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ABSTRACT: Species that can undergo changes in electronic
configuration as a result of an external stimulus such as pH or
solvent polarity can play an important role in sensors,
conducting polymers, and molecular switches. One way to
achieve such structures is to couple two redox-active
fragments, where the redox activity of one of them is strongly
dependent upon environment. We report on two new
verdazyls, one subsituted with a di-tert-butyl phenol group
and the other with a dimethylaminophenyl group, that have
the potential for such behavior upon oxidation. Oxidation of
both verdazyls with copper(Il) triflate in acetonitrile gives
diamagnetic verdazylium ions characterized by NMR and UV—
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vis spectroscopies. Deprotonation of the phenol—verdazylium results in electron transfer and a switch from a singlet state to a
paramagnetic triplet diradical identified by electron spin resonance. The dimethylaminoverdazylium 9 has a diamagnetic ground
state, in line with predictions from simple empirical methods and supported by density functional theory calculations. These
results indicate that verdazyls may complement nitroxides as spin carriers in the design of organic molecular electronics.

B INTRODUCTION

Electron transfer between organic moieties is particularly
interesting as a means of constructing molecular devices,
especially when the transfer can be initiated or reversed through
an external stimulus. Such stimuli might be chemical, such as
changes in pH or hydrogen bonding, or more subtle such as the
application of an electric (or even possibly magnetic) field. The
electron transfer itself can be intermolecular (such as the acid-
induced disproportionation of verdazyl"” or nitronyl-nitroxide
radicals), but for application as a switch or other device the two
components should be constrained. This is typically via
covalent bonds but also possibly through a crystal lattice or
other well-defined supramolecular interaction. An important
example is the acid doping of polyaniline, in which protons
induce the comproportionation of diaminobenzene and
quinone dilimine sites within the polymer to generate charge
carriers and change the material from an insulator to a
conductor.*®

Other recent examples include electron transfer between a
dianisylamine and quinone diimine group initiated by acid® and
the system la—1b reported in 1997 by Ishiguro and co-workers
from oxidation of the corresponding phenol” (Scheme 1). The
latter case is particularly interesting because the resulting open-
shell species has a triplet ground state. A related system is the
dimethylamino system (2) reported by Sakurai where oxidation
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preferentially occurs at the dimethylaminophenyl ring to give a
triplet diradical.”

Though many studies have focused on nitronyl nitroxides,
verdazyls are particularly interesting in switching applications
because the two substituents at the 1 and S positions of the
verdazyl ring can be replaced with aryl groups, and oxidation or
reduction of the verdazyl may turn on or off magnetic or
conductive pathways between these groups. We report on two
verdazyls related to the nitronyl nitroxides reported by Sakurai
and Ishigura, namely, the di-tert-butyl phenol verdazyl 3 and the
dimethylaminophenyl verdazyl 4. The former has not been
previously reported, and while the latter was mentioned in an
earlier publication,” we report here on a more detailed
investigation of its chemistry and electronic structure. In
particular, we seek to determine if the verdazyls 3 and 4 are
comparable in behavior to the corresponding nitronyl nitro-
xides, and in so doing, possibly gain some insight as to whether
the switching between ground states observed in 1 and the
oxidation to give a diradical observed in 2 can be reproduced in
other systems.
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Scheme 2. Acid/Base and Redox Chemistry of Radical 3°
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B RESULTS 1500 1

The 3-(3',5'-di-tert-butyl-4'-hydroxy-phenyl)-verdazyl 3 was
synthesized from the corresponding tetrazane (2,4-diisoprop-
yl-6-(3,5-di-tert-butyl-4-hydroxyphenyl)-1,2,4,5-tetrazinan-3-
one) using previously reported procedures.”'’ It crystallizes in
dark purple-red blocks from methanol. Radical 3 is typical for 3-
aryl-6-oxoverdazyls, giving red solutions in organic solvents.”
The electron spin resonance (ESR) spectrum shows coupling
to all four nitrogen atoms in the ring along with the two
isopropyl methine hydrogens. The electronic spectrum in
acetonitrile shows two maxima in the visible region at 418 nm
(6 =990 L mol™ cm™) and 521 nm (& = 640 L mol™" cm™).
Deprotonation of 3 to give radical-anion § (Scheme 2) results
in only small changes in the ESR parameters but a large,
solvent-dependent red shift of the low-energy band.

In methanol the low-energy band of § has a maximum at 665
nm, whereas in acetonitrile the band maximum is at 785 nm.
Spectra of the radical 3 in methanol and radical-anion $ in
methanol and acetonitrile are shown in Figure 1.

Earlier results with verdazyl phenols’ established that the
long wavelength transition in the electronic spectrum has
significant charge transfer (CT) character between the electron-
rich aryl substituent and the verdazyl singly occupied molecular
orbital (SOMO). Deprotonation of verdazyl phenoxides
resulted in a hydrogen bond-dependent red shift of the band
resulting from the increased electron density of the aryl ring.
The spectra for 3 and $ are also consistent with this picture. For
3, the two additional alkyl substituents on the aryl ring result in
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Figure 1. Electronic spectra of radical 3 in methanol (solid line) along
with spectra of radical anion § in methanol (— —) and acetonitrile (— -

o).

a slight red shift of the low-energy electronic transition
compared with the unsubstituted verdazyl phenol.” For
phenoxide S, the steric bulk of the tert-butyl subsituents limits
hydrogen bonding and results in significantly greater red shifts
compared to the previously reported verdazyl phenolate;” even
in polar, strong H-bond donor solvents the CT absorption is
above 650 nm, and in non-hydrogen bonding solvents such as
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acetonitrile, the absorbance maximum is near 800 nm with a tail
into the infrared.

Cyclic voltammetry on 3 in acetonitrile revealed a reversible
oxidation at +0.51 V versus standard calomel electrode (SCE)
in the range expected for the verdazyl/verdazylium couple.”"’
Upon deprotonation to $ this oxidation potential shifted to
+0.65 V, and an additional reversible oxidation wave was
observed at —0.15 V corresponding to the phenoxyl/phenoxide
couple. Additional waves corresponding to decomposition of
the oxidation products were also observed at slower scan rates.

To further characterize the oxidation products, samples of 3
were oxidized in acetonitrile by addition of copper(Il) triflate
and monitored by UV—vis, NMR, and ESR. Oxidation in
acetonitrile resulted in a color change of the solution from red
to deep blue, with a corresponding shift of the longest
wavelength absorption to 591 nm (¢ = 510 L mol™' ecm™;
Figure 2). 'H NMR revealed a well-resolved spectrum
consistent with the formation of the diamagnetic verdazylium
cation 6.
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Figure 3. Deprotonation of 6 with triethylamine to give 7 monitored
by UV—visible spectroscopy.
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Figure 2. Oxidation of radical 3 to verdazylium 6 with copper triflate
in acetonitrile, monitored by UV—vis spectroscopy. Spectra corre-
spond to addition of zero, 0.33, 0.66, and 1 equiv of Cu?.

The red shift in the UV—vis spectrum is also consistent with
the product being a verdazylium cation since oxidation
increases the electron affinity of the tetrazane ring, lowering
the energy required for CT between the ring systems.

Addition of triethylamine to acetonitrile solutions of 6 results
in a second change in color from blue to orange and appearance
of new maxima at 422 nm (& = 1050 L mol™ cm™) and 484
nm (¢ = 1280 L mol™ cm™!; Figure 3). At the same time the
'"H NMR spectrum is completely lost indicating that the
deprotonated species has, at the least, a thermally populated
paramagnetic state. ESR of frozen solutions gives signals
corresponding to a randomly oriented triplet species 7 (Figure
4) with a half-field signal and zero field splitting parameters IDI
=0.0275 cm™' and E = 0.0025 cm™". A strong doublet signal at
g =2.004 is also observed, which may correspond to unoxidized
radical or doublet decomposition products of the diradical.
Variable-temperature measurements of the ESR signal intensity
over the range of 4—100 K shows Curie behavior for the half-
field signal (Supporting Information) indicating that the triplet
state is the ground state or that the triplet and lowest singlet

2800 3000 3100 3200 3300 3400 3500 3600

Field /Gauss

Figure 4. ESR spectrum of triplet diradical 7 at 4K. (inset) The half-
field signal.

state(s) are nearly degenerate in energy. Oxidation and acid—
base chemistry of 3 is summarized in Scheme 2.

Diradical 7 was examined with density functional theory
(DFT) to clarify our understanding of its electronic structure
(see Experimental Section). In these calculations, methyl
groups were substituted for isopropyl on the verdazyl and
aromatic rings (structure 7') to keep charge donation effects
while increasing the computational efficiency. The geometries
of the closed-shell singlet and open-shell triplet and singlet
states were optimized with the B3LYP hybrid functional and 6-
311g** basis set. Broken symmetry (BS) unrestricted DFT
wave functions'*~"> (U-DFT) were used for the Mg = 1 and Mg
= 0 (open-shell) states, while the closed-shell Mg = 0 wave
function employed the restricted formalism (R-DFT). The
singlet—triplet (E(S) — E(T)) energy difference between open-
shell states can be reliably predicted with BS DFT wave
functions using the B3LYP/6-311g** model chemistry.'>'>~**
Physically, the BS unrestricted wave functions correspond to
the diradical triplet and singlet states with an unpaired electron
localized to the verdazyl and phenoxyl rings. The R-DFT model
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Table 1. Relative Energies (hartrees) of the Spin-Restricted (Mg = 0) and Broken-Symmetry (Mg = 0 and M = 1) States of 7" *

R-DET (Ms = 0) U-DFT (Ms = 0)

c 0.031 8177 0.020 579
CH,CN°® 0.023 402 0.015 882
w/SDF“? 0.039 380
CH,CN SDF 0.026 001

U-DFT (Ms = 1)

N (=0 (S =1 SDE”
0.0 0.9813 2.0554
0.0 0.7985 2.0518

19136

1.6371

“Expectation values of (S*) for each state and the SDF are also shown. Calculations employed the B3LYP/6-311g** level of theory. bSpin
decontamination factor defined in eq 2. “Gas-phase calculation. Energles are reported in hartrees relative to the lowest-energy state. “Geometries
were optimized including the effects of solvent, acetonitrile, using the PCM. SRelative energy including the PCM and SDF.

is well-suited for the closed-shell state, which may be described
as a verdazylium cation bonded to a phenoxide anion. Since the
optical spectra shifted with oxidation state, the effect of solvent
on the energy differences was approximated using the
polarizable contintum model (PCM) with acetonitrile as the
solvent.”> The molecular geometries were also optimized at the
B3LYP/6-311G** level with the PCM model.

Table 1 shows the relative energies and expectation values of

S* of the three lowest electronic states of 7’ (absolute energies
are reported in the Supporting Information). The triplet state
of 7" was found to be 12.9 and 20.0 kcal/mol lower in energy
than the open-shell and closed-shell singlet states, respectively.
When solvent effects are included using the continuum model,
the singlet—triplet gap decreases to 10.0 and 14.7 kcal/mol for
the open- and closed-shell singlet states, respectively. A triplet
ground state for 7’ for both gas-phase and PCM calculations
agrees with the ESR data of 7 in which the intensity of the AMg
= 2 transition exhibited a 1/T dependence. The energy of the
charge-separated R-DFT (Ms = 0) state is lowered more than
the U-DFT (Ms = 0) state when solvent is included for two
reasons. As expected, the polar solvent helps to stabilize the
charge-separated state more than the open-shell state even with
the simple PC model. Second, the U-DFT (Mg = 0) wave
function has ($?) equal to 0.7985, which is low compared to the
expected value of ~1 as observed for the gas-phase calculation.
The BS singlet wave function in its simplest two electron-two
orbital form can be thought of as an even mixture of Mg = 0
singlet and triplet states, ®(BS) = 272[®(0,0) + ®(1,0)],
where ®(S,Ms) = ®(0,0) = 2_1/2[|abaﬁ| labpal] (singlet)
and ®(1,0) = 27Y[labapl + labpal] (trlplet), a and b are
orbitals, and @ and /3 are opposite spins.'” In the gas phase, the
U-DFT M; = 0 state has diradical character consistent with (52)
= 0.98."%** However, the closed-shell components have greater
weight in the PCM calculation due to stabilization of the ionic
terms by the continuum electric field, which is shown by the
lower value of (§2).%4%°

So far, we have assumed that the open-shell singlet—triplet
energy gap is given by E(BS) — E(T). However, the spatial
orbitals in a U-DFT calculation need not be orthogo-

nal."»'®**** Burthermore, the core (closed-shell) orbitals may
have induced spin polarization,'>*~>" which has physical
meaning (e.g, spin density at magnetic nuclei) especially for
the triplet state (®(1,1) = labaal; ®(1,—1) = labBpl). Malrieu
and Trinquier” proposed a more sophisticated expression for
the energy difference that corrects for spin contamination as a
result of the unrestricted formalism (eq 1).

E(S) — E(T) = A[E(BS) — E(T)] (1)
where A, the SDF,* eq 2, is given by
_ (S
(S = (SM)gs @)

Notice that when ($)z = 0 as it should for a closed-shell
singlet, 4 = 1, and the energy difference equals E(BS) — E(T).
At the other extreme, when (52)55 = 1, the energy gap is given
by 2[E(BS) — E(T)]. The advantage of the SDF is that the
correct behavior is obtained in the limiting cases and over the
range for 0 < (8%)ps < 1L

Table 1 shows that the open-shell singlet is 24.7 and 16.3
kcal/mol higher than the triplet state for the gas-phase and
PCM models. When spin contamination is corrected, the open-
shell singlet is 2.6 mhartree higher than the R-DFT prediction.
The stabilization of the open-shell singlet due to the solvation
model is reproduced when the energy difference is computed
with eq 1.

Structural parameters such as bond lengths and bond angles
are very similar for the ground-state triplet and open-shell
singlet states of 7, but both differ somewhat from the closed-
shell singlet state (Cartesian coordinates and selected bonding
parameters are included in the Supporting Information). The
most notable changes occur between the N—N bonds of the
verdazyl group, which are longer by 0.033 A, and the C—C
bond that connect verdazyl and phenoxyl is 0.008—0.018 A
shorter.

The dimethylaminophenyl verdazyl 4 was synthesized as
previously reported.” While initially synthesized as dark green
crystals from methanol/water, rapid evaporation of methanol
solutions gives mixtures of two different crystal phases, one
purple and the other green (see Table of Contents figure).
Examination of reflectance spectra of the two forms indicates
that the green form has an absorption maximum at 605 nm,
while that of the purple form is 580 nm. Reflectance spectra are
provided in the Supporting Information.

Further experiments allowed us to grow single crystals of
both phases suitable for X-ray diffraction study. Evaporation of
heptane solutions gave the purple phase, space group P2,, in
which the dimethylamino group is distinctly pyramidal. In this
structure the nitrogen is 0.205(4) A from the plane defined by
the three carbon atoms it is attached to. Neither N—CH; bond
is coplanar with the phenyl ring, while the dihedral between the
phenyl and verdazyl rings is 22.70(3)°. In the green phase
(from methanol/water) the dimethyl amino group is essentially
planar—the distance between the nitrogen and the plane
defined by the attached carbons is 0.025(4) A. The
dimethylamino group is almost coplanar with the phenyl
group (the dihedral angle is 4.26(3)°), though the dihedral
between phenyl and verdazyl rings is slightly larger (27.28(3)°).
Inspection of packing diagrams show the dimethylaminophenyl
group is 7-stacked with that from a neighboring molecule with
the relatively large 7-stacking distance of 3.690(4) A. (Figure
S). Crystallographic cell parameters are summarized in Table 2.
Full structural data and experimental details are given in the
Supporting Information in .cif format.
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Figure S. 7-stacked dimer of dimethylamino verdazyl 4 in the green
(P2,/n) polymorph.

Table 2. Unit Cell Parameters for the Two Forms of
Verdazyl 4

Figure 6. Oxidation of radical 4 monitored by UV—vis.

Scheme 3. Acid/Base and Redox Chemistry of Radical 4°

color purple green
empirical formula C,6Hp N O C,6HpuNO
formula weight 302.4 302.4
temperature, K 100 K 100 K
crystal system monoclinic monoclinic
space group P2, P2,/n

a, A 8.054(3) 5.889(3)

b, A 5.950(2) 14.574(7)
o A 17.507(6) 19.326(10)
a, deg 90.0 90.0

B, deg 95.310(5) 93.463(8)
7, deg 90.0 90.0

v, A3 835.4(5) 1655.9(15)
Z 2.0 4.0
Peacmg, mm® 1.2021 12129

The crystallographic data suggest an explanation for the
differences in color, consistent with the intramolecular CT
nature of the long wavelength transition. Specifically, the
neighboring 7-stacked ring increases the electron density at the
dimethylaminophenyl group and lowers its ionization potential.
A similar effect was observed in dimethylamino-substituted
[3,3]paracyclophanes.”® This in turn reduces the energy of the
CT transition and results in the color change.

Despite the differences in molecular interaction, magnetic
susceptibility measurements on both forms of 4 show
essentially Curie behavior down to S K, indicating that there
is very little interaction between unpaired electrons on
neighboring molecules. Plots of magnetic susceptibility data
are provided in the Supporting Information.

Electrochemistry of 4 in acetonitrile has been previously
reported’ and shows reversible oxidation waves at +0.54 V and
+1.1 V versus SCE. Oxidation of 4 with 1 equiv of Cu(OTf), in
acetonitrile resulted in a color change of the solution from
purple to green. UV—vis spectroscopy indicates that the longest
wavelength absorption of this solution tails into the near-IR
with a maximum near 800 nm (Figure 6). '"H NMR of the
solution gave a spectrum consistent with a verdazylium cation 9
(Scheme 3); however, unlike the phenol species there was

PN i
vy A
NN Ns N
E=+0.54 V (vs SCE)
N AN
3 9
R-H
IpKa=2.4
RN
N N Other
+ NN products
H.
/g\

“The pK, of species 10 was reported in an earlier publication by
Chemistruck et al. (ref 9).

some broadening of the aromatic resonances, along with what
appears to be another species with an aromatic ring. At liquid
nitrogen temperature, there was no evidence for the triplet state
in frozen solutions of 9 by ESR spectroscopy.

When allowed to stand at room temperature for ca. 10 min,
(either in air or under N,) solutions of verdazylium 9
decomposed to give orange solutions. The decomposition
was noticeably faster when oxidation was incomplete; under
these conditions the major product was the protonated form of
the free radical 10. The identity of this product was confirmed
by X-ray crystallography and by comparison of the UV—vis
spectrum with authentic samples (Full details of crystallo-
graphic data collection and structure solution are provided in
the Supporting Information).

As with diradical 7, computational studies on the methyl-
substituted analogue 9" were used to further understand this
system, Table 3. The lowest-energy state of cation 9’ is the U-
DFT (Mg = 0) singlet state. The average value of the s
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Table 3. Relative Energies (hartrees) of the Spin-Restricted (Ms = 0) and Broken-Symmetry (Ms = 0 and Ms = 1) States of 9" *

R-DFT (Ms = 0) U-DET (Ms = 0) U-DET (Ms = 1) (S*a. = 0 (S*)i. -0 (S =1 SDF”
c 0.002 522 0.0 0.003 727 0.0 0.4463 2.0364
CH,CN°® 0.000 157 0.0 0.002 328 0.0 0.1500 2.0463
w/SDF“? 0.0 0.004 773 1.2807
CH,CN SDF 0.0 0.002 513 1.0791

“Expectation values of S for each state and the SDF are also shown. Calculations employed the B3LYP/6-311g** level of theory. YSDF defined in
eq 2. “Gas-phase calculation. Energles are reported in hartrees relative to the lowest energy state. “Geometries were optimized including the effects
of solvent, acetonitrile, using the PCM. /Relative energy including the PCM model and SDF defined in eq 2.

operator for the BS singlet state equals 0.45 and 0.1S for the
gas-phase and PCM models, respectively. These §? values are
significantly less than 1 and indicate the large weight of the
closed-shell component in the BS wave function. For the singlet
Ms = 0 state calculated with solvation, the R-DFT and U-DFT
results are essentially identical differing by only 0.1 kcal/mol,
which supports the closed-shell interpretation. In the gas phase,
the R-DFT singlet is 1.6 kcal/mol higher than the BS-DFT.
The triplet state is a low-lying excited state 1.5 kcal/mol higher
than the BS-DFT result including the effect of solvent. The
SDF has a small effect on the energy splitting due to the largely
closed-shell character of 9’. The gas-phase energy difference
calculated with eq 1 places the triplet state 3.0 kcal/mol higher
than the lowest singlet. The best description of the bonding in
this cation is given by resonance structure 9. Bond lengths
between verdazylium nitrogen atoms are shorter in the R-DFT
singlet compared to the U-DFT triplet, and the C—N bond of
the dimethylamino group of the singlet state is longer than the
triplet, which suggests localization of the positive charge to the
verdazylium group. The U-DFT and R-DFT singlet geometries
are virtually identical for 9’, especially with the PCM model,
just as the U-DFT triplet and singlet geometries are similar for
7' (Cartesian coordinates and selected bonding parameters are
included in the Supporting Information).

The DFT results for 7' and 9’ can be summarized as follows:
(1) The energy differences predicted by a combination of BS-
DFT and R-DFT, with and without the SDF and over a range
of BS-DFT Ms = 0 (8?) values, are consistent with experiment
in which a ground-state triplet was found for 7 and a singlet for
9. This is true for both “gas-phase” calculations and under the
influence of acetonitrile using the PCM model. (2) The singlet
structures predicted by BS-DFT are consistent with the open
and closed-shell nature of 7 and 9, respectively; the open-shell
U-DFT triplet and singlet states of 7' have similar geometries,
and those of the R-DFT and BS(U)-DFT singlet states of 9" are
also very similar.

The chemistry of verdazyl 4 is summarized in Scheme 3.

B DISCUSSION

While DFT calculations can provide considerable insight into
structure and energetics of various electronic states, simpler
models combined with some empirical analysis can provide a
more complete picture that complements computation. The
active electron approximation provides an initial basis for the
discussion of diradical species. This model considers the
electronic states obtained from interaction of two electrons
occupying two molecular orbitals and has been discussed and
developed by various authors.””~>* Though this model is far
from perfect, it typically provides a qualitatively correct picture
and a useful framework to link properties such as oxidation
potentials. The model results in four possible states; a triplet
and three singlets. Of the latter, one involves the two spin-

paired electrons occupying separate orbitals, (the open-shell
singlet) and the remaining two involving two electrons
occupying one orbital leaving the other orbital empty (the
CT singlets). The energy difference between these states
depends upon the Coulombic repulsion between the electrons,
the exchange interaction between the electrons, the energy
difference between the orbitals, and the “resonance” or
“hopping” integral between the orbitals. We use the notation
and description of Michl et al,,"* who describe energies of these
states in terms of the exchange integral K, a Coulombic term K’
(approximately half the onsite repulsion energy, U of the
Hubbard model), the energy difference between the orbitals §,
and an interaction term y, corresponding to approximately
twice the resonance or (hopping or transfer) integral.
Furthermore, orbitals are chosen such that § > 0. In the case
of the species under discussion, logical choices of orbitals are
the verdazyl SOMO, and the highest occupied orbital of the
substituted aryl fragment. These are depicted in Figure 7 below.

0 R

1B By
R

Figure 7. Representation of the verdazyl and phenoxyl SOMOs
showing the differing symmetry.

Because of the differing symmetry of the two orbitals, (and
assuming the molecule is close to planar) these two orbitals
interact very weakly or not at all (i.e, y & 0), though they may
differ in energy. Under these circumstances the energies of the
three singlet states of the system relative to the triplet are given

by
s. = 2K

0s

ser = 2K + K — JK* + &°
seta = 2K + K + VK> + & 3)

Assuming, for the moment, that the exchange interaction is
small (for example if the two radicals were widely separated),
these states can be approximated with the Lewis structures in
Figure 8, and the energy of the CT states can be approximated
using the redox potentials of the molecular components. That
is:

scr; = 2K’ — 8 = E(V*/V*®) — E(D*/D")
scry = 2K’ + 8 = E(V*/V™) — E(D"/D")

Though K’ would be expected to vary 1nversely with the
number of atoms in the interacting fragments, the number of
atoms contributing to the relevant s orbitals in species 3, 4, and
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Figure 8. Nominal electronic configurations of the verdazyl—phenoxyl
system.

7 does not change, and thus at this level, differences in energies
of the various states can be largely attributed to differences in 6,
or possibly the exchange energy K

Some relevant oxidation potentials are listed in Table 4.

This very simple model gives, for the phenol 3, a ground CT
state 0.89 eV (or 21 kcal/mol) below the triplet state, while for
the phenolate, the CT state is 0.77 €V (18 kcal/mol) above the
triplet, which is now the ground state. The latter number
compares favorably with the DFT calculations; thus, even this
crude approximation is a useful starting point for understanding
these systems.

Even before we consider how the exchange interaction might
affect the S—T energy splitting, we can obtain a better estimate
of the CT state energy by considering how the redox potentials
of the components are influenced by their mutual interaction.
Rather than using potentials for the isolated verdazyl and
phenolate listed in Table 1 we need to consider the more
specific reactions shown in Scheme 4.

The potential E; can be obtained directly by measurement
(—0.15 V vs SCE), but for E, some kind of estimation is
required. It has already been noted that verdazyl oxidation
potentials are weakly dependent on substituent effects at the 3
position.” Using these published potentials and the Hammett
constant for phenoxide™ gives an estimated potential of ~0.5 V
for E,. Together, this gives the energy of the CT singlet as 16
kcal/mol above the triplet.

These estimates are reasonable, but they completely ignore
the exchange interaction K, which raises the energy of all three
singlet states with respect to the triplet, lifting the degeneracy
between the open-shell singlet and triplet. DFT calculations
also place the open-shell singlet significantly above the triplet,
which is consistent with our variable-temperature ESR
experiment.

For the dimethylamino system, redox potentials (Table 4)
predict the cation should have a closed-shell singlet ground
state with a low-lying diradical excited state since the oxidation
potential of the verdazyl is below that of the dimethylaniline. As
with the phenolate 5, we can further refine these estimates by
using substituent constants to estimate the potentials for the
reactions in Scheme S.

In this case, E, is directly determined by experiment (+0.54 V
vs SCE) and, as might be expected for a donor-substituted
verdazyl, is slightly less than that for the phenyl verdazyl itself
(Table 4). E;, however, must be estimated. Other reports have
shown that the oxidation potential of N,N-dimethylaniline is
strongly dependent on substituent effects and correlates with
the Hammett & parameter.”® Experiments on phenols indicate
that a verdazyl is mildly electron-withdrawing when connected
at the 3 position;9 consequently, we expect the oxidation

potential of the dimethylaniline portion of molecule 4 to be
higher than dimethylaniline itself. Using the previously
determined Hammett parameter for a verdazyl we can estimate
this potential to be ca. + 0.9 V versus SCE. Taken together, the
interactions between the redox active groups thus work to
stabilize the closed-shell CT species over the diradical. Using
these potentials we can estimate the energy difference between
diradical and CT states as +0.35 V or ~8 kcal/mol. Again, the
exchange interaction would be expected to raise the energy of
the singlet state moving it closer to the excited triplet, but our
experimental results suggest that this effect is not large enough
to allow population of the triplet state at 77 K.

Our results with dimethylamino verdazyl 4 contrast with
Sakurai’s studies on the corresponding nitronyl nitroxide cation,
which is reported to be a ground-state triplet.” This result is
somewhat surprising, since the oxidation potentials for this
system also predict a ground-state CT-type singlet. Substituent
effects would also further stabilize the singlet—nitronyl
nitroxide substituents were recently noted to increase the
oxidation potential of p-phenylenediamines such that the
nitronyl nitroxides were oxidized preferentially.”” One possible
explanation for this anomaly is the exchange interaction, which
has played only a small role in the discussion so far. As
previously noted, introduction of an exchange parameter
increases the energy of all three singlet states; thus, Sog and
T are no longer degenerate, and there can be a clear triplet
ground state. In cases where potentials favor the CT state Scry,
if 0 is sufficiently small, the exchange parameter may lift Scr;
above the triplet state even though redox potentials suggest
otherwise. This could explain the apparent triplet ground state
observed in Sakurai’s system; nitronyl nitroxides are harder to
oxidize than verdazyls (by ~0.1 V), which may bring the
potentials close enough that the triplet is favored. We note
however that the triplet reported by Sakurai was only
characterized by ESR as a small component of a mixture and
that there may be other sources for this triplet signal.

DFT results on 7' and 9’ in conjunction with the PCM also
point to the importance of solvation in determining singlet—
triplet separation, especially when the singlet state in question is
significantly polarized. Though indirectly related, the solvato-
chromism observed in the electronic spectrum of § and related
phenolates,” and the different absorption spectra of the
polymorphs of 4, both indicate the role of environment in
electronic structure, and where the energy differences between
states are small, such a role can potentially change the nature of
the ground state. A notable example of this was reported
recently with a doublet species;*' a similar effect with a triplet/
singlet system may well be achievable with a verdazyl or similar
radical.

It is interesting to consider what external influences might
trigger a switch from singlet to triplet ground state or vice versa.
As long as the molecule has the same basic structure, K" will be
largely unchanged, but changes in reduction potential of the
radical components result in an effective change in 6, while
geometry changes can lead to changes in K and y. An example
of the influence of geometry is provided by the Cu complexes
of a pyridyl verdazyl that we have reported previously.*” In the
case of the phenols, loss/gain of a proton provides sufficient
change in 6, but this is not possible for the amino species. A
possible clue comes from the polymorphs of 4. In these two
systems, a 25 nm red shift of the lowest energy absorption is
correlated with z-stacking of the dimethylaminophenyl groups.
Since this absorption is associated with CT from the aromatic
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Table 4. Oxidation Potentials of Systems Related to Species 1—4

Model system oxidation potential vs SCE (/V)
iPr +0.6"
N-N
— =0
N-N
tPr
iPr +0.58"
N-N
O
N-N
Y Pr
O ‘ +0.65¢
N
</
N~
0
5 +0.73¢
7/ N <;N h
. N~
(o)
‘A +0.86°
N \
/ N/
1Bu +1.54¢
HOASfﬁ
1Bu
tBu -0.19
. 04</ \
tBu

“From ref 34. "From ref 11. “From ref 35. “From ref 36. *From ref 37. /From ref 38.

ring, the red shift indicates a decrease in oxidation potential of
the donor of ~0.1 V, which may well be enough to favor a
ground-state triplet over the singlet. It remains to find
conditions where the verdazylium cation undergoes such z-
stacking interactions to probe this possibility.

H CONCLUSION

Phenoxide-substituted verdazyls are oxidized at the phenoxide
to give triplet diradical species; however, the comparable
dimethylaminophenyl verdazyl is oxidized to a diamagnetic
verdazylium ion with a low-lying excited triplet. The
dimethylaminophenyl verdazyl crystallizes in two polymorphs

with different colors, suggesting that the electronic structure of
these molecules can be significantly perturbed by environment.
These results indicate that verdazyls are comparable and in
some ways complementary to nitronyl—nitroxides in organic
electronics and may suggest ways in which similar molecules
may be incorporated into molecular switches, devices, and
Sensors.

B EXPERIMENTAL SECTION

General. Cyclic voltammetry was performed in dry acetonitrile
using 0.1 M tetrabutylammonium perchlorate as supporting electrolyte
and the ferrocene/ferricenium couple as an internal reference. 1,5-
Diisopropyl-3-(4’-dimethylaminophenyl)-6-oxoverdazyl (4) was syn-
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thesized as previously reported.” Crystals of the purple P2, form of this
compound were grown by slow evaporation of a heptane solution.
Spectrometric titrations were performed in acetonitrile solution, with
the stepwise addition of a solution of the corresponding reagent
(Cu(OTf), or Et;N) in acetonitrile.
2,4-Diisopropyl-6-(3,5-di-tert-butyl-4-hydroxyphenyl)-1,2,4,5-tet-
razinan-3-one (11). Sodium acetate (0.932 g, 11.4 mmol) dissolved in
minimal H,O was reacted with 3,5-di-tert-butyl-4-hydroxybenzalde-
hyde (1.329 g, 5.7 mmol) and 2,4-diisopropylcarbonohydrazide bis-
hydrochloride’® (1.414 g, 5.7 mmol) dissolved in minimal EtOH,
producing crude orange crystals. Recrystallization from methanol (~25
mL) gave the product (0.370 g). Evaporation of solvent gave a second
crop (0.132 g). Product was rose-colored crystals (0.502 g, 23%) with
mp 221.1-236.6 °C, IR v, (NaCl plate), cm™ 3467 (NH/OH),
2961 (CH), 1624 (C=0); 'H NMR (300 MHz, CDCl;) 7.38 (s,
2H), 5.37 (s, OH), 4.69(septet, 2H, ] = 6.7), 4.52(t, 1H, ] = 12.0), 3.74
(d, 2H, ] = 12.0), 1.47 (s, 18H), 1.17 (d, 6H, ] = 6.7), 1.16 (d, 6H, ] =
6.7); 3C NMR (75 MHz, CDCl,) 154.5, 154.3, 1362, 126.4, 122.8,
104.4, 71.6, 47.8, 34.4, 30.2, 19.6, 18.4; MS (EI, 70 eV) m/z (relative
abundance) 390 (M+, 38), 275 (23), 234 (40), 233(27), 232 (100),
218 (34)
1,5-Diisopropyl-3-(3',5'-di-tert-butyl-4’-hydroxyphenyl)-6-oxo-
verdazyl (3). 2,4-Diisopropyl-6-(3,5-di-tert-butyl-4-hydroxyphenyl)-
1,2,4,5-tetrazinan-3-one (11; 0.390 g, 1.00 mmol) was reacted with
benzoquinone (0.162 g, 1.50 mmol) in toluene as reported in the
literature,'® with thin-layer chromatography on silica gel eluting with
dichloromethane to monitor reaction progress. The product was
recrystallized from methanol and chilled for 4.5 h to yield wine-red

crystals (0.319 g, 82%) with mp 193.7—196.2 °C, IR v,,,,,(NaCl plate),
em™! 3435 (NH), 2963 (CH), 1659 (C=0); MS (EL 70 eV) m/z
(relative abundance) 387 (M+, 100), 345 (22), 303 (84), 232 (38),
216 (28); ESR (toluene) g = 2.0066, ay; s = 5.1 G, ay,4 = 64 G, ay =
1.8 G ; UV—vis (CH;CN) 4, nm (&/L-mol™"-cm™) 418(990),
521(640).

Oxidation of 1,5-Diisopropyl-3-(3',5'-di-tert-butyl-4'-hydroxy-
phenyl)-6-oxoverdazyl. 1,5-Diisopropyl-3-(3',5'-di-tert-butyl-4’-hy-
droxyphenyl)-6-oxoverdazyl (2; S mg, 0.013 mmol) was suspended
in 1 mL of acetonitrile-d;. Copper triflate (4.7 mg, 1 equiv) was added,
and the mixture was shaken vigorously as it turned from deep red to
dark blue. The resulting solution of 1,5-diisopropyl-3-(3',5’-di-tert-
butyl-4’-hydroxyphenyl)-6-oxoverdazylium cation (6) had 'H NMR
(CD4CN) 8.00 (s, 2H), 6.32 (s, 1H), 5.44 (septet, 2H), 1.67 (d, 12H),
1.51 (s, 18H). Subsequent to recording the NMR, triethylamine (one
drop) was added to the solution. The solution immediately turned
orange, and '"H NMR revealed only signals due to triethylamine and
solvent. A similar sample was prepared in a fused silica ESR tube,
frozen using the cryostat, and ESR spectra recorded at temperatures
from 4 to 100 K.

Oxidation of 1,5-Diisopropyl-3-(4'-dimethylaminophenyl)-6-ox-
overdazyl (4) with Copper Triflate. Oxidation of 1,5-diisopropyl-3-
(4'-dimethylaminophenyl)-6-oxoverdazyl was performed with copper
triflate in a manner identical to that reported for radical 3. '"H NMR of
the resulting solution gave signals corresponding to 1,5-diisopropyl-3-
(4'-dimethylaminophenyl)-6-oxoverdazylium (9): NMR 8.30 (bs,
2H), 7.67 (bs, 2H), 5.46 (septet, 2H), 3.26 (bs, 6H), 1.68 (d, 12H)
along with additional unidentified peaks at 7.3 and 8.2 ppm.

Oxidation of 1,5-Diisopropyl-3-(4’-dimethylaminophenyl)-6-ox-
overdazyl (4) with Silver Triflate. 1,5-Diisopropyl-3-(4'-dimethylami-
nophenyl)-6-oxoverdazyl (6.8 mg, 0.022 mmol) was dissolved in
acetone (1 mL). To this solution was added 7 mg (0.027 mmol) of
silver triflate. The solution immediately turned yellowish-green. After
~30 min, the solution had changed to brown; after 90 min the solution
was orange. The solution was filtered to remove a gray precipitate of
silver and evaporated. Recrystallization from dichloromethane/
heptane gave 6.1 mg (0.13 mmol, 61%) of the triflate salt 9 as an
orange solid. The UV—vis of this material was indistinguishable from
an authentic sample of the ammonium cation generated by
acidification of a solution of the radical” Crystals of this material
were suitable for X-ray study. Full details of data collection and
structure solution and refinement are available in the Supporting
Information in .cif format.

Density Functional Theory Calculations. The geometries and
energies of verdazyl radicals 7' and 9" in their triplet and singlet
electronic states were computed using DFT with the B3LYP***
hybrid functional and 6-311g(d,p) basis set as implemented in
Gaussian09.* To test the effect of the polar solvent on the energy
differences, the geometries were optimized in the presence of
acetonitrile using the PCM. The BS formalism originally proposed
by Noodleman'>~"* for unrestricted Hartree—Fock (UHF) and later
applied to DFT employs unrestricted wave functions for triplet (Ms =
1) and open-shell singlet (Ms = 0) states. The molecular orbitals from
a triplet ROHF/6-311g** calculation were used as input to the BS-
DFT singlet-state geometry optimization. The closed-shell singlet
geometry was calculated with the restricted (R) DFT formalism.
Broken symmetry wave functions have been used extensively in DFT
calculations because of their computational efficiency and the B3LYP/
6-311G** model in particular provides reliable singlet-to-triplet energy
gaps.'>">7*> Geometry optimizations used an ultrafine grid of points
for integration, and second derivatives were calculated at each step of
the search. Default tolerances within Gaussian09 were otherwise used.
All structures are minima on their respective potential energy surfaces.
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