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We have developed an effective method that converts a
variety of mono- and disaccharides into formic acid
predominantly. Our recyclable NHC-amidate palladium(II)
catalyst facilitated oxidative degradation of carbohydrates
without using excess oxidant. Stoichiometric amounts of
hydrogen peroxide and sodium hydroxide were employed at
ambient temperatures.

The conversion of biomass into valuable chemical feedstock
products is an emerging theme in the field of chemistry.' Notably,
sugars comprise a majority of biomass, of which glucose is the
primary monosaccharide by mass.”> Therefore, being abundant
carbon sources, it is of paramount importance to discover novel
ways to degrade such monosaccharides and convert them into
valuable  chemical  feedstock  products such as  5-
hydroxymethylfurfural (HMF), furfural, succinic acid, lactic acid,
and formic acid.’ Numerous studies have shown that formic acid can
be employed as a hydrogen source in direct formic acid fuel cells
(DFAFC). Moreover, due to their ease of refueling, efficiency, and
safety, DFAFC are considered to be an alternative to methanol and
hydrogen fuel cells. Having such characteristics allows DFAFC to
potentially be utilized in common consumer electronics in addition
to being a power source to automobiles.* Therefore it is of great
value to be able to convert abundant and inexpensive biomass into
formic acid efficiently and under mild conditions.

Various work has been performed in degrading sugars into
useful chemical feedstock products. Such degradation techniques
include the use of acid, high-temperature liquid water, singlet
oxygen, and other oxidants. The most prominent protocols utilized
acidic media and produced HMF in moderate yields, where large
amounts of mineral acids such as hydrochloric and sulfuric acids
were required.’ Further, though the use of high-temperature liquid
water in degrading sugars excludes the use of catalysts, high
pressures and temperatures of up to 10 MPa and 600 °C were
required in addition to a 2-4 molar excess of oxidant.® While
diradical oxygen degradation of reducing sugars sensibly employed
the use of an abundant and inexpensive oxidant, the lack of product
selectivity hindered the practicality of this methodology.” Solid-
supported palladium catalysts have also been utilized in the
oxidation of glucose into gluconic acid; however, these catalysts
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need to be activated between 300-500 °C in a hydrogen or argon
atmosphere.®

Figure 1. Structure of our NHC-amidate Pd(II) complex
(6}
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Several studies have employed hydrogen peroxide in the
presence of an alkali and transition metals in the degradation of
monosaccharaides and oligosaccharides.’ In particular, Isbell et. al.
thoroughly examined such conditions in great detail.'® However,
high yields were achieved using excess amounts of base and oxidant
and/or only after long reaction times (>300 h). Described herein is
the development of efficient catalytic methods for the oxidative
degradation of common saccharides to formic acid. These conditions
employ a novel Pd(II) complex 1 (Figure 1) and stoichiometric
amounts of hydrogen peroxide under aqueous alkaline conditions at
ambient temperatures. In sharp contrast to previous work, this simple
methodology gives rise to the highly efficient formation of formic
acid as an exclusive or predominant product under mild conditions
using the minimal amount of oxidant.

In effect, this study is a continuation of our previously reported
work on the direct conversion of glycerol into formic acid,'' which
also utilized our NHC-amidate Pd(I) complex'* using hydrogen
peroxide in aqueous media. Hydrogen peroxide continues to be the
oxidant used in this procedure since it is convenient, accessible, and
breaks down into environment-friendly side products unlike other
oxidants. In an effort to perform these reactions in the most
sustainable manner, water was also chosen as the sole solvent in the
reaction mixture. Under these conditions, our NHC-amidate
palladium complex remains stable, yet is highly active.

Utilizing NHC-amidate Pd(II) complex 1 in our initial reaction
conditions (Scheme 1) provided inefficient yet promising results.
Though over half of the starting material was consumed over the
reaction time, there was only a 12 percent carbon mass balance to
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either formic acid or glycolic acid. We believed that the excess
amount of hydrogen peroxide caused the overoxidation of formic
acid into carbon dioxide.

Scheme 1. Initial reaction conditions utilizing catalyst 1.

100 pmol D-Glucose 1 mmol 30% H,0,
(0.2 M aqueous solution) 5mol %1, 6h.,40°C H~ OH

5.6 TON

Therefore, in order to prevent this thermodynamically favorable
reaction from taking place, base was added to the reaction mixture,
consequently converting the formic acid produced into a more stable
formate salt and preventing overoxidation of the product (Table 1).%
¢ The addition of NaOH to the reaction mixture increased the
turnover of formic acid 15-fold (entry 3) compared to a reaction in
the absence of any base (entry 1). The addition of KOH was less
effective (entry 2) and resulted in catalyst degradation. Lower
amounts of base afforded proportionally less product despite longer
reaction times (entry 4). It was found that overnight treatment with
six equivalents of NaOH led to the highest yield of the formate salt
(entry 5). This is reasonable since each molecule of glucose should
theoretically produce six molecules of formic acid. Additional
amounts of base did not change the outcome significantly (entry 6).
A reaction was conducted with sodium chloride in the absence of
base to determine any potential role of the alkali metal. This reaction
did not produce any formic acid, suggesting the alkali metal did not
catalyze the reaction.

Table 1. Effects of varying amounts of base and time.*

Table 2. Effects of varying amount of hydrogen peroxide.”

Entry H,0, (umol) HCOOH (TON)”
1 - 6.2

2 250 76.4

3 600 109.7

4 1,000 114.6

 Reaction conditions: 100 pmol glucose, 5 pmol 1, and 600 pmol
NaOH were dissolved in a 0.5 mL H,0O/ H,0, solution and stirred at
25 °C for 16 hours. ® Determined by wetlD NMR with a DMSO
standard.

Comparing our palladium complex with other palladium salts
produced interesting results (Table 3). While each reaction using
palladium salts consumed all the starting material, catalyst 1
produced the highest TON of formic acid. Pd(MeCN),Cl,, which
was the palladium precursor of catalyst 1, generated a small amount
of formic acid (entry 1) compared to catalyst 1 (entry 5). Pd(OAc),
yielded twice the amount of formic acid as Pd(MeCN),Cl,, yet the
product carbon mass balance remained less than stoichiometric
(entry 2). PdCl, was the least effective of the palladium sources,
degrading all of the glucose but only producing two TON of formic
acid (entry 3). Interestingly, it was concluded that these palladium
salts catalyzed the overoxidation of the formate salt into carbon
dioxide, since the amount of formic acid observed was significantly
higher in the absence of the palladium salts (entry 4). This
hypothesis was verified by stirring sodium formate under the
standard reaction conditions. A significant amount (up to 80%) of
the formate was decomposed to carbon dioxide in the presence of the
palladium salts used in entries 1 - 3, while catalyst 1 did not affect
the amount of formate, thus offering high chemoselectivity. In

addition;—decreased catalyst 1 loading continued to produce

Entry Base Amount (umol)  Time (h) HCOOH (TON)”
1 - - 6 5.6

2 KOH 600 6 449

3 NaOH 600 6 85.2

4 NaOH 300 16 48.1

5 NaOH 600 16 119.8

6 NaOH 1,200 16 110.1

significant amounts of formic acid with higher TON (entries 5-6) but
did not completely convert the starting material to product.

Most importantly, the greatest differentiating factor between
our NHC-amidate Pd(II) catalyst and the other palladium salts tested
was the fact that our catalyst could be recycled and reused through
the simple means of extraction, while maintaining high reactivity
(vide infra). In the absence of catalyst 1, various Lewis acids were

9 Reaction conditions: 100 pmol glucose, 5 pmol 1, and varying
amounts of base were dissolved in 0.4 mL H,0. 1.0 mmol H,0, was
added and the mixture was stirred at 40 °C. » Determined by wet1D
NMR with a DMSO standard.

In light of these impressive results, we decided to optimize
conditions, and investigated the effect of hydrogen peroxide (Table
2). We observed a background reaction in the absence of hydrogen
peroxide, which produced minimal amounts of formic acid (entry 1).
Using less than stoichiometric amounts of the hydrogen peroxide
furnished only a fraction of the formic acid expected (entry 2).
Therefore, adding a stoichiometric amount of hydrogen peroxide
was necessary to afford formic acid at over 100 TON (entry 3).
Excess amounts of oxidant increased the yield marginally (entry 4),
suggesting that stoichiometric amounts of hydrogen peroxide (six
equivalents to each glucose; one equivalent to each carbon) would be
optimal for practical use.

2| J. Name., 2012, 00, 1-3

also tested under standard reaction conditions, all of which produced
lower TON than catalyst 1 (see Supplementary Information). These
results suggest that our NHC-amidate Pd(II) complex has
distinguished reactivity compared to commercially available Lewis
acids as well as known palladium salts.

Table 3. Effects of palladium catalysts and loading.”

Entry  Pd Catalyst mol % HCOOH (TON)"
1 Pd(MeCN),Cl, 5 22.7

2 Pd(OAc), 5 40.0

3 PdCl, 5 2.1

4 - - 76.3

5 1 25 192.7

6 1 1.25 390.0

a)

Standard conditions using varying amounts of a palladium source.

With optimal conditions in hand, we examined the time
dependence of this transformation (Figure 2). A high initial rate of
conversion was followed by a gradual degradation of the remaining
starting material. Within the first three hours of the reaction, about
half of the formic acid was produced, while it took an additional 13
hours for the reaction to go to completion.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Time study. (Standard conditions using D-glucose from 1-
16 hours.)

We then decided to examine the feasibility of catalyst
reclamation. We found that due to the stable nature of the NHC-
amidate ligand of catalyst 1, at the end of each reaction the catalyst
could be extracted using methylene chloride and reprocessed in a
sequential reaction while still maintaining its reactivity and
selectivity. We were able to recover and utilize our catalyst three
times and still produce formic acid at over 100 TON (Figure 3). This
is of paramount value since it allows for the removal of the heavy
metal from the aqueous media. Thus this procedure has the promise
to be utilized in water purification and reclamation while
simultaneously producing a chemical feedstock product, which can
be used as an alternative fuel source.
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Figure 3. Effects of catalyst recycling. (Standard conditions using
D-Glucose and recycled catalyst 1.)

We applied our developed conditions to various carbohydrates
(Table 4). Other monosaccharide reducing substrates such as D-
galactose, D-ribose, and D-xylose garnered high yields of formic
acid selectively (entries 1-3), while D-fructose and D-tagatose
furnished formic acid as a major product and significant amounts of
glycolic acid as the minor product (entries 4-5). This was believed to
be due to the difference between the structure and functionality of
aldoses and ketoses. For disaccharide reducing substrates, such as D-
maltose, D-lactose, and D-cellobiose, the reaction temperature was

This journal is © The Royal Society of Chemistry 2012
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increased to 60 °C in order to achieve comparable amounts of formic
acid overnight (entries 6-8). Alternatively, running the reactions at
room temperature for longer periods of time (48 h) produced similar
results.

Table 4. Scope of reaction conditions with mono and disaccharide
reducing substrates.’

Entry Substrate HCOOH (TON)  Glycolic Acid (TON)
1 D-Galactose 111.2 -

2 D-Ribose 119.7 -

3 D-Xylose 116.9 -

4 D-Fructose 83.1 14.5

5 D-Tagatose 89.3 16.3

6 D-Maltose® 86.0 -

7 D-Lactose® 98.7 -

8 D-Cellobiose®  97.4 -

2

Standard conditions. ® Reaction was heated to 60 °C.

As expected, the conversion yields of formic acid with non-
reducing substrates were poor (Table 5), due to their lack of
hemiacetal and hemiketal groups. Sucrose, D-melezitose, and D-
raffinose produced formic acid in the range of 15 — 30 TON (entries
1-3) compared to over 100 TON for reducing substrates. Moreover,
increasing the amount of oxidant and reaction time did not render
higher conversions, as it did with reducing substrates. Applying our
reaction conditions to a sugar alcohol such as glycerol did not
produce significant yields, either (entry 4). The low yields were not
believed to be due to the overoxidation of these substrates to carbon
dioxide. A large amount of starting material remained at the end of
the reaction, indicating that the degradation of these substrates was
less active.

Table 5. Scope of reaction conditions with non-reducing substrates.*

Entry Substrate HCOOH (TON)
1 Sucrose 27.3
2 D-Melezitose 159
3 D-Raffinose 28.5
4 Glycerol 39.1

¥ Standard conditions heated at 60 °C.

Mechanistically, there are two primary routes of the oxidative
degradation of aldoses into formic acid (Scheme 2). As reported in
previous work, initial oxidation of the aldehyde is most likely,
followed by breaking of the C1-C2 bond (a-scission).'® '* This
forms the first equivalent of formic acid and a successive aldehyde at
C2. This process is continued until the complete degradation of the
hexose and the formation of six molecules of formic acid is
produced. Alternatively, rather than initially cleaving the C1-C2
bond, a B-scission cleaves the C2-C3 bond, yielding an equivalent of
oxalic acid, which in turn degrades to CO, and formic acid, as well
as a shorter-chain aldose. Since ketoses are slower to oxidize than
aldoses, harsher conditions and lower yields of formic acid were
observed.

J. Name., 2012, 00, 1-3 | 3



Green Chemistry

uonepIxo-g
UOIIEPIXO-D

Minor
pathway

Major
pathway

D

HOOC-COOH HCOOH
+ +

OH OH OH OH
HO :

N Lo
z 6 .

OH

O

OH H

3HCOOH + 3CO, 6HCOOH

Scheme 2. Proposed Pd(II) assisted a-oxidative degradation pathway
of D-glucose with hydrogen peroxide.

Based on our results, we believe our procedure proceeds
primarily through an a-oxidation mechanism. Our primary source of
evidence is the nearly complete conversion of monosaccharides into
formic acid. Since the carbon turnover of the monosaccharides used
was 93% or higher, a mechanism entailing the loss of half of the
carbon mass by decarboxylation of oxalic acid'* would not be viable.
In addition, under alkaline aqueous conditions with catalyst 1 and
stoichiometric amounts of hydrogen peroxide, oxalic acid did not
produce formic acid. Lastly, only trace amounts of oxalic acid were
detected by *C NMR under our standard conditions after four hours,
corroborating that this route was minor and the a-oxidation pathway
would be predominant. As suggested in our previous work,'" catalyst
1 acts as a bidentate system, simultaneously activating an aldehyde
and alcohol in close proximity of each other, forming a five-
membered heterocycle glucose adduct. This enhances the
nucleophilic attack of peroxide, promoting the o-oxidation in a
systematic sequential order. While other palladium salts may
activate saccharides in a similar fashion, catalyst 1 avoids the
overoxidation of formate into carbon dioxide, setting it apart from
other Pd(II) counterparts.

Conclusions

In summary, we have discovered a set of efficient and
environmentally friendly conditions that oxidatively degraded
saccharides using stoichiometric amounts of hydrogen peroxide
in aqueous alkaline media at ambient temperatures. The NHC-
amidate Pd(II) complex 1 catalyzed the reactions, likely acting
as a Lewis acid and activating the aldehyde functional group in
the aldoses. Contrary to other procedures, this method did not
use excess amounts of oxidant and did not require the input of
heat for aldoses, while the catalyst was recyclable and
maintained its efficiency. This methodology can become of
great value since sugars comprise a majority of biomass. Thus,

4| J. Name., 2012, 00, 1-3

our developed conditions contribute to converting this abundant
carbon source into alternative fuels.
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