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The current ability ofab initio models to compute chiroptical properties such as optical rotatory dispersion
and electronic circular dichroism spectra is reviewed. Comparison between coupled cluster linear response
theory and experimental data (both gas and liquid phase) yields encouraging results for small to medium-
sized chiral molecules including rigid species such §s2{chloropropionitrile and F)-[4]triangulane, as

well as conformationally flexible molecules such &-épichlorohydrin. More problematic comparisons are
offered by §-methyloxirane, §-methylthiirane, and &4S)-norbornenone, for which the comparison between
theory and experiment is much poorer. The impact of basis-set incompleteness, electron correlation, zero-
point vibration, and temperature are discussed. In addition, future prospects and obstacles for the development
of efficient and reliable quantum chemical models of optical activity are discussed, including the problem of
gauge invariance, scaling of the coupled cluster approach with system size, and solvation.

I. Introduction is asymmetric total synthesis of a known stereoisomer followed
by comparison of its chiroptical spectra to those of the original
compound. Unfortunately, this is frequently a costly and time-
consuming endeavor. If, on the other hand, accurate, reliable,
and efficient theoretical predictions of molecular chiroptical
sponding circular birefringence, dichroism, or scattering intensity responses were available, thgse W.OU|d be mvalu.abk'a for the
differences are known in advance and can be related to adetermlnatlon of absolute configurations of such chiral isolates.
particular structure motifs, such responses may also be used to Many ab initio theoretical methods are now well established
identify the absolute configuration of an enantiomerically pure @s essential tools for understanding and predicting chemical
sample. X-ray analyses may provide such details only if a single Phenomena, such as reaction kinetics, thermochemistry, and
crystal is available and if the molecule incorporates a sufficiently spectroscopy. For many properties such as molecular structure,
heavy atom to allow reliable anomalous dispersion measure-Vibrational and UV/vis spectratc.of small organic molecules,
ments? In the case of noncrystalline compounds, however, often such tools are capable of providing accuracy rivaling even the

the only viable route to assignment of the absolute configuration best available experimental methéd8In the past decade much
effort has also been expended toward the development of such

* Corresponding author. Electronic address: crawdad@vt.edu. first-principles models of optical activity, including Hartree

The three-dimensional dissymmetry that characterizes chiral
molecules also leads to their distinguishable enantiomeric
responses to chiral electromagnetic fieldsgy( left- and right-
hand circularly polarized light).If the details of the corre-
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Fock?® density-functional theory (DFT),° and coupled cluster
(CC) approache¥15 Although a great deal of progress has
been made, the task is nevertheless formidable, due to both the
complexity of the problem and the difficulty of direct compari-
son to appropriate experimental data by which the efficacy of
such models must be judged. For example, although the vast
majority of laboratory measurements of optical rotation angles
are made in liquid-phase environments, almost all available
initio models are capable of simulating the chiroptical response
only of isolated molecules. Given that the influence of solvent
can often be dramatieeven altering the sign of the observed
rotation in some casesifle infra)—comparison between theory
and experiment is problematic at best. In addition, the develop- Micah L. Abrams received his Ph.D. from the Georgia Institute of
ment of even gas-phase models of optical activity is complicated Technology in 2005 under the direction of C. David Sherrill. After
by issues of unphysical coordinate-origh anclor gauge depen-20SCOrty (Ss8et 3 TRl Tech, e secepie ot o o
dence, conformational flexibility, vibrational/temperature effects, His research interests include electronic structure theory, computational
etc, and the best routes to overcome these problems have ye{nplecular spectroscopy, and transition metal catalysis.

to be identified for the most advanced theoretical methods.

This article describes recent efforts in our laboratory to Cheeseman, and co-workers in the development and applica-
develop high-levelab initio models for determining optical  tjon of time-dependent DFT methods of optical activity;16-18
rotation angles and electronic circular dichroism spectra. Our py polavarapu and co-workers in Hartreeock and more
work has focused on CC theory, sometimes described as therecently DFT treatments of optical rotation and especially its
“gold standard” of quantum chemistry because of its oft-cited relationship to circular dichroism spectra through Kronig
accuracy in reproducing experimentally determined structural, Kramers-type transformatiof$¢-2 by Rosini and co-workers
thermochemical, and spectroscopic properties. However, as wein simplified approaches to assignment of absolute configura-
explain below, it is not yet known precisely what level of  tjon;2223py Ruud and co-worket$24and by Pedersen, Koch,
theoretical rigor is required to obtain “the right answer for the and co-worker®-28in CC-level models; by Beratan, Wipf, and
right reason” for optical rotation and circular dichroism spectra. co-workers in the applications of such models to natural products
Although the CC approach is more mathematically complicated chemistry2%-32 and by Autschbach and co-workers to studies
and computationally expensive than simpler models such asof vibrational effects and of inorganic speci@s3® Interested
DFT, its key advantage is that it is systematically extensible readers may find more complete discussions in a number of
toward the formally exact limiti,e., each level of approximation  recent reviews by StephefsPolavarap#/:3® Ruud3® and
may be superseded by an even more complete wave functioncrawford4o
expansion. Assuming sufficient computational resources are
available, this “convergent” nature of CC theory provides a || Theoretical Background
natural diagnostic for the quality of a given calculation and is
thus crucial to unraveling the Gordian complexity of optical The usual quantum mechanical starting point for describing
activity. the interaction of a plane polarized electromagnetic wave with

The nature of this article does not provide sufficient space an isolated chiral molecule is the semiclassical, perturbational
to describe in sufficient detail the many important efforts under- approach of Rosenfefd,who showed that the induced electric-
way in the field of optical activity, including that by Stephens, dipole moment may be written &%
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O oF + 2628 B Ro = Im{ ||y B, (5)
- ~ _ _ ~ l.e, just the numerator of each term in the summation of eq 3.

whereE andB represent the applied, time-dependent electric, In terms of the response function, the rotational strength is given

and magnetic field vectors. The tensor denotes the usual by the residue, lim(w — wjo)lmIE;M. Thus, the determi-

electric-dipole/electric-dipole polarizability, but the key quantity ) oy, _ _ )
for natural optical activity is the analogo tensor, nation of the rotational strength requires first the calculation of
the excited-state wave functions and transition energies, followed
1 ol |, ;I Ml by construction of either the individual transition moments or
G'(w)=— —Zlm - + the analogous transition strengths. Rotational strengths are
= wjo— o — 1L, commonly reported in units of 1@ esi# cn?, which may be
(ol My, ;| [y obtained from rotational strengths in atomic units simply by
- = — ;M) (2) multiplication by 471.44354.
wjot o+l A. The Linear Response ApproachThe form of egs 2 and
. . . _ _ - L 3 implies that one must potentially compute the complete set
where (in atomic unitsf = — andm = —*,L = —4/5f x P of excited-state wave functions to build the Rosenfeld tensor

are the electric- and magnetic-dipole vector operators, respeC-ynq sypsequently determine the optical rotation. Although this
tively, andw denotes the f_reque.rlcy of the incident polarized 555:0ach is conceptually straightforward, it is also computa-
radiation field. (The notation{lZ;M(T] is often used within  tionally very expensive, because in many cases literally

response theory to denote a perturbed expectation $3iil@e  6,sands of excited states are necessary to achieve conver-
excitation energy between statgg andy; is given bywjo = gencé® (though some applications have taken advantage of
Ej — Eo, and the dephasing rate between the sStdigs,iS  schemes to limit the number of terms in the summafiorA
normally taken to be zero on the assumption that the field ¢ more efficient approach is to use linear response theory.
frequency,w, is far from resonanc&:® This allows one to In the usual time-dependent perturbation theory used to derive
combine the two terms within the brackets (recognizing that {he Rosenfeld tensor, the perturbed wave functions are expressed

[polMiy;l= — jiMiyol) to obtain the more familiar expres- 55 jinear combinations of the eigenfunctions of the unperturbed
sion, (time-independent) Hamiltoniahy, thus leading to the simple
L energy denominators appearing in eqs 2 and 3. We are free,
o 2w I [Gola2] v My ol] however, to choose any convenient set of functions that are
Glw)=—— 3) :
h £ 2 2 complete on the space used to represenf we start with eq

@ — @ 2 (with all Tjo = 0), we may step backward by inserting the

Optical rotation (OR), also known as circular birefringence, resolution of the identifypiz., 1= 3y, to obtain

refers to the rotation of plane-polarized light as it passes through 1

a nonracemic sample of a chiral species. The trac&'ofs G'(w)=— —ZIm[D}oOWWJEﬂwJ—O - w)*lﬁy;ﬂmwom—

related to thespecific rotation[i.e., the total optical rotation, hiz

normqlized for path length (_dm)_ and concentration (g/mL)] of @0|ﬁ|wi[qwjo + w)*lgwmwo[ﬂ

nonoriented molecules, which is commonly denoteddds. [

This implicit averaging over all molecular orientatiéheads . _} | Q R

to the following expression forof,,, in deg dnt* (g/mL)~%: - hj;o Mol ;| (w;o — @) “lypx
(72.0x 1F)h°N,o o0 Gl el Ty (g0 + @) Tl Mo

w 2

cm?’M

<[gme)] @ .
== gzlm[@olﬁlw@%IXm(+w)|woD—
whereG' andw are given in atomic unitd\a is Avogadro’s = -
number,c is the speged of light (m/s)ye is the electgron rest ol 2 My I X =) 1ol (6)
mass (kg), andM is the molecular mass (amu). (It should be
emphasized that the above expression holds only for freely
tumbling molecules; oriented systems such as chiral crystals or
surfaces require additional contributions from the electric -1 =
quadrupole tensd). The magnitude of the rotation is charac- 4y Xl ) 1o = I(ZO@”(Q)J'O F o) T dpdmiyel (7)
teristic of the detailed molecular structure of the compound and
varies with the wavelength of the incident light, known as optical To solve eq 7, we invert the matrix on the right-hand side to
rotatory dispersion (ORD). This phenomenon was first observed obtain
by Arago in 1811 and by Biot in 1812 in quartz crystals, and
Biot's later experiments established that the same rotation could Z)@kl(wjo F o)y X))y = G miyd (8)
be observed in solutions of camphor and turpentine. The =
indispensibe text by Barron provides an excellent review of the
historical development of optical activity as well as its funda-
mental quantum mechanical principfes.

Electronic circular dichroism (ECD) spectra are derived from
the differential absorption of left- and right-circularly polarized _ =
light by a chiral sample. The ECD scalar rotational strength of ];EM(H Bo T @) py Ty Xn(F ) o= [pdmiyol (9)
a given electronic transitionRo, is the dot product of the
transition electric- and magnetic-dipole vectariz, where we assume th& = [{o|H|yol]

where the magnetic-field-perturbed wave functiokg(+w),
are definedvia

Finally, if we have chosen a set of “excited” unperturbed wave
functions {y;}, that arenot eigenfunctions oH, then we obtain
a system of linear equations that we must solveXgftw):
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It may appear as though we have made the task of construct-The permutation operat@+® simultaneously changes the signs
ing G" much more complicated. However, if we choose zeroth- on the chosen field frequency and takes the complex conjugate
order functionsy;, that are simpler than the eigenfunctions of of the expression, arfdsymmetrizes the expression with respect
H, e.g, the set of orthonormal Slater determinants upon which to the perturbationg and m. The perturbed cluster operators
we might build a configuration-interaction-like ground-state are computed by solving systems of linear equations analogous
wave functiongo, then the task is, in fact, much easier. Instead to eq 9,e.g,
of a full diagonalization of the matrix representatiortfwhich B )
is required for the sum-over-states approach, we need only solve Z [BI(H — w)e, DESJ|X%|¢OD= =m0 (14)
the systems of linear equations in eq 9 and use the results to ]
evaluate eq 6an approach that is much more computationally ) o . )
efficient than and completely egaient to the sum-eer-states. Note thgt eq 13 is nonsymmetric in that it depends quadratically
Thus, we see that linear response theory is merely a nonca-On the right-hand perturbed wave functions,
nonical form of the same time-dependent perturbation theory =~ CC theory also offers a route to modeling ECD spectra
used to deriveG' in the first place’® through |ts_equa_t|on-o_f-mot|o_n (EOM-C&) and Ilne_ar re-

B. Coupled Cluster Theory. The question remains as to the sponse® variants in which excited states are approximated as
specific choice of functional form of the wave function that we €igenfunctions of the similarity-transformed Hamiltonian ap-
will use in egs 6 and 9. Our work has focused on the so-called P€aring in eq 11:
coupled cluster (CC) approximation, ab initio model that is _ta da _ . .
widely regarded as one of the most reliable for many molecular e "He'R,l¢ol= HRy|gol = E Ry [hol (15)
properties*>49-51 The CC electronic wave function is based

upon an exponential expansion of Slater determinants of the WhereRa is a cluster operator for theth excited state. Just as
form for the ground-state wave function, the non-Hermitian nature

of the similarity-transformed Hamiltonian leads to a left-hand
= eT|¢OD (10) eigenvalue pr_oblem that is _dlstmct from its right-hand coun-
terpart, but with the same eigenvalues,

whereT is a second-quantized “cluster operator” that generates
substituted determinants from the reference determingyt,

most often, but not necessarily, taken to be a Hartfeck where [, is a de-excitation cluster operator and the excited-

Yé%? ;?gﬁtll)c;?iltlﬁil:;og %Wslfntg)qglsczgmt:duonucgéesd \?vth?cﬁrzg?izaels state counterpart R These_e_xcited-state wave functions lead
2 . ’ . to expressions for the transition strengths of eq 2 that may be
the CCSD approach) the power-series representation of thed. . .
LN ) e ! irectly related to experimentally measured rotational strengths.
exponential implicitly incorporates higher substitutions into the C. Origin Independence and Gaude Invariance.Ap-
total wave function. Electronic energies calculated using CC . 9 P g€ AP
theory scale correctly with the size of the system/number of proximate calculations of electromagnetlc-fl_eld-dependent prop-
N . el erties such as OR angles and ECD rotational strengths often
electrons;i.e., they are size-extensivé, 3 but they are non- ! . . )

J - ._suffer from an unphysical lack of invariance with respect to
variational because they are defined as the reference expectatlocdqe choice of coordinate origin and/or the choice of representa-
value of a similarity-transformed HamiltoniaH.: ! 9 o pre

tion of operators such as the electric-dipole operator (with the
latter commonly referred to as “gauge invariance”). For proper-
ties such as NMR chemical shieldings, which depend on energy
derivatives with respect to an external magnetic field, it is well-
known that the origin dependence can be corrected using, for
example, gauge-including atomic orbitals (GIAGSE® For OR
angles and ECD rotational strengths, however, GIAOs only
~ P resolve the problem for models built upon variationally opti-
hecl = [l + A)e (12) mized moIec%Iar orbitals, such as Hartrg‘e)ck or DFT7:8 lilorp
approximate wave functions such as CC (or, for that matter,
truncated configuration interaction), where the component MOs
remain fixed (usually at the Hartre€&ock level), GIAOs do
not produce origin-independent rotatici$s
An origin-independent form of the optical rotation can be

obtained, however, by choosing the dipole-velocity representa-
tion of the electric-dipole operator in eq 2, which makes use of
the linear momentum operatop, instead of the position
operatory.57-68However, the dipole-velocity representation tends
‘to give unreasonably large results becausewitss 0 (static)
limit does not decay to zero as it should. Pedersen and
co-workers suggested a work-around to this problem for OR

A R by subtracting the static limit values & from the value at a
G'(w) = —Im{ CHP(ii(—w), ()| ol Az, X2 [ poH particular choice o (the so-called “modified velocity-gauge”

1 a—w s (MVG) approachy®
FPIATAX1X g0t} (13

(ol L H = [l L, (16)

Ecc = [bole "He'|¢o0= [ HIpol (11)

The non-Hermitian character &f implies that the “right” and
“left” CC wave functions for a given state are not simple adjoints
of one another, unlike in conventional Cl theoryz.,

whereA is a de-excitation/substitution cluster operator defined
similarly to T.

In the CC linear-response (CCLR) model, first discussed by
Dalgaard and Monkhorst in the early 1980s (ref 54) and further
developed by the Scandinavian and Florida grddp%, the
response of the ground-state wave function to the external (time-
dependent) electromagnetic wave is calculated directly, param-
etrized in the same convenient basis of zeroth-order Slater
determinants used to construct the unperturbed wave function
This leads to the following frequency-dependent, second-
quantized expression for the linear response function:

[ll. Applications

where the overbar denotes similarity transformation of the given ~ We have implemented the coupled cluster linear response
operator analogous to that used for the Hamiltonian in eq 11. formulation of the Rosenfeld tensor in the open-soaenitio
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TABLE 1: Specific Rotation (deg dm™! (g/mL)~?) of
(P)-[4]Triangulane®

wavelength/

TABLE 2: Specific Rotation (deg dm™! (g/mL)~1) of
(S)-2-Chloropropionitrile @

wavelength/

nm B3LYP CCSD(LGf CCSD(MVGP  expt nm B3LYP CCSD(LGp¢ CCSD(MVGP  expt
589 2215 186.3 196.0 192.7 633 ~15.7 9.9 -8.0 —6.842.3
578 231.4 194.5 204.5 201.3 589 -185  -117 -9.4 8.3

546 264.3 2216 232.9 229.7 436 —-393  -236 ~195

436 460.7 380.7 398.7 400.2 355 ~71.6  —406 340  —37.9429
365 752.2 609.2 635.4 648.2

a Computed at the B3LYP/6-3#1+G** optimized geometry using
the aug-cc-pVTZ basis se€tReference 145 The center of mass was
used for the coordinate origifl Reference 78 Interpolated gas-phase
value.

a Computed at the B3LYP/6-31G* optimized geometry using the
aug-cc-pVDZ basis sef.Reference 12 The center of mass was used
for the coordinate origind Reference 72.

[ ' : ' attributed in part to the functional’s underestimation of the
electronic excitation energies.

Although the comparison between theory and experiment is
encouraging, several questions remain as to the reliability of
the results in this case. First, the completeness of the CCSD/
aug-cc-pVDZ model, in terms of both electron correlation and
one-electron basis set, has not yet been studied. Second, the
experimental data were measured in the neat state, and, as will

Specific Rotation [«]/deg/[dm (g/mL}]

4007 be discussed below, gas- and liquid-phase rotations can some-
° times differ significantly. In addition, temperature effects have
300+ | M CC2 1 not been accounted for in the theoretical models, and more
4 CCsD g recent studies have indicated that vibrational corrections cannot
200t @ Fugt “‘“ﬂ always be ignored.
’ = ’ 2. (S)-2-Chloropropionitrile. The impact of solvation on
400 450 500 550

chiroptical properties has come under renewed scrutiny recently
with the first quantitative measurements of specific rotation
under ambient conditions for gas-phase samples by Vaccaro,
Wiberg, and co-workers using their newly developed technique
of cavity ring-down polarimetry (CRDPf~7® They have
program package, PS8 This program is currently capable of  applied this experimental approach to a number of small mole-
computing specific rotations and CD rotational strengths for cules, thus providing vital benchmark data for the development
small to medium-sized chiral molecules with up to several of high-accuracy theoretical models. In 2005, Wibextgal.
hundred basis functions. The PSI3 program is freely available reported the gas-phase specific rotation §fZ-chloropropio-
under the GNU general public license. The B3LYP rotations nitrile at two wavelengths, 633 and 355 nm, as well as the neat-
reported below were computed with the Gaussian 03 pa¢kage state rotation at the sodium D-line, 589 nm. Comparison of their
using the time-dependent DFT formalism with GIAOs to ensure measurements to B3LYP results revealed significant basis-set
origin independence. effects with correlation-consistent basis sets yielding specific
A. Rigid Systems.To consider separately electronic and rotations more than a factor of 2 larger than their experimental
large-amplitude vibrational effects on the chiroptical properties counterparts. However, Wibergt al. also observed that the
in question, we first report our results for two conformationally inclusion of electric-field-dependent (EFD) functi§hn the

Wavelength/nm

Figure 1. Optical rotatory dispersion spectra &){(+)-[4]triangulane
using the aug-cc-pVDZ basis set. The modified velocity-gauge was
used for CC-level results.

rigid molecules: P)-[4]triangulane and$)-2-chloropriopioni-
trile. Issues related to Boltzmann averaging over low-lying
conformers will be addressed in the next subsection.

1. (P)-[4]Triangulane. One of the first chiral molecules to

basis set reduced the B3LYP rotations to within the experimental
error bars.

(9-2-Chloropropionitrile is a valuable test case for coupled
cluster models because of its small size, thus allowing for tests

which we applied the coupled cluster linear response model wasof basis-set completene¥sAs shown in Table 2, the CCSD

the o-helicene P)-(+)-[4]triangulane, a rigid helical structure
consisting of four fused cyclopropane rings, also known as
trispiro[2.0.0.2.1.1]nonan¥.(See Table 1 and Figure 1.) This
molecule was first synthesized in enantiomerically pure form
in 1999 by de Meijere and co-workefs’?who measured large
(liquid-phase) specific rotationganging from 192.6 deg dm
(g/mL)~* at 589 nm to nearly 650 deg drh(g/mL)~? at 365

linear response model in conjunction with trifglebasis sets
yields specific rotations that compare closely to the gas-phase
results—to within the experimental error bars for the longer
wavelength and bracketing experiment at 355 nm. The LG and
MVG approaches differ by a few degrees in this case, and both
agree well with experiment. The B3LYP approach, on the other
hand, again overestimates the experimental rotations by more

nm—even though the molecule contains no long-wavelength than a factor of 2 at 633 nm. This finding agrees with our earlier
chromophore to dominate the summation in eq 2. Coupled study of P)-[4]triangulane, in that the DFT model underesti-
cluster singles and doubles (CCSD) linear response calculationsmates the electronic excitation energies $f2-chloropropio-
using the modified velocity gauge (MVG) reproduce the nitrile as well. Further testing of basis-set completeness, (
experimental results to better than 2% across the entire rangeusing doubly augmented sets and higher zeta levels) yields only
of wavelengths, whereas the length-gauge approach (LG), withsmall shifts from the results reported in Table 2, suggesting
the center-of-mass taken as the coordinate origin, underestimateshat the EFD functions do not necessarily improve the com-
experiment by 3-6%. The B3LYP approach’(using the time- parison to experiment as previously hoped. In addition, we must
dependent DFT formalisf®), on the other hand, overestimates again note that these studies do not consider the effects of
the experimental rotations by ca. 15%, a discrepancy we havemolecular vibrations or temperature, and further analysis is
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Figure 2. Theoretical electronic circular dichroism spectra §f2-
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Figure 3. Relative energy (left-hand axis, in kcal/mol) and specific

chloropropionitrile using the aug-cc-pVDZ basis set. The velocity-gauge rotations (right-hand axis, in deg dfn(g/mL)~2) of (R)-epichlorohydrin.
representation was used for both CC and DFT rotational strengths. Al values computed at the B3LYP/aug-cc-pVDZ level of theory.
Rotational strengths (left-hand axis) are displayed as stick spectra. Band

profiles (right-hand axis) were produced using Lorentzian line shapes TABLE 3: Conformationally Averaged Specific Rotation

with a full-width at half-maximum of 2 nm.

required for a completely robust comparsison between theory Wavelength/

and experiment.

Simulations of the electronic CD spectrum &-@-chloro-
propionitrile are given in Figure 2 using both B3LYP and CC
methodst* The DFT and CC spectra differ qualitatively in this
case, with the former yielding both longer wavelength excita-
tions and larger rotational strengths, both of which contribute
to the behavior of the specific rotations shown in Table 2.

(deg dmt (g/mL) %) of (R)-Epichlorohydrin

nm B3LYP CCSD(LGpc CCSD(MVG)  expt
633 66.6 56.3 52.1 558 1.7
589 78.9 66.3 61.5

355 302.5 240.0 224.8 238823

a Computed at the B3LYP/cc-pVTZ optimized geometry using the
aug-cc-pVTZ basis set on carbon and oxygen and the aug-cc-pvVDZ
basis set on hydrogefReference 13¢ The center of mass was used
for the coordinate origind Reference 79.

Unfortunately, no direct comparison to experimental results is
possible in this case due to the lack of gas-phase CD spectra. To compare between theory and experiment, a Boltzmann
Though it is clear that the largest contributor to the observed average of the specific rotations for each conformer must be
negative specific rotation is the lowest-lying— z* excitation, computed. We have found that free energies determined using
the total rotation includes significant contributions from a vast G3 theory'82and complete-basis-set (CBS) extrapolatféfis
number of electronic states. Indeed, a sum-over-states calculaof CCSD(T) energi€§:86 work well for this purpose, with the
tions using B3LYP and eq 2 fails to reproduce the total rotations latter converged to better than a few tenths of a kcal/mol. As
of Table 2 even when 100 excited states are included in the can be seen from Table 3, average specific rotations at the CCSD
summation. level based on these populations compare well to experiment
B. Conformationally Flexible Molecules.Both [4]triangu- using both length- and modified-velocity-gauge approaches, with
lane and 2-chloropropionitrile are conformationally rigid, mean- the former (with the center-of-mass chosen as the origin)
ing that only a single minimum on the potential energy performing somewhat better. As before, B3LYP-based rotations
hypersurface contributes to the total specific rotation or CD overestimate the experimental rotations, by-25%. However,
spectrum. However, many chiral molecules of interest to organic in this case, the differences between DFT and CCSD are strongly
chemists exhibit significant conformational flexibility, and thus dependent on conformation, with this conformation exhibiting
rotations for all of the low-lying minima must be taken into differences of up to 69%, and tlel conformation only 11%.
account for comparison between theory and experiment. On the other hand, estimates of the liquid-phase rotations at
1. (R)-Epichlorohydrin. Our recent work onK)-epichloro- 589 nm based on conformer populations reported by Polavarapu

hydrin (also known as chloromethyloxirane) was the first

et al3” yield excellent comparison with experimental data for

application of CC linear response methods to a conformationally both CC and B3LYP, including the all-important changes in

flexible moleculet® (R)-Epichlorohydrin has three energy
minima along the €C—C—CI dihedral angle [labelectis
(339.4), gauche-lor g-1 (208.9), andgauche-llor g-11 (94°)],
each with strong, antagonistic specific rotations ranging from
ca. —450 to+500 deg dm? (g/mL)~! at 355 nm (see Figure

sign with the choice of solvent.

2. (R)-3-Chloro-1-butene and (R)-2-Chlorobutan&hese
two conformationally flexible molecules initially sparked the
interest of Wiberget al. in part because of questions regarding
the role of the double bond in the specific rotation of the

3), whereas the total, averaged rotation remains monosignatesubstituted buten®:88Gas-phase CRDP rotations measured by

across the measured dispersion curve. Wilsbrl reported
CRDP gas-phase specific rotations of ttf® €nantiomer of
epichlorohydrin 0of—238.7 &+ 2.3 deg dm? (g/mL)™! at 355
nm and—55.04+ 1.7 deg dm? (g/mL)~! at 633 for a sample
with 97% enantiomeric exce$$Solvent effects are particularly
pronounced for epichlorohydrin in part because different

Wilson et al. for these two molecules revealed approximately
a factor of 2 difference in their total rotations, witR){3-chloro-
1-butene giving larger valueso(sss = —53.3+ 1.0 and ft]3s5

= —259.44 1.0 deg dm? (g/mL)~1) than R)-2-chlorobutane
([o]ess = —32.3+ 1.0 and f]sss = —121.4+ 1.2 deg dm*
(g/mL)~1).7® Wiberg and co-workers reported that B3LYP

solvents induce changes in the relative energies of the threeestimates of the specific rotation of 2-chlorobutane agree well

conformations. In the neat state, for example, tgsige-I

with the gas-phase d&fabut overestimate the corresponding

conformer accounts for 56% of the conformer populations, but values for 3-chloro-1-butene by nearly a factor of Zlhese

in CCly, its contribution falls to 35987

results motivated our own CC-level study of these systéms.
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Each of these molecules exhibits three low-lying conforma- n
tions, each of which may be characterized by its@-C—C ]

e,
w1
(=]

dihedral anglez. For 3-chloro-1-butene, the global minimum \["& B3LYP/SadiejpV1Z 9]

lies at7 ~ 12C°, with local minima atr ~ 0° and 240, | & B3LYP/aDZ

approximately 0.9 and 1.4 kcal/mol higher in energy, respec- 100+ | m CCSD/Sadlej-pVTZ { } T
tively. For 2-chlorobutane, the global minimum appears st % | M CCsb/aDZ

18C°, with additional minima at ~ 60° and 300, only 0.6 .\ Ehpe

and 0.9 kcal/mol higher, respectively. Although the final, 50T N

Boltzmann-averaged specific rotations are negative for both

Specific Rotation [a]/deg/[dm (g/mL)]

molecules €.g, —60.6 deg dm? (g/mL)~?* for (R)-3-chloro-1- -\ 5 \k"‘xmi_ -

butene and-27.6 deg dm? (g/mL)~? for (R)-2-chlorobutane Gt ——A——h
at 589 nm at the CCSD(MVG)/TZ level of theory), the sign Sm a——a—a—*= -ug—_jﬁ
pattern for their individual conformers differs. Fdr)¢3-chloro- Bl eI o
1-butene, two conformers exhibit negative rotations (including S50 e , ' ,

the global minimum), whereas foR)f-2-chlorobutane, two 300 350 400 450 500 550 600
conformers exhibit positive rotationadt including the global Wavelength/nm

minimum). Figure 4. Optical rotatory dispersion spectra df{methyloxirane.

We found that the CCSD(MVG) approach coupled with a The center of mass was chosen as the coordinate origin. Experimental
TZ-level basis set and CBS-CCSD(T) estimates of the Gibbs data were taken from ref 79.
free energies of each conformer yields excellent agreement with
the measured gas-phase specific rotations for both of theselV. Problematic Cases
molecules. However, the rotations of the individual conformers
differed substantially between B3LYP and CCSD, even though
the former gives good agreement with experiment for 2-chlo-
robutane. In addition, CCSD simulations of the vacuum UV
absorption and ECD spectra revealed large differences betwee
the B3LYP excitation energies and rotational strengths, which
we thus link to the different values ofi], given by each
method. We therefore concluded that, in spite of the apparent
errors of the B3LYP approach for individual conformers

The above results foPj-[4]triangulane, §)-2-chloropropioni-
trile, (R)-epichlorohydrin, R)-3-chloro-1-butene, andr}-2-chloro-
butane notwithstanding, a number of problem cases remain that
suggest that the simple approach described above involving only
he electronic contributions to specific rotation and CD rotational
strengths may not provide a sufficiently complete physical model
of optical activity.

A. (S)-Methyloxirane and (S)-Methylthiirane. In 2004, we
i . ] published the first systematic comparison of CC and DFT spe-
(relative 1o C?SD)' It is still able to produce a reasonable cific rotation data to gas-phase experimental measurements for
averagedspecific rotation for 2-chlorobutane. the small molecule§)-methyloxirane'! Although structurally

The case of 3-chloro-1-butene also demonstrates the dangergimilar to epichlorohydrin, methyloxirane exhibits much smaller
of using origin-dependent approaches such as the LG ap-specific rotations that are also bisignate between 350 and 400
proximation to the Rosenfeld tensor. We found that the CCSD- nm. According to CRDP data published by the Vaccaro and
level specific rotation ofR)-3-chloro-1-butene at 355 nm varies  \jiperg groups in 2000 (ref 76) and later refined in 2005 (ref
dramatically between the MVG and LG approaches (with the 79) the 633 and 355 nm rotations d®{methyloxirane are
center of mass chosen as the coordinate origin for the latter). —8 39+ 0.20 and+7.39+ 0.30 deg dm? (g/mL)"%, respec-
Further analysis revealed that the origin-dependence vector oftjyely.
the LG approach® which is straightforward to compute when We observed that, although both B3LYP and CCSD models
both gauges are evaluated simultaneously, has a large norm (32-§Nith aug-cc-pVDZ and Sadlej-pVTE% basis sets) yield the
deg dn1* (g/mL) /o for the 7 ~ 0° conformer at the CCSD/  ¢orrect sign of the long-wavelength rotations, only B3LYP
aug-cc-pVDZ level), indeed larger than even the highly sensitive reproduced the change in sign of the rotation at 355 nm. (See
norbornenone case (6.8 deg dtg/mL) */ao, vide infra), and Figure 4.) However, we further showed that this apparent
much larger than the corresponding vector for 2-chlorobutane gyccess of DFT is, in fact, related to its concomitant underes-
(3.9 deg dm* (g/mL)~"/ag). This strong origin dependence for  timation of the lowest Rydberg excitation energy (ca. 0.5 eV
3-chloro-1-butene invalidates the use of the LG approach in rejative to the decidedly more accurate EOM-CCSD model).
this case. Thus, the B3LYP dispersion curve is correctly bisignate in the

In addition, the 3-chloro-1-butene/2-chlorobutane example (S)-methyloxirane case only because it artifactually turns upward
highlights another potential problem with conformationally earlier than if its lowest excitation wavelength were correct.
flexible species, namely the use of simple Boltzmann aver- On the other hand, though the position of the lowest-energy
aging to evaluate the total rotation for comparison to experiment. Cotton pole is likely well described by CCSD, the model still
We note that the energy difference between the 3-chloro-1- fails to reproduce the correct dispersion behavior.
butene global minimum at ~ 120° lies 0.9 kcal/mol below (S-Methylthiirane provides another problematic c&8s&as-
the first local minumum vat ~ 0°. Given that the lowest-  phase specific rotations measured by Wilseh al”™ are
energy torsional vibration of this molecule is only about 100 monosignate between 633 and 355 nm and much larger than
cm™! several vibrational levels of the global minimum will  those of §)-methyloxirane: {3z = —36.5+ 1.7 and {]sss
be populated at room temperature before the zero-point vibra-= —64.7 &+ 2.3 deg dm?* (g/mL)~%. However, unlike §)-
tional level of the first local minimum. Thus, the use of the methyloxirane, CCSD produces the correct monosignate disper-
conventional Boltzmann approach would tend to overesti- sion behaviot-albeit with too large rotations by a factor of-2
mate the contribution from the higher minima to the total rota- and B3LYP incorrectly predicts a sign change between 355 and
tion. An alternative approach would be to compute the corre- 450 nm, depending on the choice of basis set. (See Figure 5.)
sponding average over the torsional vibrational wave functions Again, the behavior of the methods is similar to the methylox-
explicitly. irane case in that the DFT model's dispersion curve turns
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200 f 1 ' ; ! 7 TABLE 4: Equilibrium and Vibrationally Corrected
= R Specific Rotations (deg dm? (g/mL)~1) of (S)-Methyloxirane
E W BLv/ebZ| g and (S)-Methylthiirane
= | @ ® B3LYP/aTZ
oot 1k M CCSD/aDZ wavelenghth B3LYP ccsD
3 X% A ELSMTZ nm 0157 Alod, Tol:0 [0]S% Ala], Qal:0  expb
-~ * xpt
o & P (S-Methyloxirane
2 e - 633 -96 129 33-180 6.4-11.6 —8.39+0.20
=) o \ S 589 -10.3 154 5.1-204 159 —45
: o 9 T o—oo —3 355 188 68.3 87.1-33.1 345 14 7.4%0.30
B | S WP (S-Methylthiirane
2 % P - = = 633  —27.6 11.8-15.8 —443 6.3-38.0-36.5+1.7
g 1907 i 589  —30.0 15.1-14.9 -50.8 52456
3 e 355 131.2 226.9 358.1-96.7 110.9 13.3-64.7+2.3
o )
w INa = a Aug-cc-pVTZ equilbrium values with vibrational corrections from

350 400 450 500 550 600
Wavelength/nm

B3LYP/aug-cc-pVDZ and CCSD/aug-cc-pVDZ(C,042c-pVDZ(H).
All theoretical data were taken from ref ¥1Reference 79.

Figure 5. Optical rotatory dispersion spectra d){methylthiirane. z—g/?rit)Efls) ofs?féug)-Dl\ch)lr%%rﬁgﬁglr?g Rotations (deg dnm

The center of mass was chosen as the coordinate origin. Experimental

data were taken from ref 79. {%

upward much earlier than CCSD because of the large differences 0
in the lowest excitation energies predicted by the two models.

It is also worth noting that the CC-level ECD spectra of both method ko
(S-methyloxirane and9)-methylthiirane compare exceptionally I;grLt\r(eF?— Fock :12(1’1
well to gas-phase spectra measured by Breeat in 199492 CC2 (LGy* —998
In 2005, Ruud and Zanasi re-examin&tpethyloxirane and CC2 (MVG) —813
considered the impact of molecular vibrations on the DFT CCSD (LGy* —740
specific rotations. They found that the magnitude of zero-point CCSD (MVG) —558
vibrational corrections (computed on the basis of a Taylor expe —1146

expansion of the property around a vibrationally averaged aComputed at the B3LYP/6-31G* optimized geometry using the
structure) increased with decreasing wavelength and, in the caseaug-cc-pVDZ basis sef.Reference 10: The center of mass was used
of (9-methyloxirane, the corrections pushed B3LYP rotations as the coordinate origirf.References 95 and 9.
to more positive values.e., further away from experiment. Mort by extension of the CC model to include higher excitatiang (
and Autschbach considered the impact of molecular vibrations CC3 or CCSDT), and by consideration of anharmonicity effects,
on the sodium D-line specific rotations of 22 conformationally itis possible that the incorrect behavior of the CCSD ORD curve
rigid molecules at the B3LYP level of theofy.They found arises because the external-field wavelength is simply too
that such corrections (not including temperature dependence)“close” to the first electronic resonance of methylthiirane such
can account for as much as 20% of the equilibrium value of that eq 3 is thus invalid. The additional dephasing terms in eq
the specific rotation and thus cannot always be ignored. 2 (I'jo) could be incorporated as empirical factors, as has been
Kongstedet al. extended this earlier work in 2006 to include done by Normaret al** and by Autschbackt al.,*> but these
coupled cluster methods and temperature dependence in théerms have not yet been included using first-principles tech-
vibrational corrections forg)-methyloxirane?® They found that, niques.
although vibrationally corrected B3LYP and SAOP methods  B. (1S,4S)-Norbornenone. The optical activity of nor-
overestimate the experimental rotations by approximately an bornenone (also known as bicyclo[2.2.1]hept-5-en-2-one or
order of magnitude, CC theory including approximate triples dehydronorcamphor) has been widely studied in liquid-phase
corrections yields final rotations close to the experimental environments and shown to yield an exceptionally large sodium
results. They also reported that, although the methyl rotation D-line specific rotation in a variety of solvents: for the5(4S)
produces the largest correction, all of the vibrational modes enantiomer, ¢]sgs = —1142 deg dm? (g/mL)~! (isooctanef?
make non-negligible contributions. —1236 deg dm?! (g/mL)™! (CHCL),** and —1146 deg dm?
Unfortunately, the improved comparison between theory and (g/mL)~! (hexanef> On the other hand, quantum chemical
experiment upon inclusion of vibrational effects observed by calculations of the specific rotation vary wildly in magnitude,
Ruud and Zana3i and by Kongsteat al.28 for (S-methylox- depending on the level of theory, as can be seen in Table 5.
irane does not appear to hold fd§{methylthiirane. Table 4  Although Hartree-Fock theory underestimates the experimental
compares temperature-dependent harmonic vibrational correc-value in hexane by nearly a factor of 2, CC methods offer little
tions for (§-methyloxirane and9)-methylthiirane using both  improvement, with CCZ correcting the HartreeFock values
B3LYP and CCSD! For both molecules, we find that the toward experiment, and CCSD shifting away. Furthermore, the
magnitude of the correction increases with decreasing wave-use of the origin-independent MVG approach for the CC models
length, in agreement with the observations of Ruud and Z&hasi. yields significantly smaller rotations than the origin-dependent
Furthermore, the B3LYP corrections tend to be much larger dipole-length gauge approximation. On the other hand, the
than the corresponding CCSD corrections by as much as a factoisimpler (and less expensive) B3LYP approach provides a superb
of 2, again in agreement with previous results. However, unlike comparison with the experimental data, differing by only a few
for (§-methyloxirane, vibrational effects overcorrect the CC- percent.
level specific rotation at short wavelengths, yielding the incorrect ~ The source of the large difference between B3LYP and CCSD
sign of [o]sss Though it is likely that these results willimprove  can be discerned from Figure 6, which depicts simulations of
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' ' ' ' ' ' ' such shifts are not without precedéhBoth of these possibilities
10+ | T 0.2 are under investigation, the results of which should be very
”5 / '. enlightening to the efforts to develop accurate models of optical
2 B ’t-l Ve S —t 0.0 _ activity in chiral species.
o8 Vﬁl( W X 5
S g -l g
< . g V. Summary and Future Directions
E"Z“ I || +-0.4 E Much progress has been made in the last 10 years in the
& -g:l -~ development of high-levebb initio models of chiroptical
B — B3LYP 7 106 & response properties. For small- to medium-sized molecules such
'% 404 T CCso L as 2-chloropropionitrile, epichlorohydrin, and [4]triangulane,
S 0 +-0.8 coupled cluster linear response calculations of the Rosenfeld
-50+ electric-dipole/magnetic-dipole polarizability tensor yield im-
' ' ; + } | | -1.0 pressive comparisons to state-of-the-art experimental data,
180 200 220 240 260 280 300 320 particularly for optical rotation. However, it is not yet clear to
Wavelength/nm what lengths theoretical models must go to provide such

Figure 6. Simulated electronic CD spectra for the lowest five electronic accuracy and reliability for every system of interest, and difficult
states of (§49-norbornenone using EOM-CCSD/aug-cc-pVDZ-  cases such as methyloxirane, methylthiirane, and norbornenone
(C,O)t-cc-pVDZ(H) and B3LYP/aug-cc-PVDZ methods. The velocity-  provide pertinent examples of the need for inclusion of higher-

gauge representation was used for both CC and DFT rotational - i . .
strengths. Rotational strengths (left-hand axis) are displayed as stickorder corrections, such as zero-point vibration, temperature

spectra. Band profiles (right-hand axis) were produced using Lorentzian €ff€Cts, and electron correlation. In addition, to reach the
line shapes with a full-width at half-maximum of 2 nm. overarching goal of practical yet reliable computational tools

that will assist in the assignment of absolute stereochemical
the electronic CD spectrum of §4S)-norbornenone between  configuration, we identify three important research directions
180 and 320 nm. The methods agree qualitatively but not that must also be pursued in the coming years: a properly gauge-
quantitatively on the position and magnitude of the lowest- invariant form of coupled cluster linear response theory for
energy CD band, which corresponds to ar-nz* transition physically unambiguous chiroptical properties, a significant
involving the carbonyl moiety. B3LYP characteristically predicts reduction in the scaling of coupled cluster theory with molecular
a longer-wavelength transition than CCSD and also produces asize for calculations of larger chiral molecules, and the simula-
larger rotational strength, similar to our CD simulations 8 ( tion of solvent-solute interactions for more realistic compari-
2-chloropropionitrilé* and R)-3-chloro-1-butené® Given that sons between theory and experiment.
this feature is the largest contributor to the total optical rotation A Gauge Invariance.As noted earlier, the conventional CC
of norbornenone (though by no means the only contributor, as |inear response function is not invariant with respect to an
was recently demonstrated by Wibesg al*), the two  arpitrary choice of gauges.g, the length ) and velocity B)

discrepancieslong wavelength and larger rotational strength representations of the electric-dipole operator,
produce the dramatic difference between B3LYP and CCSD

values of fJp shown in Table 5. In addition, as discussed first
by Ruudet al.,!° the B3LYP rotational strength and-+ *
transition wavelength compares well to the liquid-phase ex-
perimental CD spectruffi. A key result of this deficiency is that the length-gauge
What is the source of the apparent failure of coupled cluster representation o&'(w) unphysically depends on the choice of
theory in this case? Basis set incompleteness is unlikely; addingcoordinate origin-an error that remains gen in the limit of a
additional diffuse or higher angular momentum functions to the complete basis set and cannot be resal through the use of
carbony!l and/or double bond changes the above rotations by aGIAOs. Although the modified velocity gauge approach sug-
few deg dm? (g/mL)"! at most. Vibrational effects, such as gested by Pedersen and co-workers yields correctly origin-
those described above for methyloxirane and methylthiirane, independent results, it does not resolve the gauge problem
seem equally unlikely because of the rigid nature of the entirely because of its unphysical static limit. This issue is
norbornenone structure. Indeed, recent B3LYP calculations by relevant to the problematic cases of methylthiirane and nor-

G'(w) 0 —IMIF;L0) = —o 'ReIp;LO,  (17)

Mort and Autschbach produced only-&3 deg dm? (g/mL) ! bornone, for example, because it is unclear how large of a
zero-point vibrational correctiGd—much too small to explain  difference in predicted optical rotation values would be observed
the large discrepancy between CC and experiment. between the current gauge-dependent approach and a well-

At least two untested possibilities remain: First, additional founded invariant formulation.
correlation effectsd.g, triple excitations and higher) may be This ambiguity may be overcome by reformulating the CC
important. These have been considered only for the methylox- linear-response function based on variational optimization of
irane system by Kongsteet al.,2” and given the difference  the component MOsreferred to as the orbital optimized CC
between HartreeFock and CCSD shown in Table 5, it would (OOCC) method. This approach has been investigated in the
be surprising to find that triples could shift the CCSD (MVG) past for a variety of reasons, including the treatment of
rotations by the factor of 2 required for better agreement with artifactual symmetry-breaking problems and the development
experiment. Second, norbornenone may exhibit large shifts of active-space modef8:192|n 1999, Pedersen, Koch, and co-
between its gas- and liquid-phase specific rotations. Although workers first recognized the potential importance of OOCC for
no gas-phase polarimetry measurements have yet been carriedchieving gauge invarianéé,and in 2001 they reported an
out on norbornenone, the fact that the value ajfp[does not implementation for calculating oscillator strengtfdHowever,
change dramatically between CHCisooctane, and hexane it remains to be seem whether the approach will be feasible
might suggest that one should expect the gas-phase rotations te@alculations of chiroptical properties, and some criticism of the
be at least similar to their solvent-phase counterparts. However,OOCC approach has appeared in the literatfre.
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B. Reduced-Scaling CC Response Theorythe Achilles’ reproduce canonical CC dynamic polarizabilities for chain-like
heel of conventional CC theory is its high-order scaling with organic molecules using less than half the correlated wave
molecular size {/(N®)or worse]. This “polynomial scaling wall”  functions but with less than 1% loss of accura@y/Efforts to

prevents its routine application to larger, more chemically extend this work to chiroptical properties are underway.

relevant molecules. Although the CCLR programs within the  C_ Solvation. Most of the work described above focuses on
PSI3 package are very efficient, they still require considerable systematic comparison between coupled-cluster response theory
computational resourcesn terms of both computing time and  and gas-phase experimental data in an effort to elucidate the
memory/disk storageand thus are limited to computations of = fyndamental physical requirements of a reliable model of optical
ORD or ECD spectra for at most 302 non-hydrogen atoms  activity. However, given that the vast majority of experimental
in the absence of molecular symmetry. measurements of chiroptical properties are made in liquid
One route to overcoming this deficiency lies in the develop- environments, it is clear that any practical computational tool
ment of reduced-scaling coupled cluster models based on thefor assisting in the determination absolute configuration must
local correlationansatzfirst suggested by Pulay and Saebg in  jncorporate an efficient yet accurate assessment of solvent effects
the 198082%>"1% The central assumption of this idea is that, by  on chiroptical response. Unfortunately, as noted earlier scivent
adopting well-localized forms of the MOs used to construct the gojyte interactions can lead to significant perturbations in

determinantal expansion of the wave function, the parameterschiroptical spectra relative to their gas-phase counterparts.
associated with interactions of electrons in spatially distant MOs |ngeed, the influence of the solvent on optical rotation in
should be negI|g|bIe'§nd may therefore be |gqored. This particular is often large and contrary to conventional wisdom,
approach has been utilized extensively by Werner, &cland  gych as the observation by Vaccaro and co-workers that optical
co-workers, who have demonstrated that it is possible to obtain rtation measured in highly polar solvents such as acetone often
CC ground-state energies (including perturbative triple excita- provides a better comparison to gas-phase rotations than
tions) for. chains of up to 16 glycine molecules in a matter of nonpolar solvents such as cyclohex&heContinuum-based
hours using desktop workstatioH$. modeld19111 may offer an attractive solution to this problem
We have focused on the extension of local-CC methods 10 gye to their relative simplicity and affordability. A recent study
the complicated problem of response properties, including p,y pmennucciet al. considered the applicability of the polarizable
specific rotation and circular dichroism spectra. However, using -ontinuum model (PCM) in conjunction with DFT to optical

pilot programs based on our canonical-MO linear response \gation in a series of seven conformationally rigid chiral
programs, we have found that an electric-field perturbation shifts ., 5iecules including fenchone,- and 8 -pinene, and others
the distribution of the double-excitatiofi) amplitudes upward 44 found that they could reproduce the experimental specific
by about 1 order of magnitudee., the perturbation significantly  otations in a number of polae(g, acetone and methanol) and
reduces the wave function sparsity. Thus, the conventional nonpolar solventse(g, cyclohexane). However, the agreement

ground-state orbital domains that seem to work well for energy ¢, gther solvents such as benzene and carbon tetrachloride was
calculations are insufficient for accurate representations of the ) .-, poorets Kongstedet al. carried out CC-level calculations

Fertu_rbed vnave flénctio_ns (eq 142) appearir;lg oiln Lhe responsewith a dielectric continuum approach fd)¢methyloxirane but
unction. T hese homalnshmay I € expanded, however, ylfound that such a model was unable to reproduce the experi-
considering how the MOs themselves are perturbed by external,gna) trends with respect to the choice of solvent (such as the
electromagnetic fieldsthat is, by examination of the so-called change in sign of the rotation between benzene and wAter).

coupled perturbed Hartred-ock (CPHF) equations. For ex- it likelv that binati f coni based model

ample, a single component of the Hartrdeock dipole- sle(-éms_tlhey l_a_ta_colm ina |?cno|cont|nuulm- ?Se trr}o ets

polarizability tensora, may be written as coupied with explicit inclusion of solvent molecu’es at leas
within the cybotactic regime may be necessary to obtain reliable

occ vir comparison with experiment. This will naturally require mo-
Oy = z ZU:“ ﬂgi (18) lecular dynamics simulations of solvergolute interactions, an
A approach that is not viable at present given the computational

) . ) ) ) cost of high-level quantum chemical methods, the above efforts
wherei anda index occupied and virtual MOs, respectively, toward reduced-scaling techniques notwithstanding. We remain
the U}; are the solutions to the CPHF equations, atidare  optimistic, however, that the development of CC models of OR
electric-dipole integrals. The summation over the virtual orbitals and CD spectra will provide a means for the future design and
may be “back-transformed” into the AO basis and then parametrization of computationally simpler approaches, such
partitioned into its individual atomic components (assuming the gs semiempirical, DFT, and/or QM/MM models that will

one-electron basis set is centered at the nuclei, as is typical) toincorporate all the essential physical ingredients of an accurate
give the total contribution of each atom per occupied orbital to theory of chiroptical response.
the polarizability,viz.,
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