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ABSTRACT: Readily available room temperature stable organic Mixed Valence Compounds
mixed valence compounds are prepared by one-electron DipR class i
reduction of cyclic bis(iminium) salts [derived from cyclic fgtczg:'czc.‘.gj

(alkyl) (amino)carbenes] bridged by various spacers. These N

compounds show characteristic intervalence charge transfer Dipp ¢ ,
(IV-CT) bands in the near-infrared (NIR). Cyclic voltammetry, /_\Tﬁph

EPR, IR, UV—vis, and X-ray studies, as well as DFT calculations, i — = /\=\\_// — >’QL

show that, depending on the nature of the spacer, these mixed N N N class Il
valence compounds range from class III to class II.

B INTRODUCTION

Electron transfer is one of the most fundamental processes in
chemistry and has applications in various fields ranging from
biology to electronic devices." Mixed valence (MV) compounds
I are ideal systems to systematically study the fundamental ; " 5 “ -

principles of electron transfer (Figure 1).” They contain a [(HaN)5RU—NQN—R“(NHJ)5:| [)4_@4( } [[sﬂs]} 'o-@o‘
spacer between two or more identical redox active sites, and

feature an open-shell ground state.” Since the pioneering work

of Creutz and Taube,* MV systems have mostly been associated

with discrete redox states at transition metal sites, as illustrated b

by complex II, whereas organic mixed valence compounds are /—\
less represented, presumably as a result of the instability of &
open-shell organic molecules.”® Wurster’s radical cation III, Q

tetrathiafulvalene radical cation IV,® or the para-quinone radical W

anion V are prominent representatives for delocalized organic

radicals.” However, they might be better referred to as “charge- .

resonance” rather than MV compounds, since the radical is N
delocalized over the entire molecule and the redox sites are not N
X

ipp ipp
X Xi

clearly defined.” The nature of electron “localization” vs Me0” Me0 bipp
AL

Dipp‘ \N
o N )
BolSaieCne
b Dipp /
{

“delocalization” is fundamental to MV compounds and has

- S .
led to the Robin—Day classification” in which any MV Figure 1. Schematic representation of MV compounds (I), Creutz—

compound can be classified into one of three classes. Class I Taube MV complex (II), “charge-resonance” derivatives (III-V),
compounds exhibit two well separated redox sites in which the organic mixed valence compounds (VI-VIII), and CAAC derived
two centers cannot interact or the interaction is too small to be radicals (IX—XT).

measured; class II compounds exhibit weakly interacting redox
centers in which the charge is localized on one redox site; in
class III compounds, both sites are so strongly coupled that the
radical is fully delocalized over the entire molecule, leading to
undistinguishable redox sites with intermediate redox states. On
the basis of this classification, compounds III-V could be seen
as class III MV systems. Importantly, while organic delocalized Received: October 26, 2017
radical ions have been investigated by EPR spectroscopy since Published: January 17, 2018

the 1950s, the concept of organic mixed valency was first clearly
introduced in the 1990s with the spectroscopic analysis of
intervalence charge transfer (IV-CT) bands as a result of
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Marcus—Hush theory.'' The framework of this theory'”
provides the basis for the Robin—Day classification and allows
one to predict and classify the class of mixed valency based on
the shape of the IV-CT bands typically observed in the near-
infrared (NIR) region. In general, organic MV compounds
feature distinct IV-CT bands, while transition metal based MV
compounds are typically more difficult to interpret, since
overlapping transitions can occur.

In contrast to inorganic MV compounds, the open-shell
character of organic MV compounds limits the chemical space
to only a few molecules with stable organic radical redox sites.
Among them, due to their stability and easy synthetic access,
radical cations of tertiary triaryl-amines (VI) have been
exploited, for example, as photoconductors and light-emitting
devices."® As it is difficult to stabilize carbon centered radicals,
such organic MV compounds are significantly less studied;
however, some notable examples are perchlorinated triphenyl-
meth?rl VII'* and 1,4-dimethoxybenzene derived radicals
VIIL "™ Our group and others have demonstrated that cyclic
(alkyl) (amino)carbenes (CAACs)'®'"” are excellent ligands for
stabilizing a variety of organic,18 main-group and transition
metal paramagnetic species (IX).'””” In 2014, Roesky et al. and
our group independently reported the synthesis of the fully
delocalized air stable radical cation X.”' Together with radical
cation XI,”* these compounds could be considered as charge-
resonance compounds based upon CAACs. In contrast, herein
we report the synthesis and first spectroscopic characterization
of a novel family of organic compounds derived from CAACs,
which fulfill the spectroscopic requirements for MV com-
pounds.

B RESULTS AND DISCUSSION

Recently, we described a modular approach for the synthesis of
bis(alkynyl) (iminium) salts 4 based on the “click’-type
coupling of terminal diynes 2 with CAACs 1, followed by
hydride abstraction (Scheme 1).*> We reported that two-
electron reduction afforded derivatives 5, whose ground state
can be described as a singlet-closed/open shell compound.

Scheme 1. Previously Reported Modular Approach toward
Bis(iminium) Salts 4 and the Ensuing Diradicaloids 5
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While the two-electron reduction of 4a™ and 4a™*"™® gave
rise to Sa® and 5aM*™™® respectively, we noted that the cyclic
voltammogram of 4a™ and 4a™*™® showed a relatively large
separation of the first and second reduction potentials [E,,, =
—0.72, —0.98 V (versus Fc'/Fc)]. This observation motivated

us to study the one-electron reduction in the hope of accessing
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organic mixed valence species. Either addition of 1 equivalent
of cobaltocene to a solution of 4a™ or 4a™™™® or stirring these
compounds with freshly activated zinc dust gave rise to red
colored solutions of 6a™ and 6a™*™® (Scheme 2).

Scheme 2. One-Electron Reduction of 4a Giving Mixed
Valence Compounds 6a
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The UV—vis/NIR spectra of the three different oxidation
states feature distinct differences (Figure 2). While dication 4a™
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Figure 2. UV—vis/NIR absorption of dication 4a® in THF (top),
radical-cation 6a® in THF (middle), and diradicaloid 5a® in pentane
(bottom).

shows only an absorption band around 380 nm and 5a™ has
two intense absorption maxima at A = 550 nm (log &€ = 4.40
M™' cm™"), the radical cation 6a® shows an intense absorption
maximum in the vis region at 4 = 567 nm (log € = 4.7 M~}
cm™') together with two broad Gaussian shaped NIR
absorption bands at 4 = 1020 and 1195 nm (log & = 4.6 M™*
cm™"). Such IV-CT absorption bands are characteristic for MV
compounds.

Single crystals of 6a™*™® were obtained from a THF solution
at —40 °C, and subjected to an X-ray diffraction study (Figure
3). Note that, compared to their inorganic counterparts, not
many X-ray structural data are available for organic mixed
valence systems. Interestingly, the solid state structure of
6a™"™ shows only moderate bond distance alterations when
comparing the left and right parts of the molecule, while the
average bond distances are positioned in between the bond
distances reported”® for dication 4a® and the neutral
compound SaMenth (Figure 4).

Solutions of MV compounds 6a™ and 6a™"® are NMR
silent and EPR active. The EPR spectra of the two radical
cations 6a™ and 6a™*™ appeared to be quite different due to an
additional coupling to one of the H atoms of the menthyl group
(C,), as already observed””** for diradicaloid Sa™e"® (Figure
5). Simulation®® of the EPR spectrum (fit with >99%
agreement) allowed for the extraction of the isotropic hyperfine
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Figure 3. Solid-state structure of 62", Solvent molecules (THF),
hydrogen atoms, and the counteranion (SbF,~) are omitted for clarity.
Selected bond distances (A) and angles (deg): N—C1 1.329(7), N'—
C1’ 1.343(7), C1-C2 1.385(6), C1’—C2’ 1.372(7), C2—C3 1.220(7),
C2'—C3’ 1.226(7), C3—C4 1.395(7), C3'—C4’ 1.405(7), C4—CS5
1.405(7), C4'—C5'1.408(7), C5—C5’ 1.390(6), N—C1—C2 119.4(5),
C1-C2-C3 169.8(6), C2—C3—C4 174.5(6).
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Figure 4. Comparison of bond distances for 4a™, 5a™*™ and 6aMe"",
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Figure S. X-band EPR spectra (room temperature in THF) of radical
cations 6a™ and 6a™*™ (top) and their simulation (bottom).

coupling constants with a C, symmetrical environment [6a®: 2
N (ay = 2.70G) and 4 H (ay = 0.94G); 6™ 2 N (ay =
2.78G), 4 H (ag = 092G), and 2 H (ay 1.16G)].
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Importantly, these hyperfine coupling constants are in good
agreement with the DFT calculated parameters at the B3LYP/
TZVP level of theory (see the Supporting Information).

It should be noted that the hyperfine coupling constants with
nitrogen (ay ~ 2.7S G) are significantly smaller than those
observed in CAAC derived radical species (ay ~ 5.4—6.4 G)."*
The hyperfine coupling constants being derived from a
symmetrical structure and the low amount of spin density on
nitrogen clearly demonstrate the delocalization of the radical
center through the entire system at the EPR time scale. This is
also in agreement with the calculated SOMO at the UB3LYP/
def2-TZVP level of theory (Figure 6). Spin densities calculated

C=C

N\
/Dipp1%

12%

Ay

4%

Figure 6. SOMO of 62" at the UB3LYP/def2-TZVP level of
theory (isovalues 0.02) based on the structure determination by X-ray
diffraction (top) and calculated Mulliken spin densities (bottom).

by Mulliken population analysis predict a well equilibrated spin
density distribution with approximately 50% on the central
CC—Ph—CC spacer and the remaining 50% spin density on the
two CAAC moieties (Figure 6).

Since X-ray crystallography, EPR spectroscopy, and DFT
calculations indicate a symmetrical structure in which the
CAAC redox centers are strongly coupled, 6a™ and 6a™Me"™
feature the attributes of class III MV compounds. However,
EPR spectroscopy is a rather slow technique (107 s) for
resolving the electron transfer processes, and X-ray analysis
might give a superimposition of the two unsymmetrical radical
cation structures. Additionally, standard functionals often
overestimate delocalization as a result of the self-interaction
error; they predict delocalized structures even in the case of
class I MV compounds.”® The most reliable classification is
based on the analysis of the intervalence charge transfer (IV-
CT) band in the NIR (Figures 2 and 7).

The IV-CT band of 6a™*™" in THF (1, = 1210 nm, 7, =
8264 cm™") shows a perfect Gaussian shape without cutoff at
the low energy side. Thus, a simple band shape analysis
indicates that 6a™*"™ is a class Il MV system (note also that no
vibrational fine structure was observed, which frequently occurs
with class III systems). Furthermore, the observed solvent
dependency (A¥(THF/dioxane) ca. 200 cm™" [0.6 kcal/mol])
is in agreement with a dipole-moment change upon electron
transfer, as expected for a class II MV system (Figure 7).
According to Markus—Hush theory, it is possible to deduce the
electronic coupling integral V from the IV-CT band on the
basis of the absorption maximum 7,,,, (cm™"), the bandwidth at
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Figure 7. Solvent dependence of the IV-CT band of 6a™"®.

half-height 7,,, (780 cm™"), the molar absorptivity & (43 427
M~ ecm™), and the distance r (10.7 A; taken from the X-ray
determination)®” between the CAAC redox active centers
according to formula L.**

0.0206

[V a1 /2E
B max”1/2 (I)

Applying formula I for 6a™*™® leads to a coupling integral of
V = 1019 ecm™ (for 6a™, a similar value of V = 1032 cm™ is
obtained). This coupling integral fulfills with 2V/4 = 0.24 the
requirement 0 < 2V/4 < (1 — A%/A) for a class Ila MV
compound,'” and shows a significant communication between
the two CAAC redox active sites. It should be noted that the
weaker high energy absorption band at A, ~ 1043 nm (¥,,,, =
9588 cm™') can be assigned to the electron transfer process
from the CAAC radical center to the bridge based on analo
with other mixed valence systems® and a three-state model'”
seems reasonable to analyze the full system. As the herein
studied compounds feauture alkyne moieties which show up in
a characteristic region of the IR spectrum, this spectroscopy is a
useful tool to evaluate the rate of electron transfer between the
redox centers.”” When the electron transfer is faster than the
spectroscopic time scale (1073 s), an averaging of the specific
vibrational modes is observed. Upon reduction, the alkyne
stretching band shifts from cc = 2200 cm™ (4a™) to a lower
energy ¥cc = 2173 cm™ (6a™), while full reduction to the
neutral diradicaloid 5a™ gives 7icc = 2062 cm™. This shift is in
agreement with a partial lowering of the bond order. We do not
observe by ATR-IR for Sa at room temperature two well-
resolved IR absorptions for two different alkyne moieties, as
expected for a slow electron transfer in a class II system (see the
Supporting Information); however, in the case of 6a™", we
observed a very broad IR band at ¥cc = 2079 cm™'. These
observations indicate that the intramolecular electron transfer
rate at room temperature is at a similar rate or faster than ATR-
IR spectroscopy. Furthermore, as this measurement was
performed in the solid state and not in solution, the electron
transfer process might be enhanced compared to solvent
reorganization barriers.”” Note MV systems based on transition
metals and such a dialkynyl-benzene spacer also did not allow
for a clear classification based on IR.?

In order to investigate the effect of the spacer on the
communication between the CAAC redox sites, we investigated
the one-electron reduction of 4bMenth gcMenth  ond 4dB
featuring spacers with different degrees of aromaticity and
lengths, and we compared their properties with 4a™*®* (Figure
8). Note that 4d®™ which contains a 1,2-bisalkyne spacer has
been prepared using the Glaser coupling (Scheme 3).

V=

2209

- r=13.0A —

2 SbFg
4dE
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Figure 8. Spacers investigated and distances between the CAAC redox
sites.

Scheme 3. Synthesis of Bis(iminium) Salt 4d™
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The cyclic voltammograms of 4a—d show some distinct
differences (Figure 9). As expected, increasing the length of the
spacer from phenyl to naphthyl and biphenyl makes the first
reduction significantly more difficult, while the second
reduction potential remains nearly constant [E,, = —0.68 V/
—0.98 V (4aMenth); —0.82 V/—=1.03 V (4bMenth); —0.99 V/—
1.08 V (4cMe™)] In the case of the shorter spacer (4d®), the
two reductions already proceed at —0.14 and —0.76 V with a
large separation of AE = 620 mV.

On the basis of the CV, bis(iminium) salts 4bMeth gcMenth
and 4d" were reduced, using 1 equiv of cobaltocene, into the
corresponding radical cations 6bMenth gcMenth and 6d%. Even
though the two reduction potentials of 4c™*™® indicated a
potential bistability (the differential pulse cyclovoltammogram
shows two peaks; Figure S18), the reduction with 1 equiv of
cobaltocene led to the desired radical cation 6¢™*™®. Note that
cyclic voltammograms are typically not good indicators for
mixed valence systems, as splittings might be dominated by
electrostatic effects.’’

All three compounds 6d%, 6b™h and 6cMe™™® are NMR
silent but EPR active (Figure 10). The X-band EPR spectrum
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Figure 9. Cyclic voltammograms of bis-iminium salts 4aMenth gpMenth

gMenth and 44" containing different spacer units (nBu,NPF4 0.1 M in
THF, 100 mV s~%, vs Fc*/Fc).
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Figure 10. Experimental and simulated X-band EPR spectra of the MV
compounds 6d™ (left), 6b™"* (middle), and 6c™*™® (right) at room
temperature in THF. 6d%: 2 N (ay = 4.14 G). 6b™™: 2 N (ay = 2.30
G), 2 H (ay = 1.75 G), and 2 H (ay = 1.0 G). 6™ 2 N (ay = 2.22
G), 4 H (ay = 1.08 G), 4 H (a; = 021 G), and 2 H (ay; = 2.24 G).

of 6d™ at room temperature in THF can be simulated with only
two equal N (ay = 4.14 G). Interestingly, the reported EPR
spectrum of [(®CAAC),C,]"* exhibits the same hyperfine
splitting pattern but with larger N-coupling constants (ay = 5.3
G).”" This is an indication of a decreased spin density on the
nitrogen of 6d™ and thus a larger electron delocalization
(Figure 11). Similarly, the nitrogen coupling constants decrease
along the series 6a™™™ (ay = 2.70G), 6b™™™ (ay = 2.30 G),
and 6™ (g = 2.22 G). The observed spin delocalization
across the alkyne bridge is in good agreement with the
calculated SOMOs and Mulliken spin density distribution
(Figure 11). Interestingly, even in the case of the longest spacer
(6cMe™) " the EPR parameters indicate a symmetrical
delocalization of the radical along the central spacer, indicating
an electron transfer process which is faster than the EPR time
scale (1077 s).

The mixed valence compound 6d™ was characterized by an
X-ray diffraction study (Figure 12). The structure is highly
symmetrical with a torsion angle of 20° between the two

2210

Figure 11. SOMOs of 6d* (top) and 6b™*™* (middle) (UB3LYP/
def2-TZVP) and of 6cM™® (bottom) (UB3LYP/6-31G**) (isovalues
0.02) based on X-ray diffraction (6d™) or optimized structures
(6bMe™ and 6cMe™) together with the calculated Mulliken spin
densities.

Figure 12. Solid-state structure of 6d™. Solvent molecules, hydrogen
atoms, and the counteranion (SbF~) are omitted for clarity. Selected
bond distances (A) and angles (deg): N—C1 1.327(5), N’—Cl’
1.327(5), C1-C2 1.365(6), C1'—C2’ 1.368(6), C2—C3 1.235(6),
C2'—C3’ 1.241(6), C3—C3’ 1.313(6), N—C1-C2 123.1(3), Cl1-
C2—C3 177.3(4), C2—C3—C4 176.6(4), N—C1—-C1’—N’ 20.0(3).

CAACs. The N—C1 bond distance [1.327(5) A] is comparable
to that observed for the radical cation 6a™™ (1.329—1.343 A),
while the C1—C2 [1.365(6) A], C2—C3 [1.235(6)], and C3—
C3’ bond lengths [1.313(6) A] indicate a partial double bond
character.

It is interesting to compare the UV—vis/NIR absorption
spectra of the different MV complexes, including that of
[(**CAAC),C,]***" (Figure 13). The latter exhibits three main
absorption bands at 4 = 382/408 nm (I), 460 nm (II; broad),
and 540 nm (III) and importantly no absorption in the NIR,
while the higher homologue 6d* exhibits the same band
structures but with significantly red-shifted absorption bands at
A = 483 nm (I), 540 nm (II; broad), and 709 nm (III).
Interestingly, the absorption at 540 nm [(®CAAC),C,]**
corresponds to the highly nonsymmetrical absorption at 709
nm (6d™) which flattens out into the NIR up to 1000 nm.

Even though the low-energy band only reaches into the NIR
region, it seems likely, based on the cutoff shape of the
absorption band (see also the Supporting Information) and the
short distance between the two descrete CAAC redox centers,
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Figure 13. Comparison of the UV—vis spectra of radical cation
[(**CAAC),C,]** and 6d™ (both in CH,Cl,) containing —CC— and

—CC—CC- spacers, respectively (inset: color of 6d%).

that 6d® can be classified as a fully delocalized Robin—Day
class III organic MV system with intermediate redox states.
Alternativelzr, an argument based on a particle in a box might be
applicable,” which however seems to be limited, as we observe
clear redox site behavior of the CAAC moieties. Furthermore,
as class IIT compounds can be estimated by V = E(op)/2, which
will give large coupling integral values, another argumentation
might be based on the character of bridge-localized (or biased)
electrophores.” The absorption spectra of 6d® show no
significant solvent dependency (UV/vis-NIR spectra of 6d™
appear nearly identical in THF and CH,Cl,), which is also
consistent with a class III system. It should be noted, while
[(**CAAC),C,]** is stable in air in CH,Cl,, 6d*" decomposes
over ca. 2 h under identical conditions. In contrast to 6d%,
[(*'CAAC),C,]** is better understood as a classical charge-
resonance complex, based on the missing IV-CT band. The IR
spectrum shows a significant shift of the alkyne band upon
reduction from ¥ = 2147 cm™ (bis-iminium 4d*) to 2041 cm™
(6d™) [(**CAAC),C,)** does not show any IR absorption in
the alkyne region; see the Supporting Information]. The
observation of only one IR band for 6d™ in the solid state is in
agreement with an intramolecular electron transfer rate faster
than 107" s, consistent with a class IIT mixed valence system.
This is also in line with reported class III MV transition metal
systems containing diyne spacers that are discussed as
molecular wires for nanoscale electronic devices.”*

When moving from the pure alkyne spacers to those
containing aromatic units between the alkynes, a clear “jump”
in the mixed valence IV-CT processes is detectable on the basis
of UV/vis-NIR spectra (Figure 14 and Table 1).

Upon extension of the spacer, a red-field-shifted IV-CT band
is detected. As observed for 6a™/6a™™ compound 6bMe"

GhMenth

GcMenth

BaMenth

0

480 680 1080 1280 1480 1680 1880 2080 A [nm)

Figure 14. Comparison of the UV—vis/NIR spectra of the MV

systems 6a—cMenth,
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Table 1. Summary of Key Parameters for Some CAAC
Derived Organic Mixed Valence Compounds

. IV-CT € “bridge-

bridge band [em™ band” V_l

em] _mol'] fem] ™

6a®t = = 8368 43427 9804 1032
GaMenth = = 8264 41734 9588 1019
GhMenth ;_~: OQ _ 6439 61173 8000 887
GeMenth =)= 4941 17506 6180 401
6dE !—i: = 14104 —— - -

shows an intense Gaussian shaped NIR absorption at 4, =
1553 nm (¥ = 6439 cm™") with a very similar bandwidth at
half-height 7, (796 cm™). On the basis of formula I, the
determined molar absorptivity ¢ (61173 M™' em™) and
distance r (13.0 A), the electronic coupling integral V is
calculated to be 887 cm™". As expected upon extension of the
spacer, the coupling integral decreases from 1019 cm™
(6aM™) to 887 cm™' (6bMerh) with 2V/1 = 0.28 still
indicative for a class Ila MV compound. Similar to 6a™*™®, the
high energy NIR shoulder at 4., = 1250 nm for 6b™*™ can be
assigned to an electron transfer process from the CAAC radical
center to the spacer (three-state model). Interestingly, 6c™e™™®
shows an intense Gaussian shaped absorption shifted far into
the NIR at A, = 2024 nm (7, = 4941 cm™") with a broad
high-energy shoulder at A = 1618 nm (7 = 6180 cm™"). On the
basis of formula I and the parameters ¥/, (1000 em™),> ¢
(17506 M~ cm™), and r (15.1 A), the coupling integral V of
6cMeh is calculated as 401 cm™ (Table 1). Even though the
CAAC-linker—CAAC distance is already 1.5 nm, it seems
most likely based on the spectroscopic data obtained that
6cMen™ can be classified as a weakly coupled class II mixed
valence compound (this compound is approaching the less-
well-defined region of class I/II MV compounds). It should be
pointed out that the position of the IV-CT band (6a—6d)
seems to correlate exponentially with the distance between the
CAAC centers (see Figure S19). It should also be highlighted
that no NIR absorption is observed for any of the dications
(4a—c) or neutral compounds (Sa—c). Note that the dications
usually exhibit absorptions at the UV—vis edge at 383 nm
(4bMeh) and 398 nm (4cM"™) and show strong blue
fluorescence in solution [emission maxima 484 nm (4bMenth)
460 nm (4cM"™)] (see the Supporting Information). We
observed in the case of 6b™*"" two ATR-IR absorption bands,
one at Jcc = 2180 cm™ and the other, weaker, at 2065 cm™!,
comparable to those of the oxidized (4b™*™®: 2193 cm™") and
reduced (5b™*™®: 2044 cm™") compounds. This observation is
in agreement with a slower electron transfer process in 6b™**®,
compared to 6aM™™ and it reaches the time scale of ATR-IR
spectroscopy. Upon extension of the spacer, thereby decreasing
the coupling, we observed that the sensitivity of compounds 6
toward oxygen increases. While 6d™ is stable for a few hours in
air, the stability of 6a to 6¢™*™® drops to seconds.
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B CONCLUSION

In summary, we have demonstrated that cyclic iminium
scaffolds derived from CAACs can be used as room
temperature stable carbon centered radicals for the preparation
of a novel family of mixed valence compounds. The latter can
be isolated and characterized by various techniques, including
X-ray crystallography. Lengthening of the spacer systematically
red-shifts the IV-CT band from the visible to the near-infrared.
In agreement with the reduction potential separation obtained
by CV, and with the coupling integrals obtained from the band
shape analysis of the IV-CT bands, the spacer modulates the
electron transfer from class II (6a—c) to class III (6d) systems.
We are currently investigating applications of this novel type of
MV compounds.
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