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ABSTRACT: Electronic coupling through organic bridges facilitates
magnetic exchange interactions and controls electron transfer and
single-molecule device electron transport. Electronic coupling
through alternant z-systems (eg, benzene) is better understood
than the corresponding coupling through nonalternant z-systems
(e.g., azulene). Herein, we examine the structure, spectroscopy, and
magnetic exchange coupling in two biradicals (1,3-SQ,Az and 1,3-
SQ-Az-NN; SQ = the zinc(Il) complex of spin-1/2 semiquinone
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radical anion, NN = spin-1/2 nitronylnitroxide; Az = azulene) that possess nonalternant azulene 7-system bridges. The SQ radical

spin density in both molecules is delocalized into the Az z-system,

while the NN spin is effectively localized onto the five-atom

ONCNO 7-system of NN radical. The spin distributions and interactions are probed by EPR spectroscopy and magnetic
susceptibility measurements. We find that J = +38 cm™ for 1,3-SQ,Az and J = +9 cm™* for 1,3-SQ-Az-NN (H = —2]§SQ~§SQ0rNN).
Our results highlight the differences in exchange coupling mediated by azulene compared to exchange coupling mediated by

alternant z-systems.

B INTRODUCTION

Molecular electronic coupling figures prominently in electron
transfer rates and electron transport efficiency involving
molecular bridges (B) that span donor and acceptor units in
molecules (D-B-A) and in biased electrodes/molecular break
junctions (M-B-M), respectively. Electronic coupling has been
suggested to be a transferable property of the molecular
bridge,"”” enabling further relationships between electron
transfer/transport and the bridge-dependent magnetic super-
exchange interaction to be developed. Understanding the nature
of electronic and magnetic communication will enhance our
ability to design bespoke electronic, spintronic, and related
molecular or molecule-based devices.”~"* Electronic coupling
through alternant organic z-systems (e.g,, benzene) has been
studied extensively and can be illustrated by topographical
models and concepts such as resonance,'* aromaticity, °~'” and
cross-conjugation.'”'*~** Recently, this has been exploited to
relate the magnetic exchange interaction with molecular
conductance and rectification mediated by alternant and
alternant-like organic 7-systems.”** In spite of our knowledge
of electronic and magnetic coupling in alternant systems, the
corresponding coupling through nonalternant 7 bridges™* is
markedly less understood.”*° This is exemplified by the fact
that computationally aided analysis of, and transport through,
the nonalternant z-system of azulene has produced both debate
and seemingly conflicting experimental results.””~*" As a
quintessential nonalternant 7z-system, azulene has been of
interest for nearly five decades for its unique photophysical,
optical, and electronic properties and has gained renewed
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interest as a key molecule in organic electronics. Despite

their technological importance, there is a paucity of studies
directed toward understanding the nature of the electronic and
magnetic coupling mediated by azulenes and related non-
alternant systems.”****™*' A rare example of magnetic
communication through a nonalternant 7-system was recently
described by Haraguchi et al,*” who reported differential
magnetic exchange coupling of iminonitroxides (IN) and
nitronylnitroxides (NN covalently attached to the 1,3-positions
of azulene (1,3-IN,Az and 1,3-NN,-Az, Figure 1).
Magnetic-exchange interactions mediated by organic bridges
have been a subject of intense theoretical and experimental
research, and the electronic origin of both the sign and
magnitude of the exchange interaction is typically cast in
terms of the active-electron approximation.’”*® Borden and
Davidson classified biradicals as either nondisjoint or disjoint
(Figure 2A,B, respectively),”” and within this active-electron
approximation nondisjoint biradicals possess substantial singly
occupied molecular orbital (SOMO) overlap densities and
consequently have large exchange integrals. Thus, they are
predicted to exhibit ferromagnetic exchange via Hund’s first
rule."®™>" In marked contrast, disjoint biradicals have no SOMO
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Figure 1. Biradicals and metal complexes of biradical ligands with
nonalternant 7-system bridges: 1,3-IN,Az and 1,3-NN,Az (top), 1,3-
SQ,Az and 1,3-SQ-Az-NN (middle), and alternant z-system bridges
1,3-SQ,Ph-X**** and 1,3-SQ-m-Ph-NN (bottom).
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Figure 2. Nondisjoint (A), disjoint (B), and nonalternant (C)
biradicals. (D) SQ-B-NN donor—acceptor biradical VBCI Model.
The a, and 1b, orbitals are the NN and SQ SOMOs, respectively, and
the 2b, acceptor orbital is the NN LUMO. Singlet and triplet ground
configurations (GCs) are ay1b32b3. Low-energy excited, singlet and
triplet ay1b32b) charge-transfer configurations (CTCs) mix into the
GCs via Hyq.nny = Hpa to generate the ground singlet—triplet gap =
2Jsq-nny Which is determined as a fit parameter of variable-temperature
magnetic susceptibility plots.

overlap density and therefore possess negligible exchange
integrals. These systems are therefore predicted to exhibit either
(typically weak) antiferromagnetic exchange interactions but
display 1nterest1ng physical properties and complex spin
physics.”>>® Notably, disjoint and nondisjoint alternant -
system biradicals can be understood in the context of
Ovchinnikov’s and Longuett-Higgins’ “star/non- star”>47>¢
formalism in addition to spin-polarization®”*’~* methods.
This design strategy has led to the synthesis of a multitude of
high-spin organic molecules, dendrimers, and polymers. 61=75

o«

However, neither the active-electron approach nor the “star/
non-star” method can account for the nature of the exchange
coupling in biradicals bridged by nonalternant z-systems (e.g.,
Figure 2C as well as 1,3-IN,Az and 1,3-NN,-Az). Furthermore,
there are few examples of such biradicals. In this context, the
results of Haraguchi et al. are notable since both 1,3-IN,Az and
1,3-NN,-Az are disjoint, yet 1,3-IN,Az exhibits weak
antiferromagnetic coupling (J = —3.0 cm™") while 1,3-NN,-Az
exhibits ferromagnetic coupling (J = +6.9 cm™').** Interestingly,
these two disjoint biradicals lack both spin delocalization into
the bridging unit and superexchange pathways that clearly
related spectroscopic features.”® This is not to say that there is
no bridge spin density in NN-substituted azulenes, indeed there
s.*> However, since the NN SOMO is nodal at carbon, azulene
spin density is derived from spin polarization rather than direct
overlap of SOMO and bridge wave functions As a result, more
structural types are required to elucidate the mechanisms that
control magnetic- and electronic coupling through nonalternant
m-system bridges.”””®

As an alternative to the active-electron approach, we have
shown that magnetlc exchange coupling in both nondisjoint,*”””
and disjoint’® donor-bridge-acceptor (D-B-A) biradicals can be
treated using a spectroscopy-oriented valence bond config-
uration interaction (VBCI) approach, e.g., Figure 2D. Our D-B-
A triads are comprised of spin-1/2 3-tert-butyl-orthosemiqui-
none (SQ) donors and spin-1/2 NN acceptors. The advantage
of using a VBCI/superexchange model is that spectroscopic and
magnetic observables can be used to correlate Jsqp.nn
(determined by fitting variable-temperature magnetic suscept-
ibility data) with the electronic coupling matrix element, Hpg
in order to determine the excited-state origins of bridge-
dependent electronic coupling, Hp p. A207% This model is
presented in Figure 2D, where Hgq.p xn = Hp.p.a) Kis the SQ —
B-NN charge transfer (CT) excited state singlet—triplet gap, and
U is the mean CT energy. We have recently used this idea to
correlate superexchange pathways that give rise to magnetic
exchange interaction with molecular electron transport path-
ways. 508385

To further explore magnetic exchange coupling mediated by
nonalternant z-system bridges, we describe the synthesis and the
nature of the magnetic exchange coupling in 1,3-SQ,Az and the
D-B-A biradical, 1,3-SQ-Az-NN (Figure 1). Unlike 1,3-IN,Az
and 1,3-NN,Az, these new biradical complexes possess SQ
donor groups that facilitate the delocalization of spin density
directly onto the Az bridge fragment. We compare these new
biradicals to 1,3-IN,Az, 1,3-NN,Az,** 1,3-SQ,Ph,** and 1,3-
SQ-Ph-NN,”® and the results generated provide new insight into
magnetic and electronic coupling mediated by both alternant
and nonalternant organic 7-systems. This work also addresses
the important concept of “bridge transferability” between
disparate D—B— A molecules and their corresponding molecular
device constructs.”

B RESULTS AND DISCUSSION

Synthesis. Biradical ligand metal complex 1,3-SQ,Az was
synthesized as shown in Scheme 1. The synthesis begins with the
bromination of azulene at both the 1- and 3-positions with N-
bromosuccinimide in accordance with literature procedure.””
1,3-Dibromoazulene was subjected to Suzuki coupling with
MOM,CatBpin to give 1,3-(MOM,Cat),Az. The methoxy-
methyl (MOM) protecting groups were removed using catalytic
HCI in MeOH at room temperature, and the resulting
bis(catechol), 1,3-Cat,Az was complexed with Tp“™MeZn-
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Scheme 1. Synthesis of 1,3-SQ,Az and 1,3-SQ-Az-NN
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Figure 3. Thermal ellipsoid plots (50% probability) and biradical ligand atomic numbering schemes for X-ray structures of 1,3-SQ,Az (left) and 1,3-

SQ-Az-NN (right).

(OH) (Tp“™Me = hydrotris(3-methyl-S-cumenylpyrazolyl)-
borate)®” and subsequently oxidized with atmospheric O, to
yield 1,3-SQ,Az. The [Tp“*™M¢]~ ancillary ligand is a facial
tridentate chelating ligand that is both bulky and encapsulating.
This property of the ligand effectively insulates the semi-
quinones from intramolecular interactions in the solid state and
has now been used as an ancillary ligand across several dozen
semiquinone complexes.”’~*>*7%2

The complex 1,3-SQ-Az-NN was synthesized as shown in
Scheme 1. The synthesis begins with the selective NBS
bromination of azulene, which was subsequently coupled with
HOPhBpin using modified Suzuki conditions to give HOPh-
Az. Following a substrate-optimized protocol similar to that of
Magdziak et al., the phenol was oxidized to the quinone via the
regioselective reaction with IBX in DMF then reduced to the
catechol with H,/Pd/C and simultaneously protected with

acetate groups due to inherent instability of this free catechol to
give Ac,Cat-Az. In our hands, the only successful method of
installing the NN in the presence of the acetate-protected
catechol was to use the known palladium-mediated cross-
coupling reaction of NNAuPPh; and aryl halides as described by
Okada et al.**”** Therefore, the azulene ring of Ac,Cat-Az was
iodinated selectively with N-iodosuccinimide and then cross-
coupled with NNAuPPh; to give Ac,Cat-Az-NN. The final
steps to synthesize 1,3-SQ-Az-NN were performed with
modifications to the standard procedure using Tp“*™*Zn-
(OH) and K,CO; in MeOH/CH,Cl,. In situ removal of the
acetates ensued in basic methanolic solution by slow addition of
Ac,Cat-Az-NN in CH,Cl, to Tp“*™™*Zn(OH), and this was
followed by complexation with the (Tp““™M°Zn)* complex
cation. This procedure was necessary to prevent decomposition
of the reactive free catechol-azulene.
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Table 1. Select 1,3-SQ,Az and 1,3-SQ-Az-NN Bond Lengths”

1,3-SQ,Az 1,3-5Q-Az-NN
moiety bond length (A) bond length (A) bond length (A)

SQC-0O C21-03 1.296 C1-01 1.300 CO-05 1.298
C22-04 1.270 C2-02 1.268 CY-06 1.266

SQ rings C21-C22 1.474 Cl1-C2 1.473 CO-CY 1.473
C22—-C23 1.444 C2—-C3 1.446 CY-CS 1.449

C23-C24 1.369 C3—-C4 1.372 CS-CzZ 1.365

C24—-C25 1.437 C4-Cs 1.431 CZ-C13 1.44S5

C25—-C26 1.384 C5-Cé6 1.391 C13-CT 1.389

C26—C21 1.395 C6—Cl1 1.400 CT-CO 1.407

SQ—Az bonds C25-C13 1.463 C5-Cl11 1.463 C15—-C13 1.451
NN bonds N9-OA 1.288
N10—-OE 1.284

N9-C1Q 1371

N10-C1Q 1.325

Az—NN C19-C1Q 1.446

“See the Supporting Information for crystallographic information.

X-ray Crystallography. X-ray quality crystals of 1,3-SQ,Az
and 1,3-SQ-Az-NN were grown by slow evaporation of
CH,Cl,/MeOH solutions, and the structures determined by
X-ray diffraction are shown in Figure 3. The crystal structure
shows intermolecular N—O contacts of 3.27 A suggesting a
weak® intermolecular antiferromagnetic interaction” (see the
Supporting Information). The dioxolene C—O and C—C bond
lengths for both structures are consistent with the § = 1/2
semiquinone anionic spin and charge distribution (see Table 1
for relevant bond lengths).”" Bond length deviation parameters,
TIAJ,°°7 defined as the difference in SQ ring bond lengths of
3,5-di-tert-butylsemiquinone and those of 1,3-SQ,Az and 1,3-
SQ-Az-NN, are 0.154 and 0.153 A (see the Supporting
Information), respectively, possibly indicating a greater
delocalization of the SQ spin into the Az bridge than for either
$Q-m-Ph-NN (ZIA| = 0.142 A)°" or 1,3-SQ,Ph (ZIA/ = 0.129
A).” Notably, the SQ-Az single bond lengths for both 1,3-
SQ,Az and 1,3-SQ-Az-NN are ~1.46 A, and this is also
consistent with a substantial interaction between the SQ and Az
7-systems. The SQ-Az single bond length in 1,3-SQ-Az-NN is
~1.45 A and is therefore slightly shorter that the corresponding
bonds in 1,3-SQ,Az.

The torsion angle between the SQ ring and azulene bridging
unit in 1,3-SQ-Az-NN is ~42°, while the torsion angle between
the ONCNO z-system of the NN radical and azulene bridging
unit is ~40°. The corresponding torsion angle for 1,3-SQ,Az is
~32°, which is notably less than those of 1,3-SQ-Az-NN.

Electron Paramagnetic Resonance (EPR) Spectrosco-
py. Support for a triplet-state of 1,3-SQ,Az biradical complex is
provided by the frozen-solution EPR spectrum, Figure 4A. The
spectral features centered ~3340 G are consistent with the fine
structure of a randomly oriented triplet with a 5% monoradical
impurity. Zero-field splitting (ZFS) parameters for the triplet
state determined by spectral simulation are g,, = 2.0040, g, =
2.0032, g,, = 2.0054; ID/hcl = 0.0040 cm™’, and |E/hcl = 0.0004
cm ™. The formally Am, = 2 transition of the triplet is observed
as the characteristic half-field transition (Figure 4A, inset).
These ZFS parameters are very close to those of the m-Ph-
bridged complexes (D ~ 0.004 cm™' and E ~ 0.0001 cm™")
which is expected due to the fact that in S > 1/2 organic species
the magnitude of the ZFS is determined by dipole—dipole
interactions since the spin—orbit coupling is minimal.”

| I — | ST ST SN [T ST TN THN NN S T T_— |

A 1,3-5Q,Az
100K 2-MTHF
Simulated
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—\ A

1660 1670 1680
Field (Gauss)

1650 1700

B 1,3-sQ-Az-NN
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Figure 4. X-band EPR spectra of 1,3-SQ,Az (A) and 1,3-SQ-Az-NN
(B) recorded at 100 and 125 K, respectively, in 2-methyltetrahydrofur-
an (2-MTHF). Simulations were performed using Easyspin.

The frozen solution triplet spectrum of the 1,3-SQ-Az-NN
biradical is presented in Figure 4B. As was observed for 1,3-
SQ,Az, the spectral features centered ~3340 G are consistent
with the fine structure of a randomly oriented rhombic triplet
(g = 2.00606, gy = 2.00277, g, = 2.00518; ID/hcl = 0.0067
ecm™!, and |E/hd = 0.0004 cm™) with a 6% monoradical
impurity and an anisotropic '*N hyperfine interaction (Ay,, =
0.083 G, Anyy = 876 G, Ax,, = 2.57 G), similar to the
corresponding spectrum of 1,3-NN-Az.">">'" The formally
forbidden Amg = 2 transition of the triplet, which possesses
observable '*N hyperfine splitting, is present near half-field
(Figure 4B, inset).

The EPR spectral breadth (= 2D ~ r;*, where r, is the
interelectron separation)”® of 1,3-SQ,Az and 1,3-SQ-Az-NN
differ by a factor of ~50%, consistent with the shorter SQ—NN
spin—spin distance compared to the SQ—SQ spin—spin
distance, and consistent with the spectral trends for 1,3-IN,-
Azand 1 ,3-NN2-Az.42 However, the room-temperature solution
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EPR spectrum of S = 1/2 1-SQ-Az (see the Supporting
Information) exhibits a '"H-hyperfine pattern that strongly
suggests delocalization into both the 5- and 7-membered rings of
the azulene 7-system, and such delocalization is required for
“strong” magnetic exchange with the second radical be it a
second SQ (a D-B-D biradical, 1,3-SQ,Az) or an NN (a D-B-A
biradical, 1,3-SQ-Az-NN).

Electronic Absorption Spectroscopy. The electronic
absorption spectra of 1,3-SQ,Az and 1,3-SQ-Az-NN, as well
as the S = 1/2 monoradical-substituted azulenes 1-NN-Az and
1-SQ-Az, are shown in Figure 5. The radical 1-NN-Az has the

35
. 1-NN-Az
307 | —isaa:
=0 1 —1,3-SQ-Az-NN
'E 251 13-5Q Az
:’ ]
— 20
=
D 15
i .
© 101
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Figure S. Electronic absorption spectra 300 K/CH,Cl, solvent) of 1,3-
SQ,Az (red line), 1,3-SQ-Az-NN (black line), and constituent
monoradical-substituted azulenes 1-NN-Az (blue line) and 1-SQ-Az
(green line).

characteristic NN visible band near 16000 cm™ as well as
features between 23000 and 28000 cm™. While the 27000 cm™
band is characteristic of aryl-substituted NN radicals,'"'?* the
lower energy feature is unique to 1-AzZNN. Both 1-SQAz and

1,3-SQ,Az possess their own transitions near 27000 cm™!, and
they also display an intense (&,,,, = ~20000—30000 M~ '-cm™),
structured transition near 20000 cm ™. Surprisingly, this band
decreases in intensity when a second SQ_ group is added
(compare the spectra of 1-SQAz and 1,3-SQ,Az) and decreases
further in 1,3-SQ-Az-NN. In addition, both 1-SQAz and 1,3-
SQ,Az possess the characteristic SQ transition'* in the visible
near 12000 cm™. This 12000 cm™" band in 1-SQAz is far more
intense in (&, = ~2500 M~':cm™") than the corresponding
band in 1,3-SQ-Az-NN (g, = ~800 M~'-cm™).

Collectively, the spectra of 1,3-SQ,Az and 1,3-SQ-Az-NN
illustrate striking differences compared to SQ—bridge—NN D—
B—A biradicals with alternant z-system bridges (e.g,, p-Ph, 2,5-
thiophenyl, etc.), as well as SQ-bridge-SQ biradicals with cross-
conjugated, alternant z-system bridges. D-B-A biradicals with
alternant 7z-system bridges exhibit electronic absorption spectral
features of the constituent chromophores plus a characteristic
7(SQ) — =*(bridge—NN) interligand charge transfer transition
(Figure 2D) that plays a key role in our VBCI model for donor—
bridge—acceptor biradicals (Figure 2D).'*#%%2 Biradicals of the
type SQ—bridge—SQ with cross-conjugated, alternant 7-system
bridges have the spectral features of the SCL—bridge.A'4 However,
the electronic absorption spectra of 1,3-SQ-Az-NN and 1,3-SQ-
Az-NN are substantially more complex and exhibit transitions
across the entire spectral region. Thus, the use of electronic
absorption spectroscopy to elucidate superexchange coupling
pathways involving nonalternant bridges will involve the
synthesis and spectroscopic study of additional compounds
coupled with the results of detailed computational studies.

Magnetic Susceptibility. Variable-temperature magnetic
susceptibility measurements were used to determine the sign
and magnitude of intramolecular magnetic exchange coupling
between the two SQ rings through the nonalternant azulene 7-
system. Saturation magnetization experiments at 2 K yielded a
saturation magnetization (M,,) of 1.7 Bohr magnetons,
consistent with a triplet ground state (ferromagnetic coupling
of radical spins; see Figure S1). Paramagnetic susceptibility
(Ypara) data for 1,3-8Q,Az and 1,3-SQ-Az-NN were collected
between S and 300 K in an applied magnetic field of 0.7 T, and
these data are shown in Figure 6A,B, respectively. Fitting a
simple two-spin singlet—triplet model to the y,,,,'T vs T data

A
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Figure 6. Plots of paramagnetic susceptibility-temperature product (¥, T) vs temperature for crystalline samples of 1,3-SQ,Az (A) and 1,3-SQ-Az-
NN (B). Values for fit parameters indicate triplet ground states for both complexes (see text).
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Figure 7. Graphical method for determining normal conductance (via conjugative interaction) or quantum interference (via cross-conjugative
interaction) in molecular devices. (A) p-Phenylene represents a conjugative pathway between electrodes or radicals. (B) m-Phenylene represents a
cross-conjugative pathway between electrodes or radicals. (C) Azulene represents the 1,3-pathway through a nonalternant 7-system between

electrodes or radicals.

resulted in an exchange coupling constant | = +38 cm™

(H = —2]§I~§; exchange Hamiltonian) for 1,3-SQ,Az, and |
= +9 cm™' for 1,3-SQ-Az-NN. Commensurate with the crystal
packing for 1,3-SQ,Az, a fit to a tetramer (4-spin) model gives
Jsqnn = +4 cm ™" (and Jyr = —1.8 cm™'; see the Supporting
Information). The positive J values confirm a pairwise
ferromagnetic interaction between the two radicals in both
complexes through the nonalternant bridge giving a triplet
ground states. The ] value determined for 1,3-SQ,Az is very
similar in both sign and magnitude to those determined
previously for 1,3-SQ,Ph-X with ] = +46 cm™ (X = H), ] =
+36 cm™' (X = OMe), and J = 35 cm™! (X = NMe,)."*
Conversely, the weak ferromagnetic exchange determined for
1,3-SQ-Az-NN is less than the ferromagnetic coupling observed
in SQ-p-Ph-NN (J = +100 cm™").”" The 1,3-SQ-Az-NN J value
is also weaker and of the opposite sign for SQ-m-Ph-NN (J =
—32 em™).”® The larger SQ-bridge and NN-bridge torsion
angles for 1,3-SQ,Az may play a mitigating role in the
diminished coupling compared to both phenylene-bridged
biradicals.

What is important here is that the magnetic exchange coupling
parameter, ], for both 1,3-SQ,Az and 1,3-SQ-Az-NN is
ferromagnetic. These results are in striking contrast to the ]
values for bis-SQ- and SQ-NN biradicals bridged by alternant 7-
systems: cross conjugated SQ-bridge-SQ biradicals exhibit
ferromagnetic exchange, while cross-conjugated SQ-Bridge-
NN biradicals exhibit antiferromagnetic exchange.””’> Con-
versely, conjugated SQ-Bridge-SQ_species are expected to be
either diamagnetic and possess closed-shell Kekulé resonance
forms or possess weakly antiferromagnetic exchange, while
conjugated SQ-Bridge-NN biradicals exhibit ferromagnetic
exchange exchange."’*%*%27%5! Thys the observed ferro-
magnetic coupling in both 1,3-SQ,Az and 1,3-SQ-Az-NN is
anomalous and further demonstrates the breakdown of orbital-
related rules for magnetic exchange coupling in organic
biradicals.

Also noteworthy is the weak ferromagnetic exchange in 1,3-
SQ-Az-NN, where the exchange coupling parameter in SQ-p-
Ph-NN is +100 cm™". This is over 10-fold greater than that of
1,3-SQ-Az-NN.**°! The weak exchange in 1,3-SQ-Az-NN can
be attributed, at least in part, to the larger SQ-Az and Az-NN
torsion angles compared to the corresponding torsion angles in
$Q-m-Ph-NN.”° In SQ-Bridge-NN biradicals with alternant,

conjugative 77-system bridges, the exchange can be understood in
terms of a superexchange model (Figure 2D) in which the SQ —
Bridge-NN excited charge transfer configuration plays a key role.
In azulene bridged systems, the LUMO is nearly nodal at the 1,3
positions,” effectively eliminating this superexchange pathway.

Finally, the stated relationships between magnetic exchange
coupling and molecular conductance”**** suggests that the
graphical method of Markussen'” might be used to predict
exchange coupling through azulene. Figure 7 illustrates this
method for predicting %uantum interference (typical of cross-
conjugated connectivity ~ of electrodes in a molecular junction
configuration) or normal conductance via a conjugative
interaction pathway for p-phenylene (Figure 7A), m-phenylene
(Figure 7B), and azulene (Figure 7C). The shortest pathway is
highlighted with bold bond lines. If the remaining atoms can be
grouped together in pairs, then normal conductance is predicted,
and is typical for a conjugative pathway (Figure 7A).

Single atoms left unmatched indicate quantum interference
behavior (Figures 7B, C). As can be seen, para-phenylene
(Figure 7A) represents a conjugative pathway which results in
normal conductance in single-molecule devices, antiferromag-
netic exchange in, e.g, SQ-p-Ph-SQ species (closed-shell Kekulé
structures), and ferromagnetic coupling in SQ-p-Ph-NN
(observed experimentally”’"). The opposite trends are predicted
and observed for cross-conjugated meta-phenylene (Figure 7B).
The intrinsic conductance through azulene is unclear from break
junction experiments,””””'** and so the predictions of this
model as they apply to both conductance and magnetic
exchange coupling have yet to be resolved. Thus, straightforward
models for understanding electronic coupling through azulene, a
representative nonalternant 7-system, remain elusive.

B CONCLUSIONS

Herein we described the syntheses, X-ray crystal structures,
electron absorption- and EPR spectra, and magnetic exchange
properties of two azulene-bridged biradicals 1,3-SQ,Az and 1,3-
SQ-Az-NN. Both 1,3-SQ,Az and 1,3-SQ-Az-NN exhibit
ferromagnetic exchange between their constituent radicals, as
illustrated by magnetic susceptibility measurements, and the
exchange parameters were compared to corresponding
biradicals with alternant z-system bridges. To date, there are
no straightforward models for predicting magnetic exchange
coupling in biradicals with nonalternant z-system bridges.
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Additional synthetic, spectroscopic, and theoretical research is
necessary to elucidate coupling pathways through nonalternant
m-system bridges and these studies are ongoing in our
laboratories.

B EXPERIMENTAL SECTION

4-Bromo-2-tert-butylphenol'* and 1,3-dibromoazulene were synthe-

sized according to established literature procedures.”” MOM,CatBpin
was prepared according to a modification (see the Supporting
Information) of the literature method.'” 2-Todoxybenzoic acid
(IBX) was prepared by reaction of commercially available 2-
iodobenzoic acid and Oxone (potassium peroxymonosulfate) accord-
ing to the literature procedure.'°® N-Bromosuccinimide was recrystal-
lized from water and dried prior to use. N-Iodosuccinimide was
purchased from Matrix Scientific and used as received. Nitronyl
nitroxide-2-ido(triphenylphosphine)gold(I) (NN-Au-PPh;) was pre-
pared according to the literature.”*”* 2-Isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (i-PrOBpin) was purchased from TCI and used as
received. 2-tert-Butylphenol was purchased from Sigma-Aldrich and
used as received.

5-Bromo-3-tert-butyl-o-quinone (BQ-Br). IBX (29.71 g, 106.1
mmol) was added to a stirred solution of 4-bromo-2-tert-butylphenol
(18.70 g, 81.62 mmol) in 180 mL of 25% MeOH/CH,C, in a room-
temperature water bath. Stirred for 20 min, then added 18 g of silica gel
and concentrated to dryness under reduced pressure. The solid mixture
was loaded onto a column of 224 g of silica gel and purified by flash
chromatography using 10% Et,O/hexanes as eluent. The product-
containing fractions were concentrated to give the title compound as a
dark solid (17.06 g, 86%) and was used directly in the next step due to
instability.

5-Bromo-3-tert-butyl-catechol (CatBr). Compound BQ-Br
(17.06 g, 70.18 mmol) was dissolved in 90 mL of THF and 90 mL of
H,0, then Na,$,0, (15.88 g, 91.23 mmol) was added and stirred until
the solution became light yellow. The reaction mixture was transferred
to a separatory funnel, extracted with hexanes and washed with brine.
Separated and dried the organic layer with MgSO,, then concentrated
under reduced pressure to quantitatively give a yellow oil. No further
purification was performed and the yellow oil was used directly in the
next step.

5-Bromo-1-tert-butyl-2,3-bis(methoxymethoxy)benzene
(MOM,CatBr). CatBr from the previous step in 85 mL of CH,Cl, and
cooled to 0 °C under nitrogen. (i-Pr),EtN (85 mL, 490 mmol) and
DMAP (0.100 g, 0.820 mmol) were added and the reaction was stirred
for 10 min. A 1:1 (mol:mol by '"H NMR integration) MOMCI/MeOAc
solution (8 ~ 0.9 g/mL, 48 mL, 280 mmol) was added dropwise. A
nitrogen-purged condenser was attached, and the reaction was heated
to reflux in an oil bath overnight. After the reaction was cooled to room
temperature, 100 mL of saturated NH,Cl solution was added, and the
mixture was stirred for 20 min. The mixture was transferred reaction to
a separatory funnel, washed with brined and extracted with CHCl;. The
organic layer was separated and dried with MgSO,, filtered, and
concentrated under reduced pressure. The dark red oil was loaded onto
a silica pad and eluted with 20% Et,0/hexanes and then concentrated
to give the title compound as a yellow oil (20.14 g, 86%). "H NMR (400
MHz, CDCl,) 8: 7.18 (d, ] = 2.4 Hz, 1H), 7.10 (d, ] = 2.4 Hz, 1H), 5.16
(s,2H), 5.14 (s, 2H), 3.63 (s, 2H), 3.49 (s, 2H), 1.39 (s, 9H). 3C{'H}
NMR (101 MHz, CDCl,) §: 150.9, 145.3, 145.2, 123.7, 117.9, 115.7,
99.1,95.5,57.7, 56.4, 35.4, 30.4. HRMS (ESI-ion trap) m/z: [M + Na]*
Calcd for C;,H,,BrO,Na 355.0515; Found 355.0516.

2-(3-tert-Butyl-4,5-bis(methoxymethoxy)phenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (MOM,CatBpin). MOM,CatBr
(5.96 g, 17.89 mmol) was added to an 250 mL oven-dried round-
bottom flask and was purge-pumped; backfilling with nitrogen (3
times). Then ca. 125 mL of anhydrous, deoxygenated THF was added,
and under nitrogen, the flask was cooled to —78 °C. A solution of t-BuLi
in hexane (23 mL, 39 mmol) was added dropwise and the reaction was
stirred for 10 min at —78 °C after the addition was complete. i-PrOBpin
(4.4 mL, 22 mmol) was added dropwise, the reaction stirred for 1.5 h at
—78 °C, and then the cold bath was removed, and the reaction was

allowed to warm to room temperature. Solvent was removed under
reduced pressure, and the viscous orange oil was loaded onto a silica
pad, eluted with 30% Et,O/hexanes, and concentrated. The resulting
yellow oil was redissolved in minimal pentane and an existing crystalline
piece of MOM, CatBpin was added and the product was precipitated
overnight in a 4 °C refrigerator. The precipitate was washed gently with
cold pentane which was pipetted off and then the title compound as a
white solid was dried under a stream of nitrogen (6.05 g, 89%). 'H
NMR (400 MHz, CDCL,) &: 7.46 (d, ] = 1.3 Hz, 1H), 7.40 (d, ] = 1.3
Hz, 1H), 5.23 (s, 2H), 5.21 (s, 2H), 3.65 (s, 3H), 3.52 (s, 3H), 1.44 (s,
9H), 1.32 (s, 12H). BC{*H} NMR (101 MHz, CDCL,) &: 149.7, 149.1,
142.9, 1274, 120.6, 99.2, 95.5, 83.8, 77.4, 57.8, 56.7, 35.2, 30.7, 25.0.
HRMS (ESl-ion trap) m/z: [M + Na]* Calcd for C,yH;;BO¢Na
403.2262; Found 403.2260.
1,3-Bis(3-tert-butyl-4,5-bis(methoxymethoxy)phenyl)-
azulene (1,3-(MOM,Cat),Az). 1,3-Dibromoazulene (112 mg, 0.392
mmol) in 10 mL of argon-purged THF was cannula transferred into a
50 mL round-bottom flask, equipped with magnetic stir bar and a
solution of MOM, CatBpin (298 mg, 0.784 mmol), Pd(PPh;), (9 mg, 8
umol), and Cs,CO; (516 mg, 1.58 mmol) in S mL each of argon-
purged THF and H,O, preheated to 55 °C in an oil bath. A nitrogen-
purged reflux condenser was attached and the mixture was stirred at this
temperature for 18 h. After cooling to room temperature, the reaction
was transferred to a separatory funnel, diluted with Et,O and washed
with brine. The organic layer was separated, dried with MgSO,, and
concentrated under reduced pressure. The product was purified by
silica gel (deactivated with 1% Et;N in eluent) chromatography with
10% EtOAc/hexanes to afford 235 mg (96%) of the title compound as a
blue oil. '"H NMR (400 MHz, CDCL,) 6: 8.51 (d, J = 9.4 Hz, 2 H), 8.07
(s, 1H),7.56 (t,J = 9.8 Hz, 1 H), 7.30 (d, ] = 2.3 Hz, 2 H), 727 (d, ] =
2.3Hz,2H),7.10 (dd, J=9.4,9.8 Hz, 2 H), 5.30 (5,4 H), 5.25 (s, 4 H),
3.71 (s, 6 H), 3.54 (s, 6 H), 1.50 (s, 18 H). *C{'H} NMR (400 MHz,
CDCl,) 8: 1502, 144.8, 143.5, 138.9, 137.0, 136.4, 136.2, 132.0, 130.4,
1232, 122.2, 116.2, 99.1, 95.5, 56.9, 35.3, 30.6. HRMS (APCI*-TOF)
m/z: [M + H]* Calcd for C49H,,04 633.3427; Found 633.3429.
1,3-5Q,Az. A solution of 1,3-(MOM,Cat),Az (75 mg, 0.12 mmol)
in S mL of MeOH and 0.5 mL of 12 M HCl was stirred for 12 h at room
temperature. The mixture was transferred to a separatory funnel,
diluted with Et,O, and washed with brine. The organic layer was
separated, dried with Na,SO,, and concentrated under reduced
pressure. The crude product was carried into the next reaction without
further purification, where KOH (14 mg, 0.25 mmol) and Tp“*™MZn-
(OH) (164 mg, 0.237 mmol) were combined in a 50 mL round-bottom
flask and purge-pumped three times, backfilling with nitrogen. A
deoxygenated, anhydrous 1:1 MeOH:CH,Cl, solution (20 mL) was
added and the contents were stirred for 1.5 h under nitrogen, then
opened and exposed to air for 18 h. The reaction solution was
concentrated under reduced pressure leaving ca. S mL of MeOH. The
mixture was then cooled and filtered through a Biichner funnel and the
precipitate was washed with cold MeOH and dried to give 1,3-SQ,Az
(69 mg, 32%) of the as a dark green solid. X-ray quality crystals were
grown by slow evaporation of a mixture of minimal CH,Cl, in MeOH.
IR (solid) v (cm™): 2533 (w, B-H). HRMS (APCI*-TOF) m/z: [M +
H]* Caled for C,ogH,,,B,N,0,Zn, 1797.8475; Found 1797.8394.
1-Bromoazulene (Br-Az). To a solution of azulene (154 mg, 1.20
mmol) of in 30 mL of Et,O at —78 °C was added solid NBS (217 mg,
1.22 mmol). The reaction was stirred for 1S min at —78 °C and then
warmed to room temperature and stirred overnight for 16 h. The
reaction mixture was transferred to a separatory funnel and washed with
1 M NaOH, then brine. The organic layer was separated, dried with
MgSO,, and concentrated under reduced pressure to give 1I-
bromoazulene (244 mg, 99%) as a dark blue oil, which was used
without further purification.
4-(Azulen-1-yl)-2-tert-butylphenol (HOPh-Az). A 25 mL
round-bottom flask containing Br-Az (270 mg, 1.30 mmol),
HOPhBpin (365 mg, 1.32 mmol), Cs,CO; (850 mg, 2.61mmol),
and Pd(PPh;), (22 mg, 19 ymol, 1.5 mol %) in 20 mL of THF and 14
mL of H,O under nitrogen was fitted with a nitrogen-purged, water-
cooled condenser and then heated in an oil bath to 55 °C for 20 h. After
this time, the reaction mixture was transferred to a separatory funnel,
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diluted with 15 mL of Et,O, and washed two times each with 10 mL of
brine. The organic layer was separated, dried with Na,SO,, and
concentrated under reduced pressure. The crude material was purified
by silica gel flash chromatography with 50% CH,Cl,/hexanes to afford
281 mg (78%) of the title compound as a dark blue solid. '"H NMR (400
MHz, CDCly) 6:8.51 (d,J=9.8 Hz, 1 H), 8.33 (d, ] = 9.4 Hz, 1 H), 7.99
(d,J=3.9Hz,1H),7.57(dd,]=9.8,9.8 Hz, 1H),7.53 (d,J=1.9Hz, 1
H),7.43(d,J=3.9Hz,1H),7.33(dd,J=1.9,8.0Hz, 1 H),7.12 (dd, ] =
9.4,9.8 Hz, 1 H), 6.82 (d, ] = 8.0 Hz, 1 H), 4.79 (s, 1 H), 1.49 (s, 9 H).
BC{'H} NMR (101 MHz, CDCl;) &: 153.1, 141.4, 138.0, 137.1, 136.3,
135.6, 135.0, 131.7, 129.8, 128.7, 128.6, 128.0, 122.8, 122.6, 117.2,
116.8, 34.7, 29.7. HRMS (ESI-ion trap) m/z: [M]" Calcd for C,0H,,0
276.1509; Found 276.1510.

5-(Azulen-1-yl)-3-tert-butyl-1,2-phenylene Diacetate
(Ac,Cat-Az). IBX (144 mg, 0.514 mmol) was added to a solution of
HOPh-Az (126 mg, 0.456 mmol) in 3 mL of DMF. The reaction was
stirred for 2 h at room temperature, and then this solution was added
dropwise via cannula to a stirring solution of Pd(OAc), (101 mg, 0.5
mmol), Cs,CO; (318 mg, 0.976 mmol), and Ac,0 (0.90 mL, 9.5
mmol) in 1 mL of DMF, which had hydrogen bubbled through it for 30
min prior to addition and was under a hydrogen atmosphere. More
hydrogen gas was bubbled through the solution. After 1.5 h, TLC
(eluting with 100% CH,Cl,) confirmed that the reaction was complete.
Nitrogen was then bubbled through the solution for 30 min, and the
solution was filtered through a pad of Celite and washed with CH,Cl,.
The filtrate was transferred to a separatory funnel where it was washed
with three 50 mL aliquots of water. The organic layer was separated,
dried with MgSO,, and concentrated under reduced pressure to afford a
crude brown oil. The product was purified by a silica gel column, eluting
with 50% CH,Cl,/hexanes to afford 94 mg (55%) of the title
compound as a blue oil. "H NMR (400 MHz, CDCl;) 6: 8.58 (d, ] = 9.8
Hz,1H),8.37 (d,]=9.8 Hz, 1 H), 8.01 (d, J = 3.5Hz, 1 H), 7.62 (dd, ]
=9.8,9.8 Hz, 1 H), 7.51 (d, ] =2.3 Hz, 1 H), 7.44 (d,] = 3.5 Hz, 1 H),
7.35(d,J=2.3Hz,1H),7.21 (d,]=9.8 Hz,1 H),7.17 (d,] = 9.8 Hz, 1
H), 2.40 (s, 3 H), 2.32 (s, 3 H), 1.43 (s, 9 H). ¥C{'H} NMR (101
MHz, CDCl,) 6: 168.4, 168.2, 143.0, 142.8, 141.7, 139.4, 138.3, 137.3,
137.0,135.5,135.3,135.2,130.1, 125.8,123.6,123.2,122.2, 117 .4, 35.0,
30.3. HRMS (APCI*-TOF) m/z: [M + H]' Caled for C,,H,0,
377.1753; Found 377.1752.

3-tert-Butyl-5-(3-iodoazulen-1-yl)-1,2-phenylene Diacetate
(Ac,Cat-Az-l). Ac,Cat-Az (48 mg, 0.17 mmol) was dissolved in ca.
30 mL of Et,O and cooled to —78 °C. N-Iodosuccinimide (44 mg, 0.20
mmol) was added, and the mixture was stirred for 20 min at —78 °C,
then warmed to room temperature, and stirred for 18 h. The reaction
mixture was transferred to a separatory funnel and washed with
saturated NaHCOj solution and then brine, and the organic layer was
extracted, dried with MgSO,, and concentrated under reduced pressure
to afford Ac,Cat-Az-1 (69 mg, 76%) as a dark blue solid. 'H NMR (400
MHz, CD,Cl,) 5: 8.48 (d, ] = 9.8 Hz, 1 H), 8.30 (d, J = 9.8 Hz, 1 H),
8.08 (s, 1 H),7.70 (dd, J = 9.8, 9.8 Hz, 1 H), 7.46 (d, ] = 2.3 Hz, 1 H),
7.28 (d,J =2.3 Hz, 1 H), 7.36—7.23 (m, 2 H), 2.37 (s, 3 H), 2.27 (s, 3
H), 1.39 (s, 9 H). *C{'H} NMR (101 MHz, CDCL,) §: 168.3, 168.2,
143.3, 142.8, 140.5, 139.8, 139.6, 139.2, 136.4, 135.4, 133.8, 131.4,
1287, 127.2, 1257, 124.7, 124.1, 122.2, 74.6, 35.0, 30.3, 20.9, 20.8.
HRMS (ESI-ion trap) m/z: [M + H]" Calcd for C,,H,310, 503.0714;
Found 503.0697.

3-tert-Butyl-5-(3-(4,4,5,5,-tetramethyl4,5-dihydroimidazol-
3-oxide-1-oxyl)azulen-1-yl)-1,2-phenylene Diacetate (Ac,Cat-
Az-NN). In a 25 mL round-bottom flask, Ac,Cat-Az-I (54 mg, 0.11
mmol), NN-Au-PPh; (74 mg, 0.12 mmol), and Pd(PPh,), (13 mg,
0.011 mmol, 10 mol %) were combined under nitrogen. Then S mL of
THF was added, a nitrogen-purged, water-cooled condenser was
attached, and the flask was heated in an oil bath to 60 °C. After 4 h, the
reaction was complete as determined by TLC on basic alumina with
33% EtOAc/hexanes, and then it was cooled to room temperature and
concentrated under reduced pressure. The title compound was purified
by basic alumina column chromatography with 25% EtOAc/hexanes as
eluent to afford Ac,Cat-Az-NN (43 mg, 73%) as a dark seafoam green
solid. HRMS (APCI*-TOF) m/z: [M + H]" Calcd for C3;H;4N,O4
532.2573; Found 532.2574.

1,3-5Q-Az-NN. A purge-pumped 50 mL flask containing Ac,Cat-
Az-NN (58 mg, 0.11 mmol) in 20 mL of CH,Cl, was added dropwise
via cannula at a rate of one drop per 6 seconds to a solution of
Tp“™MeZn(OH) (76 mg, 0.11 mmol) and K,CO; (30 mg, 0.22 mmol)
in 10 mL of CH,Cl, and S mL of MeOH. The green Ac,Cat-Az-NN
solution became brown when added to the Tp“*™™*Zn(OH) and
K,CO; solution and then became orange-red. The addition was
complete after approximately 3 h, at which point the reaction was
opened to air and monitored by EPR. The reaction became red-violet
and 77K EPR showed a triplet spectrum. The reaction was stirred open
to air for 3 h and then concentrated under reduced pressure to remove
the CH,Cl, and the resulting precipitate in MeOH was collected via
vacuum filtration. The red-violet solid was collected from the filter
paper in a separate flask by dissolving it with Et,O and then
concentrated under reduced pressure to afford 1,3-SQ-Az-NN (71
mg, 58%) as a red-violet solid. HRMS (ESI-TOF) m/z: [M + H]* Calcd
for CgH;sBNgO,Zn 1117.5332; Found 1117.5276. X-ray quality
crystals were grown from CH,Cl,/i-PrOH layer—layer diffusion.

1-SQAz. A purge-pumped SO mL flask containing Ac,Cat-Az (65
mg, 0.17 mmol) in 31 mL of CH,Cl, was added dropwise via cannula at
arate of one drop per 2 seconds to a solution of Tp“*™™*Zn(OH) (114
mg, 0.16 mmol) and K,COj; (48 mg, 0.35 mmol) in 16 mL of CH,Cl,
and 8 mL of MeOH. The green Ac,Cat-Az solution became brown
when added to the Tp©™™*Zn(OH) and K,COj; solution and then
became orange-red. The addition was complete after approximately 3.5
h at which point the reaction was opened to air and monitored by EPR.
The reaction became red-violet. The reaction was stirred open to air
overnight and then concentrated under reduced pressure to remove the
CH,Cl,, and the resulting precipitate in MeOH was collected via
vacuum filtration. The red-violet solid was collected from the filter
paper in a separate flask by dissolving it with Et,O and then
concentrated under reduced pressure to afford SQ-Az (104 mg, 68%)
as a red-violet solid. HRMS (ESI-TOF) m/z: [M + H]* Calcd for
CyoHgsBN4O,Zn 964.4563; Found 964.4520.

1-NNAz. In a 25 mL round-bottom flask, 1-iodoazulene (40 mg,
0.16 mmol), NN-Au-PPh; (96 mg, 0.16 mmol), and Pd(PPh,), (18 mg,
0.016 mmol, 10 mol %) were combined to under nitrogen. Then S mL
of THF was added, a nitrogen-purged, water-cooled condenser was
attached, and the flask was heated in an oil bath to 55 °C. After 6 h, the
reaction was complete as determined by TLC on basic alumina with
50% CH,Cl,/hexanes; the mixture was was cooled to room
temperature and then concentrated under reduced pressure. The title
compound was purified by basic alumina column chromatography with
50% CH,Cl,/hexanes as eluent to afford 1-NNAz (22 mg, 50%) as a
dark seafoam green solid. HRMS (ESI-TOF) m/z: [M + 2H]* Calcd for
C1-H, N, 0, 285.1603; Found 285.1609.
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