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The mechanism of supramolecular chirality induction in achiral ethane-bridged syn bis-porphyrins on interaction
with chiral amines (L*) was investigated by comparison of bis(zinc porphyrin),ZnZn (possessing two binding
sites), with zinc-freebase bis-porphyrin,Zn2H (possessing one binding site) in CH2Cl2 and CCl4 solvents.
UV-vis and CD analyses showed that the major contribution to the supramolecular chirality induction
mechanism is the total number of supramolecular chiral steric interactions occurring in solution between the
host’s 3- and 7-ethyl groups and the guest bound only to the inside face of the host. This can be seen in that
the full width at half-maximum (fwhm) values of the Soret band ofZnZn •L* 2 are significantly smaller than
the Zn2H•L* species due to the presence of a higher percentage of species with chiral steric interactions
which reduce the flexibility of the resulting complex. In the CD spectra the Cotton effects ofZn2H•L* are
dramatically reduced by an average of 63% in comparison toZnZn •L* 2, which is closer to the 75% expected
on consideration of the number of supramolecular steric interactions than the 33% expected from the number
of chirally active species. The same chirality-inducing steric mechanism can also be observed in the lower
degree of supramolecular chirality induction observed for theZn2H•L* system in CCl4 than in CH2Cl2, with
an average reduction of 45% in the CD intensity. The lower ability of CCl4 to electrostatically interact with
the ligand and porphyrin reduces the bulkiness of the corresponding substituents thus reducing the degree of
chiral steric repulsion. This system possesses a high degree of chiroptical activity allowing the use ofZn2H
for the determination of the absolute configuration of chiral ligands, by virtue of its one-point coordination
property. Thus, it is possible to determine the absolute configuration of bis-amines, something not previously
possible withZnZn .

Introduction

Recently the study of chiral molecules and architectures has
been a subject of significant multidisciplinary interest. In
particular, the search for comprehensive facile and efficient
generation and subsequent control of molecular and supramo-
lecular chirality have resulted in this topic pervading numerous
areas of frontier chemical, material, and biochemical sciences.
Indeed, interest in these areas has led to the development of
rationally designed functional molecules with specific properties
able to perform highly efficient specialized tasks in areas such
as catalysis,1 nonlinear optics,2 materials science,3 and molecular
device design.4

In all such systems the transfer of chirality plays the pivotal
role, and as such the rationalization of the associated mechanism
is of vital importance. Indeed there has been progress made in
the more fundamental understanding of this process in a number
of functional molecular systems.5 However, the general level
of understanding of the mechanisms by which structural
molecular information is transferred between molecules (or
within molecules), to-date, has been almost exclusively empirical
in nature. This lack of detailed mechanistic understanding will,
and indeed does, limit the development of this exciting and

promising field. Thus, the rationalization of the mechanisms of
chirality induction whether inter- or intramolecularly is clearly
a pressing issue. Within the current literature on the subject of
chirality generation (or chirogenesis) it is clear that the modes
of chiral molecular communication are largely noncovalent in
nature; primarily, attractive or repulsive electrostatic interactions
(e.g., hydrogen bonding6 andπ-π7 interactions) and repulsive
steric interactions;8 with these acting either independently or
in collaboration to produce the observed chiral structures. Thus,
it is with this in mind that we must approach the analyses of
such dynamic supramolecular chiral systems.

Recently our and other research groups have been involved
in applying the principles of supramolecular chirality induction
to the development of smart functional porphyrin-based com-
pounds, performing tasks such as absolute configuration deter-
mination, guest structure analysis, and molecular memory
generation.9,10a In particular the bis(zinc porphyrin),ZnZn ,
Figure 1, has been found to be an exceptionally well-suited
molecule for the application of supramolecular chirality induc-
tion principles, having been shown to function as an effective
absolute configuration sensor, highly sensitive to factors such
as ligand size, binding strength, stoichiometry, and composition
as well as external influences such as temperature and phase
transition.9a,b,10a,c

Although there are many aspects to the mechanism of the
functioning of ZnZn , spectroscopic data, equilibria analysis,
and interpretation by CPK molecular models lead us to the
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hypothesis that there are two key mechanistic points: first, syn-
anti switching on ligation and second, steric repulsions between
the chiral ligand’s bulkiest substituent and the 3- and 7-ethyl
groups of the neighboring porphyrin (Scheme 1).

It is the 3- and 7-ethyl groups in particular that are believed
to be involved as the CPK model examination shows that other
ethyl groups are too distant for any steric interaction. Further,
such steric interactions can only occur if the second ligand
coordination occurs from the inside face. If the coordination
occurs from the outside face, then there is no possibility for
steric interactions and consequently no supramolecular chirality
induction (Scheme 2), although there may be point chirality
contributions to the circular dichroism (CD) spectra. The result
of this proposed mechanism, if the ligand is chiral, is the
formation of an asymmetrical screw structure, from which the
resulting CD spectrum allows the determination of the absolute
configuration of the ligand (Scheme 1).10a Specifically, if the
order of the bulkiness for the ligand’s substituents corresponds
with the priority rule, thenR enantiomers induce negative (-)
chirality andS enantiomers yield positive (+) chirality.

However, due to the dynamic nature of this host-guest
system there are a number of possible conformations and
stoichiometries. If the proposed mechanism based on ligand-
ethyl group repulsion is active, only ligands coordinating in the
inside manner allowing steric interactions will induce supramo-
lecular chirality. This means that when two ligands are
coordinated toZnZn (as under the ligand excess conditions
employed experimentally) three out of the four possibilities will
be supramolecular chirally active (Scheme 3).

However, to-date, even after extensive efforts it has not been
possible to show any direct observations of this mechanism,
such as from X-ray or NOE analysis. To overcome this we have
sought to obtain compelling indirect evidence of the functioning
of this mechanism. To this end we have undertaken to study
the effect of chiral ligand coordination to the monometalated
zinc-freebase bis-porphyrin,Zn2H (Figure 1), which from a
supramolecular chemistry point of view is a more simple case
thanZnZn , having only one coordination site. It is postulated
that, if our proposed mechanism is correct, then as only one
molecule of ligand is able to bind toZn2H (cf. two in ZnZn )
only two bound species are possible, one inside (supramolecular
chirally active) and one outside (supramolecular chirally inac-
tive), Scheme 4.

Thus, the concentration of chiral species should be less than
for ZnZn •L* 2 and thus the degree of chirality induction for a
Zn2H•L* solution should be significantly less than that found
for the correspondingZnZn •L* 2 species.

Besides the mechanistic aspect, if this hypothesis is correct,
Zn2H should be able to function as a new chirality sensor for
compounds thatZnZn is unable to analyze. Particularly, it may
be able to overcome a disadvantage of theZnZn sensor, which
possessing two binding sites, forms stable 1:1 tweezer host-
guest complexes11 resulting in significant difficulties in the
evaluation of chiral bidentate compounds.

Experimental Section

Materials. The ethane-bridged bis-porphyrins,ZnZn and
Zn2H, were synthesized according to the previously reported
methods.12 The chiral amines were purchased from Fluka
Chemica AG and used as received. The amino acid derivatives
shown in Figure 2 were purchased from Kokusan Chemical
Works, Ltd.; Wako Pure Chemical Industries, Ltd.; and BACHEM
AG as hydrochloride salts and were treated with NaOH in order
to convert these salts into the corresponding free amines
according to the previously reported procedure.13 For CD and
UV-vis measurements anhydrous CH2Cl2 was purchased from
Aldrich Chemical Co., and CCl4 (grade “infinity pure”) was
purchased from Wako Pure Chemical Industries, Ltd. and was
used as received.

Spectroscopic Measurements.CD and UV-vis spectra were
measured at room temperature on a JASCO J-720WI spec-
tropolarimeter and Shimadzu UV-3101PC spectrometer, respec-
tively. CD scanning conditions were as follows: scanning rate
) 50 nm per min, bandwidth) 1 nm, response time) 0.5 s.
The concentrations of the amines and amino acid derivatives
used for the CD and UV-vis measurements were the concen-
trations where the spectral changes associated with the porphyrin
chromophores were at their maximum, and any further increase
in the concentrations of the amino acid derivatives had no effect
on the signal intensities, positions, or profiles.1H NMR spectra
were recorded at 400 MHz on a JEOL JNM-EX 400 spectrom-
eter at various temperatures. Chemical shifts were referenced
to the residual proton resonance of CHCl3 (δ 7.25 ppm).

Figure 1. The structures (in syn form) of the porphyrin host molecules
used in the study.

SCHEME 1: Schematic Representation of the
Formation of the Left- and Right-Handed Screw
Structures of ZnZn and Zn2H on Interaction with
Enantiomeric Chiral Ligands
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Results and Discussion

To investigate this hypothesis, that it is the steric repulsions
between the chiral ligand’s bulkiest substituent and the 3- and
7-ethyl groups of the neighboring porphyrin that result in
supramolecular chirality induction, three enantiomeric pairs of
amines belonging to the same homologue series, methyl esters
of threeL-amino acids, (1R,2S)-bornylamine, and (1R,2R)- and
(1S,2S)-diaminocyclohexane were used as chirality-inducing
ligands, Figure 2.

Absorption Spectral Changes.As discovered previously,
initially both ZnZn and Zn2H at concentrations in the order
of 10-6 M in dichloromethane are in the syn conformation due
to π-π interactions between the porphyrin macrocycles.10b This
can be seen in Figure 3 from the almost identicalλmax

UV values
of the porphyrin Soret (B) bands in the UV-vis spectra ofZnZn
andZn2H of 397 and 399 nm, respectively. However, of note

is the broader band ofZn2H in comparison toZnZn (full width
at half-maximum (fwhm) values of 54 and 31 nm, respectively).
This arises from the presence of the two different chromophores
in Zn2H and the weakerπ-π interactions due to the more
ruffled nature of the freebase porphyrin macrocycle thus
allowing greater conformational flexibility inZn2H.

On addition of external ligands (concentrations in the order
of 10-2-10-1 M) dramatic changes are observed in the UV-
vis spectra (see Tables 1-3 and Figure 3). As described
previously10a the Soret band ofZnZn undergoes a red shift of
approximately 30 nm to form a band with pronounced splitting
(∼10 nm) with theλmax

UV of the higher energy shifted band at
around 425 nm, this arises from the ligand induced syn-anti
conformational switching and amine coordination with the
subsequent pz-a2u ligand-porphyrin orbital mixing14 on the
formation of ZnZn •L* 2. Zn2H undergoes similar but impor-
tantly different changes on formation of the antiZn2H•L*
species; the Soret band exhibits a similar red shift but is
approximately 7 nm less so in comparison toZnZn•L* 2’s lowest
energy band. Further, it shows considerable broadening of the
Soret band rather than any clear band splitting as observed
previously in the interaction ofZn2H with achiral alcohols at
low temperatures (that is as a result of different temperature
regimes).10b

These observations are in good agreement with Kasha’s
exciton coupling theory,15 thus corroborating the formation of

SCHEME 2: Schematic Representation of Supramolecular Chirogenesis in ZnZn Showing the Necessity for Inside
Binding To Result in Chirality-Inducing Steric Interactions a

a Only the interacting ethyl groups are shown.

SCHEME 3: Schematic Representations of the Four
Different Combinations of Inside and Outside Binding in
ZnZn •L* 2

a

a Only the interacting ethyl groups are shown.

SCHEME 4: Schematic Representations of the Two
Different Combinations of Inside and Outside Binding in
Zn2H•L* a

a Only the interacting ethyl groups are shown.
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the ligated anti conformations. As found for other porphyrin
linear dimers and trimers,16 the two degenerate B| and B⊥
transitions (which are orientated either in a parallel or perpen-
dicular direction relative to the connecting bridge axis) couple
differently to produce the absorption band splitting in the UV-
vis spectra, with transitions allowed only to the highest level
of the B⊥ states and the lowest level of the B| states in the case
of an exactly parallel orientation of the porphyrin planes in
dimeric structures. However, due to the screw structure formed
in ZnZn•L* 2 all eight possible transitions are allowed, with the
major contributions from the above-mentioned pairs (B| and
B⊥) of the coupled electric dipoles.10a In the case ofZn2H•L*
the presence of two different porphyrin rings means that the
transitions of each ring are now nondegenerate; further, the
presence of only one ligand results in a more flexible conforma-
tion than theZnZn •L* 2 species at room temperature due to the
steric hindrance contribution from only one ligand. The
combination of these two factors is the predominant reason for
the broader and nonsplit band ofZn2H•L*, while for achiral
alcohols at low temperatures the decreasing conformational
flexibility results in the narrowing and more pronounced splitting
of the Soret band.10b Indeed, the comparative broadness of the
Soret bands of theZnZn •L* 2 andZn2H•L* species (evaluated
by their fwhm values) allows a handle to be gained on the
relative magnitudes of the steric effects exerted in each. As can
be seen in Table 1 (the left and middle columns), the fwhm
values of theZnZn•L* 2 species are all significantly smaller than

the equivalentZn2H•L* species, showing that overall the
ZnZn •L* 2 in solution is more conformationally rigid. This is
due to the presence of the higher percentage of species with
the flexibility reducing chiral steric repulsions (ZnZn•L* 2 75%
and Zn2H•L* 50%) as well as the “two ligands-two steric
contributions” species (Scheme 3) that cannot occur in the
Zn2H•L* case, overall resulting in a more flexible species.

Although as described before the red shiftedZn2H•L* Soret
band is also indicative of an anti structure, the lesser degree of
this shift is expected due to the following reason. In comparison
to the twoZn•L* moieties of ZnZn •L* 2 which are of equal
energy, theZnL* and 2H moieties ofZn2H•L* significantly
differ in the energy of the B electronic transition, based on the
monomeric porphyrins (with the freebase moiety being higher
as ligand coordination lowers the energy of the B transition
considerably14a), thus the effect of the exciton coupling of the
two chromophores of higher and lower energies in anti
Zn2H•L* is to result in an overall blue shift in the B transitions
relative toZnZn •L* 2 which has two chromophores of lower
and equal energy. Thus the above UV-vis observations, which
apply to all the ligands studied, correlate well with proposed
mechanism of syn-anti switching and ligand-ethyl group steric
repulsion as was observed in the case of achiral alcohols.10b

Circular Dichroism Spectral Changes.Bearing in mind the
spectral changes observed in the UV-vis spectra, the CD
properties of these systems were investigated. Monitoring and
comparison of the CD spectral changes ofZnZn andZn2H on
the addition of the enantiopure ligands revealed dramatic insights
into the mechanism of the chirality induction in these systems.
In the case ofZnZn detailed analysis of the CD spectral changes
has been previously carried out.10a,c,13,17Specifically, addition
of the chiral ligands to achiralZnZn , which is inherently CD

Figure 2. Ligands used for supramolecular chirality induction in the study.

Figure 3. UV-vis and CD (inset) spectra ofZnZn andZn2H with
and without (S)-NaphEtNH2 in CH2Cl2 at 293 K.

TABLE 1: Comparison of the fwhm Values of the
ZnZn •L* 2 and Zn2H•L* Species in CH2Cl2 and CCl4
Solvents at 293 K

full width at half-maximum values (nm)

ligand
ZnZn

(CH2Cl2)
Zn2H

(CH2Cl2)
Zn2H
(CCl4)

nonea 31 54 52
(R)-NaphEtNH2 33 38 62
(S)-NaphEtNH2 33 38 63
(R)-1-PhenylEtNH2 35 38 47
(S)-1-PhenylEtNH2 35 38 47
(R)-1-CyclohexEtNH2 35 37 46
(S)-1-CyclohexEtNH2 35 36 46
(S)-1-BornylNH2 33 35 47
L-Val-OMe 39 50 NA
L-Leu-OMe 39 48 75
L-Phe-OMe 36 42 75

a Without external ligandsZnZn andZn2H are in the syn conforma-
tion.
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inactive, results in the appearance of bisignated Cotton effects
whoseλCD values correspond well with theλUV values of the
split Soret band in the UV-vis spectra, Figure 3, Table
2.10a,c,13,17The order of the signs of these first and second Cotton
effects has been shown to be a powerful tool for the determi-
nation of the absolute configuration of numerous chiral com-
pounds and the relative sizes of substituent groups.10a,c,13,17

In theseZnZn •L* 2 species the chirality occurs, as depicted
in Schemes 1 and 2, from the steric interaction between the
ligand’s most bulky substituent and theZnZn ’s ethyl groups
at the 3- and 7-positions when the ligand is coordinated from
the inside face. From the dynamics of the various possible
species shown in Scheme 3, it can be seen that three out of the
four species are supramolecularly chiral; with one having two
steric contributions (inside-inside) and two one contribution
(inside-outside and outside-inside). However, thus far it has
not been possible to experimentally determine the different
degree of chirality induction made by the bis-ligated (inside-
inside) species compared to the bis-ligated (inside-outside and
outside-inside) species.

The CD λCD and A values of theZn2H•L* species are,
however, in dramatic contrast to theZnZn •L* 2 species and
provide revealing insights into the supramolecular chirality
induction mechanism, Table 3.

Initially, it is clear from Table 3 and Figure 3 that theλCD of
the Cotton effects of theZn2H•L* species are blue shifted in
comparison to the correspondingZnZn •L* 2 species, which
shows, as expected, that they arise from the same B band
transitions that are also blue shifted in the UV-vis spectra as
discussed above.

Additional proof for this high energy shift of the B transitions
upon the formation of the chiral antiZn2H•L* species is
obtained from theoretical calculations, using a nonlinear least-
squares method developed for the analysis of multistep equi-
libria.18 Applying this method to theZnZn -to-ZnZn •L* 2 case,
it was possible to calculate the theoretical UV-vis and CD
spectra of the intermediate antiZnZn •L* species,9a which is
clearly very similar to the antiZn2H•L* species considered
here, and as such the two should possess very similar spectral
properties. The theoretical UV-vis and CD spectra ofZnZn•L
and the experimentalZn2H•L* are shown in Figure 4.

Although there are differences between the theoretical and
experimental spectra, which is to be expected due to the different
chromophores (Zn and2H subunits), they are very well matched
in both position and profile, additionally confirming the nature
of the Zn2H•L* species. Further, these data also support the
model used here for coupling between theZn and 2H chro-
mophores. In comparison to theZnZn •L* 2 species the absor-
bance maximum and the first Cotton effect ofZnZn •L* is blue
shifted by (12 nm). This is because in theZnZn •L* species
the unligated moiety is higher in energy than the ligated moiety,
resulting in an increase in the energy of the excited state of the
coupled chromophores. This situation is very close to that
observed forZn2H•L*, where the2H species is higher in energy
resulting in a similar elevation in energy.

Critically, however, the intensities of the Cotton effects of
Zn2H•L* (as typified by theA values) are dramatically reduced
in comparison toZnZn •L* 2. The magnitude of the reduction
ranges from 57% for the (R)-NaphEtNH2 complexes to 72%
for theL-Phe-OMe complexes, with an average overall reduction

TABLE 2: UV -vis and CD Spectral Data of ZnZn Interacting with Different Ligands at 293 K

CD dataλCD (nm)
[∆εn (M-1 cm-1)]UV-vis dataλUV (nm)

[ε/105 (M-1 cm-1)]

ligand split Soret band maxima
first Cotton

(n ) 1) effect
second Cotton
(n ) 2) effect A valuea

(R)-NaphEtNH2 436 [2.12] 426 [2.35] 439 [-51.2] 426 [+56.7] -107.9
(S)-NaphEtNH2 436 [2.14] 426 [2.50] 439 [+44.5] 426 [-63.2] +107.7
(R)-PhenylEtNH2 436 [2.11] 426 [2.26] 439 [-42.0] 425 [+42.1] -84.1
(S)-PhenylEtNH2 436 [2.12] 426 [2.35] 439 [+33.7] 425 [-44.7] +78.4
(R)-CyclohexEtNH2 438 [2.53] 427 [2.52] 439 [-33.1] 425 [+39.6] -72.7
(S)-CyclohexEtNH2 438 [2.46] 427 [2.46] 439 [+31.7] 425 [-36.1] +67.8
(S)-BornylNH2 437 [2.54] 427 [2.81] 439 [+54.8] 425 [-74.9] +129.7
L-Val-OMe 437 [2.69] 425 [2.71] 438 [+13.9] 425 [-20.3] +34.2
L-Leu-OMe 436 [2.72] 426 [2.78] 438 [-23.0] 424 [+26.7] -49.7
L-Phe-OMe 436 [2.94] 425 [2.96] 438 [-84.3] 423 [+86.3] -170.6

a A ) ∆ε1 - ∆ε2; this represents the total amplitude of the CD couplet. The difference in sign of theL-amino acids is due to the difference in
relative bulkiness of the substituents at the chiral center in relation to the priority rule (see ref 13). CH2Cl2 solvent.

TABLE 3: UV -vis and CD Spectral Data of Zn2H Interacting with Different Ligands at 293 K

CD dataλCD (nm)
[∆εn (M-1 cm-1)]

ligand

UV-vis dataλUV (nm)
[ε/105 (M-1 cm-1)]
Soret band maxima

first Cotton
(n ) 1) effect

second Cotton
(n ) 2) effect A valuea

%
reductionb

(R)-NaphEtNH2 430 [2.75] 432 [-23.2] 418 [+23.6] -46.8 56.6
(S)-NaphtEtNH2 430 [2.76] 435 [+23.2] 417 [-22.4] +45.6 57.7
(R)-PhenylEtNH2 429 [2.70] 437 [-16.6] 418 [+14.8] -31.4 62.7
(S)-PhenylEtNH2 429 [2.68] 434 [+16.3] 418 [-19.8] +36.1 54.0
(R)-CyclohexEtNH2 429 [2.74] 436 [-13.6] 414 [+13.8] -27.4 62.3
(S)-CyclohexEtNH2 430 [2.74] 433 [+9.7] 420 [-17.1] +26.8 60.5
(S)-BomylNH2 430 [2.97] 434 [+20.3] 418 [-27.7] +48.0 63.0
L-Val-OMe 428 [2.21] 430 [+4.3] 415 [-6.2] +10.5 69.3
L-Leu-OMe 428 [2.30] 433 [-7.3] 418 [+8.3] -15.6 68.6
L-Phe-OMe 429 [2.48] 432 [-26.8] 417 [+20.7] -47.5 72.2

a A ) ∆ε1 - ∆ε2, this represents the total amplitude of the CD couplet. CH2Cl2 solvent. The difference in sign of theL-amino acids is due to
the difference in relative bulkiness of the substituents at the chiral center in relation to the priority rule (see ref 13).b Reduction of theZn2H•L*
A values compared to the equivalentZnZn •L* 2 species. CH2Cl2 solvent.
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of 63% for all 10 complexes studied. A qualitative analysis of
this highlights the nature of the chirality induction mechanism,
assuming equivalent binding constants for inside and outside
coordination. In the proposed chirality induction mechanism
there are two major components that contribute to the magnitude
of the observed chirality: (1) the number of chirally active
species and (2) the number of chirality-inducing steric interac-
tions (see Schemes 3 and 4). In the case ofZnZn •L* 2 there are
three supramolecularly chirally active species out of four
possibilities, and forZn2H•L* there is one out of two
possibilities. If it is assumed that both the complexes (with either
one or two supramolecularly active steric interactions) produce
the same degree of chirality, then we should expect that the
Zn2H•L* complexes would have anA value reduction of about
33%. However, the observed average, as stated, is 63%. Thus
it may be assumed that it is the total number of supramolecularly
chirality-inducing steric interactions that are responsible for the
overall observed magnitude of chirality induction, with the
ZnZn •L* 2 species having four such steric interactions, while
Zn2H•L* has but one. In this context we should expect a
reduction of around 75% in the degree of chirality, which is
indeed closer to the 63% observed (some deviation is expected
due to the structural and chromophoric differences between the
freebase and zinc porphyrin systems as well as from the
contribution of the point chirality effect observed upon ligation
of chiral amines10a). While this is a qualitative analysis, it clearly
shows that it is the number of chiral steric interactions between
the ligand’s bulkiest substituents and the neighboring porphy-
rin’s 3- and 7-ethyl groups that gives rise to the observed
induced chirality and, to an extent, accounts for the relative
magnitudes. That is, as previously experimentally shown, bulkier
substituents are able to exert larger steric interactions and thus
generate a greater degree of chirality.13,17

Solvent Effect on the Chirality Induction Mechanism. To
further investigate the factors affecting this mechanism, the
chiroptical properties of the chirality induction observed for
Zn2H•L* in nonpolar CCl4 were investigated (CCl4 was selected

as the nonpolar and noncoordinating equivalent of CH2Cl2). As
can be seen from Figure 5 with the appearance of the bisignate
Cotton effects on addition of the chiral ligand, the same basic
form of chirality induction is operating in both solvents. The
results for the 10 studied ligands are shown in Tables 4 and 5
and are compared to the results for CH2Cl2 shown in Table 3.

The essential observations are as follows. Both the UV-vis
absorption maxima and Cotton effects of the bound species in
CCl4 are moderately red shifted by approximately 5 nm,
apparently due to the lower solvation effect resulting in enhanced
binding of the amine and subsequent enhancement of the
ligand-porphyrin orbital mixing. More importantly, the mag-
nitudes of the Cotton effects are dramatically reduced in
comparison to the corresponding complexes in CH2Cl2. Indeed,
the A values for the complexes in CCl4 were reduced by an
average of 45%. From the analysis of these data it is believed
that this is due to the different solvent-complex interactions.
In all cases the chirality is enhanced in CH2Cl2 because this
solvent is more polar than CCl4 and can interact with the ligand’s
and porphyrin’s substituents to a greater extent, thus increasing
their corresponding effective sizes; resulting in larger chiral
steric interactions and hence a greater degree of chirality
induction, in comparison to CCl4 which is not able to enhance
the substituent’s bulkiness to the same extent.

There are two major issues regarding the nature of the studied
ligands and how the solvent effects them: (1) In the case of
the homologue series NaphEtNH2, PhenylEtNH2 and Cyclo-
hexNH2 the Me group is small in comparison to the bulkiest
substituent and will be substantially less affected by solvent
interactions, thus it is possible to consider the effect of the
solvent solely on the largest group. (2) The bulkiest substituents
are chosen to see how their electrostatic nature affects the
interaction with the solvent. Thus the quadrupolar nature of the
aromatic substituents in NaphEtNH2, phenylEtNH2, andL-Phe-
OMe are able to electrostatically interact, to a greater extent,
than the substantially less polar alkyl groups. Thus, it is judicious
to compare the phenylEtNH2 and CyclohexEtNH2 ligands as
these are aromatic and alkyl analogues, respectively.

Initially it can be seen that the fwhm values in CCl4 in Table
1 are all substantially larger than those for the complexes in
CH2Cl2, showing that the complexes’ conformational flexibili-

Figure 4. UV-vis and CD spectra of the calculated spectra ofZnZn+
(R)-NaphEtNH2 (1:1) and the experimental spectraZn2H+(R)-
NaphEtNH2 (1:1).

Figure 5. UV-vis and CD (inset) spectra ofZn2H with and without
(S)-NaphEtNH2 in CH2Cl2 and CCl4 at 293 K.
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ties, and thus the magnitudes of their steric interactions, for the
Zn2H•L* in CCl4 complexes are much smaller than for the
Zn2H•L* in CH2Cl2 cases. This is due to the fact that, regardless
of substituent, CH2Cl2’s dipole allows it to interact with the
ligand’s substituents in a way that CCl4 cannot, thus increasing
their effective sizesconsequently reducing the conformational
freedom in the supramolecular complex, and thus resulting in
lower fwhm values. To further and more accurately assess this
supposition, analysis of the anisotropy (g) factor (g ) ∆ε/ε)
amplitude was undertaken (Table 5), as this is the true measure
of the induced chirality of the system, being independent of
other factors influencing the light absorption processes.

Comparing the analogous PhenylEtNH2 and CyclohexEtNH2
ligands it is revealed that the reduction in the averageg factor
for PhenylEtNH2 is 56%, whereas it is 29% for CyclohexEtNH2.
This clearly illustrates that the quadrupolar aromatic phenyl
EtNH2 is much more able to interact with the polar CH2Cl2
than the alkyl CyclohexEtNH2, resulting in a significant
reduction in its effective size and consequently a larger reduction
in the g factor in CCl4 (with which it is less able to interact)
than for CyclohexEtNH2. The lower ability of the alkyl
substituents to interact with CH2Cl2 is further seen in the case
of BornylNH2 with a reduction of only 28%.

Analysis of the NaphEtNH2 andL-Phe-OMe cases also reveals
the presence of the same effect. In the case of NaphEtNH2 its
reduction is smaller than that of phenylEtNH2. This is believed
to be because the naphthyl group is large enough that the change

in effective size caused by the different level of interaction with
the two solvents is small compared to the size of the naphthyl
group, resulting in the smaller percentage change in theg factor.
For L-Phe-OMe both the Phe and CO2Me moieties are polar
and are thus able to interact with CH2Cl2 at a similar level.
Consequently they are also affected in a similar way (reduction
in effective size) by the change in solvent to CCl4, resulting in
only a relatively small percentage change in induced chirality.
In summary the effect of the different solvents can be illustrated
schematically as shown in Scheme 5.

Application of Zn2H as a New Chirality Sensor for
Bidentate Ligands.An additional important sensing property
of Zn2H was found in the course of our study. PreviouslyZnZn
has been shown to perform as an excellent sensor for the
absolute configuration determination of a variety of ligands such
as monoalkyl/aromatic amines, monoalkyl/aromatic alcohols,
and amino acid derivatives.10c,13,17 However, there is one
particular group of molecules for which serious problems occur,
often leading to an inability to determine the absolute config-
uration, namely bidentate compounds such as diamines and
amino alcohols. In this case the formation of a 1:1 tweezer
complex,11 in which the ligand is bound between the two zinc
porphyrins by the coordination of each functional group to a
different zinc ion, prevents the determination of the absolute
configuration. This was observed for enantiopure 1,2-diphenyl-
ethylenediamine, but, in this case, the problem could be

TABLE 4: UV -Vis and CD Spectral Data of the System Zn2H Interacting with Different Ligands in CCl4 at 293 K

CD dataλCD (nm)
[∆εn (M-1 cm-1)]

ligand

UV-vis dataλUV (nm)
[ε/105 M-1 cm-1)]

Soret band maxima
first Cotton

(n ) 1) effect
second Cotton
(n ) 2) effect A valuea

%
reductionb

(R)-NaphtEtNH2 435 [1.83] 435 [-10.3] 420 [+12.3] -22.6 51.7
(S)-NaphEtNH2 435 [1.86] 438 [+9.7] 422 [-12.0] +21.7 52.4
(R)-PhenylEtNH2 434 [2.17] 433 [-2.3] 418 [+10.5] -12.8 59.2
(S)-PhenylEtNH2 434 [2.17] 437 [+9.5] 423 [-5.6] +15.1 58.2
(R)-CyclohexEtNH2 434 [2.20] 437 [-6.7] 420 [+11.9] -18.6 32.1
(S)-CyclohexEtNH2 434 [2.20] 436 [+11.9] 423 [-5.3] +17.1 36.2
(S)-BornylNH2 434 [2.11] 439 [+16.6] 422 [-8.1] +24.7 48.5
L-Val-OMe 432 [1.86] 438 [+3.5] 419 [-2.3] +5.8 44.8
L-Leu-OMe 433 [1.64] 436 [-2.9] 420 [+8.2] -11.1 28.8
L-Phe-OMe 434 [1.63] 437 [-16.0] 423 [+15.0] -31.0 34.7

a A ) ∆ε1 - ∆ε2, this represents the total amplitude of the CD couplet. The difference in sign of theL-amino acids is due to the difference in
relative bulkiness of the substituents at the chiral center in relation to the priority rule (see ref 13).b Reduction of theZn2H•L* A values in CCl4
compared to theZn2H•L* values in CH2Cl2.

TABLE 5: g Factor Data of Zn2H Interacting with
Different Ligands in CH 2Cl2 and CCl4 at 293 K

g factor
amplitudea,b (10-5)

ligand CH2Cl2 CCl4 % reductione

(R)-NaphEtNH2 -21 -14 33
(S)-NaphEtNH2 +21 +12 43
(R)-PhenylEtNH2 -17 -7 59
(S)-PhenylEtNH2 +17 +8 53
(R)-CyclohexEtNH2 -15 -10 33
(S)-CyclohexEtNH2 +12 +9 25
(S)-BomylNH2 +25 -18 28
L-Phe-OMe -22 -19 14
L-Val-OMe NA NA NA
L-Leu-OMe NA NA NA

a Theg factor amplitude is the total amplitude of theg factor in the
region corresponding to the Cotton effects in the CD spectra.b The
accuracy of theg factor amplitude values is(2 × 10-5 as determined
from baseline evaluation.c Reduction of theZn2H•L* g factor
amplitude values in CCl4 compared to the equivalentZn2H•L* values
in CH2Cl2.

SCHEME 5: Schematic Representation of the Solvent
Effect on Supramolecular Chirality Induction in
Zn2H•L*
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overcome by increasing the concentration of the ligand to such
an extent so to force the formation of the conventional 1:2
complex from which the absolute configuration could be
determined.11aHowever in the case of 1,2-diaminocyclohexane
(1,2-DACH) the 1:1 complex was so strong (K > 107 M-1)
that the 1:2 complex could not be formed under any conditions.11b

However if the complex betweenZn2H and 1,2-DACH is
allowed to form then because there is only one coordination
site at the zinc porphyrin, and as theZn2H concentration is
very low (∼1 × 10-6 M) only the conventional antiZn2H•L*
complex can form, Figure 6.

The changes in the UV-vis spectra, as seen previously for
the other ligands, show the formation of the antiZn2H•L*
complex. Further and in accordance with previous results and
the proposed mechanism of supramolecular chirality induc-
tion,10a,13,17 the CD spectra show that the ligand’s absolute
configurations can be read out despite the low intensity of the
induced CD signals which arise from the small difference in
effective size between the C(H) and C(NH) substituents of the
asymmetric carbons of 1,2-diaminocyclohexane. Thus the (R,R)
enantiomer induces negative first and positive second Cotton
effect, and the (S,S) enantiomer induces positive first and
negative Cotton effect. Thus in this case application of the single
site coordination properties ofZn2H has overcome a previously
insurmountable problem. A further example of the advantage
of Zn2H for overcoming such problems is in the absolute
configuration determination of the bis-functional amino acid
derivativeL-Thr-OMe. WhenZnZn is applied to this end the
determination is complicated as a result of the formation of a
1:1 tweezer complex of opposite (negative) chirality.19 The
application of theZn2H and the subsequent single site binding,
however, results in the correct (positive) chirality and thus the
elucidation of the absolute configuration.

As an additional and unambiguous proof of the formation of
the chiral antiZn2H•L* complex a variable temperature (VT)
1H NMR study20 was carried out, with the resulting spectra
shown in Figure 7.

From the initial spectrum (a) it is clear that freeZn2H is in
the achiral syn conformation, with the signals of the 10,20-
meso protons of each porphyrin ring (Zn and2H) existing as

singlets of two protons each (8.80 and 8.73 ppm), showing that
they are in identical magnetic environments. Furthermore, the
methylene protons of the ethyl groups exist, as expected, as
several independent signals which are indicative of the syn
conformation, as previously shown for both the single bonded
bridged synZnZn10b and thecis-ethene-bridged equivalent of
ZnZn .21 On addition of 5 equiv of enantiopure (S,S)-1,2-DACH
Zn2H undergoes dramatic conformational changes which can
be well rationalized by considering the effect of temperature
on the constant concentration sample, Figure 7(b)-(g). In
comparison with the room-temperature ligand free sample (a),
for Zn2H•L* at 328 K (b) the 10,20-meso protons have
undergone large downfield shifts of∆δ 0.75 and 0.78 ppm, a
process which continues on further temperature reduction
resulting in∆δ’s of 1.01 ppm for both the 10,20-meso protons
at 303 K. Importantly though the 10,20-meso protons still remain
as two singlets. These spectral changes show that while the
Zn2H•L* complex forms and, with decreasing temperature, the
percentage bound increases and the anti conformation is
progressively more adopted, the whole complex is still su-
pramolecularly achiral on the NMR time scale at these tem-
peratures. This is due to the still high conformational flexibility

Figure 6. UV-vis and CD (inset) spectra ofZn2H with (R,R)- and
(S,S)-1,2-DACH in CH2Cl2 at 293 K.

Figure 7. Temperature induced changes in the1H NMR spectrum of
Zn2H at 293 K (a) and of theZn2H (S,S)-1,2-DACH complex (molar
ratio 1:5) in CDCl3 upon cooling at temperatures 328 K (b), 318 K (c),
303 K (d), 293 K (e), 283 K (f), and 273 K (g).
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of theZn2H•L* complex that essentially results in (NMR time
scale) thermal racemization of the supramolecular chirality.
However on subsequent temperature reductions, (e)-(g), the
percentage bound further increases (increasing the number of
chirality-inducing steric interactions), and the thermally induced
conformational flexibility is further diminished (reducing the
degree of thermal racemization). These changes result in further
downfield shifting of the 10,20-meso protons as the syn-to-anti
conversion progresses and more importantly the splitting of these
two signals into four one-proton signals. This shows that each
proton is in an independent magnetic environment, which arises
directly from the formation of the supramolecular chiral screw
structure of antiZn2H•L*. Also, as the temperature is reduced
dramatic changes are observed in the region of the ethyl group
methylene protons. The “fingerprint” multiplet signals of syn
Zn2H are rapidly lost on addition of (S,S)-1,2-DACH at 328 K
resulting in two broad signals (3.61 and 3.84 ppm), and on
further cooling to 303 K the more upfield signal splits into two;
this arises because the more pronounced screw structure brings
four of the ethylene groups into a more deshielded region
resulting in the observed downfield shift. This process continues
until two broad multiplets of ratio 3:1 are formed, as seen
previously in the aforementioned single bonded bridged anti
ZnZn10b and the double bonded bridged trans alkene equivalent
of ZnZn .10b,21 Of note, the 15-meso and-CH2CH2- bridge
protons are largely unaffected by these structural changes as
observed in the case of other titration and VT experiments on
ZnZn .9a,10cThus from these experiments we can see the clear
formation of theZn2H•L* species and on temperature reduction
follow the progressive syn-anti conversion and the adoption
of the supramolecular chiral screw conformation.

Conclusion

The rationalization of the chirality induction mechanism
operating in such a sensitive system as that studied here is crucial
if the results are to be correctly understood and applied. In this
case the key issue is does the evidence from the above
experiments support the proposal that it is the steric interactions
between the ligand’s bulkiest substituent and the host’s 3- and
7-ethyl groups, when the ligand is inside coordinated, that are
responsible for the induction and magnitude of the observed
chirality.

From the changes in the UV-vis spectra on ligand coordina-
tion, and their correlation with exiton coupling theory as well
as1H NMR data, it can be clearly seen that theZn2H•L* species
adopts the anti conformation in the manner of theZnZn •L* 2

analogue. Further, the relative conformational flexibilities show
a clear dependence on the bulk of the ligand (and thus the degree
of steric hindrance). Analysis of the CD data clearly shows that
the induced chirality is dramatically reduced in theZn2H•L*
system, with the critical factor affecting the magnitude found
not to be the number of chiral species but indeed the number
of supramolecular chirality-inducing steric interactions. Ad-
ditionally, the same chirality-inducing steric mechanism can also
found to be involved in the lower degree of chirality induction
observed for theZn2H•L* system in CCl4 rather than CH2Cl2.
In this case the lower ability of the CCl4 to electrostatically
interact with the ligand and porphyrin reduces the corresponding
effective size of the substituents thus reducing the degree of
steric repulsion between the bulkiest ligand substituent and the
neighboring porphyrin’s 3- and 7-ethyl groups. Finally, whereas
in our previous work we have appliedZnZn •L* 2 compounds
for the determination of absolute configurations and the analysis

of guest structures, we see here that indeed only a single
coordination point is in fact necessary for these tasks and is
able to overcome previous absolute configuration determination
problems. However, it is clear that to optimize the sensitivity
of such molecular devices, the number of coordination points
(i.e. use ofZnZn •L* 2) and the number of supramolecular
chirality-inducing steric interactions should be maximized as
well as maximized and judicious choices should be made in
external aspects (in this case solvent use) in order to enhance
the system’s desired properties.
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