J. Phys. Chem. R000,104,9213-9219 9213

Elucidation of the Mechanism of Supramolecular Chirality Inversion in Bis(zinc porphyrin)
by Dynamic Approach Using CD and!H NMR Spectroscopy
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Dynamic CD andH NMR spectroscopies have been applied for studying the phenomenon of chirality inversion

in the supramolecular system consisting of bis(Zn porphyrin) &)eaine upon stepwise titration with
(9-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. IAHEMR 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 attiINMR experiments used to determine the reaction kinetics
explicitly corroborate each others results. This chirality inversion process has no total energy c¢k@hge (

= 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 achiral
practical implications for the determination of absolute config- host
uration, asymmetric synthesis and catalysis, and production of
molecular devices and new materialghis 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 (S)-guest (R)-guest
chromophores which can be detected in the newly formed a b
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$-guest may produce a right-handed screw in the
achiral host, while anR)-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 methdddthough 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 Figure 1. Supramolecular chirality induction (pathways a and b) and
enantiomeric structures because of their similar physicochemicalinversion (pathway c) via conformational changes in achiral host
properties. Only circular dichroism (CD) spectroscopy is able produced by noncovalent interactions with chiral guests.

to differentiate the corresponding right- and left-handed screws.
Based on the general principles of CD spectroséame can
expect to obtain exact mirror images of the spectral profiles
with the opposite signs for different enantiomers. In the case

(A)-guest

(S)-guest
c

A % U %
775,

Right-handed screw Left-handed screw

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.
However, conventional static spectroscopies cannot always
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10.1021/jp001722f CCC: $19.00 © 2000 American Chemical Society
Published on Web 09/14/2000




9214 J. Phys. Chem. A, Vol. 104, No. 40, 2000 Borovkov et al.

(S)-Me(X)CHNH,
(A)-Ma(X)CHNH, -
=
Left-handed screw Right-handed screw g
antiL 2 anti-R g
3 2 (R)-(+)-1-(1-naphthyl)ethyl
T e I . > O (S)-(=)-1-{ 1-naphthyl)ethylamine
7 (R)-(+)-1-phenylethylamine
10 2 (8)-{=)-1-phenylethylamine
anti
Figure 2. Chiral screw structures, electronic transitions, and mechanism
of the supramolecular chirality inversion in bis(Zn porphyrin).
understanding of the mechanism of chiral induction/recognition X \ i
in supramolecular §ystems. Therefore, we report here a new RE a5 7
approach to studying the stepwise transformation of a left- Wavelength (nm)
handed screw into the corresponding right-handed screw (FigureFigure 3. Static Uv—vis and CD (inset) spectra of bis(Zn porphyrin)
1, pathway c) by means of dynamic CD adti NMR in CH.CI, containing different chiral amines at 293 Kiisizn porphyrin)

spectroscopies, which gives additional stereochemical informa-= (3-173:4) x 107 M, Camine = (4.1-5.1) x 1072 M.

tion and enables unambiguous assignment of tHeNMR
spectra of the corresponding diastereomers.

Experimental Section (R-(-KS)-()--(1-naphihyDethylamine
Materials. The syn conformer of the ethane-bridged bis(Zn :gi — 10
porphyrin) in which the two porphyrin planes are fixed in a g - 1:025

face-to-face orientation was synthesized according to the previ-
ously reported methodsand then transformed into the initial
anti-L form used as the starting material by coordination with
the corresponding enantiopurB){amines (Figure 2j.Chiral
amines were purchased from Fluka Chemica AG and were used
as received. Anhydrous GBI, for UV—vis and CD experi-
ments and CDGlfor 'H NMR titration measurements were
purchased from Aldrich Chemical Co. and used without further
purification.

Spectroscopic MeasurementsJV —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. 400 Wavz?eonglh o) 600
The saturated amine concentration.used for the static spectral,:igure 4. Changes in UV-vis and CD (inset) spectra of the bis(Zn
measurements was the concentration where the-W¥ and porphyrin)/Q)-(+)-1-(1-naphthyl)ethylamine mixture in GBI, (C.,
CD changes were at their maximum and further increase of the iy = 3.8 x 1078 M, Camine= 7.6 x 10~3 M) at 293 K upon titration
amine concentration had no effect on the signal intensities (for with (S-(—)-1-(1-naphthyl)ethylamine.

the concentration range, see caption of Figure 3). . .
1H NMR spectra were recorded at 400 MHz on a JEOL UV—vis and CD spectra were taken after each addition. The

JNM-EX 400 spectrometer at 243 K; the low temperature is obtained spectra were corrected for the decrease of the bis(Zn
necessary to maintain an appropriate ratio between the protonpolrphy””) concentration.

peaks of bis(Zn porphyrin) and the proton peaks of the chiral 1 NMR ftitration experiments were dontse as follows. A
amine by increasing the amine binding strength toward bis(zn Solution of bis(Zn porphyrin) (600L, 1.5 x 10> M) in C?Cb
porphyrin) at low temperatures (for the concentration range of Was Mixed with a solution ofR)-amine (24ul., 7.6 x 107 M)

the static measurements, see caption of Figure 5). Chemicalln CPCh in @ 5 mmo.d. NMR tube. Portions (6.aL) of a

shifts were referenced to the residual proton resonance in £DCI solution of §)-amine (7.6x 102 M) in CDCl; were added to
(6 7.25 ppm). the resulting mixture antH NMR spectra were taken after each

addition. The monitoredAd values were corrected for the
increase in the total amine concentration.

- 1:05

,,,,,,,,,, 1:0.75
_______ 1:1

.......... 1:1.25

Absorbance

------- 1:15

————— 1:1.75

— 1:225

---------- 1:104

Titration Experiments. The UV—vis and CD titration
experiments were done as follows. A solution of bis(zZn
porphyrin) (3 mL, 3.8x 1078 M) in CH,Cl, was mixed with a
solution of R)-amine (40uL, 5.7 x 1071 M) in CHxCl; in a
quartz cell. Portions (10L) of a solution of §-amine (5.7x Supramolecular System.Recently we have found that bis-
1071 M) in CH.Cl, were added to the resulting mixture and (Zn porphyrin¥ which is connected by a short covalent ethane

Results and Discussion
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Figure 5. Selected areas of statid NMR spectra of bis(Zn porphyrin)

in the presence ofR)-(+)-1-phenylethylamine (top),§-(—)-1-phe-
nylethylamine (middle), and racemic 1-phenylethylamine (bottom) in
CDC|3 (Cbis(Zn porphyrin) = 1.6 x 1073 M, Camine =8.0x 103 M) at
243 K.
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alcohols®” This is a split B (Soret) band (with th&l 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 Band B transitions (Davydov split) (Figure
3). These observations are in a good agreement with Kasha's
excitonic coupling theor§ 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.? 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 previouslylhe positions of the first and second
Cotton effects are closely matched to the maxima of the split
Soret band which are well-resolved in U¥is spectra, and
associated with the allowed, Bind 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
transitionsio~“1%there are only a few examplésf 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 {6GR%®
cm1), while in general this effect is only usually observed when
the A4 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 cmi.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

bridge (see the anti structure in Figure 2) is a well-suited host method reflect the spacial orientation of the interacting
molecule for studying the processes of supramolecular chirality electronic transition dipoles as described previofi$tythe case

induction® This compound exists in a syn conformation in
nonpolar ligand-free solvents due to strong intramolecutar
interactions between the two zinc porphyrin macrocycles, while
external ligation leads to the conformational switching and
formation of the anti forni.In the presence of chiral ligands
besides syranti 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-

of the left-handed screw ainti-L formed by ®)-ligands the
coupling By 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 aiti-R induced by §-
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

coordinate species, the ligand approaching from the same sideCD signal§ (Figure 3, inset). Therefore, to monitor the screw

of bis(Zn porphyrin) results in chiral steric interactions between inversion dynamics most effectively, 1-(1-naphthyl)ethylamine
the bulkiest substituent on the asymmetric carbon of the chiral which is the bulkiest ligand among the chiral guests studied,
ligand and the ethyl group at either the 3- or 7-position of the was chosen to carry out the titration experiments. The initial
neighboring porphyrin ring (depending on the absolute config- mixture of bis(Zn porphyrin) andR)-1-(1-naphthyl)ethylamine
uration of the ligand), leading to the formation of the screw has a 1:2000 molar ratio. For this molar ratio at 293 K about
structure. It was shown thagligands yield the right-handed  859% of bis(zn porphyrin) is in the anti form as determined by
screw, while R)-ligands give the left-handed scréfgeeanti-L UV—vis spectroscopy. The opposit§){amine was added to
andanti-R structures, respectively, in Figure 2). the initial mixture in a stepwise manner until tiReS molar

UV —Vis and CD SpectroscopyThe static U\-vis spectra ratio became 1:10.4. By the end of the titration the-sgnti
of bis(Zn porphyrin) in the presence of chiral ligands used in equilibrium is shifted quantitatively to the anti conformation
this study at the saturated conditions (see Experimental Section)and these changes are clearly seen in the-U¥ spectra (Figure
have the same special feature that is characteristic of the anti4). Reflecting the process of this equilibrium shift, the intensity
form, and reported recently for chiral and achiral amines and of the split B bands is steadily enhanced upon increasing the
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overall amine concentration, which is expected since the-syn  10,20-meso-H
anti conformational switching is dependent on the total ligand GH -CH.CH-
concentration rather than enantiomeric composition. 2>ti2

Contrary to UVvis 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
(9-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 @-amines the whole supramolecular system
becomes CD inactive. Subsequent stepwise additiors)ef{
(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-handendi-L
to the right-handedinti-R conformer during addition ofS}-
amine (Figure 2). Since the directions of all the coupling
electronic transitions anti-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

molar
'CHchs ratio

CA

D B 1:5.42

1217

:1.63

"

electronic transitions cancel each other, producing a CD inactive B,C,A

mixture. JL D 1:1.35
IH NMR Spectroscopy.To obtain more detailed information \""

on the dynamics of supramolecular chirality inverstehNMR T

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, cD AB
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 ofR)-amine is identical to that withSj-amine and
distinctly different from that in the presence of a racemic mixture
of these amines (Figure 5). The most remarkable distinctions

in IH NMR spectra between pure enantiomeric and racemic n
HG

1:1.08

1:0.54

amines are as follows. In the caseaniti-L andanti-R, the 10-

and 20mesoprotons and-CH,CH,— bridge protons are split
into two signals (singlets and multiplets, respectively) of equal
intensity. The differences between chemical shifts of the 10-
and 20meso protons are 0.05 ppm (forRf- and ©-1-
phenylethylamine) and 0.10 ppm (foR)¢ and ©)-1-(1-
naphthyl)ethylamine). For the CH,CH,— bridge protons the
corresponding splits are 0.13 and 0.26 ppm. The nonequivalence

" 1:0.27

of these protons is a result of their different locations with / X

respect to the neighboring porphyrin ring, leading to the different D,B
exposure to its ring current effect. Arising from the same effect, E F

the peripheral €,CHs protons which are in a close proximity L

to the neighboring porphyrin ring also become nonequivalent,

and exhibit several broad multiplets in the region of 42048 1
ppm for 1-phenylethylamine and 4.28.31 ppm for 1-(1- 10 5 4 ppm
naphthyl)et'hylamine. In the case of a racemic mixfture of thg Figure 6. Changes intH NMR spectra of the bis(zn porphyrin)/
amine studied, the s_pectrum profile is more simple in compari- (R-(+)-1-(1-naphthyl)ethylamine mixture in CDEICoszn roptyri=
son to that of enantiopure Ilgands. There are no splltg between; 5 "3 M, Camne = 3.0 x 1073 M) at 243 K upon titration
the 10- and 20nesoproton signals or the-CH,CH,— bridge with (9-(—)-1-(1-naphthyl)ethylamine, where molar ratio refers to
proton signals. Instead, the proton groups show only two (R)-(+)-/(9-(—)-1-(1-naphthyl)ethylamine.

corresponding singlets which are located in the middle of the

split proton signals caused by the enantiopure amines. Thisequimolar ratio ofanti-L and anti-R and their fast mutual
spectral simplification is a result of the formation of an equilibrium on the!H NMR time-scale, in which these protons
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Left-handed screw Right-handed screw
anti-L anti-R
Figure 7. CPK models of the right- and left-handed screws induced in bis(Zn porphyrinRbyatd §)-amines, respectively.

are exposed equally to both environments (ring current effect CH,CHjs group are in the closest proximity to the neighboring
of the neighboring porphyrin ring) @nti-L andanti-R leading porphyrin ring, and hence are the most affected by the ring
to their'H NMR equivalence. current effect. This results in appearance of these signals at

As with the case of CD spectroscopy, the bulkier ligand gives higher field of the'H NMR spectrum in comparison to the
the more pronounced effect in thé NMR spectra (larger signal ~ corresponding H, E, C, and A protons which are farther from
split), resulting from formation of a greater degree in the screw the neighboring porphyrin ring. Upon addition of tig-amine
structure® Therefore, the bulkiest 1-(1-naphthyl)ethylamine has @nd shifting of the equilibrium to the enantiomeaioti-R form
been also chosen for el NMR titration study. The general with right-handed screw the situation is rever_sed. The H, E, C,
tendency of the spectral changes upon a stepwise addition of2nd A protons become closer to the neighboring porphyrin ring
the (§-amine to bis(Zn porphyrin)R)-amine mixture is clearly and hence their signals are moved upfield. In contrast, thg G,
seen in Figure 6. At the first stage of this process the observed D, and B protons are moved away from the neighboring
splits between the 10- and 28esoprotons and between the porphyrin ring, resultl_ng in the_appearan_ce of the_|r resonances
—CH,CH,— bridge protons are reduced gradually down to zero at more downfu_alql region. By tr_ns_, mechanism the fmal_spectrum
during addition of the opposité-enantiomer and equalization resembles the !nltlal one, but it is clear th_at the positions of all
of (R)- and ©-amine concentrations. Then, after passing the the slgnals derived from the above-mentioned pairs of protons
racemic point the reverse process begins and the observed split&"® interchanged. L _
appear again and increase progressively upon further addition, Comparison of CD and “H NMR Spectral Dynamics. To
A similar tendency is observed for theHGCHs protons. Five gluudgte .the credibility of t.he spectral .met.hods .app!led for
multiplets come closer together and form three broad signals atinvestigation of the dynam|c_s of chirality inversion in the
the racemic point, followed by movement in the opposite SuPramolecular systems studied, the CD ##dNMR changes

direction producing the final spectral pattern which is much like ha_lve been _Co”_‘pafed and p"m?d in Figurg 8. To S.“_btfa"t the
that as before the titration. minor contribution of the syranti conformational equilibrium

. - i that shifts gradually to the anti form upon addition of the chiral
Desplte the fact that the_ initial and f'”*:*“ NMR spectra are amine (see UVvis changes in Figure 4), a dissymmetry factor
essentially the same, this close monitoring of the spectral

. > . ~ (g) was applied as a monitoring parameter of the CD changes.
changes allows us to differentiate a_nd assign the magnetiCriq js defined as the ratio between CD and unpolarized
resonances belonging to corresponding pairs of the pmtons'absorption'

Particularly, it shows the peak inversion process during addition

of the §-amine resulting in mirror images of tranti-L and g= Aele

anti-R signals, which obviously originate from the intercon-

version of the chemical shifts for the corresponding H, G and whereAe is the molar extinction coefficient of the first Cotton
E, F proton pairs and C, A, D, B protons (the signal movements effect obtained from the CD spectrum amdis the molar

of the H, G and E, F protons are shown by arrows in Figure 6). extinction coefficient of the ptransition obtained from the UY

The mechanism of the observed peak inversion was aided byvis spectrum. Since the,Band of the anti conformer is red-
interpretation of the spectral data with CPK molecular models shifted in comparison with the B band of the syn conformer by
of theanti-L andanti-R structures (Figure 7). In the initial left- 39 nm and their absorptions are not particularly overlapped,
handed screw induced by)-amine the Gmesoprotons, F theg value reflects the pure process of chirality inversion caused
protons of the—CH,CH,— bridge, and D, B protons of the by theanti-R to anti-L equilibrium change.
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Figure 8. Changes of the dissymmetry fact@) @t the wavelength
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mesaprotons of the bis(Zn porphyrinRj-(+)-1-(1-naphthyl)ethylamine
mixture upon titration with §-(—)-1-(1-naphthyl)ethylamine.

For 'H NMR changes the chemical shift difference between
the G and H proton signal\@) was chosen as a monitoring

Borovkov et al.

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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