Effect of structures of bipyridinium salts on redox potential and

its application to CQO, fixation
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The relation between the structures and the redox potentials in electron carriers, 1,1’'-dialkyl-4,4'-bipyridinium salts
(4,4'-BP) and 1,1'-dialkyl-2,2'-bipyridinium salts (2,2'-BP), is theoretically analyzed by AM1 calculation. Relatively
good linearity is obtained between the Gibbs free energies and the redox potentials. These electron carriers are used in
a CQ, fixation reaction using enzyme (formate dehydrogenase), in which formic acid is obtained as a final product. It
is found that the efficiency of CO, fixation is dominated by the relative magnitude of redox potentials of the electron

carriers, a photosensitizer and CO,.

1,1'-Dialkyl-4,4'-bipyridinium salts (viologens; 4,4'-BP) have
been used as electron carriers in some redox reactions such
as hydrogen evolution,' CO, fixation,” amongst others.*? The
oxidized form of viologens can be converted to the reduced
form by receiving an electron from electron sources such as
photosensitizers, electrodes and photoelectrodes, and the
reduced form can give an electron to catalysts or enzymes for
subsequent reactions. Though the redox potentials of viologens
are thought to substantially affect their efficiency in the electron
mediating process, there have been few systematic studies on the
relation between the redox potentials and the structures. It is
expected that the torsion angle between the two bipyridinium
rings and the positions of the nitrogen atoms play an important
role in determining the redox potentials. In this study, therefore,
attention has been focused on two types of bipyridinium salts,
4,4'-BP and 1,1'-dialkyl-2,2'-bipyridinium salts (2,2'-BP),
shown in Scheme 1, to reveal the correlation between their
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Scheme 1 Structures of 2,2" and 4,4’ type bipyridinium salts.

redox potentials and structures. Further, we have applied these
electron carriers to the CO, fixation system, which is a similar
system to that reported by Mandler et al..® and studied the
relation between the redox potentials of the electron mediators
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Fig. 1 Relation between calculated Gibbs free energy difference
between the oxidized and the reduced forms (AAG) and experimental
redox potentials (E).

and the yield of formate produced by the reduction of CO,. It is
revealed in the present study that the efficiency of CO, reduc-
tion is dominated by the relative magnitude of redox potentials
of the electron carriers, the photosensitizer and CO,.

Results and discussion
Redox potentials

The difference in free energy of formation (AAG) between the
reduced and the oxidized forms of the bipyridinium salts have
been calculated by the AM1 method." The relation between the
calculated AAG and the experimental redox potentials (E) for
some of them is depicted in Fig. 1, where the E values (in
MeCN vs. SCE) were cited from the literature."™ It is worth
noting that there is an almost linear relationship between these
two quantities with the slope —76.5 kJ mol™' V™!, which is
relatively close to the theoretical value, —96.5 kJ mol ! V™1™ It
is instructive therefore that AAG can be an index of redox
potential when new electron mediators are designed. Fig. 2
shows the relation between the dihedral angles (0) of the two
pyridinium rings and the redox potentials (E), where the 6
values were obtained by AM1 method. The 6 values of the
oxidized form of the 4,4'-BP are largely independent of the
type of compound, while the 0 values of the reduced form
change to a greater extent. As a result, the difference in the 0
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Table 1 Dihedral angle of oxidized form of bipyridinium salts
obtained by AM1 and MMX methods

or
Compound AM1 MMX
1 429 37.2
5 89.3 76.1
6 19.7 21.6
7 39.3 38.7
8 56.7 62.2
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Fig. 2 Relation between dihedral angles (6) and redox potentials (E);
oxidized form (@) and reduced form (O) of 4,4'-type bipyridinium
salts, oxidized form (A) and reduced form (A) of 2,2'-type bipyridin-
ium salts.

values between these two forms becomes large as the redox
potential increases. A planar conformation is more stable in the
reduced form than a twisted one, because the bond connecting
the two pyridinium rings bears more double-bond character in
the reduced form than in the oxidized form. In contrast to the
reduced forms, the oxidized forms of 1 and 4 have a tendency to
adopt more twisted conformations, 43° and 56°, respectively,
which are accounted for by the fact that in the oxidized forms
the electronic stability due to resonance becomes smaller and
thus steric repulsion becomes the more dominant effect. The
behavior of 2,2'-BP derivatives is different from that of 4,4'-BP
ones. Namely, some difference is observed in the 0 values
between the oxidized and the reduced forms of 5 and 8 in the
highly negative redox potential region (around —0.7 V), but the
angles decrease and coalesce as the redox potential shifts to the
more positive region, as in 6, 7 and 9. The molecular flexibility
of 6, 7 and 9 must be restricted by the alkyl ring structures,
which accounts for the small difference in 8 values between the
reduced and oxidized forms of these compounds. In 5, the
restriction by alkyl rings is absent and the oxidized forms can
have more twisted conformations (6 = 89°) to relieve the steric
repulsion. It should be also noted that as a whole the com-
pounds which are apt to adopt more planar conformations give
more positive redox potentials in both homologous series of
2,2’-BP and 4,4'-BP.

A similar conclusion was drawn by Willner ez al. in the
relation between the dihedral angle 6 of the oxidized forms
calculated by a molecular mechanics method (MMX force field
method) and the experimental redox potentials.'® In Table 1 the
0 values of the oxidized forms of 1, 5, 6, 7 and 8 obtained by the
AMI1 method are compared with those obtained by the MMX
force field method. As a whole, the values obtained by these two
different methods are similar. It is reasonable to consider
that a bipyridinium salt whose torsion angle () in the oxidized
form is large due to steric hindrance will also show a significant
deviation from the coplanar conformation in the corresponding
reduced form. The energy of the reduced form is increased to a
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greater extent than that of the oxidized one when 0 becomes
large, because the double-bond character between the two
pyridinium rings of the reduced form contributes largely to the
stability of the coplanar conformation. Therefore, since the dif-
ference in Gibbs free energy (AAG) has a theoretical linear
relationship with the redox potential (E) as shown in Fig. 1,
some correlation between # and E is observed, as shown in Fig.
2 and as reported by Willner et al.”® This correlation between 0
and E, however, seems to hold only in the homologous bipyrid-
inium salts, which also suggests that some correlation exists
between 6 and AAG only in homologous series. Since 6 reflects
the individual characteristics of relatively intricate structures
while AAG is related to the energy terms, it seems very difficult
to correlate these two quantities with each other in theory. This
accounts for the above findings that the relation between 6 and
AAG depends on the type of bipyridinium salts; i.e., 2,2'-BP
or 4,4'-BP (Fig. 2), and on to which position the substituents
are bound.” Contrary to the relation between 0 and E, AAG
and E have a theoretical basis for the linear relationship shown
in Fig. 1.

CO, fixation

The CO, fixation reaction was undertaken using the bipyrid-
inilum salts as electron carriers and formate dehydrogenase
(FD) as a catalyst, as illustrated in Scheme 2. Though this sys-
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[Ru(bpy)s]** Vas HCOOH

TEOA [Ru(bpy)s]** v co,

TEOA (Triethanolamine) : Electron donor

[Ru(bpy)s]?* (Tris(2,2"-bipyridyl)ruthenium(ll)) : Photosensitizer
V2* (Bipyridinium) : Electron carrier (oxidized form)

V** (Bipyridinium) : Electron carrier (reduced cation radical)

Enz (Formate dehydrogenase) : Catalyst

Scheme 2 Photochemical CO, fixation.

tem is similar to that studied by Mandler et al.,* we used this
system to investigate the correlation between the redox poten-
tials of bipyridinium salts and the efficiency of the CO, fix-
ation. Here triethanolamine (TEAO) and [Ru(bpy),]** were
used as an electron donor and a photosensitizer, respectively.
Since FD was not very stable under irradiation, the reaction
temperature was lowered to 15 °C. A time-course of the form-
ation of formic acid is shown in Figs. 3-5. The yields of formic
acid were found to depend on the type of electron carrier. In
4,4'-BP series, 3 had a similar efficiency to 1, whereas 2 was
less efficient (Fig. 3). In 2,2’-BP, 7 showed the highest yield
and 8 the lowest yield (Fig. 4). Bipyridinium salt 6 appears to
have a similar ability to 1 as an electron carrier. It is apparent
that FD has an essential role in the fixation of CO,, since the
yield was reduced when denatured FD was used instead of
the active FD (Fig. 5). These results seem to be closely corre-
lated to the redox potentials of the bipyridinium salts. Fig. 6
illustrates the dependency of the yield of formic acid on the
redox potentials of the bipyridinium salts. It is worth noting
that the most active electron mediator 7 has a redox potential
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Fig. 3 Time course of the formation of formic acid; 1 (@), 2 (0),
3(0).
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Fig. 4 Time course of the formation of formic acid; 1 (@), 6 (O),
7(0), 8(Q).
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Fig. 5 Time course of the formation of formic acid; 7 (@), denatured
enzyme (O), enzyme free ().

located between those of [Ru(bpy);]***/[Ru(bpy),]** (—0.83 V
vs. NHE)'S and CO,/HCOO™ (—0.61 V vs. NHE at pH 7).
This phenomena can be explained qualitatively as follows. The
electron transfer reaction [eqn. (1)] from excited [Ru(bpy),]**

[Ru(bpy)s]*"* + B** — [Ru(bpy),]"" + B™" (1)

to 2 + bipyridinium salts (B>*) depends on their reduction
potentials.

According to the theory of Marcus,'®'® the electron-transfer
rate is proportional to exp[—(AG° + 1)*], where AG® corre-
sponds to the difference in redox potential between [Ru-
(bpy);]*** (an electron donor) and B** (an electron acceptor)
and Z is the energy of reorganization of solvents. This theory
indicates that in the normal region (viz., —AG° < A1) the rate
increases as —AG® increases, that is, the redox potential of
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Fig. 6 Relation between yield of formic acid after 7 h reaction and
redox potentials of bipyridinium salts (E).
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Fig.7 Time course of the formation of formic acid; 1 (@), 10 (O).

bipyridinium salts becomes more positive. Therefore, bipyrid-
inium salts with more positive redox potentials are favorable
in this reaction step. According to the same theory, however,
the efficiency of electron transfer [eqn. (2)] from the reduced

2B*" + CO, + H' — 2B** + HCOO~ )

bipyridinium salts (B*") to the enzyme (FD) decreases as the
redox potentials of bipyridinium salts become less negative.

It can be concluded therefore that the whole yield of formic
acid is dominated by the relative magnitude of redox potentials
of the photosensitizer, the electron mediator and the enzyme
and that there is an optimum redox potential of bipyridinium
salts to produce formic acid most efficiently, though the effect
of the difference in interaction between the reduced bipyridin-
ium salts and the enzyme (FD) cannot be excluded.

Since the reduction of CO, to formic acid is a two-electron
process, we investigated the behaviour of a dimeric compound,
10, in which two 4,4’-BP units are linked to each other by a
propyl chain. This compound was expected to receive and give
two electrons using the two bipyridinium units. As shown in
Fig. 7, however, the yield of formic acid was similar to that of 1,
probably due to the lack of reducing power of 10. The weaker
reducing ability of 10 may be caused by the higher stability of
the reduced form, in which the two bipyridinium planes are
aligned in parallel, as shown in Fig. 8, and consequently elec-
trons are more delocalized over the m-conjugated skeleton of
10. This folded conformation of 10 is also reflected in the visible
spectra of 1 and 10, which were very different.? Compound 1
gives one large absorption at 603 nm (g = 1.20 x 10* dm® mol™!
cm™!), while 10 has two main peaks at 533 nm (¢ = 2.36 % 10*
dm® mol™ cm™!) and ca. 850 nm (g = ca. 10* dm* mol ™! cm™).
To prove that the differences in the visible spectra are caused by
the folding conformation of 10, we calculated the electronic
spectra of 1 and 10 by INDO/1 and found that 1 has a large
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Fig. 8 Possible structure of the reduced form of 10.

absorption peak (¢=1.2 x 10* dm® mol™! cm™) at ca. 730 nm
and 10 has two absorption peaks at ca. 440 nm (¢=7.0 X 10*
dm® mol™! cm™) and ca. 930 nm (e=1.1 X 10* dm® mol™!
cm™!). As a whole, the calculated spectra qualitatively repro-
duce the characteristics of the observed spectra.

Experimental
Materials

Bipyridinium salts 1, 2 and 3 were purchased from Tokyo Kasei
Co., and 6, 7, 8 and 10 were synthesized following a literature
method.?® Formate dehydrogenase (FD; EC1.2.1.2, from yeast)
was obtained from Sigma Chemical Co. All other reagents used
were of the highest grade commercially available.

AMI1 calculations

Torsion angle 0 and the thermodynamic quantities of the bipyr-
idinium salts were obtained using AM1 method in MOPAC
of CAChe system (ver. 3.6, SONY TEKTRONIX Co.). AMI1
is a semi-empirical molecular orbital calculation method
developed by Dewar,'® which was based on the Roothaan-
Hall (RH) SCF-LCAO-MO method.?"?? The following terms
are considered in the Fock matrix of AM1: (a) one-center one-
electron energies (U,,), (b) one-center two-electron repulsion
integrals, viz., Coulomb integrals (uu,vv) and exchange inte-
grals (uv,uv), (c) two-center one-electron core resonance
integral (f,,), (d) two-center one-electron attraction (V,,), (e)
two-center two electron repulsion integrals (uv,Ag). In AM1
method, the standard enthalpy of formation, AH; is obtained
by eqn. (3), where E,, is electronic energy, £, is repulsion

AH=E, + XX E G+ {-E*+ AH?AY  (3)

energy between the core of atoms A and B, E,* is electronic
energy of atom A, and AH* is heat of formation of atom A.
The kinetic energy terms are neglected in eqn. (3), because they
are taken into account by the parameterization in AMI
method.”® On the other hand, the standard entropy of form-
ation, AS;, can be represented by eqn. (4), where S, is entropy
ASf: Svib + Srot + Stra + 2 SA (4)
for vibration, S, is entropy for rotation, S,, is entropy for
translation, and S* is standard entropy of formation for atom
A. Though S, S, and S,,, can be obtained by AM1 method,
S# is unknown. It is not necessary, however, to know S*, since
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only the difference in standard entropies of formation between
two states (reduced and oxidized states) is focused here and thus
¥ S*is canceled [cf. eqn. (5)]. The torsion angles (0) were those
of the structures optimized by AM1 method, which correspond
to the minimum heat of formation.

Calculation of Gibbs free energy and torsion angle

The difference in free energy of formation (AAG) between the
reduced and the oxidized forms in acetonitrile (MeCN) was
calculated by AMI1 according to eqn. (5), where AGy,, and

AAG= AGf(red) - AGf(ox)
= {AHf(red) - TASf(red)} - {AHf(red) - TASf(red)} (5)

AGy,, are standard Gibbs free energy of formation, AHg,q, and
AH;,, are standard enthalpy of formation, ASy,q, and ASy,,
are standard entropy of formation, and the subscripts “red”
and “ox” signify the reduced state and the oxidized state,
respectively. The AMI1 calculation was undertaken in MeCN
at 298 K, where the solvent effect was considered using the
conductor-like screening model (COSMO) included in MOPAC
of CAChe system with a relative permittivity 37.5 and an effect-
ive radius of the solvent molecule 2.0 A.

Fixation of CO,

Into the aqueous solution including the electron donor tri-
ethanolamine (0.5 mol dm~3), [Ru(bpy),]** (5 x 107 mol dm3)
and bipyridinium salts (3 X 107* mol dm™?%), CO, was bubbled
and FD (8 mg) was added. The reaction system was illuminated
using an ultra high pressure Hg lamp (S00W USHIO, Ul-
501H) with cut-off filters to remove UV region shorter than 370
nm and infrared region. Samples of the solution were analyzed
at intervals by a Shodex organic acid analyzer (Shodex RS pak
column: KC-811, eluant: 3 mM HCIO,).

References

1 1. Okura and N. Kim-Thuan, Chem. Lett., 1980, 1511.

2 H. Inoue, Y. Kubo and H. Yoneyama, J. Chem. Soc., Faraday Trans.,
1991, 87, 553.

3 K. Sugimura, S. Kuwabata and H. Yoneyama, J. Am. Chem. Soc.,
1989, 111, 2361.

4 B. A. Parkinson and P. F. Weaver, Nature, 1984, 309, 148.

5 S. Kuwabata, R. Tsuda, K. Nishida and H. Yoneyama, Chem. Lett.,
1993, 1631.

6 D. Mandler and I. Willner, J. Chem. Soc., Perkin Trans. 2, 1988, 997.

7 1. Willner and D. Mandler, J. Am. Chem. Soc., 1989, 111, 1330.

8 1. Willner, N. Lapidot, A. Riklin, R. Kasher, E. Zahavy and E. Katz,
J. Am. Chem. Soc., 1994, 116, 1428.

9 1. Willner, A. Riklin and N. Lapidot, J. Am. Chem. Soc., 1990, 112,
6438.

10 M. J. S. Dewar, J. Am. Chem. Soc., 1985, 107, 3902.

11 S. Hunig, J. Gross and W. Schenk, Liebigs Ann. Chem., 1973, 2, 324.

12 W. Dumler and H. Kisch, New. J. Chem., 1991, 15, 649.

13 H. Kisch, W. Dumler, C. Chiorboli, F. Scandola, J. Salbeck and
J. Daub, J. Phys. Chem., 1992, 96, 10323.

14 The theoretical slope between Gibbs free energy and redox potential
is —nF (n: number of electron, n = 1; F: Faraday constant, F'= 96500
Cmol™).

15 1. Willner, A. Ayalon and M. Rabinovitz, New J. Chem., 1990, 14,
685.

16 K. Kalyanasundaram, Coord. Chem. Rev., 1982, 46, 159.

17 J-M. Lehn and R. Ziessel, Proc. Natl. Acad. Sci. USA, 1982, 79,
701.

18 R. A. Marcus, J. Chem. Phys., 1956, 24, 966.

19 R. A. Marcus, J. Chem. Phys., 1963, 39, 1734.

20 M. Furue and S. Nozakura, Bull. Chem. Soc. Jpn., 1982, 55, 513.

21 C. C. J. Roothaan, Rev. Mod. Phys., 1951, 23, 69.

22 G. G. Hall, Proc. R. Soc. London, Ser. A, 1951, 205, 541.

23 R. C. Bingham, M. J. S. Dewar and D. H. Lo, J Am. Chem. Soc.,
1975, 97, 1285.

Paper 8/06137H



