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Quantitative NMR Approach to Optimize the Formation of
Chemical Building Blocks from Abundant Carbohydtates

The future role of biomass-derived chemicals relies on the formation
of diverse functional monomers in high yields from carbohydrates.
Recently, it has become clear that a series of a-hydroxy acids,
esters and lactones can be formed from carbohydrates in alcohols
and water using tin-containing catalysts such as Sn-Beta. These
compounds are potential building blocks for polyesters with
additional olefin and alcohol functionalities. We employ an NMR

-2H,0 -3H,0
approach to identify, quantify and optimize the formation these ROZH ROZH
building blocks in the chemocatalytic transformation of abundant .Y . @& Y & v Y .

. 3,4-dideoxy e ‘ Furanics |
carbohydrates by Sn-Beta. Record yields of the target molecules can PR : b A
be achieved by obstructing competing reactions through solvent 1 “ §9 O\ o
choice. : ROJ\N \
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The need to establish more sustainable ways to obtain the . P ROTN(T
chemicals needed by society for the production of food, ° OH il ; e 8 RO X
materials, fuels and energy is widely recognized. The current & o ‘e OV\OH OH 511 OR o
chemical industry is based on the availability of a small number P ) " Ho 1 ROT G
of petroleum-derived building blocks. Biomass can be utilized to v ‘
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provide access to both existing and new types of building blocks
and research into this area has steeply increased during the last
decade. It is important for these chemicals to be accessible,
low cost and at the same time to have useful properties, in
to be utilized commercially. Therefore, direct conversibn of
sugars to a target chemical by heterogeneous catalysi
the best chance of lowering the process costs.'™ A
reaction products have been identified in the aci
conversion of C5 and C6 carbohydrates.”” Amidst

e 1. Overview of major pathways in the catalytic conversion of xylose
eta and the major products identified in the reaction mixtures at high
e (>100 °C). The products are shown for reactions in alcohol (R =
= H) and are grouped (from left to right) as 3,4-dideoxy
ters, retro-aldol products and furanics.

Table 1. Conversion of C4, C5 and C6 carbohydrates by Sn-Beta to
homologous 3,4-dideoxy esters with declining yield.

a-hydroxy esters and acids have recently e bz:e Substrate c°m';°u"d Structure Yield
attractive group of bio-monomers (Scheme 1).
For the use in biopolymer applications, the o

polymerization and upgrading of the C3 building block lac c4 Erythrulose  Me-8 MeO X 56%"
and the C4 building block vinyl glycolate (8) have previous OH
been demonstrated.®®'" Recently, the production o OH
polymerization of the C5 buildingg block 2,5-dihydro c5 Xylose Me-1 W 339,19
pentenoic acid methyl ester (Me-1) g of MEC
the C6 building block trans-2,5,64 i o OH on
methyl ester (Me-12) have been described c6 A Me-12 S 169%™

MeO

OH OH

The conversion of C5 and C6 carbohydrates to the acyclic

unsaturated a-hydroxy compounds 1 and 12 has been achieved
using Sn-Beta, in methanol™*' or water'? at temperatures
above 100 °C in the absence of further additives. A Sn-Beta
zeolite synthesized under hydrothermal conditions with
hydrofluoric acid as the mineralizing agent has so far proven
J, 2800 Kgs. Lyngby, most efficient for this reaction.'>' C5 and C6 carbohydrates

yield around 30% for C5 carbohydrate substrate (Me-1) and

around 15% for C6 carbohydrate substrate (Me-12), respectively,
is article is given via a link at the end of while the yields for the formation of the C4 analogue vinyl
glycolate methyl ester (Me-8) can reach above 50% (Table
1).I"1314 Addition of alkali salts has been shown to reduce those
yields and to strongly enhance the formation of smaller
compounds such as methyl lactate, instead.”
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The detection and optimization of carbohydrate conversion
to new chemicals requires consideration of the optimum
analytical approaches employed. Thus, methods that rely on the
use of reference standards for identification and quantification,
including liquid and gas chromatography, may be challenging to
apply in work streams towards new chemicals. In cases where
commercial standards are unavailable, either production of
standards or calculations to estimate response factors are
necessary."” In contrast, methodologies that combine detailed
structural information and the possibility of obtaining an accurate
quantitative signal may be more valuable in the push towards
bio-based economies.

In the current study, we combine in-situ NMR spectroscopy
for the identification of reaction products and an accurate
quantitative NMR (gNMR) methodology to assess solvent effects
in the Sn-Beta catalyzed conversion of abundant carbohydrates.
The methodology operates on a timescale comparable to
commonly used chromatography methods but avoids
instrumental response factors altogether. Identification of new
chemicals in situ makes their purification and characterization
obsolete. Water and a series of short-chain alcohols are used as
solvents that provide sufficient substrate solubility for the
carbohydrates. The change of solvents from methanol and
water to longer-chain alcohols is motivated by the varying
physicochemical solvent properties and by the stoichiometric
participation of the solvent as a nucleophile in the reaction. Thus,
the choice of solvent will affect the formation of alkyl-glycosj
and acetal type intermediates during the reaction, modulat
microenvironment and Lewis acid properties of tin active sites in
the stannosilicates and alter molecular dynamics and e
in the reaction path.®'” Hence, solvent variation is a
optimizing operation conditions towards increased p.
bioprocesses.

For the analysis of solvent effects, we
spectra on complex reaction mixtures without pr
sample pre-treatment in protonated organic so
approach does not rely on the availability of purified re
compounds. Changes in product structure due to reaction wi
the solvent do not critically complicate product identificationyand
quantification for the 11 main reaction pgoducts.

Results and Discussion

NMR spectroscopy i ical structure
spectroscopy
particularly well

within biomass conversion,
rbohydrate isomerization
and depolymerization

for instance
reactions!'>""!

he detection and identification of
oducts in situ. Specifically, DQF-
conventional and edited 'H-"*C
OCSY spectra were employed

CcOosY, ,
HSQC as well as 'H-"*C HSQ
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for compound identification. Band-selective "*C excitation!"® and
optimized decoupling sequences®?" were used to suppress
non-informative signals and artefa d to obtain higher quality
'H-"3C spectra. NMR spectroscopy rious shortcomings

en positions could be
same time, the detection
ic positions by NMR
. Such distinction
potential products in
istinguished based on

inferred from *C chemical shi
of discrete signals for igdi
spectroscopy allows
of isomers is cr
carbohydrate deh
their mass alone.
ed in reaction mixtures
n-beta zeolite are shown
re identified through de novo
and "H/"*C chemical shift assignments in
es in six different protic solvents (water,
ol, iso-propanol and n-butanol). This
the use of high-field NMR
instrumentation (18.7 Tesla magnets) equipped with
cryogenically gooled detection electronics to reduce electronic
4

structure determin
unpurified reaction

ise appr ately 3-fold. The identified reaction products
ive from ways including C-C bond breakage in retro-aldol
ions to yield C2, C3 and C4 fragments, which may
uently undergo dehydration to various a-hydroxy esters
rnatively, direct dehydration of the C5 compound to o-
xy or 3,4-dideoxy esters (1-6) or triple
furanics (9-11) can occur. The most interesting of
these products may be the frans-2,5-dihydroxy-3-pentenoic acid
alkyl ester (1). We recently showed that this prospective
ical building block could be co-polymerized enzymatically
lective 1,5 polymerization reaction with ethyl 6-hydroxy-

oate, vyielding polymers that could be specifically
tionalized at the secondary alcohol group or at the olefinic
nd of the monomer."¥ Thus, 2,5-dihydroxy-3-pentenoic acid
alkyl esters could form the platform for a vast variety of
functional materials derived from C5 carbohydrates.

Standard reaction conditions were defined based on
optimizations of trans-2,5-dihydroxy-3-pentenoic acid methyl
ester (Me-1) formation in methanol.™ In these studies, a Sn-
Beta catalyst was found to be most effective for the formation of
Me-1, and therefore such a catalyst was also employed in this
study of solvent effect.

One-dimensional *C NMR spectra of reaction mixtures
carbonyl regions obtained in various solvents are shown in
Figure 1, assigned compounds corresponding to the spectral
signals are shown in Scheme 1. In these reaction mixtures,
careful inspection allowed the identification of the minor cis-2,5-
dihydroxy-3-pentenoic acid alkyl ester (2) in addition to the
dominant trans-form (1). The 'H-"3C spectral region showing
both molecules and their chemical shift assignments in methanol
is displayed in Figure 2. Long-range correlations through 2Juc
couplings across the double bond are indicated by white lines
and serve to identify the connected signals as parts of the same
NMR spin system. The cis- and trans-configurations were
identified by their characteristic *Jun scalar couplings across the
olefinic bond and by the characteristic signal shifts to lower
frequencies for carbons adjacent to the cis-double bond. This



cis-isomer was identified as the minor isomer in all solvents.
Together with these products, 6 additional 3-deoxy ester/acid
compounds were identified in the carbonyl region shown in
Figure 1. These signals cluster within different spectra regions in
accordance with their functionality: olefinic esters (1-3, 8) at 172-
174 ppm, alkyl esters (4, 5, 7) at 174-176 ppm and lactones (6)
above 177 ppm. Further inspection of the "*C NMR spectra of
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Figure 1. 3C NMR spectra after converting 360 mg D-xylose with 180 m
Beta in 5 mL solvent. The carboxyl spectral region is shown and sign
assigned to the molecules shown in Scheme 1; an apostrophe denotes the
diastereomer of a compound. Chemical shifts are relative to erated
methanol (added to 10% v/v) set to 47.85 ppm for all solvents.
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d are indicated by thin white lines. (B)
Chemical shi und 1 (trans-isomer) and compound 2

(cis-isomer).

WILEY-VCH

Figure 1 indicates that rather dramatic compositional changes
result from changing the solvent from water to alcohol.
Furthermore, it was possible to di ish the diastereomers of
compounds 4-6 signified as by an ap

Quantification of bio-based chemica
Reliable quantifications o
Scheme 1 were subsequen
(gNMR) spectroscopy. A
level of quantitative
empirical factors in
and signal areas a
atoms contributing

und series shown in
d by quantitative NMR
erate at the highest
ethod is free of
alysis of the experiment
| to the concentration of

ectronics and high-field
antifications of reaction
spectroscopy at natural "*C
11%). Experiments that only use inverse
sed to avoid enhancement of the '°C
verhauser effect.? Crude reaction
mixtures, sub) ntitative "*C NMR spectroscopy,
contained dimethyl sulfoxide as an internal standard for absolute
quantification.gDilute dimethyl sulfoxide showed good recovery

er reactl without detectable degradation, while being
ible witfi¥the solvents tested in this study and did not result
or "®C NMR signal overlap with analyte signals. Therefore,
yl sulfoxide was chosen and deemed preferable to
ds like mesitylene, dioxane, glycerol or other alditols
ectroscopic characterization of reaction mixtures
formed in lytic carbohydrate conversion.

Quantltative 1D "®C NMR rather than the more commonly
used 'H NMR spectroscopy was employed for quantification, as
it provides excellent signal resolution and sharp non-split signals.

ated carbon positions were generally used for

ification due to their shorter T{-NMR relaxation times,
yillding quantitative signal for inter-scan relaxation delays on the
b-minute timescale. As an alternative, improved *C NMR
spectra could be obtained upon addition of 1 mM GdCl; as a
relaxation agent to the NMR sample, shortening the carbonyl "*C
T4 relaxation time at room temperature and 18.7 T magnetic field
to the ~1 second time scale. The reduced '*C T relaxation time
permits the accurate measurement of '*C NMR signal areas also
for quaternary carbons without the need for long inter-scan
recycle delays. The signal-to-noise ratio obtained within one
hour of experiment time per sample translated to an estimated
error of determination of 0.2-1.0% for product yields. Such small
experimental uncertainty was validated by performing the
analyses for reaction mixtures in all six different solvents in
replicate, yielding near-identical >*C NMR spectra for repetitions
in each solvent (Figure S1).

Solvent effect on Sn-Beta catalyzed reaction

Quantifications of the eight major compounds in non-purified
reaction mixtures in different solvents are displayed in Figure 3.
Various trends become evident upon variation of the solvent.
Upon increasing the alkyl chain of the alcohol solvent, the
amount of retro-aldol products (7-8) decreases, consistent with
previously reported observations.”)  Simultaneously, an
increased yield of 3,4-dideoxy esters (1-3) and related 3-deoxy
esters (4-6) is observed. Notably, all longer chain alcohols



tested gave higher vyields of 3,4-dideoxy esters than methanol
did, even at conditions that were specifically optimized for
reactions in methanol. The formation of 3,4-dideoxy esters was
highest in ethanol with yields at around 42% (38% trans (1) and
4% cis (2-3) form) and thus 1.2-fold higher than in methanol.
Consistently increased yields were also found for the lactone (6),
yielding 15% in ethanol as compared to 8% in methanol. Overall,
the 3-deoxy and 3,4-dideoxy esters (1-6) account for 66% of the
carbon balance in ethanol and in iso-propanol. Quantifications of
these related compounds are summarized in Table 2. Furfural
derivatization to alkyl acetals predominates for methanol and is
less pronounced in larger alcohols and especially in iso-propanol.
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Figure 3. Product distribution of reactions in alcohols or water. T
were conducted with 180 mg Sn-Beta, 360 mg D-xylose, 5 mL s

cases. Legend numbers reference to the compounds in Sch

In all solvents, 3,4-dideoxy esters are primari
trans compound (1), with yields that are also higher
the cis 3,4-dideoxy form (2-3) and the potentially related fu
forms (9-11) combined.

Table 2. Yield of 3,4-dideoxy compounds (1-3) gnd 3-deoxy compounds )
from xylose in various solvents. L

Compound Water Methanol Ethanol

1-3 4% 33% 42
4-6 14% 14%
179
Sum %

altered compos
exhibiting a gre
compounds are formed
-aldol products, furanics and 3-deoxy
hcipal difference in the use of water
ation of free Brensted acids as
products in rea in water. Brgnsted acids are
known to catalyze a multitude of reactions including dehydration

at lower levels than r
in water. A
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and acetalization. Due to this catalytic activity of Brensted acids,
their continuous formation will impact the catalytic system and
alter the product distribution, th jonalizing the principally
different product composition in wa Icohols. Especially

We finally note
partially attributed to steric h
zeolite pores.' In the ¢

selectivity has been
at the Sn active site in
udy, the use of less

(compound 6). This

change in selectivi favored intramolecular

evaluated the prospect for further
improvements using ethanol as the solvent. In the
range of 140-160 °C, the product selectivity was reasonably
constant withgsimilar yields of 3,4-dideoxy esters (42%, see

ble S2). ,all, we find the formation of the 3-deoxy and 3,4-
oxy dehYdration products (1-6) to be only weakly sensitive
perature variation between 120 and 180 °C. Nevertheless,
ing solvent and temperature effects resulted in a
yield above 40% for 3,4-dideoxy esters, an almost
elative to previously achieved yields in methanol

to

(33%, Ta .

Temperature-dependent differences are detected in the
formation of formation of the cyclic y-lactone compound 6
relgtive to the open-chain 3-deoxy compounds 4 and 5. Lower
atures favor the formation of compound 6 relative to the
~chain compounds 4 and 5. This observation is consistent
an increasing fraction of acyclic forms due to endothermic y-
ctone solvolysis to compound 5.%° Tabulated yields of the
emperature study are collected in the Sl (Table S2).
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Figure 4. Product distribution of reactions between 120 °C and 180 °C using
ethanol as the solvent. The reactions were conducted using 180 mg Sn-Beta,
360 mg D-xylose, 5 mL ethanol and 50 mg dimethyl sulfoxide as internal
standard, and run for 2 hours at the selected temperature. An uncertainty
within £#1% was achieved in all cases. Legend numbers reference to the
compounds in Scheme 1.



Time-resolved reaction analysis

Additional insight into solvent effects on the acyclic reaction of
xylose to potential polyester building blocks was sought by
tracking the reaction progress in water, methanol and ethanol
over time. To this end, reactions were conducted under
microwave heating for varying time and were subsequently
analyzed by quantitative *C NMR spectroscopy (full data
provided in Table S3). The experiments show continued
formation of products even after full xylose conversion. This
observation is attributed to the accumulation of glycoside
intermediates,"” some of which subsequently can be converted
to the full range of products.

The formation of compound 1, the main product, in
methanol and ethanol, was tracked in an initial-rate experiment
at 160 °C under quasi-steady state conditions as shown in
Figure 5. Due to the initial surplus of substrate, pseudo-first
order kinetics were obtained, resulting in a linear accumulation
of product during the short initial time period shown in Figure 5.
Although compound 1 formed with higher selectivity in ethanol
(39%) than in methanol (31%) and water (approximately 5%) in
the kinetic experiments, the initial rate of formation is lower in
ethanol than in methanol. This finding on the formation of
compound 1 is paralleled by a higher rate of conversion of
xylose in methanol than in ethanol and a lower rate of
conversion in water (Table S3).

Kinetic profiles underline the complexity of the reaction
pathway and hint at a combination of solvent effects. Soly,
molecules compete with the substrate for binding to tin
sites. A weaker binding to these sites is expected for alcohols
relative to water, leading to a better availability of active gi
the substrate in alcohols than in water.?®%"! This rati
may explain the lower rate of formation of comp
concomitantly lower rate of xylose conversion obse,
In the Sn-Beta catalyzed conversion of xylose 4
alcohol enters the catalytic cycle as a nucleophi
lower rate of forming compound 1 in ethanol than in
thus consistent with previous reports for C4 carboh
products suggesting that lower nucleophilicity and steri
limitations may alter product selectivity towards the 3,4-did
compound.®

In methanol and ethanol the for,
during the reaction course (Figure B
compound 1 in water shows a maximu
decrease during the reaction,
collective increase of 3-deoxy
This finding indicates t
occur in water, esp
Brognsted acidity. Form
rapidly in water than form
alcohols (Figure S3).
followed by an
of an alteration
Bronsted acidity.

occurs more
e-7 and Et-7 in

due to an increase in
s decrease slightly from

of the reaction mixture also indicate
polymeric species (humins). The
catalyzed xylose conversion in
water relative to alcohols ca ascribed to lower reactivity at
the Sn active sites due to competing solvent absorption and to
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mechanistic effects of Brgnsted acid formation. The formation of
alkyl lactates is largely suppressed in longer alcohols, consistent
with previous studies at conditi hat were optimized for
lactate formation. Here, maximum a te yields had been
reported to drop from 65% in methanol imately 35% in
ethanol and 25% in isopropanol.”! Ov ficial effect
of ethanol relative to me i
ascribed to the less nucleop
side reactions.

10

AYield [11/%

Time/s

Figure 5. Initial rate experiments for the formation of product 1 from 360 mg
ylose 180 Sn-Beta at 160°C in 5 mL methanol, water and ethanol.
initial ra lower in ethanol than in methanol, albeit a higher final
entration of 1 is reached in ethanol.

glucose is the most abundant carbohydrate in
se is available from starch and cellulose, which are
both homopolymers composed of glucopyranose sub-units.
Hexoses are able to form compound 12 (trans-2,5,6-trihydroxy-
noic acid methyl ester, Figure 6A), the C6 analogue to
und 1, although in lower yields. In order to substantiate
the solvent effect discussed herein is applicable to the
mation of chemical building blocks from C6 carbohydrates, as
ell, reactions using glucose as the substrate were performed.

The beneficial effect of ethanol relative to methanol in the
formation of compound 12 is also valid for glucose, as can be
seen from the NMR spectra of the olefinic region (Figure 6B).
The solvent change from methanol to ethanol increases the
formation of compound 12 approximately 1.2-fold (from 13.8% to
16.0% under the standard reaction conditions used herein). The
formation of the hexono-lactone equivalent of compound 6 also
increases, from 16.6% to 19.4%, while the formation of alkyl
lactate 7 drops from 31.5% to 12.6%. All of these effects closely
follow trends observed for the conversion of xylose and are
consistent with previous studies using homogeneous and
heterogeneous tin catalysts on the less abundant acyclic C4
carbohydrate erythrulose.”'® Thus, a shift towards improved
selectivity for the formation of commercially interesting 3,4-
deoxy esters at the expense of retro-aldol cleavage can be
achieved for a series of carbohydrates using Sn-Beta catalyst in
longer alcohols than methanol.
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Figure 6. (A) Structure of the C6 analogue of compound 1, trans-2,5,6-
trihydroxy-3-hexenoic acid methyl ester (12). (B) Spectral comparison of the
areas of the olefinic carbon shifts of compound 12 in ethanol and methanol
reaction solvents. Duplicate samples are shown, including errors of
determination of signal areas relative to DMSO as an internal quantification
standard.
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Conclusion

In conclusion, we employ quantitative *C NMR for the det
and accurate quantification of previously unknown products in

Beta, without wusing reference standard

Identification and quantification are feasible in differ:
thus permitting the elucidation of solvent effect
selectivity. The exchanging of methanol for
results in increased yields of C5 3,4-dideoxy es

lower rate of formation, although t
dideoxy acids or esters is assum

reaction pathways towards th
dideoxy compounds are bri
solvents.

preferable solvents an
preferable to methanol in s of environmental, health and

e formation of 2,5-dihydroxy-3-

encouraging for th
processes in a future

environmentally benign
ased chemical industry.
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Experimental Section

itiator” microwave reactor in
conducted with 180
360 mg D-xylose,

Reactions were conducted with a Biot
5 mL glass reaction vials. Reactions wer
mg Sn-Beta (Si/Sn = 200, hydrothermally synt
5 mL solvent and 50 mg dimethyl sulfoxide a

Sn-Beta was produced accordin
the ESI, based on a modification of t
et al>3" yielding the Sn
product was confirmed
N-adsorption (see E

esis procedure described in
ure described by Valencia

For discerning solv
usage, each sample
were taken fro
added and the
analysis. In kinetic
were prepared in the

hanol-d, (Sigma-Aldrich) was
mm NMR tube for immediate

s, 1 min, 10 min, 1 h, 2 h). Samples were
air and 500 pL aliquots were taken from
f methanol-d4 and transferred to a 5 mm

rapidly
each sample, mixed wi

NMR tube.

lvere acquired on an 800 MHz Bruker Avance Il NMR
trometer gquipped with a TCI CryoProbe and a SampleJet sample
er. 1D "*C NMR spectra were acquired by sampling 64k complex
ints during and acquisition time of 1.36 seconds, and using an
n recycle delay of 45 seconds. A pulse sequence with H
during the signal acquisition was used to minimize
ignal integrals by the nuclear Overhauser effect.
carbons were used for quantification and several carbon
sites per molecule were used to improve the statistics of the signal area,
using integrations in Bruker Topspin 3.5 pl5 (see e.g. Figure 8). Standard
DQE-COSY, TOCSY, 'H-">C HMBC, standard and edited 'H-">C HSQC
as "H-'*C HSQC-TOCSY spectra were employed for compound
cation in samples after evaporating the solvent overnight in a fume
, prior to re-dissolution in deuterated solvents. Figure S6
onstrates the accuracy of this method by comparison of a reaction
ample with readily available standard compounds. Standard 'H-3C and
edited HSQC as well as 'H-"C HSQC-TOCSY were used in protonated
solvents to validate the assignments. All spectra were processed with
ample zero filling in all spectral dimensions using Bruker Topspin 3.5 pl5.
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