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a b s t r a c t

In an effort to expand the number of biobased chemicals available from sugars, xylose has been con-
verted to 1,6,9,13-tetraoxadispiro(4.2.4.2)tetradecane in a one-pot reaction using palladium supported on
silica-alumina as the catalyst. The title compound is produced in 35e40% yield under 7 MPa H2 pressure
at 733 K using 3e10 wt%Pd on silica-alumina catalyst. It is isolated using a combination of liquid-liquid
extractions and flash chromatography. This dimer can be converted to its monomer, 2-hydroxy-(2-
hydroxymethyl)tetrahydrofuran, which ring opens under acid conditions to 1,5-dihydroxy-2-
pentanone. This diol can then be esterified with vinylacetate in phosphate buffer to produce 1,5-
bis(acetyloxy)-2-pentanone which is an inhibitor of mammalian 11b-hydroxysteroid dehydrogenase 1.
1H and 13C nmr spectra of each of these species are reported. The single crystal X-ray structure of the title
compound is also reported. These data were collected in a temperature range of 100 Ke273 K and show a
solid state phase change from triclinic to monoclinic between 175 K and 220 K without a conformational
change.

Published by Elsevier Ltd.
1. Introduction

Xylose is a readily available pentose usually isolated from the
hemicellulose of wood, typically, beech and birch. Much of the
commercial use of xylose is in its hydrogenation to xylitol [1,2]. In
2013 xylitol had a global market value of US$670 million [3] that is
expected to grow to US$1 billion by 2020. The hydrogenation is
performed using Raney nickel in a batch slurry reactor where the
catalyst effectively hydrogenates the carbonyl group of xylose.
However, the utilization of xylose in a biobased chemicals program
requires xylose to be converted to a wide spectrum of chemicals.
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Extensive research exists into the dehydration of xylose to make
furfural which can then be a building block used in many industries
[4e12]. The hydrogenation of furfural yields biofuel components
[13e18] and diol monomers [19e22] for polymer synthesis. Other
specialty products have been prepared from the pentoses. van der
Klis et al. have reported on the decarbonylation of xylose and
arabinose over Ru/C to give the tetritols erythritol and threitol at
25% yield [23].

We present here another specialty product from xylose, 1,6,9,13-
tetraoxadispiro(4.2.4.2)tetradecane, (1), which was originally
described simultaneously by Hurd [24] and Swadesh [25] in 1949.
Hurd was attempting to resolve discrepancies previously reported
on the thermal degradation of sugars. He used 2,3-
dihydroxytetrahydropyran as a model compound for studying the
degradation of glucose but failed to find the expected anhy-
droglucose analog. Instead, 1 was found in about 20% yield. Swa-
desh, while at Quaker Oats, was identifying the byproducts
resulting from the Raney nickel hydrogenation of furfuryl alcohol
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where tetrahydrofurfurylalcohol is the main product. One of the
byproducts, described as high-boiling, was isolated as a colorless
crystal melting at 103 �C. Following discussions between Swadesh
and Hurd, it was concluded that each group was studying the same
compound, namely 1. After a fifty year absence from the literature,
the structure of 1 was determined by Gaede et al. [26] This group
used a Pd/C catalyst for the hydrogenation of furfuryl alcohol and
recovered 1 at a yield of less than 5%. They found the product
deposited in the condenser while attempting a distillation. Each of
these groups also noted the monomeric, ring-opened form of the
compound,1,5-dihydroxy-2-pentanone. More recently, Zhang, et al.
[27] isolated 1 and several derivatives including the mono- and
diacetylated derivatives of 1,5,-dihydroxy-2-pentanone from the
fruiting spores of the basidiomycete Catathalesma imperial. The
compounds were isolated by ethyl acetate extraction and purified
by column chromatography in quantities ranging from 2 to 110 mg/
kg of fungal fruiting tissue. Three of these isolated compounds in
open chain form, though not the cyclic species, were found to be
inhibitors of both human and mouse 11b-hydroxysteroid de-
hydrogenases. These enzymes are seen as targets for treating hy-
pertension, type II diabetes, and metabolic syndrome [28]. This
report offers some expectation for the utility of 1, either as the
tricyclic or its open chain form.

We rediscovered the title compound while screening catalysts
for the hydrodeoxygenation of biomass hydrolysates. The hydro-
lysates were prepared by passing hot, compressed water over ball-
milled switchgrass. These screening reactions were performed on
these murky suspensions at 433 K and 7 MPa hydrogen pressure
and resulted in solutions containing products from both lignin and
sugar components of biomass. Analysis of these solutions by gas
chromatography/mass spectrometry and HSQC NMR led to the
tentative identification of 1. The structure of 1 suggested that it
originated with xylose and/or arabinose that were hydrolyzed from
hemicellulose. Therefore, these pentoses were hydrogenated under
the conditions of our screening reactions to see if 1 could be syn-
thesized in high yields and to see if it could serve as biobased
platform chemical. The results of these studies are presented here.

2. Results and discussion

2.1. Catalyst selection and characterization

Fromour screening reactions it was apparent that palladiumwas
the active metal with the greatest tendency to produce 1 from
xylose and it performed best when supported on silica-alumina
(SA). Other supports that were examined included commercial 5%
Pd/CaCO3, 5%Pd/C, and 5%Pd/Al2O3. Of these, only the 5%Pd/Al2O3
gave 1 in yields near that obtainedwith Pd/SA. 5%Pd/C gave 1 at<5%
and xylitol and tetrahydrofurfuryl alcohol (THFA) at selectivities of
35% and 41%, respectively. 5%Pd/CaCO3 produced mostly the
hydrogenolysis products acetol, 3-hydroxy-2-butanone, and acetic
acid and 1 at only 6%. Palladium was also impregnated onto other
supports. 5%Pd/AlPO4 was prepared to examine the role support
acidity might play. This catalyst did produce 1 at 12% selectivity
(and THFA at 38%) but it was visibly degraded after one use. Palla-
diumwas loaded onto H-Beta zeolite, another acidic support, which
gave 1 at 20% yield along with THFA and acetol. Following these
results, we focused on the Pd/SA catalysts for the synthesis of 1.

A series of Pd/SA catalysts with Pd loadings ranging from 3% to
10% were prepared by wet impregnation using PdCl2 dissolved in
aqueous ammonium hydroxide. The surface properties of fresh and
used 5Pd/SA catalysts calcined at 673e973 K are shown in Table 1
and the N2 isotherms of the catalyst calcined at 973 K are shown
in Fig. 1. It can be seen in the table that addition of the palladium to
the support causes a decrease in surface area and small changes in
pore diameter and volume. Calcination at 973 K causes a greater
loss in surface area compared to the lower temperatures. PdO
crystallite size is also affected by calcination temperature with the
higher temperatures giving larger crystallites. Metal oxide supports
are known to be susceptible to degradation in hot water and this
can be seen in both the table and in the shape of the N2 isotherms.
The loss in surface area and expansion of the pores reveals the
change in the support structure. Fig. 1 shows the hysteresis loop of
the fresh catalyst is a Type H2 typical of metal oxide gels and
indicative of complex, interconnected pore structure. After use, the
pore structure appears to collapse into fewer but larger pores
resulting in a hysteresis loop that takes on the appearance of Type
H1. This reorganization also affects the PdO crystallite size as the X-
ray diffraction results from the fresh and used catalysts indicate
that the crystallites are smaller after the catalysts have been used.
The energy dispersive X-ray spectroscopic analysis of Pd and Al also
indicate that the Pd migrates to the surface as a result of both
calcination temperature and use. Overall, this means that the
calcination temperature becomes irrelevant after the catalysts are
exposed to hot water. (See the SI for the XRD and EDS spectra in
Figs. S1 and S3).

Fig. S2 displays the temperature programmed hydrogenation of
the catalysts after being calcined at temperatures of 673 K, 773 K,
and 973 K. The negative peak, an area where hydrogen is being
evolved from the catalyst, is indicative of the b-hydride capacity of
the reduced Pd0 on the surface of the catalyst. The TPR trace of the
catalyst calcined at 673 K shows a smaller negative peak at 358 K
and a large hydrogen absorption peak near 573 K. The peak around
573 K results from better dispersed Pd on the surface. At higher
calcination temperatures, the b-hydride peak increases in size and
the dispersed Pd is reduced in relative amounts.

2.2. Hydrodeoxygenation of D-(þ)-xylose

The title compound is a colorless solid with a literature melting
point of 376 K; at high purity, it sublimes; it has a fragrance vari-
ously described as like that of hazelnut or bourbon. The hydro-
deoxygenation (HDO) of xylose to 1 and the successive conversion
of this to the ring-opened species 1,5-dihydroxy-2-pentanone (3)
and on to the acetylated derivative (4) are shown in Fig. 2. The
yield-limiting step in the reaction series is the reaction of xylose
with a yield of 1 typically at 35e40%. Fig. 3 displays the product
selectivity at high conversion of xylose. The identified side products
of this reaction result from as many as four competing pathways
that need to be inhibited to increase the yield of 1. These include
hydrogenolysis in which carbon-carbon bonds are broken giving
hydroxypropanone and 1-hydroxy-2-butanone. The second
pathway is the HDO of xylose in which carbon-oxygen bonds are
broken resulting in the formation of water and the C5 products 1-
hydroxy-2-pentanone, cyclopentanone, and THFA. The third
pathway is the hydrogenation of the carbonyl group to give xylitol.
A fourth pathway is the dehydration of xylose to furfural, which is a
well known route to platform chemicals from biomass [4e7,9,29].
But furfural is only detected at very low levels during the HDO
reaction. Although furfural could be seen as the logical precursor to
1 if it was hydrogenated to furfuryl alcohol, the starting material in
the previous reports for the synthesis of 1. In fact, the hydrogena-
tion of furfuryl alcohol over Pd/SA does not give 1. Furfural could
also be proposed as the precursor to both THFA [13] and the
cyclopentanone [30,31]. The hydrogenation of furfural proceeds
only slightly under these reaction conditions over Pd/SA so the
THFA likely forms from the HDO pathway. Furfural is not formed if
the catalyst is more active toward the reactions involving hydrogen
than toward dehydration. That is, palladium catalysts activate
hydrogen and produce the reduced organic species. Other



Table 1
Textural properties of the catalyst calcined at various temperatures, fresh, and after use.

Catalyst (calcination temperature, K) BET SA, m2/g dp, nm Pore vol. cm3/gr PdO size by XRD, nm wt%Pd by EDS wt%Al by EDS

Silica-alumina(973) 554 4.1 0.65 e e 8.92
5Pd/SA(673) 484 5.4 0.59 14.4 10.53 6.77
5Pd/SA(673) used 306 11.1 0.67 12.3 7.61 6.65
5Pd/SA(773) 497 4.2 0.58 14.7 7.57 6.42
5Pd/SA(773) used 289 11.1 0.61 12.9 8.19 8.60
5Pd/SA(973) 370 5.4 0.47 22.1 8.36 7.20
5Pd/SA(973) used 286 9.9 0.56 12.8 10.89 6.73

P/PO

0.0 0.2 0.4 0.6 0.8 1.0

g/cc,PTSta
e

muloV

0

50

100

150

200

250

300

350

400

Used catalyst

Fresh catalyst

Fig. 1. N2 isotherms of fresh and used 5%Pd/SA(973) showing the change in surface
texture of the catalyst after one run.

Run #1 Run #2 Run #3

ytivitceleS
%

0

20

40

60

80

100

Tetraoxadispiro(4.2.4.2)
tetradecane 
Xylitol 
THFA
1-Hydroxy-2-pentanone
Cyclopentanone
<C5 
%Conversion 
Carbon balance
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Fig. 2. Scheme showing the conversions from xylose to 1,5-bis(acetyloxy)-2-pentanone.
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Fig. 4. Product selectivity resulting from the hydrodeoxygenation of pentoses and
xylooligomers over 5%Pd/SA. Conditions are described in the text.
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hydrogenation catalysts that were screened, including Pt, Cu, Ni,
and Rh, on silica-alumina, gave enough furfural for the formation of
oligomeric furfural humins to be visible in the reactor as tars. Only
the Rh/SA gave 1 in appreciable yield.

2.3. Effect of reaction conditions on yield

2.3.1. Effect of hydrogen pressure
Yields of 1 were greatly improved by increased hydrogen pres-

sure. When the hydrogenation of 5% xylose solutions was per-
formed over 5Pd/SA under hydrogen pressures ranging from
0.7 MPa to 10.3 MPa, the yield of 1 increased from 8% to 39%. The
increased pressure serves to maintain the Pd centers in a reduced
state and covered with activated hydrogen. The high hydrogen
pressure needed for this conversion may explain why the prepa-
ration of 1 from xylose has not been reported previously.

2.3.2. Effect of Pd loading
The palladium catalysts were prepared at nominal palladium

loadings of 3, 4, 5, and 10 wt%. Yields of 1 were not substantially
affected by increasing the loading of Pd presumably due to the fact
that dispersion was so low that additional Pd was lost in the
inaccessible centers of the large crystallites. 3Pd/SA gave 1 in yields
similar to 5Pd/SA but reactions rates were slower.

2.3.3. Effect of xylose charge
Hydrogenations were typically performed on 5% xylose solu-

tions. However, since the formation of 1 is a dimerization, it was
expected that using higher concentration xylose solutions would
result in higher yields. Therefore, xylose concentrations ranging
from 2 to 30% were tried. Despite expectations that higher xylose
concentrations would increase yields of 1, quite the opposite
occurred. The most dilute xylose solutions gave 1 at 41% yield and
this value fell to 5% from 30% solutions.

2.3.4. Reuse of the catalyst
Silica-alumina is a mesoporous oxide commonly used as a

catalyst support. The well known drawback to oxide supports is
their degradation in hot water resulting in loss of surface features
and often loss of supported precious metals [32]. As is shown in
Table 1, the catalysts were affected by the reaction conditions
resulting in catalysts of considerably lower surface area and slightly
increased pore volume with pores about twice as large as the
starting materials. However, these changes had little effect on
catalyst performance after two runs. Fig. 3 shows the product dis-
tribution over three catalytic runs using 10 wt% xylose solutions.
Following each run, the catalyst was collected, washed, and recal-
cined to remove any coke deposits. Included on the bar graph are
points indicating the conversion and carbon balance for each run.
Conversion in the third run remained high but the carbon balance
fell from 83% to 76%. This suggests that xylose or products are being
lost to higher molecular weight species perhaps resulting from
oligomerization.

2.3.5. Hydrodeoxygenation of ribose, L-arabinose, and
xylooligosaccharides

L-Arabinose is the other pentose commonly found in hemicel-
lulose and successful conversion of this sugar would allow for the
direct use of xylan. Indeed, the HDO of L-arabinose gave the same
product selectivity as did the HDO of xylose. Unfortunately, this
comparison sheds no light on a possible reaction mechanism. L-
Arabinose is considerably more stable in hot water than is xylose,
whether in the presence of mild Brønsted acid [29] or the Lewis
acid catalyst FeCl3 [6]. If the reactionwere running through furfural,
higher yields would be expected from xylose since it dehydrates
faster than does L-arabinose. If the reaction were running through
the ketopentoses xylulose or ribulose, higher yields would be ex-
pected from arabinose since its greater stability would allow for
conversion to these intermediates. D-Ribose also gave the same
product distribution from its HDO over 5%Pd/SA. These results are
presented in Fig. 4. Each of the substrates was subjected to HDO
using the 5%Pd/SA catalyst at 433 K and 7 MPa H2 pressure and the
reaction time was 5.5 h for each.

A mixture of xylooligosaccharides was also subjected to HDO
using the 5%Pd/SA catalyst at 160 �C and 7 MPa H2 pressure but at a
lower substrate concentration of 2 wt% rather than the 5 wt% of the
monosaccharide reactions. This reaction produced 1 at a selectivity
of 31% which is about the same as that from the monosaccharides.
However, the selectivity toward xylitol was almost double that of
what was formed from xylose, and the production of the hydro-
genolysis products was considerably lower. The production of 1 at
yields similar to that obtained from the pentoses indicates that the
catalyst is able to hydrolyze oligosaccharides. However, efforts to
get beechwood xylan to hydrolyze and produce 1 failed, presum-
ably due to the inaccessibility of the xyl-xyl linkages in the polymer
to the heterogeneous catalyst.

2.3.6. Crystal structure of 1
X-ray quality crystals of compound 1 were obtained by slow

evaporation of an ethyl acetate solution of the compound. The
crystallography decisively establishes the stereochemistry of 1 to
be the meso diastereomer of 1,6,9,13-tetraoxadispiro(4.2.4.2)tet-
radecane. Initially data were collected at 100 K on two separate
crystals, and both were found to be an apparently different
polymorph than the established room temperature structure of 1
reported by Gaede [26]. Therefore, data on a third crystal were
collected at 298 K, and unlike the triclinic low temperature
structures, these data were consistent with a monoclinic poly-
morph indistinguishable from the structure reported by Gaede.
To clarify whether the polymorphism was the result of crystal-
lization of distinct crystal forms, or the result of a temperature
dependent solid state phase transition, a separate crystal was
selected and diffraction data on the crystal were collected at
seven different temperatures. The first data set was collected at
273 K then with the crystal remaining on the instrument, the
temperature was lowered as five successive data sets were
collected down to 100 K. To demonstrate the reversibility of the
temperature effects, the crystal was warmed to 260 K while
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remaining on the instrument and a seventh and final data set
was collected. Key experimental data parameters for the variable
temperature study are shown in Table S3. At 273 K and 220 K, the
crystal retained its monoclinic form with compound 1 centered
on a crystallographic inversion center, with half of the molecules
atomic coordinates being symmetry generated. By 175 K, the
crystal had undergone a phase transition to a triclinic form with
two crystallographically independent molecules in the unit cell,
each centered on a crystallographic inversion center, with half of
each molecule's atomic coordinates being symmetry generated.
Upon close examination, this is much less profound than it may
initially sound. Decent in symmetry from the monoclinic P21/c
space group to a triclinic space group necessarily eliminated the
glide planes that had rendered all molecules symmetry equiva-
lent. Fig. 5a overlay of the two crystallographically independent
molecules of the 100 K structure illustrate there are negligible
differences in the conformations of these molecules. Further-
more, Fig. 5b overlay of a 100 K molecule with a 273 K molecule
demonstrates that the conformation of these molecules are
essentially equivalent.

Fig. 6 shows an ORTEP view of the central molecule in the unit
cell at each temperature. While the standard uncertainty ellipses
sharpen as the temperature drops, the solid state molecular
conformation remains essentially static over a wide 173 K temper-
ature range and even across a formal solid state phase change.
Technically, because at lower temperatures, the crystal system has
changed from monoclinic to triclinic, there is a measurable change
in the solid crystalline phase and this makes detectable slight dif-
ferences in themolecular (not conformational) arrangements of the
molecules in the two phases. In a perspective on how to define
polymorphism, Desiraju discusses several solid form examples that
technically could be classified as polymorphs according to the
definitions accepted since the 1960's; however, he poses the
question: “but do these structures qualify for the polymorph label,
in spirit?” [33] In the case of the crystal forms of 1 reported here, the
answer is clearly no; for chemical purposes these crystal forms do
not qualify as polymorphs. Best practices for modern X-ray crys-
tallography demands low temperature data collection, generally
below 150 K, unless there is a compelling reason to collect data at a
higher temperature. Less than a decade ago, room temperature data
collection was routine. As more structures, originally measured at
room temperature, are re-determined at low temperature, inevi-
tably some will be found to have ‘different’ crystal forms at low
temperature. The variable temperature structures of 1 provide an
important and tangible example where an observed difference in
crystal form may not be evidence for polymorphism, beyond the
most rigorous and narrow of definitions. They also provide a
reminder that care must be takenwhen comparing crystallographic
results between crystals not measured under identical data
collection conditions, particularly when the differences in results
might, as was the case here, be attributable simply to the
Fig. 5. Overlays of a) crystallographically independent molecules at 100 K (red and blue) and
to colour in this figure legend, the reader is referred to the web version of this article.)
differences in data collection conditions. (The X-ray experimental
parameters for the variable temperature structures are in the SI.)

2.4. Reactions of 1

2.4.1. Ring opening over Amberlyst 15 and acetylation
Though 1 could find uses as a fragrance, we sought to expand its

potential as a biobasedmaterial. To this end, we have demonstrated
the ring-opening of 1 to the linear form, followed by esterification
of the two resulting alcohol groups. The solid acid Amberlyst 15was
shown to open the ring structure of 1 in aqueous solutions. The
product of this reaction is 1,5-dihydroxy-2-pentanone, 3. The in-
termediate monomeric species, 2, is not detected in these solutions
and has only been isolated in acetone during flash chromatography
purification. Once 3 is formed, it can be esterified at each of the
alcohol groups using vinyl acetate in phosphate buffer. This gives
1,5-bis(acetyloxy)-2-pentanone, 4. This compound was identified
by Zhang et al. as being an inhibitor of human and mouse 11b-
hydroxysteroid dehydrogenases [27]. The acetylated compound
should also be amenable to further chemistry such as trans-
esterification to give new biobased materials.

3. Conclusions

D-(þ)-xylose, D-(�)-ribose, and L-arabinose can be hydro-
deoxygenated to 1,6,9,13-tetraoxadispiro(4.2.4.2)tetradecane in
water using Pd/SA as catalyst in about 40% yield. The product can be
isolated using solid phase and liquid-liquid extractions. In its
crystal form, 1 undergoes a phase change from triclinic to mono-
clinic between 175 K and 225 K, though this change is strictly
molecular rearrangement and not polymorphism. This tricyclic
compound can be ring-opened by solid acid catalysts and the
resulting diol can then be esterified to give 1,5-bis(acetyloxy)-2-
pentanone. Though the silica-alumina support is degraded by the
hot water reaction conditions used here, it can still be reused with
little loss of selectivity.

4. Experimental

4.1. Materials and methods

PdCl2, silica-alumina, D-(�)-ribose, L-arabinose, vinyl acetate,
and Amberlyst 15 were from Sigma-Aldrich (Milwaukee, WI, USA).
D-(þ)-Xylose was from Alfa Aesar (Ward Hill, MA, USA). Xylooli-
gosaccharides were from Wako (Osaka, Japan) and described as a
mixture of xylobiose, xylotriose, etc.

4.2. Catalyst preparation and characterization

The palladium catalysts were prepared by wet impregnation.
PdCl2 was dissolved in 9%NH4OH and the resulting solution was
b) molecules at 100 K (magenta) and 273 K (blue). (For interpretation of the references



Fig. 6. Color Mercury generated, POV-Ray rendered ORTEP drawing (50% probability level, hydrogen atoms drawn arbitrarily small) of compound 1 at various temperatures.
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stirred into the appropriate mass of silica-alumina to give a damp
mixture. This was air-dried and then calcined in static air at
673e973 K for 2 h. Surface textures were determined using a
Quantachrome ASiQ (Quantachrome Instruments, Boynton Beach,
FL, USA). Samples were outgassed at 200 �C for 10 h prior to
analysis. Analyses were performed at 77 K using N2 as the
adsorptive. Surface areas were determined using the BET equation
within 0.05 < P/Po < 0.30. Pore sizes were determined using the BJH
method on the adsorption branch of the isotherms. Energy
Dispersive Spectroscopy (EDS) measurements weremade on a JOEL
JSM-6010LA SEM with an integrated EDS attachment operating at
10 keV. X-ray diffractograms were recorded on a Bruker D2 Phaser
(Bruker AXS Inc., Billerica, MA) using q/q geometry and Cu-Ka ra-
diation generated at a current of 10 mA and 30 kV. Scans were run
over a 2q range of 10e90� with a step size of 0.02� and a time per
step of 0.2 s. The sample stage was rotated at 10 rpm during the
scan. Initial divergence slit size was 0.6 mm and a 1 mm air scatter
screen was used above the sample. A Lynxeye™ detector was used
in conjunction with a 2.5� Soller slit and a Ni Ka filter.

4.3. Analytical methods

Generally, HPLC analyses were performed on a Carbomix col-
umn maintained at 323 K using 0.025 M H2SO4 as mobile phase.
Analytes were measured using a Finnigan Surveyor refractive index
detector. Separation of the ribose/ribitol mixes was accomplished
using an ionmoderated partition chromatography column (Aminex
HPX-87P with deashing and Carbo-P micro-guard cartridge from
Bio-Rad Laboratories Inc., Hercules, CA). The column was main-
tained at 353 K, and the samples were eluted with Milli-Q filtered
water at a flow rate of 0.6 ml/min. All solutes were identified and
quantified by comparison to retention times of authentic standards.

GCMS Analyses were performed on a Shimadzu QP2010 SE GC/
mass spectrometer/FID. Separations were accomplished using a
Supelco Petrocol DH 50.2 (50 m � 0.2 mm� 0.5 mm) column. The
oven program was as follows: Initial temperature 348 K for 2 min,
ramp at 10 �C/min to 453 K, hold for 1min then a ramp at 25 �C/min
to 548 K with a final hold time of 3 min. Methyl nonanoate was
used as internal standard. The mass spectrometer was operated in
the EI mode at 70 eV. Prior to GC analysis, 4.0 ml of the filtrate
resulting after removal of the catalyst, were loaded onto a 5 g
Hypersep C18 solid phase extraction column (Thermo Scientific,
Rockwood, TN, USA). The products eluted with 8.0 ml methanol.
This solution was then spiked with internal standard and analyzed.
1H and 13C NMR spectra were obtained on a Bruker Avance 500
with a 5 mm dual proton/carbon probe (500 MHz 1H/125 MHz 13C).

4.4. Synthesis of 1,6,9,13-tetraoxadispiro(4.2.4.2)tetradecane from
xylose

Reactions were performed in a Parr Instruments (Parr In-
struments, Moline, IL, USA) stirred reactor with a 300ml glass liner.
Typically, xylose and catalyst were loaded into the reactor with
50 ml water, the systemwas charged with hydrogen and evacuated
five times before being brought up to 15 bar hydrogen. The reactor
was then heated to 433 K and pressurized to the final hydrogen
pressure and the reactor was stirred at 250 rpm until the reaction
was complete. Progress of the reaction was monitored by with-
drawing samples via a sampling tube and analyzing by HPLC for
unreacted xylose. Upon completion of the reaction, typically after
5 h, the catalyst was removed by filtration. The filtrate was
extracted with diethyl ether to remove HPO, CPO, and some of the
THFA. The aqueous portion was then reduced in volume at reduced
pressure to give a heavy residue. This residue was then extracted
with 90:10 hexane:ethyl acetate. Removal of this solvent mix at
reduced pressure gave solid 1. 13C NMR (D2O, 125 MHz) d22.8, 33.1,
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64.6, 68.4,103.1. 1H NMR (D2O, 500MHz): d1.74 (complexmultiplet,
2H), 1.84 (complex multiplet, 2H), 1.9 (complex multiplet, 2H), 1.97
(complexmultiplet, 2H), 3.48 (d, J¼ 12.5, 2H), 3.95 (t, J¼ 7, 2H, 4.05
(d, J¼ 12.5, 2H)). EIMSm/z, (relative intensity) 84, (100); 42 (21); 56
(16); 43 (11).

Isolation of the ringeclosed monomer (2) was accomplished
using flash chromatography (CombiFlash Rf 200i, Teledyne Isco,
Lincoln, NE, USA). Separations were performed using two stacked
Redi-Sep Gold Silica columns (12 g each). The mobile phase was a
hexane/ethyl acetate gradient flowing at 25 ml/min. The gradient
used was a 1e10 column volume (CV) gradient to 10% EtOAC, hold
at 10% EtOAc for 30 CV, then up to 100% EtOAc in 10 CV, hold for
10 CV, then 0% EtOAc for 5 CV. Detectionwas accomplished using an
electrospray detector held at 313 K.

2-hydroxy-2-hydroxymethyltetrahydrofuran, 2. 13C NMR
(acetone-d6, 125 MHz): d 23.2, 33.6, 64.7, 67.1, 102.4. 1H NMR
(acetone-d6, 500 MHz): d1.61 (complex multiplet, 2H), 1.78 (com-
plex multiplet, 2H), 1.85 (complex multiplet, 2H), 1.97 (complex
multiplet, 2H), 2.77 (t, J ¼ 0.8, 1H), 2.81 (s, 1H), 3.36 (d, J ¼ H), 3.88
(m, J ¼ 6.0, 2H), 4.01(d, J ¼ 11.5, 2H). EIMS m/z, (relative intensity)
101, (100); 59, (88); 43, (28); 41, (28).

4.5. Crystallographic experimental details of 1

X-ray quality crystals of compound 1, C10H16O4, were obtained
by slow evaporation of an ethyl acetate solution of the compound.
Several crystals ranging in size from tenths of mm to several mm
were suspended inmineral oil at ambient temperature. Preliminary
diffraction data was collected on three samples, including: a 100 K
data set of an irregularly shaped fragment, selected from an origi-
nally several mm plate; a 100 K data set of a native plate less than
0.5 mm across; and a 298 K data set of an irregularly shaped
fragment, selected from a different plate. Based on this data, it was
decided that best practice would be to collect data sets at various
temperatures on a single sample. A suitable mineral oil coated
colorless plate with approximate dimensions
0.200mm� 0.085mm� 0.075mmwas selected andmounted on a
50 mm MicroMesh MiTeGen Micromount then transferred to a
Bruker AXS SMART APEX CCD X-ray diffractometer. The X-ray
diffraction data were collected using Mo-Ka (l ¼ 0.71073 Å) radi-
ation. Seven data sets were collected on this crystal, without further
adjustment to the crystal mounting (or even opening the diffrac-
tometer's hutch doors) once the first data set collection began. Data
sets were collected in the order: 273(2) K, 220(2) K, 175(2) K,
150(2) K, 125(2) K, 100(2) K and 260(2) K. For each data set, a total
of 1388 frames were collected. The exposure time was 3.86 h for
each data set, which was 27.0 h total exposure time for the crystal.
The frames were integrated with the Bruker SAINT software pack-
age using a narrow-frame algorithm [34]. The integration of the
273 K, 220 K, and 260 K data were best accomplished using
monoclinic unit cells. The integration of the 175 K, 150 K, 125 K, and
100 K data were best accomplished using triclinic unit cells, and
integrating each data set as pseudo-merohedral twins. While it is
possible to achieve ‘acceptable’ refinement metrics by integrating
the data as not-twinned, free refinement of the relative batch scale
factors (0.3863 at 175 K, 0.3676 at 150 K, 0.3618 at 125 K, 0.3674 at
100 K) were both consistent with the observed relative batch scale
factors (0.3724 at 175 K, 0.3594 at 150 K, 0.3566 at 125 K, 0.3572 at
100 K), and each other. Data were corrected for absorption effects
using the multi-scan methods (SADABS for the non-twinned data
and TWINABS for the twinned data) [34]. Solution and data analysis
were performed using the WinGX software package [35]. The so-
lutions were achieved by charge-flipping methods using the pro-
gram SUPERFLIP [36] and the refinements were completed using
the program SHELX-2016 [37]. All non-H atoms were refined
anisotropically. (CeH ¼ 0.99 Å for CH2; Uiso(H) ¼ 1.2Ueq(C)). Full-
matrix least-squares refinements on F [2] led to convergence of
all structures and the final difference Fourier syntheses showed all
residual electron density to be within accepted norms. All residual
electron density was deemed of no chemical significance. Crystal
data, data collection and structure refinement details are summa-
rized in Table S1eS3. Molecular diagrams were generated using
Mercury [38]. CCDC 1458991-1458997 contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
https://summary.ccdc.cam.ac.uk/structure-summary?
ccdc¼1458991-1458997.

4.6. Ring opening and acetylation of 1,6,9,13-
tetraoxadispiro(4.2.4.2)tetradecane

200 mg of 1 and about 50 Amberlyst 15 beads were stirred and
gently heated in 2 ml H2O for 60 min. The Amberlyst beads were
removed and the solution was poured into aqueous Na3PO4 buffer
(pH 10; 3% w/v final) containing vinyl acetate (200 mL). After 18 h at
room temperature the reaction was dried down on an airline. The
residue was dissolved in pyridine (2 ml) and treated with acetic
anhydride (2 ml, 313 K; 20 min). This was cooled, dried down, re-
dissolved in ethyl acetate, and back-washed with water to give
the final product in the organic layer. 1,5-Dihydroxy-2-pentanone
(3). 13C NMR (D2O, 125 MHz): d25.7, 34.6, 61.1, 67.1, 213. 1H NMR
(D2O, 500 MHz): d1.75 (p, J ¼ 7, 2H), 2.48 (t, J ¼ 7.5, 2H), 3.53 (t,
J ¼ 6.5, 2H), 4.32 (s, 2H). EIMS m/z, (relative intensity) 87, (100); 41
(70); 43 (63); 69 (32). 1,5-bis(acetyloxy)-2-pentanone (4). 13C NMR
(CDCl3, 125 MHz): d20.44, 20.87, 22.30, 35.17, 63.32, 67.90, 170.22,
170.98, 202.86. 1H NMR (CDCl3, 500 MHz): d1.97 (p, J ¼ 6.5, 2H),
2.06 (s, 3H), 2.18 (s, 3H), 2.52 (t, J ¼ 7.0, 2H), 4.1 (t, J ¼ 6.0, 2H), 4.68
(s, 2H). EIMSm/z, (relative intensity) 43, (100); 87 (69); 129 (16); 42
(7).
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