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Abstract

Optical rotations of several conformers of four fluorinated molecules containing the
I-naphthalene or 4-(benzyloxy)phenyl group at the stereocenter have been calculated
in both the gas phase and in an aqueous environment. For the compounds contain-
ing the 4-(benzyloxy)phenyl group, solvent effects on the optical rotations have also
been investigated in chloroform as solvent. Optical rotations have been obtained by
time-dependent density functional theory (TDDFT) with the CAM-B3LYP functional
and the aug-cc-pVDZ basis set at A = 589 nm. Implicit and explicit solvent effects
were investigated through the polarizable continuum model (PCM) and a microsol-
vation approach in conjunction with PCM, respectively. In the latter model, solvent
molecules are considered as an explicit solvent and their positions are obtained by
geometry optimizations for different conformers of the chiral molecule. For molecules
containing the 1-naphthalene group, this model gives the same optical rotation signs
for all conformers as compared to both gas phase and PCM results and reduces abso-
lute deviations between calculations and experiment. Also, the microsolvation model
reproduces the sign of the experimental optical rotations for the molecules containing
the 4-(benzyloxy)phenyl group using both water and chloroform as solvent. In a mi-
crosolvation model, however, the water and chloroform solvent molecules have similar
hydrogen bonds but different effects on the conformation and thereby on the optical ro-
tation since one dihedral angle, having a large effect on the optical rotation, is strongly
sensitive to hydrogen bonding to water but not to chloroform. Our investigations
demonstrate that a microsolvation approach in conjunction with PCM predicts optical

rotations in reasonable agreements with experiments for both sign and magnitude.



1. Introduction

Chiral molecules are of fundamental importance in many fields of science.'® The determi-
nation of their absolute configuration, in the context of synthesis or isolation is crucial for
understanding their structure-property relationships. For a new chiral molecule, the deter-
mination of its absolute configuration (AC) requires experimental methods such as synthesis
from known precursors, X-ray crystallography ! or chemical correlation. While experimental

1 employing a combination of theoreti-

methods are rather time-consuming and expensive,
cal and experimental methods has been demonstrated as a valuable tool for predicting the
AC by the comparison of a measured optical response of a chiral candidate with theoret-
ical predictions of a known AC.'27'6 This approach has motivated developments of quan-
tum chemical methods to predict chiroptical responses, in particular the optical rotation.
Hartree-Fock (HF) theory was introduced as the first quantum chemical method for predict-
ing optical rotation. ™23 However, density functional theory (DFT)?**° and coupled-cluster
(CC) 283134353748 ahproaches have been used extensively to account for electron correlation
and therefore give more accurate predictions.

Since most optical rotation measurements are in the condensed phase (i.e., solutions or
pure liquids), a direct comparison between experimental and computational data requires
accounting for solvent effects which can change both sign and value of the optical rotations.*?
In this context, the polarizable continuum model (PCM)3% 3 has been shown as an efficient
and reliable technique to model bulk solvent effects where specific solute-solvent interac-
tions can be neglected.?*®> On the other hand, microsolvation models have been employed
to explicitly describe specific solute-solvent interactions (short-range solvation effects), such
as hydrogen bonding for polar molecules in an aqueous environment, by performing quan-

56-62 The solvation clusters consist of a chiral solute

tum chemical calculations on clusters.
molecule surrounded by a few solvent molecules to describe the most important intermolec-
ular interactions where the geometries may be obtained either at the quantum mechanical

level by a geometry optimization or by sampling configurations from molecular dynamics



simulations. %662

In our previous work on optical rotation of a set of 45 fluorinated molecules in the gas
phase, we found large absolute deviations and opposite optical rotation signs between theo-
retical and experimental results for the most stable conformers of some molecules containing
the 1-naphthalene group as well as for molecules with the 4-(benzyloxy)phenyl group at-
tached to the stereocenter.?’ Therefore, we here study solvent effects on the optical rotation
of several conformers for two representative molecules of each category. While the experi-
mental data were reported in ethanol for molecules containing the 1-naphthalene group, %366
we choose water molecules as an explicit solvent because of their small size, but still with
the possibility to model hydrogen bonds between the solute and the solvent molecules. For
molecules containing the 4-(benzyloxy)phenyl group, we investigate solvent effects on the op-
tical rotations using both water and chloroform molecules where the latter was used in the
experiments. %% The calculations were performed at the DFT level using the CAM-B3LYP
functional®” and the aug-cc-pVDZ basis set® ™ based on our previous validation study3®
to include both implicit (employing PCM) and explicit solvent effects on the optical rota-
tions. The CAM-B3LYP functional has been proven as a reasonable choice for calculating
excitation energies and optical rotations®7:3%737 because of the long-range correction term
included in this functional.

This paper is organized as follows: In section 2, the computational details are described.
In section 3, the optical rotation results are discussed and compared with experiments for

each molecule separately. Finally, we conclude our investigations in section 4.

2. Computational Methods

In this paper, we study the optical rotations of several conformers of the chiral molecules 1—4,
shown in Figure 1, in both the gas phase and in solution. All optical rotations were calculated

using time-dependent density functional theory (TDDFT) ™77 with the long-range corrected



CAM-B3LYP functional®” and the augmented double-zeta basis set, aug-cc-pVDZ,%® ™ as
implemented in Gaussian 09.7 Origin-independent results are obtained by using gauge-
including atomic orbitals (GIAOs) ™ 3! at the wavelength of the sodium D line i.e. A = 589
nm at which the experimental data were measured.% % The method employed has been
demonstrated to be an efficient and reliable approach for predicting optical rotations by
comparison to the coupled cluster singles-doubles (CCSD) method® in a previous work by
us. %8
OH NH,
o U o o
(5-1 (R)-2 (R)-3 (R)-4

Y

Figure 1: The structures of molecules 1—4. Chiral centers are denoted by 7 *”.

The effect of the solvent on the optical rotations were investigated in the implicit model
through the integral equation formalism version of PCM (IEFPCM)%%5! and a microsolvation
model with explicit water molecules. In the latter case, PCM was also employed to include
the remaining part of the solvent effect. We modeled possible hydrogen bonds between
solute and solvent molecules by adding water molecules close to each polar group in the
chiral molecule. One water molecule was placed close to each —F atom while for —OH
or —NH, group, two explicit water molecules were hydrogen-bonded so that three water
molecules were used for molecules 1, 3 and 4 while for molecule 2, we included five water
molecules. The number of solvent water molecules is chosen to be identical for all conformers
of a molecule while the number of formed hydrogen bonds depends on the structure of
each conformer. For molecules 3 and 4, similar investigations are done with chloroform
molecules as an explicit solvent. All geometry optimizations were performed by DFT with
the dispersion-corrected S12g functional®® and the cc-pVTZ basis set® in the NWChem
software.®® Geometry optimizations of single molecules were carried out in both the gas

86,87

phase and in solution employing the conductor-like screening model (COSMO), whereas



for clusters including explicit solvent molecules, geometries were only optimized in the gas
phase. The reason for using different models and softwares for the geometry optimization
and the property calculations is that we wanted to use the S12g functional in the geometry
optimization. The S12g functional is essentially a modified PBE functional®® with a Grimme
D3 dispersion correction® that we have used in our previous work. 3% Since the calculated
optical rotation is related to a pure enantiomeric structure, the experimental data were

corrected for enantiomeric excess (ee) equal to 100%.

3. Results and Discussions

Optical rotations in the gas phase and in solution using different solvent methods as well as

PCM
m

the experimental results, [a] are presented in Tables 1—3. [a]"°™ and [«],, are the optical

expt.)
rotations for the isolated molecule with and without using PCM. [a/,,,, in Tables 1 and 2, and

[],c, in Table 3, denote the optical rotations in a solvation cluster of water and chloroform
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molecules, respectively, whereas [|°S™ and [«]F9 are their counterparts including also PCM.

In addition, we give the optical rotations of the water (chloroform) molecules only, with and
without employing PCM, [a|°™ ([a]?°™) and [a], ([a].) in Tables 1—3, implying an effect
from the water (chloroform) molecules hydrogen-bonded to the chiral molecule which have
a well-defined orientation.®5" The implicit solvent effects using PCM have been calculated

for both water (g4, = 78.35 and ¢,,, = 1.77) and the solvent used in the experiments, that

opt
is, ethanol (£, = 24.85 and ¢,,, = 1.85) for molecules containing the 1-naphthalene group
and chloroform (e, = 4.71 and ¢,,, = 2.06) for those containing the 4-(benzyloxy)phenyl

group where e, and ,,, denote the static and optical dielectric constants, respectively.

opt
We find similar optical rotation results for both cases, because ¢,,, of the solvents are close
to each other, and therefore for molecules containing the 1-naphthalene group, we discuss

only the results obtained for water although for compounds with the 4-(benzyloxy)phenyl

group, results of both water and chloroform are presented in Tables 2 and 3, respectively. We



note that all PCM calculations are performed in the non-equilibrium regime and the atomic
radii were determined from the universal force field (UFF).%Y In Tables 1—3, we present
the relative energies with respect to the most stable structures with and without using
PCM for isolated molecules, AEF™ and AE,,, and solvation clusters, AE'™ and AE,,,
(AEF™ and AE,,), employing the CAM-B3LYP functional and the aug-cc-pVDZ basis
set. In our previous work,* comparing theoretical and experimental results showed large
absolute deviations and opposite optical rotation signs for the most stable conformers of some
compounds with the 1-naphthalene group and the 4-(benzyloxy)phenyl group, respectively.
Here, we investigate two representative molecules of each group whose results for molecules 1
and 2 are presented in Table 1 as well as for molecules 3 and 4 in Tables 2 and 3, employing
water and chloroform as solvent, respectively. As indicated in Tables 1—3, both sign and
magnitude of optical rotations may depend crucially on the conformation, which also have
been demonstrated elsewhere, 39:40:55:91-98

Figures 2—16 present the optimized structures for molecules 1—4 where Figures 2, 4, 6
and 9 display the optimized conformers according to their increasing gas phase energies. The
optimized configurations of molecules 1—4 with water molecules are shown in Figures 3—11
whereas for molecules 3 and 4, the optimized configurations with chloroform molecules are
given in Figures 13—16. The conformers are labeled (a)—(d) for molecules 1 and 2 and
(a)—(c) for molecules 3 and 4 where (a) denotes the most stable conformer in the gas phase
for all cases. We have investigated conformations with and without internal hydrogen bonds
for all molecules. In general, internal hydrogen bonds often result in stable conformers
in the gas phase whereas structures without internal hydrogen bonds may be more stable
when including an explicit solvent by forming hydrogen bonds with the surrounding solvent
molecules.

Figures 2(a)—2(d) show four optimized conformers of molecule 1 in the gas phase where
conformer (a) is the most stable structure. Conformers (a) and (b) are stabilized by an

internal hydrogen bond —OH---F in contrast to conformers (c) and (d). Conformers (a)



Table 1: Specific optical rotations for different conformers of molecules 1 and
2 depicted in Figures 2—5 at A = 589 nm. Relative energy with respect to the
most stable conformer (a) with and without the PCM model, AE’“™ and AE,, =
|Econ. — E(| (kJ mol™'), calculated optical rotations in the gas phase and solvent
using PCM, [a],, and [a]F°™ (deg[dm g/cm?]™!), as well as experimental results,
(] expe. (deg[dm g/cm?®]™1). For structures with water molecules, relative energy
and optical rotation are denoted by AE,,,, (kJ mol™') and [a],., (deg[dm g/cm?®]™)
while their counterparts including PCM are shown by AE’S™ (kJ mol™!) and
[a]P™ (deg[dm g/cm?]7!), respectively. Also, the optical rotations of only the

mw

water configuration are given with and without the PCM model by [a]°°™ and
[a]w-
n Con. molecule molecule + water molecules water molecules
AEm AEE™ fa]m  [oJf™ AEmw AERM [a]mw [o]fM [aw  [oJ5°M [@expt.
1 (a) 0 0 135.8 111.4 25.28 22.73 21.3 22.9 -13.1 -12.1 59.4
(b) | 591 481 -67.8 -66.2 3865 2721 -51.1 -40.0 0.8 1.6 (EtOH) [ 66]
(c) 6.78 1.32 187.5  148.8 0 0 140.8 100.0 1.6 4.4
(d) |11.48 6.42 15.3 -13.0 5.07 6.24 53.8 -8.5 11.4 13.5
2 (a) 0 0 -100.0 -70.9 20.60 17.19 -29.2 -42.6 1.6 0.1 -12.8
(b) | 401 094 -136.7 -92.3 0 0 -40.7 447 86 146  (EtOH) [ 63]
(c) 4.88 3.99 72.9 61.5 33.78 24.94 5.6 12.6 -5.6 -0.8
(d) | 7.98 5.56 12.5 27.9 3.78 5.25 -2.3 8.3 6.4 9.7
¢ ¢
d ¢
(¥
(a) (b) (c) (d)

Figure 2: Optimized conformers of molecule 1 ordered by increasing gas phase energies from
(a) to (d). Hydrogen bonds are represented by ” -- 7.

and (c) have a positive optical rotation sign (consistent with experiment) in both the gas
phase and in the PCM model while the sign for conformers (b) and (d) is negative except for
conformer (d) which is positive in the gas phase. Although the optical rotation magnitudes
are reduced by using PCM for all conformers, the magnitudes are a factor of two to three
times larger than the experimental result for conformers (a) and (c). Optimized structures

of molecule 1 including three water molecules are given in Figures 3(a)—3(d). Conformers



(b)

Figure 3: Optimized conformers of molecule 1 with three extra water molecules where (a)

bM

to (d) correspond to the conformations in Figure 2. Hydrogen bonds are shown by ” - - -

(c) and (d) (without internal hydrogen bonds) now become the most stable structures since
they form more hydrogen bonds with the water molecules as compared to conformers (a) and
(b). The optical rotation signs are consistent with the calculations without explicit water
molecules. For the most stable conformer (c), the microsolvation model improves the optical
rotation results compared to the experiment considerably. This method with and without
PCM gives 100.0 and 140.8 deg[dm g/cm3] ™1, respectively, as compared to the experimental
result of 59.4 deg[dm g/cm?®]~!. For conformer (d), [a],., and [a]?™ are 53.8 and -8.5 deg[dm

g/cm?3]~! where the latter is opposite to the experimental sign. The optical rotation of only

water molecules for conformer (c), [a]°™ (4.4 deg|dm g/cm®|~!), is small compared to the

PCM
mw

total optical rotation, [a]F™ (100.0 deg[dm g/cm?]~1), which indicates a small but significant
contribution to the solvent effect. A proper sampling at the experimental temperature in a
molecular dynamics simulation may give an appropriate distribution of conformers (c) and
(d) in a solvent and thereby an [a] closer to experiment and is the suggested route to improve
on these results.

Four optimized conformers of molecule 2 are given in Figures 4(a)—4(d). Conformers (a)
and (c) have an internal hydrogen bond —OH---F in contrast to conformers (b) and (d).
The calculations give a negative optical rotation sign for conformers (a) and (b), which is

consistent with the experimental result, while conformers (c¢) and (d) have positive optical

rotations. For conformers (a) and (b), the predicted magnitudes are considerably larger than
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Figure 4: Optimized conformers of molecule 2 ordered by increasing gas phase energies from

(a) to (d). We show hydrogen bonds by ” ---7.

()

Figure 5: Optimized conformers of molecule 2 with five extra water molecules where (a) to

7

(d) correspond to the conformations in Figure 4. We label hydrogen bonds by ” - - -

experiments. As for molecule 1, PCM reduces the optical rotation magnitudes of conformers
(a)-(c), but here the optical rotation for conformer (d) is increased by PCM as compared to
the gas phase. In Figures 5(a)—5(d), we present the optimized configurations of molecule
2 surrounded by five water molecules. The most stable conformers are again those without
internal hydrogen bonds i.e. conformers (b) and (d) which form more hydrogen bonds
with the surrounding water molecules as compared to conformers (a) and (c¢). The only
sign change for [a],, is for conformer (d) which becomes negative (-2.3 deg[dm g/cm?]™!)
consistent with experiment -12.8 deg[dm g/cm?| . The inclusion of water molecules reduces
the optical rotation magnitudes for all conformers. For the lowest energy conformer (b) with
explicit solvent molecules, [a],,, and [a]?°M are -40.7 and -44.7 deg[dm g/cm?]~! which are in
reasonable agreement with experiment. The optical rotation of only water molecules, [a|?M,
for conformer (b) is 14.6 deg[dm g/cm?|~! again demonstrating that the contribution from

a rigid solvation shell may be significant.

Figures 6(a)—6(c) display three optimized conformers for molecule 3 in the gas phase.

10



Table 2: Specific optical rotations for different conformers of molecules 3 and
4 depicted in Figures 6—11 at A = 589 nm. Relative energy with respect to
the most stable conformer (a) with and without the PCM model, AE?’°™ and
AE,, = |Econ. — E| (kJ mol™), calculated optical rotations in the gas phase and
solvent using PCM, [a],, and [a]f™ (deg[dm g/cm?®]7!), as well as experimental
results, [0, (deg[dm g/cm?®|™'). For structures with three/four extra water
molecules, relative energies and optical rotations are denoted by AE,,/AE,,.
(kJ mol™) and [0, /[0]mw (deg[dm g/cm?]~!) while their counterparts includ-
ing PCM are shown by AELSM/AETOY (kJ mol™') and [offSM/[a]PSM (deg[dm

g/cm?]7!), respectively. Also, the optical rotations of only the water configura-
tion are given with and without the PCM model by [a|5°™/[a]E°™ and [a], /[0

w

n Con. molecule molecule + water molecules water molecules
AEm AELM  [a]m  [o]fM AEmw AERM  [almw  [o]5GM  [o]w a3 [o]expt.
3 (a) 0 0 11.9 -73.7 39.28 33.99 23.0 8.8 -8.7 -8.7 -34.9
(b) | 0.37 1.57 140.1 101.5 38.80 34.39 109.4 75.9 -9.7 -9.7 (CHCI3) [ 64]
(c) | 7.31 1.53 -82.9 -128.5 0 0 96.9 77.2 35.6 24.2
4 (a) 0 0 121.2  100.8 13.72 10.30 153.7 130.3 -104  -10.5 -30.3
(b) | 027 050 1117 890 11.37  7.04 -11.3 -12.2 -11.6 -102 (CHCI3) [ 65]
(c) |16.26 4.82 -111.4  -126.2 0 0 184.1 134.1 -11.6 -7.0
AEmyw AEII?HS:VM [ mw [O‘]ESVM [o]w [Q]EQM
3 (a) 43.85 39.16 -57.2 -64.3 -4.7 -4.0
(b) 43.07 39.07 24.9 -9.4 -11.1 -10.5
(c) 0 0 -54.9 -444 18 4.4
4 (a) 19.01 1034 -13.7  -153 -7.9  -5.8
(b) 15.58 8.44 -58.5  -49.6 -7.0 -5.2
(c) 0 0 -85.0 -30.6 -8.3 -5.8

(a)

()

Figure 6: Optimized conformers of molecule 3 ordered by increasing gas phase energies from
(a) to (c). We represent hydrogen bonds by 7 ---”.

The structures of the two lowest minima (a) and (b) with close energies are stabilized by
an internal —OH- - - F hydrogen bond in contrast to conformer (c). For [a],, positive opti-
cal rotation signs are predicted for conformers (a) and (b) although their magnitudes are

quite different. The calculation with PCM gives a negative optical rotation, consistent with

11



Figure 7: Optimized conformers of molecule 3 with three extra water molecules where (a)

7

to (c) correspond to the conformations in Figure 6. Hydrogen bonds are indicated by ” - - -

experiment, for conformer (a) while a positive rotation is predicted for conformer (b). For
conformer (c), the optical rotation sign is negative. Using PCM, the magnitude of the opti-
cal rotation is reduced for conformer (b), while for conformers (a) and (c), the magnitudes
increase. For molecules 3 and 4, we evaluated both three and four water molecules, where
the additional water molecule was placed on the ether oxygen to identify this effect sep-
arately. The optimized structures of molecule 3 with three water molecules are shown in
Figures 7(a)—7(c). Conformation (c) (without the internal hydrogen bond) is now the most
stable structure since, as for the previous molecules, it can form more hydrogen bonds to
the water molecules. As in the gas phase, the energy of conformers (a) and (b) are rather
similar. The microsolvation model predicts positive optical rotations for all configurations
in contrast to experiment, -34.9 deg[dm g/cm?®|~! and the optical rotation magnitudes are
reduced by the PCM model. The optical rotation for conformer (c), that in the gas phase

had the same sign as experiment, has changed dramatically to a large positive value with

PCM
W

the explicit solvation. Although [o] is negative and small in magnitude for conformers
(a) and (b), it indicates a significant contribution of the chirality of only water molecules.
For conformer (c), [a]°M is 24.2 deg[dm g/cm3]~! which is a relatively large contribution to
the total value, [a]?M=77.2 deg[dm g/cm?]~!.

We also investigated the optimized structures of molecule 3 with four water molecules,

displayed in Figures 8(a)—8(c), where the extra water molecule is hydrogen-bonded to the

ether oxygen atom in the benzyloxy group and the results are presented in Table 2. As for

12



Figure 8: Optimized conformers of molecule 3 with four extra water molecules where (a) to

2

(c) correspond to the conformations in Figure 6. Hydrogen bonds are indicated by 7 ---”.

the structures in Figure 7 with three water molecules, conformers (a) and (b) have similar
energies and conformer (c) is the most stable structure. However, the microsolvation model
together with PCM predicts negative optical rotations for all configurations now consistent
with the experimental data, -34.9 deg[dm g/cm?]~!. For conformer (c), [a]?M is -44.4 deg[dm

g/cm?®|~! which is in reasonable agreement with the experimental value of -34.9 deg[dm

g/cm®] 7

(a) (b) (c)

Figure 9: Optimized conformers of molecule 4 ordered by increasing gas phase energies from
(a) to (c¢). Hydrogen bonds are denoted by 7 ---”.

Figure 10: Optimized conformers of molecule 4 with three extra water molecules where (a)

7

to (c¢) correspond to the conformations in Figure 9. Hydrogen bonds are denoted by ” - -

Three optimized conformers of molecule 4 in the gas phase are given in Figures 9(a)—9(c).

These conformers are similar to those of molecule 3, but molecule 4 has an —NH, group

13



instead of the —OH group in molecule 3. Conformers (a) and (b) have an internal —NH- - - F
hydrogen bond in contrast to conformer (c¢). Conformers (a) and (b) are the most sta-
ble structures with similar energies and optical rotations with positive signs, whereas the
experiment results in a negative optical rotation, -30.3 deg[dm g/cm?3]~'. Conformer (c),
with a higher energy in the gas phase, has a negative optical rotation consistent with ex-
periment although with a larger magnitude. For conformers (a) and (b), PCM reduces the
optical rotation magnitudes while for conformer (c), the magnitude increases using PCM.
Figures 10(a)—10(c) show the optimized structures of molecule 4 with three extra water
molecules. As for molecule 3, conformer (c¢) is now the most stable conformer. Adding
explicit water molecules, the optical rotation sign for structures (b) and (c) change so that
for conformer (b), the negative sign predicted is consistent with the experiment while the
sign of conformer (c) becomes contrary to the experiment. Comparing [o]*S™ and [a]2M for

mw

conformer (c) (134.1 and -7.0 deg[dm g/cm?| ™!, respectively) shows a relatively small contri-

PCM
mw

and [a]°M

bution from the chirality of the solvent while for conformer (b), o] are close
(-12.2 and -10.2 deg[dm g/cm?|™!) indicating a large relative contribution of the induced

chirality of the ordered solvent.

Figure 11: Optimized conformers of molecule 4 with four extra water molecules where (a)

b

to (c¢) correspond to the conformations in Figure 9. Hydrogen bonds are denoted by ” - --”.

Figures 11(a)—11(c) show the optimized structures of molecule 4 with four explicit water
molecules and the results are presented in Table 2. Here, conformer (c) is still the most stable
conformer. Adding the fourth water molecule, the optical rotation signs turn to negative

for all conformers consistent with the experimental result, -30.3 deg[dm g/cm?®|~'. The

14



PCM model reduces the optical rotation magnitudes for conformers (b) and (c), while the
magnitude of conformer (a) is increased slightly. For conformer (c), the microsolvation model
with and without using PCM, [a]?S and [, gives -30.6 and -85.0 deg[dm g/cm?] .
Next, we investigate conformer (c¢) of molecules 3 and 4 in more detail because the optical
rotation changes from a relatively large negative optical rotation to a large positive value by
adding three explicit water molecules, while by adding one extra water molecule, the signs
are reversed becoming consistent with experiments. First, we study the effect of hydrogen
bonds between the solute and water molecules on the change of the optical rotation sign.
For this purpose, we calculate the optical rotations for the chiral molecules optimized in
solvation clusters but excluding the water molecules in the optical rotation calculation for
the cases of both three, [, and four, [a],,,.., explicit water molecules. For conformer
(c) of molecule 3, [0,y and [y, are 105.7 and -72.3 deg[dm g/cm?®| ™!, respectively,
which are similar to the optical rotations obtained with water molecules. For conformer (c)
of molecule 4, we get 138.6 and -133.8 deg[dm g/cm?]| ™! for [0,y and [0y, TESPECtively,

similar to the values with water molecules.

His~ Hal e
0, N
C !2 F '2
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Figure 12: The structures of molecules 3 and 4.

Secondly, we compare the dihedral angles for conformer (c) of molecules 3 and 4 (shown
in Figure 12) when adding three or four water molecules, respectively, for finding shifts in
the geometry of the solute molecule by adding water molecules and thereby reasons of the
optical rotation sign reversal. The most important changes are found in the dihedral angles of

T(015C5C,1 Cyy) and 7(015C14C,Cs3) in the 4-(benzyloxy)phenyl group for molecules 3 and

15



4, respectively. For molecule 3, the dihedral angle 7(0,,C,,C,,C,,) is 88.4° in the gas phase
which decreases to 41.4° by adding three explicit water molecules, whereas the magnitude
increases to 98.5° for four water molecules and becomes similar to the dihedral angle in the
gas phase. The dihedral angle 7(0,5C,,C,,C,;) in the 4-(benzyloxy)phenyl group is 100.2° for
conformer (c) of molecule 4, which as for molecule 3, the magnitude is reduced for three water
molecules to 48.6° whereas for four explicit water molecules the dihedral angle is 98.5° again
similar to the dihedral angle in the gas phase. In addition, for conformer (c) of molecules 3

and 4, the gas phase optical rotations, [a],,, are -82.9 and -111.4 deg[dm g/cm?]~! close to

the corresponding [, results i.e -72.3 and -133.8 deg[dm g/cm?] 7!, respectively, whereas
the [0, values are given 105.7 and 138.6 deg[dm g/cm?®] ™!, respectively. Therefore, it is

the effect of this dihedral angle that has to be modelled accurately in a computational model

of optical rotation for these molecules.

L

Figure 13: Optimized conformers of molecule 3 with three extra chloroform molecules where
(a) to (c) correspond to the conformations in Figure 6. Hydrogen bonds are indicated by

2 2

997101 Chloroform is,

As for water, chloroform also form hydrogen bonds to the solute.
however, a quite different solvent than water and it would be interesting to investigate the
difference between water and chloroform in a microsolvation model. Table 3 presents the opti-

cal rotation results for molecules 3 and 4 using chloroform as a solvent. As mentioned earlier,

PCM
m Y

the optical rotations for the isolated molecules using PCM, [a] are similar to the results
given in Table 2 where water was used as the implicit solvent. The optimized structures of

molecule 3 with three explicit chloroform molecules are shown in Figures 13(a)—13(c). As for
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Table 3: Specific optical rotations for different conformers of molecules 3 and
4 depicted in Figures 6, 9, and 13—16 at A = 589 nm. Relative energy with
respect to the most stable conformer (a) with and without the PCM model,
AES™ and AE,, = |Ece.. — E@| (kJ mol™'), calculated optical rotations in the
gas phase and solvent using PCM, [a],, and [a|°°™ (deg[dm g/cm?]7!), as well as
experimental results, [0, (deg[dm g/cm?®~'). For structures with three/four
extra chloroform molecules, relative energies and optical rotations are denoted
by AE,../AE,.. (kJ mol™) and [0],./[0]me (deg[dm g/cm?]~!) while their counter-
parts including PCM are shown by AEZS™/AEFS™ (kJ mol™!) and [a|F?S™ /[a]PSM
(deg[dm g/cm?®]7'), respectively. Also, the optical rotations of only the chloro-
form configuration are given with and without the PCM model by [a]7°™/[a]5™

and [a]./[a].. )

n Con. molecule molecule + CHCI3 molecules CHCI3 molecules
AEwm AEF™ fa]m  [o]f°™ AEme AEPEM [afme [oRM [a)e  [o]0M [o] expt.
3 (a) 0 0 11.9 -43.3 1.97 2.35 11.7 -3.7  -52.3 -23.4 -34.9
(b) | 0.37 1.27 140.1 95.2 0.26 1.43 20.6 24.2 23.3 17.2 (CHCI3) [ 64]
(¢) | 7.31 3.20 -82.9 -125.9 0 0 -78.1  -81.2 39.7 28.5
4 (a) 0 0 121.2 93.2 5.15 4.84 -61.2  -83.5 -29.6 -5.5 -30.3
(b) | 0.27 0.52 111.7 80.1 4.68 5.52 -10.6 -6.3 18.1 20.7 (CHCI3) [ 65]
(c) |16.26 8.79 -111.4  -114.3 0 0 -25.2 -5.5 -5.1 2.7
ABne AEEM [of,o [0ECM [oo [ofOM
3 (a) 5.90 3.81 -3.7 -23.3  -44.0 -15.9
(b) 3.77 2.28 -79.2  -52.7 -60.9 -26.7
(c) 0 0 -35.5 -15.3  29.2 1.8
4 (a) 792 772 =317  -17.6  20.1 75
(b) 4.43 5.18 -35.2 -42.4 24.8 31.8
(c) 0 0 -95.1 -66.5 -8.9 2.7

three water molecules in Figure 7, conformer (c) is the most stable structure. Similar to the
gas phase results, the microsolvation model predicts positive optical rotations for conformers
(a) and (b) whereas the optical rotation sign is negative for conformer (c) consistent with
the experiment. The calculations with PCM give negative optical rotations for conformers
(a) and (c) while a positive rotation is predicted for conformer (b). Using PCM, the optical

rotation magnitude is reduced for conformer (a) whereas the magnitudes are increased for

PCM
mc

conformers (b) and (c). [a]?M is -81.2 deg[dm g/cm?]~! for conformer (c) compared to ex-
periment which is -34.9 deg[dm g/cm®]~!. The optical rotation of only chloroform molecules,
[]PM . is positive and relatively large in magnitude, 28.5 deg[dm g/cm?® ™!, for conformer

c
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(c¢) which indicates that the contribution from a rigid solvation shell is significant also for

(a) (b)

Figure 14: Optimized conformers of molecule 3 with four extra chloroform molecules where
(a) to (c) correspond to the conformations in Figure 6. Hydrogen bonds are indicated by

7 7

chloroform.

Figures 14(a)—14(c) show the optimized structures of molecule 3 with four chloroform
molecules where again conformer (c) is the most stable structure. As for the structures
with four explicit water molecules in Figure 8, negative optical rotations are predicted for
all configurations, consistent with the experiment. The PCM model reduces the optical
rotation magnitudes for conformers (b) and (c), whereas the magnitude of conformer (a) is
increased. For conformer (c), the microsolvation model with and without PCM gives -15.3

and -35.5 deg[dm g/cm?]~! for [a|°M and [a],., respectively, where the experimental result

mc

was reported as -34.9 deg[dm g/cm?®] 1.

PCM

mc’

Compared to [a]FSM, the optical rotation of only
chloroform molecules for conformer (c), [a]2°, is 1.8 deg[dm g/cm?®]~! which indicates a
small but significant contribution to the solvent effect.

The optimized structures of molecule 4 with three chloroform molecules are given in
Figures 15(a)—15(c). As for molecule 3, conformer (c) is the most stable structure. Adding
explicit chloroform molecules, unlike the case of three water molecules, negative optical
rotations are predicted for all configurations consistent with the experimental result, -30.3
deg[dm g/cm?|~'. For conformer (a), PCM increases the magnitude of the optical rotation

(-83.5 deg[dm g/cm?| ') whereas the magnitudes are reduced in conformers (b) and (¢) to

relatively small values of -6.3 and -5.5 deg[dm g/cm3|~!, respectively. [a]"™ and [a]°M for

mec
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e £

Figure 15: Optimized conformers of molecule 4 with three extra chloroform molecules where
(a) to (c) correspond to the conformations in Figure 6. Hydrogen bonds are indicated by

conformer (c) are -5.5 and 2.7 deg[dm g/cm?®]~!, indicating a relatively small contribution
from the chirality of the solvent whereas for conformer (b), comparing [a|° and [a]7°M

(-6.3 and 20.7 deg[dm g/cm?®|~!) shows a large relative contribution by the induced chirality

of only chloroform molecules.

Figure 16: Optimized conformers of molecule 4 with three extra chloroform molecules where
(a) to (c) correspond to the conformations in Figure 9. Hydrogen bonds are indicated by

2 2

We also investigate the optimized structures of molecule 4 with four chloroform molecules,
shown in Figures 16(a)—16(c). Conformer (c) is still the most stable conformer. As for three
explicit chloroform molecules, negative optical rotations are predicted for all configurations
consistent with experiment, -30.0 deg[dm g/cm?®]~!. Using PCM, the optical rotation mag-
nitude is reduced for conformer (a), whereas the PCM model increases the magnitude of the

optical rotations for conformers (b) and (c¢). The microsolvation model with and without
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using PCM, [a]FM and [a],.., predicts -66.5 and -95.1 deg[dm g/cm?®]~! for conformer (c).
The optical rotations of only chloroform molecules, [a]°°™ and [o]., are obtained -8.9 and
2.7 deg[dm g/cm?]7! for conformer (c), indicating a relatively small contribution from the
chirality of the solvent.

In contrast to water, the optical rotation sign for conformer (c) of molecules 3 and 4 re-
mains negative by adding three or four explicit chloroform molecules. Analogous calculations
to water are performed for the cases of three, [a],.., and four, [a],...., explicit chloroform
molecules for conformer (c¢) of molecules 3 and 4. [a],.. and @], are -124.4 and -71.1
deg[dm g/cm?|!, respectively, for conformer (c) of molecule 3 which are similar to the op-
tical rotations with chloroform molecules. For conformer (c) of molecule 4, -8.8 and -245.4

I are obtained for [a],.. and [a],.., Tespectively, with the same optical

deg[dm g/cm?|~
rotation signs using chloroform molecules.

Similar investigations for dihedral angles are carried out for the cases of clusters including
three or four explicit chloroform molecules where the sign of the optical rotation remains neg-
ative which is consistent with experiments. In the case of chloroform molecules, for conformer
(c) of molecule 3, the dihedral angle 7(0,,C,,C,;C,,) in the 4-(benzyloxy)phenyl group is
111.5° and 109.5° for three and four chloroform molecules, respectively, which is relatively
similar to the dihedral angle in the gas phase, 88.4°. The dihedral angle 7(0,5C;4C5Cys)
for conformer (c) of molecule 4 is 83.9° for three chloroform molecules and the magnitude is
increased for four chloroform molecules to 126.0° where the dihedral angle in the gas phase is
100.2°. Therefore, for both molecules 3 and 4, the dihedral angles in the 4-(benzyloxy)phenyl
group remain almost unchanged for chloroform molecules compared to the gas phase dihe-
dral angles, and in contrast to adding water molecules, so that the same optical rotation sign
is obtained in the different cases. For conformer (c) of molecule 3, [a],.. and [a],... are
-124.4 and -71.1 deg[dm g/cm3|~!, respectively, where the gas phase optical rotation, [a],,,
is -82.9 deg[dm g/cm?| 7. [a],ee and [@],e.o are found -8.8 and -245.4 deg[dm g/cm?]~! for

conformer (c) of molecule 4 where [a],, is obtained -111.4 deg[dm g/cm?|~!. Comparing Ta-
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bles 2 and 3, the energy differences, AE, between the conformations are considerably smaller
when chloroform is added. Although it is the same conformation that has the lowest energy
when adding water or chloroform, the other conformations are thus expected to have a much
larger weight in the averaged optical rotation in chloroform as compared to water.

The results presented here indicate which factors that are important to get the correct
optical rotation by studying model systems, and thus providing some important insights
regarding these molecules. If one in contrast would like to get optical rotation values very
close to experiment, a multitude of aspects need to be addressed in more detail. Perhaps
most importantly, one should sample configurations from molecular dynamics simulations,

102 hut the number

but it is likely that thousands of configurations per molecule is needed,
depends strongly on the property and the molecule. A Boltzmann averaging over the few
data provided here would not be sufficient. The quality of the force field is crucial in these
simulations, and in this case a validation of the force field for the dihedral angle of impor-
tance would be crucial. A black-box approach without this prior information about these
molecules may lead to poor results if not this dihedral is described accurately in the force
field. To construct accurate force fields for molecules with dihedral degrees of freedom is by
no means a trivial task.'% Furthermore, since we have relatively high energy barriers be-
tween the different conformations, the molecular dynamics sampling scheme needs to include
a method that efficiently samples the relative importance of different local minima as for ex-
ample adding an umbrella potential. In addition, vibrational averaging is also important for
optical rotation,® and for molecules with low-frequency modes a path-integral approach is
suitable. 1%%106 Finally, using water molecules to model the hydrogen bonds instead of the
solvents used in the experiments is a further simplification. Using ethanol, for example,
would lead to further aspects to be addressed as for example the sampling of the dihedral

angle of the ethanol molecules.
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4. Conclusions

The optical rotation of several conformers of four fluorinated molecules containing the 1-
naphthalene or 4-(benzyloxy)phenyl group at the stereocenter have been investigated by
employing the CAM-B3LYP functional in both the gas phase and in an aqueous environment
at A = 589 nm. The selection of molecules has been motivated by our recent theoretical
study for the optical rotation of 45 fluorinated alcohols, amines, amides and esters?® where
molecules containing the 1-naphthalene group showed the largest absolute deviations with
respect to experiments, and opposite optical rotation signs in comparison to experiment were
obtained in the gas phase for molecules containing the 4-(benzyloxy)phenyl group. We have
employed the PCM model and explicit solute-solvent interactions combined with PCM. In
general, PCM only gives smaller optical rotation magnitudes and almost the same signs as
compared to the gas phase results.

For molecules 1 and 2, the reduction of absolute deviations between computational and
experimental results show improvements in the optical rotations by considering both implicit
and explicit contributions from an aqueous solvent. For the most stable conformers in an
explicit solvent, the microsolvation approach with water molecules reduces the values of op-
tical rotation so that this method provides optical rotations relatively close to experiments.
For the second category of compounds, molecules 3 and 4, the explicit solvent method was
investigated for two cases with three and four water molecules as well as three and four chlo-
roform molecules. Adding three water molecules, the optical rotation signs were opposite to
experiments for all conformers except for conformer (b) of molecule 4. However, the fourth
extra water molecule hydrogen-bonded to the ether oxygen atom in the 4-(benzyloxy)phenyl
group changed the optical rotation signs for all conformers of molecules 3 and 4, now consis-
tent with the experiments. In the case of three chloroform molecules, the sign of the optical
rotations were consistent with the experiments expect for conformer (b) of molecule 3. As
for water molecules, the optical rotation signs for all conformers became consistent with ex-

periments by adding four explicit chloroform molecules. The major changes in the structure
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of conformer (c) of both molecules after adding three water molecules can be linked to a large
dihedral angle reduction in the 4-(benzyloxy)phenyl group while four extra water molecules
increase this dihedral angle back close to the gas phase value. For the situation of chloroform
molecules, the change of the dihedral angle is small in the 4-(benzyloxy)phenyl group for
both three and four explicit chloroform molecules so that this dihedral angle remains close
to the gas phase value for conformer (c) of both molecules 3 and 4. Our studies for both
groups of molecules indicate that the microsolvation model in conjunction with PCM gives

results consistent with experiments.

Supporting Information

Optimized geometries of both isolated molecules and solvation clusters in the gas phase in

xyz coordinates.
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