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Abstract: Polyazanes (i.e., higher nuclearity homologues
of hydrazines) with increasing numbers of bound nitrogen
atoms (from 3 to 5), including the first pentazane ever de-
scribed, were prepared by the addition of lower-order pol-
yazanes to diazo reagents. A structure was obtained. It
was shown that the polynitrogen chains adopt a helical
conformation. DFT modeling shows that the arrangement
persists in solution. Although the polyazanes are all reduc-
ing agents, they become less so as the number of nitro-
gens increases.
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Many heavier p-block elements lead to electronically precise
homoatomic all-o linear chains." For example, Silicon atoms
can form homonuclear polysilanes, which are widely used for
ceramics, as solar cells elements, etc.? Sulfur forms over 30 al-
lotropes, in particular rings, but other cyclic structures with
catenated sulfur atoms (with or without additional carbon
atoms in the rings) also exist,® with important properties for
biology or batteries.*® On the other hand, in the second
period, with the obvious exception of carbon, o-type single-el-
ement chains atoms are generally unstable. This is the case for
oxygen, whose polyatomic chains can easily decompose to re-
lease dioxygen and oxidized compounds. That is a key for ozo-
nolysis, in which three contiguous oxygen atoms are initially
part of a cycle”® Similarly, a linear four-oxygen chain has
been suggested as a key intermediate in radical hydroxyla-
tions.”
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Hydrazines are well-known, reactivity-rich, 2N molecules, in
which the two nitrogen atoms are single bonded." The sce-
nario quickly changes with higher nuclearities. Triazanes were
first synthesized decades ago,!""™™ but little attention has been
given to their properties." Although tetrazenes, which feature
both single and double-bonded nitrogen atoms, are stable
moieties, only a handful of all ¢ tetrazanes exist,"*"® and no
higher-order polyazane has ever been reported.

We approached this field when we noticed the dearth of
data regarding the reactivity of even the smallest polyazanes,
triazanes. We wanted to understand how chemical properties
were affected by the addition of additional nitrogen atoms in
the chain, and also to extend the chemical space of higher-
order polyazanes to longer chains. We report herein our initial
results.

In order to get comparison points we targeted an assay of
six polyazanes: two triazanes (2a,b), two tetrazanes (3a,b) and
two pentazanes (4a,b). We assumed that because of all the
consecutive lone pairs on the nitrogen atoms, the chains
would be very electron-rich and that the all-o chains could be
stabilized by the attachment of electron-withdrawing groups.
Therefore, all the target polyazanes are built similarly. They fea-
ture a terminal amine (Figure 1, top nitrogens) substituted by
two alkyl groups; all other nitrogens are substituted by carba-
mate groups; their w-end can be substituted either by a
proton or a methyl.

Triazanes 2a and 2b were prepared using the Dreiding/
Mayr methodology."?"® Dimethylamine was added to di-tert-
butyl azodicarboxylate (DTABD) in acetonitrile at room temper-
ature, yielding 98% of 2a. Triazane 2b was obtained in 86%
yield upon methylation of the potassium salt of 2a in THF/
DMF (1:1) at 0°C.

While there are methods to access the unsaturated 4N tetra-
zenes, for example, by reaction of a nitrene derived from a hy-
drazine with a diazo reagent,"**” or by oxidative coupling of
hydrazines,”'** there was only one method to access the satu-
rated fully o-bonded tetrazanes, that is, the dimerization of
captodative radicals (which can only deliver symmetric mole-
cules).™ 24 One report in the literature mentioned that an a-
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Figure 1. Target polyazanes for this work.
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sulfonyl anion serendipitously added sequentially to two
equivalents of an azodicarboxylate.”” This suggested to us
that hydrazinyl anions may be good reactive intermediates
toward the formation of dissymmetric tetrazanes. We thus de-
cided to prepare 3a and 3b by a nucleophilic addition 2N +
2N route.

Boc-protected 1,1-dimethyl hydrazine 1a was deprotonated
by potassium bis(trimethylsilyllamide (KHMDS) in a 1:1 THF/
DMF mixture at —80°C, treated with di-isopropyl azodicarboxy-
late (DIAD), and quenched with acetic acid at low temperature
(Scheme 1).
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R = Me : 3b, 70% (with Mel)

Scheme 1. Synthesis of the tetrazanes.

Tetrazane 3a was obtained in a very poor 10% yield. It de-
composed quickly at room temperature. We suspected that
the decomposition was due to the presence of a proton on
the chain. The methylation of the terminal NH position was
achieved by trapping the intermediate anion at low tempera-
ture with Mel. Gratifyingly, 3b was thus obtained in 70% yield,
and proved more stable.

For the unknown pentazanes, a similar retrosynthetic strat-
egy required the addition of a triazane anion to an azodicar-
boxylate. Triazane 2a was first deprotonated with NaH in THF
at —40°C, and the resulting anion was reacted with DIAD
(Table 1, entry 1). Unfortunately, no evolution was observed.
When the solvent mix was made more polar by adding DMF,
65 % of the desired pentazane 4a was isolated after quenching
the reaction at low temperature with acetic acid (entries 2 and

Table 1. Optimization of the reaction conditions for the synthesis of pen-
tazanes 4a and 4b (concentration 0.2 m).

N 1. Base SN 0-Bu
N o 2. DIAD BU-O. N2
Bu-0 N%N3H\OB 3. AcOH or Mel N0
-bu — 4

I 0 Z,N\NsF{
|
o= Z=COpiPr 2
R=H:4a
R =Me : 4b

Solvent Base t [min] T[°C] Product, Yield [%)]

1% THF NaH 90 —40 -
2% THF/DMF (1:4)  NaH 90 —40 4a, 65
3¢ THF/DMF (1:1)  NaH 90 —40 4a, 65
49 THF/DMF (1:1)  KHMDS 90 —40 4a, 74
561 THF/DMF (1:1)  KHMDS 15 —40 4a, 74
6" THF/DMF (1:1)  KHMDS 15 -20 4a, 59
7% THF/DMF (1:1)  KHMDS 15 —80 43,38
8 THF/DMF (1:1)  KHMDS 15 —40 4b, 76

[a] Reaction was quenched with AcOH. [b] No reaction was observed.
[c] Reaction was quenched with Mel.
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3). Switching to KHMDS as the base further increased the yield
by nearly 10% (entry 4). Furthermore, the reaction was com-
plete after only 15 min (entry 5). A temperature increase to
—20°C led to a loss in yield (to 59%, entry 6), while a lower
temperature (—80°C) resulted in a slower reaction (only 38%
isolated yield after 15 min, entry 7). Therefore, the optimal con-
ditions appear to be these of entry 5, likely because of the
better reactivity of the potassium anion of 2a. When the
quenching agent was exchanged to methyl iodide, pentazane
4b was isolated (76 %, entry 8).

The pentazanes proved stable over silica. They were identi-
fied by HRMS and the structure of 4a was confirmed by X-ray
diffraction (see below). They are the first examples of mole-
cules containing 5 contiguous nitrogen atoms bound by single
0 bonds. In contrast, the '"H NMR spectrum of 4a was extreme-
ly complicated due to the presence of cis/trans carbamate ro-
tamers. We heated the samples at 80°C to get coalescence of
the signals, but this resulted in a rapid decomposition. HRMS
analysis of the decomposition products suggested that the
pentazane had been cleaved in a mixture of hydrazines and tri-
azanes. We presumed that the proton at the w position ena-
bled this decomposition. Indeed, the methylation of said posi-
tion in 4b delivered a much more thermally stable pentazane.
Its "H NMR analysis at 373 K led to a clean spectrum in which
coalescence was achieved for almost all the signals.

With the array of polyazanes in hands, we could start the
study of their properties, as well as how the latter change with
the introduction of additional nitrogen atoms.

Crystals suitable for X-ray diffraction were obtained by slow
evaporation of saturated solutions in diethyl ether at 0°C. The
X-ray structure of 2a shows the three N atoms linked by o
bonds. Starting from the Me,N end, the bond lengths are
1.408, and 1.383 A. They are shorter than the bond length
found in hydrazine (1.446 A), but close to the one reported on
carboxylate-protected 1,2-dimethyl hydrazine-1,2-dicarboxylate
(1.386 A).”9 The dimethylamino nitrogen displays a sp* hybridi-
zation, and the remaining two nitrogen atoms are sp® hybrid-
ized, albeit the sum of bond angles of the central atom is
closer to 360° than that of the terminal sp® one (357.8 vs.
352.4°). This difference reflects the influence of the carboxylate
groups. The dihedral angle along the N chain is 105°
(Figure 2). The two carboxylate groups generate a dihedral
angle of 56.9°. The minimization of the steric hindrance be-
tween the CO,R groups explains the helical structure observed.

The X-ray structure of 4a follows the same trends. Starting
from the Me,N end, the bond lengths are 1.400, 1.393, 1.398,
and 1.386 A. Apart from the dimethylamino nitrogen, which
displays a sp® hybridization (average bond angle of 111.9°), all
the nitrogen atoms exhibit a sp? hybridization. The dihedral
angles along the N chain (starting from the Me,N) are 98.2 and
86.2° respectively for the all-N dihedra, resulting in a helical ar-
rangement of the polyazane chain, which tends to minimize
the repulsion between the CO,R groups (Figure 2).

The polyazane structures were optimized with DFT, with an
implicit model accounting for acetonitrile solvation. (see Fig-
ure S1 in the Supporting Information). Interestingly, the com-
puted most stable solution arrangements of the polynitrogen

© 2020 Wiley-VCH GmbH
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Figure 2. Structures of triazane 2a (left) and pentazane 4a (right). There is a
slight disorder around the tert-butyl groups, which can freely rotate;
Z=CO,iPr.

chains overlap well with those in the crystals. The calculated
conformation for 3a, for which no structure could be obtained
is similar to that of 4a with a helical arrangement. From this,
we propose that the conclusions drawn for pentazanes are
also valid for the tetrazanes. There is therefore a fair degree of
periodicity in the polyazane family.

Hydrazines being well-known reducing agents, we examined
how the redox properties are affected when additional nitro-
gens are linearly installed on a polyazane chain. We therefore
measured the oxidation potentials of the polyazanes by cyclic
voltammetry. The parent Boc-protected UDMH derivatives 1a
(featuring an N—H bond) and 1b (where the NBoc nitrogen is
also methylated) were chosen as comparison points. The
values obtained are reported in the third column of Table 2.

Boc-UDMH 1a exhibits an oxidation potential of 0.82V (vs.
SHE, entry 1). Methylation of the nitrogen increases the poten-
tial to 0.96 V (entry 2). An additional nitrogen in the chain re-
sulted in an increased anodic peak potential (1.22V, entry 3),
which did not change by methylation of the terminal nitrogen
(1.19 for 2b, entry 4). The trend is maintained as additions of
nitrogen atoms further increases the potential required for oxi-

Table 2. Electrochemical data for several polyazanes.

Compound EP V] EP [V
1 hydrazine 1a 0.82 0.82 (=)
2 hydrazine 1b 0.96 0.92 (—0.04)
3 triazane 2a 1.22 1.31 (+0.09)
4 triazane 2b 1.19 1.23 (+0.04)
5 tetrazane 3b 1.32 1.43 (+0.11)
6 pentazane 4a 1.43 1.53 (+0.10)
7 pentazane 4b 1.49 1.51 (+0.02)

[a] First anodic peak potential with a glassy carbon working electrode
(3 mm) with 0.1 M nBu,NPF, as supporting electrolyte in MeCN; all poten-
tials are given vs. SHE. [b] Computed absolute redox potential obtained
through Born-Haber thermodynamic cycle at the M06-2X/6-31+G(d,p)
level of theory, given vs. SHE (see the Supporting Information). Values in
parenthesis correspond to the difference between the calculated and
measured values of the first oxidation potential.

Chem. Eur. J. 2021, 27, 3670 - 3674 www.chemeurj.org

3672

dation. Tetrazane 3b, requires 1.32V (entry 5), pentazane 4a
requires 1.43V (entry 6) and pentazane 4b requires 1.49V
(entry 7) to be oxidized, respectively. Tetrazane 3a was not
stable enough at room temperature to lead to significant re-
sults.

The oxidations are all irreversible, likely due to the short life-
time of the radical-cations generated. DFT calculations were
therefore performed to locate the most oxidizable site in the
polyazanes. The redox potential of all the molecules was esti-
mated first through a Born-Haber thermodynamic cycle (see
the Supporting Information for details).”” Indeed, redox poten-
tials are related to the Gibbs free energy difference between
the molecules in the oxidized state (radical cation species) and
the solvated molecule in the ground state (neutral molecule).

The calculated®® redox potentials are in excellent agreement
with the experimental ones (second column in Table 2, in
brackets). The oxidation trend is well respected since triazane
2a was found easier to oxidize than tetrazane 3b and penta-
zane 4a (Figure 3). We believe that the more NZ substituents
we add to the molecule, the less electron density remains at
the N1 atom.

For the three systems, the spin density is mostly distributed
between the nitrogens N1 and N2 (Figure 4). However, DFT in-
spection reveals interesting differences in the populations of
the radical center. For triazane 2a and pentazane 4a, the
values identify N1 as the predominant radical center (spin coef-
ficients 0.57 and 0.65, respectively), whereas the unpaired elec-
tron is more delocalized for 3b. For the three systems, the
inter-nitrogen distances most affected by the oxidation are
that of the N1-N2 bonds, which are uniformly shortened by

15
14 - » .
13 | T
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11 d

09 ~ ‘

0.8 T T T T
1 2 3 4 5

Number of Nitrogen atoms

Oxidation Potential (volt)

Figure 3. Evolution of the measured () and calculated (m, DFT-M062X/6-
314G(d,p) level of theory) first redox potential of the polyazanes.

Tetrazane 3b Pentazane 4a

Triazane 2a

Figure 4. Cartoon representation of the optimized structures of triazane 2a,
tetrazane 3a and pentazane 4a in the radical cation form, optimized at the
DFT-M06-2X/6-31 + G(d,p) level of theory and spin density representation
(isovalue 0.10).
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Table 3. Computed nitrogen-nitrogen bond lengths [A] and hydridizations angles [°] for triazane 2a, tetrazane 3b and pentazane 4a

Polyazane 2a 3b 4a

Bond N1-N2 N2—-N3 N1-N2 N2—-N3 N3-N4 N1-N2 N2—-N3 N3—-N4 N4—N5
radical cation 133 137 133 1.36 137 1.34 1.37 1.37 137
neutral molecule 1.39 1.38 1.40 1.36 137 1.40 1.37 1.37 137
Hybridization angle N1 N2 N3 N1 N2 N3 N4 N1 N2 N3 N4 N5
radical cation 119.9 1725 141.2 169.4 116.6 133.8 1353 17.7 1235 134.2 126.3 167.1
neutral molecule 116.3 166.0 116.2 110.9 116.6 1471 129.0 117.5 121.2 136.3 1313 1413

0.06-0.07 A upon one-electron oxidation. Conversely, the natu-
ral population analysis indicates that the nitrogen atoms sus-
tain most of the cationic charge generated upon oxidation,
with a total charge ranging between +0.5 and +0.7 a.u. (see
the Supporting Information). For compounds 2a and 4a, the
first nitrogen is the most affected, with an increase of the
atomic charged by +0.37 a.u., whereas the charge of the radi-
cal cation derived from 4b is distributed more equally over the
two nitrogens, with a larger distribution of the remaining spin
density contributions on the two other nitrogens and the car-
bonyl oxygens notably.

The calculations indicate that the most oxidizable site is the
nitrogen directly connected to the dimethyl substituents, as
the electron is easily removed from it, but that there seems to
be a difference between the odd-numbered polyazane (2a,
4a) and the even-numbered one (3 b). Perhaps this reflects the
lower stability of the tetrazanes compared to both the tri- and
pentazanes, as it develops a larger positive charge density next
to a withdrawing group. The nitrogen hybridization angles
range between 116 and 172° (Table 3). Upon one-electron oxi-
dation, we observed a very contrasted structural evolution as
the nitrogen atom connected to the dimethyl substituents
opens up widely in tetrazane 3b (111 to 169°), but not in tria-
zane/pentazane 2a/4a, where most of the angular opening
occurs at the w-terminal nitrogen (N3 and N5, respectively).

To conclude, polyazanes are a new class of nitrogen-contain-
ing molecules that until now had not been considered as a
family with similar properties. We showed that this is indeed
the case, as similarly substituted polyazanes with growing
numbers of linked nitrogen atoms gradually fold to form heli-
ces and become increasingly less oxidizable. Further work will
focus on enlarging the chemical space accessible (e.g., to
longer, or branched chains) and unearthing new properties of
these new main group oligomers.

Experimental Section

Crystallographic data: Deposition number 1881825 contains the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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