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ABSTRACT: Phosphoryl nitride (NPO) is a highly reactive intermediate, and its chemistry has only been explored under matrix
isolation conditions so far. Here we report the synthesis of an anthracene (A) and phosphoryl azide based molecule (N;P(O)A) that
acts as a molecular synthon of NPO. Experimentally, N;P(O)A dissociates thermally with a first-order kinetic half-life that is
associated with an activation enthalpy of AH* = 27.5 =+ 0.3 kcal mol™" and an activation entropy of AS* = 10.6 + 0.3 cal mol™! K~!
that are in good agreement with calculated DLPNO-CCSD(T)/cc-pVTZ//PBE0-D3(BJ)/cc-pVTZ energies. In solution N;P(O)A
undergoes Staudinger reactivity with tricyclohexylphosphine (PCy;) and subsequent complexation with tris(pentafluorophenyl)-
borane (B(C4F;s);, BCF) to form Cy;P—NP(A)O—B(C4F;);. Anthracene is cleaved off photochemically to form the frustrated Lewis
pair (FLP) stabilized NPO complex Cy;P®—N=P—0—-B®(C4F;);. An intrinsic bond orbital (IBO) analysis suggests that the

adduct is zwitterionic, with a positive and negative charge localized on the complexing Cy;P and BCF, respectively.

hosphoryl nitride is the monophosphorus analogue of the
well-known and studied nitrous oxide (N,O), a naturally
abundant gas that has been recognized as the dominant ozone-
depleting substance in the Earth’s stratosphere emitted in the
21st century.' In chemical transformations N,O is primarily
used as a powerful oxidant, as it is a poor ligand to transition
metals due to its weak o-donating and #-accepting
capabilities.”’ Nitrous oxide has been shown to coordinate
to a transition-metal center in an end-on, as well as side-on,
fashion.*”"> Additionally, nitrous oxide easily forms stable
complexes with frustrated Lewis pairs (FLPs) and N-
heterocyclic carbenes (NHCs) under mild conditions."*~"®
In contrast, little is known about the chemistry of linear 2-
fold coordinated phosphorus(V) NPO due to the lack of a
suitable molecular precursor that releases the molecule under
mild reaction conditions. Phosphoryl nitride was first
generated 10 years ago via the irradiation of explosive
phosphoryl triazide (O=P(N;);)'°"'® and characterized
under cryogenic matrix isolation conditions.'”*’ Phosphoryl
nitride undergoes photochemically induced isomerizations to
PNO and cyclic PON (Figure 1) and reversibly combines with
carbon monoxide.'”*’ On the other hand, the phosphorus(III)
isomer PNO has been known since 1988 and was formed after
photolysis of an O;/PN mixture diluted in solid argon under
cryogenic matrix isolation conditions.”’ In later experiments,
namely gas-phase IR laser absorption spectroscopy of NO/P,/
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Figure 1. (top) Photochemical formation of all three NPO isomers.
(bottom) Lewis structures of NPO.

© 2021 American Chemical Society

WACS Publications

0,/noble-gas mixtures”* and a microwave spectroscopic study
of a dc glow discharge of NO/H, over red phosphorus,” there
was also no experimental evidence for NPO; only PNO was
observed. This is surprising, given a recent high-level electronic
structure focal point analysis suggesting that NPO is
energetically preferred by 1.87 kcal mol™ over PNO.** The
Lewis structures of NPO and PNO are best described with
formal charges rather than the neutral N=P=0 form (Figure
1).'9252% In the solid state, a material of the composition NPO
is known to exist in both a p-cristobalite and a slightly
thermodynamically less stable amorphous form.”” Further-
more, isomers of NPO and NPS are also considered potential
interstellar molecules,'”**** given the presence of PN in
interstellar media.”**’

We recently reported the synthesis of an anthracene-based
azido phosphine (N;PA) that releases molecular PN in
solution and has been shown to transfer PN to an iron
complex under mild conditions.”® Here we report the
oxidation of N;PA to anthracene-based phosphoryl azide
(N3P(O)A, Figure 2). Given the poor thermal stability of
N;PA at room temperature (t;,, = 29.1 + 1.6 min), we
selected 2,4,6-trimethylbenzonitrile N-oxide (MesCNO) as a
fast and effective oxygen atom transfer (OAT) reagent (Figure
2).%! Single crystals of N;P(O)A grown from diethyl ether at
—20 °C were characterized in a single-crystal X-ray diffraction
experiment (Figure 2). The structure is in line with strong
infrared bands for the azide group at 2154 and 2141 cm™'
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Figure 2. (top) Synthesis of N;P(O)A using mesityl nitrile oxide
(MesCNO) as an OAT reagent. (bottom) Molecular structure of
N,P(O)A with thermal ellipsoids shown at the 50% probability level.
Hydrogen atoms are omitted for the sake of clarity. Selected
interatomic distances (A): P1-N1, 1.7066(17); P1-01,
1.4754(13); P1-C1, 1.8520(19); P1-C8, 1.861(2); NI—N2,
1.243(2); N2—N3, 1.128(3). Selected interatomic bond angles
(deg): C1-P1-C8, 83.51(9); N1-P1-01, 111.61(8); P1-N1-
N2, 115.09(13).

(Figure S4) as well as a single resonance in the *'P NMR
spectrum at § 75.9 ppm (t, *Jpyy = 11.1 Hz; Figure S3). The
configuration of the OPN; moiety is similar that of other
phosphoryl azides, e.g,, F,P(O)N,.””

N;P(O)A was heated under vacuum, and the release of
molecules into the gas phase was monitored by mass
spectrometry using a molecular-beam mass spectrometer
(MBMS). We observed a strong increase in signals for N,*
(m/z 28), P* (m/z 31), PN* (m/z 45), and A* (m/z 178 and
smaller fragments) starting at around 60 °C in the chromato-
gram (Figure S24). Additionally, a signal for m/z 59 was
observed that may originate from isomers of CPO" or PN,".
However, no signal at m/z 61 for any NPO isomer was
observed. Even reducing the voltage from 70 to 35 V in the
electron impact ion source did not lead to the detection of any
new signal for m/z 61. Consistent with the observed
decomposition at 60 °C in the MBMS experiment, solid
N;P(O)A melts at 45 °C and forms a yellow-brown solid at 60
°C (Figure S25).

We followed the thermal decay of N3P(O)A in benzene-dg
by 'H NMR spectroscopy (Figures S20—S22 and Tables S1
and S2) and found that the azide decomposes at 52.5 °C with a
first-order kinetics halflife of around 1/2 h (t,, = 25.5 + 0.4
min). Further kinetic measurements on N;P(O)A decom-
position were performed over the temperature range of 52.5—
70.0 °C. An Eyring analysis revealed activation parameters of
AH¥ =27.5 + 0.3 keal mol™" and AS¥ = 10.6 + 0.3 cal mol™
K™ (Figure S23). The first-order behavior is indicative of a
unimolecular rate-determining step, consistent with fragmen-
tation of N;P(O)A into A and presumably a O=PNj fragment
(vide infra).

We computed the most essential part of the potential energy
surface around N;P(O)A at the DLPNO-CCSD(T)/cc-
pVTZ//PBE0-D3(BJ)/cc-pVTZ level plus a Gibbs free energy
correction (Figure 3). Note that the decomposition of
phosphoryl azides has been studied previously.””™*> We
located two minima for N3P(O)A, and the energetically
preferred conformer is in line with our crystal structure
depicted in Figure 2. In the higher energy conformer, the P—N
single bond is rotated by 180° and the azide group takes a
position parallel to a terminal aromatic ring that results in an
energy increase of 2.1 kcal mol™". Both conformers are
connected by the low-lying transition state TS3 (3.5 kcal
mol™'). For the fragmentation of N;P(O)A, we initially
considered cleavage of dinitrogen from the azide group. For
each of the two N;P(O)A conformers, we located, in contrast
to N3PA, an energetically high lying transition state (TS4 (44.6
kcal mol™") and TS6 (39.5 kcal mol™)) that is associated with
dinitrogen loss and a ring expansion to form tricyclic APNO in
a highly exothermic (—43.2 kcal mol™") reaction and cyclic
NPO attached to anthracene (c-APNO) in a highly
endothermic (25.9 kcal mol™") reaction, respectively. The
dissociation reactions are completed with anthracene loss to
form linear NPO via TS5 (43.7 kcal mol™" barrier) and cyclic
NPO via TS7 (17.3 kcal mol™" barrier). However, in general
these high reaction barriers cannot be overcome by simple
heating at 80 °C. Therefore, we investigated a second
dissociation pathway that is initiated by the cleavage of
anthracene. We located the concerted transition state TS2 that
is associated with a reaction barrier of 25.2 kcal mol™’, leading
to the fragmentation of N3P(O)A into A and OPN;. These
calculations also suggest that the latter fragment eliminates N,
via TS1 (26.2 kcal mol™) to form linear NPO. On the basis of
the computed free energy values involving the elimination of A,
the first step is energetically favored. The pathway via TS2 with
a total barrier of 25.1 kcal mol™" is in good agreement with the
experimental value of our Eyring analysis (AG* = AH¥ —
TAS* = 24.4 + 0.1 keal mol™! at 298.15 K). However, the fate
of the OPNj; fragment remains unclear. The experimentally
observed resonance at § 112.7 ppm in the *'P{'H} NMR after
thermolysis cannot be assigned to the OPNj; fragment or the
NPO molecule.

We treated N;P(O)A with tricyclohexylphosphine (PCy,) in
diethyl ether, and immediate gas evolution and precipitation of
the Staudinger reaction®® product Cy,P=NP(O)A was
observed (Figure 4).>” The product was isolated by vacuum
filtration in 82% yield (Figures S6—S8). Cy;P=NP(O)A
exhibits two doublets at § 82.9 and & 32.3 (}Jpp = 21.4 Hz) in
the *'P{'"H} NMR spectrum (Figure S8). Additionally, Cy,P=
NP(O)A was characterized in a single crystal X-ray diffraction
experiment, and the molecular structure is depicted in Figure
4A.

Considering that nitrous oxide'” and many other small
molecules have already been reported to form complexes with
frustrated Lewis pairs (FLPs),’®’” we added tris-
(pentafluorophenyl)borane (B(C4Fs);, BCF) to a solution of
Cy;,P=NP(O)A in dichloromethane, leading to new 31p NMR
resonances at § 52.5 and § 32.9 ()fpp = 16.8 Hz) in the
3P{'H} NMR spectrum (Figure S11). An analytical sample
was crystallized in diethyl ether, and the crystals were analyzed
in a X-ray diffraction experiment, leading to the structure
depicted in Figure 4B. For the complete complexation of NPO,
A can be cleaved off by irradiating (4 = 254 nm) a solution of
Cy;P—NP(A)O—B(CF;); in benzene or toluene for 220 min.
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Figure 3. N;P(O)A decomposes into N,, cyclic and linear NPO isomers, and anthracene (A) either by dinitrogen and subsequent anthracene loss
or via anthracene loss and further dissociation of the OPNj; fragment into NPO and N,. The latter pathway is energetically preferred. Gibbs free

energy values are computed for T = 298.15 K. Color code: carbon, gray; hydrogen, white; nitrogen, blue; phosphorus, orange; oxygen, red.
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Figure 4. (top) Synthesis of Cy;P—NPO—B(C4F;);. (bottom) Molecular structures of Cy;P—=NP(O)A, Cy,P—NP(A)O—B(C¢F);, and Cy,P—
NPO-B(C¢Fs); with thermal ellipsoids shown at the 50% probability level. Hydrogen atoms are omitted for the sake of clarity. Selected
interatomic distances (A) and bond angles (deg) are as follows. A: (Cy;)P—N, 1.5765(8); N—P, 1.5813(9); P—O, 1.4889(8); (Cy;)P—N—-P,
147.62(6); N—P—0, 119.59(4). B: (Cy;)P—N, 1.5761(12); N—P, 1.5465(12); P—O, 1.5171(10); O—B, 1.5110(18); (Cy;)P—N—P, 165.17(9);
N-P-O, 114.43(6); P—O—B, 148.83(9). C: (Cy;)P—N, 1.6289(9); N—P, 1.5555(9); P—O, 1.5549(8); O—B, 1.5454(13); (Cy,)P—N-P,

140.18(6); N—P—0, 110.73(4); P—O—-B, 131.50(6).

Anthracene photodimerizes during the irradiation and can be yellow filtrate was mixed (in the case of benzene as a solvent)
or layered with pentane and placed in the freezer. After 3 days
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colorless crystals formed and the crystals were collected by
vacuum filtration, washed with pentane, and isolated in 42%
yield (Figures S14—S18). When the isolated material was
dissolved in chloroform, a doublet signal at § 44.1 (J = 78.2
Hz) for PCy, and a doublet of quintets signal at § 271.1 ppm
(J = 77.4, 25.5 Hz) for NPO were observed in the *'P{'"H}
NMR spectrum (Figure S16). An X-ray diffraction analysis of a
single crystal directly grown from a benzene/pentane solution
after irradiation reveals the Cy,P—NPO—B(C4Fs); structure
(Figure 4C). The latter splitting originates from through-space
coupling of phosphorus to fluorine in B(C4Fs);, as only a
doublet signal is observed in the *'P{'H,'F} NMR experi-
ment.*' The compound is thermally unstable and decomposes
after 1 day at room temperature or by heating overnight at 50
°C. In the *'P{'H} NMR spectrum, two major doublet signals
at 6 42.2 and 6 40.7 ppm together with some minor signals at
around & —20 ppm were observed that could not be
unambiguously assigned (Figure S19).

The interatomic distances in the single crystal for the NPO
fragment are almost the same for the N—P (1.5555(9) A) and
P—O (1.5549(8) A) linkages. An intrinsic bond orbital (IBO)
analysis** shows the bonding of the 7 system, where there is
visual evidence for both N—P and P—O 7 bonding (Figure S).

Figure 5. Computed intrinsic bond orbitals (IBOs) of the N—P (left)
and P—O (right) 7-bonds based on the geometry of the X-ray
structure depicted in Figure 4C at the @B97M-D3(BJ)/def2-TZVPP
level.

The Wiberg bond order (WBO) for the N—P bond is 1.47 and
for the P—O bond is 1.05. The bond orders are reflective of the
high electronegativity of N and O and the consequently greater
coeflicients on N and O rather than P in the 7 system, which
act to bring down the WBO values. Hence, the main resonance
contributor is that with the Cy,P®—N=P—0-B®(C4F;),
bonding pattern and formal positive and negative charges on
the phosphine and borate, respectively. Compounds of the
type R—N=P—OR’ exhibit a similar bonding pattern, but they
are rare and are mainly derived from the combination of an
alkoxide with the Mes*NP* cation.” ™" Gaseous NPO is
predicted to be linear and has two bonds of almost equal
length, a N—P bond distance of 1.4965 A at the CCSD(T)/
CBS level and a P—O bond distance of 1.4656 A at the same
level.”® Similarly to N,O, the geometry of NPO is bent in its
FLP complex.
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