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Abstract: Five diamines with thio-
phene-based bridges—(E)-1,2-bis-
{5-[bis(4-butoxyphenyl)amino]-2-thie-
nyljethylene (1), 5,5-bis[bis(4-methoxy-
phenyl)amino]-2,2'-bithiophene (2),
2,6-bis[bis(4-butoxyphenyl)amino]di-
thieno[3,2-b:2',3'-d]thiophene (3), N-(4-
tert-butylphenyl)-2,6-bis[bis(4-methoxy-
phenyl)amino]dithieno[3,2-b:2",3'-d]pyr-
role (4a) and N-tert-butyl-2,6-bis[bis(4-
methoxyphenyl)amino]dithieno[3,2-
b:2' 3'-d]pyrrole (4b)—have been syn-
thesised. The syntheses make use of
the palladium(0)-catalysed coupling of
brominated thiophene species with dia-
rylamines, in some cases accelerated by
microwave irradiation. The molecules
all undergo facile oxidation, 4b being

and solutions of the corresponding rad-
ical cations were generated by addition
of tris(4-bromophenyl)aminium hexa-
chloroantimonate to the neutral spe-
cies. The near-IR spectra of the radical
cations show absorptions characteristic
of symmetrical delocalised species
(that is, class III mixed-valence spe-
cies); analysis of these absorptions in
the framework of Hush theory indi-
cates strong coupling between the two
amine redox centres, stronger than that
observed in species with phenylene-
based bridging groups of comparable
length. The strong coupling can be at-
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tributed to high-lying orbitals of the
thiophene-based bridging units. ESR
spectroscopy indicates that the cou-
pling constant to the amino nitrogen
atoms is somewhat reduced relative to
that in a stilbene-bridged analogue.
The neutral species and the corre-
sponding radical cations have been
studied with the aid of density func-
tional theory and time-dependent den-
sity functional theory. The DFT-calcu-
lated ESR parameters are in good
agreement with experiment, while cal-
culated spin densities suggest increased
bridge character to the oxidation in
these species relative to that in compa-
rable species with phenylene-based
bridges.

the most readily oxidised at about
—0.4V versus ferrocenium/ferrocene,

Introduction

Compounds containing two or more diarylamino redox
groups have recently attracted attention as systems for
studying electronic coupling and delocalisation.
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pounds - oxidation - radicals

The radical cations are mixed-valence (MV) compounds
and typically show NIR intervalence charge-transfer (IVCT)
bands; this terminology reflects the fact that in a valence-lo-
calised cation—that is, in a MV compound belonging to
Robin and Day’s class IIl''—the transition is related to elec-
tron-transfer from one redox site to the other, although the
terminology is also commonly applied to delocalised (class
III MV) systems, since the adiabatic states involved can be
considered as arising from the same diabatic surfaces. IVCT
absorptions have been analysed in the framework of
Marcus-Hush theory®? for radical cations of species in
which diarylamino groups are linked by bridging groups
based variously on benzene and other arenes,*™ biphenyl
and other oligophenylenes,>®® phenylene-ethynylene,°]

phenylene-ethenylene,'>!  cyclophanes'?  organoplati-
num! and phosphonium moieties.
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Although the NIR spectra of the radical cations of 5,5'-
bis(diphenylamino)[2,2']bithiophene!™ (IVb*, see below)
and of 5,5"-bis[4-(bis-4-tolylamino)phenyl][2,2’;5’,2]terthio-
phene[“’] have been reported, and the radical cations of bis-
[bis-(4-methoxyphenyl)amino]oligothiophenes have been
studied computationally,’” we are not aware of a detailed
experimental investigation from the standpoint of mixed va-
lency of a bis(diarylamino) system with a thiophene-based
bridge."¥ Here we investigate the extent to which the lower
jonisation potential of thiophene versus benzene (8.9 eV
versus 9.24 eV®)) can lead to more effective mediation of
coupling between two diarylamino groups in radical cation
species with thienylene-based bridges than in analogous spe-
cies with phenylene-based bridges; increased coupling has
previously been found for bis(diarylamino) derivatives in
which phenylene units of bridging groups are replaced by
donor-substituted phenylene groups.”] Stronger donor-ac-
ceptor coupling in thienylene-bridged dipolar chromophores
than in phenylene analogues—as shown, for example, in
first hyperpolarisability data®l—has been attributed to the
reduced aromatic character of thiophene; this may also po-
tentially play a role in MV species. Somewhat reduced steric
hindrance in the thiophene-based species may also lead to
better ; overlap between nitrogen- and bridge-based orbi-
tals than in the phenylene analogues.??

Specifically, we report the synthesis and spectra of new
bis(diarylamino) systems with thiophene-containing bridges:
(E)-1,2-bis{5-[bis(4-butoxyphenyl)amino]-2-thienyl}ethylene
(1), 2,6-bis[bis(4-methoxyphenyl)amino]-2,2'-bithiophene (2),
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A NN A AT N N A Ar' = 4-MeOCeH,
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3 4a: R = 4-BuCgH,
4b: R = {Bu

2,6-bis[bis(4-butoxyphenyl)amino]dithieno[3,2-b:2',3'-d]thio-
phene (3), N-(4-tert-butylphenyl)-2,6-bis[bis(4-methoxy-
phenyl)amino]dithieno[3,2-b:2",3"-d]pyrrole (4a) and N-tert-
butyl-2,6-bis[bis(4-methoxyphenyl)amino]dithieno[3,2-b:2',3'-
dlpyrrole (4b).”®! We show that analysis of the NIR spectra
of the corresponding radical cations in the framework of
Hush theory®? gives couplings in thienylene-based systems
about 1.5 to 1.8 times greater than in phenylene-based ana-
logues. Finally, we report the ESR spectra of the radical cat-
ions, which show well resolved hyperfine coupling; in combi-
nation with DFT calculations, these couplings give insight
into the spin distribution in the radical cations and indicate
that the increased effective coupling in the thienylene-based
systems is accompanied by increased bridge character to the
oxidation.
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Results and Discussion

Synthesis: Our syntheses of compounds 1-4 (Schemes 1 and
2; see Supporting Information for full details) make exten-
sive use of palladium-catalysed aminations. Bis(4-butoxy-
phenyl)amine (5), an intermediate common to the synthesis
of both 1 and 3, was obtained from 1-bromo-4-butoxyben-
zene and 4-butoxyaniline under coupling conditions similar
to those reported for the synthesis of bis(4-methoxyphenyl)-
amine.” With conventional heating the reaction was com-
plete after 1 hour; the product was obtained in good yield
after recrystallisation (73 % versus the yield of 89 % report-
ed for bis(4-methoxyphenyl)amine after 3 h heating®"). We
also carried out the synthesis of 5§ with single-mode micro-
wave irradiation; however, this offered no particular advant-
age over conventional heating, giving a slightly lower yield
and only a slightly reduced reaction time.

Although 2-(diarylamino)-3,4-diarylthiophenes have also
been obtained from reactions that involve cyclisation to
form the thiophene ring and utilise diarylamide or thioa-
mide starting materials,™ most published syntheses of 2-(di-
arylamino)thiophene derivatives have involved coupling of a
diarylamine with a 2-halothiophene. Diphenylamine has
been coupled with 2-halothiophenes, in the presence of a
palladium source (Pd(OAc),?*?" or [Pd,dba;] {dba=diben-
zylideneacetone}®) in conjunction with PfBu; (36-78%
from 2-bromothiophene® ), or by use of Cul-mediated
modified Ulmann conditions (40% yield from 2-iodothio-
phene).”” Various other diarylamines including bis(4-alkoxy-
phenyl)amines have been coupled with o,a’-dibromooligo-
thiophenes and with 1,3-bis(5-bromothien-2-yl)benzo[c]thio-
phene in moderate yields in the presence either of Pd-
(OAc),/PBu;”” or of [Pd(dppf)CL)/dppf {dppf=1,1"-bis(di-
phenylphosphino)ferrocene}!! as catalysts.

Initially we attempted the coupling of § with 2-bromothio-
phene in the presence of Pd,dba;/dppf as the catalyst but
observed no evidence for the formation of 5-[bis(4-butoxy-
phenyl)amino]thiophene (6); however, we successfully ob-
tained 6 after changing the catalyst to Pd,dba;/PrBu;. We
carried out the reaction both with conventional heating and
with a microwave reactor; after a few attempts at optimisa-
tion of the conditions we found that microwave heating
could produce the desired product 6 in higher yields (95 %)
than conventional heating (73 %) and that fewer byproducts
were obtained under microwave conditions, which facilitated
chromatographic isolation of the desired product (an oil).
Consequently, we used microwave irradiation as the heating
source for many of our subsequent reactions with 2-bromo-
thiophene derivatives.”? From 6, 5-[bis-(4-butoxyphenyl)-
amino]-2-formylthiophene (7) was readily obtained in good
yield under Vilsmeier conditions, affording the pure product
in 71 % yield. Compound 7 can also be synthesised directly
through the coupling of 5 with 2-bromo-5-formylthiophene
in the presence of a Pd,dbas/PrBu; catalyst; however, we
found that the desired aldehyde 7 was accompanied by a sig-
nificant amount of the decarbonylated product 6. Com-
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pound 7 was reductively coupled under McMurry conditions
to give the target 1 in moderate yield.

In addition to its role as an intermediate in the synthesis
of 1, 7 is also of interest as a potential n-donor for dipolar
chromophores, such as those used for electrooptic applica-

[Pd,dba,], P{Bu;, NaOtBu, toluene
microwave, 80 W, 15 min, 95%

ArBr Ar,

POCI, DMF
4h, RT

FULL PAPER

priate amine with 3,3’-dibromo-2,2'-bithiophene; we were
unable to obtain this product using conditions previously re-
ported for n-alkylamines,*” but obtained 9b in good yield
when PrBu; was used in place of BINAP {BINAP=2,2"-bis
(diphenylphosphino)-1,1'-binaphthalene}.
Treatment of 9a and 9b with
N-bromosuccinimide in CHCly/
AcOH gave 10a and 10b, re-
spectively, which, to the best of
our knowledge, are the first re-
ported examples of 2,6-dibro-
mo-dithieno[3,2-b:2',3'-d|pyr-
roles. It is worth noting that
Ar while the reaction was success-

71%

> NH
[Pd,dba;], dppf A’
NaOfBu, toluene
reflux, 1 h, 73%

ArNH,
[Pd,dba,], PtBus;, NaOBu, toluene

see text

[Pd,dba,], P{Bu,, NaOBu
toluene, microwave
85 W, 50 min, 73%

Scheme 1. Synthesis of compounds 1 and 3 (Ar=4-nBuOCH,).

tions. Chromophores incorporating diarylamino-based
donors generally show superior thermal and photochemical
stability to their dialkylamino analogues;***¥ calculations
suggest that bis(4-alkoxyphenyl)amino-based donors show
n-donor strength comparable to that of dialkylamino-based
analogues,”™ and experimental®’ and theoretical®™ work
suggests that the presence of the thienylene ring should lead
to stronger donor—acceptor coupling than in phenylene ana-
logues.

Compound 3 was obtained in good yield as a glassy solid
from the microwave-assisted palladium-catalysed coupling
of 5 with 2.,6-dibromodithieno[3,2-b:2",3'-d]thiophene (8),""
which was prepared by bromination of the parent dithie-
no[3,2-b:2',3'-d]thiophenel®”! with N-bromosuccinimide in
CHCIly/AcOH. The same reagents were used to synthesise
the previously reported compound 28 from 5,5'-dibromo-
2,2'-bithiophene and bis(4-methoxyphenyl)amine in higher
yield (76 % versus 27 %) than previously reported with use
of Pd(OAc),/PtBus.

N-Aryldithieno[3,2-b:2",3"-d]pyrroles have previously been
obtained by coupling of 3-bromothiophene with anilines to
produce N,N-bis(3-thienyl)anilines, followed by bromination
and copper-mediated coupling,”® or by the palladium-cata-
lysed coupling of 3,3'-dibromo-2,2’-bithiophene®® with ani-
lines (35% over 50 h for aniline)."**! We chose the second
route as the intermediate 3,3’-dibromo-2,2’-bithiophene can
also be used for the synthesis of other N-substituted dithie-
no[3,2-b:2',3'-d]|pyrrole derivatives; by using an increased re-
action temperature (reflux rather than 80°C) we were able
to obtain high yields of the N-(4-tert-butylphenyl) derivative
9a in one hour. The N-tert-butyl derivative 9b was also syn-
thesised by the palladium-catalysed coupling of the appro-
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ful for N-aryl and N-tert-butyl
species, analogues of 10a and
10b with n-alkyl N-substitution

zn, TiCl,, .
pyridine, THF decomposed under these condi-
2 h, reflux . . . .
58% tions with no dibromo deriva-
tive isolable; presumably the
) presence of the CH group a to
N in the n-alkyl derivatives
plays a role in these decomposi-
R—NH, s s
s [Pdy(dba),], PBY, (" )—( ") NBS
| p 74 | NaOtBu, toluene CHCI;, AcOH
S reflux ’T‘ 0°CtoRT
Br R
9a (1h, 84%),
9b (4 h, 75%)
Ar'
Br 8 S Br \NH
\/ \ A
N 4a (40 min, 67%),
) [Pd,dba;], PfBu,, 4b (20 min, 26%)

NaO#Bu, toluene

10a (2 h, 95%), reflux

10b (1 h, 50%)
Scheme 2. Synthesis of bis(diarylamino)dithienopyrroles 4a and 4b

(Ar'=MeOC¢H,; R=4-tBuC,H, for 4a, 9a and 10a; R=4-rBu for 4b,
9b and 10b).

tions. Compounds 10a and 10b were converted into 4a and
4b, respectively, with the same catalyst system that was used
to form 2 and 3.

Electronic spectra of the neutral species: The UV/visible
spectra of the neutral species 1, 2, 3 and 4a (4b has a very
similar spectrum to 4a) are compared in Figure 1. The data
for the lowest-energy transitions are summarised in Table 1
including transition dipole moments u,, which were ob-
tained, in Debye, from integration of the spectra according

to Equation (1), where # and (%) are in cm™ and M~ cm ™,
respectively.
. dp
fge = 0.09584 / 8(;) a7 ~ 0.005841 /£ (1)
www.chemeurj.org 9639
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nitrogen p orbitals). The
HOMO orbital, in particular,
has significant bridge-based
contributions from the local
HOMO of the bridge, out of
phase with those from the dia-
rylamine-based orbitals. The
LUMO in each case is princi-
pally bridge-based, resembling
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Figure 1. UV/visible absorption spectra for 1, 2, 3, and 4a in dichloromethane.

Table 1. Absorption maxima, absorptivities and transition dipole mo-
ments for the lowest-energy absorptions of the neutral compounds 1, 2,
3, 4a and I in dichloromethane with TD-DFT gas-phase values in ital-
ics.

Compound Pax [cm '] Emax [M' cm ] Uge [D]
1 22600 20500 41400 8.58 11.9
2 24600 22400 25800 6.57 9.03
3 25800 23800 32100 731 8.79
4a 26200 24300 34100 7.62 8.31
I 251000 23100 54900 10.0" 12.2

[a] Computed with TD-DFT at the B3LYP/6-31G(d,p) level. [b] Data
from ref. [10].

Data for the previously report- HONG-|

ed (E)-4,4'-bis[bis(4-methoxy-
phenyl)amino]stilbene (I, see
below)'" are also included for
comparison. Table 1 also in-
cludes absorption maxima and
transition dipole moments ob-
tained by use of time-depen-
dent density functional theory
(TD-DFT) for gas-phase 1, 2,
3, 4a and I (nBu and /Bu
groups replaced by Me).

The TD-DFT calculations
(see Supporting Information
for details) show that the
lowest-energy transition for
each system is predominately a
direct HOMO to LUMO exci-
tation. The molecular orbitals
involved in the transition are
shown for each molecule in
Figure 2, along with the
HOMO-1, which is important
in the spectra of the radical
cations (see below). In each
case the  HOMO and
HOMO-1 are of opposite
parity and can be regarded as
in- or out-of-phase linear com-
binations of two diarylamine-

based orbitals (dominated by  31G(d,p) level.
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the LUMO of the isolated
bridging moiety. The calculated
energies compare well with the
experimental data, although
they are systematically underes-
timated by about 2000 cm™' (this corresponds to less than
10% of the actual transition energy). The lowest-energy
transitions are seen for compound 1, which is consistent
with the expected effect of extending conjugation with a vi-
nylene moiety. Compounds 3 and 4a show very similar tran-
sition energies, which are blue-shifted relative to that of 2;
this is presumably partly attributable to the destabilising
contributions to the LUMOs of 3 and 4a from the central
heteroatoms of the bridges. Both theory and experiment
show larger transition dipole moments in the species with

HOMO LUMO

Figure 2. HOMO-1, HOMO and LUMO for 1, 2, 3 and 4a according to DFT calculations at the B3LYP/6-

Chem. Eur. J. 2007, 13, 9637 — 9646
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more extended conjugation—the vinylene-bridged com-
pounds 1 and I—than in 2, 3 and 4a, which is consistent
with polarisation of the transition along the long axis be-
tween the two amine groups.

Electrochemistry: Cyclic voltammograms of 1-4 (Figure 3,
Table 2) indicate that the five compounds each show two
facile reversible oxidations. The table also includes redox
potentials of related bis[bis(4-methoxyphenyl)amino]| ana-
logues with hydrocarbon bridges,>'* indicating 1-4 to be
rather more readily oxidised than analogues with 1,4-phen-
ylene, biphenyl-4,4'-diyl, or (E)-stilbene-4,4'-diyl bridges.*"
The dithienopyrrole-based bridges result in the most elec-
tron-rich compounds, which are about 0.2V more readily
oxidised than their dithienothiophene-bridged analogue,
which is consistent with the ionisation potentials of the
simple pyrrole (8.2¢eV) and thiophene (8.9 eV) heterocy-
cles™ with the N-alkyl derivative 4b being slightly more
electron-rich than its N-aryl analogue 4a.
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Figure 3. Cyclic voltammograms of 1, 2, 3, 4a and 4b (CH,ClL, 0.1M
[nBu,N]*[PFg]", 50mVs™) with Cp,Co™ as an internal reference
(=1320 mV versus FeCp,*").

The separations between the first and second redox po-
tentials (AE:,) for all five compounds are greater in the less
polar solvent, which is consistent with the predictions of the
dielectric continuum model for the electrostatic contribution
to AE), " Although AE,, values have often been used as
measures of the electronic coupling (V) between the diabat-
ic states in the MV species, it has been shown that they pro-
vide a very poor guide and must be used with extreme cau-
tion;*! indeed, the values of AE,, in Table 2 show no clear
relation with the spectroscopic estimates of V given for 17—
4at, I*, Ila* and IIa™ in Table 3 (see below). However, it
is worth noting that the AE:, values for 3, 4a and 4b are
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Table 2. Redox potentials for bis[bis(4-alkoxyphenyl)amino] compounds
versus FeCp,*" determined by cyclic voltammetry in 0.1m [nBu,N]*
[PFe]".

CH,Cl, CH,CN
Compound E'l/2 —+/0 El/22+/+ AE% E'l/2 +/0 E'/:2+/+ AEV/Z
1 -023  —0.14 0.09 —0.220 fal
20l —020  —0.04 0.16 —014  —0.02 0.12
3 -019  40.13 0.32 -0.19  40.03 0.22
4a —040  —0.08 0.32 —0.31 —0.07 0.24
4b —043  —0.10 0.33 -037 015 0.22
j & +0.08  +0.22 0.14 - - -
IIal! +0.09  +0.31 0.22 - - -
IMIal! —0.15 +0.34 0.49 - - -

[a] Separation not resolvable. [b] Values for 2 in MeCN/0.1m [nBuyN]*
[PF,]~ reported in ref. [30] are similar. [c] Potentials for IVa, IVb and
longer Ph-terminated species in PACN/0.1m [nBu,N]*[PF,]~ are reported
in ref. [15]. [d] Data from ref. [10]. [e] Data from ref. [3].

ArN . \ .O AL ATAIN
2

lla: Ar = Ar' = 4-MeOCgH,
lIb: Ar = Ph, Ar' = 2,4-Me,CgH;

NArAr'

:

I: Ar = 4-MeOC¢H,

Ar,N s
AerONArZ | <]
'S

llla: Ar = 4-MeOC¢H,
lllb: Ar = Ph

NAr,

IVa: n=0, Ar=Ph
IVb: n=1, Ar=Ph

rather large compared to many of the other species included
in the table, indicating that the corresponding radical cations
are relatively stable to disproportionation.

Electronic spectra of the monocations 17—4": The radical
cations of 1-4 were generated in dichloromethane solution
by addition of an excess of the diamine to a solution of
tris(4-bromophenyl)aminium hexachloroantimonate (see
Supporting Information for details) as previously described
for other diamines.'*'% Figure 4 shows the Vis/NIR spec-
tra of the resulting solutions, with the exception of that of
4b* (shown in Supporting Information), which is essentially
identical to that of 4a*. The insensitivity of the spectra of
4a* and 4b* to the substituent on the pyrrole nitrogen is
consistent with the lack of pyrrole nitrogen contributions to
the relevant orbitals (see Figure 2). Cations 17—4* show in-
tense absorption bands in the NIR region; these are similar
in terms of energy, absorptivity, and lineshape to the inter-
valence charge-transfer (IVCT) absorptions previously ob-
served for other strongly coupled bis(diarylamino) MV cat-
ions, data for some examples of which are also included in
Table 3. Firstly, the observed bandwidths at half height
(74[0bs) are narrower than the width predicted for a class 11
MYV species by Equation (2) (which is written for the case in
which both .4 and 7, are in cm™").

’Dl/z[Hush] = (23]0 X 17max) (2)

www.chemeurj.org — 9641
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structures in that both 71
and 7 are well below
P/ Hush, the bands are the
broadest of the species under
consideration (Vi  OVer
600 cm™' greater than for the
next broadest—that of 3%) and
are considerably less asymmet-
ric as gauged by 7 pign/ 7 10w]
(compare the values of 1.34

0
25000

Figure 4. Visible/NIR spectra of monocations 1*—4a* in dichloromethane. The onsets of strong absorption at
high energy (at ~20000 for 1" and ~23000 cm™' for 2%, 3" and 4a™) correspond to absorption by the excess
neutral diamines present; the absorptivity scale applies only to the lower energy absorptions attributable to

the radical cations.

Secondly, for 1%, 2+ and 3* the bands are strongly asymmet-
ric; following Lambert and Noll, the asymmetry is quanti-
fied in Table 3 by the ratio ¥ ign/7 10w, Where 70 and
P1110w; are defined as twice the bandwidths on the high- and
low-energy sides of the absorption maximum, respectively.
The values of ¥,y approach the Hush limit (7). In
organic MV radical cations these spectral characteristics
were originally interpreted in terms of a cut-off on the low-
energy side of the band due to the thermal population of
the electron-transfer barrier top;®**! according to this
model, this situation is predicted for any system belonging
to Robin and Day’s class I (valence-localised) but lying
very close to the borderline with class III (delocalised): that
is, with a low barrier to intramolecular electron transfer.
Subsequent work suggested that these lineshapes could also
arise from coupling of the electron transfer in class III and
class II/class III borderline systems to symmetric vibra-
tions." A number of other bis(diarylamino) MV cations
have been found to exhibit similar lineshapes; crystallo-
graphic and vibrational studies*®') and variable-tempera-
ture measurements of the IVCT band shapes!*” support the
latter of the two interpretations. Although the NIR absorp-
tions of 4a* and 4b™* are also consistent with delocalised

Table 3. Parameters from the low-energy NIR absorptions of 1*, 2%, 3%, 4a* and other symmetric bis[bis(4-al-
koxyphenyl)amino] radical cations in CH,Cl, or, for Ila* and Illa*, CH,Cl,/0.1 MM [nBu,N]|*[PF,]~, with some

values from TD-DFT calculations® in italics.

and 0.95 for 3* and 4a™, re-
spectively). Thus, the charac-
teristics of the low-energy NIR
absorptions strongly support
the assignment of 1t-4% to
Class 111, along with the previ-
ously studied I'*.

The DFT results for the 1%, 2%, 3%, 4a* and I* radical
cations also suggest that all these systems should be assigned
to class III. While use of DFT often affords overdelocalised
structures and, therefore, may suggest a symmetric class III
structure for a class II species, it has previously been found
to give good agreement with structural and spectroscopic
features when applied to species shown experimentally to
belong to class IIL**" The DFT results show that 1-4 un-
dergo similar geometric changes to I on oxidation (see Sup-
porting Information for details): the N—Ci;4,. bonds contract
(N—Cyyigee bonds being shorter in 1-4 and 1*—4* than in I
and I'*, respectively), the N—C,,,; bonds lengthen, the bridge
bond-length pattern shifts towards, but not fully to, a semi-
quinoidal limit, the nonplanar bridges (those of 1, 2, and I)
planarise, and the angle between the planes defined by the
bridging groups and by the amine N atoms and the attached
C atoms decreases (more dramatically and giving a smaller
final angle in 1¥—4* than in I*). The TD-DFT transition en-
ergies and transition dipole moments are included in
Table 3. The calculated energies are slightly overestimated
for the ethylene-bridged species 17 and I* and slightly un-
derestimated for 2% and for the fused-ring species 3% and
4a*, with the variation in 7,,, between compounds being
well reproduced; this further
supports our assignment of the
cations to class III. The transi-
tion dipole moments are gen-
erally less well reproduced by

5000

Prax [CM7'] e Pggons) Pttt Popighy P nighy Hye [D] Vieew!? Vieewl  TD-DFT calculations than in
[wem ] fem ] fem™] o 7 [em ] [em ] the case of the corresponding

1+ 8750 9480 56500 2720 4500 137 0.70 13.0 93 2150 4375 neutral species.
2t 10100 10020 47900 3338 4830 117 075 12.3 96 2820 5050 :
3* 10500 10300 57100 3640 4920 134 085 140 104 3400 5250 According to DFT calcula-
4a* 12500 11600 49000 4260 5370 095  0.77 12.3 9.7 3480 6270 tions, the molecular orbitals of
I 608010 6980 393001 2760 3750  1.40Y 086 1351 755 1400 3020 the radical cations very closely
Ma* 63608 6920M 28000 31701 3830 145 .98 116 74.5M 1550 3180 resemble those of the corre-
mat 93501 92500 22700 36401 4650 17618 0.99 9.17 10.1™ 3240 4675

[a] B3LYP/6-31G(d,p) level. [b] Calculated using Equation (2). [c] Ratio of bandwidth on high-energy side to
that on low-energy side. [d] Ratio of twice the band on the high-energy side to the bandwidth from Equa-
tion (2). [e] Estimated from Equation (3) using the experimentally determined values of #,,, and u, and the
geometric N-N distance. [f] Data taken from refs. [10,11]. [g] Data from ref. [3]. [h] TD-DFT values from

ref. [48].
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sponding neutral species, with
the semi-occupied orbitals of
the radical ions corresponding
to the HOMOs of the neutral
species (Figure 2). In the no-
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menclature of the neutral molecules, the TD-DFT results in-
dicate that the lowest-energy transition of the radical cations
is predominantly HOMO-1 to HOMO in nature, with
other configurations playing a slightly more important role
in the more extended species. Thus, the transition is between
combinations of diarylamino-based orbitals (dominated by
amine nitrogen p orbitals) with opposite parity, this orbital
picture closely resembling that previously reported for other
delocalised bis(diarylamino) radical cations,**17% and
thus suggesting that the lowest energy bands of 17—4* have
significant IVCT character.

The electronic structure calculations also provide some in-
sight into the differences in experimentally observed band
shapes. The relaxation energy associated with the lowest ex-
cited state of the radical cations was estimated by the sym-
metry-constraint approach.®! The relaxation energies were
estimated by DFT to be 2873 cm™', 3480 cm™!, 3331 cm™!
and 3943 cm ™! for 1+, 2%, 3* and 4a™, respectively, and thus
follow the trend seen in the experimentally measured values
of 740 (2720, 3338, 3640, and 4260 cm™', respectively).
Therefore, the increase in bandwidth on going from 3* to
4a* could be related to a significant (about 600 cm™) in-
crease in the corresponding relaxation energy. Usually,
larger relaxation energies result in a more symmetric (Gaus-
sian-like) band shape; this is consistent with the broader,
more symmetric, lineshape of the IVCT of 4a* relative to
that of 3*.

Electronic coupling: According to Hush theory,” the elec-
tronic coupling (V) between two redox centres can be ob-
tained from the transition dipole moment (u,.) and the ab-
sorption maximum (7,,,) of the IVCT band of the MV spe-
cies according to Equation (3) in which e is the electronic
charge and R is the diabatic electron-transfer distance; that
is, the distance between donor and acceptor in the absence
of any electronic coupling.

V = tye Vs / (¢R) 3)
In the case of Class III MV systems, the coupling can also
be obtained directly from the IVCT maximum by using
Equation (4).

V = Vnax/2 (4)

Estimates of V from Equation (3), obtained by assuming R
to be the geometric N-N separation, are given in Table 3,
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along with values from Equation (4). According to either es-
timate, 17, 2%, 3% and 4a* all show rather large couplings,
as would be anticipated from the electron-rich character of
the thiophene-containing bridges. Comparison of the dithie-
nylethylene derivative with the stilbene species, 1* and I%,
or of the bithiophene and biphenyl species, 2* and Ila*, re-
spectively, shows that replacement of phenylene with thieny-
lene groups leads to increased coupling. The coupling sug-
gested by Equation (4) in the dithienopyrrole-bridged spe-
cies 4a* is the strongest yet reported for a bis[bis(4-alkoxy-
phenyl)amino] MV species, including IIIa* (a stronger cou-
pling of Vg, @=5790cm™" is obtained for the 14-
bis(diphenylamino)benzene radical cation IIb*,* emphasis-
ing that the relative electron-richness of the bridge and the
end groups is important, while a value of Vg 4=
~5550 cm™! for IVb™ can be deduced from the published
spectrum!™). For all the compounds in Table 3 the couplings
estimated according to Equation (3) are significantly smaller
than those obtained from Equation (4). This discrepancy is
at least partly attributable to the N-N separation being
greater than the true diabatic electron-transfer distance;
that is, the redox centres cannot be regarded as centred on
the N atoms, but are displaced somewhat into the bridge.
Assuming the validity of Equations (3) and (4),°" the appro-
priate values of R would have to be approximately half to
two-thirds of the geometric N-N separation. In view of the
reduced diabatic electron-transfer distances in all these spe-
cies, it is interesting to ask to what extent these species can
still be regarded as diamino MV species, rather than being
“bridge-oxidised” species. To obtain information pertinent
to this question, we turn next to examine the electron-spin
resonance (ESR) spectra of the monocations.

Electron-spin resonance of monocations: Room tempera-
ture X-band ESR spectra were acquired for the same
CH,Cl, solutions of 1*—4* as used for measurement of the
Vis/NIR spectra; the spectra show more resolvable coupling
than the spectra of bis(diarylamino) MV species that we
have previously reported.'”!"13 The spectra are shown in
Figure 5 (as in the case of the optical spectra, the ESR spec-
trum of 4b* is shown only in the Supporting Information,
due to its close similarity to that of 4a*). The spectra are
reminiscent of those of the radical cations of bis(diphenyl-
amino)-terminated oligothiophenes such as IVa*® and IVb*,
in which coupling constants to the /=1 N and the /=4, 'H
of the bridging ligand are of comparable magnitude.!
Figure 5 shows the spectra, along with the previously report-

Figure 5. Experimentally observed X-band ESR spectra (lower, solid line) of I* and 1¥-4% in dichloromethane with simulations (upper, dotted lines)

used to obtain coupling constants.
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ed spectrum of IT, and spectra simulated using
WinSim.F>%¥ In all cases, the spectra are centred at g=
2.004, a typical value for triarylamine radical cations.* In
all cases the spectra were fitted by assuming coupling to two
equivalent “N nuclei, to varying numbers of pairs of 'H
nuclei, and the to the pyrrole "N of 4a* (i.e., with the cat-
ions assumed to be symmetrical, at least on a timescale of
>107"5).’! The coupling constants obtained from the simu-
lations are given in Table 4; values obtained from DFT cal-

Table 4. Experimentally observed and theoretical (italics) ESR hyperfine coupling constants (G) for some bis-

[bis(4-alkoxyphenyl)amino] radical cations."

consistent with the bridge character of the oxidation increas-
ing in the order I* < 3* < 2% < 4a* < 1*. DFT-calculat-
ed spin densities (see Table 5) are consistent with this pic-
ture. Even in I there is considerably more spin density on
the stilbene bridge than on the terminal aryl groups, which
is consistent with the shift of the diabatic states into the
bridge suggested by the NIR data (see above) and with the
appearance of the partially occupied orbital (corresponding
to the HOMO of the neutral species shown in Figure 2). In
the thiophene-containing radi-
cal cations the spin density on
the bridge is increased at the

expense of that on N and that

1* 2+ 3+ 4a* I )
on the terminal aryl groups,
Anw 268 291 320 332 344 343 317 3.15,3.18 3.801! 3.65 ith the brid h ter i
A 200 —1.90 270 -251 215 —185 124 —117,-120 ¥ —0.76, —0.g2  With the bridge character -
A 228 —209 220 -215 _ _ _ fal —0.26, —0.30®  creasing in the same order as
Ape™ 190 —1.79 - - - - - d —1.48 deduced from the values of
A - - - - - - L6l - - Ay. Nevertheless, the calcula-

[a] Isotropic Fermi contact couplings calculated at the open-shell B3LYP/6-31G(d,p) DFT level with both sign
and magnitude; experimental values are moduli (|A|). [b] H(a), H(b) and H(c) are defined in Scheme 3.
[c] We have previously reported'!! a somewhat larger value for this coupling constant by inspection of the ex-
perimentally measured spectrum; however, the spectra are better simulated with the present value. [d] Not re-
solvable in the experimentally measured spectrum. [e] The two values given are H(a), H(a’") or H(b), H(b').

[f] This nitrogen is that in the pyrrole ring of 4a*.

culations, also given in the table, are in good agreement
with the experimental data, and allow us to assign the re-
solvable 'H coupling, as indicated in Table4 and in
Scheme 3. Moreover, the good agreement between experi-
mentally measured and DFT-calculated coupling constants
suggests that DFT describes the spin distribution in the radi-
cal cations well and, therefore, suggests that we are justified
in using DFT spin densities as a means of assessing the
degree to which the oxidation can be regarded as amine-
based (see below).

A value of Ay=897G has been reported for [(4-
MeOCH,);N]* in MeCN;P thus, a notional class IIT (or
rapidly exchanging) MV system consisting of two such
redox centres would be expected to show Ay=~4.5 G. The
experimentally measured (and calculated) Ay values are
lower, decreasing in the order I > 3%t > 2+ > 4a* > 1%,
suggesting that the total spin density for the two N atoms
is reduced relative to that in [(4-MeOC.H,);N]*, which is

H(b') H(a') H(a) H(bh()
C

H(@) HbH(c)

Ha) "0
! A\ S NAr,
AN N

H(a) X H(a)

v

2+ HE®) H(a) 3" 4a*

Scheme 3. Labelling scheme for 'H and "N nuclei for which coupling
constants are given in Table 4.
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tions indicate that the amino
nitrogen atoms bear greater
spin density than any of the
other atoms, suggesting that,
although the bridge character
of the oxidation is increased in
17-4% relative to that in ana-
logues such as I, the species with thiophene-based bridges
can still be regarded as having significant MV diamine char-
acter.

Table 5. DFT-calculated spin densities for different portions of the radi-
cal cations 17, 2%, 3% 4a* and I"*.

1t 2+ 3+ 4a* |
terminal aryl 0.12 0.15 0.17 0.13 0.27
amino N atoms 0.25 0.28 0.29 0.27 0.31
bridging group 0.63 0.57 0.54 0.60 0.42
Conclusions

Bis(4-alkoxyphenyl)amines can be coupled to bromothio-
phene and related derivatives in good yield under palladi-
um-catalysed conditions; at least in some cases microwave
irradiation leads to improved yields and fewer side reac-
tions. Five bis[bis(4-alkoxyphenyl)amino] species with thio-
phene-based bridges have been synthesised. The ease of oxi-
dation of these materials suggests that compounds of this
type may have applications as hole-injection materials in or-
ganic light-emitting diodes, while the 5-[bis-(4-butoxyphenyl)-
amino]-2-formylthiophene intermediate used in the synthe-
sis of one of these compounds has potential utility as a
potent m-donor for incorporation into stable electrooptic
chromophores. The radical cations of the bis[bis(4-alkoxy-
phenyl)amino] compounds have been generated; their NIR
spectra are indicative of strong coupling between the two
redox centres, stronger than that observed in species with
phenylene-based bridging groups of comparable length. This
can be largely attributed to high-lying orbitals of the thio-
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phene-based bridging units (steric factors may also contrib-
ute); indeed, ESR spectroscopy and quantum chemical cal-
culations indicate increased spin density on the bridging
groups than in comparable species with phenylene-based
bridges, with a concomitant reduction in spin density on the
amino nitrogen centres. However, the observed ESR cou-
pling constants, the calculated spin densities and the calcu-
lated radical cation structures demonstrate that the amine
nitrogen atoms still play a dominant role in the oxidation
process; that is, that these cations can still be regarded as
MV compounds, albeit with an appreciable bridge-based
character.
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