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ABSTRACT: Aminyl tetraradicals with planar tetraazanonacene backbones have quintet (S = 2) ground states and do not show
any detectable thermal population of the low-spin excited states up to the highest temperature investigated (100 K) in the 2-
methyltetrahydrofuran (2-MeTHF) matrix. This indicates that the nearest electronic excited state (triplet) is at least ~0.3 kcal
mol™" higher in energy, that is, the triplet—quintet energy gap, AErq > 0.3 keal mol~!, which is consistent with the broken-
symmetry-DFT-computed AErq of about S kcal mol™". In concentrated (ca. 1—10 mM) solutions of tetraradical 4 in 2-MeTHF
at 133 K, a fraction of tetraradicals form a dimer (association constant, K. & 60 M™"), with a weak, antiferromagnetic exchange
coupling, J/k &~ —0.1 K ~ 0.2 cal mol™', between the S = 2 tetraradicals. This weak intradimer exchange coupling is expected for
two tetraradicals at the distance of about 6 A. The most sterically shielded tetraradical 5 in 2-MeTHF has a half-life of 1 h at

room temperature; the product of its decay is the corresponding tetraamine, suggesting that the hydrogen atom abstraction from

the solvent is primarily responsible for the decomposition of the tetraradical.

B INTRODUCTION

m-Conjugated organic diradicals and polyradicals that possess
high-spin ground states (total spin quantum number S > 1) are of
fundamental interest in chemistry and physics.' > The spin
alignment in high-spin molecules is antithesis to spin pairing in
chemical bonds,">** and it provides enhanced paramagnetism
that is scaling with the S(S + 1) factor. Molecules with strong
paramagnetic properties are important in the development of
spintronics,’ paramagnetic relaxation reagents,” including
contrast agents in magnetic resonance imaging.g’9 Furthermore,
high-spin molecules are building blocks for organic magnetic
materials.'”"" To take advantage of the enhanced paramagnetic
properties, the diradical or polyradical should be persistent at
room temperature and its high-spin ground state must be
exclusively populated. The energy gap (AE) between the high-
spin state and the lowest low-spin excited state should be
significantly greater than the thermal energy (RT) at 298 K. Such
diradicals and polyradicals are exceptional and, especially those
with very large values of S, are challenging to attain.'>™"°
Recently, we reported aminyl diradicals 1—3 that possess
triplet ground states (Figure 1).">7"7 These diradicals are rare
examples of persistent aminyl radicals (R,N-), which are typically
detected as reactive intermediates.'®'® Notably, diradical 2
possesses adequate persistence at room temperature for isolation
as a solid diradical that could be stored under inert atmosphere at
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—20 °C for months incurring only slight decomposition.
Diradicals 1—3 are predicted by calculations to possess large
singlet—triplet energy gaps, AEgy of S—10 kcal mol ™" (Figure 1).
In these structures, coplanarity of the two aminyl radicals and m-
phenylene moiety facilitates the delocalization of spin density
into the m-phenylene moiety, and thus large values of
AEg."*57172% State of the art dedicated difference config-
uration interaction (DDCI) calculations by Barone and co-
workers predict values of AEgy = 5.5 and 9.6 kcal mol™ for 1 and
3, respectively,”' which are in qualitative agreement with AEgy
values determined by broken-symmetry density functional
theory (BS-DFT) calculations, as well as with the limiting values
of AEgr determined by superconducting quantum interference
device (SQUID) magnetometry for 1—3 (Figure 1).°7" The
DDCI calculations also predict that AEg; for the nitroxide
(R,NO-) diradicals structurally related to 1—3 are decreased by 1
order of magnitude,”"** in agreement with AEg; > 0.6 kcal
mol™" measured by SQUID magnetometry for the planar
diazapentacene-based nitroxide diradical related to 1 and 2.***
In general, the decreased AEgr may be associated with
diminished delocalization of spin density in nitroxide radicals
and other organic radicals stabilized by resonance.'**®
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Figure 1. Persistent, triplet ground state aminyl diradicals: half-life at
room temperature and singlet—triplet energy gap, determined
experimentally by SQUID magnetometry and computationally by BS-
DFT and DDCL

Herein we report the synthesis and magnetic characterization
of aminyl tetraradicals 4—6 (Figure 2). In 4—6, planarity of the
tetraazanonacene backbone assures an effective 2p,—2p,, overlap
within the cross-conjugated 7-system of aminyl radicals and m-
phenylenes, leading to an S = 2 (quintet) ground state separated
from low spin excited states by energy gaps AE on the order of §
kcal mol ™. The carbon and nitrogen atoms with significant spin
densities are sterically shielded to enhance persistence of
tetraradicals but without perturbing the planarity of their
tetraazanonacene backbones (Figure 2). The most sterically
shielded tetraradical S, possessing five 4-tert-alkylphenyl
pendants, has a half-life of 1 h in 2-methyltetrahydrofuran at
room temperature.

B RESULTS AND DISCUSSION

Synthesis of Ladder Tetraamines. Tetraamine 7 (Scheme
1) with the ladder structure of nine collinearly fused rings was
previously prepared via a convergent route by palladium-
catalyzed C—N coupling reactions and Frledel Crafts-like
annelations forming six-membered rings. 2627 However, the
analogous convergent route to tripendant tetraamine 10 was
not successful, presumably due to increased steric hindrance of
the ortho-substitution in the C—N coupling reaction.”® We
developed a divergent route to 10 and 11, starting with the di-
and tetra-bromination step, followed by Suzuki coupling
(Scheme 1). However, the bromination of 7 under a range of
conditions, including those employed for the tribromination step
in the synthesis of tripendant diamine 13 (Chart 1),">"” results in
complex, dark-colored mixtures with broad '"H NMR spectra.
Bromine (Br,, E7%05Vvs SCE)29 can oxidize tetraamine 7

Spin Density large
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Figure 2. High spin aminyl tetraradicals 4—6 with planar tetraazano-
nacene backbones.

(E° ~ 0.5 Vand E**/* % 0.6 V vs SCE),” to the corresponding
aminium radical cation and diradical dication, and therefore we
trapped the electrophilic radical cation intermediate with an
excess of bromide under strictly anhydrous conditions at low
temperature. This method provides dibromotetraamine 8 and
tetrabromotetraamine 9 in good yields. Suzuki coupling of the
brominated tetraamines with pinacol 4-tert-undecylphenylboro-
nate'® provides the target tetraamines 10 and 11, as well as tetra-
pendant tetraamine 12, in moderate yields.

Structure of Ladder Tetraamines. The X-ray structure of
tetraamine 11 shows that the nine collinearly fused six-
membered rings form a nonplanar, buckled z-system, with
boat-like conformations for the NH-containing six-membered
rings (Figure 3). Absolute values of torsional angles such as C2—
C3—C4—CS and C31-N1-C32—C33 in 11 are approximately
150° (Table S2, Supporting Information). A similar conforma—
tion was observed in the X-ray structure of tetraamine 7.>°

Notably, the structure of tetraamine 11 with buckled 7-system
is distinct from the previously reported X-ray structures of
diamine 13 and tetraamine 14 (Chart 1) which showed planar 7-
systems of the five and nine collinearly fused six-membered rings,
respectively.'*2¢
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Scheme 1. Synthesis of Ladder Tetraamines 10—12
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Chart 1. Diamine 13 and Tetraamine 14
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To gain better insight into the structures of these sterically
hindered tetraamines with 7-systems of collinearly fused six-

membered rings, we carried out computational modeling. The
simplified structures of 10—13, in which the tert-undecyl groups
are replaced with tert-butyl groups (10a—13a), are studied at the
B3LYP/6-31G(d,p) level of theory.>* Full geometry optimiza-
tions of these structures with planar (10a—13a) or buckled (10a,
11a, and 13a) conformations provide similar minimum
energies—within about 1 kcal mol™'. In the buckled
conformation of 11a, the geometry of the tetraazanonacene
moiety, as described by the selected angles and torsional angles, is
similar to that in the X-ray structure of 11 (Table S2, Supporting
Information). The vibrational analyses for both the planar- and
buckled-tetraamine with three pendants, 10a, and diamine with
three pendants, 13a, suggest that their fused ring moieties are
flexible with low frequencies of S—10 cm™ for the symmetric
out-of-plane vibrational modes (Table S6, Supporting Informa-
tion). This suggests that the duality of conformations determined
by the X-ray structures for the collinearly fused ring moieties may
be a result of packing effects.

Structures of tetraamines 10—12 are confirmed by the
assignment of their experimental 'H and *C NMR spectra in
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Figure 3. Molecular structure and conformation for 11: Ortep plot
(top), Mercury-generated™ side view showing buckling of the fused ring
moiety (middle) and Schakal-generated™" space-filling plot (bottom). In
the Ortep plot, carbon and nitrogen atoms are depicted with thermal
ellipsoids at 50% probability; disorder and hydrogens are omitted for
clarity. Further details are reported in Tables S1 and S2, and Figures S1
and S2 in the Supporting Information.

benzene-dy using standard 2D NMR spectroscopy, including
'"H-'3C HSQC, 'H-'3C HMBC, 'H-'H NOESY, and 'H-"*N
HSQC (Figures S5—S9 and S18—S47, Supporting Information).
Diamine 13, for which the X-ray structure was determined, was
subjected to similar NMR experiments in chloroform-d and
serves as a reference for the tetraamines.

Additional structural evidence for the pendant-substituted
ladder tetraamines was obtained from the correlation between
the DFT-calculated (6pgr) and experimental (8,) 'H and *C
NMR chemical shifts. Using the calculated chemical shifts for
10a—13a with planar fused ring moieties (Figures $10 and S11,
Supporting Information), correlation coefficients, R* = 0.996—
0.997 and 0.991—0.997, are obtained for 'H and 3C NMR
chemical shifts, respectively (Table S11, Supporting Informa-
tion). Also, the calculated "H and '*C NMR chemical shifts for
tetraamine 11a, with buckled 7-system of collinearly fused six-
membered rings similar to the conformation found in the X-ray
structure of 11, provide correlations similar to those of planar
11a (Figures S16 and S17, Supporting Information). The
relationship between computed and experimental NMR
chemical shifts is further illustrated by applying the correlations

to scale linearly Oppr that provide d g, and then by plots of the
differences between the scaled and experimental NMR chemical
shifts (Sycateq — Gexpt) for each distinct carbon or hydrogen atom in
the structure (Figures S11—S1S, Supporting Information).
These plots confirm good agreement between theory and
experiment, specifically the low values of statistical error
parameters for *C and 'H (with the NH groups excluded)
NMR chemical shifts (Table S11, Supporting Informa-
tion) 263336

Aminyl Tetraradicals. We first attempted to prepare aminyl
tetraradicals 15 and 16 from the recently reported ladder
tetraamines 7 and 14 (Scheme 2)*® under the reaction

Scheme 2

AL IO LT T
NN NN
H H x H H

7,R = n-CgHyp, X = —I@—é

14, R = CH3, X = CHj

1. n-BuLi (4.6 - 5.2 equiv)
2.15,-1050r -115°C

15,R= n—C8H17, X= “’©_€

16, R = CHz, X = CH,

conditions for generation of aminyl diradicals at low temper-
atures; that is, a slight excess of n-BuLi over the stoichiometric
amount of 4 equiv is added to the tetraamine, and then the
reaction mixture is oxidized. Iodine is added by vacuum transfer
in small portions (Scheme 2).">~"7 In each case, the EPR spectra
of the reaction mixture show an intense center peak, side bands,
and a half-field (IAmgl = 2) transition. The side bands could be
simulated with the EPR spectral parameters similar to those for
the S = 1 state of aminyl diradicals 1 and 2."'7 The crude
reaction mixture obtained from oxidation of tetraamine 14 was
investigated by SQUID magnetometry and only an “average”
value of S & 1 was obtained. MALDI MS studies on the crude
reaction mixture derived from tetraamine 7 showed dominant
peaks at an m/z corresponding to oligomers of 15 (or 7), and
relatively insignificant peak intensity at an m/z of 7 (Figures
$48—S854, Supporting Information).

These results indicate that only a fraction of the expected
radicals (unpaired electrons) could be detected in the reaction
mixtures and may imply that the targeted tetraradicals are not
persistent even at low temperatures, and most likely form
covalently bonded oligomers.

Aminyl tetraradicals 4—6 are prepared from tetraamines 10—
12. Deprotonation of tetraamine (~1 mg, ~0.5 pmol) with n-
BuLi provides solutions of the corresponding tetraanion in
tetrahydrofuran/hexanes. After solvent exchange to 2-methylte-
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Figure 4. EPR (X-band) spectra of 4 and § in 2-MeTHF at 132—133 K. (A and C) Concentration dependent spectra for 4 (A) and 5 (C). The outermost
side bands, labeled “S = 17, are detected at high sensitivity instrument settings, and their intensities are normalized to the lowest-field [Amgl = 1 band (at
327 mT) for the S = 2 ground state of the tetraradical. (B and D) Experimental (black line) and simulated (red line) spectra for 0.46 mM 4 (B) and 0.6
mM § (D). Selected EPR spectral parameters for the S = 2 ground states of 4 and § are summarized in Table 1. Further details regarding simulations of
the EPR spectra, including the parameters for byproduct triradicals (S = 3/2 states) and monoradical (S = 1/2), may be found in Table S3, Supporting

Information.

Table 1. Summary of Analyses of EPR Spectra for Aminyl Diradical 2, Tetraradicals 4 and S, and Dimers (4), and (5), in 2-MeTHF

at 132—133 K

Conc.” ID/hcl |E/hcl

(mM) v(GHz) S (107%cm™) (10 em™)
Diradical 2” 0.53 94645 1 8.6 1.95
Tetraradical 4 0.46 9.6414 2 5.26 1.63
Tetraradical § 0.6 9.6441 2 S.15 1.60
Dimer (4), 9.6550 1 3146 6.40
Dimer (5), 9.6519 1 24.4 6.3

|A%Y/ hcll |4§Z/ hcl
(107 em™) (10™° em™) £ &y & I's
0.99 X 2 2.0030 2.0043 2.0019 2.0031
0.50 X 4 2.0023 2.0017 2.0041 2.0027
0.50 X 4 2.0020 2.0016 2.0041 2.0026
0.25 X 84 2.0035 2.0037 2.0015
0.25 X 8¢ 2.0030 2.0042 2.0020

“Concentrations are based on the mass of precursor diamine 13 or tetraamines 10 and 11, and volume of the solvent. YReference 15. ‘g=(gx+gy +

/3. AN splitting is not resolved in the S = 1 states of the dimers.

trahydrofuran (2-MeTHF), the tetraanion is oxidized with
iodine. Small portions of iodine are transferred over the vacuum
line to a solution of the tetraanion at about —115 °C (158 K), and
the reaction mixture is monitored by EPR spectroscopy at about
132—133 K to observe the formation of the tetraradicals 4—6.
Custom made quartz tubes that allow for monitoring of the
reaction mixture by EPR spectroscopy and flame-sealing are used
in preparation of the tetraradicals for the SQUID measurements.

18209

The success in preparation of tetraradicals 4—6 and the failure
to obtain tetraradicals 15 and 16 from the corresponding
tetraamines, using similar reaction conditions, suggest that the
carbon and nitrogen atoms with significant spin densities (Figure
2) should be sterically shielded by the 4-tert-alkylphenyl
pendants.

EPR Spectroscopy. Concentrated purple-blue solutions of
tetraradicals 4 and § in 2-MeTHF at 133 K show complex EPR

dx.doi.org/10.1021/ja409472f | J. Am. Chem. Soc. 2013, 135, 1820518215
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Figure S. Orientation of the principal axes for D-, A-, and g-tensors in S = 2 aminyl tetraradicals, S = 1 aminyl diradicals, and S = 1 nitroxide diradicals.

spectra in the |Amyg| = 1 region (Figure 4 panels A and C for ~7
mM tetraradicals). Notably, upon sequential dilution of the ~7
mM solutions, the outermost side bands labeled “S = 1 are
progressively decreasing to the baseline level in the dilute
solution of <0.7 mM tetraradicals. The EPR spectra of dilute,
glassy solutions of 4 and S in 2-MeTHF can be simulated and
fitted to the S = 2 state (Figure 4B,D, and Table 1), indicating
that monomeric S = 2 tetraradical is the predominant species
corresponding to 70—80% of doubly integrated EPR intensity.
For each tetraradical, two by-product S = 3/2 triradicals and an S
= 1/2 monoradical are included in the spectral simulation as
minor species (Table S3, Supporting Information).*”

In the |Amgl = 2 region, intense center peaks are observed. In
addition, six broad sidebands are detected at 133 K for
concentrated samples (inset plots in Figures 4A,C and Figures
S66 and S71, Supporting Information). These spectra are more
broadened and complicated compared to the |Amgl = 2 spectra
with four sidebands for monomeric S = 2 hydrocarbon
tetraradicals with negligibly small |E/hcl.>>*

For S = 2 tetraradicals 4 and S, the zero-field splitting (zfs)
parameters |D/hcl = 5.2—5.3 X 107> cm™" correspond to the
spectral width of 6ID/hcl, which is nearly two times greater than
that of the homologous S = 1 diradical 2 (Table 1)." In addition,
the relative orientations of D-, A-, and g-tensors with respect to
the plane of the tetraazanonacene moiety are distinctly different
from those in the S = 1 diradical 2, as indicated by the selected
principal values listed in Table 1. The Y turning points in 4 and ,
which include the second outermost peaks, are split into nonets
with spacings of |Ayy/hcl/4, where Ayy is the largest principal
value of the "N hyperfine tensor (the A tensor) of four nitrogen
nuclei. This is in contrast to the splitting of the two outermost
peaks (Z turning points) into pentuplets with spacings of 1A,/
hel/2, where A is the largest principal value of the '*N hyperfine
tensor (the A tensor) of two nitrogen nuclei in diradical 2 and in
other related planar S = 1 aminyl diradicals.">~"” Because the
largest principal value of the '*N hyperfine tensor is expected to
coincide with the direction of the nitrogen 2p, orbital,* the 2p,
orbital in tetraradicals can be considered to be approximately
parallel to the Y-axis, which is the direction of the second largest
principal value of the D tensor. In comparison, the 2p,, orbital in
diradicals is approximately parallel to the Z-axis, which is the
direction of the largest principal value of the D tensor. Assuming

that the D tensor primarily originates in the magnetic dipole—
dipole interactions,*" these relative orientations of D- and A-
tensors in the S = 2 aminyl tetraradicals 4 and $ suggest a
“prolate-like” shape of spin density that is elongated in the
direction of the Z-axis (Figure S). This is in contrast to an
“oblate-like” shape of spin density that is compressed in the
direction of the Z-axis, which is parallel to the 2p, orbitals of the
azaacene backbone in the S = 1 aminyl diradical 2.

In summary, aminyl tetraradicals 4 and § possess a “prolate-
like” shape of spin density that is elongated in the direction of the
“long” molecular axis of the azaacene backbone, which is in
contrast to the homologous aminyl diradicals with an “oblate-
like” shape of spin density that is compressed in the direction of
2p, orbitals of the azaacene backbone.

The relative orientations of the D- and A-tensors, and a
“prolate-like” shape of spin density for aminyl tetraradicals 4 and
§ are similar to those in planar S = 1 nitroxide diradicals (Figure
5), however, the orientations of the principal values of the g-
tensor are quite different in aminyl and nitroxide radicals. As
expected for z-radicals, including aminyl and nitroxide radicals,
the smallest principal value of the g-tensor is parallel to the 2p,
orbitals, and thus coinciding with the direction of the largest
principal value of the A-tensor, such as gy in 4 and 5, and S =1
nitroxide diradical (Figure 5), and g; in aminyl diradical 2. The
largest principal value of the g-tensor in aminyl diradicals and
tetraradicals 1—S5 is oriented along the “long” molecular axis of
the azaacene backbones and orthogonal to the direction of the
2p,, orbitals (Y-axis in diradicals and Z-axis in tetraradicals). This
particular orientation is different from that observed in planar S =
1 nitroxide diradicals, for which the largest principal value of the
g-tensor coincides with the X-axis (Figure ), a “short” molecular
axis orthogonal to the direction of the 2p, orbitals."*** In
addition, components of the g-tensor average to significantly
lower isotropic values of g = (gx + gy + g7)/3 ~ 2.003 (Table 1),
compared to g = 2.004S for the diazapentacene-based nitroxide
diradical (Figure 5).*> These isotropic g-values are similar to
those observed in planar S = 1/2 diarylaminyl and diarylnitroxide
radicals.** In summary, g-tensor analyses differentiate between
EPR spectra of aminyl and nitroxide radicals.

Dimers of S = 2 Tetraradicals. As indicated by EPR
spectroscopy, in the concentrated, purple-blue solutions of the S
= 2 tetraradicals 4 and S in 2-MeTHF at 133 K (Figure 4), the

dx.doi.org/10.1021/ja409472f | J. Am. Chem. Soc. 2013, 135, 1820518215
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tetraradicals are likely to exist as dimers (4), and (5),. According
to SQUID magnetometry of concentrated, 6—10 mM, 4 and § in
2-MeTHEF, the intradimer exchange coupling between the § =2
tetraradicals, J/k &~ —0.1 K, is antiferromagnetic (J < 0) and very
weak (Figure 6, and Table 2). Since the value of intradimer ] /kl is
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Figure 6. SQUID magnetometry of 6.6 mM 4 (A) and 7.9 mM § (B) in
2-MeTHEF. Main plots: the magnetization at 1.8, 2, 3, and 5 K is plotted
as M/Mg, vs H/(T — ) with Brillouin functions for S = 1/2, 1, 3/2, and
2. Inset plots: the magnetic susceptibility at S00 and 5000 Oe is plotted
as yT vs T together with the numerical fit (solid line) to the Heisenberg
Hamiltonian for the dimer of S = 2 tetraradicals (eq S1, Supporting
Information). Fitting parameters for the main and inset plots are
summarized in Table 2.

much lower than 133 K, the temperature at which EPR spectra
(Figure 4) are obtained, all spin states of the dimer with S=0, 1,
2, 3, and 4 are thermally populated proportionally to their spin
multiplicities 28 + 1. In the EPR spectra of the dimers, each spin
state with S > 1 contributes to the double integrated EPR
intensity proportional to its thermal population multiplied by the

S(S + 1) factor. One of these spin states gives rise to the
outermost side bands that are assigned as “S = 1“ (Figures 4AC).

Spectral simulation of the outermost bands in dimer (4),
indicates that the “S = 1” bands (Figure 4A) could be assigned to
either the S =1 or S = 2 state, but not the S = 3 or S = 4 state. To
assign the “S = 1” bands, we analyzed the D-tensor for the dimer,
assuming that (4), adopts a #-dimer-like, centrosymmetric
structure. The largest components of the D-tensors for the S = 1,
2, 3, and 4 states of the dimer, labeled as D, D,, D5, and D, as
well as for monomeric tetraradical (D,,) and exchange
contribution (D,,;,) may be approximately related by eqs

la—1d.% .
D, = -21/5D,, + 13/5D,, (1a)
D, = —3/7D,, + S/7D, ., (1b)
D, =1/5D, + 2/5D, (1¢)
D, = 3/7D, + 2/7Dyen (1d)

The components of the D-tensors, D;—D,, are correlated to the
zfs parameters D by a factor of 1.5, as well as to the spectral
widths 2(2S — 1)IDI, thus providing an approximate separation
between the outermost bands for each state of the dimer with S =
1—4. The spectral simulation suggested that eqs laand 1b, i.e,, S
=1 and S = 2 states of (4),, should be considered. Because the
separation between the low-field and high-field “S = 1” bands is
about 2ID,| &~ 70 mT in Figure 4A, which is about twice the
spectral width, 6|D,| & 35 mT, for monomeric S = 2 tetraradical
4, only eq la and D, and D, with opposite signs yield
reasonable values of D.q; that is, typically ID | < ID,l. Thus,
the “S = 1” bands are assigned to the S = 1 state of the dimer. For
monomeric S = 2 tetraradical 4, D, is —5.26 X 107> cm™’, with
the negative sign expected for a prolate-like shape of spin density
in 4, and the spectral simulation of the outermost (“S = 1”) bands
gives ID;| = 31.46 X 107° cm™" for the S = 1 state of dimer. From
these values, the D,y = 3.6 X 10~ cm™ (and D; > 0) is
estimated from eq 1a.** (D, > 0 is anticipated in a 7-dimer-like
structure of (4),.) Using eqs 1b—1d, the values of D, D;, and
D, can then be derived from the D,, and D, and used as initial
values in the EPR spectral simulation of concentrated solutions
of 4 (Table S4 and Figure S3, Supporting Information).

Simulations and double integration of EPR spectra of 1—7 mM
tetraradical 4 in 2-MeTHEF for the S = 1 state of the dimer and S =
2 state of the monomer provide an estimated association
constant K. =& 60 =+ 15 M™' at 132—133 K (Table SS,
Supporting Information),* which is about five times smaller
than that for the dimer of § = 1 diradicals 2."°

In the EPR spectra of concentrated solutions of sterically
hindered tetraradical §, the outermost bands corresponding to
the dimer (5), are poorly defined and accompanied by additional

Table 2. Summary of Magnetic Data and Numerical Fits for Tetraradicals 4 and 5 in 2-MeTHF

tetraradical sample number mass® (mg) conen? (mM)
4 1 0.75 6.6
2 1.20 10
3¢ 1.38 8 2.0
S 1 0.97 7.9 1.8
2 1.00 6.7 1.8

1.9-2.0
1.8—-19

—0(K) Mgy (ug) 2T (emuKmol™)  yT/My,  —J/(K)
0.5 0.71 2.05 2.89 0.1
0.5 0.72 1.82 2.53 0.1
0.9 0.85 2.40 2.82 0.12
0.5 0.70 2.03 2.90 0.1
0.4 0.72 2.00 2.78 0.08

“Mass of tetraamine 10 or 11. “Concentration based on the mass of tetraamine and volume of the solvent. “M, per mol of “monoamine moieties”,
i.e., aminyl radical site. %y T}, per mol of tetraamine measured at 5000 Oe. “For this sample, residual hexanes may not have been removed as
thoroughly as for other samples leading to increased value of the mean-field parameter — .
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weak bands. Because of relatively smaller separation of these
bands, the spectral simulation gives much smaller ID,| ~ 24.4 X
1073 cm™!, compared to that in (4),.

In summary, concentrated solutions (ca. 1-10 mM) of
tetraradical 4 in 2-MeTHF at 133 K are partially associated
forming a dimer, in which two S = 2 tetraradicals interact with a
weak antiferromagnetic exchange coupling (<1 cal mol™).

SQUID Magnetometry. Magnetic studies of 4 and $ in 2-
MeTHEF by SQUID magnetometry unequivocally confirm their
quintet ground states, as evidenced by the S = 2 paramagnetic
behavior in both the magnetization (M) vs magnetic field (H)
and the magnetic susceptibility (y) vs temperature (T) plots
(Figure 6 and Table 2).

The M/M,, vs H/(T — 6) plots for 4 and 5 at 1.8, 3,and 5 K
closely follow that of the S = 2 Brillouin function. The curvature
of the plots, which does not depend on the radical concentration
or the amount of sample, indicates that the measured S & 2 is the
ground state. A mean-field parameter, with a typical value, 6 ~
—0.5 K, accounts for weak intermolecular antiferromagnetic
interactions between the tetraradicals, including intradimer
antiferromagnetic exchange coupling, which will be discussed
below. Another parameter in the plot, the magnetization at
saturation, M, measures the spin concentration of the sample,
discussed in the next paragraph.

The constant value of ¥T, as evidenced by the flatness of the yT
vs T plots in the T = 10—100 K range, indicates that there is no
significant change in the thermal population of spin states up to
100 K, the highest temperature allowed by the 2-MeTHF matrix
for the measurement. This suggests an approximate lower limit
for the triplet-quintet energy gap, AErq > 150 K (~0.3 keal
mol™"). A correction of the typical values of T ~ 2 emu K mol ™"
with the measured spin concentration, M, ~ 0.7 yg (per aminyl
radical site), gives yT =~ 2.5—2.9 emu K mol™' (Table 2), which
are close to the value of 3.0 emu K mol™" expected for an S = 2
tetraradical. This result provides additional evidence for the S =2
ground state.

The downward curvature of the yT vs T plots in the T = 10—
1.8 K range may be fit numerically to a Heisenberg Hamiltonian
model of dimer of S = 2 tetraradicals,*® with intradimer
antiferromagnetic exchange coupling, J/k & —0.1 K (inset plots
in Figure 6, Table 2). In this model, the thermal populations of
states with S = 0, 1, 2, 3, and 4, as well as their magnetic mg-levels,
are computed to account for paramagnetic saturation effects (eq
S1, Supporting Information). The exchange couplings tend to be
slightly less negative for the more sterically hindered dimer (5),,
compared to those for (4),. The small value of |J/kl implies that
above T = 10—20 K, 4T (and other paramagnetic properties) for
the dimers will be that of two magnetically independent S = 2
tetraradicals, as shown in Figure 6. In the previously reported
dimer of § = 1 diradicals 2, the value of J/k & —0.2 K suggested a
stronger intradimer exchange coupling."> Studies of conforma-
tionally constrained diradicals and tetraradicals indicate that
through-space [J/kl of the order of 0.1—1 K are associated with
radical—radical distances of about 5—6 A.*”** Similar distances
are observed for the closest C---C contacts between the
tetraazanonacene moieties in the X-ray structure of tetraamine
11 and the plane-to-plane distance between diazapentacene
moieties in the DFT-computed model structure of the dimer of
= 1 diradical 2."5*73!

In summary, SQUID magnetometry establishes unequivocally
that tetraradicals 4 and § in 2-MeTHF possess quintet ground
states with the nearest electronic excited state (triplet) at least
~0.3 keal mol ™" higher in energy (AErq > 0.3 kcal mol ™). The

quintet ground state with this AErq corresponds to a
ferromagnetic exchange coupling within the tetraradical that is
more than 3 orders of magnitude stronger than the intradimer
antiferromagnetic exchange coupling between the quintet
tetraradicals. This weak intradimer exchange coupling (] Jk ~
—0.1 K ~ 0.2 cal mol™) is expected for two tetraradicals at the
distance of about 6 A.

Decay Kinetics of Aminyl Tetraradicals. The persistence
of 4—6 in 2-MeTHF was investigated by EPR spectroscopy. A
sample of 0.39 mM tetraradical § shows identical EPR spectra
before and after annealing at 246 K (—27 °C) for 1 h (Figure S76,
Supporting Information). However, the decay of the tetraradical
was readily detectable at 295 K, where EPR spectra indicate first
order kinetics with a half-life, 7, ,, & 1 h (Figure 7, and Figure S77,

15 min (o]
30 min
45 min
&0 min
105 min
—— 135 min
180 min
240 min

A d/ :Omm B -6 -

-In(EPR peak height)

I -8 | I T
328 332 336 0 2 4

mT Time (h)

Figure 7. Decay kinetics of 0.39 mM tetraradical § in 2-MeTHF at 295
K. (A) Selected EPR spectra at 133 K after annealing at 295 K, with the
measured peak height marked with an arrow (~327 mT) and (B) the
first-order decay kinetics with a two-parameter fit (R> = 0.981) that gives
rate constant k = 0.697 + 0.075 h™' (95% confidence level). The
intensity of the measured EPR peak height was corrected with a
nitroxide radical reference (1.0 mM TEMPONE in 2-MeTHF).

Supporting Information). This half-life is considerably shorter
than 7,, &% 3 h for § = 1 diradical 2 under similar conditions."®
After several days at room temperature, 'H NMR spectra and
mass spectrometry showed that the isolated samples were
predominantly tetraamine 11 (Figures S72 and S79, Supporting
Information). These results suggest that the decay of 5 to 11 in 2-
MeTHF proceeds by a hydrogen abstraction mechanism,*”
which is analogous to those observed for matrix isolated dialkyl
aminyl radicals and for diradicals 2 and 3.3

Tetraradicals 4 and 6 are significantly less persistent than $,
and complex reaction products are formed over time in sealed
tubes at room temperature. For 4, EPR spectra are unchanged,
after annealing at 195 K (—78 °C) for 4S min; however, upon the
tetraradicals being annealed at 246 K a significant decay of the
EPR signal intensity is observed, for example, ~10% decrease
after 15 min (Figure S69, Supporting Information). Tetraradical
6, for which one of the positions in the tetraazanonacene moiety
with large spin density is sterically unprotected (Figure 2) is less
persistent than 4. EPR spectra of 6 in 2-MeTHF show a
significant decay at —78 °C with 7, /, & 15 min and the plot of the
decay of EPR intensity can be numerically fitted to first order
kinetics with modest quality (R* = 0.96, k ~ 0.04 + 0.01 min ™" at
the 95% confidence level), suggesting a more complex kinetic
behavior. After several days at room temperature, the crude
reaction mixture shows a complicated "H NMR spectrum. The
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Table 3. Summary of Triplet-Quintet Energy Gaps (AEr) for 4a and 17 by the BS-DFT at the UB3LYP/6-31G(d)+ZPVE Level”

o x= {4

17 X=H
state N-centered spin densities (Sz)Expeded
4a quintet aaaq 6.00
BS triplet Paaa 3.00
17 quintet aqao 6.00
BS triplet Paaa 3.00

(8%) Caleutated AEyy (keal mol™) AErq (keal mol™)
6.17 0.00 0.00
3.13 3.54 4.85
6.17 0.00 0.00
3.13 3.62 4.97

“Further computational details on 4a and 17 are provided in Tables S8 and S9, and Figure S4 in the Supporting Information.

Figure 8. Spin density map for the quintet ground state of tetraradical 4a at the UB3LYP/6-31G(d) level of theory. Positive (blue) and negative (green)

spin densities are shown at the isodensity level of 0.006 electron/Bohr.’

MALDI MS peaks are comparable to an m/z of 12 and a dimer of
6 (or 12) (Figures S94—S96, Supporting Information).

For §, the most persistent tetraradical, we investigated its
reaction with oxygen (O,). The EPR spectrum of 2.8 mM § in 2-
MeTHE is unchanged after the solution is saturated with dry O,
at 165 K (=108 °C) for 25 min (and then degassed); however, a
similar experiment at 195 K results in a sharp decrease of the EPR
signal intensity and, in particular, the complete disappearance of
the quintet resonances for § (Figure S87, Supporting
Information). This behavior is analogous to that observed
upon exposure of 2 in 2-MeTHF to O,.'°

DFT Computation of Quintet—Triplet Energy Gaps. The
simplified structures of aminyl tetraradical 4, that is, 4a and 17
(Table 3), were studied at the UB3LYP/6-31G(d)+ZPVE level
of theory. Full geometry optimizations for the high-spin (S = 2)
states, starting from either planar or buckled conformations for
the fused ring moieties, result in energy minima with planar
conformations. The low-spin (S = 1 and S = 0) states were
studied using broken-symmetry wave functions and were also
optimized to planar geometries for the fused ring moieties.

Similarly to the linear tetramers of Cu(II) ions with spin-1/2,>*
the triplet state of tetraradicals 4, 4a, and 17 is expected to be the
lowest energy low-spin excited state (and the first excited state),
just above the quintet ground state. Assuming that the spin
contamination of the lowest energy excited triplet state only
originates from the quintet ground state components, the
triplet—quintet energy gap (AErq) may be estimated using the
energy difference between ground state quintet and lowest
energy broken-symmetry triEIet (AEyyg) and the correction for
spin contamination (eq 2).2 3

18213

AErq = AEy[((S3) = 2.00)/(¢S3) — (Sier))]  (2)

The correction for spin contamination is based on the calculated
mean values of the S* operator for the ground state quintet
({S&)) and broken symmetry triplet ((Sgs.r))-

Both 4a and 17 possess similar AEpq = 5 kcal mol™ as
expected because the spin density is primarily within the fused
ring moiety (Figure 8). However, AE;q for 4 is probably
somewhat smaller because DFT, including the broken symmetry
approach, typically overestimates the stability of the high spin
ground state.”"%%7%8

Using the UB3LYP/6-31G(d)-optimized geometries of the
high-spin (S = 2) states of 4a and 17, the EPR D-tensor and "*N
A-tensors are computed at the B3LYP/EPR-II level using
ORCA.** Computations of the D-tensor employed the spin—
spin approximation, neglecting spin—orbit contributions, which
provides reasonable agreement between theory and experiment
for organic diradicals with spin densities centered on first row
elements,®"** including N-centered diradicals."®*" Specifically,
for planar aminyl and nitroxide triplet diradicals, e.g,, 3 (Figure
1), the B3LYP/EPR-II-computed EPR spectra provide the
correct orientation of the D-tensor (and thus, the correct sign),
as indicated by the '*N pentuplet splitting of the outermost lines
(Z-lines) in aminyls and the splitting of the second outermost
lines (Y-lines) in nitroxides. However, the values of the zero-field
splitting parameter D are usually overestimated, especially in
aminyls.

For both 4a and 17, the computed zero-field splitting
parameters D ~ 11 X 107* cm™ and E &~ 3 X 107 cm™" are
similar, as expected for similar spin density distribution in both
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tetraradicals (Figure 8 and Figure S4, Supporting Information).
These computed values overestimate the experimental D and E
in 4 by a factor of 2 (Table 1), similarly to that in aminyl diradical
3. Morever, the largest (D;;) and second largest (Dyy)
principal values of the D tensor have the opposite orientation for
computed 4a and 17 vs the orientation experimentally found in
4. For example, the largest value (D) is approximately parallel
(in 4a and 17 by computation) and orthogonal (in 4 by EPR
spectroscopy) to the direction of the 2p,-orbitals on the
nitrogens. Consequently, the computed EPR spectra for 4a
and 17 show nonet splitting due to the largest component of the
"N A-tensor at the Z-lines of the spectrum (including the most
outer lines), in contrast to the experimentally observed nonet
splittings of the Y-lines (including the second most outer lines) in
4.

B ASSOCIATED CONTENT

© Supporting Information

General procedures and materials, additional experimental
details, and X-ray crystallographic files (tetraamine 11) in CIF
format. This material is available free of charge via the Internet at
http://pubs.acs.org.
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