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Tetrathiafulvalene-flavin dyads 1 and 2 are reported. Both absorption and ESR spectral studies show that
the intramolecular electron transfer occurs from TTF to flavin units in dyads 1 and 2 in the presence of
Pb?*/Sc®". But, the electron transfer is more efficient for dyad 1 in the presence of Pb**/Sc*. Electrochem-
ical studies manifest that coordination of dyads 1 and 2 with Pb?*/Sc®* play an important role in facilitat-
ing the electron transfer within dyads 1 and 2.

© 2010 Elsevier Ltd. All rights reserved.

In the past decades, a number of electron donor (D)-acceptor
(A) dyads with tetrathiafulvalene (TTF) unit or its derivatives as
the electron donating units have been reported.'~® These TTF based
D-A molecules are interesting as models for studies of charge-trans-
fer interactions, photoinduced electron transfer processes, and
molecular level devices. For instance, fluorescence switches* and
chemical sensors® with D-A dyads or triads with TTF units have
been described. Recently, we have reported the metal ions pro-
moted electron transfer within TTF-quinone dyads in which the
TTF and quinone units are covalently linked by the oligoethylene
glycol chain.® The investigations manifest that the electron transfer
cannot occur in the absence of metal ions and the coordination of
oligoethylene glycol chain and the radical anion of quinone with
metal ions is crucial for the electron transfer. Further studies show
that such metal ion-promoted electron transfer is dependent on
the electron accepting ability of the quinone unit.

Apart from quinone, isoalloxazine compounds, which are also
referred to as flavins, are important electron acceptors. As the
redox-active parts of flavoenzymes flavins enable flavoenzymes
to mediate a variety of electron transfer processes they play an
important role in redox reaction in biological organisms.” Previous
studies indicate that the electron accepting abilities of flavins can
be modulated by hydrogen-bonding,’”® m-m stacking,” donor-
acceptor interaction,'® and in particular coordination to metal
ions.!! The reduction potentials of flavins were positively shifted
in the presence of metal ions such as Mg?* and Sc* and the oxida-
tion reactivity of singlet excited states of flavins could be signifi-
cantly enhanced by coordination with metal ions.'""'?> Based on
the unique electron donating and accepting properties of TTF and
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flavin, it is interesting to examine whether electron transfer can oc-
cur for the TTF-flavin dyads in the presence of metal ions. Herein,
we report two TTF-flavin dyads 1 and 2, in which the TTF and fla-
vin units are linked by the glycol and alkyl chains, respectively.

The synthesis of dyads 1 and 2 started from compound 3'3 as
outlined in Scheme 1. Compound 4 was synthesized by removing
the cyanoethyl group in 3 in the presence of CsOH and further reac-
tion with tetraethyleneglycol monotoluenesulfonate. Compound 4
was converted to compound 5 via tosylation. Compound 6 was
prepared by the reaction of compound 5 with 4,5-dimethylben-
zene-1,2-diamine in the presence of K,COs. Finally, the condensa-
tion of compound 6 with alloxan led to dyad 1 in reasonable yield.'#
Dyad 2 was synthesized similarly as shown in Scheme 1. 5-Bromo-
1-pentanol was used for the preparation of compound 7. By
following the same procedures dyad 2 yielded compound 7 in three
steps. 1°

Figure 1A shows the absorption spectrum of dyad 1 and those in
the presence of different amounts of Pb%*. No absorption above
600 nm was detected for dyad 1 before the addition of Pb?*, and
the absorptions of 1 around 330, 367 and 450 nm were due to
the TTF and flavin units in 1 according to previous studies.!?*!3
This implies that the intramolecular interaction between TTF and
flavin units within dyad 1 was negligible. However, new absorp-
tion around 780 nm emerged gradually after the addition of Pb%*
as depicted in Figure 1A. The absorption in the range of 450-
600 nm was also enhanced gradually. In comparison, direct oxida-
tion of compound 3 with Fe(ClO,4)s also led to two new absorptions
around 450 and 780 nm (see Supplementary Fig. S1). Therefore, the
appearance of these two absorptions indicates the formation of the
TTF* for dyad 1 in the presence of Pb?*. This is likely due to the
electron transfer within dyad 1 in the presence of Pb?* based on
the previous investigations of TTF-quinone dyads.®
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Scheme 1. The chemical structure and synthetic approach for dyad 1 and dyad 2: (a) CsOH-H,0, tetraethyleneglycol monotoluenesulfonate, THF, rt, 60%; (b) p-tosyl chloride,
triethylamine, 0 °C, 84%; (c) 4,5-dimethylbenzene-1,2-diamine, K,CO3, DMF, 60 °C; (d) alloxan, H3BO3, CH30H, rt, 19%; (e) CsOH-H,0, 5-bromo-1-pentanol, THF, rt, 80%; (f) p-
tosyl chloride, triethylamine, 0 °C, 84%; (g) 4,5-dimethylbenzene-1,2-diamine, K,CO5, DMF, 60 °C; (h) alloxan, H3BO3, CH30H, rt, 18%.
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Figure 1. Absorption spectra of dyad 1 (1.0 x 107> M in CH,Cl,) (A) and dyad 2
(1.0 x 107> M in CH5Cl,) (B) upon addition of different amounts of Pb?*[Pb(ClO4),];
the insets show Job’s plot for the binding of 1 (A)/2 (B) with Pb?*.

Additionally, the absorption around 330 nm due to the flavin
unit in dyad 1 became gradually weak and simultaneously red-
shifted. This may indicate the coordination of flavin unit with
Pb?* based on the previous report.'?® Based on the variation of

the absorption intensity at 780 nm due to the TTF* versus the mo-
lar fraction of Pb?* in the solution as depicted in the inset of Figure
1A, it may be concluded one molecule of dyad 1 binds two Pb?*.

Of interest is the observation of new absorptions around 450
and 780 nm for dyad 2 after the addition of Pb?" as demonstrated
in Figure 1B. Compared to dyad 1, these new absorptions are rather
weak under the same condition. The variation of the absorption at
780 nm versus the molar fraction of Pb?* (see the inset of Fig. 1B)
implies that dyad 2 and Pb?* may form a complex with 1:1 stoichi-
ometry. As to be discussed below, ESR signal can be detected for
the solution of dyad 2 containing Pb?* (see Supplementary
Fig. S7). These results manifest that the Pb?®* promoted electron
transfer occurs also for dyad 2, in which the TTF and flavin units
are linked by an alkyl chain.

The solution of dyad 1 was ESR silent. However, strong ESR sig-
nal was observed for the solution of dyad 1 in the presence of Pb?*
as shown in Figure 2. The ESR signal intensity was found to be
dependent on the amount of Pb?* in the solution. The ESR signal
was not well resolved and it might be due to the magnetic coupling
between the radical cation of TTF unit and the radical anion of

=2.0101
g —)
3468 3474 3480 3486
Magnetic Field [G]

Figure 2. ESR spectrum of dyad 1 (1.0 x 1073 M) in CH,Cl, in the presence of
4.0 equiv of Pb?* [Pb(ClO,4),] recorded at room temperature; the solution was
degassed before measurement.
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Figure 3. Cyclic voltammograms of dyad 1 (5 x 107> M) in CH,Cl,; the inset shows
partial (flavin unit) cyclic voltammograms of dyad 1 in CH,Cl, in the presence of
different amounts of Pb?*; the scanning rate is 50 mV/s.

flavin unit involving Pb?*. Nevertheless, the emergence of ESR sig-
nal confirms that electron transfer takes place for dyad 1 in the
presence of Pb?*. Similarly, ESR signal was also detected for the
solution of dyad 2 containing Pb?" as depicted in Supplementary
Figure S7. This result provides further support for the occurrence
of electron transfer within dyad 2 in the presence of Pb?".

The absorption and ESR spectra of dyads 1 and 2 were also mea-
sured in the presence of other metal ions including Sc>*, Zn?*, Mg?*,
Cd?* and Ba®*. Absorptions around 450 and 780 nm were observed
for dyad 1 in the presence of Sc>* (see Supplementary Fig. S2). In
addition, strong ESR signal was also detected for the solution of
dyad 1 containing Sc>*. In comparison, dyad 1 exhibited rather
weak absorptions around 450 and 780 nm after introducing Zn?*,
Mg?*, Cd** and Ba®*. Thus, it can be concluded that Pb**/Sc** can
promote the electron transfer between TTF and flavin units within
dyad 1 more efficiently. Similar results were found for dyad 2. As
displayed in Supplementary Figure S6, the solution of dyad 2 con-
taining Sc3* also showed absorptions around 450 and 780 nm due
to the TTF". Therefore, both Pb%* and Sc3* can trigger the electron
transfer within dyad 2. But, these absorptions were almost not
detectable for dyad 2 in the presence of Zn?*, Mg?*, Cd*" and Ba?".

In order to understand the mechanism for Pb?*/Sc®* promoted
electron transfer within dyads 1 and 2, the redox potentials of 1
and 2 in the absence and presence of Pb?*/Sc®* were measured. Fig-
ure 3 depicts the cyclic voltammogram of 1 and those in the pres-
ence of Pb?*. Three quasi-reversible redox waves were detected for
dyad 1, corresponding to E.;=0.53V, E)/5=0.88V and E/ =
—0.85V. The two oxidation potentials are close of those of com-
pound 3 (see Scheme 1) (E!/? =0.47 V, EY2 = 0.85V)."> Thus, the

ox1 0x2

oxidation waves with E}? =053V and E/?2=0.88V should be

ox1 ox2

due to the formation of TTF* and TTF?*, respectively. The reduction
wave with E//2 = —0.85 V is owing to the reduction of flavin unit in
dyad 1 according to previous study.®¢ In the presence of Pb%*, the
reduction wave was positively shifted (see the inset of Fig. 3). For
instance, the reduction peak potential was shifted from -0.85V in
the absence of Pb?* to —0.45V in the presence of 10 equiv of Pb
2* The reduction potential due to the flavin unit in dyad 1 was also
positively shifted in the presence of Sc* (see Supplementary
Fig. S5).

Dyad 2 also shows three quasi-reversible redox waves, corre-
sponding to E)/2=0.50V, E}2=0.87V and E/; = -0.86 V. Simi-
larly, the oxidation and reduction potentials are due to the TTF
and flavin units in dyad 2, respectively. The reduction potential
of flavin unit is also positively shifted in the presence of either
Pb2* or Sc3* (see Supplementary Fig. S8)

The above electrochemical investigations clearly indicate that
the reduction potential of flavin unit in dyads 1 and 2 becomes less
negative in the presence of Pb2*/Sc®*; thus, the electron accepting
ability of flavin unit was enhanced in the presence of Pb%*/
Sc3*.112 Therefore, the electron transfer between TTF and flavins
units in dyads 1 and 2 would become more feasible in the presence
of these metal ions. By comparing the metal ion-promoted electron
transfer within TTF-quinone dyads, we assume that the sulfur
atom from TTF*, oxygen atoms of oligoethylene glycol chain and
nitrogen/oxygen atoms of the radical anion of flavin unit in dyad
1 may coordinate with Pb%*/Sc3* to stabilize the electron transfer
state by increasing the interaction between the corresponding cat-
ion and anion (see Scheme 2). The absorption spectral result indi-
cates that one molecule of dyad 1 binds two Pb?*. Therefore, it is
probable that binding of dyad 1 with metal ion to form a complex
with 1:2 stoichiometry in solution as illustrated in Scheme 2. For-
mation of such coordination complex would, on one hand, to en-
hance the electron accepting ability of flavin unit, and on the
other hand to stabilize the electron transfer state.

For dyad 2 the TTF and flavin units are linked with an alkyl
chain. Only the sulfur atom from TTF* and nitrogen/oxygen atoms
of the radical anion of flavin unit in dyad 2 may be involved in the
coordination with Pb2*/Sc3*. Therefore, the complex of dayd 2 with
Pb2*/Sc3*may be less stable compared to the corresponding com-
plex of dyad 1 with Pb?*/Sc®*. This is in agreement with the fact
that the absorption around 450 and 780 nm for dyad 2 in the pres-
ence of Pb?*/Sc3* is weaker than that observed for dyad 1 under the
same condition.

In summary, TTF-flavin dyads 1 and 2 were synthesized and
characterized. Both absorption and ESR spectroscopic studies
clearly indicate that electron transfer occurs from TTF to the flavin
unit in the presence of metal ions (Pb®* and Sc3*) for both dyad 1
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Scheme 2. The proposed mechanism for the metal ion-promoted electron transfer in dyad 1.
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and dyad 2. However, the electron transfer within dyad 1 in the
presence of Pb?*/Sc3* is more efficient than that in dyad 2 under
the same condition. The coordination with metal ions plays an
important role in facilitating the electron transfer within dyads 1
and 2. The present studies will not only enrich the TTF chemistry,
but also provide new aspect of flavin chemistry.
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