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ABSTRACT: Cofacial arrangement of two Blatter radicals enforced by the peri-naphthalene scaffold represents a new approach to
stable diradicals with strong through-space interactions. Two stereoisomers of the naphthalene-diradicals, anti and syn, are
investigated by XRD, VT-EPR, UV—vis, electrochemical, kinetic, and DFT methods. In solutions, both stereoisomers exist as open-
shell singlets with AEg.r = —3.1 and —3.8 kcal mol ™, respectively. The anti isomer was resolved into enantiomers and converts to

syn with AG¥,55 = 23.6(8) kcal mol™.

table diradicals' and diradicaloids® are of interest for

fundamental science and for the development of functional
materials.” A combination of the readily thermally accessible
high-spin states, redox properties, and low excitation energies
are attractive for applications, such as near-IR dyes,” nonlinear
optics,” sensors,” and singlet fission” in photovoltaic devices.
The recent focus in investigation of such open-shell systems is
on derivatives® of the Blatter radical” (Figure 1), which offers
high stability, structural versatility, and electronic tunability.
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Figure 1. Left: Blatter radical. Right: Generic open-shell and closed-
shell structures for diradicaloid molecules. For a list of examples, see
ref 10.

A typical molecular design of diradicals/ diradicaloids""
involves communication through the 7 system and takes
advantage of the interplay between aromaticity/antiaromaticity
and closed- vs open-shell structures in extended polycyclic
systems”™'* or topology'” of the connectivity of two radicals
(Figure 1). An attractive alternative to the covalent bond
approach is through space interaction'* of z-delocalized
radicals. To date, there are very few diradicals with such
through-space interactions and they are mainly based on the
[2,2]paracyclophane with 3.03 A interdeck separation (J)henyl-
carbenes A,"” nitroxides B,'® and fluorenyls C and D, Figure
2), ferrocene'” with 3.3 A Cp separation (verdazyl E),'® and
phenanthrene (F) with angular orientation of the radical units
in equilibrium with the closed-shell zwitterion form."” Among
the three scaffolds, only [2,2]paracyclophane can effectively
support axially chiral diradicals, but their isolation has not been
attempted so far.
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Figure 2. In the box: Previously investigated diradicals were based on
the [2.2]paracyclophane (A—D), ferrocene (E), and phenanthrene
(F) scaffolds. Right: new architecture for cofacial arrangements of two
Blatter radicals.

1,8-Disubstituted naphthalene is recognized as an attractive
scaffold for imposing tight, cofacial 77— interactions of
aromatic systems (the C(1)--C(8) distance: 2.5 A), which
alters their photophysical’® and redox”*™*' properties and
occasionally leads to conformationally stable enantiomers.”* So
far, naphthalene has not been used for a close, parallel
arrangement of two 7-delocalized radicals, and the behavior of
such 7-compressed diradicals remains unknown.

Herein we report a new, highly constrained architecture for
open-shell singlet diradicals based on the peri-naphthalene
scaffold in a cofacial arrangement of two Blatter radicals
interacting through space (Figure 2). We isolate two forms of
the diradical, 1-syn and 1-anti, determine their molecular
structures and kinetics of interconversion, and measure their
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S—T energy gaps. The racemic 1l-anti is separated into
enantiomers, and ECD spectra are measured. Both forms of
the diradical undergo oxidation and the cations are analyzed by
XRD methods. Experimental data are compared to DFT
computational results.

The synthesis of the diradicals followed the recently
described azaphilic addition of aryllithiums to benzo[e][1,2,4]-
trazines.”’ Thus, treatment of 3-phenylbenzo[e][1,2,4]triazine
(2) with 1,8-dilithionaphthalene, generated from 1,8-dibromo-
naphthalene, led to a mixture of 1-syn and 1-anti diradicals
(Scheme 1). The diastereoisomers were separated based on
solubility differences and further purified by column
chromatography to give 39 and 18% yield of 1-syn and 1-
anti, respectively.

Scheme 1. Synthesis of diradicals 1

1) THF N
2) air N N N
+ - N +
“OU é oo O
rac 1-anti meso 1-syn
18% yield 39% yield

XRD analysis of dark yellow-brown single crystals
demonstrated that in 1-syn both nearly planar benzo[e][1,2,4]-
triazinyls are essentially orthogonal to the naphthalene ring
(Figure 3), while mean planes of the heterocycles form an

2613(2) Al
i3.205(2) A

1-syn
Figure 3. Molecular structures of 1-syn (left) and 1-anti (molecule A,

right). Atomic displacement ellipsoids are drawn at the 50%
probability level. N atoms are in blue. See text and SI for details.

angle of 13.6° with the distances between N(1)--N(1’) and
N(4)-N(4') nitrogen atoms of 2.613(2) and 3.295(2) A.
Both distances are larger than the separation between the peri
positions in naphthalene (2.520(3) A). In 1l-anti the
heterocyclic fragments in the two independent molecules
form a mean angle of 81.4° with the naphthalene ring and 13°
(molecule I) and 22° (molecule II) angles between them.
Consequently, the N(1)-N(1’) separation is 2.590(2) A in
both molecules, while the N(4)--N(4') distance is 3.174(2)
and 3.604(2) A in molecules I and II, respectively. The
proximity of the spin-bearing heterocycles, and the contact
between the N(1) atoms N(1’) of about 0.5 A inside the van
der Waals separation, suggest a strong tendency for the singlet
GS, but not a covalent bond. Indeed, DFT calculations at the
(U)B3LYP/6-311G(d,p) level of theory indicate that this
solid-state geometry corresponds to the closed-shell singlet
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(CSS) state with the calculated N(1)---N(1’) and N(4)--
N(4') distances of 2.587 and 3.525 A for 1-syn and 2.547 and
3.470 A for l-anti conformer, respectively. So far, covalent
dimers of Blatter radicals have not been observed, and the two
reported related structures result from oxidative N(4)—C(S’)
and N(2)—C(5") coupling.**

Further DFT analysis demonstrates that the lowest energy
state in each stereoisomer is the open-shell singlet (OSS),
which is 4.63 and 4.98 kcal mol ™" below the CSS for 1-anti and
1-syn, respectively, and is characterized by greater separation
between the N(1)---N(1’) atoms: 2.783 and 2.806 A,
respectively.

DFT calculations indicate that the OSS ground state of 1-
anti is more stable than that of the 1-syn isomer, suggesting
that the observed dominant 1-syn is a kinetic product. Indeed,
heating of a sample of 1-syn at 100 °C (PhCl) for 1.5hled to a
mixture of the two isomers, from which 1-anti and 1-syn were
isolated in 67 and 26% vyield, respectively. Kinetic measure-
ments of the appearance of 1-syn during thermal equilibration
of 1-anti at four temperatures gave activation parameters of
AH* = 24.6(8) kcal mol™" and AS* = 3.4(12) cal mol™! K7,
which can be assumed to represent the barrier to racemization
of enantiomeric 1-anti. The half-life of 1-anti at 65 °C was
determined to be 139 min, while the equilibrium ratio of
isomers was the same K(anti/syn) = 1.904(16) within the
experimental error at all four temperatures. The latter indicates
that the isomer distribution is an entropy-driven process (AH
= 0.0 kcal mol™" and AS = 1.28(2) cal mol™! K7).

UV—vis measurements revealed a broad, moderately intense
absorption band in 1-syn at 622 nm (log € 3.84) and at 678 nm
(log & 3.78) for 1-anti (Figure 4), consistent with the blue
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Figure 4. Top: UV—vis spectra for diradical 1-anti (red) and 1-syn
(blue) recorded in CH,Cl,. Bottom: ECD spectra for the enantiomers
of 1-anti in hexane/CH,Cl,. The “first” and “second” labels refer to the
order of peaks in the chromatogram with assigned absolute
configurations (based on DFT). The inset shows analyzed solutions.

color of their solutions. These bands are significantly red-
shifted relative to that in the Blatter radical (4,,,, = 492 nm)
and are due to strong transannular interactions. TD-DFT
calculations demonstrated that this intense low energy
absorption band is related to the S, — S, excitation (calculated
at 798 and 790 nm (f ~ 0.06), for l-syn and l-ant,
respectively) and solely due to the HOMO—LUMO excitation
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involving @ and f electron manifolds. The S; — S, transition is
a double-excitation characteristic for diradicals™ calculated at
about 920 nm with f ~ 0.0001 in both diradicals 1 and
appearing as a low intensity shoulder above 850 nm in the
experimental spectra (Figure 4). Notably, while the diradicals 1
in the solid state appear to have closed-shell singlet (CSS)
character and form dark brown-yellow crystals, their solutions
are blue indicating the dominant open-shell character.”®
Moreover, the blue color associated with the open shell
structure of the diradicals persists in solid solutions, even at 77
K. TD-DFT calculations for the CSS diradicals 1 indeed
indicated a hypsochromic shift of the HOMO-LUMO
transition relative to the OSS forms by about 0.2 eV.”° A
similar CSS—OSS interconversion and two-electron multi-
center dimerization in the solid state was reported'® for
diverdazyl E (Figure 2).

Variable temperature EPR studies of both diradicals
performed in poly(2-isopropenyl-2-oxazoline) solid solutions
in the temperature range of 149—370 K revealed increasing
intensity of the signal characteristic for a triplet state with
monoradical impurities (Figure S). Zero-field splitting (zfs)

o 1-anti
200077 y_anti 369 K
4 AEgy=-3.1(2) kcalmolt ~
Pl {3 D e
1500— AEs-T =-3.8(1) kcal mol* [ 150 K
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Figure 5. Left: DI, T(T) data points and Bleaney—Bowers fitting for
1-anti (red) and l-syn (blue). Right: VT EPR spectra in poly(2-
isopropenyl-2-oxazoline) solid solutions of 1-anti for selected
temperatures (upper) and simulation of the triplet spectrum (red,
lower) at 298 K: ID/hcl = 0.033 cm™, IE/hcl = 0.0011 cm™.

parameters obtained through simulation of the spectra indicate
the proximity of the two spins (~4.3 A) consistent with the
molecular structures. Analysis of the relative intensity of the
|Am = 1 signal, DI, as a function of temperature, DI, T(T),
was é1’)erformed using a modified Bleaney—Bowers formal-
ism,”>*® on the basis of Heisenberg Hamiltonian for a two
electron system, H = —2JS,-S,. This model gave a singlet—
triplet gap, AEg.r, of 1-anti and 1-syn, —3.1(2) and —3.8(1)
kcal mol™', respectively, although the high temperature data
points could be affected by slow thermal equilibration of the
syn and anti forms. The experimental AEg 1 values compare to
—3.1 and —2.7 kcal mol™ calculated for 1-anti and 1-syn,
respectively, using the Yamaguchi broken-symmetry DFT
formalism, and are consistent with the observation of a well
resolved 'H NMR spectrum of the 1-syn isomer (but not 1-
anti) at —80 °C. The diradicaloid index” y, for both diradicals
was calculated to be 0.86.

Both stereoisomers 1-syn and 1-anti exhibit similar two one-
electron quasi-reversible oxidation processes separated by
about 0.38 V (Table 1, Figure 6), and two-electron reduction.
Stereoisomer 1-anti undergoes more facile oxidation than the
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Table 1. Results of Electronic Absorption” and DPV”
Measurements for Blatter and Diradicals 1

Amax €Xp"° Amax DT E ;7% E,Y*  E 77
radical (nm) (nm) V) V) V)
Blatter? 492 474 —-1.38 —0.18
1-anti 678 790 148 —021 0.18
L-syn 622 798 —147 —-0.17 0.20

“Recorded in CH,ClL,. bRecorded in CH,Cl, (0.5 mM). Conditions:
[n-Bu,N]*[PF4]~ (0.1 M), glassy carbon electrode, scan rate S mV-
s7, ca. 20 °C. Potentials vs Fc/Fc'. For details, see the SI. “DFT
calculated composite peak. See the SI “Ref 27.

-0.5 0
potential vs Fc*/Fc /V

Figure 6. Differential pulse voltammograms (DPV) of diradicals 1-syn
(blue) and 1-anti (red) in 0.1 M [Bu,N]*PF,~ in CH,Cl, with
indicated potentials for 1-anti. Scan rate: S mV s™". For details, see the
SL

syn isomer and the prototypical Blatter radical”” by about 0.03
V, which is due to particularly strong transannular 7—rx
interactions (x compression). These interactions are also
responsible for the cathodic shift of the reduction process
relative to that of the parent Blatter, and a large anodic shift of
the second oxidation process due to delocalization and
stabilization of the positive charge in the radical cation.

The observed large separation of the two oxidation processes
should, in principle, allow for selective oxidation of the
diradicals to the corresponding radical cations. Preliminary
experiments demonstrated that treatment of a mixture of the
two stereoisomers with an excess AgOTf in THF led to
selective precipitation of the [1-syn][OTf] radical cation salt,
while the anti isomer remained in the solution and underwent
double oxidation to dication salt [1-anti][20Tf]. Interestingly,
CF;COOAg formed a complex with 1-syn instead of oxidizing
it, as demonstrated by XRD analysis.”® Single crystal analysis of
the two cations™® revealed that the separation between the
[1,2,4]triazinyl rings is greater than that in the corresponding
diradicals, as evident from the N(1)---N(1) distance, which is
0.17 and 0.29 A longer for the [l-syn]** and [l-anti]*,
respectively. The electronic structure of the former appears to
be a multisite 7 bond between the two heterocycles, rather
than a one electron ¢ bond.>® TD-DFT analysis predicts an
intense absorption at about 1500 nm (f ~ 0.1) for the former
solely due to the a-HOMO—a-LUMO transition.

In summary, we have demonstrated a simple one-step
approach to OSS diradicals with a cofacial arrangement of two
Blatter radicals on the peri-naphthalene scaffold. The diradicals
form two stable diastereoisomers, syn and anti, of which the
latter was separated into enantiomers with the estimated half-
life of 139 min at 65 °C. The diradicals appear to exist in the
closed shell form (z dimer) in the solid-state and open-shell
singlet in solutions with the S—T gap of about —3.1 (anti) and
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—3.8 (syn) kcal mol™". It is remarkable that despite significant
7 compression the Blatter radical subunits apparently do not
dimerize. The 7 compression results in a large separation of
oxidation potentials, nearly 0.4 V, allowing the isolation of one
of the radical cations. Results indicate that such materials could
constitute a new class of NIR dyes.
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