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while the conservative joint 99% con®dence limits allow m values
in the range 0.3±0.9 and ¤ values in the range 0.1±1.4. The
constraints obtained separately from Mark III and SFI are very
similar.
The constraints from local ¯ows thus remove the degeneracy in
the constraints from the global-geometry test based on supernovae
(and vice versa), and help rule out an open model with zero
cosmological constant. A nearly ¯at universe, with comparable
contributions of matter and cosmological constant to the total
energy density, is likely. The favoured model is therefore an
unbound universe that will accelerate forever, although it is still
impossible yet to determine whether the global geometry is ¯at,
open or closed.
Such comparable contributions from the mass density and the
cosmological constant represent a puzzling ®ne tuning, for example
because the two parameters, m and ¤ , are expected to vary with
time in opposite senses. The standard theory expects the cosmological constant either to vanish or be larger by many orders of
magnitude8,23. Perhaps entropic arguments may be needed to
explain such a ®ne tuning. Although the observed constraints are
not yet ®nally con®rmed, they already seem interesting enough to
pose a serious challenge to theoretical physics.
Other constraints in the m ±¤ plane are worth mentioning in
this framework. Constraints consistent with the supernova ridge but
of larger uncertainty arise from the age of old star clusters24 versus
the Hubble expansion rate. Constraints of orthogonal orientation,
roughly on ¤  m , can be deduced from the acoustic peaks in the
sub-degree angular power spectrum of ¯uctuations in the CMB, as
observed from balloons and from the ground22,25±29. Two CMB
satellites planned for the next decade, MAP and Planck, are expected
to provide more accurate constraints27,30.
Future peculiar-velocity data are expected to improve the accuracy of the constraints. In addition to many new velocities based on
distance indicators of the Tully±Fisher type, the most promising
sources of large-scale peculiar velocities in the future will probably
be the siblings of the same supernovae discussed above, but at low
redshifts; their distances can be measured with 5±10% accuracy out
to large distances and their sampling density is limited only by the
patience of the observers.
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Molecular recognition is the key step in a wide range of controlled
separation and chemical transformation processes, with enzymes
performing this task with an unsurpassed degree of selectivity.
Enzymes contain only 20 simple amino acids, yet it remains
dif®cult to rationalize or even predict these stereospeci®c recognition events. Nonetheless, the rational design of receptors able to
recognize amino acids stereospeci®cally is attracting considerable
interest because therapeutic drugs, that may be developed from
chiral amino acid intermediates, are increasingly required in
enantiomerically pure form1. Early work2±4 has stimulated the
development of ef®cient receptors based on small molecules5±8,
but binding of amino acids with high and predictable stereospeci®city remains dif®cult to achieve. Directed molecular
evolution9, on the other hand, does select for RNA sequences or
antibodies that bind amino acids with high speci®city10±12, but
typically without providing insights into the molecular recognition mechanisms involved. Here we show that a rationally

© 1999 Macmillan Magazines Ltd

NATURE | VOL 401 | 16 SEPTEMBER 1999 | www.nature.com

letters to nature
designed metal complex formed from a trivalent cobalt ion and a
tetradentate ligand binds natural amino acids, including the
simple yet challenging amino acid alanine, with high and predictable regio- and stereospeci®city. We expect that our approach
will allow the binding as well as separation and stereospeci®c
catalytic formation of its target amino acids.
There is much interest in rationally designing chiral metal
complexes that bind or transform their targets, whatever they
may be, with high and predictable stereospeci®city. However, it
has been a challenge to rationalize even the sense of the observed
stereospeci®city in simple binding or catalytic processes13±15.
Octahedral metal complexes have often been used for stereospeci®c recognition of natural amino acids16±19. In order to control
the regiospeci®c and stereospeci®c recognition of amino acids in a
predictable way, we were interested in designing a chiral tetradentate ligand that forms only one isomer of an octahedral metal
complex. Compound 1, an unnatural a-amino acid, can form only
one con®gurational isomer of an octahedral metal complex (2) due
to the relative position of the four coordinating atoms (Fig. 1).
Furthermore, molecular mechanics calculations show that 2 essentially exists as one conformational isomer. The [1,2,3] bicyclic
portion of 2 (sharing the amino group bridge) is conformationally
rigid, and the other ®ve-membered ring in the complex (containing
the dimethyl amine group) has only two possible conformations of
which the one shown (2) is computed to be about a million times
more populated than the other at equilibrium at 25 8C. Indeed, the
crystal structure of the dinitro Co(III) complex formed from 1 is that
of 2 (Fig. 2a).
In designing the tetradentate ligand (1) we reasoned that the
carboxylate group of the ligand might prefer to coordinate trans to
the carboxylate group of alanine (Fig. 1, 3a) as has been shown for
square planar bis-glycine complexes of Ni(II), Cu(II) and Zn(II) (ref.
20). Once regiospeci®c coordination of alanine is controlled,
stereospeci®c coordination of alanine may be considered. Alanine
forms a ®ve-membered ring upon chelation to the metal complex
(3a). In such ®ve-membered rings the alanine methyl group is
expected to occupy the equatorial position to avoid steric congestion with the coordinated atoms21. The a-H of the chelated alanine
therefore has to occupy one of the two axial positions (Fig. 1, 3a or
3b). If one of these two axial positions is blocked with the dimethyl
amine group of the tetradentate ligand, stereospeci®c recognition of
alanine should result (that is, 3a should be favoured over 3b). Before
synthesizing the tetradentate ligand, we carried out molecular
mechanics calculations on 3a and 3b. In accordance with the

Figure 1 Structures of free chiral ligand (1), chiral cobalt complex (2) and alanine bound
chiral cobalt complexes (3a and 3b).
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above reasoning, the computed energy value for 3a is lower than
that for 3b by about 3 kcal mol-1. It is also evident from computation that the a-H of alanine in 3b comes in direct contact with one
of the two methyl groups in the dimethyl amine group.
Compounds 1 and 2 were synthesized as racemic mixtures
according to the path in Fig. 3. Addition of an equivalent amount
of (6)-alanine to a racemic mixture of the dichloro cobalt complex
(prepared from 2) gave two main products 3a and 3b (each as a

Figure 2 X-ray structures of cobalt complexes 2 (in panel a), 3a (in panel b) and 3b
(in panel c): ORTEP representation with ellipsoids at the 20% probability level. Crystal
structural data for purple square plates of a mixture of 3a(ClO4) and 3b(ClO4):
Ê b  10:732 3 A,
Ê
orthorhombic, space group P212121, a  9:620 3 A,
Ê
c  19:710 4 A, Z  4; R  0:0461, GOF  0:787.
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Figure 3 Reagents and conditions for the synthesis of 1 and 2. a, Diethyl
acetaminomalonate (1 eq.), NaH, TFH, 60 8C; b, Me2NH in CH3CN; c, 6 N HCl, re¯ux for
12 h; d, (i) 4 eq. NaOH (ii) [Co(III)(NO2)6]Na3, 20 8C for 2 h.

racemic mixture). This mixture of 3a and 3b (Fig. 2b, c) was
crystallized and subjected to crystallographic analysis revealing
one racemic compound with temperature independent disorder
for positions C13 and C14. We interpret this disorder to be caused
by the presence of both diastereomers in the unit cell (data analysis
gave ,70% 3a and ,30% 3b in the crystal mixture). The X-ray
structures of 3a and 3b (Fig. 2b, c) are precisely in accord with the
rational design. The two carboxylate oxygens (O1 and O3) in 3a and
3b are positioned trans to each other establishing regiospeci®c
binding of alanine. The alanine methyl groups (C14) in 3a and 3b
are in equatorial positions as predicted. The C13 hydrogen (a-H of
alanine) of 3b points towards the C10 carbon while that of 3a points
away from the C10 carbon. All of these features are in accord with
the rational design.
Results of 500 MHz 1H NMR scanning of the above crystalline
mixture of 3a and 3b (again both racemic) indicate that the ratio of
the two diastereomers in the crystal is about 60/40 (Fig. 4a); in
reasonable agreement with the ratio obtained from the crystallographic analysis (70/30). Most of the signals for 3a overlap with
those for 3b but two of the three methyl peaks (a and c peaks) are
well enough separated to allow observation of the 60/40 diastereomeric ratio (see Fig. 4a). The a peak corresponds to one of the
methyl groups of the tetradentate ligand and the c peak corresponds
to the alanine methyl group.
Interestingly, 3b epimerizes to 3a in basic D2O (Figs 4, 5). The
c(3a) doublet rapidly disappears (Fig. 4a, b) to completion with a
concomitant increase in the c(3a-D) singlet. This indicates that
essentially all of 3a has been deuterated. The c(3b) doublet also
decreases but much more slowly than the c(3a) doublet. Conversion
of 3b to I (Fig. 5) is expected to be slower than conversion of 3a to I
(Fig. 5) since the a-H of alanine in 3b is sterically more hindered.
Similarly, deuteration of I is expected to take place more rapidly
from the less hindered side to give more 3a-D than 3b-D. Consistent
with this interpretation, we do not observe a signal for the c(3b-D)
singlet (Fig. 4b). Although the signal due to a small amount of 3b-D
may be buried, integration of all the peaks in Fig. 4b (the integration
ratio is 24:52:11:65 for peaks down®eld to up®eld with the two most
up®eld peaks integrated together) reveals that the amount of 3b-D
is unlikely to be more than 5% that of 3a-D. It is clear from the above
that the metal complex formed from the L-stereoisomer of 1 binds to
the L-stereoisomer of alanine under thermodynamic control. The
deuteration reaction shown in Fig. 5 implies that alkylation of 3a
and 3b may also take place stereospeci®cally.
The fundamental concepts used here to develop the chiral metal
complex for regiospeci®c and stereospeci®c recognition of alanine
should be applicable for other bidentate a-H-amino acids. In order
to investigate this possibility, we synthesized the receptor metal
complex in enantiomerically pure form with a methyl group at the
position of the a-hydrogen. This receptor in the R-form (which
cannot be racemized due to the methyl group) was reacted with
256

Figure 4 Characterization of the epimerization of 3a and 3b. Shown are 500 MHz 1H NMR
signals of one of the methyl groups of the tetradentate ligand (peak a) and the methyl
group of alanine (peak c) in 3a and 3b (3 mM) before (panel a) and after (panel b) partial
epimerization in 5 ml of 99.9% D2O (5 mM NaOD, 50 h at 25 8C). In a, the integration
ratios of a(3a)/a(3b) and c 3a=c 3b are both about 60/40. After partial epimerization
(b), all of the c(3a) doublet has been converted to the c(3a-D) singlet. Also, peaks a(3b)
and c 3b have decreased but there is no evidence for c(3b-D).

glycine, L-alanine, D-alanine, L-phenylalanine, D-phenylalanine, Ltryptophan, and D-tryptophan. Essentially one complex formed in
each of the seven reactions. The seven products were puri®ed by ion
exchange chromatography and treated with base in D2O (see
Supplementary Information). The a-hydrogens of the three Damino acid products exchanged rapidly and completely with little
or no observable epimerization. In contrast, the a-hydrogens of the
three L-amino acid products exchanged slowly with concomitant
epimerization. We were not able to fully deuterate the L-amino acid
complexes due to competing decomposition reactions. Thus, the Rform of the receptor not only binds more tightly to the D-forms of
the amino acids but also converts the L-forms to the D-forms. Note
that amino acids with side chains that can interact strongly with the
receptor (by coordination or H-bonding) may behave differently
from the above mentioned amino acids. Nevertheless, this study
clearly sets the framework for stereospeci®c recognition of amino
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Supplementary information is available on Nature's World-Wide Web site (http://
www.nature.com) or as paper copy from the London editorial of®ce of Nature.
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Figure 5 Mechanisms for deuteration/epimerization of 3a and 3b to 3a-D and 3b-D.

acids and, by implication, of structurally related molecules, such as
chiral glycols, 1,2-diamines, 1,2-aminoalcohols, and a-hydroxy
acids.
The X-ray crystallographic (Fig. 2) and 1H NMR (Fig. 4) data
show that coordination of alanine to our metal complex takes place
with unprecedented regiospeci®city and stereospeci®city in accord
with the design rationale. The regiospeci®city is apparently controlled by electrostatic effects while the stereospeci®city is controlled
by steric effects in a highly predictive manner. This approach thus
provides detailed structural insights into general separation of
bidentate a-H-amino acids into D and L forms with a single chiral
metal complex. Such a complex may also be useful as a catalyst for
synthesizing a-H amino acids22 or hydrolysing23,24 their esters with
M
predictable stereochemistry.
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Understanding the properties of clouds in the Earth's atmosphere
is currently limited by dif®culties at the fundamental level of
adequately describing the processes of cloud droplet nucleation
and growth. Small changes in droplet population may signi®cantly in¯uence cloud albedo1 as well as formation of precipitation. Models of cloud formation based on laboratory studies with
idealized composition of nuclei suggest that organic solutes
signi®cantly lower surface tension2 Ðone of the parameters
determining droplet populationÐbut the lack of data on composition and properties of the organic material in the atmosphere
precludes realistic laboratory or model studies. Here, we report
measurements on vacuum-evaporated samples of cloud water
from the Po Valley, Italy, that show a large decrease in surface
tension, by up to about one-third relative to pure water, for
realistic concentrations of organic solutes expected to exist in
growing droplets. Such large surface-tension changes, if they
occur in cloud droplets near the critical size for nucleation, lead
to an increase in droplet population and hence in cloud albedo.
The error produced in ignoring this effect is estimated to be
comparable to other calculated direct and indirect in¯uences of
aerosols on scattering and absorption of solar radiation3.
Traditional equilibrium (KoÈhler) theory4 predicts that small (submicrometre) aerosol particles which are partially or completely
water soluble act as cloud condensation nuclei (CCN) by lowering
the vapour pressure and thus overcoming the requirement for large
supersaturations caused by the small radius of curvature of the
incipient droplets. The controlling variables would then be particle
size and water-soluble mass; however, when measured, these alone
do not accurately predict the CCN population1. Recently, additional
variables have been proposed as factors that may also in¯uence
cloud droplet formation and properties. These variables include
CCN solubility2, droplet growth kinetics5 and water-soluble gases6.
Surface tension (j), which is one of the factors that controls the
vapour pressure of small droplets, is the consequence of intermolecular attractive forces tending to minimize the surface area of the
liquid. Water has a high surface tension because of strong hydrogen
bonds, the effect of which is diminished by the presence of surfaceactive solutes (surfactants).
Surface tension enters into the description of cloud droplet
² Permanent address: National Institute of Meteorology and Hydrology, Bucharest, Romania.
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