
Magnetic Exchange Coupling through the Nonalternant
Cyclopentadienyl π‑System of Ferrocene
Patrick Hewitt, David A. Shultz,* and Martin L. Kirk*

Cite This: Org. Lett. 2021, 23, 8235−8239 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Electronic and magnetic coupling through nonalternant π-systems is an
area of intense interest in photonics and molecular electronics research, yet relatively
little is known regarding coupling through nonalternant π-systems. Herein we present
magnetic exchange coupling in two semiquinone-based biradicals: 1,3-SQ2Fc has two
semiquinone radicals attached to the one- and three-positions of the same
cyclopentadienyl ligand (a nonalternant π-system) of ferrocene, whereas 1,1′-SQ2Fc
has one semiquinone radical attached to each of the two cyclopentadienyl ligands of
ferrocene.

Electronic and magnetic exchange coupling through
alternant1 organic π-systems (e.g., benzene) have been

studied extensively, are well understood, and can be illustrated
by topographical models.2−11 Conversely, magnetic exchange
mediated by nonalternant π-systems is not well understood.12

As an example, we recently reported triplet ground states for
biradicals composed of two S = 1/2 semiquinone (SQ) units
bridged by azulene (1,3-SQ2Az, Figure 1) and one semi-
quinone and one S = 1/2 nitronylnitroxide (NN) radical
covalently attached to the same five-membered ring of azulene
(1,3-SQ-Az-NN, Figure 1).12 Ground-state ferromagnetic
(high-spin) exchange coupling in 1,3-SQ2Az and 1,3-SQ-Az-
NN is not predicted by theoretical models for biradicals
bridged by alternant π-systems.
Disjoint2 biradicals have zero overlap density between singly

occupied molecular orbitals (SOMOs) and negligible exchange
integrals and are therefore predicted to exhibit either
antiferromagnetic exchange or very weak magnetic exchange
coupling and singlet ground states. In contrast, nondisjoint2

biradicals are predicted to exhibit ferromagnetic exchange with
triplet ground states. Whereas a multitude of high-spin organic
molecules, dendrimers, and polymers have been prepared
based on this design principle,13−21 little is known about
multispin organics that incorporate nonalternant π-systems
because very few examples exist. Although two recent
reports22,12 serve as exceptions, additional examples are
required to develop predictive models for the nature of
magnetic exchange coupling mediated by nonalternant π-
systems. To further explore magnetic exchange coupling
through nonalternant π-system bridges, we describe herein
the synthesis and magnetic exchange interactions in a
nondisjoint biradical, 1,3-SQ2Fc, for direct comparison with
1,1′-SQ2Fc.
The synthesis of each semiquinone−ferrocene compound

was accomplished by the general procedures in Scheme 1
(synthetic details in the SI). Neither 1,1′-SQ2Fc nor 1,3-

SQ2Fc exhibits electron paramagnetic resonance (EPR)
spectra, suggesting a complex electronic structure that may
contain Fc → SQ charge-transfer character admixed into the
ground-state configuration. (See the SI for details.)
Structures for 1,1′-SQ2Fc and 1,3-SQ2Fc were determined

by X-ray diffraction, and their thermal ellipsoid plots (50%) are
shown in Figure 2. The dioxolene C−O and C−C bond
lengths are consistent with the S = 1/2 anionic spin and charge
distribution of the semiquinone oxidation state23−25 (Table
S7). The torsion angles (ϕ) between SQ and the covalently
attached cyclopentadienyl (Cp) rings vary between these
structures with ϕ = ∼17 and 22° for 1,3-SQ2Fc and ϕ = ∼35°
for 1,1′-SQ2Fc.
To determine the sign and magnitude of intramolecular

magnetic exchange coupling between the two SQ spins in 1,3-
SQ2Fc and 1,1′-SQ2Fc, we performed variable-temperature
paramagnetic susceptibility (χpara) measurements (Figure 3;
see the SI for details). Fitting a dimer model to the χpara·T
versus T data yields exchange coupling constants J = −2 cm−1

for 1,1′-SQ2Fc and J = −15 cm−1 for 1,3-SQ2Fc (H =
−2JS SQ1·S SQ2). These negative J values indicate singlet ground
states and further reveal the magnitude of the antiferromag-
netic exchange interaction mediated by the Fc (1,1′-SQ2Fc)
and nonalternant Cp (1,3-SQ2Fc) bridge units.
The molecular structures (specifically, the SQ−Fc torsion

angles) of 1,1′-SQ2Fc and 1,3-SQ2Fc allow for the
conjugation of SQ and Fc to delocalize SQ spin density onto
the Cp ring. (See the SI for additional details.) Given the

Received: September 4, 2021
Published: September 29, 2021

Letterpubs.acs.org/OrgLett

© 2021 American Chemical Society
8235

https://doi.org/10.1021/acs.orglett.1c02982
Org. Lett. 2021, 23, 8235−8239

D
ow

nl
oa

de
d 

vi
a 

D
av

id
 S

hu
ltz

 o
n 

Ju
ne

 1
4,

 2
02

2 
at

 2
0:

07
:5

3 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Hewitt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Shultz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+L.+Kirk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.1c02982&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02982?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02982?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02982?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02982?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c02982/suppl_file/ol1c02982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c02982/suppl_file/ol1c02982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c02982/suppl_file/ol1c02982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c02982/suppl_file/ol1c02982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c02982/suppl_file/ol1c02982_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c02982/suppl_file/ol1c02982_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c02982?fig=agr1&ref=pdf
https://pubs.acs.org/toc/orlef7/23/21?ref=pdf
https://pubs.acs.org/toc/orlef7/23/21?ref=pdf
https://pubs.acs.org/toc/orlef7/23/21?ref=pdf
https://pubs.acs.org/toc/orlef7/23/21?ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.orglett.1c02982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/OrgLett?ref=pdf
https://pubs.acs.org/OrgLett?ref=pdf


connectivity of the SQ groups in 1,3-SQ2Fc, one might expect
the exchange coupling to be similar in magnitude to that of two
SQ groups attached meta through a benzene bridge. However,
not only is the J value for 1,3-SQ2Fc ∼50% weaker than those
for 1,3-SQ2Ph-5-X (X = H, t-Bu, OMe, NMe2, NO2, Ph); J =

+46 with +35 cm−1),26,27 but also J for 1,3-SQ2Fc has the
opposite sign compared with J for 1,3-SQ2Ph-5-X.
Compared with the J value in 1,3-SQ2Az, which possesses a

nonalternant bridge, J(1,3-SQ2Fc) is weaker and has the
opposite sign. This is particularly surprising given that (1) the
pathway from SQ to SQ in 1,3-SQ2Az is the same as that in
1,3-SQ2Fc and (2) the five-membered azulene ring carbon
atoms possess partial negative charges and the Fc Cp ring
carbon atoms carry 1/5 of a negative charge. Clearly, exchange
coupling mediated by nonalternant π-systems is not fully
understood, and it seems likely that a model based on
superexchange28−33 will require at least two dominant orbital
exchange pathways.
The exchange coupling in 1,1′-SQ2Fc is about an order of

magnitude weaker than that of 1,3-SQ2Fc. In fact, the weak
1,1′-SQ2Fc antiferromagnetic exchange may not reflect any
properties of nonalternant π-systems,34−38 and the coupling
may indicate weak through-space Cp···Cp interactions34,39,40

similar to those in carbene-substituted para-cyclophanes.41

Unlike magnetic exchange coupling through alternant π-
systems (e.g., benzene), there is no model for predicting the
nature of magnetic exchange coupling in nonalternant π-
systems (e.g., azulene and Cp). Whereas the charge-separated
Kekule ́ resonance structure in Figure 4A incorrectly predicts

Figure 1. Azulene-bridged biradicals 1,3-SQ2Az and 1,3-SQ-Az-NN and ferrocene-bridged biradicals 1,1′-SQ2Fc and 1,3-SQ2Fc.

Scheme 1. Syntheses of 1,1′-SQ2Fc and 1,3-SQ2Fc

Figure 2. Thermal ellipsoid plots (50% probability) for 1,3-SQ2Fc
and 1,1′-SQ2Fc. Cumenyl groups and hydrogen atoms have been
omitted for clarity.

Figure 3. Plots of paramagnetic susceptibility−temperature product (χpara·T) versus temperature for crystalline samples of (A) 1,3-SQ2Fc and (B)
1,1′-SQ2Fc. See the SI for fit details.
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antiferromagnetic coupling in 1,3-SQ2Az, the corresponding
structure (Figure 4B) correctly predicts antiferromagnetic
coupling in 1,3-SQ2Fc. The correlation of bridge-mediated
magnetic exchange parameters, J, and molecular conductance,
G,6,42,43 suggests that the graphical method of Markussen44

might be used to predict exchange coupling6 through an Fc Cp
ring. Figure 4C illustrates this method for Cp and Az bridges.
The shortest pathway is highlighted with bold bond lines, and
if the remaining atoms can be grouped together in pairs, then
normal conductance is predicted. This is typical for a
conjugative pathway (e.g., the prediction for Cp), and one
may correctly conclude that two SQ radicals will be
antiferromagnetically coupled. This method also correctly
predicts a cross-conjugated connectivity,45 leading to ferro-
magnetic SQ−SQ exchange in 1,3-SQ2Az.

12 Unfortunately,
this approach does not work for 1,3-SQ-Az-NN. We suspect
that there are multiple coupling pathways present in these
biradicals for which the graphical method may not be utilized.
Further studies are planned to explore these pathways.
The synthesis and characterization of biradicals possessing

nonalternant bridges represent the first steps in understanding
the nature of electronic and magnetic coupling in nonalternant
π-systems, which are currently elusive and contested.46,47

Biradicals 1,1′-SQ2Fc and 1,3-SQ2Fc exhibit weak antiferro-
magnetic exchange with J = −2 and −15 cm−1, respectively.
The coupling in 1,3-SQ2Fc differs in both magnitude and sign
from those of 1,3-SQ2Az (nonalternant bridge) and 1,3-
SQ2Ph (alternant bridge). A graphical model can be used to
predict the signs of the exchange coupling in 1,3-SQ2Fc and
1,3-SQ2Az, but it fails to predict the sign of the exchange
coupling in 1,3-SQ-Az-NN. Our results highlight the need for
new molecules and models to predict the sign of the exchange
coupling and, by extension, the electronic coupling mediated
by nonalternant π-systems.
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