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Hydrothermal reaction pathways and kinetics of C1 (carbon-one) aldehydes, formaldehyde (HCHO) and formic
acid (HCOOH= HOCHO), are studied at 228 without and with hydrochloric acid (HCI) up to 0.6 M

(mol dm3). Reactions unveiled are the following: (i) the self-disproportionation forming methanol and formic
acid, a redox reaction between two formaldehydes, (ii) the cross-disproportionation forming methanol and
carbonic acid, a redox reaction between formaldehyde and formic acid, and (iii) the acid-cataty@ed C
bond formation producing glycolic acid (HOGEOOH) as a precursor of the simplest amino acid, glycine.
Reaction iii is a hydrothermally induced chemical evolution step from C1 aldehydes, formaldehyde and formic
acid. Disproportionations i and ii are found to proceed even without base catalysts unlike the classical
Cannizzaro reaction. Acid catalyzes the self-disproportionation (i) and th@ Bond formation (iii), but
retards the cross-disproportionation (ii). The rate constants of noncatalyzed and acid/base-catalyzed paths for
reactions i, ii, and iii are given additively as2 10* + (2 x 103)[H"], 10* + 10} [OH], and (2 x
10°3)[H"] M~ s, respectively; the concentrations of proton'[Hind hydroxide ion [OH] are expressed

in M. The rate constant of the noncatalytic (neutral) cross-disproportionation is 1 order of magnitude larger
than that of the self-disproportionation. The reaction pathways are controlled on the basis of the kinetic analysis
to make the glycolic acid and methanol productions dominant by tuning the concentrations of formaldehyde,
formic acid, and HCI. The conversion to glycolic acid reachk&@9% when formaldehyde, HCI, and formic

acid are mixed in the ratio of 1:2:17. The conversion of formaldehyde to methanol rea8086 when

formic acid is added in excess to formaldehyde.

1. Introduction in nature. Coupled with the energy problem, utilization of C1
reactions as a future source of fuel has been the major topic.
Such typical reactions are associated with synthesis gas (a
mixture of CO and H),>6 which is obtained from coal, natural
gas, crude oil, biomass, and organic wast€sThe main

Jpurpose has been the pursuit of catalysts with a high yield and
selectivity to synthesize alcohols, aldehydes, olefins, transporta-

tion fuels, and so on, as represented by the Fiseheypsch
reaction? Apart from the conventional C1 chemistry, here we
expand C1 chemistry into a hydrothermal regime and develop

the clean reaction of C1 aldehydes to produce alcohol and

Chemical evolution prior to the origin of life involves the
transformation of simple inorganic molecules into small and
simple organics called C1 compounds followed by the buildup
of chemical bonds from C1 to C2, C3, L2.It is not well
demonstrated, however, how the elementary steps took plac
on the primitive earth. Photochemical reactions are considered
in one scenario and hydrothermal ones in anoifello
demonstrate a chemical evolution process in hot water without
metal catalysts, here we focus on the hydrothermal reactions
of such C1 aldehydes as formaldehyde and formic acid . L .
(hydroxyl formaldehyde); these species are astronomically hydroxy carboxylic acid without any organic solvents or metal
available as interstellar molecules. The chemical evolution catalysts. ) ) .
process from C1 to C2 compound we find here is importantin ~ One of the most important targets of C1 chemistry is to
that the C-C bond formation proceeds uniquely in hot water transform C1 into C2 compound. Conventionally;-C bond
without any organic solvents or metal catalysts. Learning from formation has been performed by the popular Grignard, Friedel
the chemical evolution processes, we attempt to develop theCrafts, and Diels Alder reactiong? These reactions, however,
hydrothermal C1 chemistry as a clean and earth-friendly processrequire severe conditions or are restricted to particular pairs of
for approaching the energy and environmental issues. donor and acceptor. Here we report that a newdond can

Current energy issue is due to the mismatch of the time scalesP® formed between formaldehyde and formic acid in acidic hot

between the cycles of the fossil fuel production of nature and Water; such conditions can be found in the deep’Séa.our

the energy consumption of mankind. One of the important Nydrothermal method, neither organic solvents nor metal
approaches to this issue is to introduce a clean material cyclecatalysts are used. The hydrothermal method is applicable to
process for creating a renewable energy resource like methanol@n a@ldehyde to obtain-hydroxy carboxylic acid that can be
The new recycle path should be rapid enough to match with @minated to the corresponding amino atiélThe C-C bond

the current energy consumption and have the possibility of formation in the reaction temperature range of 2080°C has

liberating us from relying upon the slow fossil fuel production Peen reported in previous short communications; glycolic acid
can be formed from such formaldehyde producerstasxane,
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scl.kyoto-u.ac.jp. work, we perform the kinetic analysis of the—C bond
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formation to optimize the glycolic acid yield by controlling the TABLE 1: Reaction Conditions and the Concentration$ of
reaction pathways. The reaction temperature is fixed arg25  the Reactant at 225°C
so that the reaction can be quantitatively analyzed in the time  formaldehyde  aldehydé HCl HCOOH  kinetics

scale of minutes. generators M) (M) (M) AIBIF
To control the pathways, it is indispensable to kinetically  gtrioxane 0.3 0 0 A
analyze the disproportionations which compete with theCC strioxane 0.3 0.15 0 B
bond formation. As previously found?14 C1 aldehydes s-trioxane 0.3 0.225 0 B
undergo the self- and cross-disproportionations in hot water Strioxane 0.3 0.3 0 B
without base catalysts. In the bimolecular self-disproportion- S rioxane 03 0.6 0 "
. : s-trioxane 0.3 0.15 0.3 A
ation, one formaldehyde molecule is reduced to methanol and ¢ ioxane 0.3 0.225 03 A
the other oxidized to formic acid. In the cross-disproportionation, s-trioxane 0.3 0.3 0.3 A
formic acid (hydroxyl formaldehyde) reduces formaldehyde to  s-trioxane 0.3 0.5 0.3 A
methanol, being oxidized itself to carbonic acid. The noncatalytic S-trioxane 0.3 0 2.0 F
hydrothermal disproportionations are novel as a method for Strioxane 0.3 0.6 1.0 F
. . . : strioxand 0.3 0.6 3.0 F
producing alcohol in a manner friendly to earth. In this study, ¢ ioxane 0.3 0.3 50 F
we have investigated the pathways and kinetics for hydrothermal s trioxane 0.3 0.6 5.0 F
reactions between formaldehyde and formic acid in detail by *C formalirf 0.3 0.6 0 F
applyingH and3C NMR spectroscopy to all of the products 1332 gmgm 8-2 86 %-% "::
in the gas and liquid phases. We substantiate the pathway control dichloromethane 10 0 o A

between the glycolic acid and methanol formations as a step
toward green C1 chemistry. 2 The concentrations shown here are those at room temper&ftire.

The experimental procedure is in Section 2. In Section 3.1, aldehyde concentrations are those after the conversion of reactant into
we discuss the reaction scheme on the basis of the product™@nomer<In method A, the reaction progress was studied by the

T - - . . repetition of heating, cooling, and NMR measurement of a single
distribution at a fixed reaction time. In Section 3.2, the sample, and in method B, by assigning one reaction time to one sample.

hydrothermal disproportionations and the C bond formation The letter F indicates that samples are analyzed only at a fixed reaction
are kinetically analyzed to determine their rate constants. On time of 2 h.? Quartz NMR tubes of 1.5 mm i.d. and 3.0 mm o.d. are
the basis of these rate constants, we perform the pathway controbised because of pressure.
in Section 3.3. Conclusions are given in Section 4.
. ) The self- and cross-disproportionations and the glycolic acid

2. Experimental Section formation were kinetically analyzed under the conditions

Materials. 1,3,5-Trioxane (a formaldehyde trimer, called summarized in Table 1. For the cross-disproportionation and
s-trioxane hereafter), HCI (2 M), and formic acid (99%) were the C-C bond formation, the reaction time evolution was
obtained from Nacalai and used without further purification. observed at time intervals of #15 min by the repetition of
CHxCl; was also purchased from Nacalai and was washed with heating, cooling, and measuring of the same sample. The results
distilled water to remove methanol contained as a polymerization were averaged for two reaction samples. For the self-dispro-
inhibitor. *3C-enriched formalin (99 atom % and 20% in®) portionation, the reaction was determined at the time step of
and deutrated formic acid (DCOOH, 99 atom % and 95% in 1—2 min. This is because the self-disproportionation can be
H.0) were obtained from ISOTEC and were used as received. selectively picked up and analyzed only in the early stage of

When the starting material wastrioxane or'3C-enriched reaction withs-trioxane and HCI. When the reaction time is as
formalin, it was sealed in a quartz NMR tube of 2.2 mm i.d. short as 1 min, the progress of the reaction cannot be accurately
and 3.0 mm o.d. under argon atmosphere with aqueous HCltraced by the repetition of heating, cooling, and measuring of a
solution under a variety of experimental conditions shown in single sample. In this case, a series of samples were used as
Table 1. Boths-trioxane and formalin produce formaldehyde, follows: since it takes about 1 min until the sample attains the
and their concentrations were adjusted so that they may providedesired reaction temperature due to the low thermal conductivity
monomeric formaldehyde of 0.3 M (ambient). The sample filling of quartz, this “dead time” affects the determined rate constants.
factor, defined as the volume ratio of the solution to the total In the study of the self-disproportionation, therefore, a number
sample tube, was set to 71%. When O was the starting  of samples were prepared for each reaction mixture and every
material, it was sealed together with water in a quartz NMR sample was assigned to a different reaction time. The reaction
tube under argon atmosphere. The concentration was set to 1.@ime was set to 2 min or longer; 2 min is somewhat longer than
M when the reaction mixture becomes homogeneous. The filling the estimated dead time-( min). Then, the time evolution of
factor of this sample was set to 85% at room temperature to product concentrations was obtained by subtracting the product
make the gas-phase volume negligible at the reaction temper-concentration of the 2-min sample from that of every other

ature. reacted sample. The time-scale normalization treatment cancels
Procedure.Each sample tube was heated in a programmable out the dead time from the time evolution of product concentra-
electric furnace kept at the reaction temperature of 225 tions.

°C. After a desired reaction time, the sample was removed from

the furnace and cooled to room temperature by air within & 3 Results and Discussion

minute. The reaction time was fixed 2 h in theanalysis of

the reaction scheme. After the reaction, the sample was put in It is important to control the reaction pathways of the C

a Pyrex NMR tube, and thiéd and proton-decoupleddC NMR bond formation and the disproportionations in hot water to a
spectra were measured with 400, 500, and 600 MHz NMR desirable direction. We elucidate the reaction scheme and
(JEOL). In the reaction tube, the liquid and gas phases coexistkinetics on the basis of the reaction products, the distribution,
and the measurements of both phases are necessary to identifgnd the time evolution. In doing so, we have comprehensively
all the products. The liquid and gas phases were separatelyapplied'H and13C NMR spectroscopy to all of the products
measured as described elsewhére. not only in the liquid but also in the gas phase. The time
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CEL(OH) Methanol is considered to be generated by the reduction of
(@ O formaldehyde, and formic acid by the oxidatibhThese
\ products can be generated as follows:

(O 2HCHO+ H,0 — CH,(OH), + HCHO— CH,OH +

HCOOH (1)

9 8 7 6 5 4 3 2 1 0 This is the aldehyde self-disproportionation, a redox reaction
(b between aldehyde molecules of the same kind. It is significant
HCOOH CH,(OH), CH,0H that hot water alone can reduce formaldehyde in such a high
\ / yield without base catalysts. Despite the common product
species, the absence of base catalysts differentiates the hydro-
T T e T T e T e T thermal self-disproportionation from the classical Cannizzaro
9 8 7 6 5 4 3 2 1 0 reaction, the base-catalyzed disproportionation in ambient
©) conditions. Even in acidic condition, furthermore, the hydro-
co thermal self-disproportionation proceeds.
If methanol is produced only by the self-disproportionation,
the yields of methanol and formic acid should be equal and at
most 50% according to eq 1. The yield of methanol in Figure

————— 1b, however, exceeds 50% andN8§0 times larger than that of
R B am | . A | i A A
s ' ' s 0 formic acid. This clearly indicates that the methanol formation

in hot water involves some other reaction pathways than eq 1.

CH,0H The difference in the amount of methanol and formic acid
formed is twice as much as the amount of carbon dioxide. This
indicates the presence of methanol formation expressed as:

R mE oo A e | HCHO + HCOOH+ H,0 — CH,(OH), +
9 8 7 6 5 4 3 2 1 0 HCOOH— CH,;0OH + HOCOOH— CH,0H + CO, +

Chemical Shift/ ppm

Figure 1. (a) *H NMR spectrum of the liquid phase at 3Q for the

experiment with 0.1 Ms-trioxane after 15 min of reaction at 228. o . . . .
(b) *H NMR spectrum of the liquid phase for the experiment with 0.1 1 IS i the aldehyde cross-disproportionation, a redox reaction
M s-trioxane after 18 h of reaction at 22&. (c) Proton-decoupled ~ between aldehyde molecules of different kinds. Formic acid,
13C NMR spectrum of the gas phase for the experiment with 0.3 M the oxidized form of formaldehyde, still remains a member of
13C formalin after 18 h of reaction at 22&. (d)*H NMR spectrum of the C1 aldehyde family.
:‘gg%&d p#aszegorfthe e;_(peringts’v(v:itr]r(t){slm fi’rm?'gﬁc%‘gﬁ-o M We should confirm that formic acid reduces formaldehyde
ale ofreaction a . € peaks O are H H H : ;
the satellite of added RCOOH. I—cmOOBCHE is the byproduct due asineq 2. To vern_‘y this, we have reacgéﬁ_en”.(:hed form.ahn .
to the esterification betweedCH;OH and H?COOH. (formaldehyde) with an excess amount of ordinary formic acid.
We can scrutinize the cross-disproportionation betw&en

evolution of all the reaction products is monitored by the labeled formalin and?C formic acid added in excess; the
structural, elemental, and quantitative analysis due tolthe  methanol formation from the self-disproportionation can be
and3C NMR. avoided in this condition. The formation ofC-enriched

3.1. Products Analysis and Reaction ScheméVe have methanol thus means the reduction of formaldehyde by formic
elucidated the reaction scheme of C1 aldehydes in the hydro-acid; instead, the formation &fC-enriched formic acid antC
thermal condition on the basis of the product species and methanediol means the other way around. If eq 2 is the case,
distributions. Here we show that the following reactions take therefore, 23C-enriched methanol should be dominant. As
place in hot water: self-disproportionation, cross-dispropor- indicated by Figure 1d, the major product ¥C-enriched
tionation, and acid-catalyzed- bond formation producing ~ methanol3C-enriched formic acid is produced to a negligible
glycolic acid (HOCHCOOH). amount; the yield is less than 3% as seen in Table 2. This is a

3.1.1. Hydrothermal Disproportionations of Formaldehyde. clear indication that formic acid reduces formaldehyde as
First let us see what products are generated by the hydrothermagxpressed by eq 2.
reactions of formaldehyde at 0.3 M (0.1$rioxane) in neutral Furthermore, it is important to know whether the proton used
conditions at 228C. Figure 1a shows the liquid-phas¢ NMR for the reduction is directly transferred from formic acid to
spectrum at an early reaction time of 15 min. Before the formaldehyde. To clarify this, formaldehyde is reacted with an
disproportionations proceed, methanediol is detected as aexcess amount @H-enriched formic acid (DCOOH). The major
reactive intermediate, only this is formed by the hydration of productis deuterated methanol (CEIDH). It is clearly indicated
formaldehyde produced fromtrioxanel416-18 After 18 h of that formic acid reduces formaldehyde by transferring proton
reaction, methanol is found to form dominantly in neutral directly attached to the carbonyl group. In particular, the redox
hydrothermal condition as indicated by the liquid-phase cross-disproportionation between aldehyde and formic acid is

H,0 (2)

NMR spectrum in Figure 1b and the gas-phd3€ NMR useful as a new and green way of alcohol preparation because
spectrum in Figure 1c. Product yields are shown in the aldehyde can be transformed into the corresponding alcohol in
decreasing order such a high degree larger than 50%, the upper limit of the self-

disproportionation. We have achieved a yield of 80% when
CH,OH (60) > CO, (28) > CH,(OH), (11) > HCOOH (1) formaldehyde and formic acid are reacted in the ratio of 1:7 as

seen in Table 2. By an excessive addition of formic acid, we
where the numbers in parentheses are the product yield (%).can even expect the perfect conversion to alcohol. Thus various
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TABLE 2: The Product Distribution of Experiments with 13C-Labeled Formaldehyde or?H-Labeled Formic Acid after 2 h of
Reaction at 225°C?

0.3 M*3C formalin

0.3 M 13C formalin 0.1 M s-trioxane 6.0 M HCI
product8 2.0 M HCOOH 2.0 M DCOOH 5.0 M HCOOH

HOBCH,3COOH 0 0 4x 1073
HORCH,12COOH 0 0 2.6x 101
12CH;0H 2x 1073 1.9x 102 0
13CH,0OH 2.3x 101 0 3.1x 102
12CDH,0OH 0 1.5x 101 0
CHo(OH), 2.3 x 1072 (18CH,(OH)y) 7.0 x 1072 (2CH,(OH)y) 0
H2COOH 1.5 2.6x 1072 1.5
H13COOH 9x 1073 0 3.5x 102
H2COORCH; 3.0x 102 0 7 x 1073
D12COOCDH, 0 2.7x 1072 0
D12COORCH; 0 3x 103 0
3CH,LCI 0 0 4% 1073

aThe product distribution is expressed in concentration (M) at room temper&rdy the liquid phase is analyzed. CO and d@the gas
phase are not detected.

distribution based on carbon atom. Glycolic acid is considered

(@  H“COOH HO“CH,"”COOH CH,0H ;
T - ;e to be formed through the reaction

Ben,cl HCHO + HCOOH+ H,0 — CH,(OH), +
l HCOOH =~ HOCH,COOH+ H,0 3

T T T T
50 0 Here formic acid is provided through the self-disproportionation
€o, PCH,Cl of formaldehyde (eq 1) as discussed above. As seen in Figure
\ | 2a, the formation of the €C bond in glycolic acid is identified
J by the signals of methylene carbona60 ppm and of carbonyl
l' - carbon at~176 ppm; the signals are split into the doublet due
200 150 100 50 0 to the 13C—13C coupling. No glycolic acid is formed in the
© absence of HCI despite the presence of the weak acid,
H"*COOH HO"CH,"*COOH| "CH,0H HCOOHZ23 In fact, the yield of glycolic acid decreases dramati-
\ \ | cally (by ~60%) when the HCI concentration is lowered from
| 0.6 to 0.3 M. When formic acid is mixed in excess to
e formaldehyde, a high yield of glycolic acid is attained. When
200 150 1o 30 0 0.3 M formaldehyde (0.1 M-trioxane) and 5.0 M formic acid
Chemical Shift/ ppm are treated in the presence of 0.6 M HCI, the yield of glycolic
Figure 2. (a) Proton-decoupletfC NMR spectrum of the liquid phase  g¢id reaches~90%. The optimized yield is-4 times larger
for the experiment with 0.3 M3C formalin and 0.6 M HCI after 2 h than that in the absence of added formic acid.

of reaction at 225C. The ratio of integration of doublet at 60 ppm is It is worthwhile to consider the mechanism of the newc
1:1, and so is the doublet at 176 ppm. These peaks appear as doublets . .
due t0™3C—13C coupling in glycolic acid. (b) The proton-decoupled Pond formation. Let us examine whether the carbonyl carbon
13C NMR spectrum of the gas phase for the experiment with 0.3 M of glycolic acid originates from formic acid or not. As discussed
13C formalin and 0.6 M HCI afte2 h of reaction at 225C. (c) The above, glycolic acid with 100%*C—13C bond is formed from
proton-decoupled®C NMR spectrum of the liquid phase for the  13C.enriched formalin (formaldehyde); note that formic acid is
experiment with 0.3 M*C formalin, 0.6 M HCl, and 5.0 M HCOOH supplied from the self-disproportionation HC-enriched for-
after 2 h ofreaction at 225C. malin. To elucidate the origin of each carbon in theCbond
formation, we distinguish carbon atoms by labeling formalin
(formaldehyde) with3C, and mix it with an excess amount of
12C formic acid. With the excess amount B formic acid,
13C-enriched formaldehyde (formalin) should give rise to the
13C—12C pond in glycolic acid. Comparison of panels a and ¢
in Figure 2 shows that the composition of glycolic acid obtained
is HOYRCH,2COOH. The presence of thEC—12C bond is
evidenced by the loss of the doublet of the carbonyl carbon of
glycolic acid at 176 ppm and the coupling of the methylene
carbon at 60 ppm. In the-€C bond formation, thus, glycolic
acid carries the carboxyl group from formic acid and the
methylene group from methanediol. The glycolic acid formation
from formaldehyde and formic acid we show is an innovative
reaction, which proceeds in mild condition without any high-

pressure gas or metal cataly3ts?® The reaction mechanism
HOCH,COOH (43)> CH,0H (32) > CH,(OH), (8) > may be similar to that of aldol condensation or the Friedel

HCOOH (7)> CO (5)> CH;CI (4) > CO, (1) Crafts reactiort?
Here we show how the €C bond formation process from
where the numbers in parentheses (%) indicate the productformaldehyde can be applied to a hydrothermal recycling process

alcohols can be obtained in a way friendly to earth through the
reduction of corresponding aldehydes using formic acid, an
oxidized C1 compoun#-1520-22

3.1.2. Acid-Catalyzed €C Bond FormationNow we discuss
how the product species and the distribution are modified by
the presence of acid, HCI. When the pH is changed to an acidic
condition, glycolic acid is found to be formed intermolecularly
with a new C-C bond from C1 compounds. This clearly shows
that the addition of HCI opens a new reaction path of hydro-
thermal chemical evolution. As illustrated by panels a and b of
Figure 2, the hydrothermal reaction of formaldehy&i€{en-
riched formalin, 0.3 M) generates the following products in the
presence of 0.6 M HCI for 2 h:
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0.5 —+— HCOOH —&— HOCH,COOH
—— CH,Cl, -5 CH,0H
0.4 -

—— CH,(OH), —— CH,CI
o — CH;OH + CH,Cl [
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Figure 3. The time evolution of reactant and product concentrations
for the reaction b1 M CH,Cl, at 200°C. There appears to be a large

00

amount of missing mass in the early stage of reaction because the

sample was measurement by NMR at room temperature. Until the
concentration of the remaining GEl, becomes lower than0.2 M,

the reaction mixture is separated into two phases due to the low
solubility of CH,CI, in water, and the decrease of €, cannot be
detected by the NMR measurement at room temperature.

of CH,Cl,. The hydrothermal treatment of GEl, leads to the
spontaneous formation of a<C bond in glycolic acid without
any added catalysts in a temperature range of-ZHD °C.12
The glycolic acid formation from CpCl, is a one-pot reaction.
This reaction can be explained by the same reaction mechanis
as the acidic hydrothermal reaction of formaldehyde. Figure 3

shows the time evolution of reactant and product concentrations

in the experimentfol M CH,Cl, at 200°C. The concentration

of CH,Cl; is set to be higher than that of formaldehyde in the
previous subsections for the purpose of detoxication or dechlo-
rination of CHCly; the larger the amount of decomposed£<H
Cl, the higher the applicability of this reaction. As seen in Figure
3, methanediol is formed by the hydrolysis of Hb:

CH,CI, + 2H,O0 — CH,(OH), + 2HCI 4)

Though the formation of HCI cannot be detected directly by
NMR, it is indicated by the peak shift of water observed during
the reaction due to the variation of pH. Since the hydration of
CH,ClI, simultaneously prepares methanediol and HCI, glycolic
acid forms spontaneously from GEl,. After the methanediol
formation, methanol and formic acid start to form by the self-

Morooka et al.

self-disproportionation (eq 1
HCHO prop (eq L HCOOH + CH;0H
HC

CH;Cl + H,O
decarbonylation } 2
+ H,O

cross-disproportionation (eq 2)

»> CH;0H + CO;,

C-C bond formation (eq 3)
HCI

Figure 4. The pathways of the hydrothermal reaction of C1 aldehydes
at 225°C.

» HOCH,COOH

TABLE 3: The Product Distribution of 0.3 M Formalin and
0.6 M HCI after 2 h of Reaction at 225°C

products distribution (% G)
HOCH,COOH 43
CH;OH 32
CHy(OH), 8
HCOOH 7
CcO 5
CHsCI 4
CG; 1
total 100

2The mass balance is maintained within 5% before and after the
reaction. The distribution is normalized by setting the total product
concentration to 100%.

temperature; the yield of CO is only 4.5% in terms of carbon
atom percentage® CHzCl is another minor (3.5%) product of

r‘qhe chlorination of methanol. When the reaction scheme is valid,

the following mass balance equation is to be satisfied:

(ICH;OH] + [CH,CI] — [CO,]) — (HCOOH] + [CO,] +
[CO]) = [HOCH,COOH] (5)

In fact, the left- and right-hand sides of this equation are equal
within an error of 8%. It is concluded therefore that there are
no other important pathways than those shown in Figure 4.
3.2. Kinetics and Rate Constants.In this section, we
perform the kinetic analysis of the-6C bond formation and
the self- and cross-disproportionations to elucidate the weights
of these reactions for the path control. The rate constants of
these paths have been determined by analyzing the time
evolution of the relevant products on the basis of the rate laws.
The kinetic analysis of the complicated reaction scheme is
possible because hydrochloric acid promotes theCChond

and cross-disproportionations (eqgs 1 and 2). The concentrationformation and the self-disproportionation, and because it retards
of formic acid increases until 2 h, and after reaching the the cross-disproportionation.
maximum, it begins to decrease. Corresponding to the behavior 3.2.1. Hydrothermal Disproportionations in Neutral Condi-
of formic acid concentration, the glycolic acid concentration tion. Panels a and b in Figure 5 show the time evolution of the
gradually increases. This correlation among the methanol, formic reactant and product concentrations when 0.3 M formaldehyde
acid, and glycolic acid concentrations indicates the glycolic acid (0.1 M s-trioxane) is reacted; the short-time region of Figure
formation from formaldehyde and formic acid. @&, reaction 5a is expanded in Figure 5b. As shown in Figure 1a, first the
is significant because we can convert i}, a hazardous chlor-  s-trioxane ring opens to be decomposed into the hydrated
inated organic compound, to glycolic acid, a useful and recycl- monomers (methanediol). It takegl0 min for all thes-trioxane
able organic compound, by a simple hydrothermal treatment. to be converted into methanediol; as seen in Figure 5c, the
3.1.3. Reaction Scheme Based on Mass Balarteereaction hydrolysis is completed within 5 min in the presence of HCI at
scheme can be constructed as shown in Figure 4 according t00.3 M. In the neutral condition, the main product is methanol
the abovementioned NMR analysis of the reaction products andas shown in Figure 5a. After 30 h of reaction, the yield of
mechanism3’ Before going to the kinetic study, here we check methanol reaches60% whereas formic acid yield is essentially
the reliability of the analysis scheme on the basis of the masslow throughout the reaction: itis 7% or lower. Thus the cross-
balance. In Table 3, we show the distribution of all the products disproportionation overwhelms the self-disproportionation in
including both liquid and gaseous ones after the reaction of 0.3 neutral hot water.

M formaldehyde ¥C-enriched formalin) and 0.6 M HCI. The
decarbonylation of formic acid to CO and:® is minor under
the present reaction conditions of concentration, pH, time, and

The observed rate constants of the self- (SD) and cross-
disproportionations (CD) in neutral (N) hydrothermal condition,
kspn andkepn, are determined to be (146 0.6) x 10 and
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0.25 (b) - Figure 6. The plot of kspess @gainst the K concentration. The H
r concentrations are those in the hydrothermal condition.
0.20 -
s : of formaldehyde itself; also in the case of other aldehydes, the
£ 0.15] —+— HCOOH r cross-disproportionation proceeds faster than the self-dispro-
T ﬁ ch%‘ig; [ portionation in neutral hydrothermal conditiéh?2Formic acid
§ 0.10] = CHZOH 2 2 thus acts as an effective reducer for aldehyde. Various alcohols
£ 3 r can be produced by the hydrothermal cross-disproportionation,
© 005 . which proceeds in the absence of any added catalysts.
’ 3.2.2. Hydrothermal Disproportionations in Acidic Condi-
] r tions. To elucidate the effect of the strong acid, we determine
O et the rate constants of the self- and cross-disproportionations in
0 50 (100150 200 the presence of HCI at concentrations of G-083 M; see
Time / min Appendix A for the details of the rate constant determination.
0.309 —+ HCOOH © F Table 4 lists the rate constants of the self- and cross-
025 ] —A— s-trioxane E disproportionations with and without HCI at 228. The acid
T —= CH,(OH), : catalyzes the self-disproportionation, whereas it retards the cross-
02041 —©- HOCH,COOH r disproportionatior?? This contrasts sharply with the common
. = gffng ' notion of the classical Cannizzaro reaction, which is catalyzed
—— Lhy

only by strong base in ambient condition.

To reveal the effect of acid more precisely, we dividgops
the observed rate constant of the self-disproportionation in acidic
condition, intokspwates the rate constant in the absence of, H
andkspacig the rate constant of the acid-catalyzed pdthen
the reaction order of the proton concentration Tk unity 3t
KspobsiS expressed as:

Concentartion / M
it
>
Ll

0 100 200 300 400 500 600 700 800

. . . Time / min . kSDobs_ kSDwater+ kSDaci(IH ] (6)
Figure 5. (a) The time evolution of reactant and product concentrations

for the reaction of 0.1 Ms-trioxane at 225C. (b) The expanded figure The first term of the right-hand side indicates that the self-
of panel a in a short-time region. (c) The time evolution of reactant

and product concentrations for the reaction of 0.1sf#ioxane and d'spmport'onat'on in_neutral Cond't'on_ 1S 'nd,uced by the
0.3 M HCI at 225°C. undissociated form of water; we call this reaction the water-
induced path of self-disproportionatiédThe value ofkspwater
(1.3 £ 0.2) x 103 Mt s71, respectively, as summarized in is obtained by hypothetically setting fH = 0. Kspwater iS
Table 4; see Appendix A for the rate constant determination. It different fromkspy Since even in neutral condition, {flis on
is to be noted that the observed valuekghy is 1 order of the order of 105 M at 225 °C due to the autoprotolysis of
magnitude larger than that &pn. This explains why formic water33 When HCI is added to the reaction mixture,Hs
acid decreases after 360 min of reaction in Figure 5a: the cross-equal to [HCI] since HCI completely dissociates at 22533
disproportionation proceeds faster than the self-disproportion- Figure 6 shows the plot dispopsagainst [H]. The values of
ation in neutral condition despite the low concentration of formic kspwaterandkspacigare obtained as (2 1) x 10*M~1stand
acid (cf. egs 1 and 2). (2 £ 1) x 108 M2 s71, respectively; see Table 5. The
It is of great interest that formic acid, the oxidized form of contribution of the acid-catalyzed path is negligible in the neutral
formaldehyde, still has a reducing ability much higher than that hydrothermal condition:kspacidH™] = 2 x 10° M~1 s7! at

TABLE 4: Observed Rate Constants of the Self- and Cross-Disproportionations and the €C Bond Formation in Neutral and
Acidic Conditions at 225°C

neutral 0.15 M HCl 0.225 M HCI 0.3 M HCl 0.5 M HCl
Kspobs(M 1 s71) (1.6 0.6) x 10* (5+1)x 104 (5+1)x 104 (7+£1)x 104
Kepobs(M 1 579) (1.3+£0.2) x 103 (1+£1)x 10 (2+1)x 10 (1+£2)x 10

Kobs(M~1 571) (3+£2)x 10 (4+£2)x 10 (4+£3)x 10 (1+1)x 103
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TABLE 5: The Water-Induced and Acid-Catalyzed Kspwater T Kspacid HCI]

[HCOOH],
- = >

Components of the Rate Constants of the max| 1, 9)
Self-Disproportionation and the C—C Bond Formation at [HCHQOJ, ke[HCI] = kep
225°C
Kuater(M~1s7%) Kacia (M~257Y) are both valicf® eq 7 is satisfied over the entire range of reaction
self-disproportionation (1) x 10 (2+1)x 103 time. Here [HCHQOJ and [HCOOHj} denote the initial concen-
C—C bond formation (2:2)x 1073 trations of formaldehyde and formic acid, respectively; the

verification is shown in Appendix B. According to Tables 4

225°C. The effect of the neutral water has been observed alsoand 5, eq 8 provides [HCH 0.2 M 36 The initial concentrations
in the case of the hydrothermal dehydration of diol to cyclic of formaldehyde and formic acid can be chosen for a given
ether. In the previous study of 1,4-butanediol and tetrahydro- [HCI] with eq 9. For example, when [HCH@¥ 0.3 M, [HCI]
furan, the water-induced path is found to be dominant over the = 0.6 M, and [HCOOH] > 0.5 M, both egs 8 and 9 are
acid-catalyzed path in the neutral conditf9## satisfied. Consequently, the dominance of glycolic acid can be

3.2.3. Acid-Catalyzed €C Bond Formation.Before the attained as seen in Figure 7. When the concentration of formic
determination of the rate constant of the glycolic acid formation, acid is ~17 times higher than that of formaldehyde in the
let us study how the time evolution of the reactant and product presence of 0.6 M HCI, the yield of glycolic acid is90%37
concentrations is modified by the addition of HCI; see Figure The hydrothermal synthesis of glycolic acid is highly advanta-
5a—c. Glycolic acid starts to form appreciably only after 20 geous in that no environmentally harmful solvent or catalyst is
min of reaction in the presence of HCl at 0.3 M. Methanol and needed and in that the operational procedure is simple. Acidic
formic acid equally increase in the first 10 min, reflecting the hydrothermal conditions exist in the ocean, and the C1 to C2
self-disproportionation path (eq 1). Formic acid subsequently process found here is expected to constitute a molecular step
decreases around 50 min, corresponding to the consumption oftoward the origin of life in the primitive ocean.

formic acid due to both the cross-disproportionation and the
C—C bond formation.

Now let us determine the rate constant of the glycolic acid
formation. The G-C bond is formed between hydrated form-

3.3.2. Methanol FormationAs can be seen in Figure 4, the
methanol yield can be maximized by enhancing two kinds of
disproportionations (egs 1 and 2) without opening theddbond
formation path. This is achieved by treating the system in the

aldehyde and formic acid as expressed by eq 3. The rate constargbsence of HCI. Since the rate constant of the cross-dispropor-
for this process is denoted k. The value ofks has been  tionationkcpy is 1 order of magnitude larger than that of the
determined from the observed [HCI]-dependent quarkitys self-disproportionatiofspy, the maximum methanol yield can
= kg [HCI]™ see Appendix A. The reaction order of HCI exceed 50%. Theoretically, the maximum methanol yield is
concentration is determined as 1, and the valuekofis achieved whe#/s of the initial formaldehyde disproportionates
approximately obtained to be (2 2) x 10°® M2 s as  to produce methanol and formic acid equally and when all the
summarized in Table 5. formic acid produced cross-disproportionates with the remaining
3.3. Reaction Pathway ControlWhen we apply the hydro-  formaldehyde(s of the initial amount). The maximum methanol
thermal reactions of C1 aldehydes for selective production of yield is thus~70% @5 of the initial amount of formaldehyde).
glycolic acid and methanol, the pathway control becomes of  The experimental result indicates that the neutral hydrothermal
essential importance. In this section, we perform the pathway reaction of formaldehyde achieves a methanol yield almost equal

control by tuning the kinetic variables, such as the reactant to the maximum described above. As shown in Figure 5a, the
concentrations, the pH conditions, and the reaction time under concentration of formic acid is as low as 20 mM. The cross-

given temperature and rate constants.

3.3.1. Glycolic Acid FormationGlycolic acid formation can
be selected by maximizing the path weight of the € bond
formation and suppressing the methanol formation in acidic
condition through the kinetic variables. Equations A4 and A5
in Appendix A enable us to understand that the @ bond
formation is enhanced by the addition of either HCI or formic
acid. The addition of HCI, however, enhances the self-
disproportionation as well as the<C bond formation; cf. eqs
6 and A5. The formation of glycolic acid can be selectively
accelerated by the addition of formic acid but not by that of
HCI because of the similarity of the value kfpaciqandkg in
Table 5. The selective formation of glycolic acid can be achieved
only by addition of formic acid in large excess.

We examine in more detail the reaction conditions for the
selective formation of glycolic acid. The validity of the relation

d[HOCH,COOH]  d[CH,OH]
>
dt dt

@)

throughout the reaction is a sufficient condition for the dominant
production of glycolic acid. When the inequalities
ke[HCI] —kep > 0 8

and

disproportionation does proceed faster than the self-dispropor-
tionation in neutral condition despite the low formic acid
concentration compared to formaldehyde. The methanol yield
is 60% after 30 h of reaction, corresponding to the yield of 63%
at infinite reaction time. It is striking that a simple hydrothermal
treatment reduces more than 60% of formaldehyde into methanol

1.50 -

1.203 Ed  s-trioxane 0.1 M__

0.90 3 i HCI0.6M = 50

0.60 HCOOH 1.0 M

0.30 3 s-trioxane 0.1 M

] HCl0.6 M r
HCOOH3.O0M [y [ 40

0.25 A Z s-trioxane 0.1 M {]i: -
= HC10.6M =
= HCOOH 5.0 M an O
'% 020 1 s-trioxane 0.1 M 30 8
= HCI0.3 M g
g HCOOH 5.0 M P
2 0.154 0 a
S =

0.10

0.05 .

14 Whgk dig: s G
glycolic CH;OH HCOOH CH,(OH), CH,Cl  Mass
acid balance

Figure 7. The reactant and product concentrationsrdftk of reaction
at 225°C. The ordinate scale is changed at 0.3 M. The mass balance
is based on the liquid-phadel NMR.
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without any added catalysts. To achieve higher methanol yield d[HCOOH]

or to shorten the reaction time, we only need to add formic at =

acid to aqueous formaldehyde solution. This is experimentally 2 _

demonstrated; the addition of 2.0 M formic acid, which is 7-fold ksp\HCHO]" ~ kep[HCHOJIHCOOH] (A2)

of formaldehyde in amount, attains80% of methanol yield  As seen in Figure 5b, [HCOOH] varies within 10% and [HCHO]

within 2 h asseen in Table 2. linearly decreases by20% as the reaction time passes from
_ 110 to 200 min. The linear fitting of [HCHO] and [HCOOH]
4. Conclusions in this time region then gives the rate constants by accounting

for the small changes in [HCHO] and [HCOOH].

Second, the rate constants of the self- and cross-dispropor-
tionations in acidic condition are determined. When both the
self- and the cross-disproportionations take place, the rate
equation for the methanol formation is written as

In this work, the hydrothermal €C bond formation and the
disproportionations of formaldehyde and formic acid are studied
from the viewpoint of kinetics and path control.

The acid-catalyzed hydrothermaHC bond formation is a
clean chemical evolution, which generates glycolic acid, a C2
compound, from formaldehyde and formic acid, C1 compounds, d[CH,OH]
without the use of organic solvent or metal catalyst. The = g  —
amination of glycolic acid generates glycine, the simplest amino 2
acid. The hydrothermal €C bond formation gives a new Kspo JHCHO" + kopo JHCHOJ[HCOOH] (A3)
synthetic method and at the same time it may be a step towardyyherekspo.; andkepo.s represent the rate constants of the self-
the origin of life on the primitive earth. From the kinetic and cross-disproportionations, respectively, in the presence of
analysis, the rate constants of the self- and cross-disproportion-9.3 M HCI. As seen in Figure 5c, the progress of methanol and
ations and the €C bond formation are determined. The cross- formic acid concentrations are in accord in the first 10 min of
disproportionation is found to proceed faster than the self- the reaction, indicating the progress only of the self-dispropor-
disproportionation in neutral condition, which indicates a tionation. The second term of eq A3 can thus be neglected in
stronger reducing ability of formic acid than that of formalde- this time region. In the very beginning of the reaction, [HCHO]
hyde. Acid is found to promote the self-disproportionation. In can be considered constant and therefore the rate cokstanit
hot water, the undissociated form of water is found to induce is obtained from the linear fitting of the methanol concentration
both self- and cross-disproportionations. These are in contrastagainst the reaction time. The valuekabo s is then obtained
to the classical Cannizzaro reaction in ambient condition. The by usingkspos and eq A3. The initial rate of the methanol
cross-disproportionation in neutral condition should be noted formation is estimated in the experiment where 0.3 M formal-
as a new method for alcohol production. Simple hydrothermal dehyde (0.1 Ms-trioxane), 0.3 M HCI, and 0.3 M formic acid
treatment with formic acid reduces aldehyde into alcohol. ~ are reacted. Since [HCHO] and [HCOOH] are considered

On the basis of the rate constants, the pathway control SOnstantat the early stage of the reaction, the rate corigigy

between glycolic acid and methanol formations is performed. is obtained by "”e‘?‘f'y fitting the expgrimgntal plot of the
Glycolic acid yield is enhanced up to 90% by tuning the ratio methanol concentration against the reaction time. When the HCI
of the input concentrations of formaldehyde, HCI, and formic concentration is 0.15 or 0.225 M, the rate constants are

. - . . .~ determined in the same way.
o I} 0
acid as 1.:2:17. Amethapol ylglq of 80% IS ach|e-ved by reacting Third, the rate constant of the glycolic acid formation is
formaldehyde and formic acid in the ratio of 1:7.

] ) ) determined by using the observed rate constapts as an
As illustrated by the hydrothermal recycling of @&, into intermediate parameter. Since the hydration of HCHO te-CH

glycolic acid and methanol, the hydrothermal reaction of C1 (oH), s fast in eq 3, the rate equation for the glycolic acid
aldehydes is important from synthetic, energy, and environ- formation is written as

mental concerns. In the present work, we have presented a
possible cure for the recent concerns. d[HOCH,COOH]
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0.3, and 0.5 M). Thé&gonsis given by linearly fitting the experi-
Appendix A: Determination of Rate Constants mental plot of the glycolic acid concentration against the reaction

time at the early stage of the reaction since [HCHO] and
[HCOOH] are considered constant. Table 4 shows the observed
rate constankseps at given HCI concentrations. The value of
ks is obtained by plotting the logarithmic valuekonsin Table

4 against that of HCI concentration as shown in Figure 8.

First, the rate constankspn andkepy of the self- and cross-
disproportionations in neutral condition are determined. In this
Appendix, the rate constants with suffix “SD” or “CD” refer to
the observed ones. The following equations are derived from

egs 1 and 2.
Appendix B: Pathway Control for the Glycolic Acid
w = Formation
dt

5 Here, we elucidate that eqs 8 and 9 are sufficient for the
—2ksp\[HCHO]" — kcp[HCHOJ[HCOOH] (A1) selective formation of glycolic acid. Glycolic acid is provided
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Figure 8. The plot of the logarithm ofksons against that of HCI
concentration. HCI concentrations are those in the hydrothermal
condition.

by the C-C bond formation, and methanol, by the self- and
cross-disproportionations. Therefore, eq 7 is rewritten by virtue
of eqs A3-A5 as

kg[HCHO][HCOOH][HCI] > kg [HCHOJ® +
kep[HCHO][HCOOH] (B1)

whereksp and kep denote the observed rate constants of the

Morooka et al.
Since eq B3 is negative, we obtain

d[HCOOH] _ [HCOOH] d[HCHO)]

dt [HCHO] dt (B7)
from eqgs B5 and B6. Therefore,
d [HCOOH]

d& HeHop O (88)

Equation B8 indicates that the ratio of [HCOOH] against
[HCHOY] increases during the reaction. From eqgs 8, 9, and B8,

[HCOOH] - [HCOOH]O - I(SDwater—i_ kSDacinIHC”
[HCHOQ] [HCHO], ks[HCI] — kep

is obtained. Equations B8 and B9 show not only that eq 7 holds
throughout the reaction but also that the relative rate of th€C
bond formation against the methanol formation is enhanced as
the reaction proceeds.

(B9)
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