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Abstract—A straightforward and versatile method for the determination of the absolute configuration of vic-amino alcohols is
proposed. The proposed method involves the in situ formation of chiral complexes of optically active ephedrine- or adrenaline-
type vic-amino alcohols with the achiral dimolybdenum tetraacetate [Mo2(OAc)4] acting as an auxiliary chromophore. The
resulting CD spectra are suitable for the assignment of absolute configuration, since the observed sign of Cotton effects arising
within the d–d absorption bands for the metal cluster depends solely upon the chirality of the amino alcohol ligand. An
empirically based rule correlating a positive/negative helicity expressed by the O�C�C�N torsional angle with the sign of Cotton
effects occurring in the 400–260 nm spectral range has been formulated. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Determination of the absolute configuration of bioac-
tive compounds continues to be one of the most chal-
lenging problems in organic and pharmacological
chemistry. This is due the fact that the enantiomers of
a particular bio-active compound may demonstrate dif-
ferences of up to several orders of magnitude in their
pharmaceutical effects and potency at the same recep-
tor. They may also have significantly different ADME
(absorption, distribution, metabolism, excretion) profi-
les. Chiroptical methods, and in particular, circular
dichroism spectroscopy (CD), appear to be convenient,
sensitive and rapid techniques for the stereochemical
assignments in solution. In the case of circular dichro-
ism studies, the approach requires only that the com-
pounds under study are non-racemic and exhibit
measurable absorption(s) in an accessible frequency
range. To measure the CD spectra of compounds trans-
parent in the UV–vis region, e.g. alcohols, amines,
diols, aminols etc., a suitable chromophoric system
should be introduced into the molecule prior to record-
ing the spectra. One available procedure for this is the
in situ generation of so-called ‘cottonogenic’ derivatives
by mixing the solutions of the chiral (but non-
absorbing) ligand with an achiral transition metal com-
plex acting as an auxiliary chromophore. Among
various transition metal complexes employed for this
purpose,1 dimolybdenum tetraacetate has demonstrated

considerable ability to form chiral complexes especially
convenient for the chiroptical studies. As was shown
before,2 Mo2(OAc)4 can exchange in situ one or more
of its acetate units to form chiral complexes, mostly of
a bridging structure. The CD arising within the d–d
absorption bands of such complexes depends solely
upon the chirality of the ligand(s).2 This is due to the
fact that transition metal ions, when complexed with an
optically active ligand, become involved in the symme-
try of the ligand. Thus, Cotton effects related to the
electronic transitions of the metal atom are obtained
and they are strongly dependent upon the absolute
configuration of the compound acting as a ligand.

The in situ dimolybdenum method was successfully
used by us for the determination of the absolute
configuration of different classes of biologically impor-
tant compounds such as amino acids2b,3 and 1,2- and
1,3-diols.2c,2d,2g,2h,4 For vic-diols, no exception has been
found to the proposed empirical helicity rule connecting
the sign of the O�C�C�O torsional angle with the sign
of the Cotton effect (CE) occurring at around 310 nm.
Recently, this observation was further corroborated by
Italian authors5 who confirmed the dimolybdenum
method to be ‘a very reliable, versatile, and elastic
procedure for the assignment of the absolute configura-
tion of that fundamental class of molecules’. It was also
found that, due to its low acceptor strength in the axial
position,6 Mo2(OAc)4 forms optically active complexes
with various bidentate ligands by ligand exchange reac-
tions only.2c The great advantage of such bidentate* Corresponding author. E-mail: frelek@icho.edu.pl
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bonding is that in most cases, flexible molecules, such as
for example, aliphatic ones, become substantially more
restricted in their conformational flexibility upon com-
plexation and, as a result, appear to exist only as a single
conformer when complexed with the Mo2-core. This
reduced conformational flexibility induces particularly
intense CEs and facilitates interpretation of the CD
spectra.

Based on the above discussion, we decided to study the
possibility of an extension of the dimolybdenum method
to another class of biologically important compounds,
namely vic-amino alcohols. Our preliminary results2d,2h,7

indicate the ability of the Mo2-core to form chiral

complexes with amino alcohols. To date, however, no
general rule that is valid for the numerous different types
of amino alcohols has been established. Thus, we decided
to systematically study the chiroptical properties of
amino alcohols in the presence of the Mo2-dimer to
develop and validate a convenient method for the deter-
mination of the absolute configuration of the chiral
ligand. This goal will be achieved based on the experi-
mental results of CD measurements of a variety of acyclic
amino alcohols of both ephedrine and adrenaline types,
complexed with the stock solution of Mo2-dimer (Fig. 1).
The dependence of the recorded CD spectra on the
ligand-to-metal ratio, time factors and the sensitivity of
the method, will be also examined.

Figure 1. Investigated amino alcohols 1–25 and dimolybdenum tetraacetate.
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2. Results and discussion

CD data for the in situ formed Mo-complexes of amino
alcohols 1–25 are summarized in Table 1. As can be
seen from this table, the molybdenum complexes
formed in situ with vic-amino alcohols show several
CEs between 650 and 250 nm. In common with vic-
diols, the most intense (and therefore the most suitable
bands for the determination of the absolute configura-
tion of the analyte) appear in the spectral range
between 400 and 260 nm. Two bands with the same
sign appear near 260 nm (E) and 330 nm (C), and a
third one (D), of sign opposite to the first two, occurs
at ca. 290 nm.

In the spectra of compounds 7, 20, 23 and 24, the band
D (at ca. 300 nm) is present as a negative minimum
(compounds 7 and 20) or a positive minimum (com-
pounds 23 and 24) located between two distinct max-
ima or minima, respectively. In the spectra of (R)- and
(S)-propranolols 22 and 25, respectively, bands D and
E cannot be seen at all as they are obscured by their
own electronic absorptions in the same spectral range.

Similarly, in the spectrum of L-cafedrine 17 with the
Mo2-core, the band E is obscured by its own absorp-
tion. CD spectra of some representative amino alcohols
are presented in Fig. 2.

Interestingly, Mo2(OAc)4 forms optically active com-
plexes with the salts of vic-amino alcohols very slowly
and with poor efficiency. However, the addition of a
trace of alkali (a drop of aqueous NaOH) usually
results in rapid development of several intense Cotton
effects. In our study, compounds 5, 15–19, 21, 22 and
25 were investigated in the form of respective
hydrochlorides. In general, no CEs were present prior
to the addition of aqueous NaOH. However, following
addition of a drop of aqueous NaOH to the complex
solution several intense CEs appeared, as shown in Fig.
3 for compound 5.

In order to establish whether the shape of CD curves
depends on the concentration ratio, the CD spectra of
L-leucinol 4 with the Mo-cluster in 0.5:1, 1:1, 1.5:1, 3:1,
5:1 and 10:1 ligand-to-metal ratio were recorded (Fig.
4). In experiments where the ligand-to-metal ratio was

Table 1. CD data of in situ formed Mo-complexes of compounds 1–25 recorded in DMSO 0.5 h after dissolving in the 1.5:1
ligand–metal mixture

a – negative minimum; b – positive minimum; c – own electronic absorption: * for explanation of term �� � see text; c an additional positive CD
around 460 nm; ° an additional negative minimum at ca. 360 nm; � an additional positive minimum at 364 nm.
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Figure 2. CD spectra of in situ formed Mo-complexes of amino alcohols 6 (blue line), 13 (red line), 15 (green line) and 18 (yellow
line) recorded in DMSO after 0.5 h from dissolving in the 1.5:1 ligand–metal mixture.

Figure 3. CD spectra of in situ formed Mo-complexes of amino alcohol 5 without (red line) and with (blue line) a trace of alkali
recorded in DMSO 0.5 h after dissolving in the 1.5:1 ligand–metal mixture.

0.5:1, 1:1 and 1.5:1, the general shape of the CD
curves was unchanged. We observed that the intensity
of the bands increased with the concentration of the
chiral ligand to reach a maximum at the 1.5:1 ligand-
to-metal ratio. Generally, the shape of the curve for
the ligand-to-metal ratio 3:1 (green line in Fig. 4)
remains unchanged even though the band at ca. 288
nm appears as a negative minimum. The shape of the
CD curve, however, changes for the ligand-to-metal
ratio of 5:1 and 10:1 (yellow and red lines in Fig. 4,

respectively). In either case, both the positive band D
(around 280 nm) and the negative band C (around 320
nm) disappear and a new positive band (around 317
nm) is observed instead. Thus, to avoid a possibility of
misinterpretation, it is recommended to work with
concentrations in the range of 0.5:1 to 3:1 for ligand-
to-metal ratio. Based on these results, we decided to
measure the CD spectra of amino alcohols 1–25 with
the Mo2-core in DMSO solution with a ligand-to-
metal ratio of 1.5:1.
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Figure 4. CD spectra of in situ formed Mo-complexes of L-leucinol 4 at ligand-to metal ratios: 0.5:1 (blue line); 1:1 (navy blue
line); 1.5:1 (purplish-red line); 3:1 (green line); 5:1 (yellow line) and 10:1 (red line).

To establish the limits of applicability of the proposed
method, the CD spectra at very low concentrations of
the ligand and with the ligand-to-metal ratio of 1.5:1
were measured. In general, to obtain well developed
CEs, about 1 mg of the ligand is sufficient. In some
cases, however, as little as 0.2 mg (�3×10−4 M/L) of
the ligand is sufficient to record the CD spectrum with
good S/N-ratio. In one extreme case it was possible to
obtain a barely adequate spectrum of L-alaninol at a
concentration of approx. �8×10−5 M/L. However, in
that case only band C was well developed.

The time dependence of the spectra was also investi-
gated. In general, the signs of CEs and the relative
intensities of the bands are not time dependent. How-
ever, as is evident from Fig. 5, the intensity of certain
CD bands does change somewhat with time. In the case
of D-phenylalaninol 13, the intensity of band D
increased two-fold within 24 h. The remaining bands
remain unchanged within the same timeframe. The
observed intensity of certain bands can also decrease
with time: For example, in the case of L-valinol 3 there
is a significant decrease in the intensity of all bands

Figure 5. CD spectra of in situ formed Mo-complexes of D-phenylalaninol (13, continuous lines) and L-valinol (3, dashed lines)
recorded in DMSO in the 1.5:1 metal-to-ligand ratio after: 0.5 h (blue line), 3 h (green line) and 24 h (red line).
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after 24 h, while no intensity change is evident within
the first 3 h. Therefore, we decided to record the CD
spectra of the Mo-complexes of compounds 1–25 not
more than 0.5 h from the moment of complex forma-
tion, to avoid the complications related to the intensity
changes.

A similar time-dependence of the spectra can be
observed in the respective UV–vis spectra. The elec-
tronic absorption spectrum of the stock complex in
DMSO shows a lowest energy band at ca. 440 nm with
an absorption coefficient � of 163 M−1 cm−1. This band
(A) of low intensity is assigned to the ���* transition
and it is polarized parallel to the Mo–Mo axis (z-polar-
ization).6b There are higher energy absorptions in the
UV–vis region with a much larger molar extinction
coefficient, namely band C with � of 5740 M−1 cm−1,
appearing at 304 nm and overlapping with another
absorption band which is visible only as a shoulder at
longer wavelengths (band B, around 325 nm). Regret-
tably, there is a significantly lower certainty about the
assignments of these bands, based on the available
literature. For our purpose, however, it may not be
necessary to assign the individual transitions, because
only the net CD is important for the establishment of
the chiroptical rules.

After storage for 24 h, the Mo-complex solution
remains yellow, however its UV–vis spectrum shows a
disappearance of the band A whereas band C is slightly
red-shifted and becomes weaker (307 nm, �=3600 M−1

cm−1). After 48 h storage, the solution of the stock
complex turns green and in the respective UV–vis spec-
trum in the range 250–550 nm there is only one well-
developed band (band C, 312 nm, �=3170 M−1 cm−1).

As with 1,2-diols,4a the replacement of acetate ligand(s)
of the Mo2 complex with the chiral 1,2-amino alcohol
ligand does not result in any significant changes in the
absorption spectrum (Fig. 6). This suggests that ligand
exchange within the Mo2O8 chromophoric system is not
accompanied by any other significant changes and may

also indicate that only one acetate group of the Mo-
cluster is replaced by an amino alcohol ligand.

As can be seen in Table 1 and Fig. 2, the CD spectra of
Mo-complexes of enantiomeric amino alcohols are of
mirror image type (compounds 1, 9; 3, 10; 4, 11; 6, 13;
15, 18; 20, 23 and 22, 25). The small differences
observed in the magnitude of particular CEs can be
attributed to the fact that the precise concentration of
the chiral complex in each of the studied solutions is
not known. Therefore, the CD data are presented as
artificial �� � values. These �� � values are calculated in
the usual way as �� �=�A/c×d, where c is the molar
concentration of the amino alcohol, assuming 100%
complexation.

On the basis of the data presented in Table 1, the
investigated compounds 1–25 may be divided into two
groups that differ in the sign of the 260 nm (E), 280 nm
(D) and 330 nm (C) bands. In the first group, consisting
of amino alcohols 1–8 and 18–22, the CE around 280
nm is positive with two strong negative CEs at ca. 260
and 330 nm. In the second group, represented by amino
alcohols 9–17 and 23–25, the opposite relation of CE
sign pattern is observed, i.e. both CD bands E and C
are positive and the one near 280 nm is negative.

Since the shape of the CD spectra of vic-diols and
corresponding vic-amino alcohols is very similar (Fig.
7), it seems reasonable to assume that the mode of
complexation of amino alcohols to dimolybdenum tet-
raacetate is the same as that for the respective glycols.8

This means that the probable structure of the chiral
Mo-complex with an amino alcohol ligand is the one
with a ‘parallel’ or ‘perpendicular’ arrangement of the
amino alcohol unit(s) to the dimolybdenum core, as
shown in Fig. 8. According to the reported data,2a,2e

however, the bridging ligation (�-form) of a 1,2-amino
alcohol molecule to the Mo-core appears to be more
probable, because the �-dimolybdenum complexes with,
e.g. chelating diphosphines and diamines show no mea-
surable CD. Independently of the actual complexation

Figure 6. UV–vis spectra of [Mo2(OAc)4] (red line) and in situ formed Mo-complex of L-leucinol 4 (green line) recorded in DMSO
0.5 h after dissolving.
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Figure 7. CD spectra of in situ formed Mo-complexes of L-phenylalaninol (blue line) and L-butane-2,3-diol (red line).

mode (either ‘parallel’ or ‘perpendicular’), an amino
alcohol, analogously to the glycols, can be accommo-
dated preferentially in such a conformation in which
both N�C�C�R and O�C�C�R units, for steric reasons,
adopt an antiperiplanar conformation. Thus, the
acyclic amino alcohol ligand is considerably restricted
in its conformational mobility. This fixed conformation
results in much more intense CEs compared to those of
conformationally flexible molecules. In addition, the
conformational preferences of the resulting Mo2-con-
taining rings impose a twist about the Mo�Mo bond so
that the core is no longer in an eclipsed form. Thus, the
achiral chromophore is incorporated into a chiral ring
(‘chiral second sphere’ according to Snatzke9) which
implies that the CD is mainly governed by a ‘helicity
rule’, which means that the sign of the torsional angle
determines the signs of particular CEs, and also, to a
great extent, their observed magnitudes.

On the basis of the above argument it seems reasonable
to assume that a helicity rule, similar to that established
for vic-diols,2c,g should correlate the helicity of the
amino alcohol moiety with the sign of the Cotton
effects in the 400–300 nm spectral range. As can be seen
from Fig. 7, however, the CD spectra of the amino
alcohol and of the glycol with the same sign of the
torsional angle N�C�C�O and O�C�C�O, respectively,
are of mirror image type with some red or blue shifts of
certain CEs. Since it is not known if the parentage of
the individual transitions is the same when the oxygen
is replaced by nitrogen, the empirical correlation
between the signs of particular CEs and the torsional
angle N�C�C�O can be formulated in one of two ways:
1. the correlation between the torsional angle and the

sign of the CEs occurring between 400 and 300 nm
is opposite for vic-amino alcohols compared to that
for vic-diols, or

2. the correlation is the same, but because of the very
strong CE around 330 nm the 300 nm CD band is
blue shifted to ca. 280 nm.

Whichever point of view one prefers to adopt, the
results collected in Table 1 demonstrate that amino
alcohols with the same absolute configuration have the
same sign of their CEs in the presence of the Mo-clus-
ter. This statement appears to be valid for both
ephedrine- and adrenaline-type amino alcohols.

A common feature of the amino alcohols from the first
group (compounds 1–8 and 18–22) is their P-helicity
expressed by a positive N�C�C�O torsional angle
whereas amino alcohols from the second group, (amino
alcohols 9–17 and 23–25), follow the M-helicity mani-
fested by a negative torsional angle of the same unit. In
the case of threo-compounds, the amino alcohol unit
adopts such a conformation where both O�C�C�R and
N�C�C�R moieties exist in antiperiplanar conforma-
tions (Fig. 9, left). Only in such a conformation the
larger R group does avoid the steric interaction with
other acetate ligands still present in the complex and

Figure 8. Possible bidentate ligations of an vic-amino alcohol
in the ‘parallel’ (left) and ‘perpendicular’ mode (right).
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Figure 9. Preferred antiperiplanar conformation of an aliphatic 1,2-amino alcohol from ephedrine type-(1S,2S)-threo (left) and
(1R,2S)-erythro (middle) as well as from adrenaline type (right) when complexed to Mo-dimer.

points away from the rest of the complex. It is, there-
fore, safe to assume that in Mo-complexes such a
conformation is the preferred one. A more complicated
situation is observed in the case of erythro
aminopropanols 15–18, where two R groups are not
able to adopt an antiperiplanar conformation at the
same time. In the case of compounds 15–17 with 1R,2S
configuration, left handed helicity is expected to domi-
nate, in accordance with the relative dimensions of
phenyl and methyl groups. Therefore, for these com-
pounds the preferred conformation in their Mo-com-
plexes is the one with a phenyl group in an
antiperiplanar arrangement relative to the nitrogen
atom and with a methyl group in a gauche arrangement
relative to a hydroxy group, as shown in the middle of
Fig. 9. On the contrary, compound 18 with 1S,2R
configuration follows P-helicity, again adopting a con-
formation with an arrangement with the phenyl group
antiperiplanar relative to the nitrogen atom and with a
methyl group in a gauche arrangement relative to the
hydroxy group.

Thus, a general rule connecting the sign of particular
CEs with the helicity of an amino alcohol complexed to
the Mo2-core can be formulated as follows: a positive
(negative) torsional angle of the N�C�C�O amino alco-
hol subunit correlates with a positive (negative) sign of
the CE around 280 nm or a positive (negative) torsional
angle of the N�C�C�O amino alcohol subunit corre-
lates with a negative (positive) sign of the CE observed
at around 330 nm.

3. Conclusions

The present study demonstrates that the dimolybdenum
method can be successfully extended to vic-amino alco-
hols thus allowing the assignment of their absolute
configuration based on their CD spectra with dimolyb-
denum tetraacetate acting as an auxiliary chromophore.

The absolute configuration can be determined by means
of the proposed empirical rule relating the sign of the
CEs around 280 and 330 nm with the helicity of the
N�C�C�O subunit. The proposed helicity rule is based
on the CD spectra of 25 acyclic vic-amino alcohols of
both ephedrine and adrenaline types, complexed with
Mo2(OAc)4. Dimolybdenum tetraacetate acts not only
as an auxiliary chromophoric system but also, due to its
steric requirements, reduces or totally restricts the con-
formational mobility of amino alcohol molecules bound
to the metal core. Thus, in the dimolybdenum method
the determination of the absolute configuration
becomes possible from the chiroptical data alone.

It is also demonstrated that the sign of Cotton effect
does not depend on the concentration of the chiral
ligand or that of the achiral complex providing that the
metal-to-ligand ratio is within the range of 1:0.5 to 1:3,
respectively. Moreover, it has also been shown that
DMSO solutions of the complexes are sufficiently stable
to allow all necessary measurements to be carried out.
It was found that amino alcohols in the salt form
cannot be investigated by this method. However, in the
form of free amine (obtained in situ after addition of a
drop of aqueous base to the salt solution) CD study can
be performed successfully.

The fact that no quantitative values are obtained could
be regarded as a disadvantage of the proposed method.
However, for the purpose of determination of the abso-
lute configuration only the signs and relative magni-
tudes of the CEs are important, not their absolute
values. On the other hand, this disadvantage is compen-
sated for by the fact that there is no need to synthesize,
isolate and purify any derivatives before obtaining the
CD spectrum. It is additionally worth considering that,
in general, less than 1 mg of the potential ligand is
sufficient to obtain a very good and reproducible CD
spectrum. We have demonstrated that in an extreme
case the determination of absolute configuration can be
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successfully carried out for ligand concentration of
around 8×10−5 M/L.

4. Experimental

UV–vis spectra were measured on a Cary 100 spec-
trophotometer in DMSO. CD spectra were recorded in
the 240–640 nm range, at room temperature, with a
Jasco 715 spectropolarimeter using DMSO solutions in
cells of 1, 10 or 20 mm path length (spectral band with
2 nm, sensitivity 10×10−6 or 20×10−6 �A-unit/nm).
Depending on the S/N ratio the �-scan speed was 0.2 or
0.5 nm/s.

For CD measurements the solid chiral amino alcohol
(1–5 mg, ca. 0.003 M/L) was dissolved in a stock
solution of dimolybdenum tetraacetate (6–7 mg, ca.
0.002 M/L) in DMSO so that the molar ratio of the
stock complex to ligand was about 1:1.5, in general. In
special cases, e.g. concentration-dependent CD mea-
surements, other metal-to-ligand ratios were used (see
text). Some of the �� �-values were very small, but
nevertheless the signal-to-noise ratio in all cases was
better than at least 10:1.

Source of compounds: compounds 1–25 were pur-
chased from Fluka and/or Aldrich and were used with-
out further purification. Dimolybdenum tetraacetate
and DMSO (Uvasol) were purchased from Fluka and
Merck, respectively, and were used without further
purification.
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