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Dynamic CD and1H NMR spectroscopies have been applied for studying the phenomenon of chirality inversion
in the supramolecular system consisting of bis(Zn porphyrin) and (R)-amine upon stepwise titration with
(S)-amine. The initially induced CD signals corresponding to the coupled B transitions of bis(Zn porphyrin)
are gradually decreased during this process and transformed into its mirror images that are the Cotton effects
with the same extrema positions, but with opposite signs. In the1H NMR spectra of this system upon titration
there is inversion of the proton signals which are in close proximity to the neighboring porphyrin plane, and
are thus the most affected by its ring current effect. The observed spectral changes are caused by shifting of
the equilibrium from the left- to right-handed screw in bis(Zn porphyrin) upon titration with the amine of the
opposite absolute configuration. The CD and1H NMR experiments used to determine the reaction kinetics
explicitly corroborate each others results. This chirality inversion process has no total energy change (∆G°
) 0), as shown by the titration curves passing through their zero values at the racemic point of an enantiomeric
mixture.

Introduction

Supramolecular chirality induction is widely observed in
natural and artificial systems. It not only has significance to
the functioning of natural systems, but also has important
practical implications for the determination of absolute config-
uration, asymmetric synthesis and catalysis, and production of
molecular devices and new materials.1 This phenomenon arises
from conformational changes in achiral chromophoric hosts
upon non covalent interactions with chiral guests (and vice
versa). Such changes produce asymmetry resulting in optically
active electronic transitions of the initially optically inactive
chromophores which can be detected in the newly formed
supramolecular assembly. In other words, this process can be
described as the transfer of asymmetry information from a single
element to the whole supramolecular system. Generally, sym-
metry breaking of an achiral component of a supramolecular
assembly upon interaction with either enantiopure guest, yields
an enantiomeric structure which is a mirror image of that
obtained upon interaction with the opposite enantiomer. For
example, an (S)-guest may produce a right-handed screw in the
achiral host, while an (R)-guest results in a left-handed screw
(Figure 1, pathways a and b, respectively). So far, this process
has been intensively investigated using various supramolecular
systems and different spectral methods.2 Although most spec-
troscopic techniques can provide enough realistic information
regarding the conformational changes in achiral hosts and screw
formation, they cannot usually distinguish between the resulting
enantiomeric structures because of their similar physicochemical
properties. Only circular dichroism (CD) spectroscopy is able
to differentiate the corresponding right- and left-handed screws.
Based on the general principles of CD spectroscopy3 one can
expect to obtain exact mirror images of the spectral profiles
with the opposite signs for different enantiomers. In the case

of bi- or multichromophoric systems the absolute configuration
of the asymmetric center can be also derived from the signs of
CD couplets, according to the CD exciton coupling method.4

However, conventional static spectroscopies cannot always
give sufficient information on the dynamics of the chirality
transfer processes, which is crucial for comprehensive, in-depth
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Figure 1. Supramolecular chirality induction (pathways a and b) and
inversion (pathway c) via conformational changes in achiral host
produced by noncovalent interactions with chiral guests.
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understanding of the mechanism of chiral induction/recognition
in supramolecular systems. Therefore, we report here a new
approach to studying the stepwise transformation of a left-
handed screw into the corresponding right-handed screw (Figure
1, pathway c) by means of dynamic CD and1H NMR
spectroscopies, which gives additional stereochemical informa-
tion and enables unambiguous assignment of the1H NMR
spectra of the corresponding diastereomers.

Experimental Section

Materials. The syn conformer of the ethane-bridged bis(Zn
porphyrin) in which the two porphyrin planes are fixed in a
face-to-face orientation was synthesized according to the previ-
ously reported methods,5 and then transformed into the initial
anti-L form used as the starting material by coordination with
the corresponding enantiopure (R)-amines (Figure 2).6 Chiral
amines were purchased from Fluka Chemica AG and were used
as received. Anhydrous CH2Cl2 for UV-vis and CD experi-
ments and CDCl3 for 1H NMR titration measurements were
purchased from Aldrich Chemical Co. and used without further
purification.

Spectroscopic Measurements.UV-vis and CD spectra were
measured at room temperature on a Shimadzu UV-3110PC
spectrophotometer and JASCO J-720WI spectropolarimeter,
respectively. CD scanning conditions were as follows: scanning
rate) 50 nm/min, bandwidth) 1 nm, response time) 0.5 s.
The saturated amine concentration used for the static spectral
measurements was the concentration where the UV-vis and
CD changes were at their maximum and further increase of the
amine concentration had no effect on the signal intensities (for
the concentration range, see caption of Figure 3).

1H NMR spectra were recorded at 400 MHz on a JEOL
JNM-EX 400 spectrometer at 243 K; the low temperature is
necessary to maintain an appropriate ratio between the proton
peaks of bis(Zn porphyrin) and the proton peaks of the chiral
amine by increasing the amine binding strength toward bis(Zn
porphyrin) at low temperatures (for the concentration range of
the static measurements, see caption of Figure 5). Chemical
shifts were referenced to the residual proton resonance in CDCl3

(δ 7.25 ppm).
Titration Experiments. The UV-vis and CD titration

experiments were done as follows. A solution of bis(Zn
porphyrin) (3 mL, 3.8× 10-6 M) in CH2Cl2 was mixed with a
solution of (R)-amine (40µL, 5.7 × 10-1 M) in CH2Cl2 in a
quartz cell. Portions (10µL) of a solution of (S)-amine (5.7×
10-1 M) in CH2Cl2 were added to the resulting mixture and

UV-vis and CD spectra were taken after each addition. The
obtained spectra were corrected for the decrease of the bis(Zn
porphyrin) concentration.

1H NMR titration experiments were done as follows. A
solution of bis(Zn porphyrin) (600µL, 1.5× 10-3 M) in CDCl3
was mixed with a solution of (R)-amine (24µL, 7.6× 10-2 M)
in CDCl3 in a 5 mmo.d. NMR tube. Portions (6.5µL) of a
solution of (S)-amine (7.6× 10-2 M) in CDCl3 were added to
the resulting mixture and1H NMR spectra were taken after each
addition. The monitored∆δ values were corrected for the
increase in the total amine concentration.

Results and Discussion

Supramolecular System.Recently we have found that bis-
(Zn porphyrin)5 which is connected by a short covalent ethane

Figure 2. Chiral screw structures, electronic transitions, and mechanism
of the supramolecular chirality inversion in bis(Zn porphyrin).

Figure 3. Static UV-vis and CD (inset) spectra of bis(Zn porphyrin)
in CH2Cl2 containing different chiral amines at 293 K;Cbis(Zn porphyrin)

) (3.1-3.4) × 10-6 M, Camine ) (4.1-5.1) × 10-2 M.

Figure 4. Changes in UV-vis and CD (inset) spectra of the bis(Zn
porphyrin)/(R)-(+)-1-(1-naphthyl)ethylamine mixture in CH2Cl2 (Cbis(Zn

porphyrin) ) 3.8× 10-6 M, Camine) 7.6× 10-3 M) at 293 K upon titration
with (S)-(-)-1-(1-naphthyl)ethylamine.
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bridge (see the anti structure in Figure 2) is a well-suited host
molecule for studying the processes of supramolecular chirality
induction.6 This compound exists in a syn conformation in
nonpolar ligand-free solvents due to strong intramolecularπ-π
interactions between the two zinc porphyrin macrocycles, while
external ligation leads to the conformational switching and
formation of the anti form.7 In the presence of chiral ligands
besides syn-anti conformational changes there is another
process of structural deformation in bis(Zn porphyrin), resulting
in the generation of a screw structure via a steric repulsion
mechanism, and hence transformation of point chirality of the
guest molecules into supramolecular chirality of the whole
system. Since zinc porphyrins are well-known to be five-
coordinate species, the ligand approaching from the same side
of bis(Zn porphyrin) results in chiral steric interactions between
the bulkiest substituent on the asymmetric carbon of the chiral
ligand and the ethyl group at either the 3- or 7-position of the
neighboring porphyrin ring (depending on the absolute config-
uration of the ligand), leading to the formation of the screw
structure. It was shown that (S)-ligands yield the right-handed
screw, while (R)-ligands give the left-handed screw6 (seeanti-L
andanti-R structures, respectively, in Figure 2).

UV-Vis and CD Spectroscopy.The static UV-vis spectra
of bis(Zn porphyrin) in the presence of chiral ligands used in
this study at the saturated conditions (see Experimental Section)
have the same special feature that is characteristic of the anti
form, and reported recently for chiral and achiral amines and

alcohols.6,7 This is a split B (Soret) band (with the∆λ value
ranging from 10 to 13 nm regardless of the ligand type and
structure) due to excitonic coupling between the two pairs of
the degenerate B⊥ and B| transitions (Davydov split) (Figure
3). These observations are in a good agreement with Kasha’s
excitonic coupling theory,8 and such a phenomenon is often seen
in UV-vis spectra of bis(porphyrins) in a linear structure where
the two porphyrin rings are in an edge-to-edge spatial orienta-
tion.9 For the same class of ligands (for example, amines), the
UV-vis spectral pattern of the anti form is almost identical
regardless of the ligand’s structure.

In contrast to the UV-vis spectra, CD spectral profiles are
strongly dependent on the ligand’s structure. Static CD spectra
of the resulting supramolecular systems contain two major
bisignate Cotton effects (Figure 3, inset), which are similar to
those described previously.6 The positions of the first and second
Cotton effects are closely matched to the maxima of the split
Soret band which are well-resolved in UV-vis spectra, and
associated with the allowed B| and B⊥ electronic transitions,
respectively. It is assumed that these transitions are the major
contributors to the observed CD couplets. Although bi- or
multichromophoric systems which are arranged in a chiral spatial
orientation, are normally expected to exhibit bisigned CD
couplets due to excitonic coupling between their electronic
transitions,1o-u,10 there are only a few examples11 of such a good
match between the CD split (which is determined by the
difference of the Cotton effect maxima) and Davydov split in
the UV-vis spectrum. It is interesting to note that our
supramolecular systems exhibit only moderate splits (694-749
cm-1), while in general this effect is only usually observed when
the ∆λ value is relatively large, as in the case of bis-cyanine
systems where the energy gap between two exciton bands is as
large as 2890 cm-1.11c

The signs of the induced CD bands of the supramolecular
systems studied are determined by the absolute configuration
of the chiral guest, and according to the CD exciton chirality
method4 reflect the spacial orientation of the interacting
electronic transition dipoles as described previously.6 In the case
of the left-handed screw ofanti-L formed by (R)-ligands the
coupling B⊥ transitions form a clockwise twist, while the
coupling B| transitions form an anticlockwise twist (Figure 2),
which correspond to the positive first and negative second
Cotton effects observed experimentally (Figure 3, inset). The
situation with the right-handed screw ofanti-R induced by (S)-
ligands is exactly opposite to that with the left-handed screw
of anti-L, giving negative first and positive second Cotton
effects.

The amplitude of the CD couplets is directly dependent on
the ligand size, with bulkier ligands inducing more intensive
CD signals6 (Figure 3, inset). Therefore, to monitor the screw
inversion dynamics most effectively, 1-(1-naphthyl)ethylamine
which is the bulkiest ligand among the chiral guests studied,
was chosen to carry out the titration experiments. The initial
mixture of bis(Zn porphyrin) and (R)-1-(1-naphthyl)ethylamine
has a 1:2000 molar ratio. For this molar ratio at 293 K about
85% of bis(Zn porphyrin) is in the anti form as determined by
UV-vis spectroscopy. The opposite (S)-amine was added to
the initial mixture in a stepwise manner until theR:S molar
ratio became 1:10.4. By the end of the titration the syn-anti
equilibrium is shifted quantitatively to the anti conformation
and these changes are clearly seen in the UV-vis spectra (Figure
4). Reflecting the process of this equilibrium shift, the intensity
of the split B bands is steadily enhanced upon increasing the

Figure 5. Selected areas of static1H NMR spectra of bis(Zn porphyrin)
in the presence of (R)-(+)-1-phenylethylamine (top), (S)-(-)-1-phe-
nylethylamine (middle), and racemic 1-phenylethylamine (bottom) in
CDCl3 (Cbis(Zn porphyrin) ) 1.6 × 10-3 M, Camine ) 8.0 × 10-3 M) at
243 K.
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overall amine concentration, which is expected since the syn-
anti conformational switching is dependent on the total ligand
concentration rather than enantiomeric composition.

Contrary to UV-vis spectroscopy, CD spectroscopy can
recognize individual optically active species or an excess of
one of them in a mixture of antipodes. Thus, addition of the
(S)-enantiomer to the initial mixture of bis(Zn porphyrin) and
(R)-1-(1-naphthyl)ethylamine results in a gradual decrease of
the induced Cotton effect intensities associated with formation
of anti-L (Figure 4, inset). At the equimolar ratio of the mixture
of (R)- and (S)-amines the whole supramolecular system
becomes CD inactive. Subsequent stepwise addition of (S)-1-
(1-naphthyl)ethylamine results in a corresponding increase of
new CD signals of opposite signs. The final CD spectrum
obtained upon completion of the titration is an exact mirror
image of that recorded for the initial mixture. These changes
are the result of the equilibrium shift from the left-handedanti-L
to the right-handedanti-R conformer during addition of (S)-
amine (Figure 2). Since the directions of all the coupling
electronic transitions ofanti-R are diametrically opposed to those
of anti-L, the induced Cotton effects resulting from the
supramolecular system obtained must exhibit the opposite signs.
It is also obvious that at the racemic point all these coupling
electronic transitions cancel each other, producing a CD inactive
mixture.

1H NMR Spectroscopy.To obtain more detailed information
on the dynamics of supramolecular chirality inversion1H NMR
spectroscopy was used to investigate this process. Although this
method does not explicitly distinguish between the enantiomeric
anti-R andanti-L structures due to the chemical equivalence
and the same spacial arrangement of the protons, as stated above,
it becomes possible to follow changes in the signal positions
of the protons which are in close proximity to the neighboring
porphyrin ring, and hence mostly affected by its ring current
effect.

Indeed, the spectral pattern of bis(Zn porphyrin) in the
presence of (R)-amine is identical to that with (S)-amine and
distinctly different from that in the presence of a racemic mixture
of these amines (Figure 5). The most remarkable distinctions
in 1H NMR spectra between pure enantiomeric and racemic
amines are as follows. In the case ofanti-L andanti-R, the 10-
and 20-mesoprotons and-CH2CH2- bridge protons are split
into two signals (singlets and multiplets, respectively) of equal
intensity. The differences between chemical shifts of the 10-
and 20-meso protons are 0.05 ppm (for (R)- and (S)-1-
phenylethylamine) and 0.10 ppm (for (R)- and (S)-1-(1-
naphthyl)ethylamine). For the-CH2CH2- bridge protons the
corresponding splits are 0.13 and 0.26 ppm. The nonequivalence
of these protons is a result of their different locations with
respect to the neighboring porphyrin ring, leading to the different
exposure to its ring current effect. Arising from the same effect,
the peripheral CH2CH3 protons which are in a close proximity
to the neighboring porphyrin ring also become nonequivalent,
and exhibit several broad multiplets in the region of 4.20-3.48
ppm for 1-phenylethylamine and 4.25-3.31 ppm for 1-(1-
naphthyl)ethylamine. In the case of a racemic mixture of the
amine studied, the spectrum profile is more simple in compari-
son to that of enantiopure ligands. There are no splits between
the 10- and 20-mesoproton signals or the-CH2CH2- bridge
proton signals. Instead, the proton groups show only two
corresponding singlets which are located in the middle of the
split proton signals caused by the enantiopure amines. This
spectral simplification is a result of the formation of an

equimolar ratio ofanti-L and anti-R and their fast mutual
equilibrium on the1H NMR time-scale, in which these protons

Figure 6. Changes in1H NMR spectra of the bis(Zn porphyrin)/
(R)-(+)-1-(1-naphthyl)ethylamine mixture in CDCl3 (Cbis(Zn porphyrin))
1.5 × 10-3 M, Camine ) 3.0 × 10-3 M) at 243 K upon titration
with (S)-(-)-1-(1-naphthyl)ethylamine, where molar ratio refers to
(R)-(+)-/(S)-(-)-1-(1-naphthyl)ethylamine.
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are exposed equally to both environments (ring current effect
of the neighboring porphyrin ring) ofanti-L andanti-R leading
to their 1H NMR equivalence.

As with the case of CD spectroscopy, the bulkier ligand gives
the more pronounced effect in the1H NMR spectra (larger signal
split), resulting from formation of a greater degree in the screw
structure.6 Therefore, the bulkiest 1-(1-naphthyl)ethylamine has
been also chosen for the1H NMR titration study. The general
tendency of the spectral changes upon a stepwise addition of
the (S)-amine to bis(Zn porphyrin):(R)-amine mixture is clearly
seen in Figure 6. At the first stage of this process the observed
splits between the 10- and 20-mesoprotons and between the
-CH2CH2- bridge protons are reduced gradually down to zero
during addition of the opposite (S)-enantiomer and equalization
of (R)- and (S)-amine concentrations. Then, after passing the
racemic point the reverse process begins and the observed splits
appear again and increase progressively upon further addition.
A similar tendency is observed for the CH2CH3 protons. Five
multiplets come closer together and form three broad signals at
the racemic point, followed by movement in the opposite
direction producing the final spectral pattern which is much like
that as before the titration.

Despite the fact that the initial and final1H NMR spectra are
essentially the same, this close monitoring of the spectral
changes allows us to differentiate and assign the magnetic
resonances belonging to corresponding pairs of the protons.
Particularly, it shows the peak inversion process during addition
of the (S)-amine resulting in mirror images of theanti-L and
anti-R signals, which obviously originate from the intercon-
version of the chemical shifts for the corresponding H, G and
E, F proton pairs and C, A, D, B protons (the signal movements
of the H, G and E, F protons are shown by arrows in Figure 6).
The mechanism of the observed peak inversion was aided by
interpretation of the spectral data with CPK molecular models
of theanti-L andanti-R structures (Figure 7). In the initial left-
handed screw induced by (R)-amine the Gmesoprotons, F
protons of the-CH2CH2- bridge, and D, B protons of the

CH2CH3 group are in the closest proximity to the neighboring
porphyrin ring, and hence are the most affected by the ring
current effect. This results in appearance of these signals at
higher field of the1H NMR spectrum in comparison to the
corresponding H, E, C, and A protons which are farther from
the neighboring porphyrin ring. Upon addition of the (S)-amine
and shifting of the equilibrium to the enantiomericanti-R form
with right-handed screw the situation is reversed. The H, E, C,
and A protons become closer to the neighboring porphyrin ring
and hence their signals are moved upfield. In contrast, the G,
F, D, and B protons are moved away from the neighboring
porphyrin ring, resulting in the appearance of their resonances
at more downfield region. By this mechanism the final spectrum
resembles the initial one, but it is clear that the positions of all
the signals derived from the above-mentioned pairs of protons
are interchanged.

Comparison of CD and 1H NMR Spectral Dynamics. To
elucidate the credibility of the spectral methods applied for
investigation of the dynamics of chirality inversion in the
supramolecular systems studied, the CD and1H NMR changes
have been compared and plotted in Figure 8. To subtract the
minor contribution of the syn-anti conformational equilibrium
that shifts gradually to the anti form upon addition of the chiral
amine (see UV-vis changes in Figure 4), a dissymmetry factor
(g) was applied as a monitoring parameter of the CD changes.
This is defined as the ratio between CD and unpolarized
absorption:

where∆ε is the molar extinction coefficient of the first Cotton
effect obtained from the CD spectrum andε is the molar
extinction coefficient of the B| transition obtained from the UV-
vis spectrum. Since the B| band of the anti conformer is red-
shifted in comparison with the B band of the syn conformer by
39 nm and their absorptions are not particularly overlapped,
theg value reflects the pure process of chirality inversion caused
by theanti-R to anti-L equilibrium change.

Figure 7. CPK models of the right- and left-handed screws induced in bis(Zn porphyrin) by (R)- and (S)-amines, respectively.

g ) ∆ε/ε
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For 1H NMR changes the chemical shift difference between
the G and H proton signals (∆δ) was chosen as a monitoring
parameter. It was corrected for the general tendency of these
resonances to move in a downfield direction upon the syn to
anti equilibrium shift.6,7 This correction was done on the basis
of a titration experiment with a racemic mixture of the
corresponding amines, since it shows the nonsplit averaged
singlet from both G and H protons.

When the changes of CD and1H NMR monitoring parameters
are plotted versus the molar ratio between the (R)- and (S)-1-
(1-naphthyl)ethylamine it was found that the two sets of
experimental data are extremely well matched (Figure 8).
Besides this similarity, both titration curves for theg and∆δ
parameters pass through their zero values at the racemic point
that corresponds to the molar ratio 1:1 of (R)- and (S)-amines.
This means that the chirality inversion process proceeds without
a total energy change (∆G° ) 0). Additional confirmation for
∆G° ) 0 of this exchange process was obtained from the
separate UV-vis and CD titration experiments of bis(Zn
porphyrin) with both enantiopure (R)- and (S)-1-(1-naphthyl)-
ethylamine. The∆G° values for each enantiomer at 293 K are
the same and equal-7.7 kcal/mol.12

These highly corroborative spectral results obtained inde-
pendently by CD and1H NMR spectroscopies reveal that the
suggested mechanism of chirality inversion is the most plausible,
and that both spectral methods can be successfully applied to
studying the processes of asymmetry induction in supramo-
lecular systems.

Conclusion

This work clearly demonstrates that the dynamic approach
using CD and 1H NMR spectroscopies can serve as an
indispensable technique for studying the mechanisms of asym-
metry induction in supramolecular systems, and for solving
problems arising from elucidation of the corresponding chiral
structures. Particularly, it allows monitoring of the structural
changes of bis(Zn porphyrin) leading to the formation of the
chiral screw structures, and the unequivocal assignment of
specific protons in the1H NMR spectra of the both enantiomers
of bis(Zn porphyrin) complex. This approach should prove to

be a powerful tool for the evaluation of chirality induction and
asymmetry transfer in various natural and artificial supramo-
lecular assemblies.
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