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Abstract

The reactivity of a geometrically constrained phosphorus(l1l) complex bearing the N,N-
bis(3,5-di-tert-butyl-2-phenolate)amide pincer ligand (P(ONO); 1) towards oxidants and
reductants is explored. This compound can be readily oxidized to the phosphorus(V) dihalo-
derivatives P(ONO)X> where X = CI (2), Br (3) and | (4). Attempts at isolating the analogous
difluoride through oxidation of 1 were unsuccessful yielding only the hydrofluoride
P(ONO)(H)F (5), however P(ONO)F- (6) can be accessed via a halide exchange reaction of 2
with KF. Compound 2 can be employed as a precursor to novel cationic species through
chloride ion displacement using strong Lewis bases. Thus, reaction of 2 with two or three
molar equivalents of dimethylaminopyridine (DMAP) affords [P(ONO)(CI)(DMAP).]* (7)
and [P(ONO)(DMAP)3]** (8). Reaction of 2 with the weaker bidentate base 2,2'-bipyridine
(bipy) affords [P(ONO)(Cl)(bipy)]* (9), although this species was only accessible upon
addition of a halide abstracting agent. The dicationic tris(pyridine) adduct [P(ONO)(py)s]**
(20) is also accessible by reaction of 4 with pyridine. Oxidation of 1 using oxygen gas
proceeds slowly and allows for the observation of two compounds, a mixed valence dimeric
phosphorus(111)/phosphorus(V) compound [P(ONO)(u-0)(u?:«!k?>-ONO)P] (11) and the
fully oxidized species [P(ONO)(u2-0)(u2:k*,k?>-ONO)P(0)] (12). Finally, reaction of 1 using
KCs results in the dimerization of the putative radical anion [P(ONO)]~ through formation of

1
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a P—P bond to afford [P(ONO)]2% (13). Reactions with TEMPO result in the formation of the

trigonal bipyramidal species P(ONO)(TEMPO)2 (14).

1. Introduction

Geometrically constrained phosphorus(l1l) compounds have recently received significant
attention following studies demonstrating that such species are capable of activating small
molecule substrates including ammonia, amines, water, alcohols and ammonia—borane.
Studies by Arduengo,i Radosevich,># Kinjo,®! and our own research group,® have
demonstrated that the distorted T-shaped phosphorus(I11) compounds pictured in Figure 1 are
capable of undergoing formal oxidative addition reactions to afford trigonal bipyramidal
phosphorus(V) compounds. The reactivity of such species towards common nucleophiles and
electrophiles seems to highlight that such reactions are unlikely to proceed in a concerted
fashion at the phosphorus centre, but rather that the ligand framework is intimately involved

in such reactions.I”®! Several theoretical studies have also corroborated this hypothesis.!1%!

This class of compounds forms part of a rapidly increasing family of main group element-
containing species that have been shown to activate small molecule substrates,™ the most
notable of which are alkyl(amino) carbenes (AACs),[*?l low oxidation state compounds of
the triel and tetrel elements,[*34! and frustrated Lewis pairs (FLPs).[™ A number of such
species have even been shown to be active in catalytic processes, such as the hydrogenation
of imines, alkenes, alkynes, aldehydes and ketones,™*®! making the prospect of carrying out
catalytic transformations using elements with a high crustal abundance an increasingly

attractive target.
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Given the importance of ligand framework in the reactivity of the compounds pictured in
Scheme 1, we were intrigued to establish whether the known redox active ligand N,N-bis(3,5-
di-tert-butyl-2-phenolate)amide ligand present in 1,1 had any involvement in the reactivity
of this species towards common oxidants and reductants. The results of our studies are

reported herein.

tBu
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/ (0] N / N tBu (0]
N—P N—P P—P N—P
\ (0] N \ N tBu (0]
N \Ar
tBu Me Bu
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Figure 1. Selected geometrically constrained phosphorus(l11) compounds capable of

activating small molecules (Ar = 2,6-diisopropylphenyl).

2. Results and discussion

2.1. Oxidation of 1 to afford phosphorus(V) dihalo-derivatives

In order to investigate the chemical oxidation chemistry of 1 mediated by non-nucleophilic
substrates its reactivity towards elemental halogens was probed. For both chlorine and
bromine, PXs (X = CI or Br) was used as an in situ source of Xz, whilst elemental iodine
could be used directly. All of these reactions generated the dihalide compounds P(ONO)X>
where X = CI (2), Br (3) and I (4). It should be noted that 2 was first reported by Contreras
and co-workers and was recently employed by Radosevich for the synthesis of phosphorane
based radicals.[*®°1 Upon dissolving the two reagents in toluene full consumption of 1 was

observed by 3P NMR spectroscopy and the formation of the respective phosphorus(V)
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dihalides was indicated by singlet resonances at —21.0 (2), —88.2 (3) and —258.3 ppm (4). The
NMR data for 2 and 3 are in good agreement with other related phosphorus(V) dihalides
previously reported by Arduengo.l?%. All of the dihalides were isolated as crystalline
samples from concentrated toluene solutions and were colourless, yellow, and dark red for 2,
3, and 4, respectively. The identity of each product was confirmed by single crystal X-ray
diffraction studies (Figure 2). The five-coordinate phosphorus centres tend towards square-
based pyramidal geometries, increasingly so for the heavier halides (t = 0.40 (2), 0.33 (3) and
0.24 (4),2Y1 with one halide occupying the pseudo-axial position. This is reflected by a shorter
P—Xaxiat bond and a longer P—Xpasat bONd within each compound. For example, in the case of
4, the P—laxiai bond is 2.464(1) A compared to the P—lpasal bond of 2.501(1) A. The P-N bond
lengths for all three compounds are identical within experimental error 1.696(1), 1.702(4) and
1.700(3) A for 2-4, respectively. The same is also true of the P-O bonds: 1.667(1) and

1.667(1) for 2, 1.661(3) and 1.663(3) for 3 and 1.672(2) and 1.670(2) A for 4.
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Figure 2. Molecular structures of P(ONO)Xz where X = Cl (2), Br (3) or | (4). Thermal
ellipsoids set at 50% probability; hydrogen atoms and solvent of crystallisation are omitted
for clarity. Selected bond lengths [A] and angles [°]: 2: P1-N1 1.696(1), P1-01 1.667(1),
P1-02 1.667(1), P1-CI1 2.038(1), P1-ClI2 2.047(1); O1-P1-02 167.91(5), O1-P1-N1
88.86(4), O1-P1-Cl1 95.71(4), O1-P1-Cl2 87.52(3), 02-P1-N1 88.71(4), 02-P1-Cl1
96.21(4), 02-P1-CI2 87.49(4), N1-P1-CI1 111.11(4), N1-P1-CI2 143.98(4), Cl1-P1-CI2

104.91(2). 3: P1-N1 1.702(4), P1-O1 1.661(3), P1-02 1.663(3), P1-Brl 2.219(2), P1-Br
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2.235(2); 01-P1-02 165.42(19), O1-P1-N1 88.51(17), O1-P1-Br1 96.98(13), O1-P1-Br2
86.40(12), 02-P1-N1 89.94(18), O2-P1-Br1 97.29(14), 02-P1-Br2 86.82(12), N1-P1-Brl
107.88(15), N1-P1-Br2 146.11(16), Br1-P1-Br2 105.99(5). 4: P1-N1 1.700(3), P1-O1
1.672(2), P1-02 1.670(2), P1-11 2.464(1), P1-12 2.501(1); O1-P1-02 162.77(14), O1-P1-
N1 89.07(12), O1-P1-11 98.92(10), O1-P1-12 86.32(9), O2-P1-N1 89.31(12), 02-P1-I1
98.00(9), 02-P1-12 85.95(9), N1-P1-11 106.30(11), N1-P1-12 147.86(11), 11-P1-I2

105.84(3).

Compound 3 represents a very rare example of a phosphorus(V) dibromide with previous
examples relying on either arylimino or highly electron withdrawing fluoroaryl
substituents.??l Furthermore, to the best of our knowledge, 4 represents the first structurally
characterised example of a phosphorus(V) diiodide with other species of the formula R3PI>
shown to adopt either phosphonium iodides or “spoke” charge-transfer adducts.[®l It is
noteworthy that the extremely upfield 'P NMR chemical shift associated with 4 suggests that
the five-coordinate structure persists in solution. Examples of phosphorus(V) monoiodides
are also scarce, again requiring arylimino moieties.[?’l These observations evidence the low
oxidation potential of 1, supporting the facility of small molecule activation at the

phosphorus(l11) centre.

The synthesis of the analogous difluoride compound, P(ONO)F», has also been investigated,
using xenon difluoride as a source of F.. When this reaction is performed in deuterated
dichloromethane the solution turns black immediately and 3P NMR spectroscopy reveals a
2:1 product mixture, with a doublet of doublets resonance centred at —31.9 ppm and a triplet
resonance centred at —38.1 ppm, respectively. The former collapses to a doublet upon proton

decoupling. Complementary 1Jr_p coupling constants are observed in the *F NMR spectrum
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(YJrp = 872 and 1047 Hz, respectively). The NMR spectral data suggests the formation of
both the targeted phosphorus difluoride (the species observed at 38.1 ppm) and also the
hydrofluoride, P(ONO)(H)F (5), which is formed as the major product. The related
hydrochloride complex has been recently reported by our research group and exhibits an
almost identical 3'P NMR chemical shift (—31.3 ppm). The origin of the hydride in this
complex is unclear although the absence of deuteride rules out the reaction solvent and thus
suggests abstraction from 1. When the same reaction is performed in toluene, we observe
almost exclusive formation of the hydrofluoride product. Crystals of this species were grown

from a concentrated hexane solution (Figure 3, left).

Given the difficulties associated with direct fluorination of 1, the difluoride compound,
P(ONO)F: (6), was targeted by treatment of dichloride 2 with a stoichiometric excess of KF.
The 3P NMR spectrum of a CeDs solution of 6 revealed a triplet at —38.2 ppm with a 1Jp_¢
coupling constant of 879 Hz. A doublet resonance with the same coupling constant was
observed in the °F NMR spectrum at —55.7 ppm. Compositionally pure crystals of 6 suitable
for single crystal X-ray diffraction were obtained by cooling hexane solutions of the product
to —30 °C. The crystal structure of 6 (Figure 3, right) is very similar those previously reported
for 2—4 with P-O bond lengths of 1.655(2) and 1.650(2) A and a P-N bond length of
1.681(3) A (cf. 1.696(1), 1.702(4) and 1.700(3) for 2-4, respectively). The P—X bond
distances on going from F to | increase in accordance with the increase in covalent radius of
the halogens (P-X where X = F: 1.635(3); Cl: 2.043 (av); Br: 2.227 (av); I: 2.483 (av) A).
Compound 6 crystallizes in the orthorhombic space group Cmc2:, with the N,N-bis(3,5-di-
tert-butyl-2-phenolate)amide lying on a crystallographic mirror plane, consequently both
fluoride ligands are related by symmetry. This makes the determination of the t parameter for

6 somewhat artificial as the high symmetry may mask some positional disorder of the
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fluorine atoms. Regardless, the calculated T value for 6 is 0.85 which makes it the most

trigonal bipyramidal compound of the series, fitting in with the trend observed for the heavier

halogen analogues (vide supra).

Figure 3. Molecular structures of P(ONO)(H)(F) (5; left) and P(ONO)F (6; right). Thermal
ellipsoids set at 50% probability; hydrogen atoms, with the exception of H1 in 5 and any
disordered component omitted for clarity. Selected bond lengths [A] and angles [°]: 5: P1-N1
1.689(3), P1-01 1.663(2), P1-02 1.654(2), P1-F1 1.635(3), P1-H1 1.36(2); O1-P1-0O2
179.13(12), O1-P1-N1 89.54(12), O1-P1-F1 90.11(10), O1-P1-H1 89.6(7), 02-P1-N1
89.59(11), O2-P1-F1 90.13(10), O2-P1-H1 91.0(7), N1-P1-F1 106.30(15), N1-P1-H1
141.5(17), F1-P1-H1 112.2(18). 6: P1-N1 1.681(3), P1-O1 1.655(2) P1-02 1.650(2),
1.538(2); 01-P1-02 179.05(11), O1-P1-N1 89.51(11), O1-P1-F1 90.25(8), 02-P1-N1
89.53(11), O2-P1-F1 90.34(8), N1-P1-F1 128.00(11), F1-P1-F1' 104.0(2). Symmetry

operation : 2-X, +Y, +Z.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201703119

2.2. Halide ion displacement from P(ONO)X>

When studying the aforementioned compounds, it became apparent that they are relatively
unstable in strong donor solvents. This prompted us to explore the reactivity of 2—4 towards
Lewis basic substrates. Addition of two equivalents of dimethylaminopyridine (DMAP) to a
dichloromethane solution of 2 results in displacement of one of the chloride substituents and
coordination of both molecules of DMAP to the phosphorus centre. The 3P NMR spectrum
of the resulting cation reveals a single broad resonance at —102.0 ppm whilst the *H NMR
spectrum shows sharp resonances attributed to the aryl and tert-butyl environments of the
ligand, in addition to broad resonances at 8.69, 7.78, 6.66 and 3.22 ppm corresponding to
fluxional DMAP moieties. Upon cooling solutions to —50 °C, both 3!P and 'H NMR
resonances sharpen with the latter showing two distinct DMAP environments. Crystals of the
product, [P(ONO)(DMAP).CI]CI ([7]Cl), were grown by slow diffusion of hexane into the
dichloromethane reaction mixture. Single crystal X-ray diffraction studies reveal a bis-
DMAP adduct of [P(ONO)CI]" in which the phosphorus centre exhibits an octahedral
geometry (Figure 4). The ONO?*" ligand adopts a meridional coordination mode and the
DMAP ligands are cis and trans to the chloride, supporting the observation of two distinct
DMAP environments in the low temperature *H NMR spectrum. The DMAP ligands both
coordinate through the pyridine nitrogen atom and the P-Npwmapr bond lengths (1.846(2) and
1.867(2) A) are slightly longer than Zreo(P-N) (1.82 A).1%! This suggests relatively weak
coordination of these ligands whilst the slightly longer P1-N4 bond reflects the greater trans
influence of the chloride relative to the amide donor. On coordination of the two DMAP
molecules the P—CI bond increases significantly to 2.270(1) A, relative to those observed in

the dichloride precursor 2 (2.038(1), and 2.047(1) A).
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Figure 4. Structure of [P(ONO)(CI)(DMAP).]* (7). Thermal ellipsoids set at 50%
probability; hydrogen atoms, solvent of crystallisation and chloride counter anion are omitted
for clarity. Selected bond lengths [A] and angles [°]: P1-N1 1.733(2), P1-N2 1.846(2), P1-
N4 1.867(2), P1-O1 1.662(2), P1-02 1.662(2), P1-CI1 2.270(1); 01-P1-02 177.81(7), O1-
P1-N1 91.34(7), 0O1-P1-N2 89.10(7), O1-P1-N4 90.63(7), O1-P1-CI1 88.46(5), 02-P1-
N1 89.77(7), 02-P1-N2 89.79(7), 02-P1-N4 91.21(7), 02-P1-CI1 89.61(5), N1-P1-N2
179.52(8), N1-P1-N4 92.73(7), N1-P1-CI1 92.18(6), N2-P1-N4 87.44(7), N2-P1-Cl1

87.65(5), N4-P1-CI1 175.02(5).

Addition of a further equivalent of DMAP results in displacement of the second chloride
substituent to yield a tris-DMAP adduct of [P(ONO)]?*, [P(ONO)(DMAP)s]Cl. ([8][CI]2),
exhibiting a broad 3P NMR resonance at —117.0 ppm. Performing the reaction in chloroform
results in the precipitation of colourless crystals, however, the product crystallises with a

10
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large amount of solvent in the lattice, which has precluded the collection of a high quality X-
ray diffraction data set, although the connectivity observed supports the formation of the
expected product (Figure 5). The product is also evidenced by elemental analyses consistent
with the expected formula. Repeated attempts to dissolve crystals of 8 in CDClIs result in

partial decomposition to the monocation 7 and DMAP hydrochloride.

Figure 5. Structure of [P(ONO)(DMAP)3]?* (8). Thermal ellipsoids set at 50% probability;
hydrogen atoms, solvent of crystallisation and chloride counter anions are omitted for clarity.
Selected bond lengths [A] and angles [°]: P1-N1 1.720(4), P1-N2 1.897(3), P1-N4 1.833(4),
P1-N6 1.884(3), P1-O1 1.666(2), P1-02 1.667(2); O1-P1-02 179.37(15), O1-P1-N1
90.03(14), O1-P1-N2 89.56(12), O1-P1-N4 89.51(13), O1-P1-N6 90.26(13), 02-P1-N1
90.32(15), 02-P1-N2 89.89(12), 02-P1-N4 90.14(13), 02-P1-N6 90.26(13), N1-P1-N2

11
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92.82(15), N1-P1-N4 179.45(15), N1-P1-N6 92.76(15), N2-P1-N4 86.87(14), N2-P1-N6

174.43(16), N4-P1-N6 87.55(15).

Compound 8, displays an octahedral geometry with the N,N-bis(3,5-di-tert-butyl-2-
phenolate)amide ligand in a meridional coordination environment. The two DMAP ligands
trans to one another exhibit notably longer P-N bond lengths (1.897(3), 1.884(3) A), than
that of the DMAP ligand trans to the amide position of the ONO?" ligand (1.833(4) A). This
IS consistent with the greater trans-influence of the DMAP substituents and its decreased -
acceptor properties relative to the ONO?®*  amide. The former P-N bond lengths are long for
single bonds and are indicative that there is only a very weak interaction between these

ligands and the phosphorus centre.

By reducing the polarity of the solvent used to prepare the dication an equilibrium between 7
and 8 can be observed in solution. Using three equivalents of DMAP and one equivalent of 2
in CD.Cly, the room temperature 3P NMR spectrum shows two broad resonances reflecting
an approximate 1:1 mixture of [7]ClI and [8][CI].. The respective *H NMR spectrum shows a
series of broad resonances corresponding to the exchanging DMAP ligands, the ONO*"
ligand backbone and one of the 'Bu environments. Upon cooling, the amount of [8][Cl]2 in
solution increases until, at =50 °C, it is the only species present with both *H and 3P NMR
spectra exhibiting only sharp resonances. It is noteworthy that, although full conversion to 8
is observed in CDClg, lability of the DMAP ligands can be seen upon heating such solutions;
at 50 °C the 3'P NMR spectrum shows two broad resonances corresponding to 7 and 8 with

an integral ratio of 1:1.6.

12
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Surprisingly, other Lewis bases such isocyanides and phosphines do not react with 2, even
when heated. Furthermore, 2,2-bipyridine, a unimolecular (albeit slightly less strongly
donating) model of the two DMAP ligands also fails to displace a chloride from 2, although
the reaction can be promoted by adding an equivalent of a chloride abstracting agent such as
Na[BArF,] to deliver green solutions of cation 9, which exhibits a singlet resonance at —77.2
ppm. Layering concentrated dichloromethane solutions of [9][BArf4] with hexane affords
large crystals of the product and the structure could then be confirmed by subsequent X-ray
diffraction studies (Figure 6). In analogy to the structure of 7, the phosphorus centre exhibits
an octahedral geometry, with the chloride substituent sitting perpendicular to the planar
pincer ligand. The P-N bonds to the bipy ligand (1.901(2), 1.957(2) A) are significantly
longer than the analogous P-Npwmapr bonds of 7, consistent with the weaker Lewis basicity of
the former. It is likely to be for this reason that Na[BAr4] is required to facilitate the
reaction. The reduced donation of electron density is compensated for by the shorter P—O and

P—N to the ligand and a shorter P—Cl bond in 9.

13
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Figure 6. Structure of [P(ONO)(CI)(bipy)]* (9). Thermal ellipsoids set at 50% probability;

hydrogen atoms and [BAr 4]~ counter anion are omitted for clarity. Selected bond lengths [A]
and angles [°]: P1-N1 1.714(2), P1-O1 1.651(2), P1-02 1.656(2), P1-CI1 2.137(1), P1-N2
1.901(2), P1-N3 1.957(2); 01-P1-02 173.28(8), 01-P1-N1 92.51(8), O1-P1-CI1 94.19(7),
01-P1-N2 88.35(8), 01-P1-N3 85.41(8), 02-P1-N1 91.35(8), 02-P1-CI1 93.12(6), 02—
P1-N2 87.13(8), 02-P1-N3 88.98(8), N1-P1-CI1 94.19(7), N1-P1-N2 172.60(10), N1-P1-

N3 91.74(9), Cl1-P1-N2 93.12(6), CI1-P1-N3 173.65(7), N2-P1-N3 80.99(9).

We postulated that the instability of the dication 8 is, in part, due to the nucleophilicity of the
chloride counterions, which compete for coordination with the DMAP ligands. For this
reason we targeted an analogous dication, starting from the diiodide precursor, 4, for which

the halide is much softer. It was found that the iodide substituents are very readily displaced

14
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from the phosphorus centre by dissolving samples in pyridine. By 3P NMR spectroscopy,
solutions obtained in this way exhibit a broad resonance at —103.5 ppm and a singlet at 168.3
ppm, corresponding to the parent geometry constrained compound 1. Upon layering the
mixture with hexane a red oil is formed, from which dark red crystals of [P(ONO)(py)s][lz]2
([10][13]2) can be grown after standing at room temperature. The identity of the counter ion
again reflects the lability of the iodide substituents and also explains the observation of
P(ONO) in the 3P NMR spectrum, formed by reductive elimination of I.. In solution there is
no distinction between the coordinated pyridine and the pyridine solvent residue in the room
temperature *H NMR spectrum and this is also the case at low temperature. The resonance in

the 3P NMR spectrum does, however, become significantly sharper upon cooling.

15
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Figure 7. Structure of [P(ONO)(py)s]** (10). Thermal ellipsoids set at 50% probability;
hydrogen atoms, solvent of crystallisation and triiodide counter anion are omitted for clarity.
Selected bond lengths [A] and angles [°]: P1-N1 1.704(3), P1-N2 1.939(3), P1-N3 1.873(3),
P1-N4 1.931(3), P1-O1 1.662(2), P1-02 1.654(2); O1-P1-02 178.02(13), O1-P1-N1
90.29(13), O1-P1-N2 89.36(13), O1-P1-N3 89.07(13), O1-P1-N4 91.90(13), 02-P1-N1
90.78(13), 02-P1-N2 88.90(13), 02-P1-N3 89.88(13), 02-P1-N4 89.70(13), N1-P1-N2
94.11(14), N1-P1-N3 178.76(15), N1-P1-N4 92.98(14), N2-P1-N3 86.95(13), N2—P1-N4

172.79(13), N3-P1-N4 85.98(13).

The molecular structure of 10 (Figure 7) reveals a six-coordinate phosphorus centre in which
the planar ONO?* ligand assumes a meridional coordination mode and three pyridine
molecules occupy the remaining octahedral coordination sites. Similar to the observations
made for the monocationic compounds 7 and 9, and the dicationic species 8, the P—Npy
contact trans to the amide (1.873(3) A) is longer than those orthogonal to this bond (1.939(3)
and 1.931(3) A). The P1-N1 bond of 10 (1.704(3) A) is shorter than observed in both of the
monocationic species, which is likely to be a consequence of both the weaker trans influence
of the pyridine donor and the slightly greater positive charge on the phosphorus centre
(calculated NBO charges at P for L(DMAP; 7) = +2.221, L(bipy; 9) = +2.207, L(py; 10) =

+2.426).

Having demonstrated the stepwise synthesis of phosphorus(V) cationic species utilising the
phosphorus(111) precursor 2, we were interested to see if analogous products could be formed
via direct oxidation of 1 using standard chemical oxidising agents. The reaction of 1 with two
equivalents of ferrocenium (as [FC]BArT,) in pyridine proceeds rapidly to give an orange

solution that exhibits a single resonance in the 3P NMR spectrum at —102.2 ppm, analogous

16
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to that observed for 10 (P(ONO)(py)s). Unfortunately crystallisation and isolation of
analytically pure samples of this species has not been possible, although spectroscopic data
evidences the formation of the product [P(ONO)(py)s][BArF:]2. Interestingly, this reaction is
not tolerant of common fluorinated anions, such as [BF4]" and [PFe], resulting in
decomposition arising from fluoride abstraction. Equally, the requirement to stabilise the

dicationic phosphorus centre means that the oxidation only proceeds in pyridine.

Oxidation of 1 using oxygen gas (1 atm) proceeds slowly and requires heating benzene
solutions to 70 °C over a period of several days. The 3P NMR spectra of the reaction
mixtures reveal consumption of 1 and the initial growth of two doublets at 119.4 and —46.7
ppm, related by a P-P coupling constant of 32 Hz. The *H NMR spectrum shows evidence
for two independent ligand environments, one of which is desymmetrised, as observed by six
resonances corresponding to the 'Bu protons in a 1:1:1:1:2:2 ratio. The formation of this
oxidation product (11) is accompanied by a colour change from colourless to dark purple,
consistent with previously reported oxidation products of the ONO®*" ligand system.["261 The
competing ligand decomposition appears to be unavoidable using O. and other oxygen-based

oxidising agents such as trimethylamine N-oxide.

Upon continued heating of the reaction mixture 11 slowly converts to a second product 12,
also exhibiting two doublets in the 3P NMR spectrum at —0.4 and —45.8 ppm with a reduced
coupling constant of 25 Hz. The similar chemical shift of the upfield resonance compared to
11 suggests an analogous environment at this nucleus whereas the second is significantly
upfield shifted and appears to be the site of the further reactivity. The *H NMR spectrum,
however, is largely unchanged to that of 11, suggesting a very subtle difference between the

two products. By monitoring the oxidation of 1 by 3P NMR spectroscopy, the reaction can
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be halted at the appropriate time to allow isolation of either 11 or 12, although neither can be
completely separated from the purple ligand by products. However, crystals suitable for X-

ray diffraction analysis could be grown for both species by cooling concentrated hexane

solutions to —30°C and the molecular structures of each are presented in Figure 8.

Figure 8. Molecular structure of [P(ONO)(u?-O)(p?x!k?-ONO)P] (11; left) and
[P(ONO)(u2-0)(pn?:xt,k2-ONO)P(0)] (12; right) (Thermal ellipsoids set at 50% probability;
hydrogen atoms and solvent of crystallisation omitted for clarity). Selected bond lengths [A]
and angles [°]: 11: P1-N1 1.702(2), P1-O1 1.662(2), P1-02 1.691(2), P1-03 1.592(2), P1-
022 1.633(2), P2-N21 1.700(2), P2-021 1.634(2), P2-03 1.672(2); O1-P1-02 166.46(9),
01-P1-03 96.52(9), O1-P1-022 84.29(8), O1-P1-N1 88.60(8), 02-P1-03 96.95(8), 02—
P1-022 90.08(8), 02-P1-N1 88.11(8), N1-P1-03 110.08(9), N1-P1-022 141.21(9), 03—
P1-022 108.61(8), P1-03-P2 128.13(10), 021-P2-03 97.36(8), 021-P2-N21 92.10(9),
03-P2-N21 101.13(8). 12: P1-N1 1.698(2), P1-O1 1.659(2), P1-02 1.677(2), P1-O3
1.619(2), P1-022 1.633(2), P2-N21 1.664(2), P2-021 1.604(2), P2-03 1.604(2) P2-04
1.445(2); 01-P1-02 166.27(10), O1-P1-0O3 96.44(9), O1-P1-022 84.24(9), O1-P1-N1
88.75(9), 02-P1-03 97.22(9), 02-P1-022 90.48(9), O2-P1-N1 88.43(9), N1-P1-O3

107.75(9), N1-P1-022 145.36(10), 0O3-P1-022 106.73(9), P1-O3-P2 129.60(11), O21-P2—
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03 101.53(9), 021-P2-N21 95.18(10), 021-P2-04 117.02(11), 03-P2-N21 105.95(10),

03-P2-04 113.90(11), N1-P2-04 120.27(11).

The molecular structure of 11 reveals a phosphorus(ll)/phosphorus(V) mixed valence
species in which the two phosphorus centres are connected by a bridging oxide (2P1-03-P2
= 128.13(10)°). The phosphorus(V) centre is also coordinated by a phenoxide arm, which has
been displaced from P2. P1 exhibits a distorted square-base pyramidal geometry (t = 0.42)
and P2 a pyramidal geometry (Zangles(P2) = 291°). The ONO?* ligand assumes a planar
conformation about P1 with the bonds to phosphorus similar in length to those observed in
related phosphorus(V) compounds. The bridging oxide (O3) occupies the pseudo axial
position at P1, exhibiting the shortest of the P1-O bonds (1.592(2) A) whilst the P1-022
bond is also slightly shortened relative to those within the tridentate ligand system (1.633(2)
A). The P2—-03 bond is significantly longer than the analogous bond to P1 due to the lower
valency of the phosphorus centre, however, P2-021 is slightly shorter than the related bonds
to P1, which is possibly due to the lower geometric constraint around P2. The P2—N21 bond

is the same within error to that of P1-N1.

In the solid state 12 is near isostructural to 11 with exception of the formation of a phosphine
oxide at P2. Whilst the bond metrics around P1 are very similar to those observed in 11, the
bonds about P2 are all significantly contracted due to the increased valency of the phosphorus
centre. This is also accompanied by an increase in the bond angles around P2 relative to those

in 11. The P=0 bond (1.445(2) A) is typical for heteroatom-substituted phosphine oxides.
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2.3. Reduction of 1

The one electron reduction of 1 using a stoichiometric amount of KCg at room temperature
immediately delivers a bright yellow solution containing a single NMR active product
[K]2[13], which is extremely air-sensitive, with solutions rapidly turning colourless upon
exposure to air. The 3'P NMR spectrum exhibits a singlet resonance at 94.1 ppm, which is
significantly upfield shifted from that observed for 1 (169.4 ppm). The *H NMR spectrum
reveals four resonances corresponding to the aromatic backbone of the ligand and four
resonances corresponding to the 'Bu protons, which highlights an unsymmetrical ligand
geometry in solution. It is also apparent that a two electron reduction to form the dianion of 1
is not possible using multiple equivalents of KCg, with only the formation of 13 observed in

such experiments.

Using 2,2,2-crypt as a cation sequestering agent, crystals suitable for X-ray diffraction
analysis were grown by slow diffusion of hexane into a concentrated THF solution and the
molecular structure is pictured in Figure 9. It is noteworthy that the NMR spectra data for

[K(2,2,2-crypt)]2[13] is analogous to that obtained without the cation sequestering agent.
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Figure 9. Structure of [{P(ONO)}.]*> (13). Thermal ellipsoids set at 50% probability;
hydrogen atoms and [K(2,2,2-crypt)]* omitted for clarity. Selected bond lengths [A] and
angles [°]: P1-P1’ 2.287(1), P1-N1 1.768(1), P1-O1 1.897(1), P1-02 1.932(1); 01-P1-02
165.58(3), O1-P1-N1 82.95(3), O1-P1-P1’' 85.07(2), 02-P1-N1 83.86(4), 02-P1-P1’

92.72(2), N1-P1-P1' 105.00(3). Symmetry operation ": 1-X, y, 1.5-z.

The molecular structure of 13 reveals two P(ONO)~ moieties, bridged by a P-P bond

(2.2868(5) A) with both ligands adopting planar conformations. The N1-P1-P1'-N1’ torsion

21

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201703119

angle of 115.43° shows a significant twist between each half of the dimer, reducing steric
repulsions. The P—P bond length lies well within the range expected for a two electron single
bond. The potassium counter ions are well sequestered and do not interact with 13. The P-O
bond lengths (1.897(1) and 1.932(1) A) are unsymmetrical and significantly lengthened
relative to those of 1, whereas the P-N bond is very similar to that of the parent complex.
This is in analogy to the structures of the tert-butoxide and diphenylamide adducts of 1 that
have recently been reported.[®! Coupled with the *H NMR data recorded for 13 the long P—O

bonds suggest lability of one of the phenoxide arms in solution.

The formation of 13 suggests that the reaction with KCg forms a highly unstable P-centred
radical that rapidly combines with a second radical anion to form the dianionic P-P bonded
dimer. The instability of such a radical was probed through the reaction of 1 with a single
equivalent of the stable radical TEMPO. Reaction mixtures in CsDe revealed a 1:1 ratio of
unreacted 1 and a new product (14) exhibiting a singlet in the 3P NMR spectrum at —29.9
ppm. Addition of a second equivalent of TEMPO results in full consumption of 1. Crystals of
14 were grown by cooling a concentrated hexane solution to —30 °C. The molecular structure
(Figure 10) reveals a five-coordinate phosphorus centre coordinated by a planar ONO ligand
and two TEMPO moieties in trigonal bipyramidal geometry (t = 0.88). The equatorial P—
OTempro bonds are slightly shorter than those of the axial P-O bonds to the ligand and the
TEMPO N-O bonds are significantly elongated relative to free TEMPO (1.284(8) A) due to

its reduction to the anionic form.[2"!
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Figure 10. Molecular structure of P(ONO)(TEMPO)2 (14). Thermal ellipsoids set at 50%
probability; hydrogen atoms and solvent of crystallisation are omitted for clarity. Selected
bond lengths [A] and angles [°]: P1-N1 1.697(1), P1-O1 1.684(1), P1-02 1.685(1), P1-03
1.619(1), P1-04 1.622(1), N2-03 1.473(1), N3-04 1.473(1); O1-P1-02 176.82(4), O1-P1-
03 87.06(4), O1-P1-04 94.72(4), N1-P1-O1 88.47(4), N1-P1-02 88.38(4), N1-P1-O3
122.96(5), N1-P1-04 123.95(5), 02-P1-0O3 95.02(4), 02-P1-04 86.69(4), 03-P1-04

113.09(5).
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3. Conclusions

We have thoroughly explored the reactivity of a geometrically constrained phosphorus(l1l)
complex supported by the N,N-bis(3,5-di-tert-butyl-2-phenolate)amide pincer ligand
(P(ONO); 1) towards a range of molecular oxidants and reductants in order to establish
whether redox processes play a role in the ability of 1 to activate small molecule substrates
(such as ammonia and water). These studies show that 1 can be readily oxidized to afford a
series of novel phosphorus(V) compounds including rare species such as a phosphorus(V)
diiodide, P(ONO)I> (4). The lability of the halide ions substituents of the dichloride
compound, P(ONO)ClI, (2), towards a number of strong Lewis bases was also explored,
demonstrating the one chloride ion can be readily displaced to generate monocationic species
such as, [P(ONO)CI(DMAP).]* (7), whereas the generation of dicationic compounds is less
straightforward, often giving rise to mixtures of compounds that are in equilibria. The
chemical reduction of 1 was also explored affording a species with a direct P-P bond.
Attempts to generate a radical species from the reaction of 1 with TEMPO resulted in the
clean formation of P(ONO)(TEMPQ), (14). It is worth noting that in all of the redox
transformations, changes in oxidation state occur at the phosphorus element centre and that
the N,N-bis(3,5-di-tert-butyl-2-phenolate)amide ligand does not seem to be involved to any

significant extent.

4. Experimental

Solvents and Reagents. Hexane (hex; Sigma-Aldrich, >97.0%), CH2Cl, (HPLC grade,
>99.8%, Sigma-Aldrich) and toluene (Sigma-Aldrich, 99.9%) were dried using an MBraun
SPS-800 solvent system. Tetrahydrofuran (THF; Sigma-Aldrich, >99.9%) was dried over a
potassium metal/benzophenone mixture. Pyridine (py; Alfa Aesar, 99+%) and CHCIz

(Honeywell, >99.8%) were distilled from CaH2 and stored over 3 A molecular sieves. C¢Ds
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(Aldrich, 99.6%) and ds-pyridine (Cambridge Isotope Laboratories Inc., 99.5%) were dried
over 3 A molecular sieves. CD2Cl, (Euriso-top, 99.90%), ds-THF (Euriso-top, 99.50%) and
ds-toluene (Sigma Aldrich, 99.6%) were dried over CaH, and stored over activated 3 A
molecular sieves. P(ONO) and [Fc][BArs7] were synthesized according to previously
reported synthetic procedures.%8] KCs was prepared by heating a stoichiometric mixture of
graphite powder and potassium to 250 °C for several days under argon. PCls (Acros Organics,
98%), PBrs (Fisher Scientific, 95%), I. (Fisher Scientific, Analytical grade), XeF> (VWR,
99.5+%), KF (Sigma Aldrich, 99%), DMAP (Sigma Aldrich, ReagentPlus®, >99%), O
(BOC), TEMPO (Alfa Aesar, 98+%), 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8,8,8]-

hexacosane (2,2,2-crypt; VWR, 99%) were used as received.

Synthesis of P(ONO)CI, (2). Compound 1 (200 mg, 0.441 mmol) and PCls (92 mg, 0.441
mmol) were dissolved in toluene (5 mL). The solution was stirred at room temperature for 12
hours after which all volatiles were removed in vacuo. The residue was extracted into toluene
and filtered via cannula. The resulting solution was concentrated until precipitation occurred
and the solid was then dissolved with gentle heating. Colourless crystals of P(ONO)CI, were
then grown at —30 °C and isolated by filtration. Yield: 156 mg (67%). Anal. Calcd for
C2sH40CI2NO2P (524.19 g mol™): C 64.12, H 7.69, N 2.67; Found: C 64.42, H 7.62, N 2.74.
'H NMR (CeDs, 298 K, 400.20 MHz): & (ppm) 7.58-7.57 (m, 2H; CH), 7.19-7.17 (m, 2H;
CH), 1.52 (s, 18H; 'Bu), 1.34 (s, 18H; 'Bu). *H{3*'P} NMR (CsDs, 298 K, 400.20 MHz): &
(ppm) 7.58 (d, *Ju-n = 2 Hz; CH), 7.18 (d, *Ju-n = 2 Hz; CH) all other resonances as above.
31p NMR (CeDs, 298 K, 162.00 MHz): & (ppm) —21.0. BC{*H} NMR (C¢Ds, 298 K, 100.63
MHz): 6 (ppm) 145.1 (s, Ar-C), 141.1 (d, Jcpr = 6 Hz; Ar-C), 134.0 (d, Jc—p = 10 Hz; Ar-C),
126.7 (d, Jcp = 27 Hz; Ar-C), 117.0 (s; Ar-CH), 106.9 (d, Jcp = 16 Hz; Ar-CH), 35.1 (s;

'Bu-C), 34.7 (s; 'Bu-C), 31.8 (s; 'Bu-CHs), 29.7 (s; 'Bu-CHs).
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Synthesis of P(ONO)Br. (3). Compound 1 (100 mg, 0.220 mmol) and PBrs (94.9 mg, 0.220
mmol) were dissolved in toluene (5 mL). The yellow solution was stirred for thirty minutes
after which all volatiles were removed in vacuo. The residue was extracted into toluene and
filtered away from an insoluble white precipitate. Yellow plate crystals were grown from a
concentrated toluene solution at —30 °C. Yield: 52.7 (39%). Anal. Calcd for C2sH40Br.NO2P
(613.09 g mol?): C 54.83, H 6.57, N 2.28; Found: C 55.03, H 6.61, N 2.25. *H NMR (CsDs,
298 K, 400.20 MHz): & (ppm) 7.61-7.58 (m, 2H; CH), 7.20-7.18 (m, 2H; CH), 1.55 (s, 18H;
'Bu), 1.34 (s, 18H; 'Bu). *H{®'P} NMR (CsDs, 298 K, 400.20 MHz): § (ppm) 7.60 (d, *Jn-r =
2 Hz; CH), 7.19 (d, *Ju_n = 2 Hz; CH) all other resonances as above. P NMR (C¢Ds, 298 K,
161.99 MHz): § (ppm) —88.2 (s). 3C{*H} NMR (CsDs, 298 K, 100.63 MHz): § (ppm) 145.2
(s; Ar-C), 142.0 (d, Jcp = 10 Hz; Ar-C), 134.0 (d, Jcp = 9 Hz; Ar-C), 126.4 (d, Jcp= 27
Hz; Ar-C), 117.2 (s, Ar-CH), 107.0 (d, Jc_r = 6 Hz; Ar-CH), 35.1 (s; '‘Bu-C), 34.7 (s; 'Bu-C),

31.7 (s; 'Bu-CHs), 29.8 (s; 'Bu-CHs).

Synthesis of P(ONO)I2 (4). Compound 1 (150 mg, 0.331 mmol) and I> (84 mg, 0.331 mmol)
were dissolved in toluene (3 mL) to give a dark red solution. The solution was stirred for one
hour after which all volatiles were removed in vacuo, leaving an orange solid. The solid was
extracted into toluene and concentrated until an orange precipitate formed. This was gently
warmed back into solution, which was then cooled to —30 °C, yielding large orange block-
shaped crystals. The crystals were isolated by filtration. Yield: 154 mg (66%). Anal. Calcd
for CagHaoBraNO2P (707.09 g mol1): C 47.54, H 5.70, N 1.98; Found: C 47.88, H 5.79, N
1.99. 'H NMR (CeDs, 298 K, 499.93 MHz): & (ppm) 7.63 (d, “Jn_n = 2 Hz, 2H; CH), 7.18 (d,
“Ju-n = 2 Hz, 2H; CH), 1.56 (s, 18H; 'Bu), 1.32 (s, 18H; ‘Bu). *!P NMR (CsDs, 298 K, 202.38
MHz): & (ppm) —258.3. BC{*H} NMR (CsDs, 298 K, 125.71 MHz): § (ppm) 143.3 (s; Ar-C),

141.0 (d, Jc—p = 13Hz; Ar-C), 131.5 (d, Jc—r = 5 Hz; Ar-C), 124.1 (d, Jcr = 26 Hz; Ar-C),
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115.3 (s; Ar-CH), 105.2 (d, Jc_p = 15 Hz; Ar-CH), 33.1 (s; '‘Bu-C), 32.7 (s; ‘Bu-C), 29.7 (s;

'Bu-CHa), 28.1 (s; 'Bu-CHj).

Synthesis of P(ONO)(H)F (5). Compound 1 (100 mg, 0.220 mmol) was dissolved in toluene
(2 mL) and the solution was cooled to —30 °C. XeF2 (37 mg, 0.22 mmol) was added to the
stirred solution gradually resulting in the colourless solution turning yellow then dark red.
After stirring the solution at room temperature for one hour, all volatiles were removed in
vacuo. The red residue was extracted into hot hexane and filtered via cannula. The solution
was concentrated and cooled to —30 °C, yielding red crystals that were isolated by filtration.
Crude yield: 67 mg (64%); product contains a small amount of P(ONO)F; impurity. *H NMR
(CeDs, 298 K, 400.20 MHz): & (ppm) 7.91 (dd, 1Jn p = 948 Hz, 2Jn ¢ =89 Hz, 1H; PH), 7.77
(s, 2H; CH), 7.23 (s, 2H; CH), 1.54 (s, 18H; 'Bu), 1.41 (s, 18H; 'Bu). H{*P} NMR (CsDs,
298 K, 499.93 MHz): § (ppm) 7.91 (d, 2Jrr = 89 Hz, 1H; PH), all other resonances the same
as above. 3P NMR (CeDs, 298 K, 162.00 MHz): & (ppm) —31.9 (dd, Jp.1 = 948 Hz, 1Jp =
1048 Hz). 3P{"H} NMR (CsDs, 298 K, 162.00 MHz): & (ppm) —31.9 (d, Jp_r = 1048 Hz).
192 NMR (CeDs, 298 K, 376.56 MHz): & (ppm) —61.7 (dd, 'Jr p = 1048 Hz, 2Jr w = 89 Hz).
9E{'H} NMR (CeDs, 298 K, 376.56 MHz): § (ppm) —61.7 (d, 1Jrp = 1048 Hz). BC{'H}
NMR (CsDs, 298 K, 100.63 MHz): & (ppm) 143.9 (Ar-C), 141.0 (dd, Jcp = 7 Hz, Jc.F = 2
Hz; Ar-C), 133.6 (d, Jcr = 6 Hz; Ar-C), 128.1 (Ar-C, resonance hidden beneath solvent
residue peak, located through HMBC measurements), 116.4 (Ar-CH), 106.9 (d, Jcr = 16

Hz; Ar-CH), 35.1 (‘Bu-C), 34.8 (‘Bu-C), 31.9 (‘Bu-CHjs), 29.8 (s; '‘Bu-CHs).

Synthesis of P(ONO)F2 (6). Compound 1 (150 mg, 0.286 mmol) and KF (160 mg, 2.85
mmol) were added to an ampoule fitted with a gas tight valve, and toluene (2 mL) was added.

The mixture was stirred at 80 °C for five days, after which the solution was filtered via
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cannula. All volatiles were removed in vacuo to give a colourless solid, which was extracted
into hexane. The solution was concentrated and cooled to —30 °C to give colourless crystals.
Yield: 15 mg (11%). Anal. Calcd: C 68.41, H 8.20, N 2.85. Found: C 69.42, H 8.45, N 2.89.
'H NMR (CeDes, 298 K, 400.17 MHz): § (ppm) 7.57-7.55 (m, 2H; CH), 7.20-7.18 (d, 2H;
CH), 1.51 (s, 18H; 'Bu), 1.38 (s, 18H; 'Bu). *H{3'P} NMR (CsDs, 298 K, 400.20 MHz) 7.56
(d, ¥Jun = 2 Hz; CH), 7.19 (d, “2Ju-n = 2 Hz; CH), all other resonances as above. 3P NMR
(CeDe, 298 K, 161.99 MHz): & (ppm) —38.2 (t, 1p_r = 879 Hz). 3P{'H} NMR (CeDs, 298 K,
161.99 MHz): § (ppm) —38.2 (t, 1Jp_r = 879 Hz). °F NMR (CsDs, 298 K, 376.54 MHz): &
(ppm) —55.7 (d, Yk p = 879 Hz). *F{'*H} NMR (CsDs, 298 K, 376.54 MHz): § (ppm) —55.7
(d, YJrp = 879HZ). 3C{*H} NMR (CsDs, 298 K, 125.71 MHz) § (ppm) 145.1 (Ar-C), 138.6
(dt, Jc.p = 4 Hz, Jc £ = 2 Hz; Ar-C), 134.1 (dt, Jc p = 13 Hz, Jc r = 1 Hz; Ar-C), 128.1 (Ar-C,
resonance hidden beneath residue solvent resonance, located using HMBC experiment),
116.7 (Ar-CH), 106.6 (d, Jc p = 15.7 Hz; Ar-CH), 35.1 (‘Bu-C), 34.7 (‘Bu-C), 31.8 (‘Bu-CHs),

29.8 (‘Bu-CHs).

Synthesis of [P(ONO)(CI)(DMAP),]CI ([7]Cl). Compound 2 (100 mg, 0.220 mmol) was
dissolved in dichloromethane (1 mL) and to the solution was added DMAP (53.9 mg, 0.440
mmol). The pale yellow solution was stirred for 15 minutes and then filtered into an ampoule.
Colourless crystals of the product were grown by layering the solution with hexane and were
isolated by filtration. Yield: 65 mg (42%). A satisfactory elemental analysis could not be
obtained for this compound. *H NMR (CD2Cly, 298 K, 400.17 MHz): & (ppm) 8.08 (br, 4H;
DMAP-CH), 7.35 (s, 2H; ONO-CH), 7.03 (s, 2H, ONO-CH), 6.68 (br, 4H; DMAP-CH), 3.23
(br, 12H; DMAP-CHs3), 1.44 (s, 18H; 'Bu), 1.38 (s, 18H; 'Bu). 'H NMR (CD.Cl,, 223 K,
400.20 MHz): 8.63-8.59 (m, 2H; DMAP-CH), 7.66-7.62 (m, 2H; DMAP-CH), 7.31 (s, 2H;

ONO-CH), 6.98 (s, 2H; ONO-CH), 6.76 (d, 331 = 6 Hz, 2H; DMAP-CH), 6.49 (d, 334 =
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6.9 Hz, 2H; DMAP-CH), 3.31 (s, 6H; DMAP-CHs), 3.12 (s, 6H; DMAP-CHs), 1.38 (s, 18H;
tBu), 1.33 (s, 18H; tBu). 3P{"H} NMR (CD:Clz, 223 K, 161.99 MHz) & (ppm) —101.7 (br s).
S1p{IH} NMR (CD:Clo, 223 K, 161.99 MHz) & (ppm) —101.7 (s). *C{*H} NMR (CDCly,
298 K, 100.63 MHz): & (ppm) 156.8 (DMAP-C), 145.8 (ONO-C), 142.8 (br; DMAP-C),
139.2 (ONO-C), 134.4 (d, Jcp = 11 Hz; ONO-C), 130.3 (d, 2Jc.p = 19 Hz; DMAP-CH),
116.4 (ONO-CH), 106.8 (d, Jc p = 17 Hz; ONO-CH), 106.6 (br; DMAP-CH), 40.6 (DMAP-

CHs), 35.3 (‘Bu-C), 34.6 (‘Bu-C), 31.8 (‘Bu-CHs), 30.2 (‘Bu-CHa).

Synthesis of [P(ONO)(DMAP)3]Cl> ([8]CI). 2 (100 mg, 0.191 mmol) and DMAP (93.2 mg,
0.763 mmol) were added to an ampoule and dissolved in CHCIs (1 mL) to give a pale yellow
solution. When left to stand colourless crystals of [P(ONO)(DMAP);3][Cl].-7CHCI3 formed,
which were isolated by decanting away the mother liquor and drying in vacuo. Yield: 102 mg
(45%; yield includes solvent observed in elemental analysis). Anal. Calcd for
CagH70CI2N702P1-2.6(CHCl3): C 52.86, H 6.25, N 8.41. Found: C 52.83, H 6.53, N 8.51. 'H
NMR (CD:Cly, 223 K, 499.93 MHz): § (ppm) 8.01-7.98 (m, 2H; DMAP-CH), 7.51 (br s, 4H;
DMAP-CH), 7.14 (s, 2H; ONO-CH), 7.00-6.96 (m, 2H; DMAP-CH) 6.86 (s, 2H; ONO-
CH), 3.41 (s, 6H; DMAP-CH3), 3.10 (s, 12H; DMAP-CHs), 1.36 (s, 18H; 'Bu), 1.25 (s, 18H;
‘Bu). 3P NMR (CDCls, 298 K, 162.00 MHz): § (ppm) —117.3 (v br). 3:P{*H} NMR (CD-Clx,
223 K, 202.38 MHz): § (ppm) —118.4 (s). 3C{*H} NMR (CD:Cly, 223 K, 125.71 MHz): &
(ppm) 155.0 (DMAP-C), 155.6 (DMAP-C), 145.8 (ONO-C), 141.5 (DMAP-CH), 140.3 (br;
DMAP-CH), 138.7 (ONO-C), 133.5 (d, Jc »= 10 Hz; ONO-C), 128.4 (d, Jc_p = 24 Hz; ONO-
C), 116.0 (ONO-CH), 107.7 (d, Jc_p = 8 Hz; DMAP-CH), 106.4 (br; DMAP-CH), 105.3 (d,
Je_p = 14 Hz; ONO-CH), 41.1 (DMAP-CH3), 40.3 (DMAP-CH3), 34.7 (‘Bu-C), 34.1 (‘Bu-C),
31.0 (‘Bu-CHs), 29.7 (‘Bu-CHs). ESI-MS (+ve mode, CH:Cl,) Calculated for

C42Hs1Ns03P1-H20 (P(ONO)(DMAP)2(OH)-H20) = 732.4618; Observed m/z = 732.6375.
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Synthesis of [P(ONO)(CI(bipy)][BArTa] ([91[BAr4]). A Schlenk tube was charged with 2
(50 mg, 0.095 mmol), 2,2"-bipyridine (15mg, 0.095 mmol) and Na[BAr,] (84 mg, 0.095
mmol) and CHCI3z (2 mL) was added. The mixture was sonicated for 20 minutes with the
solution going from pale yellow to dark green. After stirring at room temperature for 12 hours
the solution was filtered into an ampoule and layered with hexane, resulting in the formation
of brown/gold crystals of [7]Cl-4.5CH.Cl,-hex. The crystals were isolated by filtration and
mechanically separated from a small amount of unreacted Na[BAr"4]. Yield: 76 mg (53%).
Anal. Calcd for C7oHgoBCIF24N302P (1507.86 g mol™): C 55.74, H 4.01, N 2.79; Found: C
55.96, H 3.98, N 2.85. *H NMR (CD:Cly, 298 K, 400.20 MHz): & (ppm) 10.77 (dd, 3Jnp = 12
Hz, 3Ju-n = 6 Hz, 1H; bipy-CH), 8.77-8.73 (m, 1H; bipy-CH), 8.68-8.65 (m, 1H; bipy-CH),
8.64-8.60 (m, 1H; bipy-CH), 8.50-8.46 (m, 1H; bipy-CH), 8.42-8.37 (m, 1H; bipy-CH),
8.34-8.28 (m, 1H; bipy-CH), 7.91-7.85 (m, 1H; bipy-CH), 7.76-7.72 (m, 8H; [BAr 4] ), 7.55
(s, 4H; [BArT,]"), 7.54-7.53 (m, 2H; ONO-CH), 7.04-7.02 (m, 2H; ONO-CH), 1.42 (s, 18H;
'Bu), 1.06 (s, 18H; ‘Bu). 3P NMR (CD:Cly, 298 K, 162.00 MHz) & (ppm) —77.2. 1'B NMR
(CD2Cly, 298 K, 128.39 MHz) & (ppm) —6.59. F NMR (CD-Clz, 298 K, 376.54 MHz) §
(ppm) —62.8. BC{*H} NMR (CD.Cl, 298 K, 100.63 MHz) & (ppm) 162.2 (q, 2Jc s = 50
Hz; BArf4-C), 148.3 (bipy-CH), 147.2 (ONO-C), 146.9 (d, Jc_p = 6 Hz; bipy-C), 145.5 (bipy-
CH), 143.9 (bipy-CH), 140.8 (bipy-C), 138.8 (ONO-Ar-C), 135.8 (d, Jc-r = 8 Hz; bipy-CH),
135.5 (d, Jc_p = 12 Hz; ONO-C), 135.2 (BArF4-CH), 131.0 (d, Jc_p = 3 Hz; bipy-CH), 130.3
(d, Jc-p = 7 Hz; bipy-CH), 129.3 (qq, Jc-r = 32 Hz, Jc_r = 3 Hz; BAr"4-C(CF3)), 128.8 (ONO-
C), 125.1 (q, Yc r = 273 Hz; BAr"4-CFs), 123.3 (d, Jc_p = 5 Hz; bipy-CH), 123.2 (d, Jcp =4
Hz; bipy-CH), 117.9 (sept, Jc.p = 4 Hz; BArf4-CH), 117.7 (ONO-CH), 107.1 (d, Jc » = 16
Hz, ONO-CH), 35.4 (‘Bu-C), 34.6 (‘Bu-C), 31.7 (‘Bu-CHs), 29.4 (‘Bu-CHs). ESI-MS (+ve

mode, CH2Cl): Calcd for C3gHasCIN3O2P: 644.3173 Da; Observed m/z 644.5138.
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Synthesis of [P(ONO)(py):][lz]z ([10][lz]2). Compound 4 (100 mg, 0.141 mmol) was
dissolved in pyridine (0.5 mL) and the solution was layered with hexane. Upon standing at
room temperature a red oil formed which crystallised to give large red blocks over a period of
two weeks. Yield: 40 mg (58 %). *H NMR (ds-pyridine, 298 K, 400.17 MHz): § (ppm) 7.75—
7.73 (m, 2H; CH), 7.32-7.30 (m, 2H; CH), 1.71 (s, 18H; 'Bu), 1.32 (s, 18H; 'Bu). 3P NMR
(ds-pyridine, 298 K, 161.99 MHz) & (ppm) —102.8 (br s). 3C{*H} NMR (ds-pyridine, 298 K,
125.71 MHz): 6 (ppm) 149.0 (Ar-C), 139.8 (Ar-C), 136.2 (Ar-C, resonance hidden beneath
residue solvent resonance, located using HMBC experiment), 129.1 (d, Jc-r = 24 Hz; Ar-C),
119.2 (Ar-CH), 107.5 (d, 3Jc p = 14 Hz; Ar-CH), 35.7 (‘Bu-C), 35.6 (‘Bu-C), 31.8 (‘Bu-CHa),

31.6 (‘Bu-CHa).

Oxidation of 1 using [Fc][BArF4]. A mixture of 1 (10 mg, 0.022 mmol) and [Fc][BAr"4] (46
mg, 0.044 mmol) were dissolved in ds-pyridine (0.5 mL) to give a dark blue solution that
rapidly turns yellow. The product was analysed in situ by NMR spectroscopy. *H NMR (ds-
pyridine, 298 K, 400.17 MHz) & (ppm) 8.43 (m, 16H; BAr*4-CH), 7.83 (m, 8H; BAr-CH),
7.68 (M, 2H; ONO-CH), 7.33 (m, 2H; (m, 2H; ONO-CH), 1.67 (s, 18H; 'Bu), 1.29 (s, 18H;

'Bu). 3P NMR (ds-pyridine, 298 K, 161.99 MHz): § (ppm) —102.2 (s).

Synthesis of /P(ONO)(1>-0O)(u?:x*,,k>-ONO)P] (11). From an incomplete oxidation reaction
(vide infra) an impure sample of 11 was isolated. Crystals were obtained from a hexane
solution at —30 °C. 'H NMR (CsDs, 298 K, 400.16 MHz): & (ppm) 7.84 (m, 1H; CH), 7.81
(m, 1H; CH), 7.44 (m, 1H; CH), 7.37 (m, 1H; CH), 7.18-7.15 (m, 3H; CH), 6.6 (d, *Ju_p =
1.8 Hz; CH), 1.58 (s, 9H; 'Bu), 1.37 (s, 18H; 'Bu), 1.36 (s, 9H; 'Bu), 1.28 (s, 18H; 'Bu), 1.21
(s, 9H; 'Bu), 1.19 (s, 9H; 'Bu). 3P NMR (CeDs, 298 K, 161.99 MHz): & (ppm) 119.4 (d, 2Jp_p

= 31 Hz), —46.7 (d, 2Jp_p = 31 Hz). *1P{*H} NMR (CsDs, 298 K, 161.99 MHz): & (ppm) 119.4
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(d, 2Jp-p = 31 Hz), —46.7 (d, 2Jp_p = 31 H2).

[P(ONO)(u2-0)(u?:xt ,x*-ONO)P(0)] (12). Compound 1 (200 mg, 0.441 mmol) was dissolved
in benzene (10 mL) in an air-tight ampoule. The sample was freeze-pump-thaw degassed
three times. The ampoule was placed under 1.5 atmospheres of oxygen gas and was shaken
vigorously. Over time the colourless solution slowly turned dark purple. The solution was
heated at 70 °C for 2 weeks giving a dark purple solution with a purple precipitate. All
volatiles were removed in vacuo and the resultant residue was dissolved in toluene and
filtered to give a purple solution. The toluene was removed under a dynamic vacuum
affording crude 10 as a purple residue. Crystals were obtained from a hexane solution at —30
°C. 'H NMR (CsDs, 298 K, 500.30 MHz): & (ppm) 7.81 (s br, 1H; Ar-CH), 7.78 (s br, 1H; Ar
CH), 7.48 (s br, 1H; Ar-CH), 7.40 (d, *Ju-n = 2 Hz, 1H; Ar-CH), 7.23 (s br, 1H; Ar CH), 7.19
(s br, 1H; Ar-CH), 7.05 (d, 2Ju-n = 1 Hz, 1H; Ar-CH), 6.48 (s br, 1H; Ar CH), 1.41 (s, 9H;
‘Bu), 1.37 (s, 9H; 'Bu), 1.35 (s, 9H; 'Bu), 1.34 (s, 9H; Bu), 1.32 (s, 9H; 'Bu), 1.28 (s, 9H;
'Bu), 1.21 (s, 9H; 'Bu), 1.15 (s, 9H; Bu). 3P NMR (C¢Ds, 298 K, 161.99 MHz): § (ppm) 0.4
(d, 2pp = 25 Hz), —45.8 (d, 2p.p = 25 Hz). 3P{"H} NMR (CsDs, 298 K, 161.99 MHz): &
(ppm) 0.4 (d, 2Jp_p = 25 Hz), —45.8 (d, 2Jp_p = 25 Hz). 3C{*H} NMR (CeDs, 298 K, 125.81
MH2z): & (ppm) 149.1 (d, Jcp = 2 Hz; Ar-C), 149.0 (d, Jcp = 1 Hz; Ar-C), 148.7 (d, Jcr = 3
Hz; Ar-C), 147.2 (s; Ar-C), 144.3 (s; Ar-C), 144.1 (s; Ar-C), 141.9 (d, Jcr = 6 Hz; Ar-C),
140.5 (s; Ar-C), 140.2 (d, Jcp = 3 Hz; Ar-C), 139.5 (s; Ar-C), 137.6 (d, Jcp = 18 Hz; Ar-C),
135.5 (d, Jc—r = 8 Hz; Ar-C), 134.3 (d, Jcp = 9 Hz; Ar-C), 133.4 (d, Jcr = 12 Hz; Ar-C),
127.9 (d, Jc-p = 24 Hz; Ar-C), 127.7 (d, Jc-p = 26 Hz; Ar-C), 126.7 (m br; Ar-CH), 125.1 (s;
Ar-CH), 118.2 (s; Ar-CH), 117.0 (s; Ar-CH), 116.4 (s; Ar-CH), 107.1 (d, 3Jcr = 3 Hz; Ar-
CH), 127.0 (d, Jcp = 3 Hz; Ar-CH), 106.5 (d, Jc-» = 9 Hz; Ar-CH), 35.8 (s; 'Bu-C), 35.4 (s;

'Bu-C), 35.3 (s; 'Bu-C), 35.3 (s; '‘Bu-C), 35.3 (s; 'Bu-C), 35.0 (s; '‘Bu-C), 34.9 (s; 'Bu-C), 34.9
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(s; 'Bu-C), 32.2 (s; '‘Bu-CHs), 32.2 (s; '‘Bu-CHs), 31.9 (s, two overlapping resonances; ‘Bu-

CHs), 31.0 (s; 'Bu-CHs), 30.4 (s; 'Bu-CHzs), 30.2 (s; 'Bu-CHs), 30.1 (s; 'Bu-CHs).

Synthesis of [K(2,2,2-crypt)]2[{P(ONO)}2] ([K(2,2,2-crypt)]2[13]). A mixture of 1 (100 mg,
0.220 mmol) and KCg (30 mg, 0.220 mmol) were loaded into an ampoule fitted with a gas
tight valve and THF (2 mL) was added affording a yellow solution. The mixture was stirred
for two hours and the solution was then filtered into a second ampoule containing 2,2,2-crypt
(83 mg, 0.220 mmol). All volatiles were removed in vacuo, leaving an orange residue. THF
(1 mL) was added to the residue, resulting in the formation of a yellow solid, which was
gently heated into solution. Upon standing at room temperature, large yellow block crystals
formed. After two days these were isolated by filtration and dried in vacuo. Yield: 72 mg
(35%). Anal. Calcd for C4sH76KN3OsP (868.64 g mol™): C 63.56, H 8.81, N 4.83; Found: C
62.98, H 8.69, N 4.75. 'H NMR (ds-THF, 298 K, 400.17 MHz): & (ppm) 7.30 (d, “Jn n = 2
Hz, 1H; Ar-CH), 6.97 (d, “Ju_n = 2 Hz, 1H; Ar-CH), 6.36 (d, “Ju + = 2 Hz, 1H; Ar-CH), 6.12
(d, YJun = 2 Hz, 1H; Ar-CH), 3.39 (s, 12H; 2,2,2-crypt), 3.38-3.34 (m, 12H; 2,2,2-crypt),
2.39-2.34 (m, 12H; 2,2,2-crypt), 1.52 (s, 9H; 'Bu), 1.31 (s, 9H; 'Bu), 1.23 (s, 9H; 'Bu), 0.93
(s, 9H; 'Bu). 3P NMR (ds-THF, 298 K, 161.99 MHz): § (ppm) 90.7 (s). 3P{*H} NMR (ds-
THF, 298 K, 161.99 MHz): & (ppm) 90.7 (s). *C{*H} NMR (ds-THF, 298 K, 100.63 MHz):
d (ppm) 155.8 (m; Ar-C), 155.1 (s; Ar-C), 138.5 (m; Ar-C), 137.5 (s; Ar-C), 133.1 (s; Ar-C),
131.8 (s; Ar-C), 127.5 (m, s; Ar-C), 127.2 (m; Ar-C), 111.3 (s; Ar-CH), 109.9 (s; Ar-CH),
105.7(s; Ar-CH) , 104.9 (s; Ar-CH), 71.0 (s; 2,2,2-crypt), 68.3 (s; 2,2,2-crypt), 54.6 (s; 2,2,2-
crypt), 35.1 (s; '‘Bu-C), 34.9 (s; ‘Bu-C), 34.8 (s; '‘Bu-C), 34.6 (s; 'Bu-C), 32.9 (s; 'Bu-CHs),

32.8 (s; 'Bu-CHs), 30.9 (s; 'Bu-CHs), 30.7 (s; 'Bu-CHs).

Synthesis of P(ONO)(TEMPO)> (14). A mixture of 1 (100 mg, 0.220 mmol) and TEMPO (69
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mg, 0.441) were added to a Schlenk tube and dissolved in toluene. The orange colour of the
radical rapidly disappears leaving a colourless solution, which was stirred for 30 minutes. All
volatiles were removed in vacuo and the residue was extracted into hexane and filtered via
cannula. The resulting solution was concentrated and then cooled to —30 °C, yielding large
colourless crystals, which were isolated by filtration. Yield:123 mg (73%). Anal. Calcd for
CasH76N304P-CsH14 (851.67 g mol): C 73.28, H 10.64, N 4.93; Found: C 73.54, H 10.54, N
5.32. 'H NMR (ds-tol, 298 K, 499.93 MHz): § (ppm) 8.01 (s, 2H; Ar-CH), 7.34 (s, 2H; Ar-
CH), 2.25-0.46 (br m, 18H; TEMPO), 1.74 (s, 18H, 'Bu), 1.41 (s, 18H, '‘Bu). *H NMR (ds-tol,
223 K, 400.17 MHz): & (ppm) 7.94 (s, 2H; Ar-CH), 7.30 (s, 2H; Ar-CH), 2.25-0.46 (br m,
18H; TEMPO), 1.79 (s, 18H, 'Bu), 1.43 (s, 18H, 'Bu). 3P (CsDs, 298 K, 161.99 MHz): &
(ppm) —29.8 (s). BC{*H} (CsDs, 298 K, 100.62 MHz): & (ppm) 142.4 (Ar-C), 142.0 (Ar-C),
132.4 (Ar-C), 128.8 (Ar-C), 115.7 (Ar-CH), 105.9 (d, Jc » = 14 Hz; Ar-CH), 61.2 (d, Jc » = 4
Hz, TEMPO-C(CHs).), 40.5 (br; TEMPO-CHy), 35.0 (‘Bu-C), 34.9 (‘Bu-C), 32.1 (‘Bu-CHs)

31.8 (br; TEMPO-CHy), 29.9 (‘Bu-CHs), 20.7 (br; TEMPO-CHa).

Characterisation techniques: Single crystal X-ray diffraction data were collected using an
Oxford Diffraction Supernova dual-source diffractometer equipped with a 135 mm Atlas
CCD area detector. Crystals were selected under Paratone-N oil, mounted on micromount
loops and quench-cooled using an Oxford Cryosystems open flow N2 cooling device.!?®! Data
were collected at 150 K using mirror monochromated Cu Ko radiation (A = 1.5418 A; Oxford
Diffraction Supernova). Data were processed using the CrysAlisPro package, including unit
cell parameter refinement and inter-frame scaling (which was carried out using SCALE3
ABSPACK within CrysAlisPro).B% Structures were subsequently solved using direct
methods or using the charge flipping algorithm as implemented in the program

SUPERFLIP,BY and refined on F? using the SHELXL 2013-4 package.*?
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NMR samples were prepared inside a glovebox under nitrogen in NMR tubes equipped with
a gas-tight valve. 'H, 3C{H}, °F, 3P NMR spectra were acquired on a Bruker AVII or
AVIII NMR spectrometer at 298 K unless otherwise stated. H and *C{*H} spectra are
reported relative to tetramethylsilane (TMS) and were referenced to the most downfield
residual solvent resonance (CeDs: dH 7.16 ppm, 6c 128.06 ppm; CD2Cly: éH 5.32 ppm, 6c 53.8
ppm; ds-pyridine: 6n 8.74 ppm, dc 150.35 ppm; ds-THF: 61 3.58 ppm, dc 67.6 ppm; ds-
toluene: &y 7.09 ppm, 5c 137.48 ppm). °F, 3P NMR spectra were externally referenced to

CFCls and an 85% solution of H3PO4 in H20.

Positive ion mode electrospray mass spectra were recorded on a Bruker MicrOTOF mass
spectrometer. The samples (10-20 uM) were prepared inside a glovebox under argon and the
sample injected through a standard PEEK tubing feedthrough directly to the mass analyser at

10 uL min 1.1

Elemental analyses were performed by Elemental Microanalysis Ltd, Devon. 10-15 mg

samples were sent in sealed, evacuated Pyrex ampoules.
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