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Apparent exceptions to the exciton chirality method may arise for
chromophores underoging transitions which are both electric- and
magnetic-dipole allowed, for example bis-phenanthrenes. We
present a computational approach to calculate exciton-coupled CD
spectra based on a quantum-mechanical description of the
excitonic parameters, which also includes the solvent effects.

The exciton chirality method (ECM)l‘3 is the spectroscopic
method most used for the absolute configuration assignment
of (supra)molecular compounds, in addition to the anomalous
scattering effect in X-ray crystallography. The ECM applies to
electronic circular dichroism (CD) spectra of compounds con-
taining two or more chromophores endowed with electric-
dipole allowed transitions. A typical CD spectrum contains two
bands of similar amplitude and opposite signs (a so called cou-
plet). In the standard “visual” application of the ECM, known
as the exciton chirality rule, the sign of the couplet (that of its
longer-wavelength component) is related to the sense of twist
between the two electric-dipole transition moments (EDTM)
and hence, if the molecular conformation is known, to the ab-
solute configuration.l'3 The method also lends itself as a tool
for conformational analysis4 and, most notably, the study of
supramolecular systems.5 The thoroughly demonstrated reli-
ability and wide popularity of the ECM make any possible ex-
ception to the exciton chirality rule of great interest. In the
past, a few alleged inconsistencies between the EC and X-ray
methods were subsequently solved or retracted.’ Lately, ap-
parent sign reversals in ECD spectra have been attributed to
unpredictable molecular conformations.® Possible failures of
the method may be expected if the relevant electric-dipole al-
lowed transitions are contaminated e.g. by charge-transfer
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transitions altering their nature.” When the molecular confor-
mation is safely established and the involved electronic transi-
tions understood, no exception or failure of the ECM is virt! -
ally possible. However, a possible interference in the applica-
tion of the ECM may arise when the electric-dipole allowe i
transitions involved in exciton coupling are associated with
non-negligible intrinsic magnetic transition dipole mome.. .
(MDTM). In such a case, the coupling between the combine
electric and magnetic transition moments (the “um” term’
may have opposite sign, and be more intense than, the purel-
electric/electric coupling (the “up” term), thus leading to &
apparent exception of the exciton chirality rule.? The impor
tance of intrinsic MDTM'’s is in fact usually neglected in tf »
common application of the ECM, while it is known to be crucie'
in interpreting CD spectra of compounds endowed with ele. -
tric-forbidden transitions, including the n-m* amide transition
in peptides and proteins.9

Here we present a quantum-mechanical (QM) approach
based on Time-dependent Density Functional Theory (TDDFT)
which simulates the exciton CD spectra using a gaugr
independent formulation. Within this framework, all the comr
ponents of the excitonic matrix, namely site energies, eler
tronic couplings and electric and magnetic moments are calcu
lated in a self-consistent QM approach possibly including th»
effects of the environment. All the details of the method ar »
reported in the Electronic Supporting Information (ESI).

1 (R=H)
1a (R=SH)

Scheme 1 Bis-phenanthrene models and compounds with various linkages. In all case:

2 (R=H)
2a (R=OCHs)

3 (RR=H)
3a (R=OH,R'=Ph)

(aR) configuration is shown.
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The method is applied here to bis-phenanthrenes, i.e.
compounds like 1-3 (Scheme 1) where two phenanthrene rings
are directly attached to each other. The interest in this family
of compounds is twofold: the bis-phenanthrene motif is,
rather surprisingly, found in several natural products, mainly
isolated from the plant family of Orchidaceae;10 second, like
other atropisomeric biaryls such as 1,1’-binaphthyls, they are
the basis for very efficient chiral catalysts and auxiliaries, for
example VAPOL (3a).11 Moreover, while 1,1’-binaphthyls and
other biaryls represent a sort of benchmark for stereochemical
analysis based on the ECM,12 the applicability of this latter to
bis-phenanthrene derivatives has been controversial,l?"16
strongly limiting its application to natural products.10 In fact,
while Harada and co-workers, based on the results on 1,1’-
bisphenanthrene 2a, claimed that the ECM is “not valid for
phenanthrene chromophores",15 Rosini and co-workers
reached the opposite conclusion in their analysis of 4,4’-
bisphenanthrene 1a.** Our results reconcile the above findings
and demonstrate that the apparent discrepancy is due to the
neglect of the intrinsic magnetic moments.

We discuss 1,1’- and 4,4’-bis(phenanthrene) (1 and 2) as
model compounds, and 1a and 2a as examples of real com-
pounds. CD spectra of bis-phenanthrene compounds are ex-
pected to show strong CD couplets in the region of the most
intense transitions 3A; and 3B, (lBa and 1Bb in Platt’s nomen-
clature) of phenanthrene.m Therefore, it is crucial to repro-
duce accurately the relative energies and intensities of these
two transitions. Excited-state calculations were run with
TDDFT using Gaussian’09 package;18 computational details are
reported in the ESI. Because of the complexity of the electronic
excitations of phenanthrene, a preliminary screening of func-
tionals was performed. The results are compared with avail-
able reference data™ *° in Table 1 and in the ESI. Reference
calculations found an energy difference in the range 0.17-0.25
eV with an oscillator strength f ratio of 0.22 (CASPT2). As seen
in Table 1, the functional PBEO-1/3%* predicts an energy differ-
ence of 0.19 eV in agreement with CCSDR(3) calculations, and
a reasonable f ratio of 0.17. The comparison with experimental
values is complicated by the coalescence of the two bands in
solution, however stretched film spectra confirm the presence
of two bands with the correct polarization and energy order.”

Table 1 Calculated and experimental data for the main electronic transitions of phe-
[a]

nanthrene.
Calculated energy / eV (osc. strength f / EXper. Vmax / €V,

Trans." au) Amax / NM

CCSDR(3)Y  cASPT2®  PBE0-1/3®  (Ema/ M iem™)"
2A; (') 4.02 3.42 (0) 4.17 (0.002)  3.54, 350 (350)
1B, ('L,) 4.81 4.37(0.038)  4.40(0.006) 4.23, 293 (16000)
3A; ('B) 5.27 456 (0.268)  5.00 (0.137) 494,251
3B, ('By) 5.44 4.81(1.218)  5.19 (0.810) (33000)

[a] All calculations in vacuo. [b] Symmetry and Platt’s nomenclature; ordering
from CCSDR(3) data. [c] From ref. 19. [d] From ref. 20, (14/12) active space. [e]
Our results, cc-pVTZ basis set on B3LYP/6-311G(d) optimized geometry. [f] In
cyclohexane, from ref. 17. [g] A1 (260 nm) plus B; transition (250 nm).22
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(aR)-1 configuration
3-4-4'-3' dihedral —90°
positive exciton chirality

(aR)-2 configuration
2-1-1-2' dihedral -90°
negative exciton chirality

Scheme 2 Exciton chirality rule for the coupling of !B, ETDMs in model dimers (aR)-1
and (aR)-2.

Models 1 and 2 were built by connecting two optimizel
phenanthrene units at the desired positions in an orthogonal
arrangement, and re-optimizing only the new C-C bonds whi 2
all other internal coordinates were kept frozen. For the
strongest long-axis polarized 1Bb transition, the ECM predic..
positive couplet for (aR)-1 and a negative couplet for (aR)-~ ..
the model geometries (Scheme 2).

In the exciton chirality theory the rotational strength of an
excitonic state k, originating from the coupling of 0—a,b trar -
sitions at frequencies vjo,, 0N chromophores i, j is:3

n m .
inv;

— k .k joa |

Ry =Im ZZ Cioa Cjob [IliOa “Myop + — Mioa "R X I“le"] :

i,j ab “

where p and m are the EDTM and intrinsic MDTM, the coeff

cients cj, are the eigenvectors obtained from the diagonalize

tion of the exciton Hamiltonian, and R; is the relative positio

of the two chromophores. In the “visual” application of th

ECM used for the exciton chirality rule (e.g. in Scheme 2), on.
the second term of the sum in the brackets is taken into ac
count (up term). This is because most organic chromophore

considered in ECM applications have electric-dipole allowed
transitions belonging to totally-symmetric irrep’s which e
magnetically forbidden. This is not the case of phenanthrene
1Bb transition which belongs to the B, irrep in the C,, group and
is both electrically and magnetically allowed. The EDTM .
long-axis polarized in the aromatic plane, while the MDTM

oriented perpendicular to the plane and amounts to 1.66 ¢
(PBEO-1/3 calculations). In these conditions, the first term (ur
term) of the sum becomes non-negligible. To evaluate the tw:

terms, we have recently developed an EXcitonic Analysis Toc!
(EXAT),23 in which the results coming from QM calculations are
properly combined to obtain excitonic energies and prope -
ties.”® Here, EXAT is combined with a gauge-independent for-
mulation of the excitonic rotational strength both in ler ;th
and velocity formalism (see ESI). Within this framework i i<
possible to calculate the overall (up+up term) and the pp term
separately, thus disentangling their effects. When this ap-
proach is applied to model dimers (aR)-1 and (aR)-2, the calct -
lated pp coupling between le transitions is in agreement with
the expectations of the ECM. This coupling is responsible for i
strong positive couplet for (aR)-1 and a strong negative couplet
for (aR)-2 in the 220-260 nm region (Fig. 1). When the pum cot -
pling is included, however, a difference emerges. For diiic

This journal is © The Royal Society of Chemistry 20xx
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(aR)-1, the overall coupling (“pup+pum” term) is only slightly
more intense than the pu term alone (Fig. 1a). The pp and pum
couplings have the same sign and define two positive couplets
which reinforce each other, yielding an overall positive couplet
as predicted by the exciton chirality rule. For dimer (aR)-2, on
the contrary, the overall term has opposite sign to the pu term
and defines a positive couplet (Fig. 1b). This means that the
um coupling is responsible for a very strong positive couplet
which overwhelms the pu negative couplet. For (aR)-2, the ex-
citon chirality rule predicts the wrong absolute configuration.
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Fig 1 PBEO-1/3/cc-pVTZ excitonic spectra on model dimers (aR)-1 and (aR)-2, including

Ag
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the first 4 transitions for each chromophore. Here and in other figures a Gaussian
bandshape with 0.2 eV width was employed.

800 600
1 ‘2
—e— HpHLM
600 400 ——
Differ.
== 200 +
£ 400 A \‘\
< 0
—e—e—0
200 3 H_..M.
200 4
0 Iu T T T T T 1 -400 T T T —
4 5 6 7 8 9 10 4 5 6 7 8 9 10
Ry(A) R, (A)

Fig. 2 Couplet amplitude A(Ag) (peak-to-trough width) calculated as a function of the
interchromophoric distance for detached dimers obtained from (aR)-1 and (aR)-2. Only
'B, and 'B,, transitions included; Rjjis the distance between the centres of mass for the
two chromophores.

The relative importance of the two coupling terms may be
better estimated by considering the dependence on the inter-
chromophoric distance R;. Because of the mutual cancellation
of exciton CD bands of opposite sign, the amplitude of an exci-
ton CD couplet depends on the product of the rotational
strengths and the electronic coupling,3 which, in its dipolar ap-
proximation, depends on R,-,-_S. The two pp and pm terms are
therefore expected to scale with R,-,-_2 and R,-j_?’, respectively. As
in EXAT calculations the full QM transition densities are em-
ployed instead of the point-dipole approximation, the situation
is more complicated, still a different dependence on the dis-
tance is expected for the two couplings. Thus, we run EXAT
calculations on a series of detached dimers in which the 1,1’
(for 2) or 4,4’ bonds (for 1) were cut, the C1-C1’ or C4-C4’ dis-
tances varied from 1.5 A to 8.0 A, and the separated chromo-

This journal is © The Royal Society of Chemistry 20xx
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phores saturated with a hydrogen atom. In this way, the ang.
lar part of the coupling is roughly invariant and the depenr
ence on R is highlighted. The results of EXAT calculations ai
shown in Fig. 2 and in the ESI. For the detached dimers »l
tained from (aR)-1, both the overall (up+um) and pp coupling -
maintain the same sign along the series, indicating that the
two terms pp and um also have the same sign. For the di -
tached dimers obtained from (aR)-2, on the contrary, the
overall coupling changes sign as a result of the faster increa -
ing of the um term with respect to the pu term. As a conse-
quence, the um term (associated with a positive couplet)
dominates at shorter distances, while the pu term (associateu
with a negative couplet) dominates at larger distances.

ST 2a Exp. ——
s Full TD -=--=---
200 4 HUApm ——
5 pp —
100
3 0
~100 W\ ': .
\I r( [ ' e gé§->
0 \i / ’J"“/S) . :;"""’_'(.
—300 |

220 240 260 280 300 320 240 260 280 300 320 2%
Wavelength (nm)

Fig. 3 Full and excitonic (PBEO-1/3/cc-pVTZ) calculated spectra of compounds (aR)-1a

and (aR)-2a.

Finally, we run calculations on the two real systems 1a anu
2a. Geometries were optimized at B3LYP/6-311G(d) level ar i
TDDFT calculations were performed at PBEO-1/3/cc-pVTZ level.
The Polarizable Continuum Model in its Integral Equation Fo -
malism (IEF-PCM) version” was used to include solvent et-
fects. For (aR)-1a (Fig. 3), all methods predict a strong negativ~
couplet around 250 nm, in agreement with experimental .
sults and ECM prediction (for this compound, the presence of
the —SH substituent tilts the direction of the phenanthrene Bs,
EDTM toward C—3,26 hence the two le EDTM’s define a neg. -
tive chirality for aR configuration; see ESI). This result confirn s
that the ECM is fully applicable to 4,4’- bis(phenanthrenes),
regardless of the co-occurrence of 1Ba and le transitions in tr -
crucial region. For (aR)-2a (Fig. 3), the experimental spectru: .
does not show a clear couplet but rather a series of wes
bands in the 220-280 nm region.15 Full TDDFT calculations an’
excitonic (pp+pm) calculations agree with each other and re
produce — though not perfectly — the experimental spectrum.
By contrast, the pu term is very different from the overall ¢ >u-
pling and shows an opposite sign for the ‘B, couplet. We cc..
clude that for 2a the CD spectrum is still interpretable in tern .
of the exciton coupling, but only if the intrinsic magnetic me
ments are taken into account. Otherwise, the exciton chiralit
rule fails if based only on the electric moments.

In systems like phenanthrene where a curved m-electrc
delocalization is present, electronic transitions that are both
electrically and magnetically allowed (such as phenanthren»
1B,D) imply some “curvature” of the transition density (Fig. 4). It

Chem. Commun., 2015, 00, 1-4 | 3
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is interesting to notice that a “curvature of the m-electron de-
localization” has been related to the exceptionally strong two-
photon CD of VAPOL.” The geometry of the biaryl linkage de-
termines the way the two curved transition densities face each
other, that is, how the excitonic EDTM and origin-independent
MDTM’s, resulting from the in-phase and anti-phase combina-
tions of the individual chromophores, combine with each
other. For a convex arrangement like in 1,1’-bis(phenanthre-
nes) (2 in Fig. 4),*> the combination yields two terms (up and
um) with opposite signs which may lead to an apparent excep-
tion of the exciton chirality rule. On the contrary, no exception

is expected for a concave arrangement like in 4,4’-

bis(phenanthrenes) (1).** We also notice that it is not neces-
sary to have two “curved” chromophores to observe the ex-
ception, because one phenanthrene facing from its convex

side a chromophore like naphthalene might be sufficient to get
13,28

a um term strong enough to overcome the pu one.

Fig 4 Transition densities computed for phenanthrene at PBE0-1/3/cc-pVTZ level (iso-
value 0.0015), plotted in the arrangements corresponding to model dimers 1 and 2.

In conclusion, we have demonstrated that a reliable predic-
tion of exciton CD spectra of certain (supra)molecular com-
pounds cannot avoid the simultaneous consideration of both
electric-electric and electric-magnetic terms. For an accurate
QM description of the excitonic properties it is also necessary
to include solvent effects. The application to 1,1’-bis-
phenanthrenes has clearly shown that cases which have been
indicated as exceptions of the ECM, they are not but instead
they cannot be described through the straightforward applica-
tion of the exciton chirality rule.® Our analysis also demon-
strates the crucial role played by the specific interchromo-
phoric arrangement: the impact of magnetic moments is
strong only for some geometries, such as the 1,1’-linkage in
bis-phenanthrenes, while it is minor for others, such as the
4,4’-linkage in bis-phenanthrenes.

C.A.G., S.J. and B.M. acknowledge the European Research
Council (ERC) for financial support in the framework of the
Starting Grant (EnLight-277755).
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