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Long-chain nitrogen ions and radicals ([N,J**/[N,]*", n > 3) are naturally
occurring under the intense radiative conditions of the Earth’sionosphere
and those of other planetary bodies. However, the strong thermodynamic
driving force tolose N, renders these types of molecule extremely reactive
under ambient conditions such that they can typically be studied only
under extreme conditions, for example, at ultrahigh pressures (10 GPa
to>200 GPa). Here we report the isolation of a series of five molecules
featuring metal unsupported {N,} " units under ambient conditions, with
one derivative demonstrating remarkable multi-week long persistence in
the solid state. Spectroscopic, crystallographic and computational studies
provideinsightinto the bonding across the {N,}" chain. Reactivity studies
reveal that the chain can cleave into N1 and N3 fragments, and canactasa
source of nitrene radical anions, an observation that such molecules could

actas storable nitrogen group transfer reagents.

Carbon’s ability to form linear molecular chains is unmatched and
central to how our biology and the materials in our world operate. By
contrast, its neighbour nitrogen heavily disfavours chain formations,
partially owing to the disproportionately strong N=N triple bond
when compared with N-Nsingle and double bonds. This makes loss
of dinitrogen (N,) gas an enormous thermodynamic driving force
from catenated nitrogen’. This ability for nitrogen chains to read-
ily release N, renders them potent high-energy-density materials
with applications as propellants, explosives and as gas generators?>.
Linear chains of N, where n > 3 tend to be especially reactive and
difficult to handle.

Nonetheless, nitrogen chains and their correspondingions are of
enormousinterest. Forexample, sandwiched betweenthe lower atmos-
phere and the magnetosphere, the ionosphere makes life on Earth
possible by absorbing harmful radiation from the sun*. By absorbing
thisradiation, theionosphere also increases the fidelity of radio com-
munication and navigation. In this region of the upper atmosphere,
where N, is bombarded by solar radiation and cosmic rays, and under
artificial plasma conditions, various nitrogen chain ions and radicals
havebeendetected, including[N,]", [Ns]*and [Ns]™ (ref.5). Similarions
arealso thought to exist in the turbulent atmosphere of Titan®’. These

fleetingly stable molecules have been detected by mass spectrometric
studies and trapped at very low temperatures in inert-gas matrices®’.
Furthermore, at ultrahigh pressures, the existence of different nitro-
gen phases has been demonstrated, and crystalline N, (n > 3) chains
identified in technologically relevant metal nitrides'® . Yet, studying
nitrogen chain ions under ambient conditions presents a formidable
challenge, and a better understanding of their electronic structures
should reveal awealth of hitherto untapped chemical space.

Nitrogen chain anions substituted with organic groups are simi-
larly under-investigated. An {N,} dianion flanked with organic groups
was first reported in the form [Lil,[(Ph),N,] (ref. 21), although this
compound was not spectroscopically characterized (Fig. 1). The
corresponding radical monoanion ([(Ph),N,]") remains particularly
elusive”, presumably owing to its radical nature in addition to the
N chain structure. In 1980, McDonald detected [(Ph),N,]"” by mass
spectroscopicstudies and believed it to be generated fromN, loss from
the azidobenzene (PhN,) to give the corresponding nitrene radical
anion, which then coordinates a second equivalent of PhN; (ref. 23).
Aswiththe unsubstituted ions, this extant body of literature suggests
that organic compounds featuring {N,}"" chains are fleetingly stable
and accessible only under extreme conditions.
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One common strategy to isolate highly reactive molecular frag-
ments is to trap them in the coordination sphere of metals* . In the
context of {N,} chemistry, numerous research groups have coordinated
tetraazabutadiene (R-N=N-N=N-R) ligands to metals across the d-block,
Mg and K*#~*! (Fig.1). When coordinated to d-block metals, the [R,N,]
ligand can exhibit redox non-innocence and can be described as neu-
tral, radical anionic or dianionic®**°. These groups also note that the
naked [R,N,] ligand, that is, the corresponding neutral di-substituted
tetraazadienes, could not be isolated and thus the {N,} unit is gen-
erated within the metal coordination sphere. Similar metal coordi-
nated {N¢} chains have also been reported by Jones, Stasch, Schulz and
Holland***. Most relevant to this work, Braunschweig reported the
compound [({cAAC}BTip),(1*-K),N,] (cAAC =1-(2,6-diisopropylphenyl)-
3,3,5,5-tetramethylpyrrolidin-2-ylidene; Tip = 2,4,6-triisopropylphenyl
), featuringa potassium supported {N,}* unit constructed directly from
N,gas”. However, in this approach, interactions between the metal and
fragment, for example, o-donation and rm-backdonation, can perturb
the electronicstructure of said fragment and alter its geometry, raising
questions as towhether the coordinated fragment accurately represents
the unsupported species. Another commonapproachtoenableisolation
of reactive fragmentsis to invoke kinetic stabilization, and this has very
recently been demonstrated by Hupf, Beckmann, Ye and Tan with the
isolation of atriplet nitrene*>*¢. However, this tactic may not be the ideal
solution to stabilizing ‘longer’ N, chains, as the sterically encumbered
substituentsrequired are synthetically labour intensive and need tobe
large enough to span multiple atomic units. Thus, we consider delocali-
zation of charge to stabilize the otherwise difficult-to-catch {N,} " unit.

Herein we report the synthesis of a robust metal unsupported
nitrogen chain radical anion, [(4-BrC4H,),N,]"” ([1]"). The electronic
structure of compound [1]” is computationally and experimentally
studied, and the radical character is confirmed to be primarily dis-
tributed acrossthe {N,} chain. Further, we find that direct reduction of

azides provides ageneral route to this class of molecules with a total of
5 derivatives reported (Fig. 1). The subsequent chemical reactivity of
[1]"is surveyed and indicates the possibility that such amolecule can
actasanN1source, highly relevant in chemical synthesis.

Results and discussion

Synthesis and characterization

First, 2 equiv. (0.148 mmol) of 1-azido-4-bromobenzene (4-BrC4H,N,)
was reacted with 1 equiv. of potassium graphite (KCg) in the presence
of4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (crypt),
resultinginablack solution (Fig.2a). The reaction mixture was analysed
by nuclear magnetic resonance (NMR) spectroscopy, and only the
cationsequestering agent could be observed, consistent withitbeing
diamagnetic (Supplementary Section 2.2). No other diamagnetic spe-
cieswere observed by the NMR studies. Dark yellow crystals, which can
appear red-black, suitable for single-crystal X-ray diffraction (XRD)
studies were obtained and authenticated the nitrogen-containing prod-
ucttobethe{N,}radicalanion[1]" (Fig.2b). The anionin[K(crypt)][1]
was confirmed to be paramagnetic by electron paramagnetic reso-
nance (EPR) spectroscopy, vide infra. Compound [K(crypt)][1] was
isolatedin 66% yield at this scale, but the reaction could be scaled 30x
(4.44 mmol of 4-BrC4H,N,) with only a small decrease in yield. Bulk
purity of [K(crypt)][1] was assessed by elemental analysis, powder
XRD and spin counting using continuous wave EPR spectroscopy, and
allmethods confirmed high purity.

The structural data of [1] ~ reveal the terminal N1-N2 (which is
the same as NI’-N2’) bond length to be 1.316(4) A and the internal
N2-N2’ bond length to be 1.322(6) A, with the anion sitting on a crys-
tallographically induced centre of inversion (Fig. 2b). These bond
lengths are shorter than that of a hydrazine N-N single bond (1.45 A)
andlonger thana trans-azobenzene N=N double bond (1.19 A)¥*%, con-
sistent with partial multiple bond character between the N-N bonds
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(TPSS/def2-TZVP level of theory). d, Isolobal relationship between 1,3-butadiene
and [RN,R], and selected Kohn-Sham molecular orbitals of [1]~ (calculated at
the TPSS/def2-TVZP level of theory) with simplified molecular orbital diagram
focusing on the m-bonding of the {N,} unit.

of [1]". The ZC1-N1-N2 of 111.8(3)° and ZN1-N2-N2’ 0f 110.2(4)° are
between the expected angles of an sp? (120°) and sp® (109.5°) hybrid-
ized nitrogen®. Density functional theory (DFT) calculations were
conducted to further understand the structure and bonding of [1] 7,
with all discussed datacomputed at the TPSS/def2-TZVP level of theory
unless stated otherwise. Consistent with the slightly shorter N1-N2
crystallographic bond length, the Wiberg bond indices indicate that
the N1-N2bond has slightly higher bond order (N1-N2,1.430; N2-N2’,
1.389). Natural localized molecular orbital calculations revealed the
expected nitrogen hybridization between sp? and sp® (Supplementary
Section 2.4). These data are consistent with the bonding across the
{N,} unit as being both delocalized and to have partial multiple bond
character between a single and double bond. This description is also
supported by infrared spectroscopy, in which the stretches related to
the {N,} unit are observed at 1,236 cm™ (in good agreement with the
calculated stretchesat1,272 cm™), appearing between those reported
forhydrazine (1,077 cm™,N-N) and azobenzene (1,440 cm™, N=N)*°",

Arange of partial atomic charge types were computed, and natural
populationanalysis, Hirshfeld, Lowdin and Mulliken dataall agree that
the charge of [1]”is concentrated on the {N,} fragment with some delo-
calization onto the aromatic ring (Supplementary Section2.5). Natural
resonance theory (NRT) calculations of [1]™ also supporta highly delo-
calized electronic structure with 248 acspin resonances and 134 3 spin
resonances found, and with no structure contributing more than2.6%.
To simplify the picture and focus on the {N,} core, the model system
[HN,H]~ was investigated. NRT studies of [HN,H]" found 6 key a spin
resonance forms with a total weight of 87% and 4 key 3 spin resonance
forms with a total weight of 90%. Figure 2c shows the unique forms. The
NRT datashow that the majoirty of the radical and anion characteris at
the terminal (N1) and internal (N2) nitrogens, but which sites—terminal
orinternal—are prone to subsequent reactivity isunclear.

The Kohn-Sham molecular orbitals of [1]” were analysed, and as
expected showed considerable delocalization over the whole molecule
(Supplementary Section 2.6). Consistent with the isolobal relationship
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a, Experimental (blue) and simulated (grey, x2 Ay =14.61 MHz, X2 Ay = 0.23 MHz,
x4 Ay, =8.51MHz, x4 A, =3.70 MHz, X2 Ag, = 2.05 MHz, g = 2.006, Iw = 0.04)
continuous wave EPR spectra (298 K, 0.1 G, 2 scans, 9.390 GHz, sample sealed in
aJ Young tube under N,, in THF) of [K(crypt)1[1]. b, Decay curves of [K(crypt)]
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[1] determined by continuous wave EPR spectroscopy, where the integrated
resonance intensity from a continuous wave EPR spectrum recorded every 90 s
isreported (600 s for powder). ¢, Calculated Mulliken spin densities at the TPSS/
def2-TZVP level of theory. d, Spin density plots from above and side-on with
isovalue = 0.005.

between 1,3-butadiene and the neutral [RN,R]*?, and that addition
of one electron to [RN,R] gives [RN,R]", we observed the expected
molecular orbitals corresponding to the Hiickel theory description of
m-bonding’® (Fig. 2d). The singly occupied molecular orbital (SOMO)
was found to be the m; combination with anti-bonding character
between N1-N2 and bonding character between N2-N2’.

EPR spectroscopy of [K(crypt)][1] confirmed the presence of an
unpaired electron centred at g=2.006 (Fig. 3a). The complexity of
the spectrum is consistent with the delocalization of the radical. A
single-point DFT calculation (computed at EPR-III (aug-cc-PVTZ for Br)/
B3LYP/SMD(THF), where SMD means solvation model density and THF
means tetrahydrofuran) gave an estimate of the isotropic hyperfine
values and suggested that the electron has the largest coupling to the
N1atoms with Ay =13.1 MHz. Refinement of the simulation gave a bet-
ter fit to the experimental data (x2 Ay =14.61 MHz, x2 A= 0.23 MHz,
x4 A, =8.51 MHz, x4 A,;=3.70 MHz and x2 Ay, =2.05 MHz; Supple-
mentary Section 2.7). The simulation finds that the electronisindeed
most strongly coupled to one of the nitrogen environments (x2
Ay =14.61 MHz) with smaller couplings from the rest of the molecule.
The spin densities were also calculated using a variety of established
methods: Mulliken, Lowdin and Hirshfeld (Supplementary Section
2.8). Allthese methods support delocalization of the radical across the
structurewiththe {N,} unit having the largest portion of the spin density
(62% from Mulliken; Fig. 3¢). Further, these calculations revealed that
the largest individual spin densities are on the terminal nitrogens (N1
and N1’; 26% each from Mulliken), followed by the ortho- (10% from
Mulliken) and para- (11% from Mulliken) positions of the aromatic rings.
These data provide insight into the resonance stabilization provided
by the aromatic rings, where the terminal nitrogens can be regarded
as benzylic-like showing similar delocalization effects as benzylic
radicals®. Figure 3d shows the spin density plots; these plots and the
Kohn-Sham SOMO show electron density above and below the plane
of the molecule in a r-type orbital with 97% p character. The greater
charge density at the ortho- than the para-positions is consistent with

inductive effects also being considerable®. These findings suggest the
terminal nitrogens as potential sites for subsequent reactivity.

Thestability of [K(crypt)][1] was probed with half-life experiments
using EPR spectroscopy (Fig. 3b). An EPR spectrum was periodically
recorded and the peakintensities were used to generate decay curves,
whichrevealed that [K(crypt)][1]is more stablein1,2-difluorobenzene
(oDFB) thanin THF (oDFB, ¢,,, = -4 h; THF, t,, = ~42 min; Supplementary
Section 2.10). In the solid state, [K(crypt)][1] was found to be remark-
ablystable, with only anegligible decreasein EPR resonance intensity
observed after 2 days and the radical still present after 6 weeks when
stored under anaerobic conditions.

Ultraviolet-visible (UV-vis) studies revealed astrong absorption
of blue/green light as well as a weaker broad absorption tailing the
whole of the visible region, consistent with the black appearance of
[K(crypt)][1]. Time-dependent DFT (Supplementary Section 2.13.2)
calculations were undertaken to better understand the nature of the
electronic transitions resulting in this spectrum. Four key excitations
were found and investigated further using natural transition orbit-
als (NTOs). The NTO data revealed that all four of the excitations are
primarily underpinned by the same two orbital pairs with differing
occupations, pictured in Fig. 4a. The transition identified with the
blue dot canbe described as amovement of electron density from the
{N,} chain onto the aromaticrings, and the one withagrey dot with the
opposite character.

[K(crypt)][1]was investigated by cyclic voltammetry (CV) toiden-
tify redox events (Supplementary Section 2.12). This CV datarevealed a
reversible single-electronreductioneventat-1.21V (versus Ag/AgCl).
The one-electron reduction of [1]” would result in the formation of
diamagnetic[2]* (Fig. 4b); the analogous phenyl-substituted lithium
salthasbeenreported. However, in this report, the dianionic lithium
salt was not spectroscopically characterized, although a related Mg
species hasbeenisolated and the Mg cations were found to coordinate
the {N,}* chain®.Similar reversible reduction of {N,}" to {N,}* has also
been reported in the context of a tetrazene ligand coordinated to an
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ironcentre®. Thus, efforts were made to chemically reduce [1]" using
KCs and cobaltocene. No reaction was observed in the case of cobal-
tocene, and with KCg rapid gas evolution (believed to be N, loss) was
immediately observed and only decomposition products detected
by NMR spectroscopy. However, when direct reduction of 1 equiv. of
4-BrC,H,N;wastested with 1 equiv. of KCginthe absence of crypt, single
crystals obtained from the reaction mixture revealed the formation of
thecis-and trans-isomers of potassium-coordinated [2]*, with respec-
tive 47:53 relative freely refined XRD occupancies (Fig. 4c). Variable
temperature NMR studies revealed that these isomers interconvert
at room temperature, with the aromatic 'H resonances beginning to
decoalesce at -80 °C (Supplementary Section 8.1). DFT calculations
revealed that the trans-isomer is 3.8 kcal mol™ more stable. However,
[2]> was not characterized further as it was found to explode. Con-
sidering the molecular orbital diagram in Fig. 2d, the observed lower
stability of [2]*"is not entirely surprising. Addition of asecond electron
increases electron density in the highest occupied molecular orbital
(HOMO), resulting in an increase in anti-bonding character between
the N1and N2 atoms and bonding character between the two internal
nitrogens, which, inturn, promotes N, elimination. Scanning the revers-
ible reduction event at different scan rates (Supplementary Section
2.11) revealed that the redox event appears to be more reversible at
lower scanrates, consistent with this event being chemically reversible

on the CV timescale but demonstrating slow electron transfer, which
could be the result of a structural change between the two states””.
Inthe case of benzylic radicals, spin delocalization is sensitive to
aromatic ring substitution®*. To probe spin density changes through-
out [RN,R]"-type molecules, radical anions [(4-FC,H,),N,1" ([3]7),
[(4-CIC4H,),N,]™ ([4]7), [(4-MeC(H,),N,I™ ([5]7) and [(Ph),N,]" ([6]";
originally detected by McDonald*’) were synthesized as the [K(crypt)]*
salts following a similar method to that used to prepare [K(crypt)][1]
(Fig. 5). These compounds were characterized by single-crystal XRD
(exceptfor [K(crypt)1[6]), EPR and UV-vis spectroscopy, CV, their spin
densities calculated and decay curves collected in THF (Supplementary
Section 3.7). The bonding across the {N,} unit for this family of radical
anions ([1]”and [3]™-[6]") is similar, as are the UV-vis data. Analysis of
the cyclic voltammograms revealed that only [K(crypt)][4] exhibited a
reversible reduction wave, similar to [K(crypt)1[1], with the rest of the
series having irreversible reductions with more negative reduction
potentials. EPR studies revealed that the largest coupling remains at the
terminal nitrogens (N1positions) inall cases, which was also supported
by the computed Mulliken spin densities, and that the spin density is
sensitive to aromatic substitution (for example, highest Mulliken total
N1spindensity = 58% for [3]”and lowest = 53% for [1]"; largest Ay hyper-
fine coupling =15.38 MHz for [5]” and lowest = 13.13 MHz for [6] 7).
Interestingly, the half-life of the radicals was found to be [K(crypt)]
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with XRD structures pictured with anisotropic displacement ellipsoids at 50%
probability. Counter cation and hydrogens omitted for clarity. Nitrogen, blue;
carbon, white; fluorine, pink; chlorine, dark green. b, Continuous wave EPR

spectroscopy (298 K, 20 scans, X band, sample sealed inaJ Young tube under N,)
spectrum of [K(crypt)1[3], [K(crypt)][4], [K(crypt)][5] and [K(crypt)][6] in THF
(50/50 oDFB/Tol for [K(crypt)1[5]). ¢, Spin density plots (isovalue = 0.005) of [3] ",
[4]7,[5]" and [6] with calculated total N1 spin density percentages provided
(calculated at the TPSS/def2-TZVP level of theory).

[1] > [K(crypt)][4] > [K(crypt)][3] > [K(crypt)][6] > [K(crypt)][5], with
[K(crypt)1[5] having the shortest ¢,,, of 156 s (-2.6 min). Synthesis of
these additional {N,} "-containing molecules emphasizes the generality
ofthemethod developed in this work to access such previously elusive
compounds. As the scaled synthesis of [K(crypt)1[1] had already been
established and as this compound demonstrated the greatest stability,
[K(crypt)][1] was chosen as the focus of subsequent reactivity studies.

Reactivity studies

Radical-radical recombinationreactions have become useful tools to
pinpoint the reactive site for paramagnetic materials®®. For this reason,
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and 1,1,1”-{[4-(diphe-
nylmethylidene)cyclohexa-2,5-dien-1-yllmethanetriyljtribenzene
(Gomberg’s dimer) were independently reacted with [K(crypt)1[1]
(Fig. 6).Inbothreactions, these persistent radicals showed no reactiv-
ity towards [K(crypt)][1], further highlighting the high stability of [1] .
Next, triphenyltin hydride wasinvestigated asasource of H' (ref. 59), a
farless stable and less bulky radical, which did lead to radical quench-
ing. Single crystals of hexaphenyldistannane (7) were obtained from
the reaction mixture®®, aknown by-product from H' elimination from
tin hydrides®”.'H NMR studies of the crude reaction mixture revealed
the formation of two doublets (both/,,_, = 8.2 Hz, 2H) in the aromatic
regionalongwith abroad singletat5.85 ppm, confirming the presence
of the amide [8]". After work-up, the product [8] was converted to
4-bromoanilinium chloride (9), confirmed by NMR spectroscopy. How-
ever,when 4 equiv. of 4-methylthiophenol (TolSH, 10, aknown source
of H and H")**? was investigated in place of the triphenyltin hydride,
8 and [K(crypt)][10] were formed with an NMR conversion of 68%.
Crystalssuitable for XRD analysis showed that 8 + [10] co-crystallized
with the potassium cation sitting between them and the sulfur and
nitrogen groups pointing towards one another. The absence of any

residual electron density around sulfur and observed electron density
inthe difference map around nitrogenindicates that inthe solid state,
this product mixture exists as 8 + [K(crypt)1[10]. Furthermore, the
nitrogen-bound hydrogen atoms were freely refined by Hirshfeld atom
refinement and confirmed them to be bound to nitrogen and not the
sulfur. However, it is noteworthy that the diagnostic'H NMR resonances
correspondingto 8 + [K(crypt)][10] shift based on the relative concen-
trations of the two species, consistent with a proton from 8 shuttling
to [10]” and back again in solution. To better understand this reactiv-
ity, 1 equiv. of ToISH was reacted with [K(crypt)][1] and immediately
inspected by 'H NMR spectroscopy. To our delight, the formation of
4-BrC¢,H,N; was observed (Supplementary Section 8.3.1). Almost half a
centuryago,in McDonald’s work where [(Ph),N,]~ ([6]7) was detected
in a mass spectrometer, it was postulated that the {N,}"” was gener-
ated by firstionizing 1 equiv. of azide to give the nitrene radical anion
[PhN] ", whichsubsequently forms an adduct with another equivalent
of azide” (pictorial descriptioninFig. 6). We computed the Gibbs reac-
tionenergy of the dissociation of this ‘adduct’ starting from [1]" to the
corresponding azide and nitrene radical anion to be -+19 kcal mol™. To
our knowledge this description of the bonding of such molecules has
not previously been reported, in part because until now molecules
featuring metal unsupported {N,}'~ units were not isolated. However,
detection of 4-BrC4H,N; in the thiol reaction demonstrates that [1]~
candecomposeinamanner consistent with this bonding description.
Nitrene species are knownto react with aldehydes to undergo carbonyl
C-Hactivation®.Infact,in1983, McDonald investigated the gas-phase
reactivity of in situ-generated [PhN]~ with aldehydes, which revealed
the formation of the corresponding amide along with H' (ref. 64). As
[K(crypt)][1] may act as asource of nitrene radical anion, it was inves-
tigated with 4-iodobenzaldehyde (4-1C¢H,CHO) and indeed the cor-
responding amide 11 could be isolated after work-up. Analysis of the
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TEMPO or
Gomberg’s dimer

’ TolSH
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Ar—N"e— ‘N:N:N
\Ar (1) 4-1CgH,CHO
(2) Work-up

Fig. 6 | Reactivity studies of [K(crypt)][1]. No thiyl radical species or disulfide
speciesis detected in the thiol chemistry, and the radical is believed to be
quenched by H"abstraction from either solvent or crypt®’. Thiyl radicals are
known to abstract H' from ethers®®*’, The crude reaction mixture from the

Isolated yield = 85%
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9
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reaction with 4-iodobenzaldehyde revealed unidentified decomposition
products by 'H NMR spectroscopy, as is typical in nitrene C-H activation
chemistry®.

crude reaction mixture by 'H NMR spectroscopy revealed the presence
ofexpected 4-BrC¢H,N,, as wellas asinglet at 4.55 ppm corresponding
to H,, suggesting the formation of H' (refs. 65,66; Supplementary Sec-
tion 8.4.1). It is also worth noting that 4-BrC,H,N, does not react with
4-1C¢H,CHO under the same conditions, and independently prepared
[K(crypt)][8]reacts with4-IC;H,CHO to give the corresponding imine
notamide.

Conclusion

Almost halfacentury after the first detection of acompound featuring
an{N " chaininamass spectrometer, we show that molecules featuring
this moiety can be isolated under ambient conditions. Electronically
stabilized by aromatic units, crystalline [(4-BrC4H,),N,] " is isolated
as a storable solid with multi-week stability under anaerobic condi-
tions. The propensity of nitrogen catenates to rapidly degrade and
release N, has thus far been an impediment to fully understand the
electronic structure of such chains, but the high stability of the metal
unsupported [(4-BrC,H,),N,]"”has allowed this barrier to be overcome.
Related derivatives [(4-FC4H,),N,]", [(4-CIC¢H,),N,I", [(4-MeC¢H,),N,]~
and [(Ph),N,]” were alsoisolated and studied in a similar manner, and
although changesin spin density across the {N,} chainand stability with
aromatic substitution are observed, the computational and experi-
mental electronic structure studiesinto the series are consistent with
the {N,} chains having partial multiple bond character with substantial
radical character on the terminal nitrogen atoms bonded to the aro-
matic units. These conclusions are consistent with the subsequent
reactivity studies, which reveal that the {N,} chain of [(4-BrC,H,),N,]"~
can decompose into N1 and N3 units, with reactivity consistent with
the generation of a nitrene radical anion, exemplified by its reaction
with an aldehyde where the carbonyl C-H bond is activated to give an
amide. Efforts are now focused on exploring the additional reactivity
patterns of {N,}""-containing molecules, to enhance our understand-
ing of their chemical properties and to fully unlock their potential as
gram-scale storable nitrene synthons.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

General considerations

NMR spectra were recorded on a Bruker AVIII 400 spectrometer at
ambient temperatures. CV was carried out in the glovebox under
inert conditions with EMStat4s. UV-vis electronic absorption spec-
tra were recorded on a Mettler Toledo UV5Bio spectrophotometer
using 10 mm path length quartz ] Young cuvettes. EPR spectra were
recorded at X band (9.4-9.8 GHz) with a Bruker EMXmicro spectrom-
eter at 298 K. Spin counting was conducted on a Bruker Magnettech
ESR5000 at X band (9.8 GHz), 298 K using the ESR Studio software’s
incorporated spin counting function. Mass spectrometry samples
were analysed using an electrospray ionization-equipped Waters RDa
benchtop time-of-flight mass spectrometer. Attenuated total reflec-
tance infrared (ATR-IR) spectrawere recorded using a Bruker Alphall
under an inert atmosphere. X-ray diffraction data were collected for
compounds [K(crypt)1[1], [K(THF),],[2], [K(crypt)1[3] and [K(crypt)]
[4] onadual-source Rigaku XtaLAB Synergy-DW VHF equipped with a
PhotonJet-R dual-wavelengthrotating anode and HyPix-Arc 150° detec-
tor at 100 K. X-ray diffraction data were collected for [K(crypt)1[5], 7
and 8 + [K(crypt)1[10] on an Oxford Diffraction Supernova dual-source
diffractometer at 150 K using Cu Ko (1.54184 A) radiation equipped with
a135 mm Atlas CCD area detector.

General procedure for preparation of [K(crypt)][[RN,R]

(R = p-XC4H,)

In the glovebox, KCg (1 equiv.) and crypt (1 equiv.) were suspended in
THF in avial. Aryl azide (2 equiv.) was added and the vial shaken for
30 . Thesolutionwasfiltered and diethyl ether added to precipitate a
black solid. The solid was filtered and washed with diethyl ether before
drying under vacuum yielding [K(crypt)][RN,R] as a black crystalline
solid. Single crystals were obtained by slow vapour diffusion of hexane
into THF at -40 °C. Caution! Covalent azides are potentially hazardous
and can decompose explosively under various conditions!

Computational methodology

DFT calculations were carried out using the Gaussian 16 package,
revision C.01 (ref. 70). Following extensive benchmarking (Sup-
plementary Section 2.3), the TPSS functional was used”, together
with the def2-TZVP basis set’>”*. Geometry optimizations were per-
formed, and all minima verified as true by harmonic vibrational
frequency calculations. These frequencies were used in conjunc-
tion with Grimme’s quasi-harmonic approach for computation
of the Gibbs energies’>’*. The solvent environment was modelled
using the SMD method”, with parameters appropriate to THF and
cyclopentanone (a suitable model for oDFB). Natural bond orbital
(NBO), natural localized molecular orbital and NRT calculations
were carried out using NBO 7.0 (ref. 76). Time-dependent DFT and
NTO single-point calculations were performed using the TPSSh
functional”” and def2-TZVP basis set. EPR-related single-point
calculations were carried out using ORCA 5.0.4 with the B3LYP
functional”*°, with the aug-cc-pVTZ basis set used for F, Cland Br®,
and the EPR-IIl basis set for all other atoms®?.

Data availability

All data are available in the main text, Supplementary Information or
Supplementary files. Cartesian coordinates of optimized structures
are provided in the Supplementary files. Crystallographic data for
structures reported in this article have been deposited at the Cam-
bridge Crystallographic Data Centre, under deposition numbers
2423978 ([K(crypt)][1]), 2423981 ([K(THF),L,[2]), 2481373 ([K(crypt)]
[31, 2481374 ([K(THF),]1[4], 2481375 ([K(crypt)1[5], 2423980 (7) and
2423979 (8 + [K(crypt)][10]). These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre viawww.ccdc.cam.
ac.uk/data_request/cif. Alldataare also available from the correspond-
ing authors upon request.
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