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Abstract: The technique of time-dependent density functional theory (TDDFT) has very recently been applied
to the calculation of both transparent spectral region optical rotations and electronic circular dichroism
(CD). Here, we report the concerted application of the new methodologies to the determination of the absolute
configuration (AC) of [32](1,4)barrelenophanedicarbonitrile, 1, the first optically active barrelenophane. 1 is
conformationally flexible: the two three-carbon bridges of 1 can each exhibit two conformations, leading to
three inequivalent conformations of 1: a, b, and c. Conformational structures and energies are predicted
using DFT at the B3LYP/6-31G* level. Comparison of the calculated structures to structures obtained via
X-ray crystallography of (+)-1 shows that (remarkably) all three conformations a—c are simultaneously
present in crystalline (+)-1. The sodium D line specific rotations, [a]p, and CD spectra of a—c are calculated
using TDDFT at the B3LYP/aug-cc-pVDZ level. Comparison of the conformationally averaged specific
rotation and CD spectrum to the experimental data of Matsuda-Sentou and Shinmyozu leads to the AC
9S,12S(+)/9R,12R(—). The same AC is obtained both from [a]p and from the CD, strongly supporting its
reliability.

Introduction figurations (ACs) with considerable confidence using TDDFT
calculations of optical rotation and/or circular dichroism.

. Chiral molec_ules exhibit. optical activity:. optical rotation apql To date, applications of this new methodology are quite sparse
circular dichroism. Enantiomers of a chiral molecule exhibit in numbe? and have used either optical rotation or circular

optical rotation and circular dichroism (CD) of equal magnitude gichroism, but not both. When both optical rotation and circular
and opposite sign at any frequency. Mirror-image enantiomers gichroism are measurable, however, the reliability of the AC
thus exhibit mirror-image optical rotatory dispersion and circular yetermined is greatly enhanced by the simultaneous use of both

dichr_oism spectra. It fo_llows_ that the absol_ute configuration of phenomena. When theoretical predictions, using the same
a chiral molecule can in principle be obtained from measure-

ments of optical rotation and/or circular dichroism. In practice,

(1) (a) Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, MPhys.
Chem. A2001, 105 5356. (b) Mennucci, B.; Tomasi, J.; Cammi, R.;

this requires a theoretical methodology reliably relating optical ghsﬁserré%n, J. ,gd;o I;risgg,el\{léé].;(D)eélli'n, F. Jsc (iabriellz;hS.; ?_te%%rls, P.J.
o : . Phys. Chem. . (c) Grimme, em. Phys. Letf
activity and molecular structure. Very recently, dramatic 339, 380. (d) Grimme, S.; Furche, F.. Ahlrichs &hem. Phys. Let2002

advances have occurred in the theoretical prediction of the 361, 321. (e) Autschbach, J.; Patchkovskii, S.; Ziegler, T.; van Gisbergen,
. . L . . .. . . . S. J. A;; Baerends, E. J. Chem. Phys2002 117, 581. (f) Ruud, K;
optical rotation and circular dichroism originating in electronic Helgaker, T.Chem. Phys. LetR002 352, 533. (g) Furche, F.; Ahlrichs,

itati i i - i i R.; Wachsmann, C.; Weber, E.; Sobanski, A.; Vogtle, F.; Grimme,. S.
excitations. The technique of tlm_e dependent den5|_ty functional A Chem Sot2000 125 1717, (h) Autschbach 3. Ziegier T - van
theory (TDDFT) has been applied to the calculation of both Gisbergen, S. J. A.; Baerends, E.JJChem. Phys2002 116, 6930.

H i i ; H H (2) (a) Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, M. J.; Mennucci,
electronic optical rotafuon and_electromc C|rcular_d|chroism. B Tomasi JTetrahedron Asymmet8000 11 2443, (b) Stephens, P. 1.
In the former case, optical rotations are calculated in transparent  Devlin, F. J.; Cheeseman, J. R.; Frisch, MChirality 2002 14, 288. (c)

; ; ; ; ; Grimme, S.; Bahlmann, A.; Haufe, GChirality 2002 14, 793. (d)
spectral regions (I'_e" outside of reglons of absorptlon). In th_e Polavarapu, P. LChirality 2002 14, 768. (e) Polavarapu, P. L.; Petrovic,
latter case, energies and rotational strengths of electronic A.; Wang, F.Chirality 2003 15, S143. (f) Wiberg, K. H.; Vaccaro, P. H.;
excitations are calculated. The reliability of the new TDDFT gﬂ;e;imgg JF;hFj’;_‘}:";éfnf‘%b?"l%‘;‘OSS;i? 1888. (g) Diedrich, C.;
methods, to the extent documented to date, is very encourag- (3) (a) Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, M. J.; Rosini,
. 12 It iti ibl d . bsol C. Org. Lett.2002 4, 4595._(t_J) Stephens, P. J.; Devlln, F. J.; Cheeseman,
ing.~“ As aresult, it is now possible to determine absolute con- J. R.; Frisch, M. J.; Bortolini, O.; Besse, Bhirality 2003 15, S57. (c)
Wang, F.; Wang, Y.; Polavarapu, P. L.; Li, T.; Drabowicz, J.; Pietrusiewicz,

- : : - K. M.; Zygo, K.J. Org. Chem2002 67, 6539. (d) Polavarapu, P. Angew.
"University of Southern California. Chem., Int. Ed2002 41, 4544. (e) Wang, Y.; Raabe, G.; Repges, C.;
* Gaussian Inc. Fleischhauer, dnt. J. Quantum Chen2003 93, 265.
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methodology, are in agreement with experiment for both
phenomena, the AC is substantially more definitive than when
only one phenomenon is used. Conversely, if the use of optical
rotation and circular dichroism yield opposite ACs, the AC

determined using either phenomenon is unreliable.

Here, we report the first application @bncertedTDDFT
calculations of optical rotation and circular dichroism to the
determination of the AC of a chiral molecule whose AC has to
date not been assignédThe molecule studied is a chiral
barrelenophane: pR1,4)barrelenophanedicarbonitrilg,

The resolution of the enantiomersb¥ia chiral chromatography
was recently reported by Matsuda-Sentou and Shinm§ozu.
Specific rotations, d]p, and near-UV (256450 nm) circular

Table 1. Conformational Energies and Populations of 12

AE AG X0 X
MMFF94  AM1  B3LYP/6-31G*  B3LYP/6-31G*  (AE)  (AG)
a 0.00 0.48 0.00 0.00 54.5 64.8
b 0.11 0.48 0.25 0.46 35.9 29.7
c 0.41 0.00 1.03 1.46 9.6 5.5

2 Relative energies in kilocalories per mole. Populations in percent.
bBased on B3LYP/6-31GAE values.T = 298 K. ¢Based on B3LYP/
6-31G* AG values.T = 298 K.

Gaussian 98 or 03Second, systematic conformational searching has
been carried out using DFT (B3LYP/6-31G*) and Gaussian 98 or 03.
For all conformations, B3LYP/6-31G* frequency calculations were
carried out using Gaussian 98 or 03, confirming that the conformations
are stable, and free energies were calculated.

Specific rotations at the sodium D liney]p, have been calculated
for each stable conformation using TDDFT and Gaussiafl T8e
methodology uses gauge-invariant (including) atomic orbitals (GIAOs),
ensuring origin-independent rotatiolsThe functional and basis set
were B3LYP and aug-cc-pVDZ, respectively, a combination of choices
whose accuracy in predicting optical rotations has been thoroughly
documented? Specific rotations were calculated at B3LYP/6-31G*
equilibrium geometries.

Electronic excitation energies and rotational strengths have been
calculated using TDDFT and Gaussian ®0GJAOs are not used in
calculating rotational strengths. Electric dipole transition moments are
calculated using both “length” and “velocity” representations. Length

dichroism spectra for the two enantiomers were reported. The and velocity rotational strengths are origin-dependent and -independent,

X-ray structure of 4)-1 was also reported. However, the AC
of 1 was not obtained. X-ray crystallography did not provide
the AC as a result of the absence of “heavy” atom$ and of

respectively, except at the complete basis set limit when they are equal
and origin-independent. The origin used was the center of positive
charge. The functional and basis set were B3LYP and aug-cc-pVDZ,

the presence of disorder in the structure. No attempt was maderespectively, for consistency with the optical rotation calculations.

to extract the AC from the optical rotation or circular dichroism
data. In this work, we have predicted the specific rotatmp [
and the near-UV circular dichroism spectrumlafsing TDDFT.
Comparison to the experimental data of Matsuda-Sentou an
Shinmyozu yields the AC. Identical ACs are provided by the
two phenomena, which in turn strongly supports the reliability
of the AC arrived at.

The barrelenophanel, is a flexible molecule: multiple

conformations are possible. Conformational analysis is prereg-

uisite to the calculation of optical rotation and circular dichroism
and, thence, AC determination. In this work, conformational
analysis is carried out using density functional theory (DFT).
The reliability of the conformational structures obtained is
assessed by comparison to structures obtained using X-ra
crystallography.

Methods

Conformational analysis df has been carried out in two ways. First,
Monte Carlo conformational searching using both the MMFF94
molecular mechanics force fiéldnd the AM1 semiempirical methéd
has been carried out using Spartan®Othe structures of the stable
conformations obtained were further optimized using ab initio DFT,
together with the functional B3LYP and the basis set 6-31G*, via

(4) For concerted TDDFT calculations of the optical rotations and circular
dichroism spectra of four bicyclo[3.3.1Jnonanediones whose ACs had been
assigned previously, see: Stephens, P. J.; McCann, D. M.; Butkus, E.;
Stongus, S.; Cheeseman, J. R.; Frisch, MJ.JOrg. Chem2004 69, 1948.

(5) Matsuda-Sentou, W.; Shinmyozu, Tetrahedron: Asymmetrg001, 12,

839.

(6) MMFF94: Halgren, T. AJ. Comput. Cheml996 17, 490.

(7) AM1: Dewar, M. J. S.; Zoebisch, E. G.; Healey, E. F.; Stewart, J. J. P.
Am. Chem. Sod985 107, 3902.

(8) Spartan 02 Wavefunction Inc., Irvine, CA.

Equilibrium geometries were again B3LYP/6-31G*.

Results

d Conformational Analysis. Conformational analysis df was

initially carried out using Monte Carlo conformational searching,
together with the MMFF94 molecular mechanics and AM1
semiempirical methods. MMFF94 and AML1 structures were re-
optimized using ab initio DFT at the B3LYP/6-31G* level.
Three stable conformations, b, andc, were identified; their
relative energies are listed in Table 1. MMFF94 and B3LYP/
6-31G* calculations result in the energy orderirgg:< b < c.

AML1 gives a different order.c < a ~ b. For the B3LYP/6-
31G* structures, relative free energies have also been calculated,
with the results given in Table 1.

y The B3LYP/6-31G* structures of conformatiorss—c of

9R,12R4 (henceforth, R,RE) are shown in Figure 1. Confor-
mationsa andc exhibit C, symmetry;b hasC; symmetry. The
differences in geometry between conformatien®, andc lie
predominantly in the conformations of the two three-carbon
bridges. These bridges each exhibit two conformationsa In

(9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98and 03; Gaussian, Inc.:
Pittsburgh, PA.

(10) Cheeseman, J. R.; Frisch, M. J.; Devlin, F. J.; StephensJPPlys. Chem.
A 200Q 104, 1039.
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three-carbon bridges is disordered in all four molecules.
Comparison of the structures defined via X-ray crystallography
for (+)-1to the B3LYP/6-31G* structures of conformatiossc
leads to the conclusion that the three molecules lab&les,

and C exhibit the conformationg, a, and b, respectively.

"""C‘ “"C' Experimental and calculated structures are compared qualita-
!
‘

%
K tively in Figure 1. Quantitative comparison of the dihedral angles
A of the three-carbon bridges is made in Table 3 and Figure 3.
< The average absolute deviation of calculated dihedral angles
ﬂ"{ T~ from experimental angles for the three moleculesB, andC
‘ is 3.3. In the case of molecul®, all three C atoms of one

= - bridge, labeled C83, C84, and C85 by Matsuda-Sentou and

Shinmyozf, are reported to be disordered. The disorder is
consistent with a superposition of conformatiaendb, atoms
C83A, C84A, and C85A being assigned to C17, C16, and C15
T~ a of a and C83B, C84B, and C85B being assigned to C17, C16,
j E—- and C15 ob. This assumption yields the dihedral angles given

in Table 3 and Figure 3. The agreement between theory and
‘ experiment is comparable to that for molecules A, B, and C.
Figure 1. B3LYP/6‘316 structures °f conformatioasb, andc of R,R-1 The average absolute deviation of dihedral angles for molecules
and X-ray structureB, C, andA of (+)-1. Conformations, b, andc are d her i h f . I
viewed from two directions in order to demonstrate the conformations of A, B, C, andD together is 4.1 In the case of racemit; a
the two three-carbon bridges. four molecules in the unit cell are disordered. The agreement
between calculated and experimental dihedral angles, assuming

Table 2. lcul Dihedral Angles of 12 . . :
able 2. _Calculated Dihedral Angles o a mixture of conformationb andc, is less good than that for

a b ¢ the (+)-1 structures (Table 3). Reexamination of the X-ray
C10-C20-C19-C18 —82.6 87.2 88.4 analysis of ££)-1 in the light of our calculational results would
C20-C19-C18-C4 63.4 —58.2 —56.1 be of interest
C7-C17-C16-C15 —-82.6 -76.7 88.4 Lo .
C17-C16-C15-C1 63.4 70.3 561 Assigning conformations, a, andb to moleculesA, B, and

C of (+)-1, we have also compared calculated and experimental
2In degrees, for B3LYP/6-31G* geometries of RIR-For atom bond lengths and bond angles (Tables 1 and 2 and Figures 1
numbering, see text. and 2 of Supporting Information). Agreement is good: average
absolute deviations of bond lengths/bond angles for molecules
A, B, andC are 0.015 A/0.8 0.012 A/0.8, and 0.014 A/0.8
respectively. In addition, we have compared calculated and
experimental distances between C atoms of the barrelene and

andc, the conformations of the two bridges are the same i.e.,
superposable undet; rotation. Inb the conformations are
different. A more detailed characterization of the structures of

a—c is provided by the dihedral angles of the C atoms of the phenyl rings, with the results given in Table 4. Calculated

two bridges, listed in Table 2. interatomic distances are uniformly larger than experimental
In order to confirm the Monte Carlo-based conformational distances; the average deviation is 0.09 A.

analysis and to further define the barriers to interconversion Optical Rotation. We have predicted the sodium D line-
among the three conformations, we have scanned the B3LYP/speC|flc rotation of1 using the ab initio TDDFT/GIAO

6-31G* potential energy surface (PES) Dfvarying simulta- methodology implemented in Gaussian 08]d values calcu-
neouslythetwo dihedralangles C7C17C16C15and C10C20C19C18|ated using the B3LYP functional and the aug-cc-pVDZ basis

The PES is given in Figure 2. There are four valleys in the e for each of the three conformatiors:c, are given in Table
PES. TheC, symmetry line corresponding to C7C17C16C15 5 For each conformation, the B3LYP/6-31G* geometry is used.
= C10C20C19C18 passes through two valleys. Strucaueesl For R,R4, [o]p values are negative fa andb and positive

c lie within these valleys. The other two valleys are not on the ¢4 ¢ The lo]o value of the equilibrium mixture of conforma-
C, symmetry line. Structurb lies within these valleys; the two  tions is

valleys correspond to the two orientationstpfinterconverted

by a 180 rotation. The conformation in which C7C17C16C15 [a]p = Z Xi[(l]iD

= C10C20C19C18= 0 corresponds to a maximum in the PES,

>20 kcal higher than structura. Structuresa, b, andc are

separated by saddle points whose energies ard4Bcal higher wherex; is the fractional population of conformatianvhose

than structurea. [a]p value is p]p. Populationsx, are calculated from the
X-ray Crystal Structures of 1. Crystals of racemid- and B3LYP/6-31G* relative free energiedG;, using Boltzmann

of (4+)-1 have been characterized via X-ray crystallograpHy.  statistics, with the results listed in Table 1. These in turn lead

In both structures there are four molecules per unit celHp ( to a conformationally averagedr]p value of —172. Thus,

1, the four molecules are inequivaléhin racemicl they are TDDFT predicts that{]p is positive and negative for S5-

equivalent?! In (+)-1, one of the three-carbon bridges of one and R,R4, respectively.

of the four molecules is disordered:; in racemicone of the The experimentald]p values of enantiomerically pure-§-1
and (-)-1in CHCI; solution were reported to be72 and—71,
(11) Matsuda-Sentou, W.; Shinmyozu, Bur. J. Org. Chem200Q 3195. respectively’ Adopting the AC S,S-f)/R,R-(—) for 1, the

7516 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004
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Figure 2. B3LYP/6-31G* potential energy surface of RJR-Contours are spaced by 2 kcal/mol.

Table 3. Comparison of Calculated and Experimental Dihedral Angles of 12

C10-C20-C19-C18

C20-C19-C18-C4 C7-C17-C16-C15 C17-C16 -C15-C1

(+)-1 A exptl 89.3
calcd €) 88.4

B exptl —84.0

calcd @) —82.6

C exptl 90.2

calcd p) 87.2

D exptl (83A, 84A, 85AY) —89.9

calcd @) —82.6

D exptl (83B, 84B, 85B) 92.3

calcd p) 87.2

(+)-1 exptl (18y 82.3
calcd p) 87.2

exptl (19¥ 82.3

calcd €) 88.4

—50.7 93.5 —52.3
—56.1 88.4 —56.1

63.3 —81.5 69.8

63.4 —82.6 63.4
—55.8 —72.8 76.6
—58.2 —76.7 70.2

55.4 —81.6 63.3

63.4 —82.6 63.4
—49.3 —81.6 63.3
—58.2 —76.7 70.2
—68.9 —87.3 63.2
—58.2 —76.7 70.2
—68.9 52.0 —54.8
—56.1 88.4 —56.1

aln degrees. Experimental dihedral angles from structures-pflf and @)-11* (Cambridge Crystallographic Data Centre). Calculated dihedral angles
are for B3LYP/6-31G* geometrie§.Numbers in parentheses are numbers of disordered atoms in ¥&fuBaber in parentheses is number of disordered

atom in ref 11.

deviation between calculated and experimentdp [values is
100. If the AC were instead S,S-J/R,R-(+), the deviation
would be 244. The S,SH)/R,R-(=) AC gives substantially
superior agreement between calculated and experimexjtal [
In order to examine the sensitivity of the calculatedp
values of the conformation dfto their equilibrium geometries,
we have recalculatedt]p using the structures fa, b, andc
obtained from the X-ray analysis of-J-1. The results obtained
are given in Table 5. For conformatioasindb, the magnitudes
of [a]p are significantly reduced; fay, the magnitude increases.
In all cases the sign ofyp is unaffected. Recalculation of the

conformationally averagedi]p using the same populatioxs
as before leads ta]p = —109 for R,R-1. The deviation from
the experimentald]p is reduced to 37.

Circular Dichroism. We have predicted the electronic CD
of 1 using the ab initio TDDFT methodology implemented in
Gaussian 03. Excitation energies/wavelengths and rotational
strengths of the four lowest excitations calculated using the
B3LYP functional and the aug-cc-pVDZ basis set for each of
the three conformationg—c, are given in Table 6. For each
conformation the B3LYP/6-31G* geometry is used. For all three
conformations a low-energy excitation is predicted whose

J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004 7517
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Figure 3. Comparison of calculated and experimental dihedral angles of
R,R-1 and +)-1, respectively.

Table 4. Comparison of Calculated and Experimental
Phenyl—Barrelene Distances?@

C7-C1 C12-C6 C11-C5 C10-C4 C9-C3 C13-C2

A

exptl 3.260 4.051 3.381 3.302 4.008 3.310
calcd €) 3.332 4.099 3.416 3.332 4.099 3.416
B

exptl 3.295 4.066 3.353 3.233 3.904 3.280
calcd@  3.329 4.078 3.405 3.329 4.078 3.405
C

exptl 3.195 3.919 3.312 3.277 4.000 3.285
caled p)  3.327 4.128 3.480 3.367 4.061 3.377

aln angstroms. Experimental distances from structure §-1°
(Cambridge Crystallographic Data Centre). Calculated distances are for
B3LYP/6-31G* geometries.

Table 5. Specific Rotations, [o]p, of R,R-1 at B3LYP/6-31G* and
X-ray Geometries?

B3LYP/6-31G* X-ray
a b c B C A
[a]p —2354 —705 346 §p —167.1 —-21.3 954
aw —-172 avp —109

a[a]p values in deg [dm (g/c®)] L. ® Average calculated using B3LYP/
6-31G* AG-based populations (Table 1).

wavelength is>400 nm. The rotational strengths of this
transition are negative for all three conformations of R,R-
Higher excitations are predicted at< 350 nm.

The CD spectrum predicted for the equilibrium mixture of
conformations, using B3LYP/6-31GAG-basedx; values, is
shown in Figure 4, together with the experimental spectra of
(+)- and ()-1.5 We assign the broad, low-energy feature in
the experimental CD spectrum, peaking at 354 nm (3.51 eV),
to the lowest-energy excitations af b, andc. The predicted
CD is negative for R,RL, as is the experimental CD for-{-1.

The predicted, conformationally averaged rotational strength is
—5.0 x 1070 esi# cn¥; the experimental rotational strength is
estimated to be~—11 x 1074° es¥ cm?. This assignment
therefore leads to the AC: S,S-J/R,R-(—), in agreement with
the AC derived from{]p. The assignment of the two bands at
270-280 nm in the experimental CD is less unambiguous.

Table 6. Electronic Excitation Energies and Rotational Strengths
of R,R-1 at B3LYP/6-31G* and X-ray Geometries

B3LYP/6-31G* X-ray

AE A AE A
(ev) (nm) Rleng\ha Rve\ucitya fb (ev) (nm) Rlenglha Rvelacnya fb

a 2.93 423.0 -5.44 —5.12 0.0049 3.05 407.1-5.45 —5.21 0.0046
3.71 3339 6.64 6.60 0.0018 3.88 3199 6.96 6.90 0.0015
3.86 321.1 —4.03 —3.92 0.0001 4.03 308.0-5.05 —4.95 0.0007
414 2994 0.74 0.77 0.0012 429 289.0 0.25 0.29 0.0015

b 2.97 417.6 —5.22 —4.89 0.0050 3.10 400.0-6.57 —6.24 0.0056
3.74 331.2 481 477 0.0022 3.89 3189 5.05 5.06 0.0031
3.88 320.0 0.24 0.33 0.0000 4.05 305.8 4.56 4.59 0.0003
4.16 298.1 —3.06 —3.03 0.0011 4.28 290.0-1.66 —1.59 0.0010

c 2.95 420.0 -3.60 —3.27 0.0048 3.01 411.4-1.06 —0.82 0.0042
3.80 3259 3.24 3.21 0.0015 3.95 313.7 2.08 2.05 0.0010
3.98 311.6 —3.38 —3.14 0.0001 4.13 300.3-5.09 —5.07 0.0004
419 296.2 086 0.85 0.0011 4.40 2819 1.16 1.17 0.0013

aRotational strengths in 1@ esif cn?. The excellent agreement Bfngin
andRyeiocity Values demonstrates that basis set error is small for both values.
b Oscillator strength.
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Figure 4. Calculated and experimental CD @f Calculated rotational
strengths are for R,R- Experimental spectra are from ref 5.

positive rotational strengths for R,B4eading to the same AC

Assuming that they correspond to the second lowest excitationsas obtained from the longer wavelength band.

of conformationsa and b, respectively, the positively signed
CD of both bands for +)-1 is consistent with the predicted
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Matsuda-Sentou and Shinmydzidentified the 354 nm
transition ofl as charge-transfer in nature. Specifically, on the
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this work, we have adopted two approaches to defining the stable
conformations ofl. Firstly, we have carried out Monte Carlo
conformational searching using both a molecular mechanics
method (MMFF94) and a semiempirical method (AM1). At the
present time, Monte Carlo searching using ab initio methods is
impractical. MMFF94 and AML1 yield the same qualitative
conclusion: there are three stable conformationg,dfvo of

C, symmetry, and one df; symmetry. These structures have
been further optimized using DFT at the B3LYP/6-31G* level.
B3LYP/6-31G* frequency calculations confirm that all three
conformations are indeed stable (i.e., PES minima). Secondly,
we have carried out a 2D scan of the B3LYP/6-31G* PES,
varying simultaneously the two dihedral angles C7C17C16C15

and C10C20C19C18. The PES obtained (Figure 2) exhibits four
valleys. The twoC, structures previously obtained lie within
two of these valleys. The remaining two valleys correspond to
two identicalC; structures which are interconverted by a 180

- rotation. Thus, the 2D scan yields an identical outcome to the

Monte Carlo searching.

4 5 A
Y Q . 9 The MMFF94, AM1, and B3LYP/6-31G* methods yield
y Y R . ? ) “ different structures and relative energies for the three conforma-
ol : T
J & J

tions of1: a, b, andc. The B3LYP/6-31G* method is the most
reliable and predicts the energy orderimgc b < c. MMFF94
HOMO LUMO predicts the same ordering; however, the spread of energy is
Figure 5. B3LYP/aug-cc-pVDZ//B3LYP/6-31G* HOMO and LUMO and  considerably less than predicted by B3LYP/6-31G*. AM1
Gt R a3 o vl P AL i ST B e e o e i
the HOMO .and LUMOgorbitaIs andpthe difference gensity. fm(.jlng. Is not unexpected an(_j furthe.'r .Conflrms the .lesser
reliability of the AM1 method in predicting conformational
basis of INDO/S calculations, the transition was assigned to an energetics? Based on the B3LYP/6-31G* relative energies,
excitation from ar-HOMO of the benzene ring toz*-LUMO Boltzmann statistics predicts a population distributioraudf.c
of the dicyanoethylene moiety of the barrelene. This assignment= 55:36:10% at room temperature. The use of free energies is
is qualitatively supported by the TDDFT calculation. In all three  more correct in predicting populations, and we have therefore
conformations, the dominant contribution to the lowest electronic calculated relative free energies at the B3LYP/6-31G* levels.
excitation is from the HOMG~ LUMO excitation. The HOMO Relative AG values exhibit a larger spread than do the relative
and LUMO orbitals of conformatioa are displayed in Figure ~ AE values, with the result that the population distribution
5, together with the ground to excited state difference def&ity. predicted thence exhibits a higher percentage for confoemer
The latter clearly shows that in the lowest excitation charge ab:c = 65:30:6%.
flows from the phenyl moiety to the dicyanoethylene moiety = The accuracy of theoretical predictions of the conformational
of the barrelene group. structures of a flexible molecule can be gauged by comparison
As with the [p]p calculations, we have examined the to experimental structural data, when available. In the case of
sensitivity of the calculations of the electronic excitation energies 1, X-ray crystallography has been carried out for bot)-(
and rotational strengths to the choice of geometry by substituting and racemict. In general, conformationally flexible molecules
the X-ray structures of conformatioasb, andc for the B3LYP/ crystallize in a single conformation, most commonly the lowest
6-31G* structures, with the results given in Table 6. For all energy conformation in solution. It is then only possible to make
three conformations, the energies of the lowest excitations arecomparison of theory and experiment for one conformation.
increased by~0.1 eV, in better agreement with experiment. However, in the case off{)-1, it turns out that all three stable
The changes in rotational strengths are small. conformations are present in the crystal structure. There are four
inequivalent molecules in the unit cell, labelddB, C, andD
by Matsuda-Sentou and Shinmyozu, who reported that the “four
The barrelenophang, is a flexible molecule. The two three-  molecules ofl have almost the same structures, but one carbon
carbon bridges connecting the barrelene and phenyl moietiesbridge chain of the molecul® is disordered”. Closer examina-
are nonplanar and can each adopt more than one conformationtion shows that each of the three molecutes8, andC in fact
Conformational analysisi.e., the definition of the structures  exhibit one of the three predicted conformational structures of
and relative energies of the stable conformatieos1 is a 1, while the disordered moleculB is a superposition of two
prerequisite for analysis of the chiroptical propertieslofn conformations. Specifically, molecules, B, and C can be
- — - ~ identified with conformationg, a, andb, respectively, while
(12) 06 the unrelaxed exeitec-siato density formed rom the. CI one-parie’ MoleculeD is a superposition of conformatioasandb. Thus,

density matrix (Foresman, J. B.; Head-Gordon, M.; Pople, J. A; Frisch, remarkably, in crystallineX)-1 all three stable conformations
M. J.J. Phys. Cheml992 96, 135). Note that the unrelaxed excited state
density constructed in this way only recovers some of the gross features of
charge redistribution in the excited state, as orbital relaxation effects are (13) Hehre, W. JA Guide to Molecular Mechanics and Quantum Chemical
not included. Calculations Wavefunction Inc., Irvine, CA, 2003; Chapter 8.

Discussion
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of 1 are present. Quantitative comparison of structural param-to 37. We conclude that at least some fraction of the error in
eters predicted foa, b, andc to the X-ray values foB, C, and the [o]p values obtained using B3LYP/6-31G* geometries could
A shows the expected level of agreement for the B3LYP/6- well be attributable to errors in the geometries. Secondly, the
31G* method (Table 3 and Supporting Information). The difference in calculated and experimental]d values may
experimental X-ray structures thus provide strong support for originate in errors in the populations af b, andc used for

the correctness of the DFT conformational analysis. conformational averaging. We have discussed this issue in detail
At the present time, there are no data providing experimental in a previous publicatiof® In the case ofl, a decrease in the
values for the relative energies of the conformationd..ofn population ofa, with corresponding increases in the populations

this work, we have used the B3LYP/6-31G* free energy of b andc, will lead to a less negativex]p. Thus, if the relative
differences to obtain the percentage populations of the confor-free energies ob andc are decreaseda]p will be in better
mations ofl in room-temperature solution. We recognize the agreement with experiment. Thirdly, the predictedd may
limitations of these values originating from errors in the be particularly sensitive to the density functional used. We have
functional, incompleteness of the basis set and the absence ofound that in some molecules, large changesin pccur when
the solvent in our calculations. Experimental measurements the B3LYP functional is replaced by the less accurate BLYP

for example, variable-temperature NMR measureniénisf functional® (although for many molecules very similar results
relative free energy differences would be of assistance in are obtained). It turns out that such sensitivity existslfofa]p
evaluating the accuracy of our predicted values. for conformationa of R,R-1 is —522 when BLYP is used, in

The specific rotations of conformees b, andc have been contrast to the B3LYP value 6f235. Thus, it is very possible
calculated using TDDFT. The combination of the B3LYP that further improvement of the functional beyond B3LYP will
functional and aug-cc-pVDZ basis set has been shown to providelead to further reduction inof]p and, consequently, to better
[a]p values for a wide range of rigid organic molecules in agreement with experiment. Further light on this issue is shed
excellent agreement with experimental values: over 30 mol- by the comparison of the predicted and experimental CD, to
ecules, the average absolute error was 23/Me have therefore ~ which we now turn.

used this functional and basis set in predictingp[for 1. The The excitation energies and rotational strengths of the lowest
use of GIAOs in the TDDFT methodology implemented in  excited electronic states of the conformays, andc of 1 have
Gaussian 03 guarantees origin-independent specific rotationspeen calculated using TDDFT. The combination of the B3LYP
an essential requirement for meaningful comparison to experi- functional and the aug-cc-pVDZ basis set has been used for
ment. As in flexible molecules previously studidthe specific  consistency with the calculations af]p. For all three conform-
rotation is a sensitive function of conformation. Fandb, ers, we predict that the lowest excited electronic state has an
[o]o is of the same sign but of very different magnitude. Eor  excitation energy of 2:93.0 eV, corresponding to wavelengths
the sign and magnitude are different. The conformationally ~420 nm. The predicted rotational strengths are negative in all
averaged ¢]p value is dominated by the contributions of cases for R,Rkand similar in magnitude. Thus, whatever the
conformersa and b, since they account for90% of the percentage populations of the individual conformations, we
population at room temperature. As a result, the predicted signpredict low-energy, negative CD for R,R-The experimental
of [a]p is negative for the R,R AC, irrespective of the relative  CD spectrum exhibits a broad near-UV band at 354 nm (3.51
populations ofa and b. Using B3LYP/6-31G*AG-based  ev); the CD is negative for-f)-1. Qualitatively, theory and
populations, ¢ is predicted to be-172. We therefore predict  experiment are in agreement if the AC is S#/RQ,R-(—). Thus,
the AC of1to be S,S-¢)/R,R-(—). On this basis, the difference  the CD spectrum ot leads to the same AC as obtained from
between the calculated and experimentdb[values is 100. [o]p.

The difference between predicted and obsered@ alues The~360 nm absorption and CD dfare noticeably broad.
is considerably greater than the average difference found in our|n nart this can be attributed to the contributions of more than
earlier benchmark study. There are several possible reasons one conformer, with somewhat different excitation energies.
for this. Firstly, the predictedf]o may be particularly sensitive  y\1qre important, however, is the nature of the transition. On
to the geometry used, and the use of the B3LYP/6-31G* {ho pasis of INDO/S calculations, Matsuda-Sentou and

geometry may cause significant error m]p. While we have  ghinmyozu assigned this band as a charge-transfer transition,
shown that the B3LYP/6-31G* geometriesab, andc are in involving the HOMO of the phenyl moiety and the LUMO of
good overall agreement with the experimental geometries, they o dicyano barrelene moiety, and our TDDFT calculations
are not identical. In particular, as discussed above, significantsupport this assignment. Charge-transfer transitions are com-
differences £0.1 A) are found in the distances defining the monly broad. That the-360 nm absorption and CD df are
separation of the barrelene and phenyl moieties. These may O 5 js consistent with their assignment to a charge-transfer
may not originate in crystal packing effects and exist in solution. transition.

However, in order to gauge the sensitivity of calculateb|
values to geometry, we have recalculatedb[for a, b, andc
using the X-ray coordinates. A substantial reduction in the
magnitudes of thed]p values ofa andb occurs, together with
an increase in the magnitude farUsing the saméG-based

Our TDDFT calculations predict excitation energies for the
conformers ofl smaller than the observed excitation energy
by ~0.5 eV. This is not unprecedent&din addition, TDDFT

(15) For example, B3LYPd]p values (calculated using the aug-cc-pVDZ basis

populatlons as before, the Conformatmna”y averag@s {/alue set and at B3LYP/6-31G* geometries) ard216 for norbornenone and
decreases te-109 and the difference from experiment decreases —342 for Triger's Basé? Using BLYP in place of B3LYP yields-1762
and —615, respectively (unpublished results).
(16) See, for example, ref 1g wherein absorption and CD spectra calculated
(14) Sakamoto, Y.; Miyoshi, N.; Hirakida, M.; Kusumoto, S.; Kawase, H.; using TDDFT for several helicenes are blue-shifted by 0.45 eV to optimize
Rudzinski, J. M.; Shinmyozu, ™. Am. Chem. Sod.996 118 12267. agreement with experimental spectra.
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Table 7. Comparison of Lowest Excitation Contributions to [a]o (+)/R,R-(=). The consistency of the outcomes from the two
Using Calculated and Experimental Excitation Energies chiroptical phenomena strongly supports the reliability of the
2 (nm) [odo’ AC. That is, the reliability of the AC is substantially greater
calcd? exptl Rueiociy® caled exptl 2 than would be the case if only one of the two phenomena were
a 423.0 354 _5.12 —_159 _85 used. We believe that future applications of TDDFT to the
b 417.6 354 —4.89 —144 —-81 determination of AC will be greatly enhanced if both optical
c 420.0 354 —3.27 —99 —54 rotation and circular dichroism are considered together.

2 B3LYP/aug-cc-pVDZ//B3LYP/6-31G* values from Table BRefer- This work also serves to illustrate the considerable advantages
ence 5°B3LYP/aug-cc-pVDZ//B3LYP/6-31G* values from Table 6.  Of chiroptical methods for determining AC relative to the Bijvoet
Rotational strengths in 16° esi? cn?. ¢ Contribution to fi]p of the lowest X-ray method. The determination of AC using X-ray crystal-
excitation, calculated using calculated and experimehizlues. lography requires diffraction-quality crystals and, traditionally,
may not perform well for charge-transfer transitidh&nproved a “heavy atom”. While ACs can sometimes be determined for
agreement between calculated and experimental excitation™olecules lacking “heavy atoms”, this is not always possible
energies requires functionals superior in accuracy to B3LYP. @nd, in some cases, yields an incorrect reSulh the case of

The accuracy of the calculated excitation energies is relevant 1 Which lacks “heavy atoms”, crystals of§-1 were obtained,

to the accuracy of the calculated specific rotatiarp| As is but the AC could not be reliably determined. In contrast,
well-known?8 the transparent spectral region specific rotation Measurement of optical rotation and circular dichroism is carried

can be written as a sum over all electronic excitations, in the Out in solution, so that crystals are not prerequisite. The

form: measurements are routine with commercial instrumentation. The
TDDFT calculations are now also routine using widely distrib-
914 R /112 uted commercial software. Both expe.rimental and theoretical
[o], = Z meth_ods are general and do n_ot require “heavy _ator_ns". Thus,
A e (VRS considerably less effort is required for the determination of AC
using optical rotation and circular dichroism, and the methodol-
whereR  is the rotational strength of thi¢h excitation in 1040 ogy is more generally applicable.
es\# cn®. Errors in calculated excitation wavelengtis, thus Historically, the majority of ACs have been determined by
cause errors in calculated]]; values. For théth excitation the ~ synthesis from precursors of known AC using reactions of well-
error in [o]; is greater, the smaller i — 12, i.e., the closei; defined stereochemistry. In such cases, direct determination of
is to the experimental wavelength We have examined the the AC of the molecule of interest is unnecessary. However,
errors in the predictedo]p values of the conformers of enantiomers of chiral molecules are increasingly prepared by

resulting from the errors in predicted excitation energies for the resolution of racemic mixtures, especially via chiral chroma-
lowest, charge-transfer excitations, with the results given in tography. In such cases, ACs are not defined via the method of
Table 7. For conformations b, andc the contributions tod]o preparation, and subsequent determination is necessary. The
from the lowest excitation, obtained from the calculated barrelenophane is an example of a chiral molecule first
excitation energies and rotational strengths, -al&9, —144, resolved using chiral chromatography. In this and analogous
and —99, respectively. Recalculation using the experimental Situations, chiroptical methods for determining AC are of
wavelength reduces these values-85, —81, and—54. Thus, especial value.

the errors in the calculated]p values originating in errors in
the excitation energies of the lowest excitation alone are 74,
63, and 45, respectively. Recalculation of the conformationally ! ’ ) i
averaged o value using §]o values fora, b, andc reduced  calculations of transparent spectral region electronic optical
by these amounts leads to a “correctedt] of —102, a value rotation and electronic circular dichroism to the determination

considerably closer to the experimental value. We conclude that®f AC Via the chiral barrelenopharig the first optically active
the errors in the calculated excitation energies of the lowest Parrelenophane to be prepared. The methodology is quite general

transition can cause significant error in the calculateth and should find wide application to chiral organic molecules.

These excitation energies are very sensitive to the functional  Acknowledgment. We are grateful to NSF for a grant to
used. With BLYP, the excitation energy is 2.34 eV (529 nm) P.J.S. (Grant CHE-0209957) and to the USC Center for High
for a. Thus, as the functional is improved from BLYP to B3LYP  performance Computing for computer time.

the excitation energies are substantially more accurately pre- S ing Inf ion Available: C . f calculated
dicted. Further improvement in the functional should lead to upporting Information Available: - Comparison of calculate

even better agreement and, consequently, enhance the accurac?ld exfperlrr:ent?l tion_(rj Iengf_tlhs and bo_n<_j angBlgi\f(c;r/go;IgTers
of the predicted d]o. ¢ of molecule 1. Text files containing -

The ACs arrived at from the specific rotatioa]p of 1 and optimized geometries in Cartesian coordinates of moletule
from the near-UV circular dichroism df are the same: S.S- This material is available free of charge via the Internet at

Conclusion

We have illustrated the concerted application of TDDFT
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