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Discussions of factors controlling stereoselectivity com-
monly focus on steric and/or electronic features of the catalyst
and/or the substrate.[1] However, selectivity is a kinetic

from radical-induced cleavage. In order to assess the time and
domain dependence of such cleavage, we quantified cleavages
over specific regions and plotted these as a fraction of relative
protection versus time (Figure 2 b). This analysis suggests that
individual domains of the ribozyme assemble at different
rates (Figure 2 c) and is consistent with the results of both
synchrotron X-ray footprinting[11] and an oligonucleotide
hybridization/cleavage assay,[17] two other methods that have
been used to analyze the folding pathway of the Tetrahymena
ribozyme. The P4-P6 region is protected very quickly during
the folding process and has been proposed as a scaffold
around which other folding events take place.[18] Assembly of
the P3 helix at the core of the catalytic domain is a late-
occurring event and may be reflective of kinetic traps along
the folding pathway.[19]

The formation of the P4 helix clearly occurs too fast to be
measured with the peroxynitrous acid reagentÐanalysis of
events such as these requires the more rapid radical gener-
ation available through synchrotron irradiation. However,
formation of the P3 helix is significantly slower. This event
takes place with a first-order rate constant (kP3 0.09 sÿ1); the
half-time for protection is roughly eight seconds. A compar-
ison with the overall rate of folding (Figure 1 b) indicates that
P3 formation is not the rate determining stepÐwe are
carrying out additional investigations, including an analysis
of the rates of folding of other regions of the ribozyme.

Our results with the Tetrahymena system validate the use of
peroxynitrous acid as a kinetic footprinting tool; this easily
used methodology should prove valuable in the elucidation of
many relatively slow RNA folding pathways and the exami-
nation of RNA dynamics in complex systems.

Experimental Section

Potassium peroxynitrite synthesis: HCl (0.5m, 5 mL) was added to a stirred
ice-cooled aqueous solution (10 mL) containing NaNO2 (0.6m, 0.41 g) and
H2O2 (3 %). A solution (5 mL) containing diethylenetriaminepentaacetic
acid (400 mm, 3.3 mg) and KOH (1.6m) was added immediately afterwards.
The resulting mixture was stirred for 5 minutes then MnO2 (100 mg) was
added and stirring continued for 20 minutes. Excess MnO2 was removed by
gravity filtration (performed at 4 8C). Typical yields of potassium peroxy-
nitrite were 80 ± 130 mm measured by UV absorbance at 302 nm (e�
1670mÿ1 cmÿ1). Even a slight delay in the addition of the KOH/diethylene-
triaminepentaacetic acid solution resulted in significantly lower yields of
potassium peroxynitrite. The potassium peroxynitrite solution was stored at
ÿ78 8C with no decrease in concentration after 10 weeks.

Peroxynitrous acid footprinting: L-21 Group I ribozyme folding was
initiated by the addition of MgCl2 (final concentration 10 mm) to a solution
(final volume 20 mL) containing final concentrations of NaCl (80 mm),
NaH2PO4/Na2HPO4 (50 mm, pH 7), 5'-end labeled ribozyme (50 nm, 3�
106 cpm) at 22 8C. Footprinting was then effected by the addition of
potassium peroxynitrite (1 mL, 130 mm) at the indicated times (see
Figure 2). Footprinting reactions were allowed to proceed for 20 seconds
before freezing on dry ice, followed by ethanol precipitation. Reactions
(1� 106 cpm) were then subjected to denaturing polyacrylamide gel
electrophoresis (PAGE, 6%, 19:1) for 2.3 hours at 85 W. Dried gels were
exposed to a molecular dynamics phosphor screen, which was then scanned
on a Molecular Dynamics Storm 860 Phosphorimager. To calculate the
fractional peroxynitrous acid protection (footprint), the background
intensity (ImageQuant 5.0) was first subtracted and a correction for
differences in lane loading was applied. The intensity of a region at a given
time was divided by the intensity of the same region at time zero. The
resulting fractional intensities were normalized from 0 to 1. Plots of
normalized fractional protection versus folding time were fitted to a first-

order exponential (GraFit 3.00) using data averaged from five separate
experiments.
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phenomenon governed by the ratio of the rate of formation
for one stereoisomer with respect to that of the other. The
stereoselectivity can be influenced not only by varying the
reactants but also by changing the reaction conditions. In this
perspective, reaction temperature and solvent are readily
available parameters for controlling selectivity.

Solvents play a critical role in chemical processes: both
equilibrium constants and reaction rates may change drasti-
cally in different solvents.[2] There are examples of the effect
of solvent on face selectivity in which a variation of the
diastereomeric excess is observed and others in which a
complete reversal of diastereoselectivity occurs because of a
change in the reaction solvent.[3] We believe that the influence
of solvent on diastereomeric excess can be considered a
macroscopic effect arising from molecular, microscopic sol-
ute ± solvent interactions which differently affect the two
reaction paths leading to the diastereomers. The description,
from a microscopic point of view, of solvation processes and of
their effects on the energetics and dynamics of chemical
reactions constitutes a general topic of main relevance, but
research in this field is still only at the beginning.[4]

The effect of temperature on diastereoselectivity has long
been observed and its influence is not uniform: on increasing
the reaction temperature the diastereoselectivity may decline,
but it may be constant or even increase. Analysis of the
logarithmic values of the isomer ratio (S) as a function of the
reciprocal temperature results in the linear relationship
shown in Equation (1), where S� k/k'� I/I', k, k' are the
overall rate constants, and I, I' are the relative amounts of the
anti and the syn isomer, respectively.

lnS � ÿ (DDH=/RT) � (DDS=/R) (1)

According to Eyring�s theory,[5] when this relationship is
plotted, the slope corresponds to the difference in the overall
activation enthalpies and the intercept represents the differ-
ence in the overall activation entropies. However, for some
reactions a nonlinear plot is obtained. In these cases, the
corresponding Eyring plots generally consist of two linear
regions intersecting at a so-called inversion temperature
(Tinv). This phenomenon was reviewed in 1991 by Scharf
et al. ,[6] and in the meantime other processes with a nonlinear
relationship between stereoselectivity and reaction temper-
ature have been described.[7]

In recent papers we have formulated the idea that a sort of
phase modification occurs at Tinv.[8] In our hypothesis the
inversion temperature could constitute a transition between
two different solvation states that could be described as two
different solute ± solvent clusters with a different order.[9]

These supramolecular structures behave like different mole-
cules and produce a measurable change in thermodynamic
properties and therefore in diastereoselectivity. In this
hypothesis Tinv represents the interconversion temperature
between two supramolecules, and it does not imply any
change either in the rate-determining step or in the reaction
mechanism.

In the present investigation we report preliminary results
that strengthen our proposal on the solvation of carbonyl
compounds as the predominant factor in the nonlinear effect

of temperature on diastereofacial selectivity. In fact, we report
evidence that Tinv does not depend on nucleophiles, and that
its value can be obtained from a 13C NMR experiment in
which the change in the C�O chemical shift versus temper-
ature is recorded.

(2S)-O-(tert-Butyldimethylsilyl)lactic aldehyde (1), (2S)-O-
(tert-butyldimethylsilyl)mandelic aldehyde (2), and (2S)-O-
(triisopropylsilyl)lactic aldehyde (3) were allowed to react
with tert-butyllithium and n-butyllithium in THF and n-
hexane, and with n-butylmagnesium bromide in THF to give
the corresponding anti and syn monoprotected diols
(Scheme 1). The addition reactions were performed by adding

Scheme 1. Formation of the anti and syn monoprotected diols.

a stoichiometric amount of the organometallic reagent drop-
wise to a solution of the pure aldehyde in dry THF or n-
hexane. The reaction was conducted at temperatures ranging
over 150 8C. The diastereomeric excess of the products was
determined by GC analysis.[10] The results were elaborated in
the corresponding Eyring plots. The data have been treated by
the least-squares method to obtain linear relationships. Each
aldehyde ± solvent combination gave plots with two linear
regions in the temperature range explored, and in all cases we
determined the characteristic Tinv value (Table 1).

The diastereofacial selectivity of nBuLi addition to lactic
aldehyde 1 in n-hexane is only slightly temperature sensitive.
Nevertheless, Tinv is quite evident at ÿ83 8C (Figure 1 a). With
tBuLi the selectivity is notably affected and increases with
reducing temperature. Interestingly, both plots exhibit quite
similar inversion temperatures.

The reactions with tBuLi and nBuLi in THF at low
temperature give divergent plots on account of the opposite
temperature effect on the selectivity (Figure 1 b). The dia-
stereofacial selectivity in the addition of nBuMgBr to 1 is less

Table 1. Inversion temperatures (Tinv) for the addition of nBuLi, tBuLi,
and nBuMgBr to aldehydes 1 ± 3 in n-hexane and THF as well as the
13C NMR break temperatures (TNMR) in the linear variation of d(13C�O)
versus temperature.

Aldehyde/RM' Solvent Tinv [8C] Aldehyde Solvent TNMR [8C]

1/nBuLi n-hexane ÿ 83 1 [D14]n-hexane ÿ 68
1/tBuLi n-hexane ÿ 81

1/nBuLi THF ÿ 12 1 [D8]THF 0
1/nBuMgBr THF � 1
1/tBuLi THF ÿ 13

2/nBuLi THF ÿ 63 2 [D8]THF ÿ 47
2/nBuMgBr THF ÿ 65

3/nBuLi THF ÿ 46 3 [D8]THF ÿ 42
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Figure 1. Eyring plots for the anti/syn ratio of the diastereomers formed
from the nucleophilic addition of n-butyllithium (~), tert-butyllithium (*),
and n-butylmagnesium bromide (&) to 1 at various temperatures in n-
hexane (a) and THF (b).

affected by temperature than the organolithium reactions. In
this case Tinv is�1 8C. The plots are more differentiated at low
temperature with tBuLi, nBuLi, and nBuMgBr. Remarkably,
all three plots in Figure 1 show Tinv values in a narrow
temperature range.

In the next set of experiments nBuMgBr and nBuLi were
added to mandelic aldehyde 2 (Figure 2). Both plots reach
negative values of ln(anti/syn); thus, it is possible to invert the
diastereofacial selectivity by means of reaction temperature.
Despite the slight change in selectivity with temperature,
these two plots have a very similar Tinv value (ÿ65 and
ÿ63 8C, respectively).

In nucleophilic addition reactions of this type, temperature
and solvent effects on the diastereomeric excess might be
ascribed to the presence of different organometallic species in
solution.[11] However, the dynamic process that involves the
aggregation state of the organometallic reagent acts before
the reacting event (CÿC bond formation) so that the
corresponding rate constants are identical for the reaction
paths that lead to both syn and anti diastereomers. Thus, a
mere ground-state effect would be irrelevant. The tendency of
organometallic species to aggregate may to some extent
influence the structure of the transition states. Moreover, we

found that different organometallic reagents with different
molecular structures in solution have similar inversion
temperatures. Thus, the influence of aggregation and solva-
tion of the organometallic compound on stereoselectivity is
limited by the kinetic expression of selectivity (S� k/k'),[12]

where in the ratio of overall kinetic constants all the equal
terms vanish. All the above results clearly show that Tinv is
greatly dependent on the aldehyde ± solvent combination and
less on the nucleophile. This fact emphasizes our idea that the
solvation of the starting carbonyl compound accounts for the
Tinv value.

NMR techniques provide a powerful method for inves-
tigating the local electronic environment of the molecular
structure, and nuclear shielding is a sensitive probe of
intermolecular interactions and solvent effects.[13] In this
study we conducted a series of 13C NMR experiments in
deuterated THF and n-hexane with aldehydes 1 ± 3 to
determine whether the chemical shift is temperature depend-
ent. Figure 3 a displays the change in the C�O 13C chemical
shift as a function of temperature in [D14]n-hexane for
aldehyde 1. This result can be directly compared with the
Eyring plot for the reaction of same aldehyde with nBuLi in
THF (Figure 1).

The 13C chemical shift of C�O in aldehyde 1 decreased on
warming. This effect could be the result of a loss of electron
density near the observed nucleus. On further checking the
experimental data points we recognized a break in the linear
variation of chemical shift versus temperature. We applied the
least median squares (LMS) regression to determine the T
value of these breaks more precisely.[14] Use of the LMS
regression improves the reliability and the ability to objec-
tively define the segments of the straight line given by
experimental data. Table 1 lists the break temperatures for
the substrates studied. These temperature values change with
the solvent and the substrate and, surprisingly, they corre-
spond or are fairly close to the inversion temperatures
obtained with the same substrate ± solvent combination in
the nucleophilic addition reaction.

This result reinforces our hypothesis that Tinv corresponds
to a transition between two differently ordered solvation
states. As we stated earlier the inversion temperature reflects

Figure 2. Eyring plots for the anti/syn ratio of the diastereomers formed
from the nucleophilic addition of n-butyllithium (~) and n-butylmagnesium
bromide (*) to 2 at various temperatures in THF.
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Figure 3. Plots of d(13C�O) versus temperature for 1 in deuterated n-
hexane (a) and for 2-(tert-butyldimethylsilyloxy)ethanal in deuterated THF
(b). Solid lines are the fitting results. See text for details on the line fitting.
TBDMS� tert-butyldimethylsilyl.

the solvation state of the carbonyl compound. Changes in the
solvation state with the temperature can be not continuous,
and it makes an abrupt change corresponding to the Tinv value.
Because of its very nature this phenomenon should not be tied
to the presence of a stereocenter in the carbonyl compound.
In fact, the plot in Figure 3 b shows the change in the 13C
chemical shift of C�O for 2-(tert-butyldimethylsilyloxy)etha-
nal in deuterated THF, and it shows a break at T�ÿ24 8C.
This achiral aldehyde has a change in its solvation shell that
could affect its reactivity simply because two different
solvation clusters exist in the two temperature regions and
act as two different molecules. This result challenges us to find
a reaction that will show nonlinear selectivity with temper-
ature and a Tinv value close to the break temperature revealed
in the 13C NMR experiment.

We have demonstrated that the inversion temperature
observed in Eyring plots obtained for diastereoselective
nucleophilic additions to a-chiral aldehydes does not depend
on nucleophiles. The 13C NMR results clearly connect the
phenomenon of Tinv with the solvation of the starting carbonyl
compound, and they shed light on nonlinear temperature
effects on stereoselectivity. This confirms our earlier hypoth-
esis of the solvent-dependent nature of Tinv.

Experimental Section

The 13C chemical shift measurements were made with a Varian Gemini 300
instrument operating at 75.5 MHz using a 5-mm probe. All chemical shifts
are quoted relative to signals of the deuterated solvent. The temperature
was controlled by a variable-temperature unit using the flow of temper-
ature-regulated nitrogen gas. The temperature was calibrated from differ-
ences in the chemical shift of a methanol sample.[15] The anti/syn ratios and

the de values were obtained from GC analysis of the crude products or of
the corresponding O-trimethylsilyl-derivatives. The average standard
deviation for the de measurements was less than 1%.

In a typical experiment, the aldehyde (1 mmol) was dissolved in anhydrous
solvent (20 mL) under an inert atmosphere, and the solution was cooled or
warmed to the desired temperature. Then n-butyllithium, tert-butyllithium,
or n-butylmagnesium bromide (1.2 mmol) was added. After the starting
aldehyde had disappeared (GC monitoring), the reaction mixture was
quenched with a saturated aqueous solution of NH4Cl and extracted with
CH2Cl2 (3� 50 mL), and the extracts were dried with Na2SO4 and
concentrated to dryness. Chromatography of the residue on a silica gel
column gave a mixture of alcohols 4 a ± 7a and 4 b ± 7b. The calculated
chemical yields ranged from 80 to 90 %. After removal of the tBuMe2Si
group by means of Bu4NF in THF, the configuration of the 1,2-diol was
determined by comparison with reported data.[16]
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Novel Single- and Double-Layer and Three-
Dimensional Structures of Rare-Earth Metal
Coordination Polymers: The Effect of
Lanthanide Contraction and Acidity Control in
Crystal Structure Formation**
Long Pan, Xiaoying Huang, Jing Li,* Yonggang Wu,
and Nengwu Zheng

The concept of rational design of micro- and mesoporous
and other functional materials has attracted much attention
because of the potential of these materials in various
applications, such as molecular magnets, nonlinear optical
devices, catalysts, molecular sieves, and sensors.[1] The con-
struction of coordination networks possessing zeolite- or clay-
like structures offers great challenges and opportunities in
terms of controlling their shape and size for selective
adsorption. Much of the work has so far been focused on
coordination polymers containing transition metal (Groups 8
to 10) and post-transition metal (Groups 11 and 12) elements
including Fe, Co, Ni, Cu, Ag, Zn, Cd, and Hg. Rare-earth
metal compounds have seldom been investigated.[2] To date,
no systematic investigation across the lanthanide series with a
single ligand has been carried out. Due to their high
coordination number and special magnetic and fluorescence
properties, the lanthanide series is likely to provide new
materials that possess specific properties and desired features.
In this communication, we report the hydrothermal synthesis,
structures, and properties of six novel lanthanide coordination
polymers and the investigation of the effects of lanthanide
contraction and solution pH on the crystal structures of these
compounds.

Hydrothermal synthesis[3] is an effective and promising
method for growing crystals of numerous inorganic com-
pounds. Recently, we and others have successfully grown

single crystals of a variety of transition metal coordination
polymers using this approach.[4, 5] Our exploratory studies also
show that the hydrothermal environment is suitable for
preparation of lanthanide compounds.

In this work, we have chosen a single, multifunctional
ligand, 3,5-pyrazoledicarboxylic acid (H3pdc, 1), based on the
following considerations: a) it has multiple coordination sites

that allow structures of higher dimensions; b) it has an
asymmetric geometry that may lead to acentric crystal
structures; and c) it has abstractable protons that allow
various, acidity-dependant coordination modes. In general,
the lanthanide series can be divided into three groups
according to their masses: the lighter La ± Pm (Group 1),
the intermediate Sm ± Dy (Group 2), and the heavier Ho ± Lu
(Group 3). Representative metals from each Group were
selected and investigated.

In a typical reaction 0.25 mmol of rare-earth metal(iii)
nitrate and 0.25 mmol of 1 in 10 mL H2O was used. The
mixture was placed into a 23 mL acid-digestion bomb lined
with Teflon and heated at 150 8C for 3 days. Reactions with
Group 1 lanthanide nitrates Ln(NO3)3 (Ln�La, Ce) gener-
ated [Ln2(Hpdc)3(H2O)4] ´ 2 H2O, Ln�La (2), Ln�Ce (3).
Group 2 nitrate Eu(NO3)3 produced [Eu2(Hpdc)3(H2O)6] (4)
and a minor product [Eu2(Hpdc)3(H2O)4] ´ 2 H2O that is
isostructural to 2 and 3, while Group 3 nitrates Ln(NO3)3

(Ln�Er, Lu) yielded [Er2(Hpdc)3(H2O)6] (5), and
[Ln(Hpdc)(H2pdc)(H2O)2], Ln�Er (6), Ln�Lu (7).

Single-phase polycrystalline samples of both 2 and 3 were
obtained with 68 % and 71 % yields, respectively. Both
compounds are stable in air and are not soluble in any
common solvents. Single crystal X-ray diffraction analyses
were performed on selected crystals of both compounds. Their
crystal structures[6] are isotypic with a three-dimensional
framework (see Figure 1 a) containing nine-coordinate lan-
thanide metal centers. There are two types of metal environ-
ments in this structure. As shown in Figure 1 b, three Hpdc2ÿ

ligands chelate to Ln1 through a carboxylate oxygen and
adjacent nitrogen atoms (O3/N2, O5/N3, O9/N5), occupying
six coordination sites of Ln1. The remaining three coordina-
tion sites of Ln1 are taken by another three Hpdc2ÿ ligands,
each through a single carboxylate oxygen atom (O2, O7, O12).
The second metal environment has Ln2 bonding to a chelated
carboxylate group of a Hpdc2ÿ ligand (O1, O2) and to three
carboxylate groups of three additional Hpdc2ÿ ligands (O5,
O9, O11). The remaining four coordination sites are occupied
by the oxygen atoms of four water molecules (O13, O14, O15,
O16). There are three crystallographically independent
Hpdc2ÿ molecules in the structure, each having a different
coordination mode. The highly unsymmetric coordination
pattern of the metal and the ligand led to a crystal structure
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