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Abstract
Sodium phosphaethynolate, Na(OCP), reacts as a P~ transfer reagent with the imidazolium salt
[PPPNHC-H][CI] [P""NHC = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene] to give the
parent phosphinidene-carbene adduct, ®PPNHC=PH, with the loss of CO. In a less atom
economic reaction, the cage compound, P7(TMS); (TMS = SiMej3) reacts likewise with the
imidazolium salt to yield ®PPNHC=PH thereby giving two entry points into parent phosphinidene
based chemistry. From the building block PPPNHC=PH, the carbene supported P; cation
[(PPPNHC),(u-P3)][CI] was rationally synthesized using half an equivalent of PCl; in the
presence of DABCO (1,4-diazabicyclo[2.2.2]octane). The corresponding arsenic analogue,
[(PPPNHC),(u-PAsP)][CI], was synthesized in the same manner using AsCls. The reduction of
both [(PPPNHC),(u-P3)][CI] and [(PPPNHC),(u-PASP)][CI] into their corresponding neutral
radical species was achieved simply by reducing the compounds with an excess of magnesium.
This allowed the electronic structures of the compounds to be investigated using a combination
of NMR and EPR spectroscopy, X-ray crystallography, and computational studies. The findings
of the investigation into (°PPNHC),(u-P3) and (PPPNHC),(u-PAsP) reveal the central pnictogen

atom in both cases as the main carrier of the spin density (~60%), and that they are best
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described as the P3 or PAsP analogues of the elusive allyl radical dianion. The phosphorus
radical was also able to undergo a cycloaddition with an activated acetylene, followed by an
electron transfer to give the ion pair [(°"PPNHC),(u-P3)][P3(C(COOMe)).].
Introduction

Phosphorus atom transfer reagents continue to generate interest in main-group chemistry.
Many phosphinidene (P—R) transfer reagents, like phosphanorbornadiene or (benzo)phosphepine
complexes, utilize a transition metal carbonyl to stabilize the low coordinate phosphorus before
adding a trapping compound.® These reagents have been used to transfer a phosphinidene
fragment to a variety of substrates, which are predominantly unsaturated compounds like alkynes
and alkenes. Phospha-Wittig reagents (RsP=PR’, formal adducts of a phosphane and a
phosphinidene) also are able to transfer low coordinate phosphorus moieties to suitable
substrates, however, their application is limited due to thermal instability.> Recently Cummins et
al. reported a facile synthesis of uncomplexed dibenzo-713-phosphanorbornadiene starting from
magnesium anthracenide and selected phosphorus dichlorides.® Upon thermolysis, anthracene is
released and the phosphinidene fragment could be trapped with 1,3-cyclohexadiene. Detailed
computational and preliminary synthetic efforts have also been undertaken to determine the
suitability of phosphinidene complexes with annulated pyrazine and pyridine units as
phosphinidene transfer reagents.* A recent report by Driess et al. on the transfer of the parent
phosphinidene from a silylene to an N-heterocyclic carbene presents a significant step forward in
phosphorus transfer chemistry.® This approach represents the state of the art but the synthesis of
the silylene-phosphinidene adduct requires several steps. A disadvantage of the cited reactions is

their inefficiency with respect to atom economy, often requiring metal complexes or generating
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large amounts of side product. For these reasons the search for a more accessible phosphorus
transfer reagent remains a challenge.

Synthetic phosphorus chemistry has historically treated P; derivatives [P7(TMS)s, M3P7;
TMS = SiMes; M = LI, Na, K] as end products and not as synthetically viable sources for single
phosphorus atoms. The extent of chemistry revolving around the P; cage has been primarily
limited to substitutions occurring at the nucleophilic P~ atoms. Recent works involving the
destruction of the P; cage into Ps and P, phosphorus fragments with Co(Mes), indicate that P;
compounds can indeed be seen as a useful platform into phosphorus chemistry rather than a
dead-end in synthesis.® Goicoechea et al. reported the use of the protic P; cage to form 1,2,3-
triphospholides with the use of alkynes.” Furthermore, the carbonylation of KsP; at 150 °C in
DMF gives the potassium salt of the phosphaethynolate anion, K(OCP).® The sodium salt,
Na(OCP), can be accessed via a bond metathesis reaction between a niobium phosphido
complex, (L),Nb=P and CO,.? More conveniently, Na(OCP) can be prepared from the phosphide
ion (PH,) in a reaction with carbon monoxide or other CO sources (e.g. diethyl carbonate).*
The (OCP) anion can be regarded as an adduct of carbon monoxide and P~ and in this respect
also offers the possibility of being a single phosphorus transfer reagent.

Much work has been devoted to exploring the stabilization of different main group
element fragments with the use of N-heterocyclic carbenes (NHCs).** Main group fragments that
would otherwise be too reactive, such as Siz,*? Gez,® Sn,,'* and B, have been stabilized and
isolated. Carbenes have also been used to activate P, to generate carbene-stabilized fragments of
phosphorus, such as a P, and a linear P, bridging two carbenes.® Robinson et al. achieved the
synthesis of P, via the reduction of the carbene-PCl; adduct with KCg.*’ This series has been

extended to the P; cation in a fragmentation reaction with an NHC,*® but the neutral P; adduct
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remains missing from the series. In order to fill the gap in this series, we aimed to synthesize the
carbene stabilized catena P3; and the related PASP radicals, which, to the best of our knowledge,
have not yet been reported. Because the spin delocalization in such radicals can be studied with
EPR spectroscopy, detailed information on the electronic structure in such NHC stabilized main
group element fragments can be gained.™

Herein we describe the synthesis of the organophoshorus complex PPPNHC=PH utilizing
Na(OCP) as a P-atom donor. This transformation was also achieved with the cage compound
P,(TMS); as the P-atom donor. Upon the addition of PCl; or AsCls to ®P"NHC=PH in the
presence of an amine base, [(°PPNHC),(u-P3)][CI] or [(PPPNHC),(p-PAsP)][CI] were formed,
respectively. Reduction to form the neutral radicals (°PP"NHC),(u-P3) and (°PPNHC),(u-PAsP)
led to the crystallization of the P; and PASP radicals. Finally, we report the first reactivity results

of this radical with an activated alkyne.
Results and Discussion

Synthesis of ®PPNHC=PH from Na(OCP) (1) or P(TMS); (2)

In an attempt to use Na(OCP) (1) as a phosphorus transfer reagent, it was added to the
imidazolium salt [PPPNHC-H][CI] (3) in THF at reflux temperatures. Upon filtration of the
reaction solution and evaporation of the solvent, an off-white powder was obtained in 71% yield
and identified as ®"PNHC=PH (4). The 3P NMR spectrum shows a single phosphorus containing
compound with a chemical shift of & = -136.68 ppm and a *Jpy coupling of 164 Hz, signifying
the presence of a P-H bond. The assignment was confirmed with the report of an alternative

synthesis of ®PPNHC=PH from phosphinidene transfer from a silylene adduct.’
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Another route to ®P"NHC=PH was found in the reaction between P72(TMS); (2) and the
imidazolium salt 3. The initial reaction formed the yellow salt, [PPPNHC-H][P7(TMS),], which
was crystallized as the mixed salt [DippNHC-H]Z[CI][P7(TMS)2] by adding hexane to the reaction
and cooling the vessel to -35°C (see Supporting Information for a plot of the structure
determined by X-ray diffraction). Resonances in the *!P{*H} NMR spectrum were consistent
with previously reported [P;(TMS),]™ anions.? The yellow, opaque solution slowly took on a

dark red color, and over the course of 46 hours, the solution became dark red and homogenous.
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Scheme 1. Synthetic methods to yield ®PPNHC=PH.

This subsequent conversion of the salt was also observed over the course of three hours
in refluxing THF. P'PPNHC=PH was isolated from the mother liquor, which shows only the *!p
NMR resonance of 4, by removal of THF under reduced pressure, followed by the extraction of

the product with warm hexanes. Collection of the solid following this procedure gave an average
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yield of approximately 70% based on PPPNHC-HCI. In this way, ®"PNHC=PH is obtained as a

pure powder, albeit with low atom economy.

Figure 1. Solid state structure of ®P"NHC=PH (4). Hydrogen atoms save for the phosphorus and
C=C bound hydrogen atoms have been omitted for clarity. Ellipsoids are shown at 30%
probability.

Single crystal X-ray diffraction was used to unambiguously identify the compound (Fig.
1). Comparisons of the angles and selected distances of PPNHC=PH to Robinson’s anionic
[Li][°"P"NHC=PH], the only other structurally characterized adduct, are presented in Table 1.
[Li][°PP’"NHC=PH] is structurally similar to "PPNHC=PH, but one of the imidazole hydrogen
atoms is replaced by a solvent coordinated lithium atom. Major structural changes do not occur
between the anionic and neutral parent phosphinidene complexes. A slight contraction in the
bond length of C(1)-P(1) to 1.752(1) A in the neutral compound 4 from 1.763(2) A in
[Li][P"PPNHC=PH] is attributable to the larger electron repulsion in the anionic complex. The
P(1)-H(1) bond in the neutral complex is elongated to 1.306(2) A from 1.232(19) A in the

anionic complex indicating a more polarized bond for ®P"NHC=PH. The C(1)-P(1)-H(1) angle is

decreased significantly in ®PP"NHC=PH to 94.5(7)° from 102(2)° in the anionic complex.
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Table 1. Comparison of selected bond lengths and angles of PPPNHC=PH with
[Li][PP"NHC=PH].*

Aore PPPNHC=PH [Li][?"™NHC=PH]

C(1)-P() 1.752(1) 1.763(2)
P(1)-H(1) 1.306(2) 1.232(19)
N(1)-C(1) 1.374(1) 1.362(3)
N(2)-C(1) 1.373(1) 1.366(3)
C(2)-C(3) 1.341(2) 1.351(3)
C(1)-P(1)-H(1)  94.5(7) 102(2)

Computational studies on the reaction mechanism of Na(OCP) with [NHC-H][CI]

To understand the unprecedented P-atom transfer reaction of the (OCP) anion yielding
the NHC=PH adduct, theoretical calculations have been performed in the gas phase on model
compounds (the 2,6-di(isopropyl)phenyl substituents were replaced by methyl groups).?” All
values were calculated at the B3LYP/6-31+G* level which was also employed in previous
investigations in order to investigate the interaction of imidazolium cations with various anions
in the gas phase.?®

Two pathways were considered leading to the carbene-phosphinidene adduct 4A. In path
(i), the phosphaethynolate anion acts as a nucleophile and attacks the C? carbon atom of the
imidazolium cation. The formed imidazol-2-yl phosphaketene then undergoes a 1,2-H shift
accompanied by the extrusion of a CO molecule. In path (ii), the (OCP) anion acts as a Brgnsted
base and deprotonates the C* atom of the imidazolium cation forming the corresponding N-
heterocyclic carbene and the parent phosphaketene (H-P=C=0), which transfers its PH unit with
the release of carbon monoxide. For more details see [Notel] in the ESI.

Although the phosphaethynolate anion is known to react predominantly as a P-based
nucleophile with alkyl halides and compounds of the heavier group 14 elements, route (i) is quite

unlikely due to the remarkable stability of the imidazolium cation. Indeed, all geometry
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optimization attempts on 2,3-dihydro-1,3-dimethyl-1H-imidazol-2-yl phosphaketene resulted in

the dissociation of the molecule into a hydrogen bonded contact ion pair.
Pathway (ii) starts with the protonation of (OCP) by the imidazolium cation forming the
parent phosphaketene H-P=C=0 (Scheme 2) which is significantly favored by 22.5 kcal mol ™’

over protonation of the oxygen atom. The protonation energy AE, = —330.7 kcal mol ' ranks the

basicity of the (OCP)™ anion between that of chloride (AE,

= —328.1 kcal mol™') and acetate
(AEpr = —349.2 keal mol ™).
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Scheme 2. Reaction pathway leading from [M*NHC-H][OCP] to M*NHC=PH and CO

The minimum energy reaction pathway (MERP) is shown in Scheme 2. The hydrogen

bonded complex (11) between the model carbene (M*NHC) and H-P=C=0 is 14.3 kcal mol ' less
stable than the contact ion pair [V*NHC-H][OCP] (1). The transformation from I to 11 is the rate

determining step of the reaction with an activation barrier of AE* = 15.1 kcal mol™" (compared to
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1). Complex Il can rearrange to form the slightly less stable adduct 111, which delivers the
carbene-phosphinidene adduct ®NHC=PH (4A) and carbon monoxide. The activation barrier of
this final step is small (AE* = 4.2 kcal mol™"), and the transition state indicates the simultaneous
formation of the P—C*™" hond and the cleavage of the P=C(O) bond. Compared to complex |
the reaction energy is only slightly exothermic (AE = —4.3 kcal mol "), but after including the
entropy factor (cf. formation of two species from a contact ion pair) the reaction becomes

remarkably exergonic (AG = —14.9 kcal mol ).

Synthesis of P3 and PASP cations and radicals

The construction of the P3 unit was achieved by the addition of half of an equivalent of
PCl; (5) to a stirring THF solution of ®P"NHC=PH (4) with an equivalent of DABCO (1,4-
diazabicyclo[2.2.2]octane) (Scheme 3). The solution immediately turns to emerald green from
yellow, and a colorless precipitate forms. The green solution is filtered to remove DABCO-HCI
and a bright green solid identified as [(°"PPNHC),(u-P3)][CI] (7) can be isolated from the mother
liquor. Likewise, upon addition of AsCl3 (6) to a solution of 4 with an equivalent of DABCO, the
reaction becomes dark green and a colorless precipitate forms. The green solution is filtered to
remove DABCO-HCI and a green solid identified as [(°PPNHC),(u-PAsP)][CI] (8) is isolated in
55% vield as a green powder (Amax = 666 nm). A molecule, (PPPNHC=N),(u-P), related to 7 and

8 has been synthesized from PCl; and 2 equivalents of [Li]J[?""NHC=N] by Bertrand et al.**
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Scheme 3. Synthesis of the cationic species [(P"""NHC),(u-PEP)][CI] (E = P: 7; E = As: 8) and
the corresponding neutral radicals 9 and 10.

The **P{*H} NMR spectrum of [(°"PNHC),(H-P3)][CI] consists of a doublet centered at &
=190.59 ppm for the terminal P atoms and a triplet centered at 0 = 591.88 ppm for the central P
atom both with a *Jpp of 505.9 Hz. This data is consistent with the analogous complex recently
reported by Weigand and Frenking et al. (5 *'P NMR = 199.4 ppm, 597.9 ppm, Jpp = —508.3
Hz)*® and several other catena P; compounds although these are obtained as anionic compounds
or metal bound species.? The green arsenic analogue [(°PPNHC),(-PASP)][CI] (Amax = 714 nm)
exhibited a resonance in the 3P NMR spectrum at 218.92 ppm.

The facile synthesis and relative stability of [(DippNHC)g(H-PEP)][Cl] allows for further
studies into the properties of the carbene stabilized P-E-P units (E = P, As). A cyclic
voltammogram (CV) was obtained of [(°PPNHC),(u-P3)][CI] and a reversible reduction wave
was observed at —1.67 eV vs ferrocene/ferrocenium. The high reduction potential of the cation is
attributed to the very electron rich nature of the P3 unit due to the donating ability of the

carbenes. The cations 7 and 8 were chemically reduced by stirring [(°""’PNHC),(u-PEP)][CI] (E =

10
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P, As) in THF with an excess of Mg® for one hour. The reaction solution changed color from
green to dark purple. Removal of the THF and extraction of the residue into hexanes followed by
cooling the hexanes solution over night at =30 °C yielded blue crystals of (°PPNHC),(u-Ps) (9)
(Amax = 776 nm). The arsenic analogue, (°PPNHC),(1-PAsP) (10), was obtained as purple
crystals (Amax = 772 nm). The radicals have proven to be stable as a powder in an inert
atmosphere for months, yet readily decompose in air.

EPR Investigations

The synthesis of phosphorus radicals has been a target for chemists because of their
inherently high anisotropic *'P hyperfine coupling that is well suited to the study of molecular

dynamics using spin-labeling techniques and EPR spectroscopy.®®
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Figure 2. The experimental and simulated EPR spectra of ("PPNHC),(u-Ps) (top left) and
(PPPNHC),(u-PAsP) (top right) obtained at room temperature and (°""PNHC),(u-P3) (bottom left)
and (°PPNHC),(u-PAsP) (bottom right) obtained at 80 K in hexane. The ESI contains further
measurement and simulation information.
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Two general stabilization strategies have been utilized in these syntheses. The first
strategy involves steric protection of the phosphorus radical, providing kinetic stabilization. The
second is to delocalize the radical into a conjugated n-system thereby inducing a thermodynamic
stabilization of the phosphorus radical. The radicals synthesized herein utilize both strategies for
stabilization. The combination of EPR and a single-crystal X-ray structure, shown later, confirms
the nature of the (°PPNHC),(u-P3) radical as having an S = % electron spin ground state. The
EPR spectrum in solution (Figure 2, top left) was successfully simulated with an isotropic g-
value of gis, = 2.010 and a large isotropic hyperfine coupling from the central phosphorus atom
(P2) of Ais, = 158.6 MHz and smaller hyperfine coupling for the two terminal phosphorus atoms,
(P1) and (P3), of Aiso = 10.1 MHz. This yields an overall doublet of triplets. The spectrum line-
width was modeled by unresolved hyperfine couplings from four nitrogen atoms with A, = 4
MHz. The frozen solution (80 K) CW (continuous wave) EPR of (°PPNHC),(u-P3) (Figure 2,
bottom left) exhibits a complex anisotropic coupling pattern that is well modeled with the
following spin Hamiltonian parameters: (gxx Oyy, 9zz) = (2.0112, 2.0155, 2.0043), P(2)
(Ao Ay, Az) = (-9.3,-16.7,505.0) MHz, while P(1) and P(3) exhibited (Axx, Ay, Az) =
(-21.1, -22.5, 74.0 MHz). The large disparity of the size of the isotropic *'P hyperfine coupling
constants indicates that a majority of the unpaired spin is localized on the central phosphorus
atom, but the radical does conjugate over the other phosphorus atoms and probably slightly into
the imidazole moiety as suggested by our line-width model of the solution spectrum. The large
anisotropy of the (P2) hyperfine coupling in particular is consistent with a large p-type orbital
contribution to the SOMO as would be expected for a conjugated m-system.

The experimental EPR data are consistent with DFT calculations on the model system.

As can be expected from the LUMO of cation [(V*NHC),(u-Ps)]* (Figure 3a), the one-electron

12
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reduction product is a radical with high spin density on the central P atom (see the SOMO of the
radical, Figure 3b). In (M®NHC),(u-P3), 65.6% of the Mulliken spin density is located on the
central phosphorus, and 3.3% on each of the other two (terminal) P atoms with minor
contributions from the imidazole N atoms (see Figure 3c). These values are in excellent
agreement with the experimentally determined values of 64.4% on the central phosphorus atom,

and 3.8% on each of the two terminal P atoms.

a)

Figure 3. a) The LUMO of [(M*NHC),(u-P3)]*; b) SOMO of (M*NHC),(u-Ps); c) the contour plot
of the spin density (contour value: 0.005 a.u.) of (Y*NHC),(p-P5) at the B3LYP/6-31G* level.

The room temperature solution CW EPR spectrum of (°PPNHC),(u-PAsP) (Figure 2, top
right) is very weak and rather nondescript as compared to (°P"NHC),(l-Ps). However, it is
adequately described using a model with gis, = 2.035, Aiso(As) = 57 MHz, and a rotational
correlation time of t = 0.13 ns to model the spectrum asymmetry resulting from the arsenic
hyperfine coupling, see below. The small splittings in the middle of the spectrum are due to two
31p couplings but could not be included in a dynamics simulation (i.e. with t,) using EasySpin.?’
The frozen solution (80 K) spectrum (Figure 2, bottom right) is well defined and was
successfully modeled with the following parameters for an S = % spin: (gxx, Oyy, 9zz) = (2.0695,
2.0326, 2.0017), As(2): (Aw Ay, Az) = (-120.7, —141.0, 435.7) MHz, and P(1), P(3):
(Ax Ay, Azz) = (-16.6, —6.3, 68.8) MHz. The large and anisotropic arsenic hyperfine coupling

is indicative of a majority of the unpaired spin being localized on this central atom in a p-type

13
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orbital, much as in the case of (DippNHC)g(u-Pg). The DFT calculations on the model
(MENHC),(p-PAsP) radical show that 67.3% of the spin density is on the arsenic and 2.0% is on
each of the terminal phosphorus atoms, which is close to the experimentally determined values
of 80.4% and 1.5%, respectively.

Structural Investigations

The solid-state structure of [(°PPNHC),(H-P3)][CI] (7) confirms the compound as a
separate ion pair (Figure 4). A notable feature of 7 is the significant elongation of the carbon-
phosphorous bonds from 1.752(1) A in ®PPNHC=PH (4) to an average of 1.811(2) A (see Table 2
for selected bond lengths of 7 — 10). The P-P bonds, P(1)-P(2) and P(2)-P(3), are short, 2.090(1)
A and 2.097(1) A, respectively, indicating substantial multiple bond character when compared to
the standard P-P single bond length of 2.1994(3) A in P..? [(°"PNHC),(u-PAsP)][CI] (8) was
also unambiguously assigned by single crystal X-ray diffraction. The carbon-phosphorous bonds

are also lengthened to 1.800(2) A while the As-P bonds are contracted to 2.202(1) A.%

Figure 4. Representative structure plot of the solid state structures of the cations [(°""PNHC),(u-
PEP)][CI] (E = P(2): 7; E = As(1): 8), the radicals (°"""NHC),(u-PEP) (E = P2: 9; E = Asl: 10).
Solvent molecules and hydrogen atoms have been omitted for clarity. Ellipsoids are shown at
30% probability.

14
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Table 2. Comparison of selected bond lengths and angles of [(°PPNHC),(u-Ps)][CIT* (7),
(PPPNHC),(u-P3)? (9), [(PPPNHC),(u-PASP)][CI] (8)?, and (PPPNHC),(p-PASP) (10)*P.

[C"™NHC),  (P™NHC), [("™NHC), (°™NHC),

Aor (-Pa)T" (P (WPASP)'  (uwPASP)
C()-PQD) 1.810(2) 1.763(2) 1.800(2) 1.77003)
P(1)-E 2.090(1) 2.145(1) 2.203(1) 2.256(1)
E-P(3) 2.097(1) 2.144(1) 2.266(1)
P(3)-C(28) 1.812(2) 1.769(2) 1.763(3)
C(1)-P(1)-E  105.43(5)  10571(6)  106.80(6)  107.31(12)
P(L)-E-PR)  92.76(2) 90.53(3) 86.30(3) 86.53(4)
E-P(3)-C(28)  10559(5)  105.03(6) 105.31(12)

a Phosphorus compounds show the corresponding bonds of E replaced with P(2). Arsenic compounds show
the corresponding bonds of E replaced with As(1).
b (PPPNHC),(p-PAsP) contains two molecules in the unit cell. These values are for one of the molecules.

One electron reduction of the cations 7 and 8 leads to significant changes in bond lengths
in the corresponding neutral radicals 9 and 10. In (°PNHC),(u-P3) (9), the lengthening of P(1)-
P(2) and P(2)-P(3) bonds to 2.145(1) A and 2.144(1) A is indicative of a weakening of the P-P
interaction due to an increased electronic repulsion between the phosphorous atoms. The m*-
orbital that was empty in the cation (see Fig 3a) now contains an electron in (°PPNHC),(j-Ps).
The contraction of the P-C bonds, P(1)-C(1) and P(3)-C(28), to 1.763(2) A and 1.769(2) A,
respectively, occurs because the P(1) and P(3) atoms now donate more electron density into the
m*-orbital of the carbene unit.

The cation of [(°PPNHC),(u-PAsP)][CI] (10) also undergoes comparable structural
changes upon one electron reduction to the neutral radical. The bonds between the arsenic and
phosphorus lengthen to 2.256(1) A and 2.266(1) A indicating a weakening of the As-P bond. The
P-C bonds in 10, P(1)-C(1) and P(3)-C(28), contract to 1.770(3) A and 1.763(3) A, respectively,

because of increasing donation of electron density into the w*-orbital of the carbene moiety.
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Computational Studies on the Electronic Structure of [(V*NHC),(u-P3)]" and (M*NHC),(u-
P3)

Detailed studies by Frison and Sevin of the electronic structure of N-heterocyclic
carbene-phosphinidene adducts like 4 indicates that the C-P bond is essentially derived by -
donation from the carbene to the PH moiety, with a less pronounced yet substantial =-
backbonding which slightly decreases the aromaticity of the five-membered CsNa-ring.*®
Consequently, resonance structure 4A in Scheme 4 has the largest contribution to the electronic

ground state.

R r Me Me Me Me
N, N P N N PN N
A) [ Y—>P  B) @%P p<—x ]«%[ Yi—>p P—<®j
N N N N
g ’ L Me 7A Me Me 7A' Me
4A
t
Me g . T  Me
NEN, RGO YN N
o [ 2P i ]
N ° N
Me 9A Me T¢

Scheme 4. Qualitative depiction of the resonance structures contributing largely to the electronic
ground state of the A) N-heterocyclic carbene-phosphinidene adduct 4A, B) Bis(N-heterocyclic
carbene) P3* cation adduct 7A, A’, and C) Bis(N-heterocyclic carbene) P; radical adduct 9A.

To gain deeper insights into the electronic structure and charge distribution of the cation
and the radical, we performed molecular orbital (MO), natural bonding orbital (NBO)

calculations including natural population analyses (NPA) on the geometries lying at the lowest in

energy of model species [(M*NHC)2(u-P2)]* (7TA,A’) and (M*NHC),(u-P3) (9A; see Scheme 4).%
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The NPA charges are collected in Table 3 (for Mulliken charges see ESI), while Table 4
contains selected bond lengths, Wiberg bond indices, and electron density values with ellipticity
at the bond critical points for the ‘computed’ cation 7A,A’ and radical 9A. For comparison, these
values were also determined for the analogous cationic and radical [(H2C)2(u-P3)]™" systems

which contain the carbene fragment CH; instead of the NHC moiety.

Table 3. NPA charges (in electrons) at the B3LYP/cc-pVDZ//B3LYP/6-31+G* level of theory.

[("*NHC)2(uPP’P)]"  ("*NHC)(uPP’P)

P’ (central) —0.06 —0.26

P +0.07 -0.04

[VENHC] ring +0.45 +0.17
[(H2C)2(u-PP’P)]"  (H2C)2(U-PP’P)

P’ (central) +0.25 —0.06

P +0.42 +0.33

[CH,] unit  —0.04 ~0.30

Table 4. Selected bond lengths (d, A), Wiberg bond indices (WBI, —), and electron density
values (p, a.u.) with ellipticity (g, —) at the bond critical points at the B3LYP/cc-
pVDZ//IB3LYP/6-31+G* level of theory. P’ is the central phosphorus atom

[("*NHC)(u-PP’P)]" ("*NHC),(u-PP’P)

CP PP’ CP PP’
d 1.840 2115 1795 2.187
WBI 1.015 1445  1.222 1.142
p 0.134 0132  0.139 0.118
£ 0.190 0.357  0.403 0.232

[(H2C)o(u-PP°P)]* (H2C)o(u-PP’P)

CP PP’ CP PP’
d 1.719 2176 1700 2.182
WBI 1.629 1254  1.696 1.193
p 0.167 0.126  0.170 0.124
g 0.211 0.103  0.268 0.129

Various electronic structures were taken into consideration to describe the electronic structure of

the cation 7A (see [Note2] in the Supporting Information for details). As the data in Table 3

17



Chemical Science

show, the P; fragment in the cation [(V®*NHC),(u-P3)]* is almost neutrally charged while the
positive charge is equally distributed over both imidazolyl rings (+0.45 e each). The Wiberg
bond index (WBI) of 1.445 and the pronounced ellipticity of the PP bonds (¢ = 0.357) are
consistent with substantial P-P double bond character within the P; unit. In contrast, the WBIs
and ¢ at the bond critical point of the C-P bonds is rather small indicating single bond character.
This leads us to propose the resonance structures 7A and 7A’ as main contributors to the
electronic ground state of the cation [(M®*NHC),(u-P3)]™ in which one imidazolyl coordinates to
the P3 unit via a o-donor acceptor bond, while the other forms a classical C-P single bond and
the P3 units serves as an substituent to an imidazolium cation. Our analysis largely agrees with a
recent energy decomposition analysis by Weigand and Frenking et al.”® It is instructive to
compare the charge distribution and bonding parameters with those of the analogue (H,C),(u-
PP’P): here the P atoms carry the larger part of the positive charge as expected from the
electronegativity difference between carbon and phosphorus. In contrast to [(V*NHC).(u-Ps)]" a
delocalization of the double bonds is observed over the whole skeleton, showing a remarkable
similarity with the pentadienyl cation. These observations underline the strong m-withdrawing
effect of the imidazole rings, which are indeed accountable for the “inverted” bonding sequence
with respect to the WBIs of the C-P-P’-P-C  unit in [(M*NHC)y(u-PP’P)]*
(1.015/1.445/1.445/1.015) compared to the parent [(H2C)(1-PP’P)]* (1.629/1.254/1.254/1.629).
The parent (H.C),(u-PP’P) radical is the triphospha analogue of the pentadienyl radical
containing 5 delocalized & electrons. The SOMO of this molecule (see Fig. S16 in the ESI) is
centered on the central P and the C atoms with nodes at the terminal phosphorus atoms. The
carbon atoms are negatively charged. On the contrary, in the “inversely polarized” radical

(MENHC),(u-P3) the negative charge is mainly located on the central P atom. Upon formation of
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the radical, the strength and the ellipticity of the CP bond increases (e.g. € = 0.403 vs. 0.190),
indicating an increase in the w-backdonation from the P lone pairs into the NHC ring. The PP
bond orders and their double bond character are remarkably smaller in the radical than in the
cation, although some delocalization is still observed.

The P; unit of the carbene supported (M*NHC),(u-Ps) radical is valence iso-electronic
with the allyl dianion radical, where the SOMO is localized mainly on the central atom (see
qualitative MO diagram in Scheme 4C). We conclude that the (M®NHC),(u-P3) radical can be
best described as a P—P—P radical coordinated by two NHC carbene units as shown in 9A
(Scheme 4) accompanied by strong backdonation from the terminal phosphorus lone pairs, which
stabilizes the electron rich P3 fragment.

Reactivity Studies

A [3+2] cycloaddition of several disubstituted acetylenes with (°PPPNHC),(p-Ps) was
attempted. Diphenylacetylene and bis(trimethylsilyl)acetylene proved to be unreactive with
(PPPNHC),(u-P3), yet dimethyl acetylenedicarboxylate, (MeOOC)C=C(COOMe), reacted
immediately. A bright green precipitate forms upon the addition of (MeOOC)C=C(COOMe) to a
hexane solution of (°"°PNHC),(pi-Ps). Analysis of the solution by *P{*H} NMR spectroscopy
showed resonances consistent with the [(PPPNHC),(u-P3)]" cation, a triplet centered at 588.51
ppm and a doublet centered at 189.58 ppm, both exhibiting a *Jpp = 504 Hz, as well as a complex
multiplet that was simulated as an AA’B system centered at 302.31 and 294.76 ppm. The ‘H
NMR spectrum exhibited resonances consistent with both ®PPNHC fragments as well as methyl
groups from the alkyne and yielded an integration of two imidazole moieties to one alkyne. The
structure was unambiguously determined to be the 4,5-di(methylcarboxy)-1,2,3-triphospholide

salt [(P"PNHC),(u-P3)] [PsC2(COOMe),]” (11) utilizing single-crystal X-ray crystallography
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(Figure 5). The metrical parameters of the cationic moiety of 11 correspond very well to those of
[(PPPNHC),(1-P3)][CI] (7), indicating that there is very little cation/anion interaction (see Table 5
for selected structure parameters). The anionic moiety [P3C,(COOMe),] corresponds to similar

1,2,3-triphospholides previously reported by Goicoechea.’
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Figure 5. Solid state structure of the [P3C2(COOMe),]™ anion of one of two [(°PPNHC),(u-
P3)][PsC2(COOMe),] units in the asymmetric unit of [(CPPNHC),(u-P3)][PsC2(COOMe),].
Hydrogen atoms have been omitted for clarity. Ellipsoids are shown at 30% probability.

Table 5. Selected bond lengths and angles of [(°"PNHC),(H-P3)][P3(CR),] (11).

Aore [(C""PNHC),(u-P3)]* Aore [PsC,(COOMe),]
C(1)-P(2) 1.812(3) P(7)-P(8) 2.094(1)
P(1)-P(2) 2.091(1) P(8)-P(9) 2.098(1)
P(2)-P(3) 2.080(1) P(7)-C(109) 1.751(3)
P(3)-C(28) 1.823(2) P(9)-C(110) 1.753(3)

C(109)-C(110) 1.392(3)
C(1)-P(2)-P(2) 105.01(8) P(7)-P(8)-P(9) 100.15(4)
P(1)-P(2)-P(3) 91.43(4) C(109)-P(7)-P(8) 98.54(9)
P(2)-P(3)-C(28) 106.60(8) C(110)-P(9)-P(8) 98.61(9)
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Scheme 5. P3 transfer reaction from 9 to an activated alkyne to give 11.
This transformation is a rather unique transfer of a P; fragment concurrent with the loss of
two equivalents of free carbene. The assumed intermediate radical X is then thought to undergo a
redox reaction with another equivalent of the P3 radical species 9, forming the salt pair (Scheme
5). This is a reasonable assumption due to the fact that the reduction potential of the radical is
quite high and that an aromatic phospholide anion is formed in the reaction. Studies are ongoing
to find reaction conditions by which a quantitative transfer of the P3 unit from radical 9 to the
acetylene is possible.
Conclusions
By utilizing a bottom-up approach, a rational route to a P3 radical as well as a PAsP
radical was achieved. Starting from a single phosphorus atom donor, in this case either Na(OCP)
(1) or P(TMS)s (2), the N-heterocyclic carbene adduct of the parent phosphinidene was
synthesized in high yield on the gram scale. Utilizing the common pnictogen reagents PClz or

AsCls, the cationic complexes [(PPPNHC),(u-P3)][CI] and [(PPPNHC),(u-PASP)][CI] were
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obtained rationally. Only with the variability offered from this bottom-up approach could the
PASP cation be synthesized, highlighting the utility of this method.

The synthesis of the radicals (°PPNHC),(p-Ps) and (PPPNHC),(u-PAsP) was easily
achieved with reduction by magnesium metal. The EPR studies in conjunction with the
theoretical studies allow for the detailed investigation of the electronic structures of the two
compounds. Both species were revealed to contain a majority spin on the central pnictogen atom,
with only minor contributions from the carbenes and outside phosphorus atoms. The electronic
structure of the central m-system in both (PPPNHC),(u-Ps) and (°PPNHC),(u-PASP) is thus
analogous to the allyl radical dianion, which is a rare electronic structure indeed.

We are aware of the vivid discussion about the best representation of NHC carbene
stabilized main group element fragment using either classical Lewis-structures or dative bonds
indicated by arrows.™® Note that for 7A, 7A” in Scheme 4 no simple Lewis-structure can be found
which is in accord with the NPA charge analysis. The classical description with two positively
charged imidazolium rings requires a significantly negatively charged P3 unit that, however, is
slightly positively charged. Therefore we propose a structure that is in between the classical
Lewis-structure and one with dative NHC—P bonds.

The radicals 9 and 10 are best described with two dative bonds between the NHC carbene
units and central P; or PAsSP fragment based on the NPA analyses and bond descriptors arrived
from an AIM analysis. Here a classical Lewis-structure would imply positively charged
imidazolium rings and a highly negatively charged (formally —2 e) main group element
fragment. This is in contradiction to our findings that give less than —0.5 e on the P; or PAsP

fragment.
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Finally, a cycloaddition of the radical (DippNHC)g(l.l-Pg) (9) with dimethyl acetylene
dicarboxylate coupled to a redox reaction was achieved yielding a salt pair 11 of the cation 7 and
a 1,2,3-triphospholide. Although attempts to fully convert [(°PPNHC),(p-P3)][CI] to [P3(CR).]
were unsuccessful, this reaction supports the view that N-heterocyclic carbenes act as
“stabilizing ligands” to reactive main group fragments such as the P; and PAsP radicals and
allow their transfer to substrate molecules. This approach for the synthesis of main group

element compounds merits further exploration.
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