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The structures of donor,acceptor-substituted cyclophanes were optimized by DFT and MP2 methods and
compared with the X-ray crystallographic structures. The electronic circular dichroism (CD) spectra of these
chiral cyclophanes were simulated by time dependent density functional theory{FD) with several
functionals including different amounts of “exact” Hartrdleock exchange. The experimental oscillator and
rotatory strengths were best reproduced by the BH-LYP/TZV2P method. The specific rotation and vibrational
circular dichroism (VCD) spectra were also calculated at the BH-LYP/aug-cc-pVDZ and B3-LYP/6-31G(d)
levels, respectively, and compared with the experimental data. Better performance was obtained with the
ECD, rather than the specific rotation or the VCD spectral calculations in view of the computation time and
accuracy for the determination of absolute configuration (AC). The exciton coupling model can be applied
only for the cyclophanes without CT-character. However, the split pattern found in the experiment does not
appear to originate from a simple two-transition coupling, indicating that this method should be applied with
caution to the AC determination. This conclusion was supported by theDIHT investigations of the transition
moments and the roles of excited-state electronic configuration associated with these split bands. Cyclophanes
with donor-acceptor interactions showed Cotton effects at the CT band and couplets *at, ted 1L,

bands. Although the degree of charge transfer between the rings is very small, as revealed by a-Mulliken
Hash analysis, the split Cotton effects are due to a large separation in energy of the donor and acceptor
orbitals. The effect of the distance and angle between the donor and acceptor moieties in model (intermolecular)
CT complexes on the calculated CD spectra was also studied and compared with those obtained for various
paracyclophanes.

1. Introduction rings, a full analysis of the chiroptical properties of such denor

A considerable interest has been paid over the years to aacceptor cyclophanes remains to be elucidated.

variety of substituted cyclopharfebecause of their planar In the present study, we performed time-dependent density
chirality, which is known to behave quite differently from functional theory (TB-DFT) calculation$and analyzed in detail
conventional point chirality in asymmetric reactions, catalysis, the experimental and simulated circular dichroism (CD) spectra
and host-guest interaction3 Since the locally excited_, and of representative CT paracyclophanes (Chart 1), i.&,,12S,)-

ILp transitions of the two aromatic rings in chiral cyclophanes and (&R,,12S)-4,7-dicyano-12,15-dimethoxy[2.2]paracyclophanes
are strongly coupled, the absolute configurations (AC) of some (1 and2) and (43,)-4,7-dicyano-12,13,15,16-tetramethyl[2.2]-
cyclophanes have been determined by simply applying the paracyclophane 3j. The results are compared with those
exciton chirality method:* The electronic transition moments  gpiained for a non-CT cyclophane, i.e.§A25)-4,7,12,15-

Of. two phrpmophpres ppsmoned at appropriate distance "?mdtetramethoxy[z.2]paracyc|ophane) to reveal that the exciton
orientation in a chiral environment couple to each other, resulting chirality theory cannot be applied to the donacceptor

in a splitting of the energy levels, which is most clearly cyclophanes since the apparent couplet observed in the experi-
displayed by a bisignate coupled circular dichroism (CD) yclop pp P P
mental spectrum turned out to be a mere overlap of the

spectrum. From the sign of the couplet, the AC is usually =™~ . L
assigned without any difficulty. However, we have recently individual Cotton effects with the opposite signs. Moreover, the

shown that the exciton chirality method does not give the correct @Pplication of the conventional exciton chirality theory to non-
AC for some donor-accepter cyclophanes, i.e., 4,7-dicyano-12,- CT cyclophanes seems controversial, since complicated cancel-
15-dimethoxy[2.2]paracyclophanggdlthough we tentatively lations between the transitions are generally involved, although
assigned the origin of this inconsistency to the significantly the excitons are indeed coupled in such cyclophanes. We also
distorted transition moments due to the intramolecular charge- discuss other chiroptical properties such as specific optical
transfer (CT) interactions and/or deformation of the aromatic rotations and vibrational CD spectra of these molecules to assess
the performance of the AC determination using CD spectra.
* To whom correspondence should be addressed. Fe&1-6-6879- Finally, we will describe the influence of inter-ring angle and
7923 E-mail: tmori@chem.eng.osaka-u.ac.jp. distance on the CD spectrum of an intermolecular CT model

T Osaka University.
* Universitd Miinster. complex. This demonstrates that CT paracyclophanes are
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CHART 1: Chiral Donor —Acceptor and Related Cyclophanes
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excellent systems for closely understanding the intermolecular planes to face each other, [2.2]cyclophanes, in particular [2.2]-
donor—acceptor interactions in a larger context. paracyclophaneshave played a significant role in structural/
mechanistic studies over the years and served as valuable probes

2. Computational Details for understanding the interplay of aromaticity vs strain, tran-

All calculations were performed on Linux-PCs using the
TURBOMOLE 5.6 program suité.The resolution of identity
(RI) approximatiof® was employed in all DFT/B-LYP calcula-
tions, and the corresponding auxiliary basis sets were taken from
the TURBOMOLE basis set library. The program modules®scf
and ricc? have been used in the FEIDFT and coupled-cluster
(CC2) response treatments. All conformers of the denor
acceptor cyclophanes and relevant donor and acceptor molecule
were fully optimized at the dispersion corrected BDHI/B-

LYP level't without symmetry constraint€{ symmetry), using

an AO basis set of valence triplequality with two sets of
polarization functions (2d2p, denoted as TZV2P; in standard
notation: H, [3s2p], C/N/O, [5s3p2d]) with humerical quadrature
multiple grid (m4 in TURBOMOLE terminology). Subsequent
single-point energy calculations were performed with the spin-
component-scaled (SCS)-MP2 metkbdmploying basis-sets

of triple-¢ quality (TZVPP#3i.e., added f and d functions on
non-hydrogen and hydrogen atoms, respectively, compared to
TZV2P) and that was used for the final Boltzmann distribution
between the conformers. For most of the stable conformers,
structures were also optimized both with HF/S\{R)nd MP2/
TZVPP methods. All excited-state calculations have been
performed at the ground-state geometries. The results thu
obtained correspond to the vertical transitions, and the excitation
energies can be approximately identified as the band maxima
in the experimental spectra. More robust length-gauge repre-
sentations were used throughout this study for all calculations
of rotatory strengths, although differences between length and
velocity-gauge representations are found to be very small. The
CD (and UV~vis) spectra were simulated with the time-
dependent density functional theory (FIDFT) method with
several functionals including different amounts of exact ex-
change and using the same TZV2P basis-set. The CD spectr
were simulated by overlapping Gaussian functions for each
transition where the width of the band athkight is fixed at

0.4 eV. See ref 15 for more theoretical details of the simulation
of the CD spectra. The spectrum 8fwas also calculated by
the RI-CC2 methot!'® with a smaller SVP basis-set. Unfortu-
nately, due to technical reasons we could not obtain converged
results with larger basis sets mainly due to the size of the
molecule. The specific rotations were calculated at BH-LYP/
aug-cc-pVDZ and B3-LYP/aug-cc-pVDZ levels for the same
optimized structures. The theoretical VCD (and IR absorption)
spectra were simulated at the B3-LYP/6-31G(d) level on
Gaussian 03 Program suifewith Lorentzian band shapes of
20 cnt! full width at half-mean and applying a scaling factor
of 0.96 for the computed harmonic frequenciés.

3. Results and Discussion

Geometrical Optimization of Donor—Acceptor Cyclo-
phanes Possessing a rigid structure that can force two aromatic

S

a

sannular interactions, and substituent effé¢tShe accurate
calculation of cyclophane’s molecular geometries by quantum
chemical methods is quite challenging. Simple DFT methods
underestimate or neglect the dispersive interactiomsa(
correlations) between the two aromatic rings leading to too long
inter-ring distances, while the standard MP2 method, on the
contrary, overestimates such dispersive efféttherefore, the
eometries of the present (dor@cceptor) paracyclophane
olecules were investigated using the DFI—B-LYP method.
We have recently developed an empirical correction scheme
for efficient DFT calculations (mainly geometry optimization)
by adding pairwise-C¢/Ré potentials to describe the van der
Waals interactions (DFFD method). This dispersion corrected
DFT is a very efficient practical alternative to the electron
correlated methods such as MP2 or CCSD(T) and has been
successfully applied to weakly bound intermolecular com-
plexeg! and also to a relatively large hesguest (tweezers)
molecules? (For an overview, see ref 23.) The method is as
efficient as conventional DFT and the calculated energies and
geometries are fairly comparable to those obtained by the
improved SCS-MP2 methdd.

All possible conformers of each &f-4 were fully optimized
without any symmetry constraints. We carefully considered the
well-known conformational problem that appeardDas—> Dy,
symmetry breaking problem (double-minimum potential) in the
parent paracyclophane syst@h#> It turned out that, in the
equilibrium structures, two methylene bridges are slightly de-
eclipsed pointing to such an direction that is open to avoid the
steric repulsion between adjacent groups and the methylene
protons. The conformers with oppositely tilted methylenes are
not local minima and optimizations always converged to the
initial (thus tilted to the less-hindered) structures. Figure 1
illustrates all of the DFFD optimized structures of paracy-
clophanedl—4. In all cyclophanes, the relative energy consis-
tently increases with increasing number of perpendicular
methoxy group(s). The conformers are labeled fiito ¢ (or
to g for 4) in the order of increasing relative energy. For the
most stable conformers ag, 2a, 3, and4a, optimizations with
the standard MP2 and uncorrelated HF method were also carried
out for a comparison purpose. The characteristic structural
parameters (Chart 2) such as mean plane distance and deforma-
tion angles are compared with those of the X-ray crystal-
lographic structurés(where available), and the results are
summarized in Table 1.

The energetically most favored conformersloénd 2 are
essentiallyC,-symmetric as was the case in the parent cyclo-
phane. All of the attached methoxy groups are in the plane of
the aromatic ring, in good agreement with the X-ray crystal-
lographic structure®Inter-plane distances are slightly overes-
timated in the DFFD calculations, but the deviations from
the X-ray structures are less than 1 pm. The deformation angles
(o andp) also nicely agree with the X-ray structure values. In
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Figure 1. DFT—D optimized structures of three conformerslodnd2, most stable conformer &, and seven conformers df
CHART 2: Important Structural Parameters of optical rotations (OR and CD spectrd-28have recently been
Cyclophanes applied with success to the assignment of the AC of chiral

organic molecules. Accordingly, we also performed the calcula-
tion of OR for the cyclophane$—4 with BH-LYP and B3-
LYP functionals using the Dunning%aug-cc-pVDZ basis-sets.
The SCS-MP2/TZVPP energies were used to compute the
Boltzmann distributions of the conformers for each paracyclo-
phane** For the most stable conformers bfand 2, the aug-
cc-pVTZ sets were employed to check the basis-set incom-
contrast, MP2 optimization yielded poorer results; thus, the inter- pleteness effects. The results are summarized in Table 2. With
plane distances are underestimatedLiand the deformation  the popular B3-LYP functional, the calculated]f values are
angles are much larger. The relatively good agreement of therather disappointing and this approach even fails to provide the
inter-plane distance i# would be incidental, since the deforma-  correct signs for boti and 2. This disappointing result may
tion angles are considerably deviated. The tilt angles of the be attributed to a significant underestimation of the excitation
ethylene linker against the aromatic planes are known to be veryenergy of the charge-transfer transitighithat appear too close
sensitive to the conditions of measurement. No calculated valuesin wavelength to the sodium D-line (589.3 nm) and hence
obtained by any of the above methods are very satisfactory.improperly influences the optical rotation owing to the small
Thus the overall accuracy of the calculated structures decreasegnergy denominators. These problems were solved at least in
in the order DFFD > MP2 > HF. This conclusion is  part by including a larger content of exact Hartré@ck
reinforced by the fact that the CD spectra (as well as the other exchange in the functional. Thus, the calculatedp[values
chiroptical properties) calculated on the basis of the BBT  with BH-LYP functional (50% exact exchange) are more reliable
structures are in excellent agreement with the experimentalin the present cases (as shown in the CD calculation, vide infra)
results (vide infra); for additional examples of similarly good and the AC ofl and2 are now correctly predicted by theory.
performance of the DFFD method, see Figure S1 of the However, as judged from the large discrepancy between the
Supporting Information. Compared withand2, 3 has slightly  aug-cc-pVTZ and aug-cc-pVDZ values fbrthe magnitude of
longer inter-ring and inter-bridgehead distances, due to the stericthe ORs is not accurately calculated with this small basis-set.
hindrance of the four methyl groups attached to the aromatic Most of the calculations were done with the DFID optimized
ring, thus exhibiting a larger degree of deformation. The geometries, but the calculations were also performed for the
structural parameters dfare quite similar to those df and?2, MP2-optimized geometries with the same aug-cc-pVDZ basis-
indicating that the effect of donetacceptor interactions in CT  set for a comparison purpose. No ORs calculated at the BH-
cyclophanes on the geometries is not very large (vide infra). |Yp/aug-cc-pVDZ level for the MP2-optimized cyclophanes
Calculation of Optical Rotation. The present-day TBDFT were satisfactory, despite that the valueXavas coincidentally
implementation for chiroptical property calculations such as acceptable. This might be, at least in part, due to the basis-set
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TABLE 1: Comparison of X-ray Crystallographic and Calculated Structures of Most Stable Conformers of 1-42

X-ray HF/SV(P) BLYP/TZV2P MP2/TZVPP X-ray HF/SV(P) BLYP/TZV2P MP2/TZVPP HF/SV(P) BLYP/TZV2P MP2/TZVPP HF/SV(P) BLYP/TZV2P MP2/TZV
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incompleteness effects for those structures. Regardless, one must
be cautious in using the calculated specific rotations for AC
determination, since they are so sensitive to the structure
employed and may give values with the opposite sign for
compounds with unusual structural features (at least such as
paracyclophanes).

Calculation of the VCD Spectra. Recent instrumental and
theoretical advances in vibrational circular dichroism (VCD)
spectroscopy have enabled the elucidation of conformations of
chiral organic and biological molecules in solutitfland also
the AC determination of relatively rigid chiral molecules through
the combined use of DFT calculations and a sophisticated FT
VCD instrument? We also performed the conformer-popula-
tion-weighted VCD calculations for the present paracyclophane
systems, although the AC assignment of the most abundant
conformers ofl and2 was recently done by using the combined
DFT and VCD studie8.Figure 2 (left) shows the comparison
of the calculated and the experimental VCD spectra of cyclo-
phanesl, 2, and4. Unfortunately, we were unable to obtain an
enough amount of enantiopure sample 2ffor the VCD
measurement, due to the poorer HPLC separation and the low
solubility of this compound (See Table S1 in Supporting
Information for the detailed conditions of enantiomer separa-
tion). The CD spectrum was calculated at the B3-LYP/6-31G-
(d) level for each conformer that is geometrically optimized at
the same level. The spectra obtained for all possible conformers
are averaged over the SCS-MP2 energy-based Boltzmann
populations. Figure 2 (right) shows the VCD spectra calculated
for all possible conformers. Although the calculated and
observed VCD spectra apparently resemble each other, a closer
look reveals several mismatches.

Briefly, the sign of the 1600 cri peak, assignable to=€C
stretch, was correctly reproduced for all of the cyclophanes, but
the split pattern in the simulated spectralond 2 was not
clearly observed experimentally. More importantly, the signal-
(s) of the 1400 cm! peak, assigned to-€H scissoring, were
not reproduced very well. This is reasonable if we assume the
dynamic conformational variations of the ethylene linker of the
cyclophanes in solution. Furthermore, there are several missing
bands (e.g., at 1300 cr¥) if one compares the calculated and
the experimental VCD spectra. We may conclude therefore that
the VCD-based AC determination (of cyclophanes) is not
reliable, especially when the structure is not very rigid and the
molecule has many conformational variations. In such a case,
the concurrent use of other AC determination method(s) is
highly recommended.

Calculation of the CD Spectra.A. Effect of Functionals on
the Calculated CD Spectra of DoneAcceptor Cyclophanek
and 2. Although the calculation of rotatory dispersion is more
general (requiring no particular chromophore), it has only
recently been recognizé&tthat the combined use of the circular
dichroisms and optical rotations (or dispersions) is essential for
an accurate AC determination, especially when tidg jalue
is not very largeé* We have recently reported that the use of
Becke's half-and-half (BH-LYP) function® is of particular
importance in the evaluation of the CD spectra of the denor
acceptor dyad systefi.Here we compare the effect of the
chosen density functional with different degree of exact
exchange mixing on the performance of the CD spectral
calculation of the doneracceptor cyclophanes and 2. The
calculated CD spectra were obtained by Boltzmann averaging
of the calculated oscillator and rotatory strengths for each
conformer with different functionals and with the TZV2P basis-
sets (for individual calculated CD spectra of the conformers,
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TABLE 2: SCS-MP2 Relative Energies, Boltzmann Populations of Conformers Derived Therefrom and the Calculated Specific
Rotations of 1—42

relative energy, % optical rotations
kcal/mol population BH-LYP/aug-cc-pvVDZ BH-LYP/aug-cc-pVTZ B3-LYP/aug-cc-pVDZ experimental

la =0 89.0 —24.9 (-25.2) —1145 +100.8
1b 2.16 10.3 —70.8 +2.3
lc 4.89 0.7 —50.1 +0.9

—-29.8 +90.¢¢ —-21.7
2a =0 95.2 —5.4 (+26.9Y) —6.3 +109.5
2b 3.02 47 —157.3 -161.7
2c 6.66 0.1 —252.7 —299.7

-12.8 +96.4 —89.7
3 —101.0 ¢-419.0) —119.2 —20.2
4a = 32.8 —91.4 +178.0)
4b 0.23 26.0 —111.6
4c 0.24 25.7 —150.0
4d 1.03 11.7 -92.8
4e 2.61 2.4 n.d.
4f 3.27 1.3 n.d
4qg 6.06 0.1 n.d.

—112.7 —154.0

a Specific rotations were calculated for the enantiomers shown in Cha@dlculation was performed on the MP2-optimized structur€slculated
specific rotation corrected for the conformer populatibNot determined® Calculated specific rotation corrected for the population of four most
contributing conformers4@—4d).

see Figure S2 in Supporting Information; see also Figure S3 in challenging, since the direction of the electronic and magnetic
Supporting Information for bar-representation of the spectra of transition moments in the donor are not very explicitly defined
the most stable conformers). Férthe most contributing four  as all of the substituents are quite similar (methyl or methylene)
conformers (of>10% population) are considered in the CD in the donor moiety. It is consequently not possible to apply
calculations. ) the conventional exciton chirality theory, which requires quite
In our calculations, the TBHF method (100% exact accurate knowledge about the orientation of the relevant
exchange) as well as TEDFT methods with three different  ransition moments. In addition, the DFVCD method was
functionals (BH-LYP, B3-LYP, and B-LYP) with systematically ot applicable t due to the low solubility and the difficulty
varying fraction of exact exchange in the functional (50, 20, preparing large amounts of enantiopure samples as a
and 0%, respectively) have been employed to monitor the consequence of the poor chiral HPLC separation. Thus, the
deviation of the excitation enelrgies an_d_ the rotatory strengths quantum chemical computation is practically the only met'hod
of the charge transfefLs, and'L, transitions. The results of available for the determination of the AC of this cyclophane.

the simulations for cyclophandsand?2 are shown in Figure 3. P - . )
In the TD—HF approach, a systematic overestimation of all As ShOW.“ in Figure 4 (left) (see _Flgure S3 in the Supporting
Information for a bar-representation), the calculated CD spec-

excitation energies was found as pointed out previotfshnd SO ; :
thus the entire spectrum was shifted to the red by 0.4 eV for a 'UM iS in reasonable agreement with the experimental spectrum,
better agreement with experiment. Note that charge transfer€SPecially in thé'L, transition region {250 nm). The sign of
states in the TB-HF calculations were not found for both the Cotton effect of the CT transition-860 nm) is also correctly
and2. As the fraction of HF exchange (BH-LYP and B3-LYP) predicted by the theory, although some deviation (slight
was decreased, the excitation energy was lowered and theenhancement) in the relative rotatory strength is observed. The
required shift was decreased to about 0.2 eV. In the case of theorigin of the discrepancy in thé&_, transition regions is not
B-LYP functional, even a 0.2 eV blue-shift was required. For completely clear at present, but presumably attributable to the
1, all three functionals gave relatively satisfactory agreement more multireference character of the transition. The spectrum
with the experimental results. In contrast, the spectra afe is expected to be better reproduced at a higher level of theory
more complicated, showing a complex splitting pattern (for the such as CC2 or DFT/MRCI. The RI-CC2 calculation with
details of the experimental CD spectra, see Table S2 in slightly smaller basis-set (SVP) afforded very good theoretical
Supporting Information). The CD spectra calculated for this CD spectrum (Figure 4, middle). Accordingly+)-3 can be
compound were less satisfactory than those for the staggeredsafely assigned to the $4-enantiomer. The underestimation
cyclophanel, especially with the B-LYP functional. With B3-  of the CT excitation energies with the B3-LYP functional was
LYP, S|gn|f|c§nt underestimation of the charge-transfer excita- 5150 observed for this compound and this functional more or
tion energy is observed (as reported previotfsfpr model less failed to reproduce the entire experimental spectrum. It

compounds), and the overall agreement with the experiment isy, neq out that the use of the TZVP instead of the TZV2P basis-
?uor:cﬁgr?glés-l:]rlljeci l?r?Stfr:)esmutlrgevgjllrsngs?ta:er}?gctvgt?eg]neweﬁﬁ(;:‘_;z set and/oIC, symmetry does not affect the overall CD spectral
; ging P 9 pattern, at least in the examined wavelength range. Figure S3

calculated with the experimental CD spectra of bbtand?, in Supporting Information compares the effect of functional and
lude that th Iculati f the CD t th ) : .
we may concude tha the ca‘cuiation ot e ppecifaon e basis-set on the calculated CD spectraé3afith and without

donor—acceptor paracyclophanes at the BH-LYP/TZV2P level A ;

can unambiguously determine the absolute configuration of the €2 SYmmetry constraints in detail.

molecules. The calculation of the CD spectra of the cyclophanes without
B. CD Spectrum Calculations for Related Cyclophanes with any donof-acceptor interaction4] can also be successfully

Less-Polarizing Donor Groups3) and without CT Interactions ~ performed at the same level of theory (BH-LYP/TZV2P) as

(4). The calculation of the CD spectra & is much more shown in Figure 4, right (see Figure S3 in Supporting Informa-
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Figure 2. Left: (a) Conformer-averaged VCD spectra 0§(42S)-1, (4R,,12S))-2, and (45, 12S,)-4 calculated at B3LYP/6-31G(d) level. The
vertical axis is shifted for clarity. (b and ¢) Experimental VCD spectra foF @nd (+)-isomers, respectively. Right: Calculated VCD spectra for
each conformer. Calculated VCD spectra were scaled to 1/2.

tion for a bar-representation of the spectra of confordeyr phanesl—4 are shown in Table S3 in the Supporting Informa-
For this compound, four out of seven conformers contribute to tion. We will, hence, concentrate on the excited-state properties
the overall CD spectrum (vide supra), which are averaged by of cyclophanesl and 4 as typical examples (Figure 5). The
SCS-MP2 energy-based populations (for individual CD spectra bar-representation of the transitions Ia, and their relative
of the conformer, see Figure S2 in Supporting Information). contribution, are shown in Figure 5 (left). As clearly shown,
Accordingly, the calculated @&, 12S;)-isomer can be assigned no exciton coupling is involved in any of the observed bands.
to the ()-isomer, which also agrees with the result from the The apparent couplet around 300 nm, for instance, turned out
VCD experiment. to be an overlap of the oppositely signed independentr*
Excited State Analysis and Molecular Orbitals Associated transitions of the acceptoB)and ther—x* transitions of donor
with the Transitions. Details of the results on the excited-state with some contribution from the donor-to-acceptor transitions
analysis such as configuration contributions for all paracyclo- (4). Thus, the contribution of the relevant transitions can be
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Figure 3. Influence of the density functional on the calculated CD spectra @bp) and2 (bottom). (a) Calculated spectra were obtained by
averaging three conformers of§412S)-1 or (4R,,12S,)-2. (b and c) Experimental CD spectra for)-and (+)-isomers. From left to right: HF
with 0.4 eV red-shift, BH-LYP with 0.2 eV red-shift, B3-LYP with 0.2 eV red-shift, and B-LYP with 0.2 eV blue-shift of calculated excitation
energies.
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Figure 4. Left: Simulated CD spectra at BH-LYP/TZV2P (a) and SVP (avels of (45,)-3 with 0.2 eV red-shift with reduced intensity (one-

half). Middle: Simulated CD spectra at RI-CC2/SVP level d&j/43 with 0.5 eV red-shift with reduced intensity (one-fifth). Right: Simulated CD

spectra at BH-LYP level by averaging the four major conformers &,14£S))-4 with 0.4 eV red-shift. (b and c) Experimental CD spectra for
(—)-and ()-isomers.

assigned in the order of decreasing transition energy as ¢onor from those of the non-CT cyclophadg, as can be seen from
acceptor (CT), CTg—x* of acceptor, CT+ z—x* of donor, Figure 6. In short, the HOMO-1, HOMO, and LUME2 orbitals
CT + a—x* of donor, andzr—a* of acceptor, and so forth,  are located essentially on the donor moiety, while the HOMO-
respectively, as labeled in Figure 5 (left). Therefore, the observed2, LUMO, and LUMO+1 orbitals on the acceptor for all three
CD spectra can be analyzed as a simple overlap of the CottonCT-cyclophanes. In contrast, these orbitals are equally located
effects of purer—x* transitions in the donor part and/or the on both aromatic rings in the caseffor the detailed transition
acceptor part, accompanied by several CT transitions. This properties of each systems, see Table S3 in Supporting Informa-
clearly reveals that the exciton chirality method cannot be tion). This clearly indicates that the orbital interactions between
applied here. This is fully compatible with our recent finding two aromatic planes are very small (see also Figure S5 in
that the exciton chirality method fails to predict the AC of these Supporting Information), and this situation can be further
donor-acceptor cyclophanek or 2.5 Previous examples that  sustained by the MullikenHush analysis (vide infra).
solely employed the exciton chirality method for determining ~ The most interesting features were found in the excited-state
the AC are therefore in ambiguity and remains to be elucidated analysis of the non-CT cyclophare As can be seen in the
more precisely? bar-representation in Figure 5 (right), the bands at 230 nm
Molecular orbitals of the three doneacceptor cyclophanes (labeled b) and 300 nm (labeled a) exhibit apparent exciton
1-3 are quite similar to each other (but significantly different couplings. These signals are obedient to the exciton chirality
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Figure 5. Simulated CD spectra and bar-representation of the excitation energies and rotatory strength of the transitions calculated at the BH-
LYP/TZV2P level for the most abundant conformdrg and 4a. The colors inla code the character of the states as follows: green, donor to
acceptor; blue, acceptencceptor; red, donerdonor transitions, respectively.

Figure 6. Molecular orbitals involved in the first five transitions df-4. (nos. 82-87 for 1—3 and nos. 8691 for 4.) Note that the two images
at the center of each row represent HOMO and LUMO orbitals.

theory applied to such paracyclophanes; i.e., the two couplingsdoes not exhibit such an exciton coupling pattern. As can be
are opposite in sign and comparable in intensity (for further seen from Figure 5 (right), many of the transitions are closely

details, see Appendix S1 in Supporting Information). This located in energy and often opposite in sign, and therefore
behavior is completely predicted from the coupled transition accumulated or cancelled out. Obviously, the spectrum obtained
moments of 2,5-dimethoxg-xylenes in the staggered orienta- as a sum of the whole transitions does not represent the sign
tion with an inter-ring distance of 3.2 A. However, we note and magnitude of the original transitions, and hence, the AC

that the experimental CD spectrum observed for cyclopidane determination of chiral cyclophanes (with or without doror
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TABLE 3: Summary of Photophysical Properties of Donor—acceptor Cyclophanes +3?

I'ba, A g= Aele /1(:1', nm veT, cm? A’Vl/z, cmt €cT, M-lcm? Z (%) HDA1 cmt
1 3.054 9.9x 1078 423+ 2 23600 179Gt 80 49+ 16 0.035 310Gt 60
2 3.036 1.4x 1073 407+ 3 24600 187Gt 120 153+ 100 0.107 570Gt 230
3 3.204 4.9x 1073 380+ 1 26300 160Gt 10 118+ 5 0.059 450t 10

a HDA = 0.0206 (/CT A'Vl/z GCT)”z/rDA- Z=2 Cb2 =1- [1 — (ZHDA/VCT)Z] 12 See ref 45.

acceptor interactions) by the conventional exciton chirality investigations, suggesting that the rings in [2.2]cyclophanes
method is very controversial or even leads to erroneous retain aromaticity, even though they are not completely planar

conclusions. Therefore, the detailed analysis of the transitions
by quantum chemical methods, such as—DFT calculation

of the CD spectra, is strongly recommended for AC determina-
tions.

Mulliken —Hush Analysis Applied to Donor—Acceptor
Cyclophanes 3. The CT transition is known to reflect the
electronic coupling element according to the relationship by
Hush and co-worker&

VVerAvy gt

DA

H_,(cm %) = 0.0206x

wherevcer and Avy, are the maximum and full width at half-
height of the (deconvoluted) visible absorption baagk the
molar extinction coefficient (in M* cm™1) at the CT band
maximum, andpa the effective separation of the donor and
acceptor centers in the complex (in A). We took thg values

for 1 and?2 as the distances between the ring centers found in
the X-ray structures, but foB the value from the DFFD
optimized geometry was used (Table 1). As shown in Table 3,
the electronic coupling elemeid,, calculated for the three
donor-acceptor cyclophanes is in the range of 3600 cnt?,
which is considerably smaller than those of known CT
complexes?! It should be noted that the,, value of the eclipsed
2is 1.8 times larger than that of staggered formi.of herefore,

it is concluded that the overlap of the corresponding orbitals is
also dependent on the molecular shape, as the transition energ
and the bandwidth are essentially the samelf@and 2. The

Hap value for 3 is a result of compensation of having an
electronically less-donating donor moiety and a better overlap
of the donor-acceptor (compared tb). In all cases, the degree
of charge transfetz) is very small or negligible (less than 0.1%).
One interesting point to note is that the anisotropy faagor(
Ac¢le) found in the experimental CD spectra becomes larger as
the degree of charge transféf p or Z value) is decreased.

and have alternant-©C bond lengths.

The effects of inter-ring distance and angle on the CD spectra
are summarized in Figure 7. In general, the transitions are shifted
by changing the donor acceptor distance, while no such shift is
induced by changing the inter-ring angle. As the deramceptor
distances decreases and thus the deaoceptor interaction
increases, the transition energies for the CT and thesfirst*
transitions gradually lower. The magnitude of the shift is smaller
for the transitions in the shorter wavelength region. Most
interestingly, the rotatory strength of tHg, transition uniformly
decreases with increasing inter-ring distance, while that of the
CT transitions are more dramatically affected, showing a rapid
decrease in intensity with a gradual bathochromic peak shift
with accompanying switching of the sign from negative to
positive at a distance of 3.5 A. Note that the representative
equilibrium distance of intermolecular donescceptor complex
is about 3.5 A% This means that the Cotton effect(s) of the CT
bands in such complexes are very weak, which is indeed the
caset’48

The effect of the angle between the donor and acceptor groups
on the CT-band Cotton effect is also impressive. Thus, the sign
changes from negative to positive by changing the angle from
—10° to +10°, while the effect on théL, transitions is less
dramatic. The sensitive nature of the sign and intensity of the
Cotton effect at the CT band in doreacceptor complexes may
be applicable to the evaluation of conformational and configu-
rational changes of relatively large molecules, if combined with
Yhe careful analysis by the quantum chemical studies.

4. Summary and Conclusions

This is the first comparative study of the experimental and
simulated chiroptical properties of paracyclophanes with and
without donor-acceptor interactions. Calculations of the optical
rotations, vibrational and electronic CD spectra, as well as a
qualitative analysis of the excited states were performed by the

When the degree of charge transfer becomes larger, the bettestate-of-the-art quantum chemical methods. The major outcomes

overlap between donor and acceptor leads to the higher
probability of the (electronic) CT transition (i.e.; largesfr),
eventually reducing the anisotropy factors.

Simulation of the CD Spectra of Intermolecular CT Model
Systems. A Comparison with the CD Spectra of Related
Paracyclophaneslin order to examine the effect of inter-ring
distance and inter-ring twist angle on the calculated CD spectra,

from this study are summarized as follows:

(1) The dispersion corrected DFD method with a basis-
set of triple€ quality with an appropriate polarization functions
successfully optimizes the geometries of deracceptor cy-
clophanes to give structures in excellent agreement with the
X-ray crystallographic structures. The structures obtained can
be used for further calculations of the chiroptical properties such

we examined a model system composed of 2,5-dicyanoxylyeneas optical rotation and CD spectra of cyclophanes. The single-

and 2,5-dimethoxyxylene shown in Chart 3. Note that the
donor-acceptor geometry (with an angle of &nd a distance

point SCS-MP2 energies calculated for these BBToptimized
structures are suitable for the calculation of a reliable thermal

of 3.1 A) is essentially the same as the parent paracyclophanepopulation of the relevant conformers.

1 except for the ring deformations. Intriguingly, the effect of
deformation on the calculated CD spectra turned out to be small,
since the CD spectrum calculated for this intermolecular CT
complex reproduces most of the spectral patterns found in
paracyclophanel (see Figure S5, left, in the Supporting
Information)#2 This is in accordance with the results of other
studies such as the harmonic oscillator model of aromaticity
(HOMA)“3 and nucleus-independent chemical shift (NI€S)

(2) The calculated specific rotations obtained at the BH-LYP/
aug-cc-pVDZ level provide only qualitative information on the
AC of the cyclophanes, as the absolute values significantly
deviate from the experimental values. In addition, the computed
rotations were found to be very sensitive to the ground-state
geometries employed (DFT or MP2).

(3) The VCD spectra simulated at the B3-LYP/6-31G(d) level
are not always consistent with the experimental data. Hence,
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Figure 7. Calculations of CD spectra of model CT complexes. Left: Effect of inter-plane distance on the circular dichroism of theadoeptor
system. The distance is incrementally (stef®.1 A) shifted from (a) 2.9 to (b) 3.8 A. Inset: Expansion of the CT band region. Right: Effect of
inter-ring rotation angle on the circular dichroism of the deracceptor system. The angle is incrementally shifted from-), (b) —5, (c) +0,

(d) +5, and (e)}+ 10° with a constant inter-plane distance (3.1 A). All spectra were shifted by 0.2 eV to the red.

CHART 3: Structure of Model CT Complexes

a=-10~+10"

1 r)Ir=2.9-3‘8A
-
Meogmom

one should be cautious in assigning the AC of chiral cyclophanesdata. The CD spectrum &fwas reproduced very well with the

by comparing the theoretical and experimental VCD spectra, more sophisticated RI-CC2 calculation.

since the disagreement in signal intensity and pattern is often (7) The calculation also revealed that exciton couplings are
observed in several transitions. Nevertheless, for the VCD bandsinvolved indeed in non-CT cyclophade However, care must
that have mirror images for the enantiomers, the agreementbe taken in applying the exciton chirality method to the observed
between theoretical and experimental VCD signs appears to beCD spectra even in such a case, since a complicated cancellation

sufficient enough to suggest the absolute configuration. of the transitions may conceal the real exciton coupling in the
(4) The experimental CD spectra of dor@cceptor cyclo- observed spectrum.
phanesl and 2 are very well reproduced with the BH-LYP (8) From the examinations of possible Cotton effects in an

functional which contains 50% exact exchange. The analysis intermolecular donoeracceptor model system, we have dem-
of the configuration contributions showed that the observed CD onstrated that both the inter-ring distance and the inter-ring
spectra essentially result from a simple overlap of the Cotton twisting angle more critically affect the CT transition than'the
effects of purer—s* transitions in the donor or acceptor part transition. It is also a crucial finding that the Cotton effect of
as well as the CT transitions. Thus, the exciton chirality method the CT band becomes almost zero at an inter-ring distance of
cannot be applied to the AC determination. 3.5 A, which incidentally coincides with the equilibrium distance

(5) The Mulliken—Hush and molecular orbital analysis of many CT complexes. Hence, one should be very cautious in
revealed that the interactions between the donor and the acceptoanalyzing the experimental CD of CT bands.

moieties in CT cyclophanebk—3 are very small. The intensity In summary, efficient TB-DFT calculations of the chiral
of the observed Cotton effect at the CT barglféctor) is donor—acceptor cyclophanes reproduce the experimental CD
affected by the degree of charge transfer. spectra quite accurately by using the BH-LYP functional with

(6) The experimental CD spectrum of more congested CT- basis sets of tripl€-quality with proper polarization functions.
cyclophane3 was reproduced in a less satisfactory manner For the AC assignment of cyclophanes and related molecules,
compared to the cases df and 2, but the AC was safely  the combination of experimental and BH-LYP calculated CD
determined by a comparison of theoretical and experimental spectra is the only reasonable choice, which is superior to the
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well-documented specific rotation or VCD-based methods in

J. Phys. Chem. A, Vol. 111, No. 32, 2008005

(13) Schger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100,

terms of the accuracy, the computational costs, and, more>829-5835.

importantly, the amount of required enantiopure samples for 5577

experimental measurements.
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