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Fumaric acid is a useful unsaturated dicarboxylic acid that serves

as a precursor for the biodegradable plastics poly(butylene succi-

nate) and poly(propylene fumarate). Currently, fumaric acid is

mainly synthesised from petroleum resources such as benzene. It

is therefore desirable to develop methods to produce fumaric acid

from renewable resources such as those derived from biomass. In

this work, an effective visible-light driven fumarate production

from gaseous CO2 and pyruvate with the system consisting of tri-

ethanolamine, cationic water-soluble zinc porphyrin, zinc tetrakis

(4-N,N,N-trimethylaminophenyl)porphyrin, pentamethyl-

cyclopentadienyl coordinated rhodium(III) 2,2’-bipyridyl complex,

NAD+, malate dehydrogenase (NAD+-dependent oxaloacetate-dec-

arboxylating) and fumarase was developed.

Fumaric acid, trans-butenedioic acid, is the simplest dicar-
boxylic acid with a carbon–carbon double bond in the mole-
cule. Fumaric acid is a chemical building block with many
applications, including in the polymer materials industry.1–3

Particularly in the field of polymer chemistry, fumaric acid is
also useful as a raw material for the biodegradable plastics
poly(butylene succinate) (PBS)4 and poly(propylene fumarate)
(PPF).5 Currently, fumaric acid is synthesised mainly by pet-
roleum-based chemical production. Conventional fumaric acid
is produced by oxidising furfural with chlorate in the presence
of a vanadium catalyst.6 Limited fossil resources, rising oil
prices and growing interest in the carbon cycle in chemical
synthesis have led to increased interest in the development of
bio-based fumaric acid from renewable resources and CO2.
Fermentation methods produce fumaric acid from glucose via
the reductive tricarboxylic acid (TCA) pathway and were used
in industry before the development of the petrochemical
industry.7 The conventional fumaric acid fermentation has

problems of high costs with low product yields and pro-
ductivity, and produces a wide variety of by-products. In view
of these constraints, we devoted to a simple biocatalytic
fumaric acid production from CO2 and biomass-derived
materials such as pyruvic acid. The biocatalytic fumarate pro-
duction from bicarbonate or gaseous CO2 and pyruvate via
L-malate as an intermediate with dual biocatalysts (malate
dehydrogenase; NAD+-dependent oxaloacetate-decarboxylating;
MDH EC 1.1.1.38) and fumarase (FUM; EC 4.2.1.2) in the pres-
ence of NADH in an aqueous media has been reported.8,9 After
7 h incubation, the conversion yields of pyruvate to fumarate
from bicarbonate or gaseous CO2 as feedstock are estimated to
be 13 or 12%, respectively. Since this system uses NADH as a
sacrificial reagent, it is necessary to integrate the NAD+ to
NADH regeneration system. Thus, the visible-light driven
fumarate production from pyruvate and bicarbonate or
gaseous CO2 with the combination of NAD+ reduction to
NADH system of triethanolamine (TEOA) as an electron donor,
water-soluble zinc porphyrin, (ZnP) as a photosensitiser and
[Cp*Rh(bpy)(H2O)]

2+, and dual biocatalysts (MDH and FUM) as
shown in Fig. 1 also has been reported.10,11 In this system,
zinc meso-tetra(4-sulfonatophenyl)porphyrin tetrasodium salt
(ZnTPPS4−) was used as a photosensitiser.

By using this system, the conversion yields of pyruvate to
fumarate from bicarbonate or gaseous CO2 as feedstock are

Fig. 1 Visible-light driven fumarate production from pyruvate and CO2

with the system consisting of TEOA, water-soluble zinc porphyrin (ZnP),
[Cp*Rh(bpy)(H2O)]2+, NAD+, MDH and FUM.
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estimated to be 0.9 or 1.0% after 5 h irradiation, respectively.
Using this system, fumarate could be synthesised from pyru-
vate and gaseous CO2 using visible light energy as the driving
force, but the yield of fumarate production remained low com-
pared with that the non-photoredox system consisting of
NADH, MDH and FUM. One of the reasons for the low
efficiency of fumarate production was predicted to be the
direct effect of ZnTPPS4− used as a photosensitiser in the
visible light-driven NADH regeneration on the catalytic activity
of FUM for the L-malate dehydration. It was reported that the
addition of anionic water-soluble zinc porphyrin, ZnTPPS4−

directly inhibited the catalytic activity of FUM-catalysed
L-malate dehydration to produce fumarate (reduced to about
16% compared to control experiment).12 The sulfonatophenyl-
group of ZnTPPS4− binds to the substrate binding site of FUM,
thereby inhibiting L-malate binding and decreasing fumarate
production.12 It was also reported that the catalytic activity of
FUM was not affected by the addition of the cationic water-
soluble zinc porphyrin, zinc tetrakis(4-N,N,N-trimethyl-
aminophenyl)porphyrin (ZnTMAP4+; chemical structure as
shown in Fig. 2).12

In this study, the visible-light driven fumarate production
from pyruvate and gaseous CO2 with the combination of NAD+

reduction system of TEOA, ZnTMAP4+ and [Cp*Rh(bpy)
(H2O)]

2+, MDH and FUM was investigated for the purpose of
improving fumarate production efficiency.

ZnTMAP4+ was prepared by refluxing metal-free TMAP4+

with about 5 times molar equivalent of zinc acetate in the
methanol solution according to the previous report.13,14

Pentamethylcyclopentadienyl(2,2′-bipyridyl)rhodium(III) chlor-
ide ([Cp*Rh(bpy)(H2O)]

2+) was synthesized with [Cp*RhCl2]2
and 2,2′-bipyridine according to a previous report.15

First, the optimum condition for the visible-light driven
NAD+ reduction to NADH was investigated. A solution consist-
ing of TEOA (0.2 M), ZnTMAP4+ (10–100 µM), [Rh(Cp*)(bpy)
(H2O)]

2+ (10 µM) and NAD+ (0.5 mM) in 5.0 ml of 500 mM 2-[4-
(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES)
buffer solution (pH 7.8) was deaerated by freeze–pump–thaw
cycles repeated 6 times and the gas phase was introduced
argon gas for 10 min. The sample solution was irradiated with
a 250 W halogen lamp (Panasonic) as a visible-light source at
30.5 °C. Fig. 3 shows the concentration of ZnTMAP4+ depen-

dence of NADH production rate (v) with the system of TEOA,
ZnTMAP4+, [Cp*Rh(bpy)(H2O)]

2+ and NAD+ in HEPES buffer
solution. The concentration of NADH produced was deter-
mined by absorption spectrum change using UV-visible
absorption spectroscopy (SHIMADZU, MaltiSpec-1500) with
the molar coefficient at 340 nm (ε = 6.22 × 103 cm−1 M−1).16

The NADH production rate was determined from the concen-
tration of NADH produced after 30 min of irradiation. As
shown in Fig. 3, the NADH production rate increased generally
linearly with increasing ZnTMAP4+ concentrations. The NADH
production rate was out of linearity under ZnTMAP4+ concen-
tration of 10 µM. It was reported that NADH production rate is
maximized under the condition that the concentration of [Rh
(Cp*)(bpy)(H2O)]

2+ is equivalent to that of ZnTPPS4−. This
suggests that this is a specific phenomenon under conditions
of equal concentration of ZnTMAP4+ and [Cp*Rh(bpy)(H2O)]

2+.
The NADH production rate with the system of TEOA (0.2

M), ZnTPPS4− (10 µM), [Cp*Rh(bpy)(H2O)]
2+ (10 µM) and NAD+

(0.5 mM) in HEPES buffer solution also was indicated in the
Fig. 3 (blue circle). Under water-soluble zinc porphyrin concen-
tration of 10 µM, the NADH production rate in the system with
ZnTMAP4+ was about 60% lower than that with ZnTPPS4−. It
was reported that the quantum yields of NADH production
with ZnTPPS4− and ZnTMAP4+ were estimated to be 1.7% and
1.1% for Soret band with 420 nm, and to be 1.3% and 1.6%
for Q-band with 550 nm, respectively.17 The molar absorption
coefficients of ZnTPPS4− and ZnTMAP4+ are determined to be
680 and 448 for 420 nm, and 22.1 and 18.2 cm−1 mM−1 for
550 nm, respectively.17 Thus, these results suggested that
under conditions of comparable ZnTPPS4− and ZnTMAP4+ con-
centrations, NADH production rate are consistent with the
ordinates of the molar absorption coefficients of the Soret and
Q bands of the ZnTPPS4− and ZnTMAP4+. From these results,
it was shown that a ZnTMAP4+ concentration of 50 µM is

Fig. 2 Chemical structures of zinc tetrakis(4-N,N,N-trimethyl-
aminophenyl)porphyrin (ZnTMAP4+) and zinc tetra(4-sulfonatophenyl)
porphyrin (ZnTPPS4−).

Fig. 3 The concentration of ZnTMAP4+ dependence of NADH pro-
duction rate (v) with the system of TEOA, ZnTMAP4+, [Cp*Rh(bpy)
(H2O)]2+ and NAD+ in 5.0 mL of 500 mM HEPES buffer (pH 7.8). Blue
circle shows the NADH production rate (v) with the system of TEOA,
ZnTPPS4−, [Cp*Rh(bpy)(H2O)]2+ and NAD+ in 5.0 mL of 500 mM HEPES
buffer (pH 7.8). Errors were obtained from the average of multiple trials.
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required to equal the previously reported NADH production
rate by a system using ZnTPPS4− (10 µM) as a photosensitiser.
In subsequent experiments, the ZnTMAP4+ concentration was
adjusted at 50 µM.

Next let us focus on the visible-light driven L-malate pro-
duction with ZnTMAP4+ as a photosensitiser. A sample solu-
tion containing sodium pyruvate (5.0 mM), magnesium chlor-
ide (5.0 mM), TEOA (0.2 M), ZnTMAP4+ (50 µM), [Cp*Rh(bpy)
(H2O)]

2+ (10 µM), NAD+ (0.5 mM) and MDH from Sulfolobus
tokodaii purchased from Thermostable Enzyme Laboratory
Co., Ltd (EC 1.1.1.38 MDH-73-01) (0.7 U; ca. 1.6 µM) in 5.0 mL
of 500 mM HEPES–NaOH buffer (pH 7.8). The sample solution
was deaerated by freeze–pump–thaw cycles repeated 6 times
and then introduced in gas phase and balloon with the CO2

gas for 10 min. The sample solution was irradiated with a 250
W halogen lamp as a visible-light source (light intensity: 200 J
m−2 s−1) at 30 °C. The reaction used an isobaric system as
shown in Fig. S1.† 11 The total pressure in the reaction system
was maintained at 1.01325 × 105 Pa. The system with
ZnTPPS4− (10 µM) was used as a control experiment.
Fig. S2(a)† shows the chromatogram of sodium L-malate
(0–1000 µM) in 50 mM-HEPES buffer (pH 7.0). Inset of
Fig. S2† shows the relationship between the L-malate concen-
tration and the detection peak area. The L-malate concen-
tration was calculated from the calibration curve shown in
inset of Fig. S2(a)† using the eqn (S1).† After 1 h irradiation,
56.0 µM of L-malate was produced with the system of sodium
pyruvate, magnesium chloride, TEOA, ZnTMAP4+, [Cp*Rh(bpy)
(H2O)]

2+, NAD+ and MDH in gas phase and balloon with the
CO2 gas. On the other hand, 43.2 µM of L-malate was produced
with the system using ZnTPPS4−. There was no significant
difference between both systems with ZnTMAP4+ and
ZnTPPS4− in the concentration of L-malate production after 1 h
irradiation. Fig. 4 shows the concentration of L-malate pro-
duction using ZnTMAP4+ or ZnTPPS4− after 5 h irradiation (the
ion chromatograph chart during the reaction is shown in
Fig. S3 and S4†).

As shown in Fig. 4, 233.4 (±22.2) µM of L-malate was pro-
duced with the system of sodium pyruvate, magnesium chlor-
ide, TEOA, ZnTMAP4+, [Cp*Rh(bpy)(H2O)]

2+, NAD+ and MDH
in gas phase and balloon with the CO2 gas after 5 h
irradiation. However, 158.5 (±1.5) µM of L-malate was produced
with the system using ZnTPPS4−. By using ZnTMAP4+ as a
photosensitiser, approximately 1.5 times more L-malate was
produced than in the system with ZnTPPS4−. For the system
using ZnTMAP4+, the L-malate production rates after 1 and 5 h
irradiation were estimated to be 56.0 and 46.7 µM h−1, respect-
ively. For the system using ZnTPPS4−, the production rates
after 1 and 5 h irradiation were estimated to be 43.7 and
31.7 µM h−1, respectively. The rate of L-malate production
gradually decreased with irradiation time in the system with
ZnTPPS4−. In contrast, no decrease in the rate of L-malate pro-
duction with irradiation time was observed in the system with
ZnTMAP4+. We have reported stable NAD+ reduction NADH in
a system of TEOA and [Cp*Rh(bpy)(H2O)]

2+ with ZnTMAP4+ as
a photosensitiser compared to a system using anionic water-
soluble zinc porphyrins such as ZnTPPS4−.17 Thus, it was
found that the efficiency of visible-light driven L-malate pro-
duction was improved by using ZnTMAP4+ as a
photosensitiser.

Finally, visible-light driven fumarate production from pyru-
vate and gaseous CO2 was investigated using the system of
with the addition of FUM from porcine heart purchased from
Merck Co., Ltd (EC 4.2.1.2; molecular weight: 200 kDa)18

(details of the experiment are described in ESI†). A sample
solution containing sodium pyruvate (5.0 mM), magnesium
chloride (5.0 mM), TEOA (0.2 M), ZnTMAP4+ (50 µM), [Cp*Rh
(bpy)(H2O)]

2+ (10 µM), NAD+ (0.5 mM), MDH (0.7 U; ca.
1.6 µM) and FUM (0.5 U; ca. 1.3 nM) in 5.0 mL of 500 mM
HEPES–NaOH buffer (pH 7.8). The sample solution was deaer-
ated by freeze–pump–thaw cycles repeated 6 times and then
introduced in gas phase and balloon with the CO2 gas for
10 min. The sample solution was irradiated with a 250 W
halogen lamp as a visible-light source (light intensity: 200 J
m−2 s−1) at 30 °C. The reaction used an isobaric system as
shown in Fig. S1.† The total pressure in the reaction system
was maintained at 1.01325 × 105 Pa. The system with
ZnTPPS4− (10 µM) also was used as a control experiment. The
concentration of fumarate produced was measured by an ion
chromatography. Fig. S2(b)† shows the chromatogram of
sodium fumarate (0–1000 µM) in 50 mM-HEPES buffer (pH
7.0). The inset of Fig. S2(b)† shows the relationship between
the fumarate concentration and the detection peak area. The
fumarate concentration was calculated from the calibration
curve shown in inset of Fig. S3† using the eqn (S2).† After 1 h
irradiation, 13.2 µM of fumarate was produced with the system
of sodium pyruvate, magnesium chloride, TEOA, ZnTMAP4+,
[Cp*Rh(bpy)(H2O)]

2+, NAD+, MDH and FUM in gas phase and
balloon with the CO2 gas. In contrast, 9.2 µM of fumarate was
produced with the system using ZnTPPS4−. By using
ZnTMAP4+ as a photosensitiser, approximately 1.4 times more
fumarate was produced than in the system with ZnTPPS4−.
Fig. 5 shows the concentration of fumarate production using

Fig. 4 The concentration of L-malate production in the system of
sodium pyruvate, magnesium chloride, TEOA, [Cp*Rh(bpy)(H2O)]2+,
NAD+, MDH and CO2 gas in the presence of ZnTMAP4+ (red) or
ZnTPPS4− (blue) after 5 h irradiation. Errors were obtained from the
average of multiple trials.
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ZnTMAP4+ or ZnTPPS4− after 5 h irradiation (the ion chromato-
graph chart during the reaction is shown in Fig. S5 and S6†).
As shown in Fig. 5, 96.9 (±3.9) µM of fumarate was produced
with the system using ZnTMAP4+ after 5 h irradiation.
However, 46.9 (±1.8) µM of fumarate was produced with the
system using ZnTPPS4−. By using ZnTMAP4+, approximately
2.0 times more fumarate was produced than in the system with
ZnTPPS4−. Let’s now discuss the argument based on the cata-
lytic efficiency of the FUM in both systems using ZnTMAP4+

and ZnTPPS4−. For the system using ZnTMAP4+, the turnover
number (TON) and turnover frequency (TOF) of FUM (1.3 nM)
were estimated to be 76 769 and 4.3 s−1, respectively. For the
system using ZnTPPS4−, in contrast, TON and TOF of FUM
were calculated to be 37 462 and 2.0 s−1, respectively.
Furthermore, 41.0 µM of fumarate was produced in the system
with 5-fold equivalent amounts of ZnTPPS4− (50 µM) (the ion
chromatograph chart during the reaction is shown in Fig. S7†).
Under ZnTPPS4− concentrations of 10 and 50 µM, 191 and
339 µM L-malate were produced as the intermediate after 5 h
of irradiation, respectively. No increase in fumarate production
was observed under the condition of increased ZnTPPS4− con-
centrations, even though more of the intermediate L-malate
was produced. After 5 h irradiation, the present ratio of
L-malate and fumarate under ZnTPPS4− concentrations of 10
and 50 µM was calculated to be 0.25 and 0.12, respectively.
These results suggest that ZnTPPS4− also directly inhibits the
catalytic activity of FUM in the visible-light driven fumarate
production with the system of sodium pyruvate, magnesium
chloride, TEOA, ZnTPPS4−, [Cp*Rh(bpy)(H2O)]

2+, NAD+, MDH
and FUM in the presence of gaseous CO2. Meanwhile, 313 µM
of L-malate was produced as the intermediate after 5 h of
irradiation using ZnTMAP4+ (50 µM). After 5 h irradiation, the
present ratio of L-malate and fumarate was calculated to be
0.30. The results indicate that ZnTMAP4+ acts only as a photo-
sensitiser for visible light-driven NADH and is not involved in
the catalytic activity of FUM. By using ZnTMAP4+ as a photo-
sensitiser, therefore, an effective visible-light driven fumarate

production from gaseous CO2 and pyruvate with MDH and
FUM was accomplished.

In this system, fumarate production has been observed up
to 24 h of irradiation; MDH is a thermostable enzyme and
durable to prolonged use, so the reaction can proceed again
with the addition of pyruvate, whereas FUM shows decreased
catalytic activity for longer reaction. This means that the
addition of FUM after a certain irradiation time is expected to
extend the lifetime of the reaction system.

In conclusion, we have successfully improved the efficiency
of visible-light driven fumarate production from pyruvate and
gaseous CO2 by using ZnTMAP4+ as a photosensitiser in the
system combination of NAD+ reduction with [Cp*Rh(bpy)
(H2O)]

2+ and dual biocatalysts (MDH and FUM) in the presence
of TEOA (approximately 2.0 times more fumarate is produced
than in the system using ZnTPPS4−, conventionally photosensi-
tizer). The use of ZnTMAP4+ increased the yield of fumarate
production from pyruvate and CO2 without interfering with
the catalytic activity of FUM, coupled with the effect of also
increasing the yield of visible light driven L-malate production
using MDH as a catalyst.
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