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A novel templated uranium oxalate/glycolate, (UO2)4(O)2(C2O4)(H2C2O3)2‚2[(C8H20)N] (a ) 7.9230(8) Å, b ) 13.3793-
(13) Å, c ) 17.4141(18) Å, â ) 96.006(2)°, monoclinic, P21/n, Z ) 2), has been synthesized under hydrothermal
conditions via in-situ ligand synthesis. The oxalate and glycolate anions have been formed through the oxidation
of 1,4-diazabicyclo[2.2.2]octane, which proceeds through intermediates such as piperazine and ethylene glycol.
Reported herein is the synthesis of this compound, crystal structure, and mechanistic information regarding the
oxidation pathway.

Introduction

Inorganic/organic coordination polymers, hybrid materials
that consist of metal centers connected through organic linker
molecules to form extended structures, have become an
extensive area of research, owing to their structural diversity
and noteworthy physical properties.1-10 Unlike the synthesis
of transition metal coordination polymers, that of uranium-
(VI)-containing coordination polymers is considerably less
developed. These materials are of particular interest due to
their physical-chemical properties and potential application
in optical, magnetic, ion exchange, and catalytic materials.11-31

More specifically, uranyl-containing materials are being

explored for their photoluminescent properties, as well as
their photocatalytic activity. Photoexcited uranyl cations have
been shown to oxidize organic molecules32-34 and most
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recently have been used to cleave DNA and RNA.35

Moreover, the syntheses of uranium(VI)-containing coordi-
nation polymers under hydrothermal conditions is of general
importance not only in materials synthesis but also in
environmental settings such as nuclear fuel stewardship.36,37

In-situ ligand synthesis has become an increasingly popular
route to new hybrid materials. This approach offers the
advantages of simplified synthesis, slow ligand formation
to promote single-crystal growth, environmental friendliness,
and in some cases a novel pathway to new materials.38

Several in-situ ligand syntheses have been observed in
hydrothermal systems.39-47 Under these conditions, the in-
situ formation of organic linkers often relies on the rear-
rangement or cleavage of organic compounds. The rearranged
organic species are then observed in the crystalline reaction
products. Whereas the frequency of in-situ ligand syntheses
reported has increased, mechanisms remain poorly under-
stood and occurrences are largely serendipitous. Oxalate
anion formation under hydrothermal conditions is one such
example. This phenomenon has been observed by several
researchers and is typically attributed to one of three different
pathways including decarboxylation or oxidation of a car-
boxylate functionalized organic species,48-51 the reductive
coupling of adventitious CO2,49,52-56 and oxidative degrada-

tion of L-ascorbic acid.57-59 Additionally, instances of the
oxidative coupling of methanol and ethanol to yield oxalate
have been reported.60

The investigation reported herein began with the unex-
pected formation of [(UO2)2(OH)2(C2O4)(H2O)2] from the
hydrothermal treatment of UO2(NO3)2‚6H2O and DABCO
(1,4-diazabicyclo[2.2.2]octane). The direct synthesis of this
material from oxalic acid has been reported previously,61 yet
in an effort to capitalize on the notion of generating ligands
in situ, we explored the use of organic structure-directing
agents (templates) to promote the formation of novel
uranium-oxalate compounds with occluded guests. In other
words, we attempted to direct the self-assembly of the in-
situ-generated oxalate ligands with uranyl cations using a
“template”. Tetraalkylammonium salts were chosen for this
role on the basis of their robustness or resistance to oxidation
as compared to DABCO. Whereas oxalate linkages formed
in situ and subsequent observation in crystalline reaction
products have previously been reported, efforts to elucidate
the mechanism of in-situ ligand formation have been scarce
and to a large part disregarded. Furthermore, oxidation of
an organic that is not functionalized with carboxylic groups
or carboxylate precursors (such as aldehydes, lactones)50,57-59,62

to yield oxalate ligands has not yet, to our knowledge, been
reported. Consequently, our system provides a suitable forum
to examine the reactions of uranium and DABCO under
hydrothermal conditions in the presence of a structure-
directing agent, as well as the assembly of in-situ-generated
oxalate ligands with the uranyl cation. We herein report the
synthesis of (UO2)4(O)2(C2O4)(H2C2O3)2‚2[(C8H20)N] via
oxidation of DABCO, as well as mechanistic information
regarding the formation and assembly of this compound.

Experimental Section

Caution: Whereas the uranium oxynitrate (UO2)(NO3)2‚6H2O
used in this inVestigation contains depleted U, standard precautions
for handling radioactiVe substances should be followed.

Synthesis. (UO2)4(O)2(C2O4)(H2C2O3)2‚2[(C8H20)N] (1). Ura-
nium oxynitrate hexahydrate (0.141 g, 0.28 mmol), tetraethylam-
monium hydroxide, 20 wt % solution in water (0.164 g, 0.22 mmol),
1,4-diazabicyclo[2.2.2]octane (0.066 g, 0.59 mmol), and distilled
water (5 g, 278 mmol) were placed into a 23 mL Teflon-lined Parr
bomb in the molar ratio of 1.0:0.8:2.1:992. The pH was adjusted
to 1.4 using concentrated HNO3. The reaction vessel was then sealed
and heated statically at 120°C for 14 days. Upon cooling to room
temperature, a clear yellow solution (pH 3.0) was decanted and
yellow-orange plates were obtained. The crystals were washed with
distilled water followed by ethanol and then allowed to air-dry at
room temperature. Yield: 84% (based on uranium). A single crystal
of the sample was isolated from the bulk for single-crystal analysis.
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Powder X-ray diffraction data were collected using a Rigaku
Miniflex diffractometer (Cu KR, 3-60°). The observed pattern was
compared to the calculated pattern to confirm phase purity, and
both were in agreement. Elemental analysis (Galbraith Laboratories,
Knoxville, TN), observed (calcd): C 16.30% (16.4%); N 1.78%
(1.74%); H 2.76% (2.76%). Reaction time seemingly affects only
the yield of1, in that it was synthesized under the same reaction
conditions at 5, 7, and 10 days with increasing yield.

Single-Crystal X-ray Diffraction. A single crystal was selected
from the bulk and mounted on a glass fiber. Reflections were
collected at room temperature using a Bruker SMART diffracto-
meter equipped with an APEX II CCD detector using Mo KR
radiation (λ ) 0.7103 Å) and bothæ andω scans. The data were
integrated with the SAINT software package,63 and an empirical
absorption correction was performed by modeling the crystal as a
(001) plate. The structure was solved in a monoclinic space group
P21/n using direct methods and was refined using SHELX-9764

within the WinGX software suite.65 Tests for missing symmetry
using Platon66 indicated thatP21/n was the correct space group.
The heavy atoms and all non-hydrogen atoms in the structure were
found using Fourier difference maps and ultimately refined aniso-
tropically. Hydrogen atoms were calculated and allowed to ride on
their respective C atoms. Details of the data collection and
refinement can be found in Table 1, and CIF data are available as
Supporting Information. Crystallographic data have been deposited

with the Cambridge Crystallographic Data Centre (CCDC) and may
be obtained at http://www.ccdc.cam.ac.uk/ by citing reference no.
643463.

Structural Description. The structure of1 (Figure 1) consists
of two crystallographically unique uranium metal centers, each of
which contains a near-linear UO2

2+ cation equatorially coordinated
to five oxygen atoms. The coordination sphere of U1 consists of
the uranyl oxygens (O1 and O2) at an average distance of 1.776 Å
(Table 2) and five oxygen atoms (O3-O7), two (O3 and O4) from
a bidentate oxalate ligand, two from glycolate molecules (O5 and
O6), and a tricoordinated O7 in the equatorial plane forming a
pentagonal bipyramid coordination geometry. U2 is also found in
a pentagonal bipyramid geometry with the uranyl oxygens (O8 and
O9) at an average distance of 1.783 Å. Furthermore, U2 is
equatorially coordinated to five oxygen atoms, three (O6, O10 and
its symmetry equivalent) from glycolate anions and two tricoordi-
nated oxygen atoms (O7 and its symmetry equivalent). U1 and U2
coordination polyhedra edge-share through a glycolate oxygen
(O6) and O7 to form dimers. These dimers are then connected to
an additional dimer through O7 and its symmetry equivalent to
form “pseudo” tetramers. The tetramers are further connected by
edge-sharing to form 1D chains through O10 of two glycolate
molecules. The 1D chains are further connected to form a 2D sheet
through oxalate linkages (Figure 2). Viewing down the [100],
tetraethylammonium (TEA) cations charge balance the anionic
sheets (Figure 3).

Discussion

The mechanism by which this material was synthesized
is of particular interest, considering that neither oxalate or
glycolate materials were present as reactants. As mentioned

(63) SAINT, Area-detector Integration Software; Siemens Industrial Au-
tomation, Inc.: Madison, WI, 1998.

(64) Sheldrick, G. M.SHELX-97; University of Göttingen: Göttingen,
Germany, 1998.

(65) Farrugia, L. J.J. Appl. Crystallogr.1999, 32, 837-838.
(66) Spek, A. L.Acta Crystallogr., Sect. A1990, 46, C34.

Table 1. Crystallographic Data and Structure Refinement for1

empirical formula C11H22NO10U2

fw 804.36
T 295(2) K
wavelength 0.71073 Å
cryst syst monoclinic
space group P21/n
unit cell dimens a ) 7.9230(8) Å

b ) 13.3793(13) Å
c ) 17.4141(18) Å
R ) 90°
â ) 96.006(2)°
γ ) 90°

V 1835.8(3) Å3

Z 4
density (calcd) 2.910 g/cm3

abs coeff 17.667 mm-1

F(000) 1436
cryst size 0.06× 0.03× 0.02 mm3

θ range for data collection 1.92-30.35°
index ranges -9 e h e 11,

-18 e k e 19,
-24 e l e 24

reflns collected 35 659
independent reflns 5228 [R(int) ) 0.0357]
completeness toθ ) 25.00° 99.9%
abs correction empirical
max. and min. transmission 0.702 and 0.535
refinement method full-matrix least-squares onF2

data/restraints/params 5228/0/217
GOF onF2 1.054
final R indices [I > 2σ(I)]a R1 ) 0.0227, wR2) 0.0475
R indices (all data) R1) 0.0291, wR2) 0.0498
largest diff. peak and hole 1.878 and-1.275 e.Å-3

a R1 ) ∑||Fo| - |Fc||/∑|Fo|; wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2.

Figure 1. ORTEP of 1, (UO2)4(O)2(C2O4)(H2C2O3)2‚2[(C2H5)N]. El-
lipsoids are shown at the 50% level. Both tetraethylammonium molecules
and hydrogen atoms are omitted for clarity.

Table 2. Selected Bond Distances (Å) and Angles (deg) for1a

U(1)-O(1) 1.771(3) U(2)-O(8) 1.785(3)
U(1)-O(2) 1.780(3) U(2)-O(9) 1.780(3)
U(1)-O(3) 2.222(2) U(2)-O(7) 2.282(2)
U(1)-O(4) 2.341(2) U(2)-O(7)1 2.247(2)
U(1)-O(5) 2.398(3) U(2)-O(6) 2.388(2)
U(1)-O(6) 2.474(3) U(2)-O(10) 2.528(2)
U(1)-O(7) 2.491(2) U(2)-O(10)2 2.607(2)
C(1)-C(2) 1.507(5) C(3)-C(3)3 1.526(8)
C(1)-O(5)1 1.247(4) C(3)-O(3) 1.251(4)
C(2)-O(6)2 1.401(4) C(3)-O(4) 1.248(4)
O(2)-U(1)-O(1) 175.13(15) O(8)-U(2)-O(9) 173.58(14)

a Symmetry transformations: (1)-x + 1, -y, -z; (2) -x + z, -y, -z;
(3) -x + 1, -y + 1, -z.
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previously, a number of routes to oxalate anion formation
have been proposed for other systems, including decarboxy-
lation of a carboxylate-functionalized organic species,48-50

the reductive coupling of adventitious CO2,49,52-56 and
oxidative degradation ofL-ascorbic acid.57-59 With regard
to CO2 fixation, the yield of compound1 (0.096 g) indicates
that this material (or rather the oxalate and glycolate ligands)
does not result from this route, as has been observed
previously.49,53-56,67 Glycolate oxidation to yield oxalate is
fairly common in biological systems;68,69however, we have

found only one reported occurrence of this redox process in
materials synthesis. Castineiras et al. reported the formation
of {Cu(GLYO)0.44(ox)0.56(bipy)]‚2H2O} from Cu2CO3, gly-
colic acid, and 2,2′-bipyridine under reflux conditions.70

Important to note is that in the absence of DABCO, neither
an oxalate- or glycolate-containing material is formed.
Furthermore, DABCO does not have any carboxylate-
functionalized groups that could cleave to form CO2 and
subsequently couple to form oxalate or glycolate anions, a
process that has been proposed in other systems. Therefore,
in this system, we propose that DABCO is oxidized to first
yield piperazine, ethylene glycol, and ethylenediamine
(Scheme 1), a mechanism supported by observations from
other researchers.71-73 The formation of these intermediates
is achieved through the activation of the DABCO C-N bond,
either through protonation of the DABCO nitrogen or
coordination of this N to the uranium metal center, followed
by nucleophilic attack of a water oxygen on the two C-N
bonds of DABCO.72 Further oxidation of ethylene glycol then
yields the glycolate and oxalate anions, as outlined in Scheme
2. Supportive of this mechanism was the isolation of single
crystals ofN,N′-dinitrosopiperazine through the evaporation
of the reaction solution, confirming the presence of piperazine
in the solution.74,75

The oxidation or decomposition of DABCO is not believed
to be solely a hydrothermal process but rather a metal-
mediated oxidation, although the specific role of the metal
is not entirely clear. Reactions of DABCO in water were
studied, and it was found that upon heating DABCO under
hydrothermal conditions, a clear brown solution is obtained.
Upon evaporation, this solution yields a hydrated form of
DABCO, (C6H12N2)‚H2O, suggesting that DABCO is not
oxidized simply as a result of temperature and pressure.
Furthermore, under conditions analogous to those under
which1 was synthesized, DABCO in the presence of nitrate
groups does not undergo oxidation but rather can be observed
in the crystalline reaction product as (C6H14N2)(NO3)2. See
Supporting Information for the syntheses, crystal data, and
structure refinements of (C6H12N2)‚H2O and (C6H14N2)-
(NO3)2.

We propose that the oxalate and glycolate ligands ulti-
mately result from the oxidation of DABCO; however, at
this time it is not apparent what species is being reduced, as
no U(IV)O2 or otherwise reduced uranium species are
observed. It has been hypothesized that nitrate groups may

(67) Kong, L.-Y.; Zhang, Z.-H.; Zhu, H.-F.; Kawaguchi, H.; Okamura, T.-
a.; Doi, M.; Chu, Q.; Sun, W.-Y.; Ueyama, N.Angew. Chem., Int.
Ed. 2005, 44, 4352-4355.
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668-673.
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R. P.Am. J. Physiol.2004, 287, C1359-1365.
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Chem.2002, 628, 2353-2359.

(71) Ko, Y.; Cahill, C. L.; Parise, J. B.J. Chem. Soc., Chem. Comm.1994,
69-70.

(72) Bonhomme, F.; Thoma, S. G.; Rodriguez, M. A.; Nenoff, T. M.
Micropor. Mesopor Mater.2001, 47, 185-194.

(73) Dan, M.; Behera, J. N.; Rao, C. N. R.J. Mater. Chem.2004, 14,
1257-1265.

(74) George, M. V.; Wright, G. F.J. Am. Chem. Soc.1958, 80, 1200.
(75) Sekido, K.; Okamoto, K.; Hirokawa, S.Acta Crystallogr., Sect. C1985,

C41, 741-743.
(76) Jiang, X.; Wang, Y.; Herricks, T.; Xia, Y.J. Mater. Chem.2004, 14,

695-703.
(77) Yoshioka, T.; Ota, M.; Okuwaki, A.Ind. Eng. Chem. Res.2003, 42,

675-679.

Figure 2. Polyhedral representation of1 viewed down the [001] direction.
Yellow polyhedra are uranium(VI) atoms in pentagonal bipyramid geometry.
The black lines represent the oxalate and glycolate linkages.

Figure 3. View of 1 down the [100] direction illustrating the 2D sheets
of (UO2)4(O)2(C2O4)(H2C2O3)2. Charge balancing the anionic sheets
are the tetraethylammonium molecules, which are shown between the
layers.
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act as oxidants; however, no species evident of this (such as
NO2, N2, or N2O) have been observed. Evans and Lin
reported the oxidative coupling of methanol to form oxalate
in the presence of nitrate groups. In addition, attempts to
synthesize the oxalate-containing material using perchlorate
in place of the nitrate salts did not yield an oxalate.60 Barrett
Adams et al. also found that the nitrate groups were critical
to the formation of oxalate linkages via the reductive
coupling of atmospheric CO2 and that in the absence of these
species, no oxalate containing products were formed.53

Similarly, in our investigation efforts to synthesize oxalate-
and glycolate-containing materials in the absence of nitrate
groups by using uranium oxyacetate were unsuccessful, thus
suggesting that nitrate groups do play a mechanistic role in
the formation of oxalate containing materials. Alternatively,
atmospheric O2 may act as an oxidant. It is indeed plausible
that the oxidation of DABCO first utilizes the dissolved
oxygen in the system and that further decomposition proceeds
with the reduction of NO3-.78

Additional support for the proposed DABCO oxidation
mechanism and the promise of in-situ ligand synthesis in
general is found in the following observations: (i) Attempts
were made to synthesize1 using oxalic acid and sodium
oxalate (with and without glycolic acid), effectively the
oxidation products of DABCO, as oxalate sources. Com-
pound1 was not obtained via this route. (ii) Compound1
was not able to be produced via direct combination of
stoichiometric amounts of glycolic and oxalic acids. (iii)

Compound 1 can be produced from glycolic acid, as
suggested by Scheme 2.79 (iv) Compound1 can be produced
from ethylene glycol, also suggested in Scheme 2.80

Conclusion

As interest in coordination polymers and metal-organic
frameworks has grown, so has the frequency of materials
synthesized via in-situ ligand synthesis. Many compounds
obtained through this route are largely unexpected, and
therefore, the challenge will be to elucidate mechanistic
information and harness these reactions to produce new
compounds. This present contribution is a step in this
direction, in that we have directed an otherwise serendipitous
result toward a desired structure type. We have synthesized
a novel uranium oxalate/glycolate from the oxidation of
DABCO and are in the process of producing a series of these
compounds through this route.
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(79) Synthesis of1 using glycolic acid. Uranium oxynitrate hexa-
hydrate (0.141 g, 0.28 mmol), tetraethylammonium hydroxide,
20 wt % solution in water (0.164 g, 0.22 mmol), glycolic acid (0.043g,
0.57 mmol), and distilled water (5 g, 278 mmol) were placed into a
23 mL Teflon-lined Parr bomb in the molar ratio of 1.0:0.8:2.0:992,
pH 2.0. The reaction vessel was sealed and heated statically at 120
°C for 7 days. Upon cooling to room temperature, a clear yellow
solution (pH 2.0) was decanted and yellow-orange plates were
obtained. The crystals were washed with distilled water followed by
ethanol and then allowed to air dry at room temperature. Yield: 52%
(based on uranium). Product was characterized by single-crystal x-ray
diffraction, and phase purity was confirmed by powder x-ray diffrac-
tion.

(80) Synthesis of1 from ethylene glycol. Uranium oxynitrate hexa-
hydrate (0.141 g, 0.28 mmol), tetraethylammonium hydroxide, 20 wt
% solution in water (0.164 g, 0.22 mmol), ethylene glycol (330 uL,
2.5 mmol), and distilled water (5 g, 278 mmol) were placed into
a 23 mL Teflon-lined Parr bomb in the molar ratio of 1.0:0.8:9.0:
992, pH 3.15. The reaction vessel was sealed and heated statically at
120°C for 14 days. Upon cooling to room temperature, a clear yellow
solution (pH 2.4) was decanted and yellow-orange plates were
obtained. The crystals were washed with distilled water followed by
ethanol and then allowed to air dry at room temperature. Yield: 81%
(based on uranium). Product was characterized by single-crystal x-ray
diffraction, and phase purity was confirmed by powder x-ray diffrac-
tion.

Scheme 1. Proposed Mechanism for DABCO Oxidation to Yield Glycolate and Oxalate Ligands.

Scheme 2. Glycolate and Oxalate Ligand Formation via Oxidation of
Ethylene Glycol.76,77
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