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The Kramers-Kronig (KK) transform method for deriving optical rotatory dispersion (ORD) from electronic
circular dichroism (ECD) has been analyzed. Three different numerical integration methods for the KK
transform have been evaluated, and the method proposed by Ohta and Ishida has been used for further
calculations. Using this method, the quantum mechanical predictions of electronic circular dichroism (ECD)
have been converted to corresponding ORD and compared with that derived from the linear response method.
For three molecules exhibiting monosignate ORD in the nonresonant long wavelength region, the KK transform
of ECD associated with the lowest energy electronic transition is found to give ORD values close to those
obtained with the linear response method. For molecules exhibiting bisignate ORD in the nonresonant long
wavelength region, the KK transform method may not provide the correct results. In the resonant region, the
KK transform method provides a computationally economical alternative for predicting ORD. While the KK
transform method works much like sum-over-states method for ORD, the former offers convenience in
transforming the experimental ECD spectrum without the need for spectral curve fitting.

Introduction Different levels of quantum mechanical theories, including
i o _ . Hartree-Fock (HF)1° density functional theory (DFT3 and
Optical rotation is a well-known technigti¢hat is widely coupled cluster (CC} have been used for optical rotation
practlced. in chemical sciences, mostly for.the purposes of predictions. Standard quantum mechanical progtaare now
characterizing the samples. Optical rotatory dispersion (ORD), ayailable for predicting optical rotation, which led to increased
which is a measure of optical rotation as a function of jnerest in the application of optical rotation for molecular
wavelength, was at one point in time a major area of researchgirycture determination. If the wavelength at which optical
in chemical sciences. However, ORD applications did not (tation is calculated happens to be at or near the wavelength
develop to the level of becoming an attractive tool for structural ot an electronic transition, known as resonant region, the
chemists. The development of instruments for measuring quantum mechanical expression for optical rotation becomes
electronic circular dichroism (ECB)n the ultraviolet-visible singular and optical rotation cannot be calculated in those
regions with better sensitivity has for all practical purposes regiond4without additional considerations. To avoid singularity,
diminished the role of ORD. ECD has been widely used for jifetimes of excited states had to be incorporated into the
structural characterizatiot: Such characterization in the early expression. With the inclusion of lifetimes of excited states, it
days was based mostly on empirical sector rules and spectra pecame possiblé to predict the ORD in the resonant region
structure correlations, due to the absence of methods for accuratgoy chiral molecules of interest. Nevertheless, except for ref 15,
guantitative interpretations of experimental ECD spectra. the limited number of quantum mechanical ORD studies
It is well-known that ORD and ECD are related via the reported in the literature have either confined to nonresonant
Kramers-Kronig (KK) transform®® Thus, if one of these two  regiort6 or avoided the resonant region.
properties is measured as a function of wavelength then the |mportant quantum mechanical advances have also taken
second can be obtained, at least in principle, via a KK transform. place for predicting rotational strengths of electronic transitions,
However, such transformation between experimental ECD and which represent integrated ECD band areas. Here alsd! HF,
ORD has been undertakerarely, in practice. DFT ! and CG® methods have been used for predicting ECD
The use of optical rotation in structural chemistry was limited intensities. With the availability of standard quantum mechanical
due to the lack of an obvious connection between observed program&® for ECD calculations, applications of ECD for
rotation and molecular structure. This situation has been reliable predictions of molecular structure are beginning to
changing in the past decade at a rapid pace. Following the firstappear?
ab initio calculation of optical rotatiohnumerous advances in The quantum mechanical calculations of ECD and ORD, as
qguantum theoretical methods for accurately predicting optical undertaken currently, are however independent and use different
rotation, as summarized in recent revicWmve been reported.  algorithms. However, as mentioned earlier, ECD and ORD are
related via KK transform. Then is it necessary to undertake two
tTelephone: (615) 322-2836. Fax: (615) 322-4936. E-mail: Separate calculations, one for ECD and another for ORD? Would
Prasad.L.Polavarapu@vanderbilt.edu. it not be possible to derive ORD from a given theoretical
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prediction of ECD? If that is possible, then how many ECD
bands have to be considered in the KK transform and what
restrictions might apply? Meijere et @l.did use the KK ) _ ) o
transform of theoretical ECD to obtain optical rotation at several Alternately, circular dichroismAis given as
wavelengths, but the above-mentioned questions were not . A

ddressed __O(in degrees) 06(in millidegrees)
addressed. . AA= =

Similar questions apply for experimental data as well. When 32.988 32988
experimental ORD could not be measured (as for highly
absorbing colored samples such as chiral fullerenes) is it not
possible to convert the experimental ECD into an ORD
spectrum? Since the KK transform can only be achieved with ;

e ; , [ 6(in degrees)

numerical integration methods, which numerical method should Ae = “37 088 (6)
be used for converting the experimental ECD into ORD? These )

questions are addressed in this work, with the objective to find yhich is the desired conversion between degrees and Llmol
a single KK transform algorithm that can be used to convert -1

both experimental and theoretical ECD into ORD. Another commonly used quantity, molar ellipticity][ is
The organization of this manuscript is as follows: First the gefined, in units of deg L/(metm), as

units for ECD and ORD are discussed in order to express them

in common units. Although these units have been discussed in 6(in degrees)

the literature, individually for ECD and ORD, multiple sources [0] = =5 —32.988&¢ (@)

have to be consulted to see the connection between these units.

For pedagogical and reference purposes, these units are sum- In units of degcm?/dmol, molar ellipticity is given as

marized first to provide a single reference for future studies. ]

Then three different numerical integration methods available (6] = O(in degrees) o0 a1, ®)

for KK transform between ECD and ORD are summarized. cl '

These methods are compared, for the first time, using a single ) o )

Gaussian ECD band as the test case. One method that is Rotational Strength and Molar Ellipticity. The theoretically

convenient for obtaining the KK transform of both experi- predi_cted rotational strengths, which are commonly expressed

mental and theoretical ECD has been used for further in- in units of 10%° esif cn?, represent the integrated ECD band

vestigations. Different situations for ORD predictions are aréas. For théth electronic transition, rotational strengf,,

discussed and the ORD predictions obtained from KK transform iS given asi?!

of ECD are compared to those obtained in direct ORD

2.30MA 180

0 (in degreesy= ==, - (4)

(5)

Using A = ecl, with concentratiorc in mol/L, path length in
cm, and extinction coefficient in L/(mol-cm) one obtains

calculations. R, = Im{ Ejog|;:u|wﬁtﬂijoﬁ|mu|w8@ =22.94x
Ae (4) dA ~40
Methods 109 f k(i) ~ 22'94X0 10 JAe(2) di (9)
Circular Dichroism and Molar Ellipticity. ECD spectral k

intensity is expresséds ellipticity in degrees as well as in L
mol~! cm~%. The theoretical background needed to see the
connection between these units is given below. The ellipticity,
6 in radians, is defined as

where g and vy, represent the ground and excited electronic
state wave functions respectivelji, is the electric dipole
moment operatoniy, is the magnetic dipole moment operator
and Aeg(4), in units of L/(mokcm), is expressed as a function

Ex—E g% _gw of wavelengthl. For a Gaussian band withe; as the peak
R L —

tang = == — 1) intensity, 4, as the band center anfk as half-width at 1/e of
ErtE e™t+e™ peak height, the intensity distribution is givert@as
In eq 1,Er and E are electric field amplitudes for right and Ac(A) = Aeckle*[(i*lﬁ’)/Aklz (10)

left circularly polarized light after passing through the sample;
anda = 2.303 A/2, whereA is the decadic absorbance. For g psitution of eq 10 into eq 9 gives an expression for the peak

small values off), tan 6 is approximated a®. Multiplying intensithe® ags
the numerator and denominator of eq 1 B{=™)2 one band intensithe, as
obtains?3 AR,
Ae) = ———— x 10" (11)
Q0 aR)2 _ g-(ar—ar)2 22,907
0= ~=tanh @ — 0g)2 ()

T (o —oR)2 — (o —aR)/
e e Using the peak intensite and bandwidthA,, ECD spectral

intensity (in units of L/(molcm)), at any wavelength can be

simulated with a Gaussian intensity profile (eq 10). In practice,
though, there will be several electronic transitions, so the
intensity distribution from all transitions will have to be summed

For small values of the argument, tarda (— ar)/2 ~ (oL —
oR)/2. Thus eq 2 becomes

6=2 303(AL A _ 2.30AA 3) to obtain the intensity at a given wavelength. Substitution of
' 4 4 eqgs 9-11 in to eq 8 will convert rotational strength into molar
ellipticity.
whereAA = A_ — Ar is the circular dichroism. Ellipticity can Specific Rotation and Molar Rotation. Specific rotation

be expressed in degrees by converting eq 3 from radians to[a(4)] at wavelengthl in units of degcm®/(g-dm) is defined
degrees, ags
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1000.(A) The sum in egs 15 and 16& extends over infinite number

o 12) of electronic transitions. This summation over excited states can
be avoided using linear response the®nBy incorporating

wherea(1) is the observed rotation (at wavelengdhin degrees, excited lifetimes into eq 15 and using linear response theory,

[a(d)] =

cis the concentration (grams of solute in 100%ahsolution), one can calculaté simultaneously both ORD and ECD at
andl is the path length in dm. discrete wavelengths respectively as real and imaginary parts.
In quantum mechanical methods, specific rotation is obtained This approach, implementt&dn the DALTON program, is more
as accurate than converting ECD into ORD using SOS or KK
1 transform methods.
[o(A)] = 13.43x 10‘5@ (13) Kramers—Kronig Transformation of Molar Ellipticity
A into Molar Rotation. Both electronic circular dichroism and

optical rotation are expressed, respectively as molar ellipticity
and molar rotation, in the same units (deg?mmol), before
subjecting them to KK transform. The KK transformation from

where M is molar mass (in g/mol) and the optical rotatory
parametep3(4) (in atomic units) is obtained as

1 molar ellipticity [0(u)] (as a function of wavelength) to the
BA) = é[ﬂxx(’l) + By(A) + B AA)] (14) molar rotation {(1)] at wavelengthi is given a*
where Sy, related to the electric dipolemagnetic dipole _ 2 pw u
polarizability tensor &2’ B, = —w G, is given, for [o()] _;ﬁ) [9('“)](12_#2) du 17)
example, as
1 2232 The integration in eq 17 will be truncated to a limited region,
k ~ ~ because it is not practical to integrate from zero to infinity.
)= Im{ @3 Ppe| M, |ywo 15
Pul) hnczg; 1232 {Bpolyillind Myl (19) A reviewer has suggested that the KK transform of a truncated

K ECD spectrum can be shown formally as equivalent to the

In eq 15,4 = hd(E2 — E9) with ES and EC representing the  truncated SOS expression. Then one might wonder about the
unperturbed energies of ground and excited states, respectivelyadvantages/disadvantages of using the KK transform. A distinct
here they are written in terms of wavelength to be consistent convert the experimental ECD spectrum into ORD spectrum
with other equations. Substituting eqs 9, 14, and 15 into eq 13 Using eq 16, parts b and ¢, one has to fit the experimental ECD
gives the sum-over-states (SOS) expression for ORD in the Spectl’um to some Chosen (GaUSS|an, Lorent2|an, or some Other)

nonresonant region as band profiles and extract the rotational strengths of individual
bands. Such tedious spectral curve fitting exercise, and associ-

4.477x 10°° A ated inherent ambiguities, can be completely avoided in the KK

[a)] = R, (16a) transform (vide infra), which is a clear advantage. In converting

Mhsc? =12 the theoretical ECD band intensities into ORD, however, the

KK transform does require ECD spectral simulation using some
Molar rotation [p(1)], in units of (degcn?/dmol), is then band profiles (vide infra), while SOS method (eq 16b,c) does

defined*26 as not (because theoretical predictions give integrated ECD band
5 areas, as rotational strengths).
4.477x 10’ A The integral on the right-hand side of eq 17 has a singularity
[pA)] = [a(A)] x 100 ; Z R (6Db) a3 = 4. To overcome this problem, different numerical
hrzc AT =X methods have been proposed for evaluating this integral. Of

these, the most often cité@pproach is that of Moscowr%

The calculation of ORD in the nonresonant region using SOS and to a lesser extelis that of Emeis et 8l Most convenient

method has peen reporteq recer%ﬁwo calculz_;lte ORD in the method, which has never been used before in the circular
resonant region, and avoid singularitylat= A in eq 16, parts dichroism community, however is due to Ohta and IsRd@rst
a and b, the denominator in eq 16, parts a and b has to be ’

o . - - . we will describe these three methods and compare their
modified to include the lifetimes of excited stafés-ollowing : :
Barron? 1/(12 — A@)can be written a-+ ig, wheref = (12 — performance to establish the method of choice.

22 — 1?2 + 2203 and g = TWA[(2 — 1d)? + A0, Nume_ric:';ll Integratifn Methods for KK Transform. (A) _
whereT is the full width of the band at half the maximum Moscowitz's Method? This method assumes a Gaussian

height. The real part f contribu®@sonly to ORD while the intensity profile for ECD bands. For théh ECD band with a

imaginary part contributé3to CD. Thus, ORD becomes Gaussian intensity profile (eq 10), peak intensitfj fand half-
width at 1/e of peak heighty,, the ECD intensity at wavelength
4.477x 1077 A2 =22 u becomes ()] = [OF]e{—#IAAP, Then the KK transfor-
[p(D)] = Ry (16¢) mation for a system with one ECD band (labeled by the
hrec? (2 =207+ subscriptk) becomes

The SOS expressions (eq 16b for nonresonant region only 2[03] . ,

and eq 16¢c for both resonant and nonresonant regions) [@)] =—ﬁ) o [lemsidla] —Z'M—zd,u (18)
indicate that ORD can be obtained from a knowledge of 7 (A" —u)

ECD intensitiesR«. An alternate approach to convert ECD into

ORD is to use the KK transformation as described in the next For bandwidth smaller than the wavelength at band center (i.e
section. Ak < < uy), eq 18 was writte?f to a good approximation as
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[_O] -G 2RI f(i;_k*k) & dx —

0

Ay

200 + )
(19)

[onD)] =

The integral involved in this equation has been evaluated in
the present work using trapezoidal numerical integration by

dividing the range from 0 toi(— Ap)/Ag into N intervals such
that IN[(4 — A)/Ad = h, as follows:

2[6)] g
[e—[a —I(AW)] fO(Tk) e dx =

A—=AR

—h
269 ( Ax ) [e(x+h)27[(afiﬁ)mk12+ exL[(HE)/Ak]j

h| (20)
.7T1/2

x=0 2

The value ofx in the summation of on the right-hand side of
eq 20 changes in incrementstoivhose magnitude was chosen
to be 0.01. For a system withECD bands, total molar rotation
[¢(A)] at wavelengthA is obtained by summing over all
contributions fromn bands. That is

n

A)] = A 21
[6(A)] k;[dm( )] (21)

(B) Emeis, Oosterhoff, and deVries MetHodihe original
expressions given by Emeis etbaliere in terms of frequencies.

Here they are rewritten in terms of wavelength. In this method,

eq 17 is rewritten as

()] =— ﬂ) [9(/1)] 2 du =

[9(/4)]

= [0()]

it dﬂ] (22)

[L

On the right-hand side of eq 22, the first integral has a singularity

atA = u. To avoid this singularity, the integral can be broken
into three parts as follows:

oo[9(/4)] Y= fl 0 [9(/4)] IM [9(/4)]
w [9(/4)]
Snim e @

In practice, the integration limits of 0 and infinity cannot
be realized, so we have to restrict the integration to a finite
region, e.g., froma to b. Substituting eq 23 into eq 22, one
obtains

(o] = L f o [G(ﬂ)]dﬂ fm [9(#)]

b [04] fb [0()]

/‘H’(Sl /’L a l—}—‘udﬂ (24)

Emeis et al. suggestédhat these integrals can be evaluated
using a numerical procedure by dividing the range frato b
into N equal intervalsh = (b — a)/N, and using @(u)] values

at odd multiples oh/2 intervals as follows:

Polavarapu

[0(0)]

[9(/1)]
- !//‘1+a d,u ~

f
1 N [6(a+kh— h2)]

TTk= n—k

b [0()] 1 N [0(a+ kh— h/2)]
- ——du~ -y ———— (26
a’t A+u e n+k
0
= fi% = -2000) - o) @)

wheref' (1) = {d[0(A)]}/dA and 0" (1) = {*[O(A)]}/dA3; the #
sign on the summation in eq 25 indicates that the term with
n=k is omitted. Then the molar rotation at a wavelendths

a + nh — h/2, is obtained by substituting eqs 287 into eq
24.

In the practical implementation of this method, eq 24 was
calculated for each ECD band, who#$é{)] was simulated with
Gaussian intensity distribution and total molar rotation was
obtained as in eq 21 by summing over contributions from all
ECD bands. The derivatives in eq 27 have been obtained in the
present work using a 4-point numerical derivative formulas
given by Emeis et d.

(C) Ohta and Ishidss Metho®® The KK transform between
absorption and refractive index as discussed by Ohta and Ishida
has been adopted here for molar ellipticity and molar rotation.
The original equatior8 of Ohta and Ishida, written in terms of
wavenumbers, are rewritten here in terms of wavelength.
Assuming that the ECD spectrum is available at constant
intervals of h and that the wavelengths and spectral intensities
at these intervals are labeled, respectivelyyasd ()] with
j=1,2,..N, eq 17 can be approximated, following Ohta and
Ishida, as

o U

_2 e M
[N ==, o] " d
[60)]

2 1

—|@2h)|= Z# -

4 21T A
In this equation, the summatiory# signifies that the
summation uses alternate data points to avoid singularity at
A = u. If the wavelengthi, where molar rotation is to be
calculated, corresponds to an odd data number, then the
summation is carried over even data numbers. On the other hand
if the wavelength where molar rotation is to be calculated
corresponds to an even data number, then the summation is
carried over odd data numbers. Equation 28, referred to by Ohta
and Ishida as Maclaurin’s formula, is the easiest to implement
among the three methods discussed. Ohta and Ishida also
showed® that among several numerical methods that they
evaluated, eq 28 provided least deviation from the exact KK
transform.

It should be noted that eq 28 has never been applied before
for converting ECD to ORD. In the practical implementation,
eq 28 was calculated for each ECD band, whayg)] was
simulated with Gaussian intensity distribution and total molar
rotation was obtained as in eq 21 by summing over contributions
from all ECD bands.

[6()]

Aty

Results

Comparison of the Numerical Integration Methods. We
are not aware of any previous comparison in the literature of
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Figure 1. (A) Comparison of different numerical integration methods for the KK transformation of one Gaussian circular dichroism band. Traces
a and b were obtained using egs 28 and 19, respectively; trace ¢ was obtained using eq 24. (B) Comparison of major contribution terms in different
numerical integration methods: eq 20 for Moscowitz’'s method, eq 25 for the method of Emeis et al., and the first term in eq 28 for Ohta and
Ishida’s method. All three curves fall on top of each other, so they cannot be distinguished. (C) Contribution from the third term (eq 27) in the
method of Emeis et al. (D) Contribution from the second terms in different methods. Traces a and b were obtained from the second terms in egs

19 and 28, respectively. Trace ¢ was obtained from eq 26. For all of the traces, one ECD bahi=w®00 nm; py] = 1 degcn?/dmol; Ay =
20 nm, and Gaussian intensity distribution were used.

the three methods discussed above. Moscowitz’'s method istwo terms (the first and second terms in eq 28) in the method
specific for Gaussian intensity distribution, while the remaining of Ohta and Ishida. It is found that the major contributions to
two methods are applicable for any ECD spectral data available molar rotation in all three methods (eq 20, eq 25, and the first
at constant intervals. To provide a common data set for all three term in eq 28) are all identical (see Figure 1B). The contribution
methods, Gaussian intensity distribution is assumed for the ECDfrom the third term (eq 27) in the method of Emeis et al. (see
bands that were used to obtain the numerical KK transform. Figure 1C) has a shape similar to that of the first term (eq 25)
For a quantitative comparison of these methods, root-mean-but is of very small magnitude (maximum valuesde x 1073
square percent difference (RMSP) will be used which is defined around the band center for the band parameters used in Figure
as 1). Then the difference (Figure 1A) noted in the short
wavelength region between the method of Emeis et al. and other
_ 2 two methods must originate from eq 26 and the second terms
RMSP= E L ATetl, — ot x10 (29) in egs 19 and 28. Contributipn fr.om. the sec.ond tgrm in eq 19
N&|0.5{[p(2)]; + [p(2)],} (Moscowitz's method) imegatie with its magnitude increasing
at shorter wavelengths (Figure 1B2.8 x 1072 at 200 nm)
and is identical to that from the second term in eq 28 (Ohta
and Ishida’s method). The root-mean-square percent difference

However, eq 29 can only be used to compare the methods Ofbetween Moscowitz and Ohta and Ishida’s mehods for this

; > :
Moscowitz and Ohta and Ishida, because wavelength incrementslecor_]d ter}:n s & 1072 dAlthOl;gh €q 26d(metho_d of ETS'S e(; 28
for the ORD calculations with these two methods is an integer al.) gives the same trend as the second terms in egs 19 an '

multiple of interval h. In the method of Emeis et al., this € Magnitude of the contribution from eq 26 is large6(6 x
wavelength increment is an odd multiple lo®. 1072 at 200 nm for band parameters in Figure 1A). Thus, the

To compare the three numerical methods, the KK transform main difference between the method of Emeis et al. and the

of a single Gaussian ECD band was considered as a test cas@ther two methods comes from a larger magnitude contribution
with the following parametersi® = 300 nm; P = 1 deg from eq 26 at shorter wavelengths. From the above discussion
kK = » bl =

cm?/dmol andAx = 20 nm: integration range 100-500 nm it can be seen that the results of Moscowitz’'s method (eq 19)
The results are shown ir; Figure 1A, where traces averé are identical to those obtained with the method of Ohta and

obtained using the methods of MoscowitDhta and Ishid&? Ishida (eq 28).
and Emeis et aP respectively. It is apparent that two methods, ~ For converting theoretical ECD spectrum into ORD, one can
that due to Moscowitz and that due to Ohta and Ishida, give use KK transform (eq 19 or eq 28) or SOS expression (eq 16b,c).
essentially the same result, but the third method, due to EmeisThe use of eq 19 requires the use of Gaussian band profiles for
et al., gives somewhat different results, especially at shorter ECD bands, but eq 28 can be used with any band profile. For
wavelengths. The root-mean-square percent difference betweeriransforming the experimental ECD spectrum (where data are
Moscowitz and Ohta and Ishida’s mehods is 0.14. digitized at constant intervals) into ORD, it is advantageous to
To obtain further insight into the source for the differences use eq 28 over SOS expression (eq 16b,c) because raw
among these methods, individual contributions from different experimental data can be used as such with eq 28. However, to
terms in each of the three methods were analyzed. For thisuse the SOS expression (eq 16b,c), one has to fit the experi-
purpose the same parameters as those used to obtain Figure 1/ental ECD spectrum to some chosen band profiles and extract
were used. Molar rotation has contributions from two terms in the integrated areas (rotational strengths) of individual ECD
Moscowitz’s method (the first and second terms in eq 19), three bands, which will be influenced by the inherent ambiguities
different terms (eqs 2527) in the method of Emeis et al. and associated with the curve fitting procedures.

where p(4i)]1 and [p(1i)].are the molar rotations obtained in
two different methods, 1 and 2 respectively, at wavelergth
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TABLE 1: Comparison of Molar Rotations (deg-cm?dmol) Obtained with Linear Response and KK Transform®Methods for
(R)-3-Chloro-1-butyne

B3LYP/6-31G* B3LYP/aug-cc-pVDZ B3LYP/6-3t+G(2d,2p) B3LYP/aug-cc-pVTZ
wavelength linear KK linear KK linear KK linear KK

(nm) response transform response transform response transform response transform
633 135 11.6 22.9 26.8 135 23.4 20.6 24.4
589 16.5 13.7 27.5 31.6 16.5 27.6 24.7 28.8
546 20.6 16.3 33.4 37.9 20.6 33 30.1 34.4
436 42.9 28.7 63.4 67 42.9 58.1 57.4 60.5
405 56.4 35.2 80.4 82.2 56.4 71.2 72.9 74
365 86.1 45.1 116.3 113 86.1 97.5 105.7 101.2

aUsing ECD of lowest energy electronic transition.

- 500 B3LYP/6-31G* g 500 B3LYP/aug-cc-pVDZ
-§ 400 g 400
K} 300 ) é 300
£ 200 = 200
2 100 3 100
P e A
0 - ; ] =
550 650 350 450 550 650
Wavelength (nm) ‘Wavelength (nm)
= 500 B3LYP/6-31++G(2d,2p) = 500 B3LYP/aug-ccpVTZ
=} =]
4 g
g § 400 ©
: g 300 0
p L 200 1 P
2 < 100
= = 0+ .
350 450 550 650 350 450 550 650
‘Wavelength (nm) Wavelength (nm)

Figure 2. Comparison of ORD forR)-3-chloro-1-butyne obtained from linear response method (a) with those obtained from KK transform of
ECD (b, c) The calculations were performed at B3LYP/6-31G* (top left panel), B3LYP/aug-cc-pVDZ (top right panel), B3LYP#6582d,2p)

(bottom left panel), and B3LYP/aug-cc-pVTZ (bottom right panel) level. Theoretical ECD spectra were simulated with Gaussian intensity profile
with 20 nm half-width at 1/e of peak height. Trace b was obtained from the ECD of the lowest energy electronic transition. Trace ¢ was obtained
from the ECD of the first 25 electronic transitions.

From the information provided above, it can be seen that eq can be used. Even in this finite number, there is no a priori
28 represents a single algorithm that can be used for all of the criterion to choose a certain number of electronic transitions.
following needs: (a) Digitized experimental ECD can be For this reason, we make two choices: (a) use only the first
converted to ORD without the need for spectral curve fitting. lowest energy electronic transition; (b) arbitrarily use the first
(b) Theoretical ECD can be converted to ORD, in both resonant 25 electronic transitions. There is no specific reason for choosing
and nonresonant regions, using a chosen intensity distribution25 transitions, and one could have equally chosen 10 or 50
(Gaussian, Lorentzian, etc.) for theoretical ECD spectra. transitions. ORD obtained with these two choices will be

Comparison of ORD Derived from KK Transform and compared to that obtained with the linear response method,
Linear Response Methods.n the following sections, ORD  considering three different situations: (a) monosignate ORD
derived from eq 28 will be compared to that obtained from the in the long wavelength region where no electronic transitions
linear response method. For optical rotation calculations using appear; (b) bisignate ORD also in the long wavelength region
linear response method, this method as implemented in thewhere no electronic transitions appear; (c) ORD in the resonant
Gaussian 03 prografftwas used. The same program was used wavelength region.
for calculating the rotational strengths of electronic transitions.  (A) Monosignate ORD in the Nonresonant Longsé&angth
In each case, the molecular geometry was optimized at the sameRegion. (R)-3-chloro-1-butyn&or this molecule, calculations
theoretical level as that used for predicting rotational strengths were carried out using B3LYP functional and four different basis
and optical rotation. To apply the KK transform method using sets, namely 6-31G*, aug-cc-pVDZ, 6-3t+G(2d,2p), and
eq 28, the theoretical ECD spectra were simulated with Gaussianaug-cc-pVTZ, and the results are shown in Table 1 and Figure
band profiles withAx = 20 nm. Since the predicted electronic 2. In this figure, trace a was obtained with linear response
transitions for any of the molecules considered did not occur at method, trace b with the KK transform of ECD associated with
shorter wavelength than 100 nm, a integration range of-100 the lowest energy transition, and trace ¢ with KK transform of
650 nm was used in the KK transform. In some cases where ECD associated with the first 25 electronic transitions. It is
electronic transitions included in the KK transform occurred apparent that the KK transform of ECD associated with lowest
close to 100 nm, integration range was extended toGED energy transition yields ORD that matches nearly quantitatively
nm, but that did not significantly change the results shown here. (see aug-cc-pVTZ results in Table 1) with that obtained from

The ORD results obtained from the KK transform depend linear response method; ORD magnitudes obtained from the
on the number of electronic transitions used. In principle one KK transform of ECD associated with the first 25 electronic
should use, although physically impossible, an infinite number transitions deviate significantly (see Figure 2). The following
of electronic transitions in the KK transform. However, practical statement can rationalize these observations. Since ORB)for (
reasons dictate that only a finite number of electronic transitions 3-chloro-1-butyne in the 356650 nm region determined from
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Figure 3. Comparison of ORD forR)-3-methylcyclohexanone obtained from linear response method (a) with that obtained from KK transform
of ECD (b, c¢). The calculations were performed at B3LYP/6-31G* (left panel) and B3LYP/aug-cc-pVTZ (right panel). Theoretical ECD spectra
were simulated with Gaussian intensity profile with 20 nm half-width at 1/e of peak height. Trace b was obtained from the ECD of lowest energy
electronic transition. Trace ¢ was obtained from the ECD of the first 25 electronic transitions.
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Figure 4. Comparison of ORD forR)-3-methylcyclopentanone obtained from linear response method (a) with that obtained from KK transform
of ECD (b, c). The calculations were performed at B3LYP/6-31G* (left panel), B3LYP/aug-cc-pVDZ (right panel). Theoretical ECD spectra were
simulated with Gaussian intensity profile with 20 nm half-width at 1/e of peak height. Trace b was obtained from the ECD of lowest energy
electronic transition. Trace ¢ was obtained from the ECD of the first 25 electronic transitions.

the KK transform of ECD associated with the first electronic (+)-(R)-3-Methylcyclopenatnon€alculations were carried
transition reproduced satisfactorily that obtained from linear out for equatorial-methyl conformer using B3LYP functional
response method, the net sum of ORD contributions to this and two different basis sets, namely 6-31G* and aug-cc-pVDZ,
region from all of the remaining high energy electronic and the results are shown in Figure 4. As before, trace a was
transitions must have been small (or nearly zero). When ECD obtained with the linear response method, trace b with the KK
associated with a finite number of electronic transitions, beyond transform of ECD associated with the lowest energy transition,
the lowest energy transition, is used in the KK transform and trace ¢ with the KK transform of ECD associated with the
erroneous ORD can result due to inadequate compensatiorfirst 25 electronic transitions. In the B3LYP/6-31G* calculation,
among the finite number of transitions considered. the KK transform of ECD associated with either lowest energy
(+)-(R)-3-MethylcyclohexanoneCalculations were carried  transition or the first 25 transitions yields ORD whose magni-
out for equatorial-methyl conformer in the chair form using tudes are only slightly larger than those obtained with linear
B3LYP functional and three different basis sets, namely 6-31G*, response method. In the B3LYP/aug-cc-pVDZ calculation also,
aug-cc-pvVDZ, and aug-cc-pVTZ. The results obtained with the KK transform of ECD associated with either the lowest
6-31G* and aug-cc-pVTZ basis sets are shown in Figure 3. The energy transition or the first 25 transitions yields ORD
results obtained with aug-cc-pVDZ basis set are similar to those magnitudes that are only slightly different from those obtained
obtained with aug-cc-pVTZ basis set and are not shown. As with the linear response method. These observations can be
before, trace a was obtained with the linear response method rationalized by the following statement. Since ORD fét){
trace b with the KK transform of ECD associated with the lowest (R)-3-methylcyclopenatnone in the 35650 nm determined
energy transition, and trace c with the KK transform of ECD from the KK transform of ECD associated with the first
associated with the first 25 electronic transitions. In both electronic transition reproduced satisfactorily that obtained from
calculations, the KK transform of ECD associated with the linear response method, the net sum of ORD contributions to
lowest energy transition yields ORD magnitudes that are similar this region from all of the remaining higher energy electronic
to those obtained with linear response method. However, ORD transitions must have been small.
magnitudes obtained from the KK transform of ECD associated  For the three molecules considered above, it is evident that,
with the first 25 electronic transitions differ significantly. In  for monosignate ORD in the nonresonant long wavelength
the case of aug-cc-pVTZ calculation, a negative ORD with region, the KK transform of ECD associated with the first lowest
increasing magnitude at shorter wavelength is obtained, which energy electronic transition reproduces the ORD obtained with
is just opposite to that obtained with 6-31G* basis set and also linear response method quite well. However, this should not be
with the linear response method. These observations suggestonstrued as a generally applicable result (vide infra).
that, since ORD for-)-(R)-3-methylcyclohexanone in the 350 (B) Bisignate ORD in the Nonresonant Long Mgkength
650 nm region determined from the KK transform of ECD Region.The origin of bisignate ORD in the resonant region is
associated with the first electronic transition reproduced satis- well understood because, as can be seen in Figure 1A, ORD
factorily that obtained from linear response method, the net sum changes sign at the wavelength of electronic transition. One
of ORD contributions to this region from all of the remaining should be aware that bisignate ORD can also occur in the
high energy electronic transitions must have been small. Whennonresonant long wavelength region, due to opposing ORD
ECD associated with a finite number of electronic transitions, contributions from ECD associated with different electronic
beyond the lowest energy transition, is used in the KK transform, transitions situated at shorter wavelengths. To illustrate this
erroneous ORD can result due to inadequate compensatiornpoint, a simulated ORD resulting from a positive ECD band
among the finite number of transitions considered. centered at 300 nm and a negative ECD band centered at 200
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a correct prediction of bisignate ORD in the nonresonant long
.§ 500 | \k wavelength region is a challenge for both KK transform and
£ 2001 © linear response methods.

% 100 - (C) ORD in the Resonant Wealength Region.In the

S -400 ® wavelength region where electronic transitions occur, ORD

= 700 ‘ contributions from the ECD associated with transitions situated

350 450 550 650 at far away wavelengths will be secondary (unless their ECD

Wavelength (nm) intensities turn out to be unusually large) compared to those

from ECD associated with transitions in the resonant region.

Figure 5. Simulation of bisignate ORD in the nonresonant long L . ;
wavelength region. (a) ORD from positive Gaussian ECD band centered Therefore, for the KK transformation, it is sufficient to consider

at 300 nm. (b) ORD from negative Gaussian ECD band centered at1USt those electronic transitions that appear in (and perhaps, in
200 nm with a 3 times larger magnitude of rotational strength. (c) Total the immediate vicinity of) the resonant region under investiga-
ORD resulting from the overlapping contributions of parts a and b. tion. For ORD predictions in the resonant region, the KK
The ORD sign change occurs at 488 nm, Both ECD bands were transform method might be advantageous over the linear

assumed to have half-width of 20 nm at 1/e of peak height. response method for reasons of computational time (vide infra).
One exampl® for this category that is currently under
B3LYP/6-31G* . . . . . . .
g 2800 - \‘c)\ investigation is @s. Here, ORD in the resonant region obtained
g ] from the KK transform of DFT predicted ECD is foufido be
g 18007 ® in agreement with that predicted using linear response method
g 8001 o e at the same theoretical level as well as with the ORD derived
S L (D L .
= 00 e S S from the KK transform of experimental ECD.
350 450 550 650 Discussion
Wavelength (um) For predicting ORD in the nonresonant long wavelength
Figure 6. Comparison of ORD for$)-(—)-3,3,3,3-tetramethyl-1,k region, where no electronic transitions appeatr, the three simple

spirobi[3H,2,1]-benzoxaselenole obtained from the linear response molecules (R)-3-chloro-1-butyne,R)-3-mehylcyclohexanone,
method (a) with those obtained from the KK transform of ECD (b, ¢). and [)-3-methylcyclopenatnone) considered indicate that the
Trace d shows the experimental data from ref 31. The calculat?ons wereKK transform of ECD associated with the lowest energy
performed at B3LYP/6-31G?. Theoretical ECD spectra were simulated . nqiion gives essentially the same result as that obtained from

with Gaussian intensity profile with 20 nm half-width at 1/e of peak .
height. Trace b was obtained from the KK transform of ECD associated the linear response method. It should be stressed hererigat

with the lowest energy electronic transition. Trace ¢ was obtained from Should not expect to see this befur in generaland should
the KK transform of ECD associated with the first 25 electronic Not expect to obtain quantitatively accurate numbers from the

transitions. KK transform of ECD associated with one electronic transition.
The same statements apply for deriving ORD using SOS method
nm (with magnitudes of rotational strength in 1:3 ratio) is shown (eq 16b,c). Nevertheless, it is interesting to note that the
in Figure 5. Both ECD bands were assumed to have half-widths magnitudes of ORD obtained this way are quite close to those
of 20 nm at 1/e of peak height. The total ORD is seen to change obtained in the linear response method. Since the latter method
sign at 488 nm, where there is no electronic transition. Such indirectly accounts for an infinite number of electronic transi-
reversal of ORD sign, at a wavelength far from the electronic tions, it appears that the sum of ORD contributions from the
transitions, is actually observE83%-32in the experimental data  electronic transitions beyond the first is either nearly zero or
for some molecules. Such cases are problematic for theoreticalsmall. This is an important observation because if the same
predictions, because (except for fortuitous cases) very accuratebehavior upholds in other molecules that also exhibit mono-
calculations are often needed to correctly reproduce the ORD signate ORD in the nonresonant long wavelength region, then
sign reversal in the nonresonant long wavelength region. Someprediction of ORD is obtained trivially from ECD of one
examples includg-pinené**3%and 3,3,33-tetramethyl-1,% transition. If the sign of monosignate ORD in the nonresonant
spirobi[3H,2,1]-benzoxaselendle(spiroselenurane, for short)  long wavelength region is opposite to that of ECD associated
and methyloxirané? For spiroselenurane, electronic transitions with lowest energy transition, then multiple transitions have to
appear at wavelengths shorter than 285 nm. However, experi-be included in both KK transform and SOS methods. However,
mental ORB! changes sign at 475 nm (Figure 6, trace d). Linear then it is not clear how to truncate the number of electronic
response method calculation at B3LYP/6-31G* level (Figure transitions to be considered with these methods.
6, trace a) does predfétsign reversal in ORD for this molecule When a finite number of electronic transitions are included
[which is probably fortuitous because higher level calculation in the KK transform, for the molecules considered here, the
at B3LYP/6-31-G does not prediét this sign reversal]. The  predicted ORD is found to deviate significantly from that
KK transform of ECD obtained at the same B3LYP/6-31G* obtained with linear response method. One would see the same
level, however, predicts only monosignate ORD regardless of behavior with SOS method (egs 16b,c), because the final result
using the ECD associated with the first lowest energy transition in SOS method also depends on where the summation is
(Figure 6, trace b) or the first 25 low energy electronic transitions truncated. The reason for this is an inadequate compensation
(Figure 6, trace c). It is not clear how to choose the number of among the transitions included in both KK transform and SOS
electronic transitions needed to reproduce the sign reversal inmethods. As the number of electronic transitions considered is
ORD and as a result KK transform approach fails here. increased, one would essentially be probing the transitions into
However, the linear response method also fails for spiro- continuum, so the high-energy transitions occur very close to
selenurane at B3LYP/6-31G level. The difficulties with the each other. As a result the compensation among ORD contribu-
linear response method f@rpinené*?3%and methyloxiran®& tions from these high-energy transitions becomes ill-defined.
in reproducing the bisignate ORD in the nonresonant long  For molecules, which fall into the category of monosignate
wavelength region have been documented in the literature. Thus,ORD in the nonresonant wavelength region, and also possess
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the same sign for ECD of lowest energy transition, the emphasis - Expt ug-cc-pVTZ
should be on predicting the ECD of lowest energy transition ; i aug-cc-pVDZ
accurately. In these cases, both KK transform and SOS methods 1

do not yield any new information. However, to ascertain that a ‘1) :’y

given molecule belongs to this category, both experimental ORD 24

and ECD spectra should have been measured in the first place. j ] ‘

If bisignate ORD is either experimentally observed or 180 215 250
theoretically predicted, in the nonresonant long wavelength
region where there are no electronic transitions, then that is a
clear indication of oppositely signed ORD contributions from Figure 7. Experimental and predicted ECD spectra fer){(R)-3-
two or more electronic transitions situated at shorter wave- chloro-1-butyne. The experimental spectrum is plotted from data taken
lengths. Such ORD pattern is difficult to predict with KK from ref 39. Predicted spectra were obtained with the B3LYP functional

transform and SOS methods because of the uncertainty in the?"d 6-31G*, aug-cc-pvDZ, and aug-cc-pVTZ basis sets. The ECD

. L . spectrum obtained with the 6-3%G(2d,2p) basis set (not shown) is
number of electronic transitions that one has to consider. A ;j. tical to that obtained with the aug-cc-pVTZ basis set,
similar difficulty exists with the linear response method as well,
because a delicate balance between opposing ORD contribution%ﬂuencega solute=solute interaction&
has to be correctly reproduced in the calculations, which ' i
amounts to predicting correct relative positions of electronic

transﬁiSQ(;Za_md associated rotational stren_gths. For S_UChwazzeIength correction Calculated electronic transitions may
cases,™ it may become necessary to use higher thgoretlcal appeat® at shorter (for HartreeFock methods) or longer (for
levels that can correctly represent the excited electronic states.g3) yp density functional methods) wavelengths, relative to the
In the resonant wavelength region, ORD predictions using experimentally observed transition wavelengths. As an example,
the KK transform method are probably advantageous over thethe experimental ECD spectrdfof (+)-(R)-3-chloro-1-butyne
linear response method. For applying the KK transform method js compared to those predicted using B3LYP functional and
it is sufficient to consider only those electronic transitions that different basis sets in Figure 7. As can be seen in this figure,
appear in the resonant region being considered. To correctlyB3LYP predicted positive ECD band appears at longer wave-
reproduce the ORD in the edges of that region, it might be |ength, (hamely 204, 215, and 213 nm respectively in 6-31G*,
necessary to also include the transitions in the immediate vicinity aug-cc-pVDZ, and aug-cc-pVTZ calculations) compared to the
of that region. The linear response method, however, amountscorresponding experimental band at 192 nm. In such cases the
to including infinite number of electronic transitions, requiring  experimentally measured optical rotation value at 589 nm does
much more computational time. With the Gaussian 03 program not correspond to the calculated optical rotation value at 589
on a IBM P690 cluster of computers with eight processors at nm. Instead, calculation of optical rotation should be done at a
the University of lllinois, optical rotation calculation at a single wavelengthshiftedfrom 589 nm, to account for the difference
wavelength for Gs using the B3LYP/6-31G* theory required  petween calculated and experimentally observed electronic
477 h of clock time. To calculate ORD at several wavelengths, transition wavelengths. Such wavelength corrections are manda-
the corresponding time would be much higher. On the other tory for quantitative comparisons but have not been addressed
hand, the ECD calculation for the first 25 electronic transitions to date in the literature. A problem in making wavelength
required only 70 h of clock time. At the HF/6-31G* level, the  corrections is that the wavelength shift may vary for different
corresponding times for 46 were 80 and 57 h, respectively. transitions and experimental data may be limited to a certain
Even when OR calculation at a single wavelength required the region (as was the case for 3-chloro-1-butyne). In that case one
same amount of time as ECD calculation for several transitions, would have to estimate asffectve wavelength shift. This
ORD calculations using the linear response method would be problem is circumvented in the ORD studies, where one can
time demanding because OR calculations are required at severagee the trend in optical rotations as a function of wavelength
wavelengths. Thus, for such large systems, KK transform and shift the whole curve as needed in relation to the
method can make ORD calculations possible in situations whereexperimental data. In fact in this manner one may be able to
the calculation of ORD with the linear response method may determine thesffectve wavelength correctionAs an example,
not be feasible (at least for those who do not have access tocomparison of the experimental ORD (trace d, Figure 6) with
supercomputing facilities). It should be pointed out that the the B3LYP/6-31G* predicted ORD using linear response
advantages mentioned in this paragraph for KK transform method (trace a, Figure 6) for selenur#niadicates that the
method will also apply to SOS method (egs 16b,c). sign reversal in the experimental ORD curve occurs at 475 nm,
It is important to note that the magnitudes of ORD obtained while that in the predicted ORD curve occurs-a524 nm,
in the KK transform and SOS methods are only approximate indicating aneffectve wavelength correctiorof ~49 nm. This
because of the limited number of electronic transitions used. would mean that the experimental optical rotation at 589 nm
For quantitatively accurate estimates of ORD magnitudes, the for this molecule is better compared to that calculated at 638
linear response method is to be preferred. In all three cases ofim, not at 589 nm.
ORD mentioned above, the measurement of ORD is a pre- An alternate approach to determine wavelength correction is
requisite to identify the category to which a given molecule to compare the experimental and theoretical ECD spectra and
belongs. deducé? the wavelength shift needed for theoretical spectra to
There has been considerable discus¥ion the literature match the corresponding experimental ECD spectra. Such
regarding the errors associated with predicted optical rotation wavelength corrections should be incorporated in determining
magnitudes. Most of these discussions are based on predictinghe quantitative deviations between experimental and predicted
optical rotation magnitudes at a single wavelength, 589 nm. For optical rotation magnitudes.
the noted differences between predicted and experimental From the discussion in this article, it becomes apparent that
magnitudes, various sources such as basis set ébrendyent for practical applications of theoretical optical rotation predic-

-1

-1
L mol c¢m

Wavelength (nm)

and/or vibrational
correctiong® are being considered. However an important source
that has not been addressed thus far in the literature is the
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tions, the availability of both experimental ECD and ORD is
important. If experimental ORD is not available, it can be

generated from the corresponding experimental ECD spectrum.
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