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Frustrated Radical Pairs: From Fleeting Intermediates to

Isolable Species

Lars J. C. van der Zee,” Jelle Hofman,™ Simon Mathew,™ Anne de Visser,™ Ekkes Briick,™

Bas de Bruin,”” and J. Chris Slootweg*®

We present the design and comprehensive investigation of
stable para-substituted triarylamine-2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) radical ion pairs (RIPs) generated via
single-electron transfer (SET). We quantified the degree of SET
in both solution and solid phases, utilising a suite of spectro-
scopic techniques including IR, EPR, NMR, and single-crystal X-
ray diffraction (SC-XRD). Our findings reveal that the extent of
SET is significantly influenced by the nature of the substituents
(MeO > Bu > Br) and the polarity of the solvent (MeCN > DCM
> toluene). The radical ion pair [(pMeOPh);N]**[DDQ]*~ was

Introduction

Organic radical ion pairs (RIPs), comprised of a radical cation
and a radical anion, can be formed through single-electron
transfer (SET) from a neutral electron donor to a neutral
electron acceptor. Typically, radicals are short-lived intermedi-
ates in redox reactions,”” suggesting that pairs of radicals would
exhibit even shorter lifetimes due to their propensity for facile
back-electron transfer. Consequently, the isolation and full
characterisation of stable RIPs in solution and in the solid state
has been limited, even though such systems could provide
much-needed insights to advance the potential for homolytic
bond activation of inert and difficult-to-polarize substrates.

In 1984, Kaim reported the simultaneous observation of
both donor and acceptor radical ions by EPR spectroscopy
upon mixing the electron-rich N-silylated 1,4-dihydropropyra-
zines 1 with either tetracyanoethylene (TCNE) or tetracyanoqui-
nodimethane (TCNQ),” providing the first direct evidence of
thermal single-electron transfer involving main group reduc-
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unambiguously identified using EPR and UV-vis spectroscopy,
and its structure was confirmed by SC-XRD. Detailed analysis
indicates an open-shell singlet ground state with a thermally
accessible triplet state, as corroborated by EPR, magnetic
susceptibility measurements, and DFT calculations. This study
offers crucial insights into the mechanistic pathways of RIP
formation and tuning both in solution and solid states, laying
the groundwork for future exploration of their reactivity and
potential applications.

tants (Scheme 1a). Steric effects played an essential role in
enabling the observation of RIPs, as the combination of the
bulky bis(triisopropyl)silylated 1 (E,,=—0.35 V) and TCNE (E .=
+0.33V vs. SCE) in DCM afforded the persistent solvent-
separated [1]°*[TCNE]*~ even at room temperature, but lacked
further characterisation beyond EPR evidence. The use of planar
electron donors and acceptors is well established in material
science for semiconducting applications.”’ However, the use of
pnictogen-based donors remains limited. Wang et al. used bis-
amine-based electron donors, which, in combination with Lewis
acid-activated quinones, afforded the B(C4F;);-coordinated radi-
cal ion pairs 2 and 3 through thermal SET (Scheme 1b).*®
Interestingly, even in single electron donor—acceptor sys-
tems including the ubiquitous frustrated Lewis pairs (FLPs),
recent studies have documented SET events. However, these
reports often only reveal single radicals derived from either the
Lewis acid or base.”® For the archetypical FLPs PMes,/B(C¢Fs)s,
PtBu,/B(C4F5);, and analogous N/B systems, we established that
visible light induces SET to generate the corresponding
transient RIPs [PR;]**[B(C¢Fs);]° . These photo-generated frus-
trated RIPs are fleeting intermediates with lifetimes on the order
of picoseconds, as determined by transient absorption spectro-
scopy (i.e., PMes;* " /B(C4Fs);*~ 237 ps; PtBu,® " /B(C4Fs);"~ 6 ps).*
Enhancing the electron affinity of the electron acceptor by
complexation with quinones makes the electron transfer
thermally feasible®®® and thus substantially increases the
concentration of the formed RIPs. Using the bulky phosphine
PTip, (Tip =2,4,6-iPr;CgH,), we detected both radicals of the RIPs
[PTips]* " [quinone-B(C4F5);1°~ 4 at ambient temperatures by UV-
vis and X-band EPR spectroscopy (Scheme 1¢c)."” However, their
inherent reactivity induced homolytic C—H bond activation,
precluding full characterization of the RIPs. Furthermore, the
use of PMes, led to quenching of the RIP through the formation
of P—O adducts. To induce electronic frustration and prevent
such adduct formation,"” we switched to arylamines as the

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0009-0009-7803-8395
http://orcid.org/0009-0003-3459-2606
http://orcid.org/0000-0001-7818-7766
https://doi.org/10.1002/chem.202403885
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202403885&domain=pdf&date_stamp=2024-11-22

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202403885

a) Kaim, 1984
?le ?le
N NG CN SET N NG CN
[ ] ’ [ ] ’ =
N NC CN bem N NC CN
| |
SiR3 SiR;
1 [)[TNCE]
Ry = Me, Et;, Me,'Bu, Pry « EPR (DCM at RT)
b) Wang et al., 2023
Tol \N- _Tol i
O o BCeFa)s ; ~4~ o B
O O - ' N L o
SB(CeFs)s : - SB(CoFs)s
N H
Tol” “Tol 2 : 3
« EPR (DCM and powder) « Magnetic suceptibility
 Crystal structure «IR
c) Slootweg et al., 2023
SET ) _ o]
PTip; + Q—B(CeFs)s ————> | PTip; * Q—B(CSFS)sl 9
DCM 0.
Q=
4 4
« in situ EPR (DCM) By gy OV 8
« in situ UV-vis (DCM) o]
d) This work
X X X X
N o] o
A ci o+ Naw
N SET N AN cl
+ —_—— +
= cl
N7 pZ Cl
o] NZ
ppQ O
X X

X = Br, Me, 'Bu, OMe

* (qQ)EPR (MeCN, DCM and toluene and crystal) « Magnetic suceptibility
* UV-vis (MeCN and DCM) « Conductivity
« Crystal structure IR

Scheme 1. Single-electron transfer (SET) in electron donor-acceptor systems
forming radical ion pairs (RIPs)

a) The first direct evidence of thermal single-electron transfer involving main
group reductants characterized in solution by EPR spectroscopy. b) Two
stable, intermolecular RIPs using bis-amine based electron donors and Lewis
acid activated quinone electron acceptors. ¢) Formation of quinone-based
RIPs characterized in solution by UV-vis and EPR spectroscopy. d) The
formation of stable RIPs using various triarylamines as the electron donor
and DDQ as the electron acceptor.

electron donor."? Herein, we report the design of stable RIPs
containing para-substituted triaryl amines as the electron
donor, in combination with 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) as the electron acceptor (Scheme 1d), allowing
full characterisation of the corresponding RIP [(pMeOPh);N]**
[DDQ]*” in both solution and solid states. We also provide
mechanistic rationale for the formation and degree of SET in
RIPs.

Results and Discussion

First, we set out to determine the feasibility of thermal SET
(AEge) for a series of para-substituted triarylamines ((pRPh);N;
R=Me,N, MeO, PhO, Me, 'Bu, Ph, F, Br, Cl, NO,) to the electron-
accepting DDQ using DFT calculations, with a dielectric solvent
model representing acetonitrile and DCM, at the SCRF(MeCN/
DCM)/(U)wB97X—D/6-311 4 G(d,p)//(U)wB97X—D/6-31G(d) level
of theory (Table S6). Gratifyingly, the selected arylamines cover
the entire range from zero to complete charge transfer (e.g.,
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AEg; (MeCN)= +0.97 for R=NO,, —0.91 eV for R=NMe,; Fig-
ure 1). Their computed ionization energies (IEs; Figure 1)
correlate well with the Hammett ¢* values, similar to their
electrochemically determined oxidation potentials, suggesting
that the degree of charge transfer can be easily tuned."

Next, we selected tris(para-bromophenyl)amine ((pBrPh);N;
IEpecn = +5.58 €V) as the electron donor, together with DDQ
(EApecy=—5.28 €V). DFT calculations indicate that the closed-
shell encounter complex [(pBrPh);N, DDQ] is the ground state
of this system (AEsgr (MeCN)= +0.30 eV), which was confirmed
experimentally.™ Furthermore, layering a yellow, equimolar
solution of (pBrPh);N and DDQ in ortho-difluorobenzene with
cyclohexane afforded bright green needles suitable for single-
crystal X-ray diffraction (SC-XRD) analysis, confirming that no
charge transfer had taken place. In the crystal (Figure 2)," the
amine is combined with two equivalents of DDQ, all of which

o
6.0
5.5¢
= ||EAIDDQ
> [EAIDDQ L oo
o cl
5.0t
4.5¢
45 1.0 05 0.0 0.5 1.0

+
a

Figure 1. DFT calculated Hammett plot of the calculated ionization energies
(IE) of para-substituted triaryl amines (pRPh);N, together with the electron
affinity of DDQ (blue dotted line) using an acetonitrile dielectric solvent
model. Calculations were performed at the SCRF(MeCN)/(U)wB97X—D/6-311
+G(d,p)//(U)wB97X—D/6-31G(d) level of theory. Regression results:

IE=0.73 eV * 6" +5.48 eV, R>=0.959.

Figure 2. Molecular structure of [(pBrPh);N, DDQ]. Hydrogen atoms were
omitted for clarity. Displacement ellipsoids are drawn at a 50 % probability
level. Selected bond lengths [Al: N1—C1 1.417(4), N1-C7 1.411(4), N1—C13
1.430(4), O1B—C1B 1.212(4), 02B—C4B 1.213(4), 01 C—C1 C 1.209(4),

02 C—C4 C1.213(4).
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show typical metrics of neutral molecules with an average C—N
bond length of 1.419 A (cf. 1.418 for (pBrPh);N vs. 1.411 A for
(pBrPh);N°*")"® and an average C=0O bond length of 1.213 and
1.211 A (cf. an average of 1.217 for DDQ vs. 1.239 A for [DDQ]*;
Table 53)."” The closed-shell nature of [(pBrPh);N, DDQ] was
also confirmed by its C=0 IR stretching frequencies (1688 and
1674 cm™'; Figure S31), which are similar to that of DDQ
(1670 cm™), while its radical anion would lead to a shift to
lower wavenumbers (cf. 1592-1552 cm ™" for [Fc][DDQ])."®

To promote charge transfer, we next focused on the more
electron-donating  tris(para-methylphenyl)lamine  (IEy.en= +
5.15 eV, AEgr (MeCN)=—0.14 eV). Interestingly, treatment of
(pMePh);N with DDQ in MeCN caused an instant colour change
to purple, indicative of SET leading to the formation of the RIP
[(pMePh);N]**[DDQ]*~ (e.g., (pMePh);N**, A, =668 nm)." Yet,
the reaction mixture was EPR silent, suggesting that the colour
actually originates from a diamagnetic compound. Time-
resolved in situ "H-NMR spectroscopy (Figure S13) showed the
formation of two new doublets (AB-type; 3.67 and 3.54 ppm,
%Jun=14.1 Hz), revealing that C—H activation and functionalisa-
tion of one of the para-methyl groups occurred, affording a
methylene moiety. Since prolonged reaction times did not
result in full conversion to a single product, we assumed a non-
selective reaction due to the presence of three equivalent
methyl groups. To provide more insight, we employed the
bulkier mono-para-methylphenylamine analogue
(pPMePh)(p'BuPh),N (IExcy = +5.25 eV, Afg; (DCM)= +0.08 eV)
as the electron donor. Satisfyingly, after switching to DCM for
solubility reasons and adding 1.0 equiv. of DDQ, the reaction
mixture immediately yielded a persisted blue colour at ambient
temperature (Scheme 2). After workup, dark blue crystals of 5
were obtained in 95% yield, also featuring two doublets (AB-
type; 3.69 and 3.53 ppm, *Jy = 14.1 Hz) in the 'H-NMR spectrum
(Figure S2). The molecular structure of 5 in the crystal
unequivocally established the formation of an adduct between
two C—H activated tolylamines and one equiv. of DDQ, with the
amines positioned in an anti-fashion at the cyano side of DDQ.
Similar anti-adducts of DDQ have been isolated previously, but
only in low yields using 1-methyl azulanes (3%)®” or dipyrro-
methanes (25 %).2"

To detect the presumed radical ion pair intermediate
[(pMePh)(p'BuPh),N]*"[DDQ]*", we employed in situ EPR spec-
troscopy. X-band EPR analysis at 100-150 K of a flash-frozen
sample of the reaction mixture (taken immediately after mixing
DCM solutions of (pMePh)(p'BuPh),N and DDQ) confirmed the
formation radical intermediates (Figure S16). The width of the
signal (80 Gauss) and its shape at low temperatures resembles
the signal we observed previously for [(pMePh);N]** [B(C¢Fs);1°,
indicating the formation of an amine radical cation.®™ Further-
more, for [(pMePh);N]**[DDQ]*~, we were able to perform in situ
EPR spectroscopy in MeCN at higher temperatures (up to 210 K;
Figure $17) due to the higher melting point of MeCN compared
to DCM. At 150K, the spectra for [(pMePh);N]**[DDQ]*~ and
[(pMePh)(p'BuPh),N]*“[DDQ]*~ have the same shape, while at
210 K a small signal (g;,, = +2.004) appears in the spectrum of
[(pMePh);N]**[DDQ]*~ that we attribute to [DDQ]*". The low
intensity of this signal suggests the formation of the [DDQ],*~
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Scheme 2. Reaction of (pMePh)(p'BuPh),N with DDQ affording 5 and 6 via
the RIP [(pMePh)(p'BuPh),]**[DDQ]*~ intermediate (top) and the molecular
structure of 5 (bottom). Hydrogen atoms were omitted for clarity. Displace-
ment ellipsoids are drawn at a 50% probability level. Selected bond lengths
[A], angels and torsion angles [°] with the second independent molecule in
square brackets: 01—C29 1.208 (3) [1.205 (4)], 02—C32 1.202 (3) [1.205 (3)],
C28—-C33 1.558 (4) [1.564 (4)], C27—C28—C33—C36 164.0 (2) [-175.2 (2)].

dimer, as previously observed by us and Kochi et al.®*?

Interestingly, the formation of 5 is much quicker in DCM than in
benzene (6 h in CD,Cl, vs 10 days in C,D¢; Figures S10 and
S11), as the polar RIP intermediate is better stabilised by the
higher dielectric solvent, increasing its concentration (AEgr=
—0.08 (DCM) vs +0.93 (benzene) eV). After the formation of
[(pMePh)(p'BuPh),N]**[DDQ]*", we postulate that the acidic
tolylamine radical cation® is deprotonated by the [DDQ]*~
radical anion followed by subsequent radical coupling of the
formed tolylamine and semiquinone radicals."” Another repeti-
tion of this sequence, affords 5 together with 2,3-dichloro-5,6-
dicyanohydroquinone (6; Scheme 2), which we isolated in 38 %
yield.

Avoiding reactive methyl groups entirely in the electron
donor was achieved by using tris(4-tert-butylphenyl)amine
(IEpcy = +5.26 eV; AEg; (DCM) = +0.08 eV), mixing with DDQ in
DCM, as this amine is also poorly soluble in MeCN. Gratifyingly,
an immediately and persistent green solution was obtained
(Figure 3a). X-band EPR spectroscopy at ambient temperatures
clearly feature signals attributable to both [(p'BuPh);N]*" (g, =
2.0031, a,,(**N)=23.76 MH2)*” and [DDQ]*~ (g,,=2.0054) in a
near equimolar ratio, proving the formation of the RIP
[(p'BuPh);N]**[DDQ]*". UV-vis spectroscopy confirmed the pres-
ence of both [(p'BUPh);NI*" (A.=681nm)?? and [DDQ]*"

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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(Amax =587 nm; Figure 3b),”® but the sizable absorption at
Amax =388 nm attributed to DDQ indicated only a modest
conversion to the RIP.”® We performed quantitative EPR (qEPR)
measurements with TEMPO?®, revealing a total radical concen-
tration of about 0.2 mM from starting concentrations of 40 mM
for both components. This result is consistent with observations
from UV-vis suggesting only a small fraction of the amine and
DDQ are converted to the RIP, confirming the endothermic
nature of the formation as predicted by the calculated AEg; (4

To promote full charge transfer, we employed the more
strongly donating tris(para-methoxyphenyllamine (IEy.cn= +
491 eV; AEgr (MeCN)=—0.37 eV), for which the resulting amine
radical cation is even more stable than that of the previously
used amines. Mixing equimolar amounts of (pMeOPh);N and
DDQ in acetonitrile instantly afforded a blue solution indicative
of SET and the formation of the [(pMeOPh);N]**[DDQ]*~ RIP.
EPR spectroscopy confirmed the formation of [(pMeOPh);N]**
(9o =2.0034) with its characteristic "*N-hyperfine coupling (*°a-
and various hydrogen atoms (*a('H)=
5.18 MHz (m-PhH), 1.71 MHz (o-PhH), 1.71 MHz (CH,0); Fig-
ure 4a),”® alongside the signal for [DDQ]*~ (g, =2.0053) with
“N-hyperfine couplings to the nitrile groups (a,,(""N)=
1.60 MHz).*”" UV-vis spectroscopy reinforced the formation of
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Figure 3. a) The room temperature X-band EPR spectrum of a DCM solution
containing (p'BuPh);N (20 mM) and DDQ (20 mM) with a simulation showing
the presence of [DDQ]*" (gi;, =2.0054) and [(p'BuPh);N]** (g;,, =2.0031,
aio("*N) =23.76 MHz) in a 1:1.15 ratio. Dashed spectra shows zoom-in (25x).
b) UV-vis spectrum of (p'BuPh);N (1.0 mM) and DDQ (1.0 mM) in DCM.
Dashed spectra represent the concentrated ((p'BuPh);N (10 mM) and DDQ
(10 mM)) and the photo thereof.

the [(pMeOPh);N]**[DDQ]*~ RIP, clearly demonstrating the
presence of both [(pMeOPh);N]** (718 nm)"'® and [DDQ]*~ (348,
456 and 600 nm; Figure 4b).2”

The degree of charge transfer in equimolar solutions of
(pbMeOPh);N and DDQ was determined by employing a
combination of qEPR and Evans NMR to measure the total
radical concentration over a range of concentrations (Figure 4c).
In MeCN, the total radical concentration is about half the
starting concentration of the amine (or DDQ) over the
investigated concentration range (1-25 mM). In DCM, at low
concentrations (<15 mM of amine), the total radical concen-
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Figure 4. a) The room temperature X-band EPR spectrum of a MeCN solution containing (pMeOPh);N (1.0 mM) and DDQ (1.0 mM) with a simulation showing
the presence of both [DDQ]*" (g;,, = 2.0053, 2x a;,("*N) = 1.60 MHz) and [(pMeOPh);NI*" (g;,, = 2.0034, a,,("*N) = 23.59 MHz, 6x a,,,('"H) =5.18 MHz (m-PhH), 6x
1.71 MHz (0-PhH), 9x 1.71 MHz (CH;0)) in a 1:0.96 ratio. b) UV-vis spectrum of (p-MeOPh);N (0.1 mM) and DDQ (0.1 mM) in MeCN with a photograph of the
sample inset. c) Determination of the total radical concentration of solutions of [(pMeOPh);N]**[DDQ]*" in both MeCN and DCM using gEPR and Evans NMR.
Error bars are drawn to show the 90% confidence intervals of the qEPR measurements. Regression results for MeCN: y =0.538 * x +0.227, R*=0.982; for DCM:

y=0.0147 * x>+ 0.266 * x —0.27, R*=0.998.
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tration is lower than equivalent MeCN solutions, as expected
based on the solvent’s lower polarity and, therefore, reduced
ability to stabilize the charges of the RIP. This is also reflected in
the calculated AEg; (—0.17 €V in DCM vs. —0.37 eV in MeCN).
Conversely, more concentrated solutions reveal higher radical
concentrations in DCM rather than in MeCN (155 mM vs.
13.9 mM, respectively, using 25 mM amine and DDQ). We
ascribe this non-linearity to the double reduction of DDQ to the
dianion, as electrochemical studies have shown that the second
reduction of DDQ is more facile in DCM than in MeCN.® Lastly,
we utilized toluene as solvent (AEg; (toluene)= +0.62 eV),
which resulted in only about 7 uM of radicals when using
40 mM of (pMeOPh);N and DDQ, reinforcing our observation
that solvent polarity plays a major role in the total degree of
SET achieved in solution.

Violet single crystals of [(pMeOPh);N]**[DDQ]*~ suitable for
SC-XRD analysis were obtained by storing a dark blue,
equimolar solution of (pMeOPh);N and DDQ in CD,CN at
—30°C, which showed that in one unit cell one (pMeOPh);N

03
c1e 01
c1C
; cac
02
c13 020
C1B
018

Figure 5. Molecular structure of (pMeOPh);N{DDQ}, 5{CD;CN}, in the crystal.
Hydrogen atoms and co-crystallized CD;CN were omitted for clarity.
Displacement ellipsoids are drawn at a 50 % probability level. Selected bond
lengths [A]: N1—C1 1.428(5), N1-C7 1.407(5), N1—C13 1.392(6),01-C4
1.359(5), 02—C10 1.350(5), 03—C16 1.348(5), 01B—C1B 1.217(6), 02B—C4B
1.230(6), O1 C—C1 C 1.231(10), 02 C-C4 C 1.235(12).

and two molecules of DDQ are stacked, of which one DDQ is
shared with the neighbouring unit cell (Figure 5)."® The
electron donor shows typical metrics for oxidised (pMeOPh);N
with an average shortened C—N and C—O bond lengths of 1.409
and 13524, respectively (cf. 1.409 and 1378 for
(pPMeOm'Bu,Ph);N** vs. 1.426 and 1.392 A for (pMeOm'Bu,Ph);N,
respectively).” Analysis of the C—O bonds of the two DDQ
acceptor molecules showed that DDQ-C, located further from
the donor component, is significantly more reduced than
DDQ-B, as the average C—O bond is longer (1.233 A for DDQ—C
and 1.223 A for DDQ-B) and closer to the reported bond length
of [DDQ]*" (cf. an average of 1.239 A for [DDQ]*~ vs 1.217 for
DDQ; Table S3)." The weakening of the DDQ C=0 bond upon
reduction was also confirmed by its reduced IR stretching
frequencies (1574 and 1564 cm™', Figure S31; cf. 1592-
1552 cm™" for [FI[DDQ] vs. 1670 cm ™' for DDQ)."”

To further characterise the paramagnetic character of

[(pMeOPh),N]**[DDQ]*", we recorded the X-band EPR spectrum
of a single crystal at 298 K, which revealed a relatively narrow
signal (FWHM= £+3.4G) attributed to [DDQ]*" (Figure 6a). For
[(pMeOPh);NI**, a significant "*N-hyperfine is expected; how-
ever, this signal is presumably absent due to strong antiferro-
magnetic coupling between two neighbouring amines via n-n-
stacking of the aryl groups (3.50 A between the aryl groups as

shown in the crystal structure).*® Interestingly, the intensity of

the EPR signal of this crystal is temperature-dependent,
increasing as the temperature rises (Figure 6b). This suggests an
open-shell (EPR-silent) singlet ground state with a thermally
excited (EPR-active) triplet state.”” Indeed, fitting the Bleaney-
Bowers equation®" yielded an electronic coupling of —2J=
241463 cm ™' (0.6940.18 kcalmol ™), confirming that the triplet
state is thermally accessible.

DFT calculations on the molecular
[(pMeOPh);N]*"[(DDQ),]* in the crystal show that combining
the electron donor and acceptor molecules initially forms the
closed-shell EDA complex [(pMeOPh);N][(DDQ),]. Subsequent
SET leads to the thermodynamically favoured open-shell singlet
RIP  '[(pMeOPh);NI*"[(DDQ),]*~ (AE=-—5.4 kcalmol™'; Fig-
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Figure 6. a) The X-band room temperature EPR spectrum of a single crystal of {(pMeOPh);N},{DDQ};{CD,CN},. b) Temperature dependence of the EPR signal
intensity and fit with the Bleaney-Bowers equation. c¢) Magnetic susceptibility of {(pMeOPh);N},{DDQ}{CD;CN}, measured by SQUID with a magnetic field of

25 mT.
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ure S36). Intersystem crossing (ISC) can then afford the EPR-
active triplet RIP *[(pMeOPh);N]**[(DDQ),]*~, which is slightly
endothermic (AE= +0.42 kcalmol™) but thermally accessible,
as observed experimentally by EPR spectroscopy. Analysis of
the charge distribution revealed that (pMeOPh);N is almost fully
oxidized (Hirshfeld charge= +0.70 for the open-shell singlet
state and +0.72 for the triplet state). Consistent with the SC-
XRD structure analysis, only one of the two DDQ molecules is
almost fully reduced (—0.62 and —0.08 for the open-shell
singlet state vs. —0.60 and —0.10 for the triplet state). Addition-
ally, SQUID magnetic measurements of crystalline
[(pMeOPh);N]**[(DDQ);s]°*~ in a magnetic field of 25 mT (Fig-
ure 6¢) show that y values gradually increase from 3.8-1077 to
4.5.107 m*mol™' from 60 to 300 K, respectively, underlining the
presence of an accessible thermally excited triplet state. Note,
the peak at 45K is likely caused by absorbed oxygen during
sample preparation, while below 35K, the susceptibility is
dominated by a paramagnetic impurity, as previously reported
for [pyridinium]*"[DDQI*" salts.*? As expected, the magnetic
susceptibility of the crystalline closed-shell, diamagnetic en-
counter complex [(pBrPh);N, (DDQ),] showed the opposite
trend, with slightly decreasing y values from 0.29-1077 to
0.26:10”7 m*mol~' from 60 to 300K (in a magnetic field of
100 mT; Figure S33). For this neutral complex, DFT calculations
confirm the ground state to be a closed-shell singlet with
minimal charge transfer (+0.12 for (pBrPh);N and —0.07 and
—0.05 for DDQ-B and DDQ-C, respectively) and an inaccessible
triplet state (AEc +=13.1 kcalmol™).5*

Conclusions

We successfully demonstrated the design of persistent inter-
molecular radical ion pairs based on amines and the strongly
oxidising DDQ as an electron acceptor. By determining the
ionization energies (IE) of para-substituted arylamines and the
electron affinity (EA) of DDQ, we were able to predict the
occurrence of single-electron transfer (SET). When using
(pBrPh);N, no charge transfer was observed in either solution or
solid states. In contrast, combining (pMePh);N with DDQ
resulted in C—H activation of the methyl group, which was
ultimately confirmed using (pMePh)(p'BuPh),N. The stability of
the tert-butyl groups allowed (p'BuPh);N to serve as the
electron donor, leading to the formation of the first stable
triarylamine—quinone radical ion pair in solution. Character-
ization using both UV-vis and (q)EPR spectroscopy confirmed
the presence of both the radical cation and anion, although
conversion to the RIP was low. Switching to the more electron-
donating (pMeOPh);N resulted in a higher degree of conversion
to the open-shell RIP '[(pMeOPh),;N]*"[DDQ]*~ due to a more
stabilized amine radical cation. The degree of charge transfer
was significantly influenced by solvent polarity, as more polar
solvents better stabilize the charges of the RIP. Furthermore, in
the crystal phase, we demonstrated the presence of charge
transfer and the formation of a thermally accessible, EPR-active
triplet state. Overall, we demonstrate the ability to control the
degree of SET within donor-acceptor systems in both solution

Chem. Eur. J. 2024, 30, 202403885 (6 of 7)

and solid state, and we showcased that fleeting frustrated
radical pairs can be readily tuned to allow the isolation and full
characterisation of stable, isolable species. We are currently
expanding the scope of electron donors and acceptors to
further tune the RIPs for reactivity with external substrates.
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