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ABSTRACT: The Nb—P triple bond in [P=Nb(N[Np]Ar);]~ (Np= CH,'Bu; iy (S P,
Ar = 3,5-Me,C4H;) has produced the first case of P, activation by a [
metal—ligand multiple bond. Treatment of P, with the sodium salt of the
niobium phosphide complex in weakly coordinating solvents led to formation [Nb] P [ND]
of the cyclo-P3 anion [(P3;)Nb(N[Np]Ar);] . Treatment in tetrahydrofuran O i . o e
(THF) led to the formation of a cyclo-Ps anion [(Ar[Np]N)(n*Ps)Nb(N-
[Np]Ar)z] ~, which represents a rare example of a substituted pentaphospha- [Nb] = Nb(N[CH2!Bu]Ar)s
cyclopentadienyl ligand. The P, activation pathway was shown to depend on the

dimer—monomer equilibrium of the niobium phosphide reagent, which, in turn, depends on the solvent used for the reaction. The
pathway leading to the cyclo-P; product was shown to require a 2:1 ratio of the phosphide anion to P, while the cyclo-Ps formation
requires a 1:1 ratio. The cyclo-P; salt has been isolated in 56% yield as orange crystals of the [Na(THF)],[(P;)Nb(N[Np]Ar)s],
dimer or in 83% yield as an orange powder of [Na(12-crown-4),][ (P3)Nb(N[Np]Ar);]. A solid-state X-ray diffraction experiment
on the former salt revealed that each Nb—P; unit exhibits pseudo-C; symmetry, while *'P NMR spectroscopy showed a sharp signal
at —223 ppm that splits into a doublet—triplet pair below —50 °C. It was demonstrated that this salt can serve asa P3”~ source upon
treatment with AsCl;, albeit with modest yield of AsPs. The cyclo-Ps salt was isolated in 71% yield and structurally characterized from
red crystals of [Na(THF)g4] [(Ar[Np]N)(n4—P5)Nb (N[Np]JAr),]. The anion in this salt can be interpreted as the product of
trapping of an intermediate pentaphosphacycplopentadienyl structure through migration of one anilide ligand onto the P ring. The
W(CO)s-capped cyclo-P; salt was also isolated in 60% yield as [Na(THF)][(OC)sW(P3;)Nb(N[Np]Ar);] from the activation of
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0.5 equiv of P, with the sodium salt of the tungsten pentacarbonyl adduct of the niobium phosphide anion.

1. INTRODUCTION

Described first by Sacconi et al,," cyclo-P ligands have been
of interest as products of white phosphorus activation by metal
complexes.”® They have been of interest also as members of
an isolobal series of tetrahedra, P,{Co(CO)3}4_,.* Recently, it
was shown that cyclo-P; complexes of niobium and molybdenum
could be obtained upon treatment of terminal phosphide
(P=M) complexes with a source of P,;° in particular, the
complex (7>-PPNMes*)Nb(N[Np]Ar); (Ar = 3,5-Me,CcHs,
Np = CH,'By, and Mes* = 2,4,6-Bu;C4H,) serves as a source
of P, upon thermal fragmentation (Scheme 1).° Spurred by this
latter development, we considered the possibility that P, itself
might be able to serve as a source of two P, units upon reaction
with a suitable terminal phosphide derivative because this would
represent a new and economical “1 + 2” synthesis of cyclo-P;
complexes. For this work, we targeted anionic cyclo-P; complexes
of niobium because these have been employed successfully as
P;>" transfer agents, most notably in the synthesis of AsP3.” In
the course of detailing a valuable new route to cyclo-P; com-
plexes, we are also unveiling two unique examples of P, activa-
tion by a metal—ligand multiple bond, leading to cyclo-P3 and Ps
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products. This approach complements the recent application of
. . . 8
main-group element systems to the problem of P4 activation.

2. RESULTS

2.1. Synthesis of a cyclo-Ps Salt. Treatment of a benzene
solution of phosphide [Na(OEt,)],[1], with P, led, at room
temperature, to a rapid color change from dark yellow to orange
(Scheme 2). The product was identified by NMR spectro-
scopy (both 'H and *'P) as the previously reported [(17°-P3)-
Nb(N[Np]Ar);] ™ anion (2).” The conversion was quantitative
by NMR, and using PPh; as the internal standard, it was revealed
to require only 0.5 equiv of P,. Further addition of P4 does
not lead to the appearance of new products. Similar observations
were made when using other solvents, including benzene, toluene,
diethyl ether, dimethoxyethane, fluorobenzene, benzonitrile, and
pyridine.

The product was isolated by recrystallization from pentane
solutions containing small amounts of tetrahydrofuran (THF)
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Scheme 1. Previously Reported the Synthesis of Anion 2
from the Trapping of Diphosphorus Species by Anion 1°
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in 56% yield as analytically pure orange crystals of [Na(THF) ], [2],.
Alternatively, the product can be isolated in 83% yield as the salt
[Na(12-crown-4),][2] after the addition of 2 equiv of 12-crown-4
and isolation of the orange powder from diethyl ether—pentane
solutions.

The *'P NMR chemical shift of the cyclo-P3 anion 2 was
reported in pyridine at —183 ppm when the sodium cation is
sequestered by two 12-crown-4 ethers.’ In THF and without
cation sequestration, the anion appears as a sharp singlet reso-
nance at —223 ppm, this being a significant change in the value of
its chemical shift. At low temperatures, in solution, a loss of the
3-fold symmetry of the anion is also observed. The normally
sharp 3'p NMR signal for the anion 2 broadens, and in THF, it
splits into two resonances below —50 °C. At —80 °C, it is split
into a 2:1 doublet—triplet pair, at —178 and —203 ppm, res-
pectively, with a large one-bond *'P—>'P coupling constant of
250 Hz.

The solid-state structure of the salt of the cyclo-P; anion was
obtained through an X-ray crystallography experiment. This shows
that the salt forms a dimer with the formula [Na(THF)],[2],
(Figure 1), reminiscent of the dimeric structure reported for the
sodium salt of the phosphide starting material 1.”

2.2. Synthesis of a cyclo-Ps Salt. A competing pathway
leading to the generation of a new activation product was ob-
served when the treatment of P, with anion 1 was carried out in
coordinating solvents such as THF. The mixing of THF solutions
of P, and [Na][1] at room temperature led to rapid consumption
of the phosphide, as the color of the mixture changed from dark
yellow to red. Independent of the amount of P, used (from 0.25
to over 3 equiv), a different major product formed. This new pro-
duct has the chemical formula [Na(THF)][(Ar[Np]N) (n*-ps)-
Nb(N[Np]Ar),] ([Na][3]) and was also the subject of an X-ray
diffraction study (Figure 2). In THF, the formation of the cyclo-Ps
anion is quite selective (Scheme 2) because greater than 95%
conversion could be recorded by *'P NMR spectroscopy by using
PPh; as an internal standard. This product was isolated in 71%
yield as a red-orange solid after recrystallization from pentane—
THF mixtures. Minimal competing formation of anion 2 was
observed (less than 5%) by *'P NMR spectroscopy.

The use of other coordinating solvents for the activation of
P, led to different ratios of anions 3 and 2 (Table 1). Upon
switching to THF derivatives with increased steric hindrance
around the oxygen atom such as 2-methyltetrahydrofuran and
2,5-dimethyltetrahydrofuran, the ratio of anion 3 to 2 produced

under the same conditions decreases from 10:1 to 9:1 and 6.4:1,
respectively (by *'P NMR). Using 1,4-dioxane as a solvent
decreased the ratio to 3.7:1. The formation of both 3 and 2
was observed when the reaction was performed in acetonitrile, in
a4.5:1 ratio. In addition, small amounts of the anion 3 could also
be observed when using diethyl ether if stoichiometric amounts
of THF were present, such as when [Na(THF),][1] (x =2—3)
was employed as the phosphide source. The use of other polar,
coordinating solvents such as dimethoxyethane, pyridine, fluo-
robenzene, benzonitrile, or dichloromethane did not lead to pro-
ducts other than the cyclo-P5 anion 2 (by *'P NMR spectroscopy).

The room temperature *'P NMR spectrum of the isolated
anion 3 contains five distinct peaks, with one of these resonating
as a triplet at +78 ppm in THF. The remaining four signals reso-
nate between —10 and —100 ppm but are very broad. Below
—40 °C, these signals sharpen into well-resolved pseudotriplets
at —5, —40, —59, and —87 ppm, respectively. Spectrum fitting
using the gNMR software package'' revealed some large P—P
one-bond coupling constants between 330 and 405 Hz, as well as
appreciable two-bond coupling constants of +27 and —34 Hz
(Figure 3).

2.3.Related Activations. Treatment of the capped phosphide
[Na(OEt,) J[(OC)sWPNb(N[Np]Ar);] ([Na][1-W]) with P,
in nonpolar solvents led to reactivity similar to that observed
for 1. A very broad singlet at —219 ppm was recorded in the
3P NMR spectrum, characteristic for the previously reported anion
[(OC)sW(P;)Nb(N[Np]Ar);]~ (2-W).> This complex was iso-
lated in 60% yield as an orange powder after recrystallization from
pentane—THF mixtures, as the [Na(THF)][2-W] salt. Unlike
with the phosphide 1, treatment in THF of the capped phosphide
1-W with P, did not generate new products because only the
anion 2-W could be observed by NMR spectroscopy.

On the other hand, no reaction was observed upon treatment
of the neutral (trimethylsilyl)phosphinidene complex Me;SiP=
Nb(N[Np]Ar);” with P, Treatment of the related arsenide
[Na][As=Nb(N[Np]Ar);] 12 with 1 equiv of P, in diethyl ether
led to the appearance of new peaks in the *'P NMR spectrum.
These can be attributed to the expected cyclo-AsP, niobium
complex, as well as to cyclo-P3 and cyclo-As,P products. A similar
product distribution (together with small amounts of P,) was
observed when equimolar amounts of AsPy” and phosphide 1
were mixed together in diethyl ether (Figure 4).

The activation of AsP; by the phosphide 1 in THF leads
to reactivity similar to that observed for P,. The formation of
multiple isomers of the expected cyclo-AsP, product was ob-
served by *'P NMR spectroscopy. Four different isomers can be
identified by low-temperature *'P NMR spectroscopy if the ana-
lysis is done promptly after mixing. Two of these isomers persist
after 1 day in solution at room temperature.

The activation of P, molecules was also attempted using
[Na(12-crown-4),][1] as the phosphide source.” When either
THE or diethyl ether was used as the solvent for the reaction,
essentially selective conversion to the 77*-P anion 3 was observed
to occur by *>'P NMR spectroscopy.

3. DISCUSSION

3.1. Structure of the cyclo-P; Salt. The cyclo-P; dimer
[Na(THF)],[2], has a Na,P, diamond core. There are four
significant Na—P interactions for each of the sodium ions rang-
ing from 2.9792(9) to 3.0961(9) A. In the solid state, the Nb—P
distances are observed at 2.5272(5), 2.5447(5), and 2.5456(5) A.
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Scheme 2. Reactivity Channels for P, Activation”
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“ Distinct pathways are followed when the phosphide anion salt is dimeric (top) or monomeric (bottom).

The three P—P bonds are very close in distance, coming at
2.1724(7), 2.1745(7), and 2.1749(7) A. Even though in the solid
state only one of the three phosphorus atoms of anion 2 interacts
with two sodium cations, the {P;Nb} tetrahedron is still close to
being 3-fold symmetric. In addition to the four Na—P interac-
tions and the one with the THF ligand, the coordination sphere
of each sodium ion is completed through a cation— interaction
with three aryl carbon atoms from one anilide ligand.

This pseudo-C; symmetry of anion 2 leads to a single anilide
and a single phosphorus environment at room temperature by
solution NMR spectroscopy. However, not having the cation
sequestered by crown ethers leads to an apparent decrease in the
3-fold symmetry in solution at low temperatures. The normally
sharp *'P NMR signal for the anion 2 splits into two resonances
at low temperatures, indicative of an ion-pairing interaction that
desymmetrizes the cyclo-P; ring. These observations suggest that
the dimer is conserved in solution, even in THF, which is differ-
ent from the behavior of the phosphide anion 1. At room temper-
ature this dimer undergoes a fast scramblinig of the P—Na inter-
actions, probably through a u,7"? == u,n*" exchange, which, at
cryogenic temperatures, becomes frozen out.

Given the reactivity of the related [(P3;)Nb(ODipp);]
anion,” the anion 2 was also targeted as a P> transfer agent.
Under the same conditions as those reported in the literature,”
the treatment of the anion 2 with AsCl; did lead to the formation
of AsP;. However, unlike the 70% isolated yield reported when
using [(P3)Nb(ODipp);] , the observed spectroscopic yield of
AsP; from the anion 2 was only approximately 14%. This pro-
vides a clear demonstration that the AsP;-forming reaction is
sensitive to the nature of the ancillary ligands.

3.2. Structure of the cyclo-Ps Salt. There are two crystal-
lographically distinct but chemically equivalent molecules of
[Na(THF)e][3] in the asymmetric unit obtained from X-ray dif-
fraction experiments. The five phosphorus atoms form a five-
membered ring, and in one of the two conformations (depicted
in Figure 2), the P—P bond distances range from 2.1550(18) to
2.1894(19) A, close to the average value for P—P single bonds of
2.21 A."® Four of the phosphorus atoms bind to niobium, while
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the fifth one binds to an anilide group. The 77*-bonding to
niobium includes a relatively long contact at 2.6968(14) A, two
medium ones at 2.5961(14) and 2.6151(13) A, and a shorter one
at 2.5380(14) A. These values are in the range of Nb—P single
bonds because even the shortest of them is significantly longer
than the reported values for Nb—P double bonds .>"*'* The
metal coordination sphere is completed by an additional set
of two metal—aryl interactions from the niobium-bound anilide
ligands. In both the "H and "*C NMR spectra, the complex exhibits
C; symmetry at room temperature, with three distinct anilide
environments, consistent with the observed solid-state structure
of the anion.

The structure of anion 3 suggests a [RP4]*" formulation for
the cyclo-Ps ligand, which has cyclopentaphosphane, PsHj, as a
parent molecule."® The #*-coordination, together with the two
nitrogen atoms, is not enough to satisfy the coordination sphere
of niobium; this is fulfilled with a pair of metal—aryl interactions.
This type of 7° binding mode by the anilide ligands has been
observed in several other instances when the metal center is
electron-deficient, including in the case of Ti(NRAr); and
V(NRAr);."® Also, this is very similar to the #* binding mode
for benzyl ligands as originally described by Cotton and LaPrade."”
The metal—aryl interactions observed here of just over 2.5 A in
the solid state are too long to be described as Nb—C single
bonds, which are typically below 2.3 A."> However, they are
sufficiently strong to prevent free rotation around the metal—
nitrogen bond in solution. Therefore, the pseudo-C, symmetry
of the rigid {Nb(N[Np]Ar),} fragment combined with mirror
symmetry for the {Ar[Np]N(Ps)} ligand leads to the C; sym-
metry observed for the anion 3 by NMR spectroscopy at room
temperature, with five phosphorus and three distinct anilide
environments.

The only previously reported early-transition-metal complex
bearing a cyclopentaphosphane ligand is the [Ti(Ps),]* anion.>'®
To our knowledge, the anion 3 is the first example of a mono-
metallic structure where a substituted cyclopentaphosphane {RPs}
ligand is 77*-bound to a metal. There are only a few multimetallic
late-transition-metal complexes that exhibit a similar binding
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Figure 1. Solid-state structure of the [Na(THF)],[2], dimer rendered
in PLATON" with ellipsoids at the 50% probability level and hydrogen
atoms omitted for clarity. Selected distances [A] and angles [deg]:
Nb1—P1 2.5447(5), Nb1—P2 2.5272(5), Nb1—P3 2.5456(5), P1—P2
2.1749(7), P1—P3 2.1745(7), P2—P3 2.1724(7), Nal—P1 2.9812(9),
Nal—Pla 2.9792(9), Nal—P2a 3.0708(9), Nal—P3a 3.0961(9),
Nal—C13 2.9793(19), Nal—C14 2.7828(19), Nal—C15 2.8513(19),
Nb1—N1 2.0427(15), Nb1—N2 2.0526(15), Nb1—N3 2.0762(16);
P1—Nal—Pla 87.16(2), Nal—P1—Nala 92.84(2), Nb1—P1—Nal
129.56(2), Nbl—P1—Nala 128.73(2), P3—P1-P2 59.93(2),
P1—P2—P3 60.03(2), P2—P3—P1 60.04(2).

Table 1. Solvent versus Product Distribution
solvent” ratio of anions 3 to 2°

pentane

2,3-dimethylbutadiene

~

dioxane

benzene

toluene

1,3-cyclohexadiene

diethyl ether

fluorobenzene
2,5-dimethyltetrahydrofuran
2-methyltetrahydrofuran

© OV o0 0O O O o0 o w o o

dimethyoxyethane
tetrahydrofuran 10
dichloromethane 0°
pyridine 0
benzonitrile 0
acetonitrile 4.5

“ Experimental conditions: phosg)hide 1 and excess solid P, (2.7 equiv)
stirred for 1 h. ?Recorded by *'P NMR spectroscopy. In dichloro-
methane, the cyclo-P3 product reacts further with the solvent.

Figure 2. Solid-state structure of the [Na(THF)4][3] salt rendered in
PLATON"® with ellipsoids at the 50% probability level. Hydrogen atoms
and the [Na(THF)4]" cation are omitted for clarity. The coordination
environment around the metal in anion 3 is shown in the top-right inset
as a cropped view from above the Pj ring. Selected distances [A] and
angles [deg]: Nb1—P3 2.5380(14), Nb1—P2 2.5961(14), Nb1—P1
2.6151(13), Nb1—P42.6968(14), Nb1—P5 3.3898(14), P1—P22.160(2),
P2—P3 2.1894(19), P3—P4 2.1622(18), P4—PS 2.1550(18), Nb1—C11
2.605(5), Nb1—C12 2.535(5), Nb1—C21 2.597(5), Nb1—-C22
2.606(5), Nb1—N1 2.091(4), Nb1—N2 2.093(4), PS—N3 1.751(4);
PS—P1—P2106.30(8), P1—P2—P3 105.80(7), P2—P3—P4 103.02(7),
P3—P4—P5 110.67(7), P4—P5—P1 98.10(7).

motif, the most similar of which is the bimetallic complex
[{Cp*(OC),Fe} (un"*-PsMe){FeCp*}], which was isolated as
a reaction byproduct in low yield."” Other examples of P units
bound to a metal in an 77* fashion include the trimetallic complex
[{Cp*(OC)Ir}, (1?11 *-Ps) {FeCp*}],*° and a few examples
where a Py unit, comprised of two Ps cycles joined by a P—P

bond, are 77*-bound to multiple metals.”" Activations of P,
resulting in 77*-bound phos;)horus fragments in transition-metal
complexes are also known.”

3.3. Activation of P, with Niobium Phosphides. In non-
polar solvents, the activation of P, molecules, with either the
uncapped phosphide anion 1 or the W(CO);-capped one (1-W),
leads to cyclo-P; products. The phosphide anions undergo a formal
addition of P, units to the metal—phosphorus multiple bonds to
form the cyclo-P; complexes. [Na(12-crown-4),][2] and [Na(12-
crown-4),][2-W] had been isolated previously from the trapping
of P, or (P,)W(CO); by the phosphide 1 in yields of 30% and 75%,
respectively (Scheme 1).° The yields obtained here, 56% for anion
2 and 60% for anion 2-W, are on par with those obtained previously
for the cyclo-P3 anions. However, the approach reported here
represents a simpler, synthetically useful methodology for the
synthesis of salts of the cyclo-P3 anion because the source of P, units
is elemental phosphorus, rather than the complicated niobium
diphosphaazide complex used previously, which itself is the product
of a multistep synthesis originating from P, In addition, the
method disclosed here also removes the requirement to sequester
the cation with crown ethers for purposes of product separation.

A lack of reactivity between the neutral (trimethylsilyl)-
phosphinidene complex Me;SiP=Nb(N[Np]Ar); and P, is
observed. This indicates that the presence of the ionic charge
may be a requirement for the activation of P, molecules by
metal—phosphorus multiple bonds. Treatment of diethyl ether
solutions of the related arsenide [Na][As=Nb(N[Np]Ar);]
with Py, or of the phosphide 1 with AsP;, led to observations
consistent with the facile scrambling of pnictogen atoms
(Figure 4). Such a distribution of cyclo-As,P; . products has
been reported for a related niobium system.”> The scrambling
takes place in the course of the formation of cyclo-E; ligands and
not subsequently, as the scrambling between the cyclo-P; product
and unreacted AsP; has been ruled out in a control experiment.

A different product distribution was observed when coordi-
nating solvents were employed for the activation of P, by phos-
phide 1 (see Table 1). Specifically, when THF was employed,
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Figure 3. >'P NMR spectrum of anion 3 (in THF, —80 °C, 162 MHz) showing experimental (tog) and fitted (bottom) spectra."! Coupling constants

(Hz) obtained from the fit: 'J,;, = 383, 'J,. = 405, J,4 = 350, 'J.. = 330,

Tae =351, *Jag = —48, o = 27, and *Jy = —34.

@
® [(As2P)Nb(N[Np]Ar)3]|~
® [(AsP2)NDb(N[Np|Ar)s]~
® [(P3)Nb(N[Np]Ar)3]~
Py
(]
e | .

Figure 4. >'P NMR spectrum obtained 20 min after the activation of AsP3 with the niobium phosphide anion 1 in a diethyl ether solution. Scrambling of
pnictogen atoms produces the anion 2 as the major product, with the cyclo-AsP, and As,P anions as well as a small amount of P, forming in smaller

quantities.

a conversion to the cyclo-Ps product of over 90% was observed.
Instead of a molecule of P, being split by two phosphide anions, a
whole molecule is consumed by a single phosphide. The phosphide
anion essentially undergoes a formal addition of an entire P4 mole-
cule to form the novel cyclo-Ps anion 3. This result can be inter-
preted as the trapping of an intermediate pentaphosphacycplo-
pentadienyl structure through the migration of one of the anilide
ligands from the metal center onto a phosphorus atom.

The conversion becomes less selective for the formation
of anion 3 as the solvent is replaced with THF derivatives. The

dielectric constant does not change significantly upon moving
from THF to 2-methyltetrahydrofuran and 2,5-dimethyltetrahy-
drofuran, decreasing from 7.52 to 6.97 and ~6, respectively.”*
On the other hand, the decrease in selectivity is paralleled by an
increased steric hindrance about the oxygen atom of the solvent
molecules. Neither pyridine nor benzonitrile, which have large
dielectric constants of 12.26 and 25.9, respectively, shows any
selectivity for the cyclo-Ps product when used as a solvent.

The solid-state structure of the niobium phosphide sodium
salt, which was used for the activation of P, was reported previously

12353 dx.doi.org/10.1021/ic2014607 |Inorg. Chem. 2011, 50, 12349-12358
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Figure 5. Computed energy diagram (in kcal/mol) for the activation of P, by the model phosphide anion [P=Nb(N[Me]Ph);]

. Several possible

intermediate structures are also shown, and their electronic energies are referenced against the sum of the energies for a molecule of P4 and a phosphide

. 2
anion. o

using crystals obtained from ethereal solutions. This sodlum salt
of 1 exists as a dimer, with the molecular formula [Na(OEt,) ],[

This dimeric form is preserved in weakly coordinating solvents,
but in THF, it is broken apart as the cation is sequestered away by
solvent molecules. This interpretation is corroborated by a sig-
nlﬁcant downshift in the >'P NMR chemical shift of the phos-
phide *'P nucleus upon going from benzene to THE.” Because
the formation of anion 3 became disfavored with respect to that
of 2 in solvents having lower affinity for the sodium ion, we pos-
tulate that the appearance of Ps structures requires the breaking
apart of the dimer of phosphide 1. Literature precedent exists
for the reactivity influence of an ethereal solvent through a shift
in the dlmer == monomer equilibrium, including for alkali-
metal salts.”® This hypothesis was verified by using [Na(12-
crown-4),][1] as the phosphide source, in which it has been
shown that the sodium cation is sequestered by crown ethers,
while the anion is in a “naked”, monomeric form.” Indeed, even
when using diethyl ether as the solvent, essentially selective con-
version to the 77*-P5 anion 3 was observed.

In nonpolar solvents, we postulate that a dimeric phosphide
[Na(OEt,)],[P=Nb(N[Np]Ar);], molecule reacts directly with
P4 and breaks it into halves to generate two niobium cyclo-P;
anions. Because the product is believed to be dimeric in solution,
it is possible that this pathway does not involve the breaking of
the Na,P, diamond core at any point during the reaction. How-
ever, because phosphide anions 1 are capable of trappmg dipho-
sphorus species to yield the cyclo-P5 anions 2,° an alternative
pathway can also be envisioned: a monomeric phosphide anion 1
may react with a P, molecule to form the anion 2 with the release
of P,, which is later, in turn, trapped by a second phosphide
molecule. In order to probe for the possible intermediacy of P, in
the process leading to cyclo-P; complexes, the P, activation
reaction was performed in neat 1,3-cyclohexadiene and in neat
2,3-dimethylbutadiene and monitored for the formation of new
products. Although anion 2 was observed in each case, none of
the expected trapping products could be detected using either
1,3-cyclohexadiene® or 2,3-dimethylbutadiene.”® It remains a
possibility that the dienes were unable to compete with the
phosphide anion 1 for the trapping of any P, that may have been
generated.

The activation of P, molecules with the related W(CO);-
capped phosphide [Na(OEt,) ][ (OC) sWPNb(N[Np]Ar);] (1-W)
in THF led to the formation of only the [Na(THF)][(OC);s-
W(P3)Nb(N[Np]Ar);] (2-W) product. The reported solid-state
structure of the capped phosphide 1-W indicated a monomeric
constitution.” It is possible that one anion 1-W reacts with P, to
generate the cyclo-P; anion 2 together with (7*-P,)W(CO)s.*’
The trapping of the latter entity with another 1-W anion, followed
by the scrambling of W(CO)s units would yield 2-W as a net
product. However, attempts to intercept (17°-P,)W(CO)s spe-
cies by carrymg out the reaction in 2,3-dimethylbutadiene did not
lead to any "H or *'P NMR resonances corresponding to those of
the reported diene-trapping product (OC) SWPZCIZHZO

The activation of AsP3 by phosphide 1 in THF leads to both
cyclo-AsP; and cyclo-AsP, products. Low-temperature 3'p NMR
spectroscopy allowed for the identification of four different
isomers of the expected cyclo-AsP, unit, each with the arsenic
atom bound to niobium. However, two of these isomers do not
appear to be stable at room temperature in solution for extended
periods of time.

3.4. Computational Insights on the Activation of P,. Using
density functional theory (DFT),”® we investigated the ener-
getics of the reaction of the “naked” phosphide monomer with P,
using the simplified model [P=Nb(N[Me]Ph);] . Geometries
were optimized in a continuum dielectric model for THF, leading
to viable intermediate structures en route to the formation of anion
[(Ph[Me]N)(Ps)Nb(N[Me]Ph),] (Figure 5).** An 77*-bound
phosphinophosphinidene complex [P=PR,, for R, = (P3) ] was
found to be at —8 kcal/mol with respect to the starting molecules
(electronic energy). This anion can be envisioned as the product
of the insertion of a vertex of P, into the Nb—P triple bond and is
reminiscent of some previously reported phosphinophosphini-
dene complexes of niobium [(77*-R,PP)Nb(N[Np]Ar);] (R =
‘Bu, Ph).” A k*-Ps structure, which can be envisioned as the
insertion of one of the edges of the P, tetrahedron into the
phosphide multiple bond, was found to be another 8 kcal/mol
more stable. Another structure with a planar cyclopentapho-
sphane ring 77*-bound to niobium was found to be quite stable, at
—27 kecal/mol from the starting materials. If this intermediate
does form, the phosphorus atom not bound to niobium is poised
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to undergo anilide transfer from the metal center, to generate the
observed final product. The overall transformation that follows
(eq 1) was predicted to ensue with a release of 35 kcal/mol of
energy.

[PNb(N[Me|Ph),]~ + P4 — [(Ph[Me]N)(Ps)Nb(N[Me|Ph),]”
(1)

It is unclear how the cyclo-P; anion 2 is produced from the
monomeric phosphide 1, such as is observed when using [Na(12-
crown-4),][2]. It is possible that a P, molecule is extruded from
one of the intermediates. We investigated the transformation that
follows (eq 2) with DFT and found the products to be less than
1 kcal/mol above the energy level of the reactants.

[PNb(N[Me]Ph),]~ + P, — [(P3)Nb(N[Me|Ph),]” + P,
(2)

It is also possible that some intermediate structures are suffi-
ciently long-lived to allow for a bimolecular reaction with another
phosphide to yield two cyclo-P; anions. This pathway should be
preferred when excess phosphide 1 is present. The overall reac-
tion of two phosphide anions and one P, molecule (eq 3) was
predicted to be energetically downhill by 51 kcal/mol.

2[PNb(N[Me|Ph),]” + P, — 2[(P;)Nb(N[Me|Ph),]~

(3)

4. CONCLUSION

We have been able to show for the first time how a metal—
ligand multiple bond can be employed to activate P4 molecules
and how the activation mechanism is dependent upon the sol-
vent choice. The use of weakly coordinating solvents provides
streamlined access to the anionic cyclo-P; niobium anions 2 and
2-W in high yield without any need for crown ethers in their isola-
tion. The potential utility of anion 2 asa P5>~ transfer agent can now
be investigated. The use of THF as a solvent for the activation of P4
provides selective access to the cyclo-Ps niobium anion 3 following
the Nb — P transfer of an anilide group. Anion 3 exhibits an unusual
binding motif among Ps ligands and represents a rare example of
controlled building of P,,,, assemblies from P, and a P, source.

5. EXPERIMENTAL SECTION

5.1. General Procedures. All manipulations were performed in a
Vacuum Atmospheres model MO-40M glovebox under an inert atmo-
sphere of purified N,. Dioxane was distilled from sodium benzophenone
and pyridine from CaH,, while 2-methyltetrahydrofuran and 2,5-
dimethyltetrahydrofuran were degassed and dried over sieves for several
months. All other solvents were obtained anhydrous and oxygen-free by
bubble-degassing (N,) and purification using a Glass Contours Solvent
Purification System built by SG Water. Benzene-ds was purchased from
Cambridge Isotope Laboratories, degassed, and stored over molecular
sieves for at least 2 days prior to use. All glassware was oven-dried at tem-
peratures greater than 170 °C prior to use. 'H, "*C, and *'P NMR
spectra were obtained on a Varian Mercury 300 or a Bruker Avance 400
instrument equipped with Oxford Instruments superconducting mag-
nets and were referenced to residual C¢Dg signals ("H, 7.16 ppm; 3¢c,
128.39 ppm). >'P NMR spectra were referenced externally to 85% H;PO,
(0 ppm). Elemental analyses were performed by Midwest Microlab
LLC, Indianapolis, IN. White phosphorus was acquired from Thermphos
International. Compounds AsPs,” [Na(OEt,)],[P=Nb(N[Np]Ar);],’

[Na(OEt,)][(OC)sWP=Nb(N[Np]Ar);],° and [Na(OEt,)][As=
Nb(N[Np]Ar);]'* were prepared according to literature protocols. Partial
spectroscopic characterization of anions [(773—P3)Nb(N[Np]Ar) 3] and
[(OC)sW(P3)Nb(N[Np]JAr);] ™ was reported previously.5

5.2. [Na(OEt,)1[(5*-Ps)Nb(NINp]Ar)s]; ([Na][2]). [Na(OEt,)]-
[1], (850 mg, 0.54 mmol, 1.0 equiv) was dissolved in 20 mL of toluene and
was combined with a P, (67 mg, 0.54 mmol, 1.0 equiv) solution in S mL of
toluene. The reaction mixture was allowed to stir for 30 min, after which it was
concentrated under reduced pressure to a total of S mL. After the addition of a
few drops of THEF, crystallization at —35 °C yielded bright-orange crystals.
Further batches were obtained from hexane at —35 °C, resulting in a total of
510 mg (0.30 mmol, 56% yield) of analytically pure [Na(THF)],[(Ps)-
Nb(N[Np]Ar);],. "H NMR (C¢Ds, 20 °C, 400 MHz): 6 0.993 (s, 54 H,
‘Bu), 1444 (s, 8 H, THF), 2.278 (s, 36 H, ArCH,), 3.618 (s, 8 H, THF),
3.945 (s, 12 H,NCH,), 6.548 (s, 6 H, p-Ar), 6944 (s, 12 H, 0-Ar). >'P{'H}
NMR (C¢Dg, 20 °C, 161.9 MHz): & —224 (s, 3 P). *'P{"H} NMR (THEF,
—90 °C, 202 MHz): 0 —178 (d, 2 P, Jpp = 250 Hz), —203 (t, 1 P). Elem
anal. Calcd for CggH,36NgNa,Nb,O,P¢: C, 60.63; H, 8.05; N, 4.93; P, 10.91.
Found: C, 60.55; H, 8.09; N, 4.90; P, 11.09.

5.3. [Na(CgH1604)21[(P3)Nb(N[Np]Ar)s]. [Na(OEt,)],[1], (505
mg, 0.32 mmol) was dissolved in 10 mL of diethyl ether and was combined
with a P4 (41 mg, 0.33 mmol, 1.0 equiv) solution in 3 mL of toluene. The
reaction mixture was allowed to stir for 30 min, after which it was filtered
through a glass paper plug and concentrated under reduced pressure to a total
of S mL. After the addition of 12-crown-4 (223 mg, 1.26 mmol, 4.0 equiv) in
3 mL of diethyl ether, the reaction mixture was stirred for another 15 min,
then layered with S mL of pentane, and stored at —35 °C. The resulting
orange powder was collected on a sintered glass frit, washed with pentane, and
dried in vacuo. The solvent was removed from the filtrate in vacuo, and further
material was obtained by washing the resulting residue with pentane, yielding
[Na(12-crown-4),][(P;)Nb(N[Np]JAr);] as a bright-orange powder
(599 mg, 0.59 mmol, 83% yield).

5.4. [Na(THF)][(OC)sW(P3)Nb(N[Np]Ar)s] ([Na][2-W]). [Na-
(OEt,)][1-W] (749 mg, 0.67 mmol) was dissolved in 20 mL of toluene
and was combined with a P, (42 mg, 0.34 mmol, 0.5 equiv) solution in
S mL of toluene. The reaction mixture was allowed to stir for 30 min, after
which time the reaction mixture was filtered, dried under reduced pres-
sure, and redissolved in hexane. Storage of this hexane solution at —35 °C
yielded an ochre powder. This and further batches were collected by
filtration, resulting in a total of 472 mg (0.41 mmol, 60% yield) of pure
[Na(THF)] [(OC)SW(P3)Nb(N[Np]Ar)3]. '"H NMR (CgDg, 20 °C,
400 MHz): 6 1.121 (s, 27 H, ‘Bu), 1.373 (s, 4 H, THF), 2.120 (s, 18 H,
ArCHjy), 3476 (s, 4 H, THF), 4.089 (s, 6 H, NCH,), 6.407 (s, 3 H,
p-Ar), 6.842 (s, 6 H, 0-Ar). *'P NMR (Et,0, 20 °C, 161.9 MHz): 0
—219 (vbrs, 3 P).

5.5. [Na(THF),][(Ar[NpIN){7*-Ps}Nb(N[Np]Ar),] ([Nal[3]).
[Na(OEt,)],[1], (703 mg, 0.45 mmol) was dissolved in 10 mL of
THEF. Solid P, (114.0 mg, 0.92 mmol, 2.0 equiv) was added to the stirr-
ing solution at 20 °C, and the color of the solution immediately changed
from dark orange to dark red. After stirring for 1 h, the mixture was con-
centrated to ca. half of the volume. Pentane (ca. S mL) was added and the
mixture stored at —35 °C to yield bright, orange solids that were
collected in several crops, resulting in a total of 762 mg (>71% yield)
of pure [Na(THF),.q][(Ar[Np]N){un'“-Ps}Nb(N[Np]Ar),]. 'H
NMR (C4Dy, 20 °C, 500 MHz): 6 7.33 (s, 2 H, 0-Ar), 7.27 (s, 2 H,
0-Ar), 7.20 (s, 2 H, 0-Ar), 6.59 (s, 1 H, p-Ar), 6.54 (s, 1 H, p-Ar), 6.50
(s, 1H, p-Ar), 4.34 (s, 2 H, CH,""), 4.32 (s, 2 H, CH,™"), 3.74 (bs, 14
Hz, 2H, CH,"), 2.40 (s, 6 H, Ar—CHs), 2.24 (s, 6 H, Ar—CHS), 2.22
(s, 6 H, Ar—CH3), 1.08 (s, 9 H, ‘Bu), 1.02 (s, 9 H, ‘Bu), 1.00 (s, 9 H,
Bu). *'P{'"H} NMR (C¢Dy, 20 °C, 121.5 MHz): O +82.2 (t, 1 P,
N—P% 'Jpp = 377 Hz), —28.9 (vbr, 1 P, P*), —42.5 (vbr, 1 P, P°), —77.2
(vbr, 1 P, P%), —115.8 (vbr, 1 P, P%). *'P{'H} NMR (THF, —80, 161.9
MHz): 0 +78.1 (t, N—P%, '], = 383 Hz, '], = 405 Hz, *J,.y = —4.8 Hz),
—5.4 (t, P®, 'J,u = 350 Hz, J,,, = 27 Hz), —39.7 (dd, P, 'J.. = 330 Hz,
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Table 2. Crystallographic Data for Salts of 2 and 3

Reciprocal Net code/CCDC number

empirical formula, fw (g/mol)
cryst size (mm”)

temperature (K)

wavelength (A)

cryst syst, space group

unit cell dimens (4, deg)

volume (A%)

VA

density (calcd, g/cm?)

abs coeff (mm ")

F(000)

0 range for data collection (deg)
index ranges

reflns collected

indep reflns (Ry,,)

completeness to 6., (%)

max and min transmn
data/restraints/param

GOF*

final R indices” [T > 20(I)]
Rindices” (all data)

largest diff peak and hole (e/A%)

[Na(THF)],[2],

11074/824687
CssH136NgNa,Nb,O,Pg, 1703.700
0.25 x 0.10 x 0.10

100(2)

0.71073

monoclinic, P2;/n

a =12.8900(9), a = 90

b =19.0324(14), # = 100.1870(10)
¢=19.1027(14), y = 90

4612.5(6)

2

1.227

0.408

1808

1.52—29.58

—17<h=<17,-26 <k<26-26<1<26
119506

12950 (0.0630)

100.0

0.9603 and 0.9049

12950/0/484

1.046

R, = 0.0335, wR, = 0.0748

R, = 0.0540, wR, = 0.0842

0.463 and 0.660

[Na(THEF)4][3]

09117/824686
Ces3H10sN3NaNbO4Ps, 1274.332
0.60 x 0.35 x 0.20

100(2)

0.71073

monoclinic, Cc

a =45.936(4), a =90

b = 12.7624(10), 8 = 107.7930(10)
c=25.324(2), y =90
14136.0(19)

8

1.198

0.336

5456

0.93—26.37
—57=<h=5§7,-15<k=15-31=<1=<31
118612

28903 (0.0484)

100.0

0.9358 and 0.8237
28903/5058/1783

1.031

R; =0.0403, wR, = 0.0874

R; = 0.0579, wR, = 0.0969

0.521 and 0.752

“GOF = {3[w(F,” — F2)*1/(n — p)}""2. PR = (3||F,| — |Fe||)/Z|Fo|; wR2 = {E[w(F,> — E2)*1/S[w(F,>)*1}% w = 1/[0*(F,?) + (aP)” + bP];

P = [2F.2 + max(F.%0)]/3.

2J.4=—34 Hz), —59.3 (t, P%, '], = 351 Hz), —86.8 (t, P*). *C{'H}
NMR (C4Dy, 20 °C, 125.8 MHz): § 158.6 (i-Ar?), 153.9 (i-Ar™?),
153.1 (i-Ar”), 138.6 (m-Ar™?), 138.4 (m-Ar"), 138.2 (m-Ar"), 125.0
(p-Ar™"), 1232 (p-Ar™?), 122.7 (0-Ar™"), 122.6 (p-Ar’), 120.5 (0-Ar™"),
1194 (0-Ar"), 76.4 (CH,™), 70.5 (CH,™"), 67.1 (CH,"), 38.6
(C(CH,);™), 365 (C(CH,)5™), 362 (C(CH)5"), 31.0 (C(CHy);™),
29.9 (C(CH;)5™), 29.4 (C(CH;)5), 22.5 (Ar'-CHsy), 22.1 (ArN-CHs).
Combustion analysis was not obtained because of repeated and non-
stoichiometric desolvation of etherate.

5.6. Product Distribution versus Solvent from the Activa-
tion of P, with Phosphide 1. Solid P, (13 mg, 0.10 mmol, 2.7 equiv)
was added in excess to a solution of phosphide [Na(OEt,)][1] (30 mg,
0.038 mmol, 1.0 equiv), and the mixture was allowed to stir for 1 h before
the product mixture was analyzed by >'P NMR spectroscopy. The anilide-
bound phosphorus signal (at ca. +80 ppm) of 3 was integrated versus the
signal of 2 (at ca. —200 ppm). The relative product ratios in various sol-
vents are summarized in Table 1.

5.7. Generation of AsP; from the Anion 2. [Na(OEt,)],-
[(P3)Nb(N[Np]Ar);], (75 mg, 0.044 mmol, 0.5 equiv) was dissolved in
2 mL of THF and frozen in a glovebox cold-well. Upon thawing, AsCl;
(16 mg, 0.088 mmol, 1.0 equiv) was added via a microsyringe under
stirring. The reaction mixture was allowed to stir for 30 min, during which
time the reaction mixture became heterogeneous. This was taken to dry-
ness under reduced pressure, and the resulting residue was slurried in
CeDg and filtered through Celite pads. P,, (4.6 mg, 0.037 mmol, 0.42 equiv)
was added from a stock solution in C4Dg to be used as the internal
standard for *'P NMR spectroscopy. The formation of only Cl,Nb-
(N[NpJAr); was observed by '"H NMR spectroscopy and AsP; by
*'P NMR spectroscopy.

5.8. X-ray Crystallographic Studies. Diffraction-quality orange
crystals of [Na(THF)],[2], were grown from toluene at —3S °C after
the sample had been exposed to THF. Red crystals of [Na(THF)4][3]
were grown from a THF—pentane mixture at —35 °C. The crystals were
mounted in hydrocarbon oil on a nylon loop or a glass fiber. Low-temperature
(100 K) data were collected on a Siemens Platform three-circle diffractometer
coupled to a Bruker-AXS Smart Apex CCD detector with graphite-mono-
chromated Mo Ka radiation (4 = 0.710 73 A) performing ¢ and @ scans. A
semiempirical absorption correction was applied to the diffraction data using
SADABS Both structures were solved by direct or Patterson methods using
SHELXS*"** and refined against F* on all data by full-matrix least squares with
SHELXL-97.** All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were included in the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement
parameters of all hydrogen atoms were fixed to 1.2 times the U, value of the
atoms they are linked to (1.5 times for methyl groups).

No uncoordinated solvent molecules and no disorders were observed
for the structure of [Na(THF)],[2],. For [Na(THF),][3], refinement
was initially attempted in the C2/c space group, which yielded an
unsatisfactory solution with large disorders, especially for the phos-
phorus-bound anilide ligand. The structure refined with fewer disorders
as a racemic twin in the Cc space group, with two inequivalent molecules
per asymmetric unit. The disorder in 10 of the 12 THF rings was refined
within SHELXL with the help of rigid bond restraints as well as similarity
restraints on the anisotropic displacement parameters for neighboring
atoms and on 1,2 and 1,3 distances throughout the disordered com-
ponents.>* The relative occupancies of disordered components were
refined freely within SHELXL. Further details are provided in Table 2
and in the form of CIF files available from the CCDC.*
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5.9. Computational Studies. All DFT calculations were carried
out using the ORCA2.8 quantum chemistry program package from the devel-
opment team at the University of Bonn.”” In all cases, the local-density
approximation functional employed was that of Perdew (PW-LDA),*
while the generalized gradient approximation part was handled using the
functionals of Becke and Perdew (BP86).%” In addition, all calculations
were carried out using the zero-order regular approximation (ZORA),*®
in conjunction with the SARC-TZV(2pf) basis set for niobium, the
SARC-TZV basis set for hydrogen, and the SARC-TZV(p) set for all
other atoms.* Spin-restricted Kohn—Sham determinants have been
chosen to describe the closed-shell wave functions, employing the RI
approximation and the tight self-consistent-field convergence criteria
provided by ORCA. All calculations were reoptimized using the COSMO
solvation model, as implemented in ORCA, set for either the dielectric
constant of toluene or that of THE.*

All structures were derived from the reported crystal structures by
truncating the anilide ligand to NMePh. Plausible intermediate struc-
tures were derived from the optimized structure of [PNb(NMePh);]
by building likely intermediates and allowing them to optimize with
looser convergence criteria and using an economical basis set: SV for
nonmetals and TZV(p) for niobium. Single-point calculations were run
to determine the final energies with the following basis sets: TZV(2pf)
for niobium, TZV(p) for hydrogen, and TZV(2d) for all other atoms.
The coordinates of the optimized structures for the three anions, the three
intermediates P,, and P, are provided in the Supporting Information.

B ASSOCIATED CONTENT

© Ssupporting Information. Crystallographic data in CIF
format, additional spectroscopic details of the reported products,
as well as details on the stoichiometry of the P, activation with
[Na(OEt,)],[1],, on the activation of P, with [Na(12-crown-4),]-
[(P,)Nb(N[NpJAr),] and [Na(OEt,)][As=Nb(N[Np]Ar)s),
on the activation of AsP; with [Na(OEt,)],[1],, and on attempts
to intercept P, with dienes, together with coordinates for the
computed structures. This material is available free of charge via
the Internet at http://pubs.acs.org.
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