Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2023

Supplementary Information

Construction of an autocatalytic reaction cycle in neutral
medium for synthesis of life-sustaining sugars

Hiro Tabatat?, Genta Chikatanit @, Hiroaki Nishijima?, Takashi Harada?, Rika Miyake 2, Souichiro Kato
ab Kensuke Igarashi®, Yoshiharu Mukouyama 2, Soichi Shirai ¢, Minoru Waki ¢, Yoko Hase* 9 and

Shuji Nakanishi* ¢

@ Research Center for Solar Energy Chemistry, Graduate School of Engineering Science, Osaka

University, Toyonaka, Osaka, 560-8531, Japan. E-mail: nakanishi.shuji.es@osaka-u.ac.jp.

Bioproduction Research Institute, National Institute of Advanced Industrial Science and

Technology (AIST), 2-17-2-1, Tsukisamu higashi, Toyohira, Sapporo, 062-8517, Japan.

¢ Division of Science, College of Science and Engineering, Tokyo Denki University, Hatoyama,
Saitama 350-0394, Japan.

@ Toyota Central R&D Labs., Inc., 41-1 Yokomichi, Nagakute, Aichi, 480-1192, Japan. E-mail: y-
hase@mosk.tytlabs.co.jp

& Innovative Catalysis Science Division, Institute for Open and Transdisciplinary Research Initiatives

(ICS-OTRI), Osaka University, Suita, Osaka, 565-0871 Japan.

¥These authors contributed equally to this work.

S1



Table of Contents

Table of Contents .........ccccveeeeennnne.
Experimental Section.....................
Computational Methods................
Supplementary Discussion.............
Supplementary Figures and Tables

References......ccvvevevveeveveveeeeeeennnns

S2



Experimental Section
Materials

All materials were used as purchased without further purification. 1,3-Dihydroxyacetone dimer, D-erythrose, D-(-)-ribose, D-(-)-lyxose, D-
psicose, D-(+)-xylose, D-tagatose, D-(+)-talose, L-(-)-sorbose, D-(+)-allose, L-gulose, D-(+)-mannose, and D-(+)-galactose were purchased
from Tokyo Chemical Industry. Glycolaldehyde dimer, DL-glyceraldehyde, L-(+)-erythrulose, D-ribulose, D-altrose and (2,4-dinitrophenyl)-
hydrazine were obtained from Sigma-Aldrich Japan. Formaldehyde solution, D-(-)-arabinose, D-(+)-glucose, D-(-)-fructose, sodium
hydroxide, methanol, acetonitrile, phosphoric acid, acetic acid, phenol, sulfuric acid, Na,WO4¢2H,0 and NaMo0O,¢2H,0 were purchased
from FUJIFILM Wako. Phenylhydrazine was obtained from Kanto Chemical. Deionized and distilled water was supplied from a Millipore
system.

Instruments

High-performance liquid chromatography (HPLC) analyses were performed with a Chromaster® system equipped with a UV/Vis detector
(360 nm; 5430 diode array detector) using an InertSustain C18 column (150 mm, GL Sciences) and mixed solvent of water—acetonitrile (6:4,
v/v) as the eluent at a flow rate of 1.0 mL min-1. HPLC analyses for sugars were performed using a HPLC Chromaster® Sugar Analysis System
(Hitachi) equipped with a fluorescence detector (5440 FL detector) and an NH2P-50 4E column (250 mm, Shodex) as the stationary phase.
Solvent A (acetonitrile), solvent B (water), and solvent C (10% (v/v) phosphoric acid solution) were used as the mobile phases at a flow rate
of 1.0 mL min~1. The following gradient profile was applied: from 90% solvent A and 5% solvent B to 75% solvent A and 20% solvent B over
30 min, with constant 5% solvent C. An aqueous solution of acetic acid (44.3%), phosphoric acid (54.2%), and phenylhydrazine (1.5%) was
also added to the flow at a rate of 0.4 mL min~! for the post-column analyses. HPLC analyses of formic acid were performed using a system
equipped with a UV/Vis detector (L-2455, Hitachi) and two DE-413 (Shodex) columns. The mobile phase was 10 mM H3PO, aqueous
solution at a flow rate of 1.0 mL min-1.

Formose reaction

Oxometalate catalysts (Na;WO4, Na;MoQ,) and substrates (HCHO, C2a) were dissolved in solvent (water or 10% (v/v) CHsOH aqueous
solution) to make a 4 mL solution. The solution was placed in a screw-top vial with a stir bar. To initiate the formose reaction, the solution
in the vial was heated to 80 °C while stirring using an organic synthesis stirrer (HHE-19G-US IV, KPI). At specific time points, the reaction
was stopped by cooling the vial in ice water. Na* and oxometalate anions were then removed using cation exchange resin, Amberlite
IR120BHAG (Organo), and anion exchange resin, Amberlite IRA402BLCI (Organo), respectively.

Derivatization and preparation for analysis

Derivatization for HPLC analysis was performed as follows. The solution obtained after the reaction (2.5 uL) was diluted by the addition of
water (748 uL). 375 uL of 2,4-dinitrophenylhydrazine (DNPH) in acetonitrile (1 mg mL?) and 22.5 uL of aqueous phosphoric acid (20% (v/v))
were dropped into each diluted sample. The mixed solutions were then stirred at room temperature for 60 min before HPLC analysis.
Samples for HPLC analysis of sugars were prepared by the addition of water (250 L) and acetonitrile (500 uL) to 250 uL of the reaction
mixture. Samples for the quantification of formic acid were prepared by neutralizing the formose solution with hydrochloric acid instead
of an ion-exchange resin.

Analysis of chromatographic data

Baseline correction of raw chromatographic data was conducted using the analytical programs Chromassist data station for HPLC and HPLC
for sugars, respectively. Peaks were identified by comparison to chromatograms of commercially available reagents or by comparing
retention times and experimental conditions.

Phenol-sulfuric acid method.

The method was used for the quantitative analysis of pentoses and hexoses.! First, 1.5 g of phenol was dissolved in 48.5 mL of ultrapure
water to make a 3% (w/w) phenol solution. Next, 100 pL of the sample (10-100 pg mL-t) and 200 uL of 3% phenol solution were added to
a test tube and stirred, and then 750 pL of concentrated sulfuric acid was added, and the mixture was stirred and left for 20 min. The
absorbance of the solution at 490 nm and at 480 nm was measured to estimate the concentration of hexose and pentose, respectively.
Calibration curves for hexose and pentose were obtained using glucose and xylose as standards, respectively.
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Cultivation of microbial cells and quantification of sugar consumption.

Soil microbes were collected from forest soil near the National Institute of Advanced Industrial Science and Technology, Hokkaido, Japan.
Samples were added to an inorganic medium? containing filter-sterilized formose solution and incubated at 30 °C with agitation. The
formose solution fed to the microbial cultures was prepared as follows: 1 M HCHO aqueous solution containing 10 mM C2a and 60 mM
Na, WOy, in the presence of 10% (v/v) CH3OH was maintained at 80 °C for 4 h. After the reaction, catalysts were removed from the solution
using an anion exchange resin. Unreacted HCHO and CHsOH were also removed by freeze-drying. The resultant solid powder was re-
dissolved in distilled water. After several days of incubation, microbial growth was observed, and the cultures were transferred to fresh
medium after 7 days of incubation to enrich for microbes that metabolized the synthesized sugars. Microbial growth was confirmed by
measuring the optical density at 600 nm (ODggo). Microbial community analyses were performed as described previously.3 After incubation,
the samples were filtered to obtain supernatants for further analyses.

Computational Methods

Density functional theory (DFT)-based theoretical analyses

DFT calculations were performed using the Gaussian09 program* with the B3LYP functional®>3. The basis set used was 6-31++G (d, p)°13 for
C, H, O, and Na, whereas the Lanl2DZ basis set with the effective core potentiall416 was used for W and Mo. Vibrational analysis was also
performed for the optimized structures at the same level of theory to confirm the presence or absence of a vibrational mode with an
imaginary number frequency and to obtain the Gibbs free energies. Here, the enthalpies and free energies below 298.15 K and 1 atm were
evaluated. Intrinsic reaction coordinate calculations'’.1® were performed for transition state structures to confirm the connection to the
reactant and product. The integral equation formalism polarizable continuum model%2° was used to consider the solvent effect of water.
Charge densities were obtained by natural bond orbital (NBO) analysis?!. The initial structures of sugars were taken from a previous
report.2?

Supplementary Discussion

Identification of HPLC peaks A-D

Some of the sugars formed in the formose reaction, including branched sugars, are not commercially available (see Fig. S13 for the HPLC
peaks of commercially available sugar samples). Therefore, we attempted to identify the HPLC peaks obtained through analysis of the
intermediate products of the formose reaction as substrates. (Note that stereoisomerism is not considered here.)

When the formose reaction was performed with oxometalates as catalysts, the concentration of C4 ketose (C4k) was significantly
higher in the later stage of the reaction (Fig. 3b). When the reaction was performed using 0.3 M C4k as a substrate, the distribution of
products obtained was very similar to that obtained in the reaction using HCHO as a substrate (Fig. S21). These results suggested that the
products obtained using oxometalates as catalysts are C5-C6 monosaccharides synthesized from C4k as the main substrate. To test this
hypothesis, the following experiments were performed.

First, to determine the structure of compounds A and B, acetylated samples were analyzed using 'H-NMR, 133C-NMR, and ESI-MS. To
an aqueous solution of HCHO (1.0 M) and C4k (1.0 M) was added Na,WO, (60 mM). After stirring at 60 °C for 1.5 h, Na,WOQ, was removed
from the mixture in a manner similar to the protocol described in the Experimental section. The obtained mixture was analyzed by HPLC,
which revealed that compounds A and B were the major products (Fig. 4c). The mixture was lyophilized, and the residue was dissolved in
a mixed solution of acetic anhydride (1 mL) and pyridine (1 mL). After the solution was stirred at room temperature overnight, 1 N HCl was
added, and then the mixture was extracted with CHCI5 (3 x 20 mL). The organic phase was dried over Na,COs, and the solvent was removed
in vacuo. The crude product was purified by silica gel chromatography using hexane-ethyl acetate (1:2, v/v) to yield 2-(acetoxymethyl)-3-
oxobutane-1,2,4-triyl triacetate (compound A) and 3-hydroxy-4-oxopentane-1,2,5-triyl triacetate (compound B).

Spectroscopic data for 2-(acetoxymethyl)-3-oxobutane-1,2,4-triyl triacetate. 'H NMR (400 MHz, CDCls): 6=5.05 (s, 2H; AcO-CH»-CO-),
4.30 (d, J = 1.84 Hz, 4H; (AcO-CH,-),C(OAc)-CO-), 2.18 (s, 3H, CH5-CO-0-), 2.12 (s, 6H; CH5-CO-0-), 2.05 ppm (s, 3H; CH3-CO-0-); 3C-NMR
(100 MHz, CDCl3): ¢ = 203.5 (C=0), 171.0 (CH3-CO-0-), 170.1 (CH3-CO-0-), 80.0 ((AcO-CH;-)>C(OAc)-CO-), 66.8 (AcO-CH,-CO-), 65.9 ((AcO-
CHy-),C(OAC)-CO-), 20.8 (CH3-CO-0-), 20.6 (CH3-CO-0-), 20.3 ppm (CH3-CO-O-). ESI-MS m/z calcd. for Ci3H1sNaOs [M + Na]*: 341.0843;
found: 341.0850 (data are shown in Fig. S22).

Spectroscopic data for 3-hydroxy-4-oxopentane-1,2,5-triyl triacetate. 'H NMR (400 MHz, CDCl3): 6 = 5.32-5.24 (m, 1H; AcO-CH,-
CH(OAC)-CH(OH)-), 5.24 (s, 2H; AcO-CH,-CO-), 4.86 (d, J = 8.24 Hz, 1H, AcO-CH,-CH(OAC)-CH(OH)-), 4.01 (dg, J = 11.9, 5.04 Hz, 2H; AcO-CH,-
CH(OAC)-CH(OH)-), 2.19 (s, 3H; CH3-CO-0-), 2.17 (s, 3H; CH3-CO-0-), 2.10 ppm (s, 3H; CH5-CO-0-); 13C-NMR (100 MHz, CDCl3): &= 199.0
(€C=0), 170.3 (CH3-C0O-0-), 170.0 (CH3-CO-0-), 169.8 (CH3-CO-0-), 88.7 (AcO-CH,-CH(OAC)-CH(OH)-), 75.6 (AcO-CH,-CH(OAc)-CH(OH)-), 68.6
(AcO-CH,-CO-), 66.8 (AcO-CH,-CH(OAC)-CH(OH)-), 20.8 (CH3-CO-0O-), 20.5 (CH3-CO-0O-), 20.3 ppm (CH3-CO-O-). ESI-MS m/z calcd. for
C11H16NaOg [M + Na]*: 299.0737; found: 299.0749 (data are shown in Fig. S23).

Similarly, acetylated samples of compounds C and D were prepared in the same manner using C2a (1.0 M) and C4k (1.0 M) as
substrates. HPLC analysis of the obtained mixture indicated that compounds C and D were the major products (Fig. 4d), whereas one
acetylated compound (3-hydroxy-4-oxohexane-1,2,5,6-tetrayl tetraacetate) was obtained after purification.

Spectroscopic data for 3-hydroxy-4-oxohexane-1,2,5,6-tetrayl tetraacetate. 'H NMR (400 MHz, CDCl3): 6=5.45 (dd, J=5.49, 6.87 Hz,
1H; AcO-CH»-CH(CH;0Ac)-CO-), 5.07 (d, J = 5.49 Hz, 2H; AcO-CH»-CH(OAc)-CH(OH)-CO-), 4.34-4.23 (m, 2H; AcO-CH»-CH(CH,0Ac)-CO-), 4.24-
4.11 (m, 2H; AcO-CH,-CH(OAC)-CH(OH)-CO-), 2.18 (s, 3H; CH3-CO-0-), 2.14 (s, 3H; CH5-CO-0-), 2.11 (s, 3H; CH5-CO-0-), 2.02 ppm (s, 3H);
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13C NMR (100 MHz, CDCl3): & = 202.8 (C=0), 170.2 (CH3-CO-0-), 170.0 (CH3-CO-0-), 169.94 (CH3-CO-O-), 169.87 (CH5-CO-0-), 81.1 (AcO-
CH,-CH(CH,0Ac)-CO-), 71.7 (AcO-CH,-CH(OAc)-CH(OH)-CO-), 66.9 (AcO-CH,-CH(OAC)-CH(OH)-CO-), 66.2 (AcO-CH,-CH(OAC)-CH(OH)-CO-),
61.0 (AcO-CH,-CH(CH,0AC)-CO-), 20.8 (CH3-CO-0-), 20.5 (CH3-CO-0-), 20.3 ppm (CH3-CO-0-). ESI-MS m/z calcd. for C14Ha0NaO1o [M + Nal*:
371.0949; found: 371.0958 (data are shown in Fig. S24).

From these data, the species that gave the HPLC peaks were identified as 1,3,4-trihydroxy-3-(hydroxymethyl)butan-2-one (peak A), 1,3,4,5-
tetrahydroxypentan-2-one (C5 ketose, C5k; peak B), and stereoisomers of 1,2,4,5,6-pentahydroxyhexan-3-one (3-hexulose, peaks C and
D).

Reason for the suppression of the crossed Cannizzaro reaction under neutral conditions

The calculated free energy changes of deprotonation from C2a, C4a, and hydrated HCHO by WO4%~ were 13.5, 8.5, and 12.8 kcal mol-?,
respectively, indicating that deprotonation from hydrated HCHO can occur thermodynamically. However, the activation energy for
deprotonation depends on the relative configuration of the substrate and base in the respective transition state; the calculated structures
of transition states are shown in Fig. S2, Fig. S10, and Fig. S18. The high activation energy shown in Fig. 5¢c has the potential to kinetically
inhibit the Cannizzaro reaction for hydrated HCHO initiated by deprotonation.

Meanwhile, the preference of deprotonation is explained by the interaction between the HOMOs of the bases and the anti-bonding
orbital o* of the substrate (acid), H-A, to be deprotonated. The strength of the interaction between the HOMO of the base and the o* of
the acid is stronger when the energy difference between these orbitals is small; from DFT calculations, the energy of HOMO of the base,
WO,%, is determined to be -6.350 eV. The energy for 6* of a-hydrogen in C2a (substrate of aldol reaction, Fig. 2c), B-OH in C4a (substrate
of retro-aldol reaction, Fig. 3d), and hydrated HCHO (HO-CH,-OH, Fig. 5¢) were estimated as -1.429, -0.325, and -0.236 eV, respectively.
These results indicate that the interaction between WO42- and hydrated HCHO is weaker than the interaction with C2a and C4a. Therefore,
the deprotonation from hydrated HCHO did not proceed and the crossed Cannizzaro reaction was suppressed. Meanwhile, the energy of
HOMO for OH~ was -5.491 eV that was higher than that of WO4%-, suggesting that deprotonation from hydrated HCHO was enabled to
proceed (Fig. 5d).
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Supplementary Figures and Tables
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Fig. S1 Schematic diagram of the Calvin cycle.
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Step Structures

@ ’3
+ + +
A1B fﬁ ) o) J’. ‘
C2a HCHO OH- Na*
o
& +
TS, Q‘? , 9 .,
9
TS (deprotonation) HCHO

J..
A2, %o * ,1..) 9, + 9

9
C2aenolate HCHO H,O Na*
C
A3g 9 z 9, t 9
3 9
After C-C formation H,0O Na*
‘9 2
Adg %28 + @ + o
02 9
C3a OH- Na*
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Fig. 2d.
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Fig. S6 Time course analysis of the consumption ratio of HCHO ((a), (b)) and C2a concentration ((c), (d)) for a solution containing initiator (C2a), catalyst
(Na2W0s), and substrate (HCHO) heated at 80 °C. Although the induction period differed, similar trends to Fig. 3a and 3b were observed, with a sigmoidal
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Fig. $10 Optimized structures for the retro-aldol reaction of C4a catalyzed by Na* and WO.?". R1n, TS2n, R2x, R3n, and R4y correspond to Fig. 3d and 3e.
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Step Structures
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Fig. S11 Optimized structures for the retro-aldol reaction of C4a catalyzed by Na* and OH". R1s, TS2s, R2s, R3s, and R4s correspond to Fig. 3d and 3e
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Fig. $12 (a) Time variation in sugar analysis HPLC chromatograms for 50-200 min. (b) Time variation of sugar analysis HPLC chromatograms for 200-310
min. These samples were obtained in the formose reaction in which HCHO (0.3 M) and C2a (3 mM) were heated at 80 °C in the presence of Na;WO, catalyst
(60 mM). The initial pH value was 7.82.
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Fig. S13 HPLC chromatograms of commercially available monosaccharides. Xylulose, Ribose, Psicose and Talose were prepared as 0.625 mM aqueous
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Fig. $14 Sugar analysis HPLC chromatogram of the formose reaction using 60 mM Na:Mo0Qa as a catalyst at 80 °C for 20 h. 0.3 M HCHO and 3 mM C2a were
used as substrates of the formose reaction. The initial pH value was 7.42.
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Fig. $16 HPLC chromatogram of the formose reaction using 60 mM NaOH as a catalyst at 80 °C for 17 min. 0.3 M HCHO and 3 mM C2a were used as
substrates of the formose reaction. The initial pH value was 13.28.
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Fig. S17 Optimized structures corresponding to the crossed Cannizzaro reaction of C2a with HCHO catalyzed by Na* and OH
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Step Structures
2
‘e + @ + Q +
o
HCHO hydrate C2a WO, Na*
2 o
532
o
9
TS3, e <
TS (H- transfer)
o
2 :
‘{ J f’J
d 9
C2
N LN o,
¢ o0
After H- transfer
- + )Q + .\ +
o | Se Nl

Formic acid Ethylene glycol WO, Na*

Fig. S18 Optimized structures corresponding to the crossed Cannizzaro reaction of C2a with HCHO catalyzed by Na* and WO.?

correspond to Fig. 5d.
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Fig. $19 Results of each of the experiments in Fig. 6 with different flora.
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Fig. $20 HPLC chromatograms of the inorganic medium with the synthesized sugar at 1 and 8 days after the solution was prepared.
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Fig. $21 Sugar analysis chromatogram of a solution of 10% aqueous methanol containing 300 mM C4k and 60 mM NaWOas heated at 80 °C for 60 min.
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Fig. $22 *H-NMR, 3C-NMR, and ESI-MS spectra of 2-(acetoxymethyl)-3-oxobutane-1,2,4-triyl triacetate. (a) *H-NMR spectrum. The peaks of ethyl acetate
residues are marked with an asterisk. (Insets) Expanded images of spectrum. (b) *C-NMR spectrum. (c) ESI-MS spectrum.
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Fig. S23 'H-NMR, 3C-NMR, and ESI-MS spectra of 3-hydroxy-4-oxopentane-1,2,5-triyl triacetate. (a) *H-NMR spectrum. (Insets) Expanded images of
spectrum. (b) 33C-NMR spectrum. (c) ESI-MS spectrum.
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Fig. $24 'H-NMR, 3C-NMR, and ESI-MS spectra of monohydroxy-3-oxohexanetetrayl tetraacetate. (a) *H-NMR spectrum. (Insets) Expanded images of
spectrum. (b) *C-NMR spectrum. (c) ESI-MS spectrum.
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Table S1. Reaction rates estimated using the Eyring equation for reactions at 353 K (80 °C). A first-order reaction was assumed.

AG* (kcal mol?) k(s71) ti2
Retro-aldol reaction (Na;WQy,) 24.19 7.93x103 8.74x10's
Aldol reaction (NaOH) 6.14 1.16x10° 5.96x101%s
Cannizzaro reaction (NaOH) 11.85 3.39x10° 2.04x10°%s
Aldol reaction (Na;WQy,) 18.65 2.12x10? 3.28x1072s
Cannizzaro reaction (Na,WO,) 38.66 8.81x1012 2.49%x103 yr

The reaction rate constant k was calculated using the following equation (1):

k = kLTexp (—A—G*)

h RT

Assuming that all reactions were first order, the half-life (t1/2) was calculated using the following equation (2):

n(2)

tijz ==
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Table S2. Conversion ratio of HCHO to various products formed in the formose reaction with Na;WO; as a catalyst (the reaction condition was same as Fig.
5a, b).

Conversion ratio

Classification Name
of HCHO / %
Glycolaldehyde (C2a) 2.5
Glyceraldehyde (C3a) 1.0
Dihydroxyacetone (C3k) 34
C2—C4 sugar
Erythrose (C4a) 8.1
Erythrulose (C4k) 10.8
Total 25.9
Ribose 1.0
Arabinose 1.5
1,3,4-trihydroxy-3-(hydroxymethyl)butan-2-one (A)
C5 sugar . 5.3
1,3,4,5-tetrahydroxypentan-2-one (C5 ketose, C5k; B)*!

Other C5 sugars (determined by phenol-sulfuric acid method) 2.0
Total 9.8
Tagatose 0.8
Sorbose 2.9
Fructose 2.0
Mannose 2.0
C6 sugar Glucose 0.1
Galactose 0.1
1,2,4,5,6-pentahydroxyhexan-3-one (3-hexulose, C and D)™ 4.5
Other C6 sugars (determined by phenol-sulfuric acid method) 133
Total 25.5
C2-OH 0.2
C3-OH 0.5
Sugar alcohol™ C4-OH 27
C5-OH 1.7
C6—OH 5.4
Total 10.5
Organic acid Formic acid 2.2
Total 73.9

*1 The concentration was estimated from the correlation between the consumption of C4k and the peak areas of A and B in the aldol
reaction of C4k with HCHO (Fig. 4c).

*2 The concentration was estimated from the correlation between the consumption of C4k and the peak areas of C and D in the aldol
reaction of C4k with C2a (Fig. 4d).

*3 The concentration of sugar alcohol produced by the crossed Cannizzaro reaction was estimated from the formic acid concentration
quantified by HPLC (Fig. 5b).
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Table S3. Energies of HOMO of bases and anti-bonding orbital c* of acids.

- . . % )
Base Energy of HOMO Acid (H-A) Energy of anti-bonding orbital * of H-A
(eV) (eV)
OH- -5.491 Hydrated HCHO (HO-CH,-OH) -0.236
WO,* -6.350 B-OH in C4a -0.325
a-hydrogen in C2a -1.429
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