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Sugar in Two Steps

Early Oxygen History
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Hexose sugars are naturally abundant, but it is often useful to Measurements of the three stable isotopes of oxygen in primitive
modify their structures for chemical and biochemical studies. meteorites that formed in the solar nebula indicate that the nebular
Standard synthetic routes tend to be long and tedious and require gas had an initial enrichment in 16O that was quickly depleted.
multiple protection steps. Northrup and MacMillan (p. 1752, Observations of molecular clouds indicate that ultraviolet radiation
published online 12 August 2004) now describe a reaction se- selectively dissociates C17O and C18O, but not C16O, which leaves
quence for generating the sugars from achiral aldehyde precursors the atomic oxygen gas in the interior of the cloud depleted in 16O.
in just two steps, thereby offering a convenient means of preparing Yurimoto and Kuramoto (p. 1763; see the Perspective by Yin)
diverse structural variants. In
have developed a model to explain the
the first step, α-oxyaldehydes
meteoritical data using the astronomical
are dimerized with L-proline as
observations. The oxygen isotopic differStanding CO2 on Its End
the only source of asymmetry
ences developed in the molecular cloud via
Understanding how plants reduce CO2 to sugars,
throughout the sequence.
photodissociation. When the cloud
and facilitating attempts to mimic this chemistry,
In the second step, an aldol
collapsed into the solar nebula disk, the
requires better inaddition-cyclization step is
isotopic differences were
sight into the specontrolled by variation of soltransported to the inner disk by
cific binding geomvent and Lewis acid to afford
icy dust grains that evaporated
etry of CO2 at
any of three stereoisomeric
when they neared the Sun.
metal centers. Synproducts (glucose, mannose,
thetic chemists
or allose), all in high yield and
Why the Ice?
studying the probstereochemical purity.
lem usually start
The large, permanent ice
with metal comsheets that presently occupy
Disilyne Debut
plexes that coordiAntarctica began to form
nate CO 2 through
Double and triple bonds are
around 14 million years ago,
the C atom, with
common in compounds of the
when Earth entered a phase of
one or both O atoms bent away from the metal.
first-row elements carbon,
global cooling. However, the climate
Castro-Rodriguez et al. (p. 1757) have prepared a
nitrogen, and oxygen. In conprocesses that produced these changes, as
U complex in which coordinated CO2 remains lintrast, the heavier main group
well as the temporal relation between ice
ear and binds end-on to the metal through a single
congeners tend to form singlesheet growth and cooling, have remained
O atom. X-ray crystallography verified this unusual
bonded networks instead,
obscure. Shevenell et al. (p. 1766)
bonding geometry.
because repulsion by inneranalyzed Mg/Ca ratios (a proxy for
shell electrons keeps the
temperature), oxygen isotopes (which
atoms too far apar t for
record a combination of temperature and
π-bonding. Sekiguchi et al. (p. 1755; see the Perspective by West) seawater oxygen isotopic composition), and carbon isotopes (a
have managed to push two Si atoms close enough together to form proxy for atmospheric CO2 concentrations) of benthic foraminifera
a Si-Si triple bond. They reduced a brominated precursor in which from Southern Hemisphere marine sediments with ages between
the Si atoms bear very bulky side groups that help destabilize more 15 and 13.2 million years. Deep-ocean cooling began roughly
conventional bonding options. X-ray crystallography revealed a 60,000 years before ice sheet growth, and both of these processes
bent geometry consistent with theoretical predictions that the happened during a period of atmospheric CO2 increase. These
silicon orbitals do not hybridize like those of carbon do in rigidly findings suggest that factors other than radiative forcing, such as
linear alkynes.
ocean heat transport, were key elements of this climate transition.

Damage-Free Dating

Two Membranes, Two Fusion Mechanisms

Many geologic boundaries reflect dramatic changes in species
abundances or mark the origination of species. Thus, the
accurate determination of their ages is essential for defining
the pace of evolution. One of the best dating methods, based
on the decay of U isotopes to Pb can be problematic if
damaged parts of zircons, the primary uranium-bearing mineral,
lose radiogenic Pb or incorporate older cores. Mundil et al.
(p. 1760; see the News story by Kerr) used a recent method
that strips out these damaged areas to refine the age of the
end-Permian extinction and Permo-Triassic boundary. Their
data on a sequence of ashes in two localities place the extinction at 252.6 million years ago, about 1 million years older than
previously determined. The results support the conclusion that
the extinction occurred within the limit of the method, just a
few hundred thousand years.

Mitochondria, the powerhouses of the cell, are surrounded by a
double membrane. Within the cell, mitochondria continually fuse
with one another, but the
mechanism by which their
two membranes can faithfully fuse remains obscure.
Meeusen et al. (p. 1747,
published online 5 August
2004; see the Perspective
by Pfanner et al.) now
present a cell-free assay
that reconstitutes efficient
mitochondrial fusion in
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A Linear, O-Coordinated 1-CO2
Bound to Uranium
Ingrid Castro-Rodriguez, Hidetaka Nakai, Lev N. Zakharov,
Arnold L. Rheingold, Karsten Meyer*
The electron-rich, six-coordinate tris-aryloxide uranium(III) complex
[((AdArO)3tacn)UIII] [where (AdArOH)3tacn ⫽ 1,4,7-tris(3-adamantyl-5-tert-butyl2-hydroxybenzyl)1,4,7-triazacyclononane] reacts rapidly with CO2 to yield
[((AdArO)3tacn)UIV(CO2)], a complex in which the CO2 ligand is linearly coordinated
to the metal through its oxygen atom (1-OCO). The latter complex has been
crystallographically and spectroscopically characterized. The inequivalent O–C–O
bond lengths [1.122 angstroms (Å) for the O–C bond adjacent to uranium and 1.277
Å for the other], considered together with magnetization data and electronic and
vibrational spectra, support the following bonding model: UIV⫽O⫽C•–O⫺ 7 UIV–
O⬅C–O⫺. In these charge-separated resonance structures, the uranium center is
oxidized to uranium(IV) and the CO2 ligand reduced by one electron.
Carbon dioxide has been implicated as a main
contributor to global warming because of its
role in radiative forcing (1). However, CO2
also represents an abundant renewable resource for the production of fine chemicals
and clean fuels. Interest in metal-mediated
multielectron reduction of CO2 therefore remains high, but the molecule’s inherent thermodynamic stability hinders the development
of metal catalysts that achieve CO2 activation
and functionalization.
Particularly intriguing for synthetic chemists is the discovery of relatively simple coordination complexes that bind CO2 and facilitate
its reduction (2). Chemists have isolated and
structurally characterized several synthetic metal complexes of CO2, such as Aresta’s archetypal [(Cy3P)2Ni(CO2)] (Cy ⫽ cyclohexyl) (3,
4) and Herskowitz’s [(diars)2M(CO2)(Cl)]
[diars ⫽ o-phenylenebis(dimethylarsine); M ⫽
Ir, Rh] (5), featuring the bidentate 2-COO and
carbon-bound 1-CO2 binding modes, respectively. Activation of CO2 via its adsorption on
metal surfaces is of considerable interest for
catalysis at the gas-surface interface (6, 7).
Most recently, Andrews and co-workers studied the interaction of CO2 with a variety of
transition (8) and actinide (9) metal atoms gen-

erated via laser ablation. Although C–O bond
cleavage of a proposed intermediate 2-COO
complex is predominant in these surfaceadsorbed systems, there also is spectral evidence for 1-OCO adsorption in low-temperature matrices (Scheme 1) (8). The most important CO2 activation process occurs naturally
during photosynthesis. It was proposed that
during photosynthetic CO2 fixation, an oxygencoordinated CO2 ligand (1-OCO) is enzymatically reduced by ribulose-1,5-bisphosphate
carboxylase-oxygenase (RuBisCO) (10). Oxygen coordination appears to be an indispensable
step for C-functionalization in this system. Recently, the relevance of the 1-OCO coordination mode for biological systems was fueled by
a crystallographic study on a deacetoxycephalosporin C synthase (DAOCS) mutant. The
presence of electron density in proximity to the
active site’s iron center was found to be consistent with a monodentate O-bound CO2 molecule (11). However, definitive structural characterization of inorganic coordination complexes with a linear oxygen-bound 1-OCO coordination mode has remained elusive (2).
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The large negative reduction potential and
oxophilicity of trivalent uranium complexes
can be applied to CO2 fixation. Coordination
complexes of uranium have undergone a renaissance in the past few years (12). It has
been shown that, if stabilized by a suitable
supporting ligand set, uranium compounds
are highly reactive (13) and can engage in the
formation of carbon monoxide (14, 15),
dinitrogen (16, 17), and even alkane complexes through f -orbital interaction (18).
Here, we report carbon dioxide coordination by a uranium compound resulting in
reductive activation of the CO2 ligand. For
the exploration of CO2 coordination and
redox chemistry with a reactive uranium
center, we sought to use the electron-rich
uranium(III) complex [((AdArO)3tacn)UIII]
[1, (AdArOH)3tacn ⫽ 1,4,7-tris(3-adamantyl-5-tert-butyl-2-hydroxybenzyl)1,4,7triazacyclononane] (19).
The uranium center of coordinatively unsaturated 1 is located deep inside a cavity
formed by the hexadentate aryloxide-functionalized polyamine chelator. Intramolecular
hydrophobic interactions between the hydrocarbyl substituents displace the U ion below
the trigonal plane of the three aryloxide
ligands. The sterically demanding adamantyl
groups form a narrow cylindrical cavity
above the uranium ion, thereby providing
restricted access to an incoming ligand and
protecting the uranium center from bimolecular decomposition reactions.
Exposure of toluene solutions or even solid
samples of intensely colored 1 to CO2 gas (1
atm) results in instantaneous discoloration of the
samples (20). After filtration and concentration
of the toluene reaction mixture, colorless crystals
of [((AdArO)3tacn)UIV(CO2)] (2) are isolated in
⬃50% yield (Scheme 2). The infrared spectrum
of the crystalline sample in Nujol clearly exhibits
a distinct vibrational band centered at 2188
cm⫺1, indicative of a coordinated and significantly activated CO2 ligand. When 1 is exposed
to isotopically labeled 13CO2 gas, this band shifts
to 2128 cm⫺1 (fig. S1). The 12C/13C isotopic
ratio R (2188/2128) of 1.0282 is close to that
of free CO2 gas (R ⫽ 1.0284), indicative of a
molecule that has the linear geometry of free
CO2 as well as the same carbon motion,
3(asOCO), in this vibrational mode.
An x-ray diffraction analysis of single crystals obtained from a mixture of methylene chloride and diethyl ether confirms the presence
of a coordinated carbon dioxide ligand
(21). Unexpectedly, the CO2 ligand in
[((AdArO)3tacn)UIV(CO2)] 䡠 2.5 Et2O (2 䡠 2.5
Et2O) is coordinated to the uranium ion in a
linear, oxygen-bound 1-OCO fashion (Fig. 1).
This CO2 coordination mode likely is enforced
by the adamantyl substituents of the supporting
ligand platform. The U⫺OCO group has a U⫺O
bond length of 2.351(3) Å (here and below,
values in parentheses are errors in the last sig-
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nificant digit); the neighboring C–O bond length
is 1.122(4) Å; and the terminal C⫺O bond
length is 1.277(4) Å. The U⫺O⫺C and
O⫺C⫺O angles of 171.1(2)° and 178.0(3)°, respectively, are close to linear. These metric parameters, together with the frequency redshift of
the vibrational bands (3:O12CO ⫽ 2188 cm⫺1,
O13CO ⫽ 2128 cm⫺1), strongly suggest a molecular structure with charge-separated resonance structures UIV⫽O⫽C•–O⫺ 7 UIV–
O⬅C–O⫺. Such an electronic structure would
result from a metal-centered one-electron oxidation upon CO2 coordination.
This bonding assignment is further supported
by comparison of complex 2 with a structurally
similar azido complex (Fig. 2). Uranium(III) complex 1 reacts with one-electron oxidizers, such as
trimethylsilyl azide (22), benzyl chloride, benzyl
bromide, and iodine to form the respective sevencoordinate halide and pseudohalide UIV complexes [((AdArO)3tacn)UIV( X)] [X ⫽ N3 (3), Cl, Br,
I] (20). The azido ligand, which typically adopts a
bent orientation at metal centers, is linearly coordinated in complex 3 [⬔(U⫺N␣⫺N␤) ⫽
175.6(3)°, ⬔(N␣⫺N␤⫺N␥) ⫽ 177.2(5)°,
d (U⫺N␣) ⫽ 2.372(3) Å, d (N␣⫺N␤) ⫽ 1.128(4)
Å, d (N␤⫺N␥) ⫽ 1.147(5) Å] (21). As with the
CO2 coordination mode in 2, this bonding
motif is most likely imposed by the sterically
encumbering substituents. The azido ligand

allows estimation of the cavity depth of the
supporting ligand framework, which is approximately equal to the sum of the d (U⫺N)
and d (N⫺N) bond distances (4.65 Å).
Comparison of the CO2 and azido complexes
2 and 3 with the starting compound 1 reveals that
after axial ligand coordination, the central uranium ion is situated closer to the trigonal planar
aryloxide ligand environment. Whereas the uranium(III) ion in 1 is located 0.88 Å below the
ligand plane, the uranium center in 2 and 3 is
displaced only 0.274 Å and 0.291 Å below the
plane, respectively. The average U⫺Ntacn and
U⫺OArO distances in 3 were determined to be
2.659(3) and 2.155(2) Å and thus are almost
identical to those found in 2 [2.673(2) and
2.157(2) Å]. The U⫺OArO bond distances in 2
and 3 are significantly shorter than those found
in the parent trivalent complex 1 [2.226(9) Å], as
well as UIII complexes of the related
(t-BuArO)tacn ligand system (23), namely
[((t-BuArO)3tacn)UIII(CH3CN)] [2.265(5) Å]
(22)
and
[((t-BuArO)3tacn)UIII(MeCy-C6)]
[2.244(3) Å] (18). Given the assignment of the
valence in 3 as UIV with an N3– azido ligand and
the structural similarities of complexes 2 and 3,
the oxidation state for the uranium center in 2 is
also assigned as UIV with a CO2⫺ ligand.
The electronic structure of 2 was examined
by comparison of superconducting quantum in-

Scheme 2. Synthesis of complexes.
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Fig. 1. ORTEP (Oak
Ridge thermal ellipsoid
plot) of uranium CO2
complex 2 and in crystals of 2 䡠 2.5 Et2O (top
left) with core structure
and metric parameters
in angstroms and degrees (top right) and
space-ﬁlling representations (bottom). Uranium, magenta; nitrogen,
blue; oxygen, red; carbon, gray.
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terference device (SQUID) magnetization data
and electronic absorption spectra of 1, 2, and 3
(20). Over the temperature range 5 to 300 K,
solid samples of 2 display a distinctly temperature-dependent magnetic moment (Fig. 3).
The magnetic moment eff of 2 was determined to be 2.89 B (where B is in units of
Bohr magnetons) at 300 K; it slowly decreases
with decreasing temperatures, reaching a value
of 2.6 B at 100 K. Below 100 K, eff decreases
rapidly, reaching a value of 1.51 B at 5 K.
Between 300 K and 75 K, the temperature dependence of the eff value of 2 shows a curvature
reminiscent of data obtained for the UIV complex
3. Although the room-temperature eff value of 2
is close to that found for the azide complex 3, the
low-temperature value is similar to that of the
UIII ( f 3) starting material 1 (1.73 B at 5 K),
which has a doublet ground state at low temperatures (19). Generally, UIV complexes with an f 2
(3H4) electron configuration have a singlet
ground state that exhibits temperature-independent paramagnetism at very low temperatures,
resulting in eff values of ⬃0.5 B like that of 3
(fig. S2) (20). The CO2 complex 2, however, has
a significantly greater eff value at low temperature, which reinforces the description of the
Fig. 2. Molecular structure of precursor complex 1 in crystals of 1 䡠
C6H14 (top left) and
azido complex 3 in crystals of 3 䡠 3 CH2Cl2 (top
right) and respective
space-ﬁlling representations (bottom).

Fig. 3. Temperature-dependent SQUID
magnetization data for trivalent 1 (䡲),
uranium CO2 complex 2 (●), and tetravalent azido complex 3 (}) measured in the
temperature range 5 to 300 K at 1 T.

•⫺
2

CO2 ligand as one-electron reduced CO radical anion coordinated to a UIV ion. The transferred
charge (virtually one unpaired electron) is localized
on the coordinating CO2 ligand. In contrast to the
closed-shell N3⫺ ligand of 3, the open-shell CO2•⫺
likely contributes to the observed increase in eff
value of 2 at low temperatures.
To further probe the formal oxidation
state of the uranium ion, we recorded the
ultraviolet/visible/near-infrared (NIR) electronic absorption spectrum of 2 and compared it to spectra of known UIII and UIV
complexes (figs. S3 and S4) (20). Most
notably, although UIII and UV complexes of
the (ArO)3tacn ligand are deeply colored
(22), UIV complexes of this ligand system,
as well as the uranium-CO2 complex 2,
appear colorless to very pale blue-green in
solution and in the solid state (22, 23). The
absorption spectra of deep red uranium(III)
complexes of the ((ArO)3tacn)U system,
such as 1, are dominated by an intense
absorption band centered at 455 nm (ε ⫽
1945 M⫺1 cm⫺1) (20), which can be assigned to either an allowed d⫺f ligand
field or ligand-to-metal charge-transfer
transition. In addition, f ⫺f transitions give

rise to a number of weak absorption bands
in the NIR region between 800 and 2200
nm (ε ⫽ 50 to 150 M⫺1 cm⫺1). In contrast, the colorless uranium(IV) complexes [((ArO) 3 tacn)U(CO 2 )] (2) and
[((ArO)3tacn)U(N3)] (3) exhibit weak absorption bands over the entire visible and
NIR region (20). The band intensities and
positions are characteristic of the UIV f 2 ion
(24). Taken together, the metrical and spectroscopic data thus support a one-electron
transfer from U to CO2 in formation of this
linearly bound, O-coordinated complex.
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