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Quadruple hydrogen-bonding interactions stabilized the 

mixed-valence states of dimers of triarylamine derivatives 

bearing an ureido pyrimidinedione moiety without any 

electronic coupling. This study represents the first example of 

proton-coupled “organic” mixed valency in solution with 10 

different substituents being used to control the stability. 

Electron transfer (ET) reactions lie at the heart of chemistry and 
biology. Mixed-valence (MV) compounds provide a platform for 
basic ET phenomena, relevant to molecular devices,1,2 whereas 
certain biological systems have coupled ET to proton transfer for 15 

ATP synthesis.3 The development of models to explore the 
interface between mixed valency and proton-coupled ET4 could 
provide insights into the effects of hydrogen-bonds (H-bonds) on 
the stabilization of MV states, charge delocalization and 
synchronized motion between electrons and protons. Unlike 20 

conventional inorganic MV compounds containing two redox-
active metal sites linked through coordination bonds,5 several 
inorganic MV systems containing H-bonded bridges6-10 have 
recently been reported in this context. Studies on the dimers of 
oxo-centred triruthenium clusters linked by carboxylic acids, 25 

revealed that the MV states were stabilised by electronic coupling 
across H-bonds, based on the intervalence charge transfer (IVCT) 
absorption in the near-infra red (NIR).7 Patmore et al discovered 
another stabilization mechanism and named this “proton-coupled 
mixed valency”,9  where coupling was related to the proton 30 

coordinate in an H-bonded bridge, with lactam moieties of 
dimolybdenum complexes to form H-bonded dimers. Despite 
extensive research, these systems remain poorly understood 
because of the limited availability of H-bonded MV compounds 
capable of providing an adequate comparison with their 35 

coordinate- or covalently-bonded counterparts. 
      Triarylamines (NAr3) are well-known organic redox centres.1 
The advantages of NAr3 derivatives include the ease with which 
they participate in one-electron oxidation, the stability of 
resulting aminium radical cations (NAr3

•+), and the structural 40 

variation achievable through N-C cross-coupling reactions.11 MV 
phenomena associated with the radical cations of 
bis(triarylamine) bearing π-conjugated bridges have been widely 
investigated, with a focus on analysing IVCT from one neutral 
NAr3 unit to another oxidized NAr3

•+ unit.12 In contrast to 45 

inorganic MV systems containing H-bonded bridges, organic 
counterparts are less well studied,13 especially in solution. Here 
we report the synthesis and characterisation of a series of NAr3 

derivatives capable of quadruple H-bonding (Scheme 1), and 
report the first example of proton-coupled “organic” mixed 50 

valency based on dimeric forms of these derivatives in solution. 
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Scheme 1. Syntheses and dimerisation of triarylamine derivatives 1. 70 

 
Ureido pyrimidinedione (UPy)14 was selected as an H-

bonded bridge for linking organic redox centres because UPy 
derivatives form stable dimers with large dimerisation constants 
(Kdim) in apolar solutions with various functional units, including 75 

aromatic substituents (Kdim = 103~105 in CDCl3)
14b and ferrocene 

(Kdim > 106 in CDCl3).
6 p-Substituted NAr3 derivatives were 

selected to allow tuning of the organic redox centers.11,15 Three 
target compounds 1 were synthesised bearing different R groups 
at the para-position of the phenyl rings by condensation of the 80 

corresponding isocyanates, which were prepared using 
triphosgene, and the known pyrimidinedione14a (Scheme 1). The 
yields of 1 increased with the electron-withdrawing strength of 
the p-substituents, which activated the isocyanate starting 
materials (1a 29%; 1b 36%; 1c 56%). The new compounds 1a-c 85 

were identified by 1H- and 13C-NMR and ESI-MS (Figs. S1 and 
S4-9). 

In contrast to the pyrimidinedione precursor, compounds 1 
were soluble in a range of organic solvents, including chloroform. 
The 1H-NMR spectra of 1 in CDCl3 (1a Fig. S4; 1b Fig. S6; 1c 90 

Fig. S8) contained three NH proton signals that were shifted 
downfield, indicating involvement in H-bonding. These NH 
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Fig. 1 Partial 600 MHz 1H-NMR spectra of 1b at different 

concentrations in CDCl3 at 293 K. 
 

proton signals shifted upfield when the concentration of 1 was 
lowered, as illustrated in the spectra of 1b obtained at different 20 

concentrations (Fig. 1). The lowest field NH proton of 1b had the 
smallest shift (∆δ = 0.134 ppm in the range of 1.0 to 75 mM) 
attributed to formation of an intramolecular H-bond, which 
linearly orientated the DDAA array. The formation of the dimer 
(1b)2 was confirmed by ESI-mass spectrometry, and 1b was 25 

detected as the monomeric and dimeric Na+ adducts (Fig. S1). 
1H-NMR binding studies in CDCl3 at 293 K gave the 
dimerisation constants. These NMR studies revealed that the Kdim 
values increased with the electron-donating strength of the R 
groups (1a (6.47 ± 1.84) × 103; 1b (3.40 ± 1.64) × 103; 1c (1.51 ± 30 

0.22) × 103) (Fig. S14). DFT calculations for the model monomer 
1’ bearing ethyl substituents instead of butyl groups (Chart S2) 
and Mulliken analysis16 (B3LYP/6-31G(d) levels of theory, Fig. 
S11 and Tables S3 and S4) revealed that the order of Kdim values 
correlated well with of negative charges on the oxygen atoms of 35 

the urea groups (O3 in Chart S2) rather than the corresponding 
nitrogen atoms (N7 in Chart S2). These results can be understood 
in terms of the essential pre-organization of the DDAA array into 
a linear arrangement. 

Single crystals of 1a and 1b were obtained by 40 

recrystallisation from chloroform and hexane, and subjected to X-
ray diffraction (XRD) analysis. The molecular structures of 1a 
and 1b are shown in Figs. 2 and S10, respectively. As expected, 
both compounds existed as dimers, with the individual monomer 
units connected by DDAA quadruple H-bonds (Table S2). The 45 

formation of the dimers (1)2 was also supported by theoretical 
calculations using a DFT method with the model dimer (1b’)2 
(Table S6 and Fig. S12).  The optimised geometry of (1b’)2 was 
similar to that determined for (1b)2 by XRD analysis, with the 
N···O and N···N distances of the H-bonds differing by no more 50 

than 1.5 pm. The DFT calculations for (1b’)2 also revealed that 
the highest-lying orbitals (i.e., HOMO and HOMO-1) were 
localized on the NAr3 units and not delocalised across the UPy 
moieties. The calculated HOMO and HOMO-1 of (1b’)2 retained 
the properties of the isolated monomer 1b’(Fig. S13). These 55 

properties, however, are different from those of the reference 
compound tetraphenylbenzidine (TPB), which has two 
chemically equivalent NAr3 units, where the HOMO was 
delocalized between the NAr3 units across a covalent bond.17 
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Fig. 2 Crystal structures of 1b. dotted lines indicate intra- and 

intermolecular H-bonds; n-butyl substituents and hydrogen atoms are 

omitted for clarity, except for the N-H hydrogens (purple).  75 
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Fig. 3 Cyclic voltammograms of 1 in CH2Cl2 containing n-Bu4NPF6 90 

(0.1 M). Scan rate: 100 mV s−1; [1] = 1.0 mM. 
 
Table 1. Electrochemical data for 1.a 

Cmpd E1/2
1 

E1/2
2 

∆E1/2
b Kc

c σp 
d
 

1a 705 1370 665 1.75 × 1011 −0.27 

1b 951 1392 441 2.85 × 107 0 

1c 1313 1451 138 211 0.66 

TPB 832 1083 251 1.75 × 104 - 
a Potentials in mV vs. Fc*+/Fc* (Fc* = decamethylferrocene). b ∆E1/2 

= potential difference between two redox processes.  95 

c Comproportionation constants obtained from Kc = exp(∆E1/2 F/RT). 
d Hammett parameter of the substituents (R) on the phenyl ring.15 
 

The unique properties of 1 were exemplified by its 
electrochemical behaviour, which was investigated by cyclic 100 

voltammetry (CV) in CH2Cl2 containing n-Bu4NPF6 at 298 K. 
Two well-defined waves were observed for 1.0 mM solutions of 
1 (Fig. 3). The first and the second potentials (E1/2

1 and E1/2
2) are 

listed in Table 1. The E1/2
1 values of 1a-c decreased as the 

electron-donating strength of the p-substituents increased. This 105 

shift in the E1/2
1 values for 1 can be understood from the 

substituent effects and the reference triarylamine derivatives 
showed similar shifts (Table S7 and Fig. S15). In contrast, the 
differences in the E1/2

2 values were small for compounds 1a-c, 
which led to large differences in their potential splitting values 110 

∆E1/2 (= E1/2
2 − E1/2

1). The unique electrochemical behaviour of 1 
could be attributed to the sequential oxidation of the two NAr3 
units in the dimeric form (1)2 to give the one- and two-electron-
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oxidized species, (1)2
+ and (1)2

2+, respectively (eq. 1). Similar 
redox splitting and stabilization behaviours have also been 
reported for other MV species, including a H-bonded ferrocenyl 
dimer containing the same UPy unit as 1,6 and other inorganic H-
bonded dimers.7-9 Two well-defined reversible waves were also 5 

observed for TPB, which is a covalent analogue. This indicates 
that the two NAr3 units underwent sequential oxidation to form 
one- and two-electron-oxidized species, TPB•+ and TPB••2+, 
respectively.1,17 The MV species TPB•+ was stabilized by 
through-bond electronic interactions (Fig. S13), whereas the MV 10 

species (1)2
+ was likely stabilized by a different mechanism. The 

through-space electrostatic interactions between the NAr3 units in 
(1)2 could not account for the relatively large thermodynamic 
stability for (1)2

+ because of the long N···N distances (e.g., 
18.596 Å for (1b)2 by XRD analysis). 15 

 
(1)2 → (1)2

+ → (1)2
2+ 

 
 

 20 

 

 

 
 
 25 

 
 
 
 
Fig. 4 UV-vis-NIR spectra of 1a (5.0 × 10−4 M) in CH2Cl2 in the 30 

absence and presence of AgSbF6 at 298K. 

 
To understand the mechanisms involved in stabilization of 

the MV state, the dimeric species (1)2 was subjected to chemical 
oxidation in CH2Cl2 with AgSbF6 (0.65 V vs. Fc+/Fc in CH2Cl2/n-35 

Bu4NPF6
18; see the potential data for 1 quoted relative to the 

Fc+/Fc couple in Table S8). Oxidation of (1)2 using 0.58 equiv. of 
AgSbF6 with respect to 1a resulted in the formation of a new 
strong absorption band at 761 nm, which was associated with the 
π-π* transition of the NAr3

•+ moiety (Fig. 4). The detection of the 40 

(1a)2
+ species in the reaction solution by ESI-MS suggested that 

the dimeric structure was likely maintained (Fig. S21), which is 
consistent with the DFT calculation as discussed below. There 
was a 2-fold increase in the absorption intensity when AgSbF6 
was increased to 1.10 equiv. with respect to 1a. Further increases 45 

of AgSbF6, however, had no impact on the absorption intensity, 
which indicated that the NAr3 units present in the solution were 
fully oxidized to the corresponding NAr3

•+ species (ε761 ~ 4.5 × 
104 cm−1M−1). It is noteworthy that an IVCT band was not 
observed in the NIR region during the oxidation process.19 The 50 

formation of a π-π* transition band and the lack of an IVCT band 
was also confirmed using another oxidizing agent, SnCl5,

20 in a 
homogeneous CH2Cl2 solution system, as shown in Fig. S18. 

The lack of electronic coupling between the NAr3 and 
NAr3

•+ units in the MV species (1a)2
+ was unambiguously 55 

confirmed by a spectroelectrochemical method. When the 
electrolysis of a solution of 1a was carried out at Eox

1 (= E1/2
1 + 

0051 V) in CH2Cl2/n-Bu4NPF6, the absorption intensity of the 

π−π* transition of the NAr3
•+ moiety at 760 nm was roughly half 

of that obtained for 1a+ using the chemical oxidation process 60 

described above (Fig. S16). This result indicated that only half of 
the NAr3 units were oxidized, which was consistent with the 
potential splitting observed electrochemically. In accordance with 
the chemical oxidation results, the (1)2

+ species did not exhibit 
any IVCT bands in the NIR region spectroelectrochemically. This 65 

result was contrary to that reported for a corresponding covalent 
species 4,4’-{bis[N,N-di(4-methoxyphenyl)amino] 
phenylethynyl}benzene, which had a large N···N distance of 
19.30 Å but retained an electronic coupling integral of 500 cm−1 
in its radical cation form.17 70 

The chemical oxidation of (1b)2 with AgSbF6 required a 
longer reaction time for completion and a larger amount of 
oxidant than that required for the oxidation of (1a)2, as shown in 
Fig. S19a. The differences in reactivity of dimers reflected the 
differences in their E1/2

1 values. The stepwise addition of AgSbF6 75 

(until 1.0 equiv. with respect to 1b) to a solution of (1b)2 
confirmed that the absorption around 750 nm was caused by the 
NAr3

•+ moiety, and that the lack of an IVCT band. In the presence 
of excess AgSbF6, a new NIR band formed around 1500 nm, and 
became more intense with time (Fig. S19b). Based on similarities 80 

between this new peak and an IVCT band reported in the 
literature for TPB•+,21 the NIR band observed in this study was 
assigned to the IVCT transition of a TPB•+ derivative rather than 
that of (1b)2

+. This TPB•+ derivative was likely formed from a 
radical-radical coupling reaction of 1b+ followed by 85 

deprotonation and oxidation of the resulting TPB derivative by 
an excess of AgSbF6 (Scheme S1). Indeed, the TPB•+ derivative 
was detected by MALDI-TOF-MS in the reaction of 1b with 
another chemical oxidant, Cu(ClO4)2 (Fig. S22). The UV-vis-NIR 
spectral change in the reaction was essentially the same as that 90 

with AgSbF6. The reactivity of 1b is consistent with a previous 
report on those of NAr3 derivatives.21 These results indicate that 
the chemical oxidation of 1b were different to that of the 
electrochemical oxidation on a typical CV time scale.22 
 95 

 
 
 
 
 100 

 
 
 
 
 105 

 
 
Scheme. 2 Possible mechanism for the electrochemical reaction of 1 

(UH). 

 110 

These results rule out the possibility of electronic 
interactions between the NAr3 units in (1)2 stabilizing the MV 
state. Proton-coupled MV is therefore the most likely mechanism 
for the stabilization of (1)2

+. A possible mechanism for the 
electrochemical behaviour of 1 is shown in Scheme 2 where the 115 

redox-active urea monomers 1 are expressed as UH. Although the 

E1/2
1 E1/2

2 

−e− −e− 
 

(1) 
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UH monomers are in equilibrium with the corresponding dimers 
UH···UH, the oxidation potentials for UH and UH···UH (i.e., 
Emono

1 and Edim
1, respectively) are distributed around the E1/2

1 
values shown in Table 1. This is reasonable because the 
difference between the HOMO levels of 1b’ and (1b’)2 are 5 

relatively small (Fig. S13).23 DFT calculations revealed that the 
one-electron-oxidized species 1’+ retained the linear orientation 
of the DDAA arrays through the intramolecular H-bonds (Fig. 
S11 and Tables S3 and S5). In addition, increased positive 
charges on the NH hydrogen atom of 1’+ (H17 in Chart S2) 10 

compared to those of 1b’ are advantageous for forming 
intermolecular H-bonds (Table S4). Thus, the MV U•+H···UH 
species form from UH···UH by one-electron oxidation, and from 
UH, which binds more strongly to UH•+ than itself. This is 
consistent with a previous report on electrochemically controlled 15 

H-bonding using a redox-active urea.24 Following the formation 
of the MV U•+H···UH species, the coordinate of the H-bonding 
proton in the oxidized U•+H shifts to the neutral UH site because 
of the enhanced acidity from the one-electron oxidation process. 
This proton-transfer process increases the oxidation potentials of 20 

other neutral NAr3 moieties in the H-bonded dimers to give the 
E1/2

2 values shown in Table 1, and results in the stabilization of 
(1)2

+. Although changes in the scan rate changed the shape of the 
redox waves and anodic-cathodic peak separation properties for 
(1)2 (Fig. S17), this effect was minor because of the short-range 25 

proton-transfer in (1)2
+ inside the apolar solvent cage. Following 

their pioneering work involving H-bonded biimidazolate rhenium 
dimers, Tadokoro et al.8 also concluded that the MV state was 
stabilized by proton-transfer between the complementary H-bond 
moieties, without participation of solvent molecules. 30 

In summary, three triarylamine derivatives 1a-c were 
synthesised and formed dimers (1)2 in the solid state and solution 
through quadruple H-bonds. Electrochemical and mechanistic 
investigations revealed the formation of an MV species (1)2

+, 
which had no electronic coupling between the NAr3 and NAr3

•+ 35 

moieties. This study represents the first reported example of 
proton-coupled “organic” mixed valency in solution with 
different substituents being used to control the stability. 
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