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The first definitive isolation of phosphaza-norbornanes is reported.
These PN frameworks feature a bicyclo[2.2.1]heptane skeleton
with bridgehead P() sites and can be made via a modular conden-
sation reaction starting from primary amines. Their molecular and
electronic structures, stability, and strain energies are compared
with closely related PN or hydrocarbon bicyclic systems.

The stability of C-C/H bonds and the long history of reaction
development in organic chemistry allow a stunning diversity of
skeletal motifs to be rationally targeted. Nevertheless, quanti-
tative analyses of the Chemical Abstract Service show that
hydrocarbon chains and rings are the dominant structures at
the core of organic compounds."” By comparison, three-
dimensional cages are rare due to (i) the accumulation of ring
strain, and (ii) the reliance upon challenging ring-closures for
accessing bicycles.>® These synthetic limitations are also
reflected in the paucity of such structures in applied contexts.
Indeed, there is increasing recognition that an “escape from
flatland”® holds great promise for medicinal®® and materials
chemistry,”**
framework diversification into the third dimension.

The longer, more ionic, and more polarizable bonds of the
inorganic elements engender less strain in closed structures
than is the case for hydrocarbons.?*** Moreover, inter-
molecular condensations, instead of intramolecular ring-clo-
sures, can be used to assemble inorganic cages, allowing rapid
variation.>*** As a result, the cage-dense parameter space in
molecular and macromolecular chemistry is easier to explore
using inorganic elements compared to hydrocarbons. As
shown by the success of materials based on carboranes and

motivating significant synthetic efforts towards
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polyhedral oligomeric silsesquioxanes (POSS), small inorganic
cages are also valued as synthons due to their ability to
enhance the thermal stability and mechanical properties of
macromolecules.>*°

We are interested in the phosphaza (PN) cages first reported
by Holmes, N6th, and Payne in the 1970s (Fig. 1).>"*** The PN-
bicyclo[2.2.2]octane (A) or PN-adamantane (B), featuring a
P,N, or P,N¢ skeleton, respectively, can be synthesized in near-
quantitative yields on multigram scales via solution or solid-
phase condensation between commodity amines or hydrazines
and P(m) electrophiles.***> We have shown that their oxidation
to C and D yields masked polynucleophiles with P,Ng or P,N;,
compositions.**® Cages A-D can also be modularly combined
with diazides or dihalides to make a rapidly evolving family of
inorganic polymers and materials.”**3%37:3%4% Besides being
potential synthons for useful functional materials, the develop-
ment of new PN, skeletons is also fundamentally important
in terms of expanding the known diversity of inorganic
scaffolds.

Here we reveal the modular synthesis, structures, and elec-
tronic features of PN-norbornanes having a P,N5 skeleton, pro-
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Fig.1 PN cages A-D and the phosphaza-norbornanes 1R reported
here. Formulae in italics denote skeletal composition in terms of phos-
phorus—nitrogen ratios.
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viding fundamental comparative insights, and setting the
stage for future applied developments with a highly-tunable
new PN cage.

Our approach was initially guided by Noth’s claim that
dichloride ring E reacts with MeN(SiMe;), to form 1Me, but
only NMR data, melting point, and elemental analysis were
reported for the product, and no structural verification was
made, nor was any other derivative accessed.”' We found that
the reaction of E with bis-silylamines indeed proceeds with
Me;SiCl loss and formation of compounds 1R, but the scope
of this reaction was severely limited (Fig. 2). Due to the con-
siderable steric hindrance imposed by the SiMe; group,
Me;SiCl condensation is only operative for unhindered alkyl-
amines and moreover first requires the synthesis of the precur-
sor bis-silylamines. Attempts to convert the prototypical 1Me
to other derivatives via amine metathesis in the presence of
excess primary amines at elevated temperatures
unsuccessful.

Instead, dehydrochlorination between ring E and a wide
range of primary amines in the presence of excess NEt; cleanly
yielded derivatives of 1R in excellent spectroscopic yields, and
good isolated yields (60-89%), directly from the commercial
amines. The compounds show a sharp signal in the 6 =
80-100 ppm range in their *'P NMR spectrum, which is
shifted significantly upfield of the signal for E (120 ppm). The
reaction shows a wide scope with aliphatic, aromatic, allylic,
pyridyl and fluorinated amines being viable for incorporation
into the respective phosphaza-norbornanes. For example, the
use of a diamine enabled formation of doubly-cage functiona-
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Fig. 2 Synthesis and scope of 1R.
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lized compound 1tmb, and the use of an amino-acid ester gave
the chiral compound 1Phe. Notably, while the two dimethyl-
hydrazino arms in all other derivatives are equivalent by 'H
NMR spectroscopy, those in 1Phe are expectedly diastereotopic
due to a stereogenic benzyl carbon.

X-ray diffraction experiments on single crystals of 1Mes,
1ArF, and 1tmb provided definitive structural authentication for
PN-norbornanes (Fig. 3, see also Table S1, SI). For comparison,
the structure for A was also reobtained at 150 K, as the pre-
viously reported data at 298 K was not suitable beyond connec-
tivity discussion.*> All compounds show a folded rectangle
structure for the P,N, portion, with N-Me groups being stag-
gered to avoid an eclipsed arrangement. There are three signifi-
cant structural consequences of the short single nitrogen
bridge in derivatives of 1R. First, the P1..-P2 separation invol-
ving the bridgehead positions is much smaller (ca. 2.7 A) than
the value in A [ca. 3.011(4) A]. Second, the P1/2-N3 bond length
involving the bridging nitrogen are elongated by ca. 0.06 A rela-
tive to all other P-N bond lengths. And finally, the bridging P1-
N3-P2 bond angles lie in the 102.69(18)°-103.22(12)° range,
whereas the remaining N-P-N bond angles in derivatives of 1R
[90.84(16)°-99.64(8)°] are smaller compared to those in A [97.38
(18)°-104.3(3)°]. The only intermolecular contacts observed in
the lattice of 1Mes and 1tmb are between the methyl groups,
likely resulting from weak dispersion interactions. In the case
of 1ArF, long C---F contacts (3.11 A) involving the C¢F5 groups
are observed, which are only slightly smaller than the sum of
the van der Waals radii for the two elements (3.17 A). The
minimal intermolecular interaction is consistent with the excel-
lent solubility of PN-norbornanes in hydrocarbon solvents, the
sub-room temperature melting points when R is an alkyl group,
and low melting points even for aryl derivatives (e.g. 40-41 °C
for 1ArF, and 63-65 °C for 1Mes).

Stability tests involving exposure to heat, UV irradiation,
and humid air were conducted with 1Me, 1Ph, and 1ArF and

a)

I o

P1
N3

Fig. 3 Structures of (a) 1Mes, (b) 1ArF, (c) 1tmb, and (d) A in the solid
state. Hydrogen atoms are omitted for clarity. Ellipsoids are shown at the
50% probability level.
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A. All derivatives showed excellent thermal and UV stability in
dry THF, with <10% degradation after 48 h. However, the PN-
norbornanes degraded almost completely to a complex
mixture of P(v) species [e.g. phosphine oxides, 5(*'P) = —5 to
+10 ppm] within 2 hours of exposure to ambient air (80%
humidity) as THF solutions (Fig. S2-S7). In the case of 1ArF,
the free aniline C¢FsNH, was detected as the major product,
consistent with hydrolytic removal of the NC4F5 group. In
sharp contrast, a THF solution of A showed <2% degradation
in air over this period (Fig. S8), indicating its air stability.
Thus, PN-norbornanes 1R show greater reactivity towards oxi-
dants and moisture compared with PN-bicyclooctane A, and
we hypothesized this may be due to intrinsic differences
between the lone pair energies and/or the relative bicyclic
strain in the two systems. These factors are sequentially dis-
cussed below.

Fig. 4a shows the molecular orbital identifiable as having
significant P(u1) lone pair character for 1Me and A. In both
cases, this is HOMO-3, while HOMO, HOMO-1, and
HOMO-2 are derived from combinations of nitrogen lone
pairs (see Fig. S60). Due to geometric constraints, the P(m)
lone pairs are more accessible than the higher energy nitrogen
lone pairs.** Comparison of the HOMO-3 energies for 1Me
(—6.25 eV) and A (—6.24 eV) indicates that the P(ur) lone pairs
in these frameworks are essentially equivalent in their intrinsic
basicity, albeit the ones in the PN-norbornane are more
spatially diffuse and accessible. The calculated lone pair MO
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Fig. 4 (a) Visualization of the HOMO-3 for 1Me (left) and A (right),

representing one of two P(i) lone pair MOs. (b) Contour plots of the
electron localization function (ELF) in the plane defined by P1-N3-P2
(1Me, left) and P1-N3-N4-P2 (A, right).** (c) Homodesmotic scheme
used to determine relative strain in 1R and A.
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energies for 1Me (—6.25 eV), 1Ph (—6.25 eV) and 1ArF (—6.53
eV) indicates that within the PN-norbornanes, P(m) basicity
does not change upon substitution of N-Me with an N-Ph
group but does decrease considerably upon introduction of
the N-C¢F5 group.

The electron localization function (ELF), which has a range
between 0 and 1, with larger values indicating more strongly
localized electrons, provides a complementary topological sig-
nature of lone pairs.*> As shown in Fig. 4b, two strongly loca-
lized regions are observed at the phosphorus atoms in both
1Me and A. However, due to the geometric constraint applied
by the single nitrogen bridge, the lone pairs in the PN-norbor-
nane are distorted towards N3 to form an angle of 137°,
whereas those in the PN-bicyclooctane show a mutual angular
separation of 180°. The spatial extent of the lone pairs in 1Me
is also noticeably greater, consistent with the MO picture. In
the context of coordination chemistry, therefore, the two
diphosphine frameworks can be viewed as being equally
strong donors, but A features a linear and more sterically
shielded arrangement of the two P() sites, while 1Me is bent
with more accessible P(ur) lone pairs. These differences may
explain the observed higher reactivity of 1R relative to A.

To assess the role of strain in the higher reactivity of 1R we
used the homodesmotic scheme shown in Fig. 4c. This
approach reveals the relative strain in the two frameworks due
to the presence of either one- or two-atom long bridges. The
calculations show (Table 1) that 1Me is marginally more
strained (ca. 4.5 k] mol™") than A. Within the PN-norbornanes
family, bridging via an N-Ph group rather than N-Me group
reduces strain considerably such that 1Ph shows a lower strain
energy (4.3 kJ mol™') than even the larger framework A (14.0 kJ
mol ™). On the other hand, bridging via an electron-deficient
N-CcF5 group increases ring strain in 1ArF (21.3 kJ mol ™).
This agrees with the observations that (i) the experimental P1/
2-N3 distance is greatest for 1ArF amongst derivatives of 1R
(Table S1), and (ii) 1ArF decomposes the fastest upon exposure
to moisture. Thus, the greater strain in PN-norbornanes - par-
ticularly electron deficient-derivatives — also contributes to
their greater reactivity compared to A. Importantly, the range
of values calculated for the PN frameworks (4.3-21.3 kJ mol™")
is significantly lower than those for hydrocarbon ones, and the
differences between the two bicyclic frameworks are more pro-
nounced for the hydrocarbon case. Thus, PN cages are not
only less strained than organic ones, but also less sensitive to
strain accumulation upon introduction of more severe bicyclic
constraints. Nevertheless, the stark reactivity differences
between 1R and A are a reminder that small strain differences
can be chemically consequential.

In summary, we debuted phosphaza-norbornanes as a new
inorganic scaffold and used comparative analyses of molecular
structure, stability, electronic structure, and strain to empha-
size their distinct features relative to PN or carbon-based ana-
logues. The modular polycondensation approach used to
access 1R is attractive as it permits extensive side-groups vari-
ation, as shown by incorporation even of a chiral amino-acid
ester in 1Phe. Such tunability is absent in A and very challen-

This journal is © The Royal Society of Chemistry 2025
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Table 1 Calculated strain energy (kJ mol™) imposed by the bicyclic
constraints in 1R, A, and relevant hydrocarbon systems, relative to six-
membered PN or hydrocarbon rings

A® 1Me® 1Ph® 1ArF® Norbornane’  Bicyclo[2.2.2]octane”

14.0 184 4.3 213 64.0[60.2] 43.1[31.0]

“Calculated using the r?SCAN-3¢ composite method via the homodes-
motic scheme shown in Fig. 4c. ? Calculated using experimental values
via homodesmotic scheme [RSE(bicycloalkane)-RSE(cyclohexane)].***”

ging to implement in hydrocarbons. These results advance our
fundamental understanding of structure and strain in in-
organic frameworks, while providing a new axis for rapidly
tuning the properties of a burgeoning class of P.N, cage-based
materials.”*?%373940 gtudies leveraging this framework varia-
bility are underway and will be reported in the future.
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