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ABSTRACT: Controlling electronic coupling between multiple
redox sites is of interest for tuning the electronic properties of —N__
molecules and materials. While classic mixed-valence (MV) systems

B to
are highly tunable, e.g., via the organic bridges connecting the redox Fully Localized > Fully Delocalized...
sites, metal-bridged MV systems are difficult to control because the

electronics of the metal cannot usually be altered independently of e )4 f}} =

redox-active moieties embedded in its ligands. Herein, this Ohas
limitation was overcome by varying the donor strengths of ancillary Intermolecular %g/ i

ligands in a series of cobalt complexes without directly perturbing Elsetonie Coupling
the electronics of viologen-like redox sites bridged by the cobalt
ions. The cobaltoviologens [1x-Co]"™" feature four 4-X-pyridyl -
donor groups (X = CO,Me, Cl, H, Me, OMe, NMe,) that provide
gradual electronic tuning of the bridging Co" centers, while a
related complex [2-Co]™ with NHC donors supports exclusively Co"' states even upon reduction of the viologen units.
Electrochemistry and IVCT band analysis indicate that the MV states of these complexes have electronic structures ranging from
fully localized ([2-Co]*; Robin—Day Class I) to fully delocalized ([1¢coyme-Co]*"; Class III) descriptions, demonstrating
unprecedented control over electronic coupling without changing the identity of the redox sites or bridging metal. Additionally,
single-crystal XRD characterization of the homovalent complexes [1y-Co]** and [1y-Zn]** revealed radical-pairing interactions
between the viologen ligands of adjacent complexes, representing a type of through-space electronic coupling commonly observed
for organic viologen radicals but never before seen in metalloviologens. The extended solid-state packing of these complexes

111

produces 3D networks of radical z-stacking interactions that impart unexpected mechanical flexibility to these crystals.

B INTRODUCTION

Mixed-valence (MV) systems that show electronic coupling
between their redox sites are of longstanding interest"” for
their nuanced electronic structures,’ which lie on a continuum
from fully localized™" to fully delocalized®”® descriptions
(Scheme 1A). The strength of coupling can influence electron-
transfer processes,4 conductivity,5 and other chemical or
physical properties® of molecules and materials, thus
motivating considerable interest in controlling coupling
between redox sites.’ '’ Classic MV examples, with two
redox-active metals connected by a conjugated bridge (Scheme
1B),* have been tuned by changing the metal centers,” the
bridge,® or the ancillary ligands.” Likewise, organic MV systems
are often highly tunable owing to the synthetic versatility of
organic chemistry.'’~'* These examples reveal how electronic
coupling is influenced by factors such as the length and
conjugation pathway of the bridge,'' as well as its orbital
energies relative to those of the redox sites.'””'> However,
there remain substantial limitations to the control that can be
attained over electronic delocalization in many MV systems,
especially those in which two organic redox sites are coupled
by a bridging metal ion."?
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Most metal-bridged MV systems, including complexes of
salen,”®'* diarylamido,"® pyridine-diimine (PDI),'® and
dithiolene ligands (Scheme 2A),'7'%  exhibit ligand-based
redox activity that heavily involves donor atoms bound to
the bridging metal,'” making it challenging to independently
tune the properties of the redox sites and the bridge. Thus,
while reduction potentials of such complexes can be altered by
> 500 mV using electron-donating (ED) and -withdrawing
(EW) substituents, these changes weakly influence the
electronic coupling of the ligands.lh’b’l‘%’163 Recently reported
aluminum bis-PDI complexes exhibit reduction potentials
spanning a 0.5 V range while maintaining Robin—Day Class III
(fully delocalized) or borderline Class II/III (nearly fully
delocalized) descriptions.'® A greater variation in coupling,
from Class II (moderately coupled) to Class III, was seen in a
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Scheme 1. Electronically Coupled Redox Systems
A Robin-Day classification of mixed-valence redox systems
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series of nickel-salen complexes, but required a 0.77 V variation
in the reduction potentials of the ligamds.ma’b On the other
extreme, changing the bridging metal often disrupts delocaliza-
tion considerably,”"**'**">* providing only a crude tool for
tuning such systems. Identifying more precisely tunable metal-
bridged MV systems would fill an important gap in the study of
mixed valency and may also lead to practical advances since
delocalized complexes can serve as important components of
electronic materials (e.g., conductive®™* and electrocatalytic™’
MOFs).

We recently discovered that cobalt mediates borderline
Class II/III electronic coupling between viologen-like redox
sites embedded in simple terpyridine ligand scaffolds (complex
[14-Co]* in Scheme 2B).®* Since redox activity is centered
almost entirely on the viologen cores, we hypothesized that the
flanking donor groups of the ligands could be altered to
modulate the electronics of the cobalt bridge while minimally
perturbing the organic redox sites (Scheme 2B), thereby
affording substantial control over the ability of cobalt to
mediate coupling between these sites. Herein, we describe the
success of this strategy at gradually tuning the MV states of the
cobaltoviologens from Class I to Class III descriptions,
representing a range of variation and degree of control
unavailable in any other series of metal-bridged MV systems
that maintain a fixed set of redox sites and bridging metal. Even
among organic-bridged MV systems, it is rare to achieve high
tunability in isostructural examples'’® since the bridge length
and geometry are often mag'or factors in determining the
strength of coupling.”>**%!10%!!

e

The electronic tunability, long path of delocalization (up to
~1.8 nm), and structural invariance of the cobaltoviologens
may make these complexes useful for developing new
electronic materials, especially considering that sim%)ler
viologens are already of substantial interest in this regard.”' ~**
Thus, it is also notable that the more reduced complex [14-
Co]*" and its zinc analogue [1y4-Zn]** were found to engage in
mr-radical-pairing interactions that represent a type of through-
space electronic coupling characteristic of organic viologens”
but which has not been observed before in metalloviolo%ens or
any other heteroatom-substituted viologen derivatives.”* Such
interactions contribute to the conductivity of viologen-radical
crystals and have been used to prepare nanomaterials with a
variety of unique electronic and mechanical properties.”’ The
ability of metalloviologens to participate in these interactions
further suggests that these complexes may provide a rich basis
for developing new materials. Underscoring this possibility,
[14-Co]** and [1-Zn]** pack into crystalline 3D networks in
which the combination of metal-ligand coordination and
radical z-stacking gives rise to emergent mechanical flexibility
not observed in organic viologen crystals.

B RESULTS AND DISCUSSION

Design and Synthesis of New Cobaltoviologens. The
complex [1y-Co]* was first reported over 20 years ago,”* but
we only recently discovered that its reduced state [1y-Co]**
exhibits a delocalized electronic structure,®® in contrast to its
Fe', Nil, and Zn" analogues, which undergo localized ligand
reductions.*** A half-filled 3d orbital of d/ dy, parentage
appears to be important for the delocalized electronic structure
of the cobalt derivative;** therefore, tuning the energy and
occupancy of this orbital was targeted to control its ability to
facilitate inter-ligand electronic coupling. The Co'/Co!
reduction potentials of simple [(terpy),Co]** complexes can
be modified across a wide range using electron-donating or
-withdrawing substituents on the flanking pyridyl groups,”®*
suggesting an easy way to tune the electronics of the cobalt
bridge in [1x-Co]"*. Additionally, it was envisioned that strong
donor groups might even lead to changes in the spin state or
oxidation state of the cobalt center, which would offer a novel
way to control electronic coupling between the ligands in these
complexes.”’”

A series of new terpy-viologen ligands 15" was prepared with
4-position substituents (X = CO,Me, Cl, Me, OMe, and
NMe,) on the flanking pyridyl groups that provide a well-
spaced gradient from strongly electron withdrawing to strongly
electron donating (Scheme 3). In all cases, the new ligands
were prepared from 4-substituted 2-acetylpyridines using the

Scheme 2. Tuning Metal-Mediated Electronic Coupling of Organic Redox Sites

A Previous: Limited control over metal-mediated electronic coupling

TIn-

X

Q T+ » T x-le 4 XX
~"Ni —?1;1 SCOS

Xo ,oX N‘Q—N)\l:l s s
Bu BU X N X GX

salen Ni bis-PDI Al bis-diarylamido Ni bis-dithiolene Co
Class Il to Class Il Borderline Class Il/lll Class Il Bridge-centered
(ref. 2g,14b) to Class Il (ref. 16a,b) (ref. 15b) Class Il (ref. 17a)

Red: Sites of redox activity; Blue: Bridging metal; X: Electron donating/withdrawing groups

15925

B This work: Tuning metal-mediated coupling from Class | to Class Il

Tuning via flanking ligands Viologen-like redox sites

Con=Co" for [14x-Co]**
Co'" for [2-Co]**

I Delocalization up to 1.8 nm —
= = = = = = N
k.= NQCOzMe N;:/>—cx NQ—H N;:/>—Me NQOMe N;\:/>7NMe2 :ci(]
“U UG U % e e IN
A
1ume2-Co  2-Co

—

Class |

1coome-Co0  1¢g-Co  1,-Co  1y.-Co 1yy.-Co
J \

Y
Class I

Y
Borderline Class I/l

Y
Class I

https://doi.org/10.1021/jacs.3c03725
J. Am. Chem. Soc. 2023, 145, 15924—15935


https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=sch2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Scheme 3. Synthesis of [15x-Co]nPF4 and [14-Zn]-4PF,

1. CoCly*6H,0
or Zn(OAc),*2H,0

2. NH4PFg

MeOH, RT

Ix-Cl [1x-M]-nPF¢, M = Co, Zn
X = NMe,, OMe, Mg, H, CI, CO,Me n=4; or 5 for M = Co and X = NMe,

established terpyridine synthesis and N-methylation sequence
used to prepare 1y" (see the Supporting Information for
synthetic details).”®*” Once the ligands 1y* were isolated as
chloride salts, they readily formed the bis-terpy complexes [1x-
Col]* and [1x-Zn]* upon treatment with CoCl,-6H,0O or
Zn(OAc),2H,0. Paramagnetic '"H NMR spectra (Figures
$36—540), Evans method magnetic measurements (Table S1),
and UV—vis spectra (Figures S77, S81, S8S, S89, and $94)
indicate that the [14-Co]** complexes all have similar
electronic structures with low-spin and high-spin Co" in
equilibrium at 25 °C. However, the NMe,-substituted
derivative oxidizes to a Co™ state under air, so samples were
isolated in this higher oxidation state ([1yye,-Co]*") for ease
of handling (see Figure S19 for diamagnetic 'H NMR
spectrum).

To access more dramatic electronic changes in the
cobaltoviologens, a bis-NHC-viologen pincer ligand 2* was
designed to provide highly donating flanking groups.26b The
NHC ligand precursor 2-H** was prepared readily (Scheme 4)

Scheme 4. Synthesis of [2-Co]-SPF,
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by nucleophilic aromatic substitution of 2,6-dichloro-4,4'-
bipyridine with N-methylimidazole, followed by methylation of
the 4-pyridyl group. Metallation of 2-H*' with cobalt was
achieved by deprotonating the ligand precursor with LIHMDS
at —100 °C in THF, followed by treatment with CoCl,, and
lastly, oxidation with AgPFq to provide the Co™ complex [2-
CoJ’* (Scheme 4). Though less straightforward than the
preparation of the [1yx-Co]™ complexes, [2-Co]*" was
successfully isolated and characterized by '"H NMR spectros-
copy and ESI-HRMS (Figures S34, S35, S59).

Electrochemical Characterization. Cyclic voltammetry
was used to examine the redox properties of the new
metalloviologens, revealing how the flanking donor groups
affect reduction potentials of the viologen units and the extent
to which these redox processes are influenced by inter-ligand
electronic coupling. None of the zinc complexes show
separation of the first reductions of each ligand (Figures 1
and S69—S73), consistent with a lack of electronic
communication through the Zn" bridge. The E,/, values
(=095 to —1.12 V vs Ec*’°) for these ligand-centered 2 e~
redox processes vary with the electron-donating/withdrawing
character of the substituents on the ligands, showing a good
linear correlation with their 6, Hammett parameters but not
with the corresponding o,, values (Figure S74). Since the
substituents on the flanking groups are in the meta position
relative to the viologen moieties, the correlation of E,, with o,
but not o,, suggests that the flanking pyridyl groups influence
the redox properties of the viologens by tuning the Lewis
acidity of the Zn" ion rather than via direct inductive effects.
Two closely overlapping 1 e~ reductions follow the 2 e~ first
reduction, and the consistently small spacing (68—81 mV)
between these 1 e reductions confirms the absence of
significant electronic communication between the ligands in
any of the redox states of [1x-Zn]™".

The [1x-Co]™ series exhibits redox behavior differing
significantly from that of their zinc counterparts. The cobalt
complexes all show four distinct 1 e redox couples involving
the viologen units (Figure 1 and Table 1), with the separation
between the first and second of these reductions changing from
AE, 41, =122 mV to AE, 4, = 396 mV (AAE, 4, = 274 mV)
across the series from [lypye-Co]™ to [1coame-Col™. The
increasing separation corresponds to increasing electronic
coupling between the ligands in the 3+ state,”® confirming that
the flanking donor groups are effective for tuning delocaliza-
tion across the L-Co-L core, while paramagnetic 'H NMR
shifts indicate that [1nye-Co 1> and [1cgape-Co]>* otherwise
have electronic structures resembling that of [1y-Co]*" in
which the viologen 7* radical couples antiferromagnetically to
hs. Co" (Figures S41 and S42). Interestingly, the midpoint
between the first and second reductions (E,q,), which
approximates what the potential of the ligand-based reductions
would be in the absence of coupling, changes by only 237 mV
across this series (see Table 1). This observation confirms that
the electronics of the 1x-Co complexes are influenced more by
variation in electronic coupling between the ligands than by
variation of the individual properties of each ligand. Likewise,
though a good correlation was seen between o, and E,q;,
(Figure S65), an even better correlation was seen between o
and the comproportionation constants (log K.) for the [1x-
Co]* and [1x-Co]*" states (Figure 2). Since the K_ values are
proportional to the strength of coupling between the viologens,
this latter observation confirms that control over delocalization
is determined by the donor strength of the flanking pyridines.

The third and fourth ligand-centered reductions of [1x-
Co]™ also show substantial separation for each derivative,
spanning from AE,.q;4 = 242 mV for [Iypye-Co]™ to AE, 434
=308 mV for [1coyme-Co]™. The large AE, 43, value for the
NMe, derivative suggests much stronger inter-ligand electronic
coupling in the 1+ mixed-valence state of this complex than in
its 3+ state, consistent with the behavior of the few other
known metal-bridged systems that show multiple MV
states.'**”*! However, AE, 434 increases only gradually across
the [1x-Co]'* series, and it is unclear why electronic coupling
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Figure 1. Cyclic voltammograms of [1x-Co](PFy),, [2-Co](PF¢)s, and select [1x-Zn](PF4), complexes in MeCN containing 0.1 M TBAPF; at a
scan rate of 0.1 V's™\. The E, ;, values of each redox couple are indicated to the nearest 10 mV, except for reductions of the flanking pyridyl groups
of the [1¢oame-M]™ derivatives, for which ranges are given from the most negative to the most positive E, /, values of these overlapping couples.

Table 1. Analysis of CV Data for Complexes [1x-Co]™

Epiar” AE, .41, Eniasa” AE, 434

X (V vs Fc+/0) (mV) (V vs Ec*/?) (mV3
CO,Me —-0.90 396 —141 308
cl —-0.89 338 —1.40 284
H —0.98° 272° —1.49° 2887
Me —1.00 237 —-1.51 280
OMe -1.01 207 —1.52 260
NMe, —-1.14 122 —1.65 242

“Midpoint value between the first and second reduction potentials
(red1,2) or third and fourth reduction potentials (red3,4) listed to the
nearest 10 mV. ®Data from ref 6a.

would be less responsive to tuning in the 1+ states than in the
3+ states. We speculate that other factors (e.g, degree of
metal-centered reduction; structural changes that viologens
undergo in their most reduced states* %) might also influence
AE, 43,4 preventing a reliable interpretation of these values.
The redox properties of NHC-based [(CNC),Co]**
complexes are not well established,26b making it difficult to
predict how the NHC donors in [2-Co]** would influence the
reduced states of this complex. Interestingly, [2-Co]*" exhibits
CVs that are more like those of the [1x-Zn]*" complexes than
those of the other cobaltoviologens. The first reduction of [2-
Co]’* is a ligand-centered quasireversible 2 e~ process
occurring at E;;, = —0.885 V (Figure 1) with a minimum
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Figure 2. Correlation of the comproportionation constants (log K.)
for the n = 4+ and 2+ states of [1y-Co]"" with the 5, Hammett
parameter of the substituents on the flanking pyridyl groups of the

ligands. AE, g, , values are labeled on the right-hand axis.

peak separation of ~130 mV (Figure S75), which is slightly
wider than that (~80 mV) observed for the 2 e first reduction
of the zinc complexes. Likewise, subsequent 1 e~ reductions of
[2-Co]™ (E,), = —1.28, —=1.40 V, AE = 120 mV) are spaced
slightly wider than for the zinc complexes but still much
narrower than for the corresponding reductions of the [1x-
Co]™ series. These data reveal that [2-Co]"" exhibits much
weaker inter-ligand electronic coupling than that observed for
the terpy-based cobaltoviologens.

The weaker electronic coupling in [2-Co]™ versus [1x-
Co]™ likely arises from the different oxidation states of cobalt
in these complexes. The NHC-supported complex does not

https://doi.org/10.1021/jacs.3c03725
J. Am. Chem. Soc. 2023, 145, 15924—15935


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03725/suppl_file/ja3c03725_si_004.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03725?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
A 2 [Lyme-COI* — [14-CoJ** B 2 C
:,E‘ 15 [1ome-COP?t —— [1-Col3* s [1ymea-CO* . [1ope-COJ**
9 [1ye-Col?* — [1cozme-COPr —
o 1
S 10 8030 cm
S
=
o 5
0
4000 8000 12000 16000 20000 24000 4000 9000 14000 4000 9000 14000
v (cm) v (em?)
D 20 E 20 6600 cm'1
i 6800 cm™
_ 7000cm? 1 _coJ** [Lcoanie-CoPP*
= 15
€
o
s 10
S
=
w
NI
4000 9000 14000 4000 9000 14000 4000 9000 14000 4000 9000 14000
v (cm?) v (cm) v (cm?) v (cm?)

Figure 3. NIR-vis regions of the spectra of [15-Co]*". (A) Overlay of all spectra in this series. (B—G) IVCT analysis of each spectrum from that of
(B) [1nme2-C01%* to (G) [Lcoame-Col**. Solid colored lines show the experimental spectra, dotted colored lines depict theoretical Gaussian IVCT
bands with their &, values indicated, and gray lines depict two freely refined Gaussian bands that overlap partially with the IVCT bands (see
Figures $102—S107 for full Gaussian deconvolution of the NIR-vis regions of these spectra).

exhibit a Co™/Co" reduction prior to reduction of its ligands
(Figure S76), and thus, the reduced viologen units are bridged
by Co™ instead of the Co" centers in [1x-Co]"". Since Co™ is
low spin, the z-symmetry 3d orbitals®* of [2-Co]"™ are fully
occupied and unavailable for communicating an electron
between the ligands. These results provide valuable exper-
imental validation of past DFT calculations (which are often
unreliable for MV systemsSb’35) indicating that coupling in
[14-Co]** is facilitated by a half-filled 3d orbital that interacts
with both viologen 7-systems.” Notably, the ability to control
the oxidation and spin state of cobalt in the cobaltoviologens is
a unique feature of these MV systems, representing a novel way
to tune electronic coupling.”’

Returning to the [1,-Co]™ series, the CO,Me derivative
shows four additional overlapping redox processes negative of
—2.0 V vs Ec*/° that provide additional confirmation of the role
of orbital occupancy in promoting delocalization. These redox
features, which are also seen for the zinc derivative, can be
attributed to reduction of the four electron-deficient flanking
pyridyl groups and do not exhibit substantial separation for
either the cobalt or zinc complexes. Thus, while the cobalt
center in [1comme-Co]™ is able to electronically couple the
viologen moieties, it does not show this effect for the flanking
pyridyl groups. Since Co" can have only one of its z-symmetry
d-orbitals partially occupied, and this orbital couples the
viologens,** there is no d-orbital available for coupling the
flanking pyridyl groups.

Classifying Electronic Coupling by IVCT Band
Analysis. The comproportionation constants (log K, = 2.07
to 6.71) for the n = 4+ and 2+ states of the [1x-Co]"™" series
suggest that there is considerable variation in the electronic
coupling between the ligands in the 3+ states of these
complexes. However, since K. values can be unreliable for
classifying electronic delocalization,®® UV—vis—NIR spectros-
copy was employed for a clearer analysis. All the [1x-Co]**
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complexes exhibit a well-defined near-IR intervalence charge-
transfer (IVCT) band’ (Figure 3), which increases in intensity
and decreases in width with increasing EW character of the
flanking donor groups of the ligands, consistent with increasing
electronic coupling between the redox-active units of the
ligands.3

The IVCT bands were analyzed to assign Robin—Day
classifications to each [1x-Co]** complex. We previously
classified [14-Co]** by fitting its IVCT band to a Gaussian
curve in order to extract the full-width at half maximum
(Avy,,) of the band and the electronic coupling parameter
(H,),”* both of which indicate the strength of electronic
coupling.® Although this approach is commonly used to
analyze mixed-valence systems,wc’“a’léa‘b’ it suffers from two
major limitations: (1) strongly coupled systems lead to
truncation of the IVCT band on its low energy side, so it
does not maintain a Gaussian shape; and (2) calculating H,,
requires the distance (r,,) between the redox sites,” which is
not well defined in [1x-Co]*" since each viologen unit is itself a
delocalized 7-system. Thus, we employed a more sophisticated
method of IVCT analysis for comparing electronic coupling in
the [1x-Co]*" series of complexes.”'' The v, values of the
observed IVCT bands were used to calculate theoretical
Gaussian IVCT bands assuming Class II coupling,® and these
theoretical bands were combined with four to five freely
refined Gaussian curves to fit the vis-NIR region of each
spectrum (see Figures $102—S107), confirming that features
aside from the IVCT bands are relatively consistent. Robin—
Day classifications were then assigned by comparing the
theoretical and experimental IVCT bands to measure
truncation of the latter (Figure 3B—G), which is directly
related to the strength of electronic coupling between the
ligands.

As can be seen in Figure 3B,C, the most electron-rich
complexes [1yye-Co]** and [1gpe-Co]*" have IVCT bands
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that are well matched to theoretical Gaussian curves even on
the low-energy sides of these absorptions, consistent with Class
IIA coupling,™ though the high intensity and slight truncation
of the IVCT band for [1gy-Co]** suggests that this complex
is at the upper limit of this assignment. The complexes [1-
Co]**, [14-Co]*, and [1¢-Co]*" show more noticeable
truncation on the low-energy side of their IVCT bands (Figure
3D—F), which increases as the donor strength of the flanking
ligands decreases, while all three complexes maintain excellent
consistency between the experimental and theoretical IVCT
bands on the high-energy side. Since the IVCT band of [1y,-
CoJ*" is only mildly truncated, we assign this complex to a
Class IIB description. It is more difficult to distinguish between
Class IIB and borderline Class II/III descriptions for [1y-
CoJ* and [1¢-Co]*".*” Our previous assignment of [1y-
CoJ** as borderline Class II/III was made using methods
employed by others'*“'**'%*" to analyze metal-bridged mixed-
valence systems, and adding to this evidence, its IVCT band
was found to be invariant to changing the solvent from MeCN
to water or acetone (Figure S100). The absence of
solvatochromism is a strong indicator of a highly delocalized
electronic structure,®® and thus, we maintain our borderline
Class II/III description for this complex and, by extension, for
[1g-Col*".

Interestingly, the experimental IVCT band of [1¢gpe-Co]**
poorly matches the theoretical Gaussian band on both the low-
energy and high-energy sides. Truncation of the IVCT band is
not supposed to alter the band shape on the high energy side,’
necessitating a different explanation. Since the experimental
Vpax Of the IVCT band is taken as v, of the theoretical
Gaussian band, and the width of the Gaussian band is derived
from v, " the discrepancy between the experimental and
theoretical absorptions suggests that the experimental v,
value is not a good representation of v, of the corresponding
Gaussian curve. In other words, these results suggest that the
low-energy portion of the experimental IVCT band is
truncated to beyond v, of the theoretical Class II band,
just as expected for a Class III mixed-valence system.’"
Comparison of Av, , of the experimental IVCT band with that
of the theoretical Gaussian band offers another method of
evaluating the extent of delocalization. The experimental full-
width at half maximum (Av,/, = 2185 cm™") is 0.57 times that
of the theoretical Gaussian band (Av,,, = 3792 cm™"). This
ratio is slightly larger than the <0.5 limit expected for Class III
coupling, but it has been noted that physically realistic IVCT
bands are not truncated as sharply as theoretically
predicted;''? therefore, a value slightly larger than 0.5 is not
unreasonable for a Class III system.'*”

As expected from CV data, full or partial 2 e~ reduction of
[2-Co]** does not produce spectra showing signs of electronic
coupling (Figure 4). Instead, the 3+ spectrum exhibits features
that closely resemble those of fully organic viologen radical
cations,”" even more so than we reported for the zinc complex
[14-Zn]*".* Since [2-Co]** is not mixed valence, it is the
absence of an IVCT band in the partially reduced sample
(Figure 4, —1.08 V, initial) that confirms that the viologen
units of [2-Co]™ are electronically isolated. Notably, this
observation extends the electronic coupling in the cobaltoviol-
ogens all the way from completely localized Class I to fully
delocalized Class III, with considerable gradation between
these extremes, thus demonstrating an unprecedented degree
of control over delocalization in a constant L-M-L core.
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Figure 4. Spectroelectrochemistry of the reduction of [2-Co]** to [2-
Co]* (0.5 mM in MeCN) at —1.08 V vs Fc*/% in a 1 mm pathlength
cuvette, followed by reoxidation at —0.48 V. An isosbestic point is
observed at 344 nm.

The spectra of the 2+ and 1+ states of the [1x-Co]™ series
were also acquired. The 2+ states all have similar vis-NIR
features to those reported™ for [1,-Co]** (Figures $79, S83,
$87, §91, and $96), though the NMe, and CO,Me derivatives
differ somewhat more than the examples from [15-Co]** to
[1ome-Co]?*. The 1+ spectra are also fairly consistent for each
complex (Figures S80, S84, S88, $92, and $97), in this case
with the Cl and CO,Me derivatives being modest outliers with
somewhat broader, more intense bands. Neither the [1x-Co]**
nor the [1x-Co]'" spectra suggest dramatic changes in
electronic structure across each series, and changes observed
for the 1+ spectra are not consistent with changes in inter-
ligand electronic coupling, consistent with the narrow range of
AE, .43 4 values for the [1x-Co]™ complexes.

Single-Crystal X-ray Diffraction and Radical Stacking.
As we have reported, structural data support the description of
[14-Co]** as a nearly fully delocalized mixed-valence system.”
Thus, single-crystal XRD characterization of [14-Co]*" and
[15-Co]* was carried out to similarly bolster our under-
standing of these states, especially since common DFT
methods were found to exhibit significant limitations for
characterizing the cobaltoviologens (see Computational
Results in the Supporting Information).” Two crystals of
[14-Co](PFy), were analyzed, one grown from PhCN (R, =
4.53%, Figure S) and the other from MeCN (R = 8.47%,
Figure 6). Diffraction data was somewhat poor for the latter
structure due to the thin, air-sensitive crystals available, but we
present this structure because it includes two unique
equivalents of [1;-Co]** that engage in notable intermolecular

dihedral

Figure 5. Structure of [1;-Co]** determined by XRD (R, = 4.53%)
on a single crystal of [1y4-Co](PFq), grown by vapor diffusion of Et,0
into a PhCN solution of the salt. Anions and solvates are omitted for
clarity. Labels identify the bonds and torsion angles compared in
Table 2 for the n = 1—3 states of [1,-Co]"".
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Figure 6. Structure of [1y-Co](PFq),-3.5MeCN determined by
single-crystal XRD (R, = 8.47%). Anions and solvates are omitted for
clarity. (A) Asymmetric unit showing close contact between two
crystallographically unique equivalents of [1y-Co]**. (B) Top-down
view of the stacked viologen ligands in the asymmetric unit. (C)
Stacking of four viologen ligands in the extended packing structure.
(D) View down the stack of four viologen ligands. Red and blue
colors are used to distinguish alternating equivalents of [1y4-Co]*".
(E) Extended chains of z-stacking between [1;;-Co]** complexes in
the unit cell. Red and blue colors are used to distinguish two separate
chains of complexes in the unit cell, and green represents complexes
outside the unit cell that unite the two chains in the cell.

interactions (vide infra). A single high-quality structure of [14-
Co]PF was also determined (R; = 4.39%, see Figure S108).

The central C—C bond distances and dihedral angles of
viologens decrease upon reduction,”'”*** so these metrics were
compared for the [1y-Co]™ series. As expected, the pyridine—
pyridinium (C,,~C,,,) bond distances and the py—py+
dihedral angles decrease for both ligands upon increasing
reduction of the complex (Table 2), though the change in the
C,,—C,y. distances is only distinguishable beyond experimen-
tal error for the 1+ state. These results confirm increasing
reduction of the viologen cores of both ligands for each
electron added to [1,4-Co]™, with the relative subtlety of the
changes presumably reflecting the distribution of each electron
across both ligands. Reduction also influences the coordination
sphere around cobalt, with all Co—N distances increasing from
the 3+ to 2+ states of the complex, though remaining
essentially constant between the 2+ and 1+ states. The
increased Co—N distances suggest increased metal reduction
in the 2+ and 1+ states, though the Co—N distances are not

Table 2. Analysis of the Structural Parameters of [14-Co]"*

Coy=Coys Py—py+ Co—Ny Co—Ny,,
complex distance P(A) dihedral (°)  distance (X) distance (1&)
[1+-Col*  1.442(6)° 1L.1(7)*  1.941(3)° 2.052(4)¢
2.062(4)"
[15-Col*  1.429(5)— 3.4(6)° 1.978(6)— 2.131(3)—
1.439(4)" 2.058(6)" 1.171(4)7
3.0(4)°
[145-Col™  1.412(2) 0.6(2) 2.0105(9) 2.142(1)
1.424(2) 0.8(2) 1.9630(9) 2.150(1)
2.147(1)
2.159(1)

“Related to a symmetry-equivalent bond/angle by a twofold rotation.
bShortest to longest of six distances from three unique [1y-Co]**
units. “Values from the structure of [1y-Co](PFg), without radical
pairing interactions. “Shortest to longest of 12 distances from 3
unique [14-Co]** units.

particularly long compared to those of bis-terpy-Co(II)
complexes,”® consistent with the previous assignment of
each reduction as mostly ligand-centered. Notably, C—C and
C—N bond distances involving the flanking pyridyl groups
(Table S6) do not change meaningfully across all oxidation
states of [14-Co]™, whereas these bonds are altered
substantially upon reduction of typical terpy ligands.” This
observation confirms that the redox activity of 1y is confined
to the viologen-like core rather than involving the NNN
chelate around the metal.

Interestingly, in crystals of [14-Co]** grown from MeCN
([1g-Co](PF¢),-3.5MeCN), the complexes engage in 7z-
stacking interactions between the viologen ligands that are
characteristic of radical pimerization of organic viologens.”!
The asymmetric unit (Figure 6A,B) includes two unique [1y4-
Co]*" complexes, each with a viologen ligand crossing the
other at their C,,—C,,., b?nds to give a short centroid-to-
centroid contact of 3.06 A and a dihedral angle of 75.7°
between the ligands at this contact. This geometry is nearly
ideal for the orbital mixing that produces a weak covalent
bonding interaction between organic viologen radicals.”'**’
Such interactions can facilitate through-space delocalization*!
of electrons across multiple viologens,”” yielding unique
electronic properties in discrete stacks of viologens”*“! and
semiconductor behavior in continuous crystalline lattices.”**
Despite the importance of these interactions in traditional
viologen radicals, such behavior has never previously been
characterized in metalloviologens, representing a notable
fundamental discovery."

The extended packing of the complexes reveals a second
notable 7-stacking motif (Figure 6C,D) in which four ligands
are arranged together with a separation between them (>3.4 A)
that is characteristic of van der Waals contacts in the absence
of radical pairing. Consistent with this description, overlap of
the ligands is limited mostly to the pyridinium groups and
occurs at a very wide angle (Figure 6D), yielding poor
alignment for mixing the singly occupied orbitals of each
ligand. Interestingly, these quadruple stacks of ligands serve as
nodes that crosslink separate chains of cobaltoviologen
complexes in the extended packing of [1y-Co](PFy),-
3.5MeCN (Figure 6E). The resulting 3-dimensional network
of m-stacking interactions appears to impart remarkable elastic
flexibility to the bulk crystals,*’ producing needle-like crystals
that can recover from being bent by as much as 90° (see
Supporting Videos). However, crystals of [1y-Co](PF),
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3.5MeCN quickly become fragile once removed from their
supernatant, so far limiting further scrutiny of their elastic
properties.

It is worth noting that one viologen ligand of each [1y-
Co]** complex engages in strong radical-dimerization, while
the opposite ligand enters into the quadruple-stack motif with
weaker n-stacking. The alternating behavior of the ligands
might arise from the electronic structure of [14-Co]**, which
features one ligand radical coupled ferromagnetically to cobalt
while the other couples antiferromagnetically.® Since this
latter interaction pairs the #* radical with the metal, it may
render the ligand unable to participate in intermolecular
radical—radical interactions while leaving available the strong
van der Waals forces that also play an important role in
viologen pimerization.”’* Thus, metal—ligand electronic
interactions in [1y-Co]** may contribute to the packing
motif seen in these crystals, and by extension, their unusual
physical properties.

The zinc complex [14-Zn]**, which has two radical ligands
and a closed-shell metal, serves as an obvious experimental
control for understanding how metal—ligand electronic
coupling influences intermolecular radical pairing. Like the
cobalt analogue, [1y4-Zn](PFs), can be crystallized from
MeCN to yield a packing structure defined by radical
pimerization (Figure 7), while these interactions are absent
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I 1 |
=
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<
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Figure 7. (A) Structure of [1y-Zn]** determined by XRD (R, =
7.97%) on a single crystal of [14-Zn](PF),-3MeCN. The asymmetric
unit is shown with anions and solvates omitted. (B) Quadruple-stack
of viologen units observed in the extended packing of [14-Zn](PF),
3MeCN. (C) Diffuse-reflectance UV—vis—NIR spectra of solid-state
samples of [1y-Zn](PF,), with and without radical pairing
interactions.

in crystals grown from PhCN (Figure S109). However,
packing in the MeCN structures differs considerably between
the cobalt and zinc derivatives, with the latter engaging both
ligands of each complex in radical-pairing interactions, as
expected since both ligand radicals should be equivalent in
[14-Zn]*". The distance of ~2.99 A and angle of 80.9°
between the stacked ligands are consistent with strong radical

pairing, but the extended structure still reveals stacks of four
viologens—one viologen unit in each radical dimer also
engages in van der Waals contacts (3.399 A) with one of the
viologens of a neighboring radical dimer (Figure 7B). Thus,
paired radical ligands maintain the ability to engage in further
m-stacking, just without the benefit of additional radical—
radical interactions.”* These observations appear to support
the conjecture that the reason only one ligand in [14-Co]**
engages in strong radical pimerization is that the other ligand
7% electron pairs antiferromagnetically with the cobalt center.

The 7-stacking in [1y-Zn](PF), provides a three-dimen-
sionally extended network of stacking interactions, again
leading to elastically flexible crystals (see the Supporting
Video). Since the z-stacking networks differ considerably
between the zinc and cobalt crystals, it seems that the
combination of terpyridine coordination chemistry, radical-
pairing interactions, and traditional 7-stacking may be more
important than the specific topology of these interactions for
supporting mechanical flexibility. As with the cobalt analogue,
the crystals of [1y-Zn](PF¢), lose their integrity quickly
outside of solvent, preventing further study of their mechanical
properties. However, it was possible to use diffuse reflectance
UV—vis—NIR spectroscopy to demonstrate that radical pairing
interactions are maintained even after degradation of the
crystals. An increased NIR absorbance and broadened visible
region band, which are both characteristic of viologen radical
dimerization,”"* were observed for dried samples of crystals
featuring the radical-pairing motif in comparison to crystals
grown under conditions that do not lead to radical pairing
(Figure 7C).

B SUMMARY AND CONCLUSIONS

We have prepared a series of metalloviologen complexes [1x-
M]"" and [2-Co]*" in which two viologen-like redox units are
bridged by either a cobalt or zinc ion. Notably, the mixed-
valence states of the cobaltoviologens could be tuned all the
way from fully localized Class I to fully delocalized Class III
descriptions, providing the first L-M-L system in which this full
range of states could be achieved while maintaining a fixed set
of redox-active units and bridging metal. This remarkable
control over electronic coupling results from a novel tuning
strategy in which ancillary ligands are used to modulate the
electronics of the cobalt center while leaving the viologen units
relatively unperturbed. This approach allows the energies of
high-spin Co" orbitals to be matched to those of the viologens
to maximize delocalization, while at the other extreme,
electronic coupling is turned off when the cobalt ion is
perturbed enough to change its oxidation state to low-spin
Co™. In another notable finding, the viologen-like ligands can
engage in intermolecular radical-pairing interactions in crystals
of [14-Co]** and [1,4-Zn]**. This discovery represents the first
time that metalloviologen complexes have been observed to
engage in the type of radical m-stacking that has proven
valuable to the development of electronic materials and
molecular machines using organic viologens.

The combination of simple pyridine-based coordination
chemistry, highly tunable intramolecular electronic delocaliza-
tion, and z-radical-pairing interactions provide the cobaltoviol-
ogens with a unique set of features that are likely to be valuable
for the development of materials with novel electronic and/or
mechanical properties. First, by overcoming limitations to
tunability seen in other MV systems, the cobaltoviologens may
be useful for developing new electronic materials, especially
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since these complexes are isostructural with other (4'-Ar-
terpy),M>* complexes that are already well-established
components of a variety of notable (nano)materials.*’
Likewise, the combination of terpyridine coordination
chemistry and #-radical pairing is promising for the develop-
ment of materials with emergent properties. Indeed, radical 7-
stacking leads [1-Co]*" and [13-Zn]** to assemble into 3D
crystalline networks that exhibit elastic flexibility not seen in
organic viologen radical crystals, providing an initial con-
firmation that the metalloviologens may be useful for creating
materials with properties beyond those of their individual
components.
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