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ABSTRACT: Cell-free enantioselective transformation of the carbon atom of CO2 has never been reported. In the urging con-
text of transforming CO2 into products of high value, enantiocontrolled synthesis of chiral compounds from CO2 would be 
highly desirable. Using an original hybrid chemo-enzymatic catalytic process, we report herein the reductive oligomerization 
of CO2 into C3 (dihydroxyacetone, DHA) and C4 (L-erythrulose) carbohydrates, with perfect enantioselectivity of the latter 
chiral product. This was achieved with the key intermediacy of formaldehyde. CO2 is firstly reduced selectively by 4e- with an 
iron-catalyzed hydroboration reaction leading to the isolation and complete characterization of a new bis(boryl)acetal com-
pound derived from dimesitylborane. In an aqueous buffer solution at 30 °C, this compound readily releases formaldehyde 
which is then involved in selective enzymatic transformations giving rise either i) to DHA using a formolase (FLS) catalysis or 
ii) to L-erythrulose with a cascade reaction combining FLS and D-fructose-6-phosphate aldolase (FSA) A129S variant. Finally, 
the nature of the synthesized products is noteworthy since carbohydrates are of high interest for the chemical and pharma-
ceutical industries. The present results prove that cell-free de novo synthesis of carbohydrates from CO2 as a sustainable car-
bon source, is a possible alternative pathway besides the intensively studied biomass extraction and de novo syntheses from 
fossil resources. 

INTRODUCTION 

Carbohydrates represent the most abundant class of biomole-
cules on Earth used as energy carrier, biomass building blocks 
and as key biologically active molecules, including antibiotics 
and anticancer agents.1 The rich density of hydroxyl and car-
bonyl groups as well as of asymmetric carbon centers lead to a 
multiplicity of possible stereo- and regio-isomers. This large 
structural diversity allows them to encode information for spe-
cific molecular recognition processes, such as immune defense 
response, cell signaling and cell trafficking and to serve as de-
terminants of protein folding, stability and pharmacokinetics.2 
As a consequence, carbohydrates - especially rare and non-nat-
ural sugars - are products of high value for the chemical and 
drug pharmaceutical industries.3 Two main synthetic accesses 
are intensively being developed to synthesize these species: bi-
omass extraction4 and de novo syntheses from classical chemi-
cal feedstock derived from fossil resources.3a, 5 While the most 
abundant carbohydrates are obtained from biomass extraction, 
the synthesis of rare or non-natural ones requires either i) fur-
ther transformation from extracted abundant carbohydrates or 
ii) the use of de novo syntheses.6 

Their generation from CO2 would be a third complementary al-
ternative offering de novo syntheses from a sustainable source 
of carbon. However, the improvement of the multi-enzymatic 
photosynthetic systems and notably of the Calvin-Benson-
Bassham (CBB) cycle7 for synthetic purposes in autotrophic8 or 
heterotrophic9 organisms still holds important challenges for 
targeting specific carbohydrate. In photosynthesis, the syn-
thetic strategy can be summarized by the repetition of two ele-

mentary steps: i) carbon dioxide fixation followed by ii) reduc-
tion with NADPH and ATP (Scheme 1a), ultimately leading to 
the generation of glyceraldehyde-3-phosphate in the case of 
the CBB cycle.10  

In absence of any bio-machinery, the generation of carbohy-
drates from CO2 appears even more challenging despite the 
large body of research on CO2 reduction.11 It indeed implies the 
transformation of achiral triatomic and stable CO2 molecules 
into complex products featuring a chiral poly-oxygenated car-
bon framework.12 It also implies the use of CO2 as a Cn source 
which is much less explored than as a C1 source.13 Moreover, 
cell-free enantioselective transformation of the carbon atom of 
CO2 is unprecedented.14 To achieve such challenging goal, we 
sought for a strategy differing from the natural photosynthetic 
strategy observed in the CBB cycle. We aimed at exploring the 
reduction of CO2 into formaldehyde followed by a formose re-
action corresponding to the oligomerization of formaldehyde 
into carbohydrates (Scheme 1a). Formaldehyde is a highly re-
active and versatile molecule15 and its oligomerization is argu-
ably the most powerful transformation of this simple and achi-
ral C1 molecule.16 As a consequence, the interest for the for-
mose reaction spans different fields: from synthetic chemistry 
to space exploration and the search for the origin of life.10, 17 The 
formation of carbohydrates from CO2 via a formaldehyde-path-
way was hypothesized with the observed formation of “reduc-
ible sugars” upon irradiating CO2 at two different wavelengths 
in 192118 and to explain the formation of polyoxygenated com-
pounds from the Ni-catalyzed electroreduction of CO2 in 
2018.19  

 



 

 

Scheme 1. a) CBB cycle and formaldehyde strategies for the transformation of CO2 into carbohydrates, b) Our previ-
ous work, c) Reported bis(boryl)acetal obtained from CO2 hydroboration reactions, d) Schematic view of the findings 
of the present publication 

 

The intrinsic difficulty to conduct each step (i.e. 4e- reduction 
of CO2 and HCHO oligomerization) and to associate two differ-
ent catalytic processes certainly explain why such formalde-
hyde-strategy (Scheme 1a) has not been further explored for 
the synthesis of carbohydrates until our findings using N-het-
erocyclic carbene (NHC, Scheme 1b). We indeed recently re-
ported the catalytic generation of glycolaldehyde (GA)20 and 
the stoichiometric generation of a borylated C3 carbohydrate21 
from CO2 as the sole carbon source.  

These findings were obtained with the intermediacy of a 
bis(boryl)acetal (BBA) compound featuring 9-borabicy-
clo[3.3.1]-nonane (9-BBN) moieties (BBA-1, Scheme 1c) re-
sulting from the formal addition of 2 equiv. of 9-BBN on CO2.22 
The reduction of CO2 by hydroboranes was pioneered by Guan 
et al.23 Adopting this reduction process,24 we and others not 
only disclosed mechanistic understandings25 but also con-
trolled reduction, in particular to the 4e- reduction level.22a, 26 
So far, four BBA have been generated selectively (BBA-1-4, 
Scheme 1c). BBA-122a, 26 and BBA-227 were obtained from com-
mercially available hydroboranes, 9-BBN and pinacolborane 
(HBpin), respectively, and their syntheses require the use of a 

catalyst. Both of them were found rather unstable in solution 
or under vacuum. Only BBA-2 was recently isolated thanks to 
a particularly selective and efficient catalysis and taking ad-
vantage of its precipitation in the solvent medium.27 BBA-1 and 
BBA-2 were both used as formaldehyde surrogates in C1 trans-
formation of CO2.22c, 27-28 In contrast, BBA-329 and BBA-430 
were structurally characterized by X-Ray diffraction analysis 
and their syntheses do not require the use of a catalyst. In both 
cases, the presence of a pendant Lewis basic moiety is worth 
noticing and might explain why a catalyst was not necessary. 
To our knowledge, their reactivity in further transformation 
has not been reported. It is worth mentioning that in parallel to 
the C1 chemistry of BBA, the synthesis and the C1 chemistry of 
analogous bis(silyl)acetal compounds were also developed.31  

As indicated above, we proved that BBA-1 could also be used 
as a Cn source, but we stopped at glycolaldehyde (GA) - the 
smallest (C2) and achiral carbohydrate - in the catalytic proce-
dure.20 We therefore hypothesized that enzymatic carbon-car-
bon bond formation would be instrumental for accessing 
longer-chain, higher-value and chiral carbohydrate from a BBA 



 

under mild conditions because of the substrate-specificity, en-
antiocontrol and cascade transformation enabled by en-
zymes.32 However, very few enzymes are able to “handle” for-
maldehyde due to its high reactivity toward several nucleo-
philic residues of enzymes leading to deactivation and eventu-
ally denaturation.16c The large exploration and development of 
D-fructose-6-phosphate aldolase (FSA) and its mutants, in the 
past 20 years, led to key substrate-specificity in aldol reac-
tions.33 This made FSA a biocatalyst of choice to perform aldol 
additions to formaldehyde with high efficiency and uncompro-
mised stereochemical fidelity..34 Concerning the formose reac-
tion, enzymatic-catalysis is in its infancy. While no natural en-
zyme is known to catalyze such transformation, benzaldehyde 
lyase (BAL) from Pseudomonas fluorescens biovar I, was re-
cently engineered to catalyze the oligomerization of formalde-
hyde into GA and dihydroxyacetone (DHA).35 This variant, 
named formolase (FLS), contains seven mutations necessary to 
adjust the active site - composed of the carbenic center of the 
co-enzyme thiamine pyrophosphate (TPP) – for the transfor-
mation of formaldehyde instead of the natural substrate ben-
zaldehyde. Thanks to this key carbenic active center, the en-
zyme promotes the asymmetric umpolung activation of a for-
maldehyde molecule that enables carbon-carbon ligation with 
a second and eventually a third formaldehyde equivalent lead-
ing to the formation of dihydroxyacetone.16c 

With these powerful tools in hands, we thus aimed at develop-
ing a new hybrid chemo-enzymatic catalytic system for the 
transformation of CO2 into carbohydrates via the intermediacy 
of formaldehyde.36 Herein, we disclose the selective reductive 
oligomerization of CO2 into C3 (DHA) and C4 (L-erythrulose) 
carbohydrates (Scheme 1d). These sequential reactions are un-
precedented and proceed with perfect stereocontrol for the lat-
ter carbohydrate. The key aspect of the work was to ensure the 
compatibility and complementarity between the product of the 
chemical CO2 reduction step and the enzymatic C-C coupling 
step.37 

RESULTS AND DISCUSSION 

Selective 4e- reduction of CO2 by hydroborane. As indicated 
in the introduction, only four BBA (BBA-1-4, Scheme 1c) were 
obtained selectively from the hydroboration of CO2.38 However, 
we believed that the instability of BBA-1 and BBA-2 and the 
structural complexity of BBA-3 and BBA-4 with pendant Lewis 
basic moieties would not be adapted for the development of a 
hybrid catalytic system. We thus aimed at synthesizing a new 
bis(boryl)acetal, compound 1, featuring dimesitylboryl moie-
ties. 1 atm of CO2 was subjected to hydroboration with dimesit-
ylborane (HBMes2) in the presence of 1 mol% of 
Fe(H)2(dmpe)2 that we previously used for the selective gener-
ation of BBA-1 with 9-BBN (Scheme 2).22c The corresponding 
bis(boryl)acetal, compound 1, was generated selectively after 
1 hour at room temperature in THF-d8. The yield was measured 
in situ at 75%, while the 2e- reduction product (formoxy-
borane) was measured at 19% yield and the quantity of the 
over-reduced product (methoxyborane) remained negligible. 
The selectivity for the 4e- reduction product enabled by this 
[Fe] catalyst is noticeable as our previous study showed that 

only 9-BBN led to such selectivity with this catalyst in contrast 
to HBpin or HBCat.22c Compound 1 is stable in solution and in 
the solid state for several months under an inert atmosphere of 
Ar, in marked contrast with the reported compounds BBA-1 
and BBA-2 (Scheme 1c). We thus sought for isolating it. When 
the orange solution of a larger scale synthesis was concen-
trated and placed at -21 °C overnight, compound 1 was isolated 
as colorless crystals in 69% yield (301 mg, 0.55 mmol). The 13C-
labelled analogue could also be generated and isolated in 65% 
yield (284 mg, 0.52 mmol). The characteristic methylene signal 
appeared at 5.49 and 89.6 ppm in 1H and 13C{1H} NMR analyses 
in THF-d8, respectively. The 1JH-C coupling constant was meas-
ured at 165.3 Hz. These chemical shifts and coupling constant 
appear in the specific narrow range of methylene NMR charac-
terization for the reported BBA.22a, 26-27, 29-30 The isolated crys-
tals were suitable for X-Ray diffraction analysis showing the ex-
pected doubly borylated acetal moiety (Figure 1). The molecule 
crystallized in a centrosymmetric monoclinic C2/c system cen-
tered at the carbon atom of the methylene moiety. The struc-
tural data can be compared to BBA-3 and BBA-4, the only 
structurally characterized BBA compounds (Scheme 1c).29-30 
While the C-O bond distances of 1.413(18) Å are at a lower 
range compared to the analogous distances of BBA-3 (1.426(2) 
and 1.414(2) Å) and BBA-4 (1.418(3) and 1.415(3) Å), the B-O 
bond distance of 1.366(2) Å is at an upper range compared to 
BBA-3 (1.361(2), 1.354(2) Å) and BBA-4 (1.354(3) and 
1.359(3) Å). The X-Ray characterization of compound 1 proves 
that the mesityl moiety is sufficient for the electronic and steric 
stabilization of this kind of species and thus that a pendant 
Lewis base is not an absolute requirement. Moreover, the iso-
lation of pure compound 1 and of its 13C-labelled analogue 1-
13C was a key aspect to optimize the enzymatic catalysis and to 
incorporate 13C isotope in high value molecules. 

Release of formaldehyde from compound 1. Having isolated 
compound 1, we hoped that the observed stability would not 
be detrimental for its reactivity as a formaldehyde provider. In 
addition, the conditions of formaldehyde release should be 
compatible with enzymatic transformations which are usually 
conducted in aqueous buffer solutions. Satisfyingly, the addi-
tion of 10 equiv. of D2O at room temperature in a THF-d8 solu-
tion of compound 1 led to a large release of formaldehyde in 
the form of monomeric formaldehyde, methylenediol and re-
lated oligomers in less than 2 hours (Scheme 2, Figures S8-
S10).39 Labeling experiment using 13CO2 confirmed that the re-
lease occurred from compound 1 (Figures S10-11). As a com-
parison, BBA-1 releases formaldehyde slightly faster (30 min) 
in the same conditions,20 while a related bis(silyl)acetal was re-
ported to be hydrolyzed in DMSO at 100 °C.31a, 40 Furthermore, 
13C-labelled imine (2, 80% yield with respect to the initial 
amount of 1-13C hydrolyzed) was formed when an excess of 
bis(diisopropyl)aniline was added to the medium (Scheme 2, 
Figure S16).41 This proved the availability of the released for-
maldehyde equivalents (“H13CHO”) from 1 for further transfor-
mations.  

 



 

 

Scheme 2. Selective synthesis of compound 1 and hydrolysis pathways leading to formaldehyde release and genera-
tion of compound 2 

 

 

Figure 1. ORTEP view of X-ray structure of 1 at 50% thermal 
ellipsoid probability level. All the hydrogen atoms were omit-
ted for clarity. Selected bond distances (Å) and angles (°): B1-
O1 1.366(2), O1-C1 1.413(18), O1-C1-O1i 106.36(18). 

This first test of hydrolysis in organic solvent was comple-
mented by tests in aqueous solutions and notably in the buffer 
solution that will be used for the enzymatic transformation. In 
pure H2O, compound 1 is not soluble and remains unreacted 
after 2 months in suspension. In an aqueous triethanolamine 
buffer solution (TEA, 25 mM, pH 7.0) containing MgSO4 (1 mM) 
and TPP co-factor (0.1 mM), compound 1 released 14 and 57% 
of formaldehyde after 24 and 48 h, respectively. The addition 
of 10, 20 and 30% v/v of THF, led to a faster release of 51, 78 
and 95%, respectively, after 1 h. As shown in Table S1, the 
amount of released formaldehyde appears to readily reach a 
plateau for each % of THF (< 1 h). However, care must be taken 
since formaldehyde was quantified by HPLC in these conditions 

which might not consider its possible reactivity with the buffer 
solution overtime in function of the amount of THF.  

Enzymatic transformation of compound 1 into DHA (3) and L-
erythrulose (4) 

We produced the FLS enzyme and verified that it exhibits the 
expected activity in the oligomerization of commercial formal-
dehyde solution into 3 (Table S3).35 We systematically re-
peated this control reaction in parallel of every enzymatic-ca-
talysis described hereafter to ensure about the activity of the 
enzyme. In addition, we also verified that no formation of 3 oc-
curred in absence of the enzyme. FLS could be stored at 4 °C 
and without significant loss of activity over 7 days (Figure S17). 
Since THF appears to promote the release of formaldehyde 
from compound 1, the stability of FLS in the presence of organic 
co-solvents (5-30%) was evaluated by differential scanning flu-
orimetry (DSF), which measures the thermal unfolding of pro-
teins and calculate the enzyme melting temperature (Tm) in the 
assayed conditions (Figure S18).42 The Tm (55.7 °C) of FLS (ob-
tained in TEA buffer (25 mM, pH 7.0 with 1 mM MgSO4 and 0.1 
mM TPP) decreases with increasing concentration of DMF, ac-
etonitrile and methanol which is indicative of loss of the supra-
molecular structure of the enzyme. Interestingly, FLS structure 
proved to be stable in THF and DMSO according to this analysis. 
In the presence of up to 30% of THF – the solvent of interest for 
the enzymatic transformation – the variation of the Tm value is 
lower than 0.4 °C.43 The FLS-catalyzed formose reaction was 
then tested with commercial formaldehyde solution in the 
presence of 10 and 20% THF. While formaldehyde was effi-
ciently transformed into 3 within 24 h with a 99% yield in the 
presence of 10% THF, only 11% yield was measured in the 
presence of 20% THF (Table S3). Since the DSF experiment 
proved that up to 30% THF does not unfold FLS, we assume 
that THF might modify the ionization state of the enzyme or its 
active site, affecting its activity or operational stability at long 
incubation times. 



 

 

Scheme 3. Generation of 3 from FLS-catalyzed formose reaction of 1 isolated or generated in situ from CO2 

Table 1. FLS-catalyzed trimerization of 1 into 3 

Entry Conditionsa 
Yield (%) of 3 

< 1 min 1 h 2 h 4 h 7 h 24 h 48 h 

1 0% THF 0 0 0 0 0 3 ± 2 4 ± 2 

2 10% THF 0 3 ± 2 9 ± 7 20 ± 7 40 ± 3 77 ± 2 86 ± 4 

3 20% THF 2 ± 2 7 ± 1 15 ± 2 21 ± 3 32 ± 2 38 ± 4 55 ± 1 

4 30% THF 0 0 0 0 0 0 0 

5 15% THF/5% MeOH 0 40 ± 1 48 64 ± 2 72 ± 2 76 66 ± 2 

6b 0% THF 0 0 0 0 0 2 ± 1 3 

7b 10% THF 0 1 2 6 ± 1 10 ± 1 42 ± 1 72 ± 1 

aReaction mixture (0.8 mL) containing FLS (20 M), 1 (10 mM, unless otherwise stated) and TEA buffer (25 mM, pH 7.0) with 1 
mM MgSO4 and 0.1 mM TPP. bSimilar conditions but with 25 mM of 1. Each experiment was performed in triplicate except for Entry 
6, which was obtained in duplicate. 

a)  b)  

Figure 2. 1H NMR characterization of the methylene moiety of 3-13C: a) stack from bottom to top: 1H with broad band 13C decoupling, 
selective 13C-decoupling at 65 ppm, selective 13C-decoupling at 212 ppm and 1H without any decoupling, b) simulated 1H NMR spec-
trum. 

 

Scheme 4. Synthesis of L-erythrulose (4 or 4-13C) from: a) FSA-catalyzed aldolization reaction between 1 or 1-13C and 
commercial DHA, b) FLS/FSA A129S catalytic one-pot cascade transformation of compound 1 
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The FLS-catalyzed oligomerization of compound 1 into 3 was 
then probed in different solvent conditions (Scheme 3 and Ta-
ble 1). Satisfyingly, formaldehyde released from compound 1 
was converted into 3 in a very selective manner with an in situ 
yield up to 86% in the best conditions: TEA buffer solu-
tion/THF (90/10) after 48 h at 30 °C (Table 1, Entry 2). Lower 
in situ yields of 55% and 0% were obtained using 20 and 30% 
THF, respectively after 48 h (Table 1, Entries 3 and 4 respec-
tively). Hence, 10% v/v of THF appeared to offer a good bal-
ance between the solubilization of 1 for an efficient formalde-
hyde release and limiting the impact of organic co-solvent on 
the activity of the enzyme as we have shown that 20 and 30% 
THF are detrimental to FLS activity with commercial formalde-
hyde (see Table S3). Negligible amount of product was detected 
when using pure aqueous buffer media (Table 1, Entry 1). We 
also probed a mixture of 15% THF/5% MeOH to test if a small 
amount of methanol, known to stabilize formaldehyde in an ac-
etal form, would strongly impact the reaction. A 66% yield was 
observed in these conditions showing a slight increase com-
pared to 20% THF but lower than when using 10% THF (Table 
1, Entries 5 versus 3 and 2, respectively). Higher concentration 
of 1 (i.e. 25 mM instead of 10 mM) afforded lower yields (72% 
with 10% THF), whereas a negligible amount of product was 
detected in the absence of THF (Table 1, Entries 6 and 7, re-
spectively). 

We conducted the same reaction starting from 13C-labelled 1 
and observed the in situ formation of fully 13C-labelled DHA (3-
13C), characterized in 13C{1H} NMR by two signals at δ 212.1 (t, 
1JC-C = 41.6 Hz) and 64.1 (d, 1JC-C = 41.4 Hz) for the carbonyl and 
methylene fragments, respectively. The 1H NMR spectrum ex-
hibited a second order coupling signal for the methylene moi-
ety due to a significant 2JC-C coupling between the two meth-
ylene-carbon nuclei (top spectrum, Figure 2a). This signal 
could be simulated as an AA’BB’CC’D system with a 2JC-C = 20 Hz 
in addition to the observed 1JC-H = 143.0 Hz, 2JC-H = 3.0 Hz and 
1JC-C = 41.4 Hz (Figure 2b). The connectivity between the differ-
ent nuclei was further evidenced by selective 13C-decoupling at 
δ 212 and 64 (Figure 2a, middle spectra), while broad band 13C-
decoupling resulted in an expected singlet signal (Figure 2a, 
bottom spectrum). More importantly, limited amount of 12C-la-
belled DHA (<5%) could be observed in 1H NMR analysis of the 
crude mixture proving that the DHA yield measured by HPLC 
arises from the bis(boryl)acetal compound 1 and thus from 
CO2. 

The chemo-enzymatic one-pot reaction from CO2 also led to the 
synthesis of 3, albeit with a modest 31% yield after 24 h (Table 
S4). This can be explained by the less efficient hydroboration 
step which led only to a 35% yield in compound 1. In order to 
adjust the concentration of 1 in the enzymatic transformation, 
the hydroboration step was indeed conducted with a concen-
tration of 0.27 M of HBMes2 instead of 0.08 M in the optimized 
standard reaction. We believe that the remaining HBMes2 is 
detrimental for FLS activity or can react with the product of the 
reaction. Moreover, unexplained early conversion was ob-
served within 1 min with a measured yield of 23% in 3 (Table 
S4).44 

Aiming at increasing the chain length of the generated carbo-
hydrate and more importantly at generating a chiral center 
with perfect enantiocontrol, we turned our attention to enzy-
matic cascade reaction. The mono-mutant A129S of FSA was 
shown to catalyze the aldol reaction between DHA and formal-
dehyde with perfect enantiocontrol.33 We produced this 
mutant and used it first to catalyze the aldol reaction between 
1 and commercial DHA. Interestingly, the expected L-erythru-
lose 4 was generated with an in situ yield of 53% after 48 h 

(Scheme 4a, Table S7), which is slightly lower than the esti-
mated 80% conversion from the reaction between commercial 
formaldehyde and DHA.45 This reaction proved that compound 
1 can also be used as a formaldehyde surrogate in enzymatic 
aldol reactions. Moreover, L-erythrulose 4-13C, featuring a 
13CH2 moiety was prepared by reacting 1-13C with commercial 
DHA (Scheme 4a). Semi-preparative HPLC enabled to isolate 4-
13C in 17% yield. Although the unoptimized isolation method 
and the small scale used (2.4 mg, 20 µmol) explain this modest 
yield (in situ yield was measured at 57%, in accordance with 
the synthesis of 4), the main goal pursued in isolating 4-13C was 
to confirm the perfect enantioselectivity of the reaction. Satis-
fyingly, the measured optical rotation of the molecule ([ɑ]D25: + 
11 (c 0.00105, H2O)) is comparable with the reported value45b 
([ɑ]D25: + 12 (c 1.0, H2O)) and is a perfect match with the meas-
urement of a commercial sample of 4 under identical condi-
tions ([ɑ]D25: + 11 (c 0.001, H2O)). 

Having proven that 1 could be involved i) in the FLS-catalyzed 
formose reaction to produce DHA and ii) in the enantioselec-
tive FSA A129S-catalyzed aldol reaction with commercial DHA 
to produce L-erythrulose, we then combined both reactions in 
an enzymatic cascade. Such FLS/FSA A129S cascade was re-
cently developed with commercial formaldehyde.46 To our de-
light the FLS/FSA A129S-catalyzed cascade reaction could be 
conducted with 1 as the unique source of carbon to generate L-
erythrulose with an equimolar ratio of 20 μM of both enzymes. 
Compound 4 was generated in 35% yield (Scheme 4b, Table 
S8) when 1 and both enzymes were placed in the buffer solu-
tion containing 10% THF at the beginning of the reaction. As in 
the case of the reported cascade,46 L-glyceraldehyde and DHA 
were observed in 15 and 13% yields, respectively, while com-
pound 4 featuring four carbon atoms arising from 1 and thus 
from CO2 remains the major product of the reaction.  

CONCLUSION 

In the present study, we performed the first cell-free enantiose-
lective transformation of the carbon atom of CO2. This is a fun-
damental achievement as it relates to the natural transfor-
mation of CO2. Moreover, DHA and L-erythrulose are of inter-
esting value as products or precursor for the cosmetic (as tan-
ning agent), fine chemical, pharmaceutical, and food indus-
tries.47 On the application point of view, the access to carbohy-
drates from CO2 enables to incorporate different carbon iso-
tope as was proven herein with the synthesis of 3-13C and 4-
13C. 

While we previously explored similar formaldehyde two-step 
strategy by chemical means-only, this challenging, yet power-
ful route, is largely enhanced by the use of an original hybrid 
chemo-enzymatic catalytic system. As such, we believe that the 
present transformation of CO2 into C3 and chiral C4 carbohy-
drates is unprecedented in terms of complexity gain. The spec-
ificity and enantiocontrol offered by FLS and FSA A129S indeed 
enabled the control of the chain length and of the chirality of 
the synthesized compounds. The key aspect to develop such a 
hybrid system was to ensure the compatibility between i) the 
Fe-catalyzed hydroboration of CO2 with the synthesis of an iso-
lable yet readily hydrolyzable bis(boryl)acetal compound 1 
and ii) an enzymatic transformation able to tolerate organic co-
solvent. 

On a broader perspective, although the reduction step with the 
hydroborane is not atom-economical, this is to be related to the 
large energy input and atom expense (ATP and NADPH) re-
quired by bio-organisms for the reduction of CO2.48 Our results 
show that an organometallic reduction step can be coupled 
with an enzymatic step in such transformation. There is large 
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room for improvements of the yield, selectivity and compatibil-
ity that should fuel further developments of each step either in-
dividually or in a combined way in order to expand the scope 
of accessible carbohydrates from CO2. 

EXPERIMENTAL SECTION  

General information  
Manipulations were performed using a combination of glove-
box, high vacuum and Schlenk techniques under an argon at-
mosphere for the synthesis of compound 1 (BBAMes) and in 
open vessel for the biocatalytic transformations. When re-
quired solvents were dried through an activated alumina puri-
fication system (MBraun SPS-800) and degassed by standard 
procedure. Quick Pressure Valve NMR tubes and Fisher-Porter 
tubes were used for the reactions with CO2. NMR spectra were 
recorded on Bruker machines: QV500, AV400 or AV300 spec-
trometers. Deuterated solvents were freeze-pump-thaw de-
gassed and stored over 4 Å molecular sieves under argon. All 
chemical shifts for 1H and 13C are relative to SiMe4. Chemical 
shifts are given in ppm and coupling constants in Hz. The fol-
lowing abbreviations are used: s, singlet; d, doublet; dd, dou-
blet of doublets; t, triplet; m, multiplet. Infrared spectra were 
recorded on a Perkin Elmer 1725 Spectrometer. Elemental 
analyses were performed by the “in-house” service of the La-
boratoire de Chimie de Coordination, Toulouse, on a Perkin 
Elmer 2400 Series II Analyze fitted with a catharometer. Spe-
cific rotations were measured with a Perkin-Elmer 241 Polar-
imeter. Fe(H)2(dmpe)249 and Mes2BH50 were prepared accord-
ing to literature procedures. Thiamine pyrophosphate chloride 
(TPP), formaldehyde (37 wt %), GA, DHA, L-erythrulose and L-
glyceraldehyde were purchased from Merck and used as re-
ceived. Synthetic oligonucleotides were purchased from Euro-
gentec. Milli-Q grade water was used for analytical and semi-
preparative HPLC. Bacterial strains, oligonucleotides and plas-
mids used in this study are listed in Table S2.  
Analytical HPLC was performed on a Bio Rad Aminex HPX-
87H, 300 x 7.8 mm column. Samples (20 μL) were injected and 
eluted with the following conditions: isocratic solvent system 5 
mM aqueous sulfuric acid (H2SO4) solution, 30 minutes run 
time per sample, flow rate 0.5 mL.min-1, detection using both 
Refractive Index (RI) and Ultraviolet (UV) at 192 nm detectors, 
column temperature 26 °C. The amount of product was quanti-
fied from the peak areas and calibration curves (see ESI section 
1.3 for details). Formaldehyde was detected by the RI detector 
while the other compounds analyzed were detected by UV. 
Synthesis of compound 1 
A Fisher-Porter bottle was charged with Mes2BH (400 mg, 1.6 
mmol), Fe(H)2(dmpe)2 (5.7 mg, 0.016 mmol) and 4 mL of anhy-
drous THF. The argon atmosphere was replaced by 1 atmos-
phere of CO2. After 3 min, the Fisher-Porter was closed and the 
mixture was stirred at 25 °C for 1 hour. The resulting orange 
solution was cannula filtered into a Schlenk flask and concen-
trated under reduced pressure to half of the initial volume. The 
Schlenk flask was then placed at – 21 °C for 12 hours during 
which time, colorless shinny crystals precipitated. After remov-
ing the supernatant and washed the crystals with cold Et2O (4 
x 1 mL) at -20 °C, crystals were dried under reduced pressure 
affording compound 1 as a white solid in 69% yield (301 mg, 
0.55 mmol). The 13C-isotopologue of 1 was obtained using 
13CO2 following the procedure described above. The product 
was obtained as a fluffy white solid in 65% yield (284 mg, 0.52 
mmol). 
In situ generation of 1 
An NMR tube was charged with Mes2BH, Fe(H)2(dmpe)2 (1 
mol%), hexamethylbenzene as internal standard (10 mol%) 
and THF-d8 (ca. 0.6 mL). The solution was degassed and placed 

under 1 atmosphere of CO2 (or 13CO2) for 3 minutes. The mix-
ture turned instantaneously orange upon introduction of CO2. 
The tube was then closed and placed at 25 °C for 50 minutes 
affording a clear orange solution. A 75% yield of 1 was deter-
mined by 1H NMR spectroscopy against internal standard. 
1H NMR (THF-d8, 298 K, 400 MHz): δ 6.72 (s, 8H, CHar), 5.49 (s, 
2H, OCH2O), 2.21 (s, 12H, p-CH3), 2.15 (s, 24H, o-CH3); 11B{1H} 
NMR (THF-d8, 298 K, 128 MHz): δ 48.5; 13C{1H} NMR (THF-d8, 
298 K, 101 MHz): δ 141.8 (C-ortho), 139.5 (C-para), 136.0 (C-
ipso), 129.1 (C-meta), 89.6 (CH2), 22.8 (o-CH3), 21.3 (p-CH3). El-
emental Analysis Calculated for C37H46B2O2: C, 80.33; H, 9.44. 
Found: C, 80.35; H, 9.16. Melting temperature: 155 °C. 
1-13C: 1H NMR (THF-d8, 298 K, 400.0 MHz): δ 5.48 (d, 2H, 1JCH 
= 165.3 Hz, OCH2O); 13C{1H} NMR (THF-d8, 298 K, 101 MHz): δ 
89.6 (OCH2O). 
Synthesis of Mes2BOH 
A J. Young NMR tube was charged with Mes2BH (10 mg, 0.04 
mmol) and 0.6 mL of THF-d8. Degassed H2O (1.5 µL, 0.08 mmol) 
was added to the THF solution at room temperature. Immedi-
ate bubbling was observed. The reaction was monitored by 
NMR spectroscopy which showed the quantitative conversion 
to Mes2BOH after few minutes at room temperature (10.3 mg, 
0.038 mmol, in situ yield >99%). Colorless crystals of Mes2BOH 
suitable for X-Ray diffraction were obtained from slow evapo-
ration of a saturated solution of THF.  
1H NMR (THF-d8, 298 K, 400 MHz): δ 9.09 (s, 1H, BOH), 6.71 (s, 
4H, CHar), 2.20 (s, 18H, CH3); 11B{1H} NMR (THF-d8, 298 K, 128 
MHz): δ 47.8; 13C{1H} NMR (THF-d8, 298 K, 101 MHz): δ 141.6 
(o-C), 138.5 (p-C), 128.8 (m-CH), 137.6 (ipso-C), 22.8 (o-CH3), 
21.3 (p-CH3).  
This compound was synthesized and crystallized with different 
cell parameters earlier. 51  

Synthesis of 3 from FLS-catalyzed formose reaction of 1 
The reactions were performed in a reaction mixture (0.8 mL) 
containing FLS (20 μM), compound 1 (10 mM, unless otherwise 
stated) and TEA buffer (25 mM, pH 7.0) containing 1 mM 
MgSO4 and 0.1 mM TPP. 10, 20 and 30% THF were added when 
required. The order of addition of the reaction components 
were the following: i) 1, ii) THF, iii) TEA buffer and iv) FLS. The 
samples were placed at 30 °C and shaken at 900 rpm. Aliquots 
of 0.1 mL were taken after 0, 1, 2, 4, 7, 24 and 48 hours. The 
aliquots were heated at 98 °C for 3 minutes, centrifuged for 2 
minutes at 12 000 x g and the supernatant solution was ana-
lyzed by analytical HPLC. Each experiment was performed as 
triplicate unless otherwise stated. The results obtained are re-
ported in Table 1. 
Synthesis of 4-13C from FSA A129S-catalyzed aldol conden-
sation between commercial DHA and 1-13C  

1-13C (65 mg, 0.12 mmol, 10 mM for a final volume of 12 mL) 
was dissolved in 1.2 mL of THF (10% THF). DHA (11 mg, 0.12 
mmol, 10 mM) was added followed by TEA buffer (25 mM, pH 
7.0) containing 1 mM MgSO4 and 0.1 mM TPP. Then FSA A129S 
(20 µM) was added to the mixture. The reaction mixture was 
shaken at 190 rpm and 30 °C. The reaction was monitored by 
analytical HPLC (aliquots were taken overtime, heated at 98 °C 
for 3 minutes, centrifuged for 2 minutes at 12 000 x g and the 
supernatant solution analyzed by HPLC). A white solid precip-
itated from the reaction mixture during the reaction. After 5 
days, no more increase in L-erythrulose yield (57% yield) was 
measured by HPLC (unreacted DHA remained in the reaction 
mixture). MeOH (12 mL) was added and the mixture was cen-
trifuged (11 000 rpm, 10 °C, 30 min). After filtration and re-
moval of the volatiles (THF and MeOH) under a stream of air 
the resulting solution was lyophilized. The crude material (300 
mg, pale yellowish oil) was purified by semi-preparative HPLC. 
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The fractions containing the compound of interest were com-
bined, the volatiles removed under a stream of air and the re-
sulting solution lyophilized. L-erythrulose (4-13C) was ob-
tained as a pale-yellow oil in an isolated yield of 17% (2.4 mg, 
20 µmol). A white precipitate was recovered, dried under re-
duced pressure and analyzed by NMR spectroscopy (42 mg re-
covered as a white solid). The white solid was identified as the 
borylated by-product Mes2BOH. 
1H NMR (D2O, 298 K, 400 MHz): δ 4.55 (m, 2H, CH2), 4.46 (m, 
1H, CH), 3.87 (m, 2H, 13CH2). 13C{1H} NMR (D2O, 298 K, 101 
MHz): δ 62.8 (s, 13C-4). [ɑ]D25: + 11 (c 0.00105, H2O) [commer-
cial L-erythrulose sample recorded in the same conditions: 

[ɑ]D25: + 11 (c 0.001, H2O)].  
Synthesis of 4 from 1 via the FLS/FSA A129S cascade reac-
tion  
The cascade reaction was performed in a reaction mixture (0.8 
mL) containing FLS and FSA A129S (20 μM each), 10 mM of 1 
and TEA buffer (25 mM, pH 7.0) containing 1 mM MgSO4 and 
0.1 mM TPP with 10% THF. The order of addition of the reac-
tion components were the following: i) 1, ii) THF, iii) TEA 
buffer, iv) FSA A129S and v) FLS. The samples were placed at 
30 °C and 900 rpm. Aliquots of 0.1 mL were taken after 0, 1, 2, 
4, 7, 24 and 48 hours (see Table S8). The aliquots were heated 
at 98 °C for 3 minutes, centrifuged for 2 minutes at 12 000 x g 
and the supernatant solution was analyzed by analytical HPLC.  

ASSOCIATED CONTENT  

SUPPORTING INFORMATION 

NMR and IR spectra, representative HPLC chromatograms, Ta-
ble of results (S1-S9) as well as further experimental details 
can be found in supporting information. CCDC numbers for 
compound 1 and Mes2BOH was deposited on the CCDC data 
base under these numbers: 2097924 and 2097925, respec-
tively. “This material is available free of charge via the Internet 
at http://pubs.acs.org.”  
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