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ABSTRACT: The crystal structure, redox electrochemical
stability, and reaction chemistry of 1,4-dicyanotetrazine
(DCNT) has been experimentally characterized. These
experimental results were rationalized by the results of
theoretical calculations of the electronic structure, spin and
charge distributions, electronic absorption spectra, and electron
affinity and compared with the results for related the
tetracyano electron acceptors tetracyanoethylene (TCNE),
7,7,8,8-tetracyano-p-quinodimethane (TCNQ), and 2,3,5,6-
tetracyanopyrazine (TCNP). DCNT is made from the
dehydration of 1,2,4,5-tetrazine-3,6-dicarboxamide, and be-
cause of the unusual deep-magenta color of the dicarboxamide
in the solid state, its hydrogen-bonded layered structure,

CIE 1931 Chromaticity Diagram

electronic structure, and electronic absorption spectra were determined. The magenta color is attributed to its absorptions at
532 nm (18 800 cm™'), and this corresponds to normalized chromaticity coordinates of x = 0.42 and y = 0.31 in the pink/red/
orange part of the 1931 CIE chromaticity diagram. In contrast with previous reports, DCNT exhibits an irreversible one-electron
reduction at —0.09 V vs SCE (MeCN), and reduced forms of DCNT have yet to be isolated and characterized. In addition, the
reactions of DCNT with V(CO)4 Fe'(C;Me;),, and I~ are discussed.

B INTRODUCTION

The area of organic-based magnets is a growing contemporary
area of materials chemistry.l’2 [Fe™(CMe;),] [TCNE]*~
(TCNE = tetracyanoethylene), the first organic-based magnet,
ferromagnetically orders at T. = 4.8 K>* The reaction of
TCNE with either V(C4Hy),” or V°(CO)° led to the first
room-temperature organic-based magnet, V(TCNE),-zCH,Cl,
(x ~ 2;z~1/,), with T, &~ 400 K.> Substitution of TCNE with
7,7,8,8-tetracyano-p-quinodimethane (TCNQ),” 2,3,5,6-tetra-
cyanopyrazine (TCNP),? 2,3,5,6-tetracyanobenzene (TCNB),’
or trans-dicyanoperfluorostilbene'® led to magnets with
reduced ordering temperatures.

With the goal of targeting new acceptors in which the radical
anion stabilizes the magnetic ordering and can lead to the
oxidation of V°(CO)4 1,4-dicyanotetrazine (DCNT) was
identified as a possible candidate.'' DCNT was reported to
undergo a reversible one-electron reduction at 0.09 vs SCE in
MeCN," and hence, it is more difficult to reduce than TCNE
[ES), = 0.14 V vs SCE (CH,CL,)], TCNQ (ES), = 0.17 V), but
easier than TCNP (ES, = —0.31 V).!*> While these acceptors
exhibit reversible one-electron reductions, none are sufficient
to oxidize V(CO)4 [E™° = +0.88 V vs SCE (CH,CL,)]."* None-
theless, as occurs for TCNE, TCNQ, TCNB, and TCNP, a
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reaction with V°(CO), via eq 1 is expected. We also targeted the
reactions of 1,3,S-tricyanotriazine15 and 1,3,S-tricyanobenzene16
with V(CO); however, they do not exhibit reversible one-electron
reductions and upon reduction formed the diamagnetic o dimers
[C,N},]* and [C1,HN,]>, respectively;'” hence, the reaction
with V°(CO); did not form a magnetically ordered material.

The reaction shown in eq 1 should form a compound in
which y-[DCNT]*" bridges two V' sites. This bridging is
reduced with respect to [TCNE]*~, [TCNQ]*~, [TCNP]*",
and [TCNB]*", as they can bond up to four V' centers, and
this may attenuate the spin coupling, which may lead to a
reduced ordering temperature. Nonetheless, p-[chloranil]®”
stabilizes the magnetic ordering in [Mn"TPP][chloranil]
(H,TPP = meso-tetraphenylporphyrin) (T, = 13 K).'® Further-
more, for example, the reaction of V(CO) and trans-dicyano-
perfluorostilbene forms a magnetically ordered material
(T. = 205 K)."°

In addition to the interest in the identification of new
organic-based magnets, there is growing interest in high-energy-
density nitrogen-rich compounds with N:C ratios exceeding 1,
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which also typically lack hydrogen,'”** of which DCNT (N:C = 1.5)
is an example.

Herein we report the crystal structure of DCNT, revisit its
electrochemistry, explore its reduction, and experimentally and
theoretically characterize it and its reduced species, [DCNT]*~
with respect to the related tetracyano electron acceptors
TCNE, TCNE", and TCNP as well as their potential use in
electron transfer solids exhibiting properties of technological
interest. In addition, the reactions of DCNT with V(CO),,
Fe''(C;Mes),, and I~ are discussed.

B RESULTS AND DISCUSSION

1. Synthesis and Crystallographic Characterization.
DCNT was prepared by the steps outlined in Scheme 1, and
the synthesis of magenta-colored 1,2,4,5-tetrazine-3,6-dicarbox-
amide (F) gave moderate to good yields. However, dehydration
of F with phosphorus pentoxide only afforded DCNT in low
yields. This can be attributed to phosphoric acid contamination
during the sublimation process, which required a second
purification. With nitrile groups at the 1 and 4 positions,
DCNT has two coordinating sites for bonding to metal centers.

The tetrazine core of DCNT has a low-lying 7* MO, due to
the presence of electronegative nitrogens, allowing for the facile
formation of radical anions.”® In addition, because of a reported
reversible one-electron reduction at 0.09 V vs SCE,*? it has the

potential to stabilize magnetically ordered organic-based
magnets. While the key focus of this work was DCNT, diamide
F was also isolated, and because of its unusual magenta color as
a solid, its electronic absorption spectra as well as structure and
MO diagram were studied. As a result of the poor solubility of
F, except in DMSO and DMF, and the presence of several
hydrogen-bond donors and acceptors, F is expected to have
extensive hydrogen bonding in the solid state.

The geometry and electronic structure of DCNT were
determined. The crystallographic parameters associated with
the single-crystal X-ray structure of DCNT are reported in
Table 1. DCNT is planar, exhibiting D,;, symmetry (Figure 1),
with C—C, C—N, and N—N distances of 1.447(2), 1.3392(11),
and 1.3232(16) A, respectively. These are indicative of an
expected aromatic behavior. DCNT packs in a herringbone
motif (Figure 2) similar to that observed for benzene and
aromatic fused-ring systems that do not have functional groups
capable of forming hydrogen bonds, as the packing is driven by
N--N and CN--NC van der Waals—dispersion interactions.”"

The structure of F was determined from high-resolution
X-ray powder patterns (Figure 3) by simulated annealing. The
alternative model of nonaromatic E is excluded because
refinements allowing two different C—N bond lengths
converged to essentially equal values. Compound F is nearly
planar with a trans regiochemistry (Figure 4). The carboxamide
group is rotated 15° from the tetrazine ring in order to optimize
hydrogen bonding. The ring C—N and N(sp®)-N(sp?) distances
are 1.342(5) and 1.302(3) A, while the carboxamide C—N,
C—C, and C—O distances are 1.313(5), 1.504(7), and 1.319(4) A,
respectively. The packing of F differs substantially from that of
DCNT, reflecting the presence of the two —CONH, groups
that can exhibit strong hydrogen bonding via the hydrogen-
bond donor (N—H) and a strong hydrogen-bond acceptor (the
carbonyl O). The molecules form eight-membered rings of
N—H:-O=C hydrogen bonds (N—O distances of 2.84 and
291 A) at both sides of each molecule, resulting in the
formation of planes (Figure 4).”” These planes stack on top of
each other via 7—7-type van der Waals interactions.>

2. Electronic Structure of [DCNT]*~ and Comparison
with [TCNE]*~, [TCNQI*", and [TCNP]*~. With the above
structure, MO calculations were carried out at the B3LYP/
6-31+G(d) level for neutral DCNT and its reduced
monoanion, [DCNT]*", to understand their electronic
structures and for comparison with the electronic structures
of [TCNE]*"**"%% [TCNQ]*~,*”*® and [TCNP]*~*° The
MO diagram for neutral D,, DCNT is presented in Figure Sa.
The HOMO has a s-antibonding nature, and the z-antibonding

Scheme 1. Synthetic Route to 1,4-Dicyanotetrazine (DCNT)

O N-NH O (6]
4

©
N:N®\)(J)\ —_— Na® >_< ®®Na —_— >_</ /
2 No"So ©0 HN-N O
A

o) N-NH

O N=N NH,
o WiVan WIS >~
N N-N O
lF
N=N
N=C— )—C=N
N-N

DCNT

Hal

8190

HN HN—N

N-NH O

HO HN—-N  OH
‘|
NH, O N-NH O
- ! /
o} HsCO HN—N
D

OCH;

dx.doi.org/10.1021/j05014004 | J. Org. Chem. 2014, 79, 8189—-8201



The Journal of Organic Chemistry

Table 1. Crystal Structure Refinement Data for DCNT and
1,2,4,5-Tetrazine-3,6-dicarboxamide (F)

DCNT F
empirical formula C,Ng C,H,N,O,
formula weight 132.10 168.132
temperature (K) 150(1) 295
wavelength (A) 0.71073 0.69998

crystal system orthorhombic monoclinic
space group Cmca P2,/c
a (A) 6.6745(5) 9.1187(3)
b (A) 9.0337(5) 5.0626(2)
¢ (A) 9.4283(6) 6.6952(3)
B (deg) 90 88.492(3)
V (A% 568.48(6) 308.97(2)
V4 4 2
caled density (Mg/m®) 1.543 1.807
absorption coefficient (mm™') 0.115 0.095
final R indices [I > 20(I)] R,“ = 0.0326, wR," = 0.0801
R indices (all data) R, = 0.0378, wR, = 0.0828

e 0.0846
R 0.0380

exp
goodness of fit on F>¢ 1.101

largest diff. peak/hole (e A™%) 0.137/-0.149
“R, = Y(IE) — IFI)/YIE). bwR, = {X[w(E2 — F2)*/
S [w(E)?*]}? “Goodness of fit on F* = {Y[w(E,2 — F2)*/(n —
p)}l/ % where n is the number of reflections and p is the number of
parameters refined. dep = {2 Iw e — )23 [, (5e™) 2] 2
“yed and y?* are the calculated and observed intensities at the ith
point in the profile, normalized to monitor intensity. The weight w; is
1/6” from the counting statistics, with the same normalization factor.
N is the number of points in the measured profile minus number of

parameters. fRexp = {N/ X [wi ()23

N2 N2
Cc1 c2 Cc1
4 7
N1 @_e c2 _v—@m
N2 N2

Figure 1. Atom labeling and thermal ellipsoid (50% probability) plot
of DCNT: N1-C1 1.1390(19) A, N2—N2#1 1.3232(16), N2—C2
1.3392(11) A, C1-C2 1.447(2) A, C2—N2#2 1.3392(11) A, N2#1—
N2-C2 115.96(7)°, N1-C1-C2 177.68(16)°, N2#2—C2—-N2
128.08(13)°, N2#2—C2—C1 115.95(7)°, and N2-C2-ClI
115.95(6)°.

LUMO has weak contributions from the two cyano groups.
The character of these frontier MOs is at variance with respect
to that reported for TCNE,*****¢ TCNQ,*”** and TCNP.”
The results from the computations for [DCNT]*” at the
B3LYP level confirm that the SOMO corresponds to the
LUMO of neutral DCNT (Figure 6).

As a consequence of this shape, the distributions of spin
(Figure 7) and charge (Figure 8) of [DCNT]*~ have negligible
contributions from the two CN groups. The spin density (p°) is
governed by the difference between the a and S electron
densities (p® and p”, respectively): p* = p* — p/ = ¥(a)* —
[¥(B)I>. When the a and f orbitals below the SOMOs have
similar shapes and stabilities (i.e., when polarization effects are
not important), p* & I@gopo(@), that is, the square of the
absolute value of the SOMO orbital.** However, the electron
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Figure 2. Interleaving herringbone packing motif of DCNT.

density, defined as p = p® + p# = I¥(a)P? + I¥(B)I%, can be
written as p & Y 1®,(a)l* + Zj|d>j(ﬂ)|2, that is, the sum of the
squares of the absolute values of the @ and S orbitals. Hence,
most of the spin and electron density distributions may be
located on different atoms. This is the case in [DCNT]*",
where the spin mostly resides over the six-membered-ring
atoms, with 0.31 e~ (positive values indicate a net a spin) on
each N atom and —0.12 e~ (net /8 spin) on the two C atoms of
the ring (Table 2). The charge distribution is slightly different,
as the ring N atoms have an extra —0.18 e~ compared with
DCNT, the two C atoms of the ring get a small —0.04 e~, while
the rest of the extra charge goes to the nitrile N atom. The
negligible value of the SOMO in some of the regions receiving
a relevant amount of the spin and net charge (the ring C atoms
and the C and N atoms of the nitriles) reflects an important
polarization of the spin density. The shape of the charge
distribution in [DCNT]*" is better appreciated from the
molecular electrostatic potential (MEP) map (Figure 8) and a
comparison with the MEP map for neutral DCNT (Figure 9).
The MEP map visually describes the regions of charge
localization over the molecule. For [DCNT]*", the most
negative regions of the MEP map are located on the ring N
atoms, where the spin also accumulates (Figure 7 and Table 3).
In sharp contrast, the MEP maps for [TCNE]*", [TCNQ]*",
and [TCNP]*~ (Figure 8) and the corresponding neutral
species (Figure 9) reveal that the extra negative charge and the spin
are mostly located on the nitriles (Table 3), in good agreement with
previous ab initio studies on [TCNE]*~** [TCNQ]*,*® and
[TCNP]*~*° The different behavior is attributed to the unusual
form of the [DCNT]*~ SOMO. Consequently, the spin is less
protected by Coulombic repulsion for [DCNT]*", and it has a
greater tendency to either o- or z-dimerize than [TCNE]*",
[TCNQ]*", an [TCNP]*", which is in accord with the inability to
isolate [DCNT]*".

The MEP maps also contain information on the electrostatic
component of the interaction energy (strictly, they map the
interaction energy between the molecule of interest and a 1+
charge at the given point, the 1+ charge placed at the same
distance of the molecule). For most ionic crystals, the
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Figure 3. High-resolution synchrotron powder diffraction data (dots) and Rietveld fit of the data (line) for the structure of 1,2,4,5-tetrazine-3,6-
dicarboxamide (F). The lower traces for each plot are the differences (measured — calculated) plotted on the same vertical scale.
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Figure 4. Top and side views of the structure of 1,2,4,5-tetrazine-3,6-dicarboxamide (F) and intralayer hydrogen bonding. The interlayer separation
is 3.35 A (c/2).

electrostatic interaction shown in the MEP map is the [TCNQ]*", and [TCNP]*" in Figure 8 is noteworthy and
dominant energetic component. The similarity between the indicates that the packing of these radical anions is driven by
MEP map for [DCNT]*" and those for [TCNQ]*", the same energetic considerations. As in ijonic salts, the
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Figure S. (a) MO diagram for D,, DCNT. (b, c) Plots showing (b)
the SOMO and (c) the computed spin density for [DCNT]*". The
0.03 au isosurface is shown for the SOMO, while the 0.005 au
isosurface is shown for the spin density. Blue and white indicate
regions of positive and negative values of the spin density, respectively.
The four orbitals shown in (a) can also be classified according to their
behavior with respect to the symmetry plane that contains the
molecular plane: following a top-down ordering, these orbitals would
be of 7* (as it has four CN nodes in the ring and two in the cyano
groups), ¥, 6*, and 7* symmetry, respectively.

-2

(b)

dominant component of the interaction energy between all
species is the electrostatic component that is graphically
represented in the MEP maps. The similarity of their MEP
maps indicates similar packing of these radical anions for the
same cation (a trend that is not necessarily valid for other
anions, whose shapes and/or electronic distributions are not
similar’").

3. Electron Affinities of DCNT, TCNE, TCNQ, and TCNP
in the Gas Phase and Solution. The difference between the
total energies of DCNT and [DCNT]®" is the electron affinity
(EA) of DCNT, and it was computed to be 2.9 eV in the gas
phase and 4.5 eV in MeCN (obtained using the PCM
continuous solvation model), as shown in Table 4, where the
values are compared with those for TCNE, TCNQ, and TCNP.
Previous studies have shown that it is possible to reproduce the

\ /
(=

[DCNT]~ [TCNE]~

A W A g
rane

[TCNQ]- [TCNP]:

Figure 7. Computed spin distributions for [DCNT]*~, [TCNE]*",
[TCNQ]*", and [TCNP]*~ at the 0.01 au isosurface. White indicates
positive regions of spin density, where p® > p’; blue indicates negative
regions, where p? < p”.

experimental EAs of a large number of molecules by accurate ab
initio methods [e.g, CCSD(T), CASPT2] and, with slightly
less accuracy, by density functional theory calculations.”* The
computed EA values are positive, indicating that the anions are
more stable than the parent neutral molecules.

The EAs computed herein at the B3LYP/6-31++G(d,p) level
for TCNE and TCNQ are similar to the reported experimental
values and also to the most accurate computational results
[obtained at the CASPT2 and CCSD(T) levels], which also are
close to the experimental values. Both B3LYP results are 0.5 eV
smaller than the best computed values. The dispersion in the
experimental results does not allow a more precise assessment
of quality. This dispersion is probably due to the fact that some
experiments measure vertical EAs and others diabatic EAs,
among other factors. The B3LYP-computed value of the gas-
phase EA of DCNT is 2.9 eV (Table 4), which is comparable to
a previous estimate of 2.51 eV obtained using the semiempirical
HAM/3 method.'

The computed EA values can also be compared with the
closely related solution reduction half-wave potentials (ES,) for
DCNT, TCNE, TCNQ, and TCNP (Table 4), which increase
in the order TCNP < DCNT < TCNE < TCNQ. It should be
noted that (a) the EY), values are 1 order of magnitude smaller

8- ¢ Yol ¥
8-y B

DCNT TCNE
gap=3.6eV gap=4.2eV

TCNQ TCNP
gap=2.5eV gap=4.6eV

Figure 6. (top) LUMOs and (bottom) HOMOs of DCNT, TCNE, TCNQ, and TCNP (the 0.03 au isosurfaces are shown). Also shown are the

HOMO-LUMO gaps computed at the B3LYP/6-31++G(d,p) level.
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Figure 8. Molecular electrostatic potential (MEP) maps projected on the 0.03 au isosurfaces for [DCNT]*", [TCNE]*", [TCNQ]*", and
[TCNP]*". Red indicates negative electrostatic potential (i.e., regions where the net charge is negatlve), while blue indicates regions where the
electrostatic potential is positive. The scale at the right is the same as that used in Figure 9.

Table 2. Mulliken and NBO Atomic Charge Distributions (in Atomic Units) for D,, DCNT and [DCNT]*~

(Values in

Parentheses Indicate the Variation with Respect to the DCNT Charge on the Same Atom) and the Mulliken Atomic Spin

Densities for [DCNT]*™

DCNT [DCNT]*"
atom Mulliken charge population NBO charge population Mulliken charge population NBO charge population Mulliken spin population
c1? 0.09 024 0.14 (+0.06) 031 (+0.07) 0.03
N1° —0.49 —020 —0.64 (—0.15) —0.36 (—0.16) —0.03
c2 044 0.26 0.39 (—0.05) 022 (—0.04) —0.12
N2 —0.02 —0.15 —020 (—0.18) —0.33 (—0.18) 031

“Only values for symmetry-unique atoms are given. See Figure 1 for the numbering convention. bNitrile atoms.

than the experimental EA values, a fact that reflects their
different scales of reference as well as possible impacts of the
solvent and other medium effects, and (b) the experimental
E7), values do not follow the relative ordering of the
experimental EA values. The EAs computed using the PCM
method do not reproduce the magnitude and relative ordering
of the E7), values in solution. These results suggest that the E7/,
values are determined by more factors than the bare solvent
effects and that a more detailed analysis is needed to
understand the relationship between EA and E7/, in these
compounds.*

4, Electronic Absorption Spectra of DCNT, TCNE,
TCNQ, TCNP, and F. The electronic absorption (UV—vis)
spectrum of a 0.1 mM solution of orange-red DCNT in MeCN
has a strong absorption at 45000 cm ™" (& = §7 000 cm™ M)
and weaker absorptions at 36 600 cm™ (¢ = 17400 cm™ M™")
and 20400 cm™" (& = 2500 cm™ M™") (Figure 10 and Table S).
Its precursor, the air-stable bright orange-red colored compound
1,2,4,5-tetrazine-3,6-dicarboxamide (F) has very broad absorption
bands at ~38 800 cm™" (¢ = 7500 cm™ M™!) and 19200 cm™
(¢ = 840 cm™ M™") in DMSO. F exhibits a magenta color as a
solid (dispersed in Nujol), and this is attributed to broad
absorptions at 37000 and 18 600 cm™". The absorption band in

8194

the visible region at ~19000 cm™' that is present in both
compounds is typical of a tetrazine ring” and results in the
observed color for F.

To more accurately determine the absorption of F in the
visible region of the spectrum, the diffuse-reflectivity spectrum
versus a BaSO, white standard was recorded and converted to
an absorption spectrum (Figure 10). It has a broad absorption
band peaking at a wavelength of about 18 800 cm™, giving rise
to the magenta color of the powder.

To obtain a more quantitative description of the color of this
compound, we determined its chromaticity coordinates.*® This
was done by combining the absorbance (transmission)
properties of F with the color-matching functions of the 1931
CIE standard 2° observer.’”” The resulting chromaticity
coordinates, x = 0.42 and y = 0.31, place the color in the
pink/red/orange part of the 1931 CIE chromaticity diagram
(Figure 11).

The interpretation of these spectra was aided by the MO
diagrams for DCNT and F, shown in Figures 5 and 12,
respectively. The electronic absorption spectra of DCNT and F
were computed at the TD-DFT level using the B3LYP functional
and the 6-31+G(d,p) basis set. The predicted spectrum for each
molecule (Table S and Figure 13) reproduces the experimental

dx.doi.org/10.1021/j05014004 | J. Org. Chem. 2014, 79, 8189—-8201
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Figure 9. MEP maps projected on the 0.03 au isosurfaces for DCNT, TCNE, TCNQ, and TCNP. Red indicates negative electrostatic potential (i.e.,
regions where the net charge is negative), while blue indicate regions where the electrostatic potential is positive. The scale at the right is the same as

that used in Figure 8.

Table 3. Sums of Mulliken Spin Densities (in Atomic Units)
for [DCNT]*", [TCNE]*", [TCNQ]*", and [TCNP]*~
Obtained at the B3LYP/6-31++G(d,p) Level; The Values
Are Grouped as the Sums of the Spins on the Atoms in the
Nitrile Groups (“total CN”) and the Spins on the Central
Ring (“total backbone™)

total CN total backbone
[DCNT]*" 0.00 1.00
[TCNE]*" 025 0.75
[TCNQJ*~ 0.16 0.84
[TCNP]*" 021 0.79

“In [TCNQ]*", the four hydrogens and the two carbons bonded to
the central ring are considered as backbone atoms.

spectrum (Figure 10) very well. The UV—vis spectrum of DCNT
in MeCN has three absorptions at positions and intensities that are
in agreement with the TD-DFT results. The most intense
absorption, at 45 000 cm ™, is predicted to be at 41200 cm™ and
is assigned to the HOMO—1 — LUMO+1 (7* — 7*) transition.
The two weaker absorptions at 36 600 and 20 400 cm™" arise from
the HOMO-1 — LUMO (7* — 7*) and HOMO — LUMO
(0* — 7*) transitions, respectively (Table S and Figure 5).

60000

8000 T T T T T
F [Nujol (Arbitrary)]

7000

F [vs. BaSO, -{ 50000

6000 (Arbitrary)]
40000
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(wo.jow)/q ‘2 ‘uonounx3y Jejol
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-
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Figure 10. UV—vis spectra of DCNT in MeCN (green) and 1,2,4,5-
tetrazine-3,6-dicarboxamide (F) in DMSO (black), in Nujol (blue),
and vs BaSO, (red).

The UV—vis spectrum of the bright-magenta precursor F has
two absorption bands in DMSO solution (or dispersed in
Nujol): a stronger absorption at 38 800 cm™', which is very

Table 4. Computed Electron Affinities (EAs)” of DCNT, TCNE, TCNQ, and TCNP in the Gas Phase and in MeCN and CH,Cl,

Solution, Together with Experimental Values of E7/,

computed gas-phase EA observed gas-phase EA

computed EA in MeCN

computed EA in CH,Cl, E}), in MeCN

acceptor eV eV) (eV) (eV) (V vs SCE)
TCNP 32° 4.4 43% —0.31"
DCNT 2.9;% 2.51912 4.5 4.4 —0.09°
TCNE 3.5;% 2,944 2.88;%%* 2.9,%0 3.17% 5.0° 4.9 0.141
TCNQ 3.7;% 32298 2.83;%%* 2.8;%% 2.84;%° 4.23% 49° 4.8° 0.17"

“The EA values were computed as EA = E(neutral) — E(anion); each energy was obtained at the B3LYP/6-31++G(d,p) level, using the PCM
approach to model the solution environments. “This work. “Obtained using the semiempirical HAM/3 method. “Obtained by CCSD(T)

calculations. “Obtained using the magnetron method.
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Figure 13. Schematic representations of the UV—vis spectra of DCNT
and F (H = HOMO; L = LUMO). See Table S for the electronic
transitions and their intensities.

the Nujol spectrum (the DMSO spectrum has a solvent cutoff in
that region). There is good agreement with the predicted UV—vis
spectra for DCNT, TCNE, TCNQ, and TCNP and F (Figure 13
and Table S).

The similarities in the orbital energies and the shapes of the
HOMOs and LUMOs of DCNT and F (Figures S and 6)
explain the similar positions and intensities of the lowest-energy
transition (the HOMO — LUMO transition), which appears at
about 17000 cm ™" in both cases. The similarity between the
HOMO-1 orbital of DCNT and the HOMO—-S orbital in F
explains the similarity in the highest two transitions. However,
between 30 000 and 35 000 cm™" there are two transitions in F
that are not present in DCNT that are responsible for the
different colors of these two molecules: the HOMO—-3 —
LUMO and HOMO—-3 — LUMO+1 transitions. HOMO—3
has a shape whose dominant component is on the amido
groups. In DCNT, the corresponding orbital is placed lower in
energy because of the higher electronegativity of the CN
groups.

5. Electrochemistry and Reactivity of DCNT. DCNT
was reported to have a reversible one-electron reduction
potential of 0.09 V vs SCE in MeCN'? and hence is easier to
reduce than TCNE. Both TCNE and TCNQ are reduced by
iodides [e.g, (NBuy)I] to form [TCNE]*~ and [TCNQ]*",
respectively (eq 2):

3(NBu,)I+2A — 2(NBu,)A + (NBu,)],
(A = TCNE, TCNQ) )

However, the reaction of DCNT and (NBu,)I did not lead to
tractable products, and decomposition under many reaction
conditions was evident.

DCNT was also anticipated to react with Fe'(CsMe;), to
form the electron transfer salt [Fe™(C;Me;),]"[DCNT]*",
which like [Fe™(CiMe),]* [TCNE]*~ should exhibit ferro-
magnetic coupling if not order as a ferromagnet, as occurs for
several electron transfer salts of [Fe'™(CsMe;),]*[acceptor]®~
composition.”® Upon reaction of Fe(C;Mes), and DCNT in
THE, the reaction mixture turned green, suggestive of electron
transfer. Moreover, the IR spectrum of the product exhibited a
Vc—y absorption at 2222 cm™, which is 51 cm™ lower that
that observed for DCNT?, suggesting its reduction. Nonethe-
less, a pure product could not be isolated. The reaction in
MeCN led to products that lacked an absorption in the 2300—
2000 cm™" region assignable to vc—y. Unlike analogous reactions
with either TCNE or TCNQ, only a brown precipitate
was formed, which also lacked an absorption assignable to ve—y.
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As the failure to form salts of [DCNT]*” was unexpected, the
solution electrochemistry was revisited to verify its solution redox
behavior.

The reaction of TCNP and V(CO)4 forms magnetically
ordered V[TCNP],-zCH,Cl, with T, = 200 K.* DCNT, like
TCNE, TCNQ, and TCNP, forms an immediate black
precipitate upon reaction with V(CO)g. The product, however,
lacks a vc—y absorption indicative of decomposition. The
temperature-dependent magnetic susceptibility [y(T)] of this
product is characteristic of antiferromagnetic coupling (as y(T) X T
decreases with decreasing temperature) and lacks evidence of
magnetic ordering above 4 K, so this product was not studied
further. The decomposition of DCNT was unexpected in view of
the report of its reversible one-electron reduction. Hence,
decomposition upon reduction with V(CO), does not lead to
the formation of a magnetically ordered material.

The electrochemistry of DCNT was also studied by cyclic
voltammetry of a 1 mM solution in MeCN (with 0.1 M
[NBu,][PF4] as the supporting electrolyte). An irreversible
one-electron reduction is observed at —0.09 V vs SCE (Figure 14).

100 mV/s
400 mV/s
800 mV/s
L | | ]
0.50 0.20 -0.10 -0.40
V vs. SCE

Figure 14. Cyclic voltammograms for DCNT at 100, 400, and
800 mV/s revealing an irreversible one-electron reduction.

This is in contrast with the report of a reversible reduction at
0.09 V vs SCE in MeCN."? The irreversible reduction of DCNT is
in contrast to the reversible reductions established for TCNE,
TCNQ, and TCNP (see Table 4) but comparable to the
irreversible behavior reported for tricyanotriazine and 1,3,5-
tricyanobenzene.'”

On the basis of the reduction of 1,3,5-tricyanotriazene and
1,3,5-tricyanobenzene'” and the inability to isolate the sought
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Scheme 2. Hypothesized Reduction Pathways for DCNT
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[DCNT]'_, it is likely that [DCNT]*" dimerizes to form
[DCNT],? (Scheme 2), akin to the formation of [135
trlcyanotrlazene] . We further speculate that [DCNT],>"
could lose cyanogen to form [C4N,,]*", akin to the formation
of redox-active [C;,N;,]*>~ from [1,3,5-tricyanotriazene],>™."”
However, neither species could be detected or isolated. The
inability to characterize any of these reduced DCNT-based
species suggests that oligiomers of reduced DCNT form.

B CONCLUSION

1,4-Dicyanotetrazine (DCNT) was prepared by a modified
literature procedure.40 From electrochemical studies, DCNT
exhibits an irreversible one-electron reduction at —0.09 V vs
SCE in MeCN and is a little harder to reduce than TCNQ and
TCNE but easier to reduce than TCNP. However, the
irreversible reduction suggests that the putative radical anion,
[DCNT]*, is reactive and to likely form dimers if not
oligomers, as observed for 1,3,5-tricyanotriazene and 1,3,5-
tricyanobenzene.17 The precusor to DCNT, 1,2,4,5-tetrazine-
3,6-dicarboxamide (F), exhibits an usual deep-magenta color in
the solid state. Its hydrogen-bonded layered structure was
determined, and it was found to exhibit bands at 37 000 cm™!
(270 nm) and 18500 cm™' (541 nm) that are assigned to
HOMO-5 — LUMO and HOMO — LUMO transitions, respec-
tively. It has a broad absorption band starting at 18 800 cm™’,
giving rise to the magenta color of the powder, and chromaticity
coordinates of x = 042 and y = 0.31, corresponding to the pink/
red/orange region on the 1931 CIE chromaticity diagram.

B EXPERIMENTAL SECTION

Materials. All of the syntheses were performed under a dry N,
atmosphere in a glovebox (<1 ppm O,). Acetonitrile was purified
through an activated alumina dual-column purification system under a
positive pressure of dry N,. Diethyl ether (Et,0), acetone (Me,CO),
and tetrahydrofuran (THF) were purified via distillation under dry N,.
Glycine ethyl ester hydrochloride and tetrakis(dimethylamino)-
ethylene (TDAE) were purchased and used without further
purification. V(CO)s was prepared from [NEt,][V(CO)s] and
phosphorlc acid and purified by sublimation at 25 °C and 0.05
Torr.* Ferrocene was sublimed prior to use. Nitrous gas was formed
in situ by the reaction of hydrochloric acid with sodium nitrite.*

Synthesis of DCNT. DCNT can be prepared by a published
procedure;'" however, it was synthesized via a modified and extended
version of the method from the literature, starting from commercially
available ethyl diazoacetate (Scheme 1).** A solution of sodium
hydroxide (160 g, 4 mol) in 250 mL of water was stirred at 60 °C
while ethyl diazoacetate (100 g, 875 mmol) (A) was added dropwise.
After ~1 h, the reaction slurry was to cooled to room temperature and
was washed with 1 L of 95% ethanol five times. The precipitate was
collected by filtration, washed sequentially with 500 mL of absolute
ethanol and 500 mL of anhydrous ether, and dried in air to give
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disodium dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate (B) as a yellow-
brown solid (83 g, 88%).

A solution of B (75 g, 0.35 mol) in 85 mL of water and crushed ice
(83 g) was cooled by a sodium chloride bath while a solution of
concentrated hydrochloric acid (36—38%, 70 mL) was added dropwise
with stirring. The reaction mixture was washed five times with
anhydrous ether, filtered, and dried under reduced pressure to give
yellow/orange dihydro-1,2,4,5-tetrazine-3,6-dicarboxlic acid (C)
(41 g, 69%).

Thionyl chloride (32 mL, 0.466 mol) was slowly added to a stirring
—30 °C cooled solution of absolute methanol (600 mL). Compound
C (38 g, 221 mol) was added to the cooled solution in small portions
over 30 min. The reaction mixture was then warmed to room
temperature and subsequently warmed to 35 °C for 2 h. The reaction
mixture was cooled, and the precipitate was collected by filtration. The
solid was washed with ether and triturated with dichloromethane,
while the filtrate was concentrated to give an orange-brown oil that
was extracted with dichloromethane six times. The combined
dichloromethane extracts and triturate were dried with magnesium
sulfate and concentrated to give yellow/orange dimethyl dihydro-
1,2,4,5-tetrazine-3,6-dicarboxylate (D) (20 g, 45%) .

Compound D (17 g 85 mmol) was dissolved in concentrated
ammonium hydroxide (200 mL) containing 1.70 g of ammonium
chloride. The mixture was stirred at room temperature for 12 h. The
resulting product was filtered and washed with water and ethanol to
give dihydro-1,2,4,5-tetrazine-3,6-dicarboxamide (E) as a yellow solid
(14.1 g, 98%).

Compound E (7 g, 41 mmol) was added to S00 mL of water, and
the mixture was chilled to 0 °C to give a yellow slurry. A stream of
nitrous oxide gas was bubbled directly into the reaction mixture
producing a color change from yellow to hot pink. The reaction
mixture was filtered and dried to afford magenta 1,2,4,5-tetrazine-3,6-
dicarboxamide (F) (5.68 g, 82%). F has poor solubility except in
DMSO and DMF. UV/vis (DMSO) A, /cm™': 38 800 (258 nm; & =
7500 cm™' M™'), 19200 (520 nm; £ = 840 cm™ M™'); UV/vis
(Nujol) Aye/cm™: 37 000 (270 nm), 18 500 (541 nm).

Diamide F (1 g, 6 mmol) was finely ground in a mortar and pestle
with P,O; (S g 35 mmol), and the mixture was heated at 160 °C in
vacuo in a sublimation apparatus at 10™* Torr via an oil diffusion
pump. The sublimed product was further purified by an additional
sublimation in vacuo at 60 °C to give pure 14-dicyanotetrazine
(DCNT) as orange-red crystals (100 mg, 10%). IR (cm™): 2271 (m,
Ven), 1345 (s), 1281 (w), 904 (m), 850 (m), 810 (w), 588 (s), 515 (m).
UV/vis (MeCN) A /cm™: 45000 (222 nm; € = 57000 cm™ M),
36600 (273 nm; £ = 17400 cm™ M), 20400 (491 nm; & =
2500 cm™ M),

Physical Methods. Crystal Structure Determination. An orange
prism of DCNT was selected, mounted on a thin glass fiber using a
viscous oil, and then transferred to a diffractometer equipped with Mo
Ka radiation. Ten frames of data were collected with an oscillation
range of 1°/frame and an exposure time of 20 s/frame.*'* A total of
613 reflections were indexed, integrated, and corrected for Lorentz,
polarization, and absorption effects using DENZO-SMN and
SCALEPAC.*® Crystallographic information is summarized in Table 1.
The structure was solved using direct methods, and heavy atoms were
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solved using SIR97.*'¢ All of the non-hydrogen atoms were refined
with anisotropic displacement coefficients. The weighting scheme
employed was w = 1/[6*(F,?) + (0.0379P)* + 0.2385P], where P =
(E,> + 2F2)/3. All of the software and sources of scattering factors are
contained in the SHELXTL program library.4ld

High-resolution powder X-ray diffraction measurements for
structural analysis of 1,2,4,5-tetrazine-3,6-dicarboxamide were per-
formed at beamline X16C at the National Synchrotron Light Source at
Brookhaven National Laboratory. The powdered samples were sealed
in nominal 1.0 mm diameter thin-wall glass capillaries. X-rays were
selected by a channel-cut Si(111) monochromator. Diffracted X-rays
were selected by a Ge(111) analyzer and detected by a Nal
scintillation counter. The capillary was spun at several hertz during
data collection to improve the particle statistics. The incident intensity
was monitored by an ion chamber and used to normalize the measured
signal. TOPAS-Academic was used to index, solve, and refine the
crystal structures,*>*

Spectroscopic Studies. Infrared spectra were taken from 400 to
4000 cm™' using an FTIR spectrometer (+1 cm™). Samples were
prepared as KBr pellets under an inert atmosphere. UV/vis
spectroscopy was carried out on a double-beam, double-monochro-
mator UV—vis—near-IR spectrometer scanning from 190 to 820 nm.
Samples were prepared as 0.1 M solutions in MeCN in 1 cm quartz
cuvettes. A 60 mm standard integrating sphere diffuse-reflectivity
attachment using an optical-grade BaSO,, white standard was used for
the reflectivity studies. Instrument software was employed to convert
the diffuse-reflectance spectra into absorbance spectra using a
Kubelka—Munk algorithm.**

Magnetic Studies. Magnetic susceptibility measurements were
made between S and 300 K using a SQUID magnetometer equipped
with a reciprocating sample measurement system or using a
susceptometer equipped with a reciprocating sample measurement
system as described previously.*® Measurements were made on
powders contained in airtight Delrin holders packed with quartz
wool to prevent sample movement in the holder. The samples were
placed in the magnetometer, and the magnetic field was removed by
oscillating the field until it had reached zero. The magnetometer was
then cooled, and the field was applied; the data were recorded upon
warming. Magnetic studies were conducted in a gelatin capsule. AC
susceptibilities were recorded at 33, 100, and 1000 Hz. In addition to
correcting for the diamagnetic contribution from the sample holder,
the core diamagnetic corrections of —57 and —230 X 107 emu/mol
were used for DCNT and Fe(C;Me;),, respectively.

Electrochemical Studies. Reduction potentials were measured from
cyclic voltammograms (CVs) scanning between zero and —0.75 V
at scan rates ranging from 100 to 800 mV/s. The reported CVs at
100 mV/s used Pt working and counter electrodes and a Ag/AgNO,
reference electrode with 0.10 M [NBu,][PF4] as the supporting
electrolyte in acetonitrile; ferrocene was used as the reference.
Reduction potentials are reported in volts vs SCE.

Thermal Studies. Thermogravimetric analysis was conducted in a
Vacuum Atmospheres DriLab instrument under an inert atmosphere
(N,) to avoid O,/H,0O degradation of the samples. Samples were
loaded in an aluminum pan and heated for 10 min at 20 °C before the
temperature was ramped from 20 to 600 °C at 5.00 °C/min under a
continuous 10 mL/min N, purge.

Computational Studies. All of the DFT calculations were carried
out using the hybrid B3LYP exchange—correlation*® density functional
and the 6-31++g(d,p) basis set.*’ The key properties of the electronic
structures of DCNT and [DCNT]*" (ie, MO diagrams, spin
densities, charge distributions, and electron affinities) were evaluated
at their isolated minimum-energy structures. Frequencies were
computed for each optimized structure in order to confirm its true
character as a minimum-energy structure. The optimized geometry of
DCNT was based upon its crystal structure, while that for [DCNT]*~
was computed starting from the structure of its neutral parent DCNT.
A similar approach was used for TCNE,* TCNQ,**° and TCNP,*'
for which the geometries of the corresponding radical anions were
optimized starting from the geometries of the parent neutral
molecules, and the results were compared against the crystallographic
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structures in one of their salts. Table S1 in the Supporting Information
contains the main parameters for the optimized geometry of each
computed system. The chars%e distributions were investigated by
Mullliken population analysis®> and NBO analysis® and by plotting
the MEP maps™* of the molecules. The evaluation of the electron
affinity (EA), defined as the total energy of the neutral parent molecule
minus that for the anion,>® was computed for each isolated system as
well as in MeCN or CH,Cl, solution. In the last two cases, the
energies of the dissolved systems were estimated using the polarized
continuum model (PCM),>® a type of continuous solvation model in
which solvation is described by a series of multipole moments placed
around a solute molecule and estimated iteratively using the quantum-
mechanical method of choice, here at the B3LYP/6-31++g(d,p) level.
It should be noted that the EA in solution is generally measured in
terms of the reduction half-wave potential, a closely related
electrochemical property whose connection with EA has been studied
in the literature.”” The optimum geometries of all systems investigated
in this work agreed very well with those found in their crystals. The
theoretical UV—vis spectra were computed by running TD-DFT
calculations using the B3LYP functional and the 6-31++G(d,p) basis
set.>® All of the calculations were done using Gaussian 09.>°

B ASSOCIATED CONTENT

© Supporting Information

Optimum geometries and total energies of the neutral and
anionic species and X-ray CIF files for DCNT and F. This
material is available free of charge via the Internet at http://
pubs.acs.org. The crystallographic data have also been
deposited with the Cambridge Crystallographic Data Center
(http://www.ccdc.cam.ac.uk) with reference numbers CCDC
1000683 and 999655, respectively.
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