. (top left): Cyclic voltammogram of Na[1] in MeCN 200 mV/s with (NBu4)PF¢ oxidized at —0.58 V and reduced at —1.72 V. (top right): 3lp NMR spectrum of
the P4-chains 2-rac and 2-meso in a C¢Dg solution. (bottom) the HOMO orbital of the ion pair in the model compound Na[1’], where the DIP substituent at nitrogen is
substituted with a Me group and the tBu at the carbon atom is replaced by Me with a contour value of 0.05 (DFT, BP86/cc-pVDZ) (The sodium counter ion is shown in

purple with contacts to the P, C, and O atom).
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Scheme 2. One electron oxidation of azadiphospholide Na[1] leading to the tetraphosphanes 2-rac and 2-meso. This mixture can be reduced with lithium to form

Li[1].

Fig. 2. P4-chains 2-rac (a) and 2-meso (b). Anisotropic thermal displacement
ellipsoids are shown at the 50% probability level. Hydrogen atoms and solvent
molecules are omitted for clarity. 2-rac interatomic distances (If\): P1P22.1684
(13), P1 P3 2.2328(13), P1 C1 1.850(3), P2 C2 1.720(3), P3 P4 2.1713(13), P3
C19 1.856(4), P4 C20 1.713(3), O1 C1 1.216(4), 02 C19 1.214(4), N1 C1 1.401
(4), N1 C2 1.403(4), N2 C19 1.405(4), N2 C20 1.412(4) 2-meso interatomic
distances (A): P1 P2 2.175(2), P1 P3 2.231(2), P1 C1 1.824(6), P2 C2 1.713(5),
P3 P4 2.174(2), P3 C19 1.845(6), P4 C20 1.705(5), O1 C1 1.233(6), 02 C19
1.230(6), N1 C1 1.400(7), N1 C2 1.417(7), N2 C19 1.406(7), N2 C20 1.422(6).

a THF solution of the anion was added to the iron precursor [Fe(Cp)(I)
(CO)2] (FplI) in THF, resulting in a colour change of the reaction mixture
from brown to strawberry red. The 3!P NMR spectrum of the reaction
mixture contained one pair of doublet resonances at § = —57.7 and
113.7 ppm with a coupling of lJp’p = 333 Hz. Compared to the anionic
1,3,4-azadiphospholide Na[1] (IJp,p = 393 Hz), the lJp’p coupling con-
stant is significantly smaller, which indicates a n'-coordination of the
phosphole through the phosphorus atom which involves a change from a
A3-02-P to a A3-63-P donor atom. In the solid state, three carbonyl bands
(vco = 2021, 1990 and 1966 em™)) are observed in the IR spectrum
which exclude a n®-coordination mode of the 1,3,4-azadiphospholide
and the formation of a phospha-ferrocene type complex which would
not show any CO stretching vibrations [41]. In addition to the strong
metal carbonyl frequencies, a C=O0 vibration band is observed at 1578
em™!, which is assigned to the C—=0 group of the azadiphosphole. This
supports the assumption that compound 3 contains a 1'-phosphorus-
bonded azadiphospholide ring and can be formulated as [Fe(Cp)(nl-l)
(CO)2]l. The structurally related complex V shows likewise a nl—

coordination of the phosphorus heterocycle (Scheme 3) and exhibits
similar IR spectroscopic features (vco = 2015, 1970 em™) [41].

Single crystal X-ray diffraction analysis allowed us to unambiguously
confirm the structure of complex 3 (Fig. 3). The azadiphospholide binds
through the P1 atom, which is in a pyramidalized coordination sphere
(sum of angles at the phosphorus atom of 318.9°). The FeP bond length
(2.2919(8) ;\) is in the typical range for terminal iron phosphide bonds,
Fe PR; (2.265 10\) [42]. The C=0 group of the azadiphosphole is rather
short [1.230(3) A], a strong indication for a C=0 double bond. The
oxygen atom is pointing away from the iron center (FeO 3.732 A) and
excludes a possible n3-coordination with P1, C1 and O1. The same
product has been observed in the reaction of the compound 2 with one
equivalent of the Fp-dimer ([Fea(Cp)2(CO)4]) after stirring in toluene at
50 °C for 16 h. In this reaction, the central P—P bond in 2 is reductively
cleaved into two azadiphosphole units under concomitant oxidation of
the Fe(I) to Fe(Il). At first glance it may be surprising that the iron centre
is bound to the phosphorus atom in complex 3 because iron is rather
oxophilic and its coordination at the oxygen centre would lead to a 6x
electron aromatic configuration within the azadiphospholide ring.
Anion [1]” shows ambident properties as seen in the HOMO of Na[1°] in
Fig. 1, which shows the largest contribution at the P1 centre adjacent to
the CO unit, while the O atom is more negatively charged (NPA charges
at the BP86/cc-pVDZ level —0.79 e at the O and —0.25 e at the P center).
The relative energies between 3’ and its structural isomer with Fe
coordinating at the O centre were determined by DFT calculations which
show that the latter lies significantly higher in energy by 16.0 kcal/mol
in agreement with the experiment. Note that the calculated homolytic
bond dissociation energies, 47.0 kcal/mol for Fe-P and 67.7 kcal/mol for
Fe-0O, would suggest the preference of Fe coordination to the oxygen
center. This contradiction can be resolved by considering the high sta-
bility of the C—=0 bond (99.5 kcal/mol) in contrast to that of the P—C
bond (50.4 kcal/mol). Thus, the formation of complex 3’ is clearly
preferred over its isomer, because the stability of the CO r-bond
compared to that of the PC n-bond overrules the difference between the
Fe-P and Fe-O bond strengths.

Complex 3 can be stored under an argon or nitrogen atmosphere as a
solid without noticeable decomposition for several months. But if a THF
solution of 3 is exposed to sunlight for 6 days, the deep red colour
vanishes and a dark yellow solution is obtained. The 3P NMR spectrum
of the solution reveals the complete conversion of the starting material,
while three new compounds have been formed. The major compound
consists of four non-magnetically equivalent phosphorus atoms coupling
to each other; 3'P NMR (THF, 121.5 MHz): § (ppm) = 136.4 (ddd, Jp p =
24,52, 281 Hz), 122.8 (ddd, Jp p = 6, 24, 382 Hz), 3.8 (ddd, Jpp = 6, 26,
281 Hz), —36.3 (ddd, Jpp = 26, 52, 382 Hz). After another 7 days, the
signals of this species vanishes and converts cleanly to the two other
products. The reaction can be accelerated using a medium pressure
mercury UV lamp, which shortens the reaction time to 3 h. The multi-
plets of the two final products have been simulated and fitted to the
original spectra; 31P{1H} NMR (THF, 121.5 MHz): § (ppm) = 133.6 (m),
~77.8 (m) [Man = 124.6 Hz, 3Jxx = 0 Hz, 'ax = 308.7 Hz, 2ax =
—15.8 Hz] and 3'P{'H} NMR (THF, 121.5 MHz): § (ppm) = 123.8 (m),
~77.9 (m) ["Jan = 137.7 Hz, *Jxx = 0 Hz, Wax = 314.4 Hz, %5y = 4.8
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Scheme 4. Iron complex 3 loses carbon monoxide to from the two diasteromers
[Feo(Cp)a(p2-1)(CO),] 4-anti and 4-syn similar to compound VI. [43]

Hz]. Two types of red crystals were isolated from a benzene-ether so-
lution by slow evaporation of the solvent each containing dinuclear iron
complexes with the formula [Fey(Cp)a(p2-1)(CO)2]. Selective crystalli-
zation of either 4-syn or 4-anti was not possible and both compounds
are obtained simultaneously in form of differently shaped single crystals.
One of those contains only 4-anti in which the two cyclopentadienyl
groups are pointing to different sites of the central planar FeyP5 ring - the
midpoint of which corresponds to the inversion center of the molecule.
The other crystal contains the two isomers of 4-syn which results in a
disorder around the iron center. The central FeyPy ring of 4-syn is
slightly folded [@ = 20.6366(7) °]. The Fe Fe distance in both com-
pounds is above 3.4 A and excludes any interaction between the metal
centers. The P1 phosphorus atom of the azadiphospholide bridges two
iron centres which are bound to one remaining carbon monoxide
(Fig. 4). The Fe P distances (average 2.261 A) are very slightly shortened
with respect to the Fe P distance in the mononuclear complex 3 which is
typical for py-bridging iron phosphide complexes [42]. The other bond
distances are similar compared to the ones observed in 2. The endocyclic
P P bond distances (2.16 10\) and the P1 C1 bond distances (1.85 10\) are in
the typical range of single bonds, the bond length of P2 C2 (1.71 A) on
the other hand indicates still significant double bond character. Both C O
distances are in the typical range of a double bond (1.22 A) and the Fe P
bonds (2.25-2.27 A) are longer compared to classical iron phosphine

Fig. 3. Crystal structure of 3 emphasizing the pyramidal coordination sphere
around P1. Anisotropic thermal displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity. Interatomic distances
(A): Fe P1 2.2919(8), P1 P2 2.1458(11), P1 C1 1.814(3), P2 C2 1.715(3); An-
gles (°): P2 P1 Fe 115.32(4), C1 P1 Fe 109.52(9), C1 P1 P2 93.98(9).

interactions (c.f. Fe PPhg 2.237 A) [42] but little shorter compared to the
ones in complex 3 [2.2919(8) A]. The 1Jp’p coupling constants for the
two endocyclic phosphorus atoms decreased from 305.2 Hz and 239.6
Hz in 2 to only 123.8 Hz and 124.6 Hz in both iron complexes 4-syn and
4-anti. Under the assumption that the oxidation state at the iron centers
is + 2, and the bridging phosphorus centers of two anionic coordinating
azadiphospholide moieties donate a total of four electrons in the FeyPo
ring, an 18-electron count is reached at every Fe center. The IR spectrum
of the isolated product has only one but broad absorption band in the
range of a metal carbonyl (vco = 1938 cm ™) and is significantly shifted
to smaller wavenumbers compared to the structurally similar compound
VI (2044, 2032, 1999, 1978 cm™!) [43] (Scheme 4) indicating an
increased electron density at the iron center and hence a stronger back
donation to the carbonyl group.

DFT calculations of the five possible isomers of complex 4’ were also
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Fig. 4. Crystal structure of compound 4-anti (a) and 4-syn (b). Anisotropic
thermal displacement ellipsoids are shown at the 50% probability level.
Hydrogen atoms and solvent molecule are omitted for clarity reasons. 4-anti:
Both iron centers are identical in the solid state. Interatomic distances (A): Fel
Fe2 3.4785(6), Fel P1 2.2573(7), Fel P1 2.2447(7), P1 P2 2.1613(9), P1 C1
1.852(3), P2 C2 1.709(3), O1 C1 1.217(3), N1 C1 1.417(3), N1 C2 1.410(3). 4-
syn: Only one of the two diasteromers is shown. Interatomic distances (;\): Fel
Fe2 3.4563(8), Fel P1 2.2557(14), Fel P3 2.2544(14), Fe2 P1 2.2603(14), Fe2
P32.2739(15), P1 P2 2.1639(17), P1 C1 1.852(5), P2 C2 1.704(5), 01 C1 1.224
(6), P3 P4 2.1614(18), P3 C19 1.855(5), P4 C20 1.711(4), 02 C19 1.217(5),
fold angle ©(Fel P1 Fe2 P3) = 20.6366(7) °.

performed, which arise from the cis, trans isomerism (anti or syn at the P
centre and cis or trans at the Fe centre: anti-trans, anti-cis, syn-trans and
two isomers of syn-cis) on a [Fey(Cp)a(pe-1)(CO)2] model system, in
which 1’ stands for a azadiphospholide where the tBu and Dipp groups
were replaced by Me. These isomers have rather similar relative energies
and lie within an energy span of 3.0 kcal/mol, indicating no clear
preference of any of these isomers. The bond lengths and the Wiberg
bond indices for the relevant bonds such as Fe-P, P-P, Fe-C are very
similar for all these isomers, and fit to those obtained in the solid state,
for details see the Supporting information. Compared to the monomeric
complex 3’, the iron centres in all isomers of the dinuclear complexes 4’
are slightly less negatively charged (—1.17 e and —1.14 e in complexes
3’ and 4’, respectively), while the P centres in 4’ carry higher charges
(around + 0.70 e) than that in complex 3’ (4+0.34 e), showing that the
bridging P atoms are somewhat stronger electron donors. For compari-
son, an DFT optimization of the electronic structure of an dinuclear
[Fea(pa-PMe3)2(Cp)2(CO)2] complex was performed in which the het-
erocycles were replaced by dimethyl phosphide ligands. The overall
bonding features of this model complex are similar to those in 4’.
However, in [Fey(pa-PMe)2(Cp)2(CO)2] the Fe centres bear even more
negative charges (—1.20 e) and the Wiberg bond index of its Fe-P bond
(0.77) indicates a stronger bond than in 4’ (Fe-P: 0.72 to 0.74 for the
different isomers). As expected, these results suggest that the donor
properties of the azadiphopholide anion are smaller than those of of
dimethyl phosphide due to delocalization of the negative charge in the
heterocycle.

In analogy to the reductive cleavage reaction between the bis(1-aza-
3,4-diphospholyl) 2 and the Fe(I) complex [Fe3(Cp)2(CO)4] which led to
the Fe(II) complex 3, we tried to access a dinuclear Fe(I) complex by
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reacting 2 with an Fe(0) complex like Fe3g(CO);2 as reductant. Both re-
actants were dissolved in a minimum amount of THF and were placed in
a closed Young-flask to reflux for 6 h. The reaction mixture turned dark
red and the 3!P NMR spectrum of the reaction mixture revealed the
formation of two new sets of multiplet resonances. This leads to the
assumption that again two stereoisomers were obtained which hints
indeed to the formation of dinuclear complexes [Fea(j12-1)(CO)g] com-
parable to the Fe(II) complexes 4-syn and 4-anti. One isomer shows a
typical AA’XX’ spin system in the 3'P NMR spectrum (*'P{'H} NMR
(CD4Cly, 124.5 MHz): 6 (ppm) = 69.9 (m), 80.9 (m) with LJyx = 226.2
Hz, 3JXX/ =110.8 Hz, l.IAX = 358.4 Hz, 2JAX/ = 24.2 Hz). This spectrum is
assigned to a Cpy symmetric isomer where the two tertiary butyl groups
and the two CO units at each azadiphospholyl ring point to the same side
with resepct to the central Fe—Fe bond and is therefore denominated 5-
syn. The second isomer shows four different phosphorus resonances
coupling to each other (64.9 (ddd, lJp)p =331 Hz, lJp,p =107 Hz, Jpp =
17 Hz), 78.2 (dd, "Jpp = 331 Hz, Jpp = 11 Hz), 81.9 (dd, 'Jp p = 413 Hz,
YJpp = 107 Hz, Jpp = 11 Hz), 93.8 (ddd, 'Jpp = 413 Hz, Jpp = 17 Hz)
which is indeed possible for a complex where the ‘Bu and CO groups
point to opposite sides of Fe—Fe bond — named 5-anti — and in which the
four 3'P nuclei are inequivalent (see Scheme 5).

Recrystallization from diethyl ether yielded crystals of 5-syn suitable
for analysis by X-ray diffraction methods (see Fig. 5).

As already observed in the reaction between 2 and the dinuclear Fe
(I) complex [Fea(Cp)2(CO)4], iron centers become oxidized by one
electron from Fe(0) to Fe(I) and formally insert into the central P—P
bond of the tetraphosphane 2. The two resulting azadiphospholide units
take a bridging position between the two iron tricarbonyl fragments
such that again a FeyP3 ring is formed. In contrast to 4-syn and 4-anti
this four-membered ring is now strongly folded (® = 100.717(2)°). The
two iron centers in 5-syn form a Fe—Fe bond with an interatomic dis-
tance of 2.5866(4) A (Van der Waals radius for iron: 2.04 1°\, Covalent
radius for iron: 1.24 A) [44] which almost one A shorter than the Fe Fe
distances in 4. The Fe Fe bond distance is even shorter than the one
observed in a dinuclear iron complex [Fey(p-nabip)2(CO)e] (2.6366(3)
A) which contains a bridging naphthalene-1,8-bis(phenylphosphido)
(nabip) unit as rigid ligand. This compound was prepared in a similar
way as 5-syn and 5-anti by reductively cleaving the P—P bond of the
tricyclic precursor molecule naphthalene-1,8-diphenyldiphosphine with
an Fe(0) carbonyl complex [45]. The CO stretching frequencies in
[Fea(p-nabip)2(CO)e] (vco = 2053, 2015, 1987, 1972 em™ 1) are very
similar to the ones in complex 5-syn (vco = 2062, 2027, 1973 em™ D)
indicating similar electronic environments at the iron centers. Finally,
we notice that in all dinuclear complexes reported in this paper, rather
strong Slp 3lp coupling contants (J = 107, 226 Hz, respectively) are
observed (see Table 1) between the transannular P centers in the Fe,Po
rings in the range of regular !J coupling constants between singly
bonded 3'P nuclei in diphosphanes, R,P—PRy, although the P P dis-
tances (2.81-2.86 f\) exclude any direct interaction. The results of DFT
calculations (see Table 2 below) indicate that the structure of the aza-
diphospholide moiety in complex 5’ is very similar to those of complexes
4’, and the Wiberg bond index of the Fe-Fe interaction is 0.38, being in
accordance with the weakness of this bond. A significant difference
between complexes 4’ and 5’ can be found in the partial charges of the
iron centres, which are less negative for the former than for the latter
(vide infra).

3. Disscussion and conclusion

One electron oxidation of the anionic 1,3,4-azadiphospholide [1]™
leads via a P-P coupling reaction to the formation of a neutral dimeric bis
(1-aza-3,4-diphospholyl) 2 as product which contains a P4-chain. This
tetraphosphane 2 can be cleanly reconverted to salts M[1] containing
the azadiphospholide as anion using alkali metals as reductants. This
reversible redox process is accompanied by a prominent colour change
from colourless [1] to dark yellow in 2. Both compounds, [1]™ and 2,
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Scheme 5. Triiron dodecacarbonyl reacts with the dimer 2 to form the complexes 5-syn and 5-anti.

Fig. 5. Crystal structure of compound 5-syn: The anisotropic thermal
displacement ellipsoids are shown at the 50% probability level. Hydrogen
atoms and two THF molecules are omitted for clarity reasons. Interatomic
distances (10\): Fel Fe2 2.5866(4), P1 Fel 2.2509(5), P1 Fe2 2.2244(6), P1 P2
2.1558(7), P1 C1 1.840(2), P2 C2 1.719(2), C1 01 1.208(2),N1 C1 1.404(3), N1
C2 1.406(2), P3 Fel 2.2273(6), P3 Fe2 2.2429(6), P3 P4 2.1528(7), P3 C24
1.8421(19), P4 C19 1.7182(19), N2 C24 1.402(2), N2 C19 1.410(2) Carbonyl C
O 1.14 (averaged).

were applied as ligands in iron complexes. With Na[1] as reagent, these
complexes are accessable via simple nucleophilic substitution reactions
using a metal halide complex as precursor. With the tetraphosphane,
metal complexes can be synthesized elegantly via redox reactions in
which a reducing neutral metal precursor complex is employed. This
method gives the desired products without any waste and also allows the
synthesis of complexes with metals in unusual oxidation states such as
the dinuclear Fe(I) complex [Fea(p2-1)2(CO)e] 5-syn/anti. Recently
related anionic phosphinine-2-olates, which contain an aromatic six-
membered PCs ring with an anionic oxy-function adjacent to the
x3,52-P center in the ring were investigated as ligands in various Cu(I)
and Au(I) complexes and 1'-coordination and py-bridging coordination
modes to the metal centers were established [46]. It was observed that
the classical n!-coordination mode is accompanied by a modest coor-
dination shift to lower frequencies (A®°™ ~ —30 ppm) while the less
usual po-bridging coordination mode is indicated by a strong negative
A" Some coordination modes for an anionic 4-aza-1,2-diphospol-2-

Table 1

olate are shown in Fig. 6. Note that closely related descriptions have
been made for related easily polarizable phosphorus heterocycles as li-
gands which also show that in dependence of the electronic structure of
the ligand intermediate bonding situations between those shown in
Fig. 6 are possible [47-50]. Note that the two possible terminal 2 elec-
tron coordination modes do not represent resonance structures but
correspond to distinct electronic ground states in which in one case the
coordination sphere around the bound P center is planar [2e terminal pl,
see (a)] and in the other pyramidalized [2e terminal py, see (b)]. For the
bridging mode, likewise several possibilities exist and two limiting cases
are shown in Fig. 6: One in which the bridging phosphorus heterocycle
acts as two electron donor [see (¢)] and one in which it acts as 4 electron
donor [see (d)]. While the latter has been frequently observed [46-54],
the former is rare and there are only few complexes where this binding
mode likely occurs. In the binuclear rhodium and iridium 2-pyridyl
phosphinine (niphos) dications, [Rhg(nbd)g(niphos)g]2+ and [Iry(1,5-
cod)z(niphos)z]2+ (nbd = norbornadiene, 1,5-cod = 1,5-cyclo-
octadiene), respectively, the bridging po-phosphorus centers of the
niphos ligand were assumed to be 2 electron donors [54]. Both com-
plexes show a weakly negative A, A second example is given by a
Pd3 cluster with bridging 2,4,6-triphenyl phosphinines [55] where
notably the 3'P NMR resonance of the bridging ligand shows a positive
A% of + 10 ppm to higher frequencies. Finally, a dinuclear Ru

Table 2

Selected Wiberg bond indices and partial NPA charges in electron at the BP86/
cc-pVDZ level. These calculated data refer to model species in which the bulky
DIP and tBu groups have been replaced by Me.

Na[1’] 3 4’-syn 4’-anti 5’-syn
P1 P2 1.17 1.05 0.95 0.96 0.98
P1Cl1 1.27 0.99 0.89 0.89 0.89
Cl10 1.36 1.64 1.68 1.69 1.72
P2 C2 1.48 1.54 1.57 1.57 1.54
P1 Fe 0.75 0.74 0.74 0.76
Fe Fe 0.06 0.06 0.38
q(P1) —0.25 0.35 0.71 0.71 0.69
q(C) 0.29 0.41 0.45 0.46 0.47
q(0) -0.79 —0.42 —-0.57 -0.57 -0.57
q(Fe) -1.17 -1.15 -1.14 —1.88

Averaged interatomic distances (A) are extracted from the crystallographic data. The coupling constants are stated in Hz and have been measured from the 3'P NMR
spectra. ATR-IR spectra were recorded on the Bruker alpha FT-IR of the powder under protective atmosphere.

2-meso 2-rac 3 4-syn 4-anti 5-syn
P1 P2 [A] 2.175 2.2328 2.146 2.1627 2.161 2.1543
P1 P3 [A] 2.231 2.1699 2.8474 2.858 2.8100
P1Cl [A] 1.835 1.853 1.814 1.854 1.852 1.8431
P2 C2 [A] 1.709 1.717 1.715 1.708 1.709 1.719
Fe Fe [A] - - - 3.4563 3.478 2.5866
Fel P1 [A] - - 2.292 2.2550 2.251 2.2391
01 C1 [A] 1.232 1.215 1.230 1.2221 1.217 1.208
1Jp1’p2 [Hz] 311, 300 * 333 309 314 387
1Jp1’p3 [Hz] 305, 240 * - 125 138 55
1CO [em™] - 2021, 1990, 1966 1938¢ 2062, 2027, 2005, 1972

*) Coupling constant not assigned to a specific isomer. £) IR spectrum measured of the mixture of 4-syn and 4-anti.
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Fig. 6. Principal coordination modes of 1-aza-3,4-diphospholides [1] .

complex containing a 2,2'-biphosphinine as bridging ligand contains for
which no NMR data are available [56]. These results imply that com-
plexes with a bridging phosphorus heterocycle as 2e donor preferably
contain metal centers in low oxidation states (for a more detailed
analysis of the bonding in such complexes, which can be described with
3-center-2-electron bonds further modulated by the perpendicular n
-electron system in the heterocycle, see refs [48,49]). There are further
few examples, where the structural data suggest that a neutral phos-
phinine acts as bridging two electron donor in Cu(I) [46,57,58] and Ag
(D) [59] complexes. However, the 3lp NMR indicates that these struc-
tures are not retained in solution and the dinuclear complexes dissociate
into classical n'-phosphinine complexes in solution.

As the structures in Fig. 6 suggest, there are structural differences to
be expected in dependence of the coordination mode of a 1-aza-3,4-
diphospholide.

Notably, in all reactions reported in this study exclusively the
phosphorus center adjacent to the carbonyl group in the P,NC; ring is
involved, which is in agreement with the fact that the HOMO has its
largest coefficient at this phosphorus center P1. In Na[1], the 31p hu-
cleus P1 is observed at 5§ = 13.5 ppm in a >'P NMR spectrum while the
other 3'P nucleus P2 embedded in the P—P2—=C unit is observed at § =
131.8 ppm. Upon coordination to a metal center in a terminal n'-mode
as in 3, the 3P resonance of P1 is strongly shifted to lower frequencies as
expressed by the coordination shift Acoord _ 15 (complex) -5 ([1]” } =
—58 ppm. This observation is in agreement with a rather strong pyr-
amidalisation at P1 (Z° = 318.9°) which indicates that a stereochemical
active lone pair of electrons is formed when [1]™ is employed as ligand.
A comparable observation was made when an anionic phosphinine-2-
olate was coordinated to a [Au(PPhs)]" fragment which likewise
induced a A% of —50.7 ppm and a sum of bond angles of 351° at the P
center was observed [46]. When the anionic azadiphospholide [1]™
takes a bridging position between two Fe(I) centers as in syn/anti-
[Fea(Cp)2(p2-1)(CO)2] (4-syn/anti) an even stronger shift to lower
frequencies is observed (A% ~ —92 ppm) which likewise is in
agreement with observations made with phosphinine-2-olates as pa-
metal-bridging ligand in Cu(I) and Au(l) complexes [46]. Note that also
the chemical shift of the other phosphorus nucleus in the ring, P2, is
influenced by the coordination and shifted to lower frequencies
although to a lesser extent.

A remarkable exception is seen in complexes 5-syn/anti which
contain two Fe(I) centers connected by a short Fe—Fe bond. Here, both
31p nuclei show chemical shifts in the same range 5 = 64.9-93.8 ppm
indicating that P1 is shifted by about + 60 ppm to higher frequencies
while P2 is shifted by about —50 ppm to lower frequencies.

Table 1 summarizes selected physical data for all compounds which
could be structurally characterized in this study 2-rac, 2-meso, 3, 4-syn,
4-anti, 5-syn. As can be seen, the structural parameters of the 1-aza-3,4-
diphospholide ring do not change much in 2-rac/meso and 4-syn/anti.

The P1 P2 bond distances are long (>2.15 10\) as well as the P1 C1 dis-
tances within the P—C—O unit (>1.84 [o\). But the C1 O1 distance is
comparatively short. In combination, this indicates that in the tetra-
phosphane 2-rac/meso and in the Fe(I) complexes 4-syn/anti with a
bridging azadiphospholide ring, the resonance form with a localized
P™—C—O0 unit, that is the carbonyl phosphide form, prevails. In iron
complex 3, which contains a terminal bound azadiphospholide, the
shorter P1 P2 and P1 C1 bond distances in combination with a longer
C—O bond indicate a larger contribution of the resonance structure with
an oxido unit, P=—C—O".

Table 2 lists selected Wiberg bond indices (WBIs) and partial NPA
charges for Na[1’], 3’, 4’-syn/anti, and 5’-syn for comparison. As can
be seen, the WBIs for 4’ and 5’ as well as the partial charges at P1, C, and
O are very similar and in accordance with the structural parameters
which in combination indicate that the P1 C1 bond is best described as a
single bond while the C O bond has high double bond character. Indeed,
a comparison between the WBIs and NPA charges of Na[1’] and 3’ show,
again in accordance with the bond distances discussed above, that in
both the P1 P2 bond has a WBI > 1 while the C1 O bond has a slightly
smaller WBI when compared to 4’-syn/anti and 5’-syn indicating a
larger contribution of the oxido-resonance form shown in Fig. 6a to the
electronic ground state.

Within the series of the iron complexes 3°, 4’-syn/anti and 5’, the
large negative charge of —1.88 e at the Fe(I) in 5’ is especially note-
worthy which reflects its lower oxidation state. A comparison of the sum
of the NPA charges at the CO (ca. + 0.3 e) and Cp~ ligand (ca. + 0.29 e)
in the dinuclear complexes 4’-syn/anti and 5’ shows that these are
about the same in all complexes. The only significant difference is
observed for the diazaphosphol ligands in 4’ which is less positively
charged (+0.54 e) compared to 5’ (+0.74 e). This suggest that the
diazaphospholide ligand in 5 is a slightly better electron donor that in 4.
One can therefore assume that the bridging-diazaphospholide in 4 is best
described by a mixture of resonance structures (c) and (d) while in 5
form (d) prevails. With respect to the unusal 31p NMR chemical shifts of
the phosphorus nuclei, there is at present no straight-forward explana-
tion but this may be caused by the unusual Fe—Fe bond in 5.

4. Experimental
4.1. General considerations

All air- and moisture-sensitive manipulations were carried out using
standard vacuum line Schlenk techniques or in an MBraun inert atmo-
sphere dry-box containing an atmosphere of purified argon. THF was
distilled from sodium benzophenone ketyl before use. THF-dg and C¢Dg
were purchased from Cambridge Isotope Laboratories and were distilled
over potassium. The azadiphospholide Na[1] was synthesized according
to literature procedures [22].
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'HNMR spectra were recorded on Bruker spectrometers operating at
300, 400 and 500 MHz, *C NMR at 75.4 MHz 100.6 MHz, >'P NMR at
101.3, 121.5 and 162.0 MHz. All 'H and '3C NMR chemical shifts are
reported relative to SiMe,4 using the *H (residual) and *3C chemical shifts
of the solvent as a secondary standard. 3!P spectra were externally
referenced to an 85% solution of H3PO4 in HyO. Peak widths at half
heights (in Hz) are given for broad signals. Infrared spectra were
collected on a Bruker-alpha FT-IR-spectrometer with the ATR measuring
device. UV/Vis spectra were recorded on UV/vis/NIR lambda-19-
spectrometer in a cell with a 1 or 2 mm path length. Elemental ana-
lyses were performed at the Mikrolabor of ETH Ziirich.

Single crystals suitable for X-ray diffraction were coated with poly-
isobutylene oil in a dry-box, transferred to a nylon loop and then
transferred to the goniometer of a Bruker X8 APEX2 diffractometer or on
an Oxford Excalibur equipped with a molybdenum X-ray tube (A =
0.71073 A) and Sapphire 3 CCD-detector using CrysAlisPro [60]. Pre-
liminary data was collected to determine the crystal system. The space
group was identified and the data were processed using the Bruker
SAINT + program and corrected for absorption using SADABS. The
structures were solved using direct methods (SHELXS) [61-64] on
OLEX2 [64] completed by Fourier synthesis and refined by full-matrix
least-squares procedures. The rigid groups for the description of the
disordered solvent molecules were obtained from the Idealized Molec-
ular Geometry Library [65].

4.1.1. Preparation of the dimer 2

The azadiphospholide Na[1] (200 mg, 0.4 mmol) was dissolved in 4
mL of THF and was cooled down in an ice bath. C2Clg (50 mg, 0.2 mmol)
was added as a solid to the reaction mixture. The mixture changed
colour from colourless to dark yellow. The reaction mixture was stirred
for 4 h and was then filtered through Celite. The volatiles were removed
under reduced pressure. The product was stirred in 1 mL of hexane and
filtered cold to obtain 115 mg of a yellow solid (84% yield). The hexane
washing solution was placed in the freezer at —30 °C to yield single
crystals suitable for X-ray analysis. MF: C36H52N2O2P4, MW: 668.72 g/
mol, EA[calc %]: C, 64.66; H, 7.84; N, 4.19; EA[found %]: C, 64.61; H,
7.82; N, 4.05; Absorption max in THF [Apax]: 407 nm, 317 nm; MP: 184
°C; 3'p{'H} NMR (CD,Cl,, 202.5 MHz, 263 K): & (ppm) = Isomer 1; 75.4
(m), —39.2 (m) with WJaa = 305.2 Hz, 3Jxx = 34.4 Hz, LJax = 310.6 Hz,
2Jax = 9.6 Hz Isomer 2; 74.3 (m) —48.1 (m), Wax = 239.6 Hz, Uax =
300 Hz, 2Jax = —9.5 Hz, 3Jxx = 0 Hz; 'H NMR (CD,Cl,, 300 MHz): 5
(ppm) = 1.00 (broad-d, J = 18.5 Hz, 6H, CHj), 1.11 (s, 9H, CH3 (Bw)
1.20 (broad-d, J = 6.2 Hz, 6H, CHs (Pr)), 2.5-2.9 (m, 2H, CH (Pr)), 7.19
(broad-d, J = 7.7 Hz, 2H), 7.4 (t, J = 7.7 Hz, 1H); Very broad signals, often
two overlapping: *3C{'H} NMR (CD,Cl,, 125.8 MHz): 5 (ppm) = 22.3 (s,
CH3), 25.7 (s, CH3), 29.5 (s, CH3), 31.13 (not resolved) 42.6 (not
resolved, Cq), 124.2 (s, CHarom), 130.2 (s, CHarom), 136.7 (s, CHarom),
147.5 (broad, Curom), 192.7 (broad, C=P), 210.6 (dd, not resolved,
C=P); IR powder [cmfl] : 2962, 2867, 1643, 1467, 1438, 1364, 1322,
1291, 1233, 1202, 1144, 1127, 801, 789, 740

4.1.2. Reduction of the dimer 2

A solution of the P4-chain 2 in DME was divided and stored in two
hermetically closed flasks, to one solution lithium was added and the
mixture was stirred overnight. From both solution a sample (0.5 mL)
was taken which was then enriched with the same volume of a PPhs
stock solution. Quantitative 3'P NMR spectroscopy revealed full con-
version back to anion Na[1]. 3P NMR parameters were used from a
validated method [66].

4.1.3. Preparation of 3

The azadiphospholide Na[1] (298 mg, 0.4 mmol) and FpI (110 mg,
0.4 mmol) were suspended in 15 mL of diethyl ether. The reaction
turned immediately deep red. The solution was stirred for additional two
hours. The reaction mixture was then filtered through Celite and
concentrated to roughly 2 mL. The solution was placed in the freezer at

Inorganica Chimica Acta 520 (2021) 120274

—30 °C for 72 h to obtain a red solid contaminated with Nal. The product
is dissolved in dichloromethane and filtered over Celite, the volatiles
were removed to obtain 159 mg (78%) of a single crystalline strawberry
red solid of the composition [FeCp(1)(CO)2]. MF: Ca5H31FeNO3sPy MW:
511.32 g/mol; MP: 172 °C; EA[calc]: C, 58.73; H, 6.11; N, 2.74; EA
[found]: C, 58.79; H, 6.13; N, 2.65; Absorption max [Amax]: 515 nm; H
NMR (CgDg, 300 MHz): § (ppm) = 7.2 (dd, J = 6.9, 8.4 Hz), 7.1 (d, J =
10.7 Hz), 4.3 (d, 3Jp,H = 2.1 Hz, 5H, Cp), 3.0 (sept, J = 6.7 Hz), 1.3 (d, J
= 6.7 Hz, 6H, CH3), 1.3 (d, J = 2.2 Hz, 9H, CH3), 1.2 (d, J = 6.7 Hz, 6H,
CH3). 3!P {!H}NMR (GC¢D¢, 124.5 MHz): § (ppm) = 113.7 (d, Wpp =
332.4 Hz), —57.7 (d, Jpp = 332.8 Hz). 3P NMR (C¢Ds, 124.5 MHz): 6
(ppm) = 113.7 (d, 'Jpp = 332.3 Hz), —57.7 (d, "Jpp = 332.4 Hz),. 1°C-
{'H} NMR (C¢D¢, 125.8 MHz): § (ppm) = 212.9 (m, Carbonyl), 207.9 (d,
J=56.8 Hz), 199.8 (dd, J = 11.3, 74.6 Hz), 147.9 (s, CHarom), 138.7 (d,
J = 3.6 Hz), 129.4 (s, CHarom), 123.6 (s, CHarom), 85.0 (s, CH, Cp), 41.3
(dd, J=2. 4,16.7 Hz), 31.5 (dd, J = 3.6, 15.5 Hz, Cq (‘Bu)), 29.3 (s, CH3
‘Bu), 26.2 (s, CH, 'Pr), 22.0 (s, CHs, 'Pr). IR[cm™] : 3106, 2961, 2870,
2021 (Fe-CO), 1990 (Fe-CO), 1966 (Fe-CO), 1578 (C=0), 1290, 1124,
846, 789, 616, 565

4.1.4. Alternative route to 3

The dimer 2 (67 mg, 0.1 mmol) and the (CpFe(CO)3)2 (21 mg, 0.06
mmol) were dissolved 5 mL of toluene and the reaction mixture was
stirred overnight at 50 °C. The 3P NMR spectrum of the reaction
mixture contained the resonances matching the spectroscopical data for
compound 3.

4.1.5. Preparation of 4-syn and 4-anti

The Fp-adduct 3 (73.2 mg, 0.143 mmol) was dissolved in 2 mL of
THF and 2 mL benzene. The reaction was stirred for 13 days at room
temperature in a closed Schlenk-NMR tube in direct sunlight. The
generated carbon monoxide pressure was released from time to time
(note, the reaction time can be reduced to 3 h if a medium pressure
mercury UV lamp is used.). The colour of the reaction mixture changed
from strawberry red to dark yellow. After complete conversion the
mixture was filtered through Celite and the solution was layered with
hexanes and placed in the freezer at —30 °C for 72 h to obtain 57.5 mg
(83%) of a yellow to red microcrystalline solid of the composition
[{FeCp(1)(CO)}2]. Single crystals for X-ray analysis were grown from an
ether/benzene solution upon slow evaporation of the solvent. MF:
C4sHe2FeaN204P4; MW: 966.62 g/mol; MP: 120 °C (dec.); EA[calc]: C,
59.64; H, 6.47; N, 2.90; EA[found]: C, 59.00; H, 6.54; N, 2.67; Ab-
sorption max [Amax]: 686 nm, 391 nm, shoulder at 401 nm. 4-syn and 4-
anti; *'P{'H} NMR (THF, 121.5 MHz): 5 (ppm) = 133.6 (m), —77.8 (m)
with Ly = 124.6 Hz, 3Jxx = 0 Hz, Wax = 308.7 Hz, 2Jzx = —15.8 Hz,
31p{'H}-NMR (THF, 121.5 MHz): § (ppm) = 123.8 (m), —77.9 (m) with
Lan = 137.7 Hz, 3Jxx = 0 Hz, 1Jax = 314.4 Hz, 2Jax = 4.8 Hz. Due to
overlapping only ranges for the peaks in the 'H and '3C can be given. 'H
NMR (THF-d8, 400 MHz): § (ppm) = 7.04-7.55 (m, CHgrom, 6H), [4.53,
4.35, 4.30, 4.24, 4.17, 4.26], s, CsHs, 10H), 2.9-2.5 (sept, overlap, CH,
Uiy = 6.73 Hz, 4H), 1.3 - 0.9 (m, CHs, overlap, 42H), >C NMR (THF-
d8, 75.8 MHz): § (ppm) = 147,5 (s, Carom), 137.1 (s, Carom)> 129.5 (s,
CHarom), 123.7 (s, CHarom), £80.3, 80.0, 79.8}(s, CsHs). IR cm ™! (pow-
der): 2958, 2867, 1938, 1634, 1467, 1320, 1289, 1126, 1053, 1002,
880, 839, 820, 801, 789.

4.1.6. Preparation of 5-syn and 5-anti

The P4-chain 2 (200 mg, 0.3 mmol) and [Fe3(CO)12] (150 mg, 0.3
mmol) were dissolved in 10 mL THF. The reaction mixture was stirred in
a closed Young capped Schlenk flask for 6 h at 80 °C. The mixture turned
dark red. The volatiles were removed under reduced pressure. The
product was extracted in 20 mL of hexane and was filtered through
Celite. The hexane solution was concentrated to 10 mL and placed in the
freezer to obtain 96 mg of red crystals. The mother liquor was concen-
trated to 5 mL to isolate another 64 mg of product. Total yield 160 mg
(42%) of [{Fe(1)(CO)s3}2]. Recrystallization from Et;O yielded red
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crystals suitable for X-ray analysis of 5-syn: MF: C4oHsoFeaNoOgPy; MW:
948.47 g/mol; MP: 170 °C decomposition; EA[calc]: C, 53.19; H, 5.53;
N, 2.95; EA[found]: C, 53.29; H, 5.93; N, 2.88; Absorption max [Amaxl:
462 nm, shoulder at 372 nm; IR powder [ecm 1] : 2963, 2870, 2062,
2026, 2005, 1972, 1651, 1291, 1131. 3'P{'H} NMR (CD,Cly, 124.5
MHz): 5 (ppm) = 69.9 (m), 80.9 (m) with 'Jan = 226.2 Hz, 3Jxx =
110.8 Hz, 1Jax = 358.4 Hz, 2Jax = 24.2 Hz. 'H NMR (CDCl,, 300 MHz):
8 (ppm) = 1.0 (d, J = 6.7 Hz, CHs, 'Pr, 12H), 1.2 (d, J = 6.7 Hz, CHg, Pr,
12H), 1.8 (s, CHs, ‘Bu, 18H), 2.6 (sept, J = 6.7 Hz, iPr, 4H), 7.2 (d, J =
7.7 Hz, 4H, Harom), 7.4 (t, J = 7.7 Hz, 4H, Harom). °C NMR (CDCly,
125.8 MHz): § (ppm) = 211.8 (m, CP), 209.2 (s, CO), 190.2 (m, CP),
174.4 (s, CHarom), 136.7 (s, CHarom), 130.4 (s, CHarom), 124.3 (s,
CHarom), 31.0 (t, Jp.c = 8.2 Hz), 29.6 (s, CH), 25.5 (s, CH3), 22.0 (s, CH3)
5-anti: >'P{'H} NMR (THF, 124.5 MHz): 5 (ppm) = 64.9 (ddd, 'Jpp =
330.7 Hz, 'pp = 106.9 Hz, Jpp = 16.8 Hz), 78.15 (dd, "Jpp = 330.7 Hz,
Jpp = 10.6 Hz), 81.9 (dd, 'Jpp = 413.2 Hz, Lpp = 106.9 Hz, Jpp — 10.6
Hz), 93.8 (ddd, 'Jpp = 413.2 Hz, Jpp = 16.8 Hz).

4.2. Theoretical Calculations

The computations were carried out with the Gaussian 09 suite of
programs [67]. All structures were optimized using the BP86 and
®B97XD functionals combined cc-pVDZ basis set. Both methods show
very similar results and only the results with the BP86 functional are
thus discussed. At each of the optimized structures vibrational analysis
was performed to check that the stationary point located is a minimum
on the potential energy hypersurface (no imaginary frequencies were
obtained). For NBO analysis the NBO 5.0 program was employed as
implemented in Gaussian 09 [68]. The molecular orbitals were plotted
with Avogadro program [69].
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