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ABSTRACT

The validity of the chromane helicity rule correlating the sense of twist within the
dihydropyran ring with the CD sign of the 'Ly, band observed at ca. 290 nm in their electronic
circular dichroism (ECD) spectra is examined using a set of natural (S)-trolox derivatives. To
investigate both the scope and the limitations of the rule a combination of the ECD

spectroscopy, especially the temperature dependence of the ECD spectra, single crystal X-ray
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diffraction analyses, and the density functional theory (DFT) calculations were used. A
thorough conformational analysis supported by the X-ray data led to the identification of
predominant conformers. Then, a comparison of the experimental ECD spectra with the
spectra simulated by TDDFT calculations allowed for a reasonable interpretation of the
accumulated data. The results clearly indicated that to avoid the possibility of erroneous
conclusions the chromane helicity rule should be used with a great caution. This is likely
related to the conformational flexibility of tested compounds by which conformers of
different helicities can be produced. Therefore, based on the results presented here, it is
strongly recommended supporting the conclusions derived from analysis of experimental data

with the appropriate theoretical computations.

INTRODUCTION

Natural products containing the chromane motif very often exhibit biological activity,
which is strongly dependent on the stereochemistry of the chromane unit as well as the
presence of the phenolic OH group at C-6 position." * The most prominent example of such
biologically active natural product is the vitamin E family, exemplified by, most notably, the

a-tocopherol (i) the structure of which is shown below (Chart 1).

Chart 1.

a-Tocopherol is the most biologically active component of vitamin E, and it is also
one of the best-known chain-breaking phenolic antioxidants.” Furthermore, it stabilizes the
lipid bilayers via van der Waals interaction with unsaturated fatty acid chains of
phospholipids.”” More recent findings have also shown the involvement of vitamin E in cell

signallingg’ ? and gene expression.lo’ ! Additionally, there is evidence that a-tocopherol
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modulates the activity of certain transcription factors, and activity of numerous enzymes.'* *

Moreover, vitamin E and related analogues play an essential role in daily life, because of their
biological activity and antioxidant properties.'* A specific pharmaceutical use of vitamin E
such as a potential prevention of Alzheimer’s and Parkinson’s diseases, certain types of
cancer, and many illnesses caused by oxidative stress, including the so-called lifestyle
diseases can be mentioned in this context.'” Considering this wide variety of biological
effects, it is not surprising that many research groups are involved not only in efforts directed
at isolation and synthesis of new chromane systems but also in attempts of correlating their
molecular structure with biological as well as optical activity.'®2°

For many years, the relationship between the stereostructure of chromanes and their
ECD spectra was determined almost exclusively by the empirical chromane helicity rule.”'*
This rule, developed by Snatzke ef al.,** binds the sign of the long-wavelength ECD band

related to 'Ly, excitation of the chromane chromophore, found at around 270-290 nm, with the

helicity of the dihydropyran ring, as shown in Figure 1.

M-helicity P-helicity
CE (+) 'Ly CE (-) 'Ly
C8a-0-C2-C3 <0 C8a-0-C2-C3 >0

Figure 1. Graphical representation of the chromane helicity rule showing correlation between
the P/M-helicity of the dihydropyran ring and the sign of the 'L, ECD band. The approximate
direction of the electric dipole transition moment vector () is represented by the straight blue
arrow.

According to the rule, for compounds with P-helicity of the heterocyclic ring the 'Ly,

ECD band is negative, while for chromanes with M-helicity, this band is positive. An
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additional requirement for the application of the rule is that the largest substituent at C-2
carbon atom preferentially should occupy an equatorial position.

Since its formulation, the chromane helicity rule has been repeatedly used as an aid in
the determination of the absolute configuration of a vast range of natural and synthesized
products containing chromane chromophore.***® However, a failure of the rule has been
encountered in some cases. For example, in 2009, Batista et al. assigned the absolute
configuration of two compounds isolated from the leaves of Peperomia obtusifolia using the
chromane rule.”” One year later, however, further studies of the same compounds by Nafie et
al. led to the revision of previous assignment.”” On the basis of DFT calculations and VCD
spectroscopy, the authors demonstrated the fallacy of the requirements of equatorial
positioning of bulky groups at C-2 carbon atom in the heterocyclic ring. Thereby, one of the
fundamental assumptions behind the chromane helicity rule has been challenged. The authors
have also shown that, irrespective of P- or M-helicity of the heterocyclic ring, the given
absolute configuration leads to the same sign of the diagnostic ECD band. Ultimately, the
original assignment of the absolute configuration of natural chromanes isolated from
Peperomia obtusifolia has been revised.” %’

Considering the above reports, we concluded that the chromane helicity rule requires a
thorough analysis of the scope of its validity or may even need some degree of reformulation.
Thus, in the present work, we shall demonstrate our research concerning the applicability and
the limitations of the chromane helicity rule. As model compounds for this study, we selected
a set of trolox derivatives with known absolute configuration (Chart 2). (S)-Trolox (1) [(S)-6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid] is a water-soluble analogue of o-
tocopherol, in which the phytyl chain is replaced with carboxyl group. It is frequently used as
a model compound for studies of structural features, as well as a standard for evaluation of

antioxidant activity (trolox equivalent antioxidant capacity, TEAC).*
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The model compounds 1-7, except ent-1, are of the S-configuration consistent with
stereochemical arrangement around C-2 carbon atom of natural D-a-tocopherol. Our choice of
these chromanes as models is motivated by the relative rigidity of their carbon framework and
thus, in comparison to natural tocopherols, the absence of large conformational effects on the
CD spectra. The lack of labile phytyl side chain facilitates and greatly reduces the
computational demands at the same time preserving the main conformational features of the
chromane chromophore. Moreover, absence of possible rotamers contributions significantly
simplifying analysis of experimental and computational data. However, to obtain more
reliable results, compounds (chromanes 8-11) characterized by a substantial conformational
flexibility of the aliphatic, nonpolar side chains at C-2 carbon atom, have been incorporated
into present study. Inclusion of these compounds, despite their computationally challenging
nature, has enabled a close examination of the influence of substituents characterized by a
different mobility and polarity on the heterocyclic ring conformation. The absolute
configuration of chromanes 8 and 10 is consistent with the 2R absolute configuration of
natural D-o-tocopherol while it is as 2§ in the chromanes 9 and 11. This stereochemistry

descriptor change follows the switch in the group priorities, following the Cahn-Ingold-Prelog

HO AcO
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Chart 2.

We intend to gain the planned goal by scrutiny of the effect of changes of
conformation of the dihydropyran ring on the diagnostic ECD bands. Our studies are focused
on the band attributed to the 'Ly, transition and occurring at around 290 nm because this band
is the subject of the chromane helicity rule. Moreover, this ECD band is relatively distant
from the next bands of higher energy that there is no danger of confusing overlapping. Thus,
analysis of the long-wavelength spectral region simplifies stereochemical correlation.

To attain the desired goal, we decided to use ECD spectroscopy in tandem with time
dependent density functional theory (TDDFT) calculations to support and evaluate the
experimental results. It is commonly accepted that chiroptical methods combined with
quantum chemical calculations are nowadays the most powerful tools for elucidating
stereochemistry and monitoring even the smallest changes in the geometry of chiral

3154 The comparison of experimental and theoretical CD spectra has already proven

molecules.
efficient and reliable for the assignment of the absolute configuration of various chiral organic
molecules.”?° To assist with achievement of the objectives of the planned study, the
dependence of solvent and temperature on the ECD spectra was also used for the examination
of conformational lability. Moreover, vibrational circular dichroism (VCD) was applied for
selected chromans in order to obtain the most reliable results. Such a combined approach of
more than one chiroptical method is widely recognized as leading to the most dependable
assignment of absolute configuration.40 In some cases, only such a treatment allows to
correctly identify the three dimensional structure.”” *' Furthermore, a single crystal X-ray

structure determination was applied, where possible, to obtain the most accurate results.

RESULTS AND DISSCUSION
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The experimental electronic absorption and chiroptical data of chromanes 1-11 are
collected in Table 1. As an example, the ECD spectra of chromanes 1, ent-1 and 4 recorded in
acetonitrile are presented in Figure 2.

The UV-vis spectra of 1-11 exhibit well-resolved absorption bands at around 290 and
200 nm with a shoulder at ~220 nm. In the context of the ECD bands intensity, however,
compounds 1-11 can be divided into two groups. In the first group, containing chromanes 1-7,
the ECD spectra show quite similar profiles. They exhibit ECD absorptions at ~290 nm,
attributable to the 'L, band with a fairly intense positive CE and comparable intensities of Ag
~ 1.5. As expected, the only exception is chromane ent-1, which, as an enantiomer of 1,
exhibits CEs of the same intensity but opposite signs (Figure 2, left).

Another pronounced bands within this group of chromanes, characterized by moderate
to strong intensity, are observed at ~240 and ~200 nm, respectively (Table 1). These ECD
bands are assignable to 'L, (~240 nm) and 'By, (~200 nm) of nn* electronic transition of
aromatic moieties, respectively, although they can overlap with other transitions such as nm*
above 250 nm.

Table 1. UV and ECD data of chromanes 1-11 recorded in acetonitrile. UV and ECD values
are given as € (Apax/nm) and Ag (Ama/nm), respectively.

Comp. UV & (Anay) ECD Ag (Amax)
1Bb 1La 1Lb le 1La 1Lb
1 48160 (196.0) | 9680 (221.5)" | 3150 (292.0) | —1.1(222.5) | +2.2(239.5) | +1.9(290.0)
~13.0 (197.5)
ent-1 | 43800 (201.0) | 9600 (222.0)" | 3100 (292.5) | +1.3(222.5)" | —2.0(239.5) | -1.8(291.0)
+12.5 (198.0)
2 37050 (200.0) | 9500 (222.0)" | 3180 (292.0) | —7.6(204.0) | +2.0 (241.5) | +1.9(294.0)
+1.9 (289.5)
3 36030 (195.0) | 8740 (226.0)° | 1800 (283.5) | —12.3(201.0) | +3.4(235.0) | +1.2(282.0)
4 59550 (199.0) | 10900 (222.0)* | 1710 (284.0) | —13.9(206.5) | +3.2(234.5) | +1.3(283.5)
1510 (276.0) +1.2 (277.0)
5 44700 (200.0) | 10140 (223.0)" | 2930 (293.0) | —15.9(199.0) | +1.9(237.5) | +1.1(289.5)
6 37320 (201.0) | 9055 (222.5)" | 1360 (292.0) | +8.9(214.0) | +1.8(239.0) | +2.5(289.0)
1335 (288.0)
7 42650 (202.0) | 10250 (222.0)" | 1250 (283.0) | +17.9(209.0) | +5.2(227.0) | +1.8(283.0)
1110 (275.0) | —17.6 (199.0) +1.6 (274.0)
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8 40420 (197.0) | 9470 (223.0)# 3280 (294.0) | -0.33 (214.5)# +0.08 (250.5) +0.07 (297.5)
+0.05 (286.0)

9 38400 (201.0) | 10020 (221.0)# 3040 (293.5) | -0.94 (211.0) +0.07 (255.4) +0.01 (310.6)
—20.1 (194.0) —-0.08 (237.4) —0.22 (287.6)

10 40950 (202.0) | 13760 (224.0 )# 3280 (294.0) +1.5 (206.0) +0.11 (248.0) —0.10(293.5)
—1.0 (194.0) —0.09 (286.5)

11 40550 (201.5) | 7820 (227.0)# 3090 (294.0) | +10.5(208.5) +1.63 (229.0) +0.02 (308.5)
-30.7 (196.0) —0.17 (296.0)

—0.19 (289.0)

# shoulder

In the second group, consisting of chromanes 8-11, the intensity of ECD absorption
bands in the full spectral range is at least an order of magnitude weaker than those displayed
by the first group. It strongly suggests the conformational flexibility of the latter chromanes.
For this reason, both groups of compounds will be discussed separately. It has to be noted that
other relevant data such as the positions of the ECD bands for compounds in the second group

is congruent with those for the first group.
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Figure 2. ECD (left) and UV (right) spectra of chromanes 1, ent-1, and 4 recorded in
acetonitrile in the 350-220 nm range. The symbol ¢ denotes the molar decadic absorption
coefficient, Ag — the difference of the molar decadic absorption coefficients of left and right
circularly polarized light, and A — the wavelength.

The similarity of the ECD curves shape, as well as practically the same intensity and
location of corresponding ECD bands, clearly indicates the same conformation of the
heterocyclic ring in compounds 1-7. Nonetheless, the absorption maxima of the 'L, band in
the spectra of chromanes with an acetoxy group at C-6 (compounds 3, 4 and 7) are slightly
blue-shifted (ca. 10 nm) relative to the derivatives with a hydroxyl group at the same position

(compounds 1, ent-1, 2, and 6). On the other hand, the ECD spectra of chromanes with
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different substituents on the C-2 carbon atom show very similar profiles (Figure 2, Table 1). It
implies that substituents at both the C-2 position and aromatic ring have a limited influence
on ring conformation and thus have a negligible effect on the ECD curves within compounds
1-7.

To verify the above conclusions, the conformations of chromanes 1-3, 5 and 6 derived
from a single crystal X-ray structure analysis were compared. The data for 1, 3,* 5.* and
6** were taken from our earlier published reports, and crystallographic data for 2 are obtained
in the course of this work.

(S)-Trolox methyl ester (2) crystallizes in monoclinic P2, space group with two
molecules in an independent part of the unit cell. Both molecules are situated antiparallel and
interact by rather strong hydrogen bond which involves hydroxyl group of one molecule (A)
and the carbonyl group of the other (B). The H1A...O4B distance is found equal to 2.08(5) A
(the O1A...04B distance equals to 2.796 (4) A). The remaining hydroxyl or carbonyl groups
of B or A molecule, respectively, form similar, albeit slightly weaker hydrogen bonds with
the proximal molecules related by [x,y,1+z] symmetry. In this case, the O1B-H1B....04A is
equal to 2.0(5) A (the O1B...04A distance equals to 2.816 (4) A). The participating molecules
are again situated antiparallel in respect to each other, what results in formation of an infinite
helical chain along [001]direction (see Figure 3). There are no other strong hydrogen bond
interactions in the crystal lattice, whereas the chains interact with each other by a set of rather
weak CH...O or C...CH...C interactions, which range in 2.569-2.710 A or 2.792-2.868 A,

respectively.
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Figure 3. I: Two molecules of chromane 2 constituting an independent part of the unit cell.
The displacement ellipsoids are drawn at 50 % probability level. The intermolecular hydrogen
bond is marked by a dotted line; Helical chain are formed by the molecules along [001]
direction; II: view along [100] direction; III: view along the [001] direction. (Note: A
different numbering system is used for the structural data deposited with the CCDC.)

As can be seen in Figure 4, the X-ray crystal structures established that the
dihydropyran ring in all compounds adopt the same half-chair conformation with the methyl
group at C-2 in the equatorial position and the larger substituent at the same carbon atom in
the axial position (Figures 3III and 4). It should be emphasized here that the comparison of
size of substituents is not necessarily a simple task. Among others, a significant impact on the
overall Gibbs free energy exert steric effects the differences in which largely determine the
relative apparent sizes of substituents. Cleary, there are other possible stereoelectronic
interactions that influence the preference of a substituent to reside either in equatorial or axial
position.*” Thus, the conformational energy does not depend simply on the size of the
substituent but is a combination of several factors.. Throughout this paper, we define the size
of the substituents as their van der Waals volume since it measures the steric hindrance of
substituents. *°

The negative torsion angle of the C8a—O—C2—C3 unit in 1-3, 5 and 6 corresponds to
the M-helicity, and this is manifested in their ECD spectra by the positive 'L, band. The axial
arrangement of bulky substituent at C-2 is inconsistent with one of the fundamental
requirement of chromane helicity rule.

o
LK

10
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1 2 3 5 6
Figure 4. Comparison of solid state conformation of chromanes 1-3, 5 and 6 derived from a
single crystal X-ray structure determination.

To strengthen the conclusions regarding the conformational homogeneity of the
dihydropyran ring in compounds 1-7, the detailed conformational studies were performed.

Within this part of studies, measurements of ECD spectra in various solvents and at variable

temperatures were taken with chromane 2 as a representative model compound.

e

o

's

£

/= Hex
D MeCN
5 MeOH

250 ' 21;0 2é0 2é0 360 350 34I10
Al nm
Figure 5. ECD spectra of chromane 2 recorded in various solvents at room temperature. The

symbol € denotes the molar decadic absorption coefficient, Ae — the difference of the molar
decadic absorption coefficients of left and right circularly polarized light, and A — the
wavelength.

In the spectra of 2 measured in acetonitrile, hexane, methanol, and chloroform no
significant differences in positions of the bands and only small changes in their intensity are
observed (Figure 5 and Figure S1 in SuppInfo). This clearly indicates the restricted mobility
of the dihydropyran ring because a high sensitivity of the 'L, chromane absorption to any
conformational changes, including solvent effects, is well known in the literature.*’

An additional confirmation of this significant conformational homogeneity comes
from ECD measurements at variable temperatures. Such a measurement made in a non-polar
solvent MI;; (methylcyclohexane/isopentane, 1:3, v/v) at temperatures ranging from +25 °C to
—180 °C shows almost no changes in the ECD bands position and a slight increase in the

intensity of the bands only. Here, the index 1}23, describing the relative change of Agpax

going from the low to the high temperature amounts to —11%, indicating significant

11
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conformational stability.* However, for measurements recorded within the same temperature
range in EPA (ethanol/isopentane/diethyl ether, 2:5:5, v/v) representing polar solvents, index
1*22, equal to —44% points to a greater degree of conformational freedom, nevertheless still
demonstrating a noticeable hindrance to the unlimited mobility (Figure 6).48 The result of
ECD measurements versus temperature is in line with expectations because lowering the
temperature causes progressive elimination of high-energy conformers from the equilibrium
and shifts it toward the most stable conformer. In this case, such a shift means that the most
stable conformation was frozen out at the lowest temperature or at least has reached a very

high population. Thus, further corroboration of the relative conformational stability of the

chromophoric system in chromane 2 in solution was achieved.
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Figure 6. ECD (top) and UV-Vis (bottom) spectra of chromane 2 recorded in EPA (right) and
MlI;s (left). The symbol & denotes the molar decadic absorption coefficient, Ae — the
difference of the molar decadic absorption coefficients of left and right circularly polarized
light, and A — the wavelength.
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To rationalize the experimental observations and to elucidate the respective
contributions of possible conformers in the solution phase, the relevant calculations using
molecular modelling (MM+ force field) followed by DFT optimization of resulted structures
at the B3LYP/6-31G(d) level of theory were performed for 1-7. In the next step, the
simulations of the ECD spectra were conducted by means of TDDFT method using the
B3LYP/6-311++G(d,p) level of theory and applying the polarizable continuum model (PCM)
to reflect solvent influence.

First, the applied calculation methodology was validated by direct comparison of the
geometry-related data obtained from the X-ray studies and the molecular modelling.
Chromane 2 was selected as a preliminary subject for the computational procedure.

Table 2. Calculated at the B3LYP/6-31G(d) level of theory Gibbs free energy (AG) in
kcal/mol, population (pop) at 25 °C in %, C8a—0O-C2—C3 torsion angle in deg (°) and

calculated ECD signs of the 'L, ECD band of chromane 2 conformers. Atom numbering as in
Figure 1.

Conf. AG Pop. C8a-0—C2-C3 | Helicity | ECD sign of 'L;, band
2a 0.0 83.4 —49.8 M +
2b 1.0 15.8 —47.3 M +
2¢ 2.7 0.8 +47.5 P +

Three conformers for chromane 2 are found within the 3 kcal/mol energy window
(Figure 7, Table 2). In the first two, 2a and 2b, populated in the conformational equilibrium at
over 99%, the heterocyclic ring is in a half-chair conformation with the methyl ester
substituent at C-2 in an axial and the methyl group in an equatorial position. The two
conformers 2a and 2b differ in an arrangement of the carbonyl group of methyl ester relative
to the aromatic ring. In the lowest energy 2a conformer, the C=0 group points away from the
benzene ring, whereas it points toward this ring in the 2b conformer. In the 2¢ conformer,
higher in energy by 2.7 kcal/mol and populated in the conformational equilibrium less than
1%, the heterocyclic ring adopts also a half-chair conformation. This time the methyl ester

and methyl groups at C-2 accept an equatorial and an axial position, respectively (Figure 7).

13
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helicity in the dihydropyran ring from M for 2a and 2b to P for 2¢ (Table 2).

Y

*/ﬁ:"‘f{

L

>

Conformer 2a

Figure 7. Optimized structures of chromane 2 conformers calculated at the B3LYP/6-31G(d)
level of theory and projections of the dihydropyran ring viewed along the aromatic ring
intersecting its position 6 and 7.

The structure of the lowest energy conformer 2a is in a truly good agreement with the

solid-state structure, considering data shown in Table 3 and comparison of structures in

Figure 8.

Table 3. Selected torsional angles in degree (°) determined by the X-ray diffraction for 2 and
calculated for lowest energy conformer 2a by B3LYP/6-31G(d) method. Atom numbering as

ol

X4
\'E/\‘ﬁ/'\/

Conformer 2b

At

o

Conformer 2¢

in Figure 1.

8a—0-2-3 | O-2-34 | 2-34-4a | 3 4-4a—8a | 44a—8a—0O | 4a—8a—0-2 | 8a—O-2—Cpyper
X-Ray 2A -52.5 60.0 -36.7 7.2 -0.8 23.0 70.2
X-Ray 2B -58.0 57.2 -31.2 6.7 -7.1 33.9 65.1
Conf. 2a -49.8 59.3 -40.2 11.9 -0.8 21.1 72.6

Figure 8. Comparison of the X-ray structure of 2 (green) with the structure of the lowest
energy conformer 2a (blue) calculated at the B3LYP/6-31G(d) level of theory. Left: overlay
of chromane 2 crystallographic and computed structures of molecule A, right: overlay of

crystallographic and computed structures of molecule B.
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A very good agreement between the solid-state and computed structures (Table 3), as
well as the close similarity of the ECD spectra of 2 recorded in both solid-state and solution
(Figure 9), suggests the crystal structure was close to the predominant structure seen in
solution. This indicates that the solute-solvent interactions, which may considerably affect the
ECD spectra owing to both conformational and vicinal effects, are negligible in this case.
Therefore, the analysis of the ECD data can be performed on the basis of chiroptical data
obtained for solutions. The minor differences seen in the ECD spectra in both states, such as
e.g. a ~10 nm red-shift of bands in the solid state spectrum versus liquid state (Figure 9 left),
can be accounted for considering the significant role played by the packing forces.
Nevertheless, the positioning of the bands and their sign pattern are consistent in both states.
Although, Pescitelli et al.*’ demonstrated recently that TDDFT calculations, which were
based on the X-ray structure, reproduce very well the lattice effects on the ECD spectra, the

application of this methodology went beyond the scope of this work.
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Figure 9. Left: ECD spectra of chromane 2 recorded in acetonitrile (solid red line) and in KCl
pellet (solid blue line) both presented over the range 390-225 nm with ECD spectrum
computed at the B3LYP/6-311++G(d,p) level of theory based on X-ray structure (dotted blue
line, value of Ry divided by 6); Right: Computed ECD spectrum at the B3LYP/6-
311++G(d,p)/PCM(CH3CN) level of theory obtained as a population-weighted sum at 298 K
of individual conformers of 2 (blue line) compared to experiment in CH3CN (red line). The
symbol Ag denotes the difference of the molar decadic absorption coefficients of left and right
circularly polarized light (Ae and Ae denotes experimental and theoretical Ag, respectively),
A the wavelength, and R, the rotatory strength.
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The Boltzmann-averaged ECD spectrum being by definition the sum of contributions
from all conformers and weighted according to their population percentages shows the very
satisfactory agreement between experiment and theory. Thus, the strong evidence that these
conformers are present in a solution under these conditions is provided. As predicted by
TDDEFT calculations, the excitations at 291.5 nm and 271.5 nm can be reasonably attributed
to the transition from HOMO to LUMO and HOMO to LUMO+1 of 2a, likely corresponding
to a substituted benzene ring nn* transitions (Figure 10). In addition, some contributions of
the nmt* transitions of the ester group at the C-2 carbon atom and from non-bonding orbitals of

pyran oxygen free electron pairs are also visible.
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Figure 10. Top: Simulated ECD spectra of chromane 2 conformers at B3LYP/6-
31++G(d,p)/PCM(CH;CN) level of theory. The symbol Ry, denotes the computed rotatory
strength; Bottom: MOs of individual excitations of chromane 2 lowest energy conformer with

dominant contributions.

The results for 2 demonstrate a very good conformity between the calculated and the
experimental values for both solid and solution states, thereby supporting the correctness of
the computational procedure adopted. Thus, the same calculation methodology was applied
for the remaining chromanes. The aim of these calculations is to check the necessity of
verification of the chromane helicity rule results by theory. The comprehensive results of the

conformational analysis and ECD spectra simulations for compounds 1, 3-7 are given in the

16

Page 16 of 41



Page 17 of 41

Organic & Biomolecular Chemistry

Supporting Information (Figure S3—-S14) while the selection of the most relevant ones is
presented and discussed below.

Five conformers are found for trolox 1 within the energy range of 3 kcal/mol (Table
4). Two lowest energy structures, namely 1a and 1b, are populated in the conformational
equilibrium at over 92%. Similarly, as for the (S)-trolox methyl ester (2), the heterocyclic ring
in these two conformers adopts a half-chair conformation with the carboxyl substituent at C-2
in an axial position. The only difference in 1a and 1b is the arrangement of the carboxyl
group relative to the aromatic ring. In the remaining three conformers with the P helicity of
the dihydropyran ring, the carboxyl substituent occupies an equatorial position. These latter
conformers (lc-1e) are computed to be at least 1.76 kcal/mol [B3LYP/6-31G(d)] higher in
energy than the lowest energy conformer 1a. Therefore, their population is negligible at room
temperature. Also for this reason, there is apparently no difference between the simulated
ECD spectrum of conformer 1a and the Boltzmann-averaged spectrum (see the Supporting
Information, Figure S3 and S4).

Only 3¢ conformer of chromane 3 adopts P helicity in contrast to its lower energy
conformational partners of M helicity (3a and 3b). However, regardless of the ring helicity,
the computed 'L, band is positive in each case. As can be seen in Table 4, a very similar
situation occurs in the other two cases, namely chromanes 4 and 5. All five conformers of 4
and three of 5 adopts a half-chair geometry of the chromane ring. The most notable
differences among these conformers are seen in the orientation of the largest substituent at C-
2. Four and two of the conformers of 4 and 5, respectively, including the most stable ones
(populated ca. 45% and 49%, respectively), have this substituent in the axial position while in
the remaining structures, it accepts the equatorial position. These results clearly show that the

predictions made using the chromane helicity rule will not necessarily be correct.
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An additional proof of the above statement came from the vibrational circular
dichroism (VCD) spectroscopy. Nowadays, such a combined approach of more than one
chiroptical method is widely recognized as necessary in order to arrive at the reliable
configurational assignment.*” As a model compound for the VCD study (S)—trolox methyl
ester acetate (4) was chosen. This compound was selected because it does not form hydrogen
bonds and, consequently, the interpretation of VCD results will be greatly facilitated. The
VCD and IR spectra were recorded in CDCl3, and the concentration was adjusted to the 1500—
950 cm™ range. The spectra were calculated for the same population of conformers as for
ECD spectra using B3LYP functional and various bases: 6-31G (d), 6-311++G(d,p) and
TZVP. The best fit of the experimental and theoretical spectra was obtained for the TZVP
basis (Figure 11). For this base (TZVP) the similarity coefficient calculated using the
algorithm CompareV04”’ was 85.3% for (S) enantiomer and the enantiomeric similarity
coefficient (ESI) was equal to 79.5% with a confidence level of 100%. The experimental and
calculated IR and VCD spectra compare pretty well: the sign and the absolute intensities of

most VCD signals are well reproduced.

1200

0.04 -_,_WN__‘_\,J\/“/\_A_MW
1000
0.02 4
e = 800
S 000+ £
: 3
o g 600
E 002 =
~ °
< 0,044 w 400
Ioe 200
1400 1300 1200 1100 1000 ) y y T y
1400 1300 1200 1100 1000
v/iem! 4
v/cm

Figure 11. Experimental (red) and simulated at B3LYP/TZVP level of theory (blue) VCD
(left) spectra obtained as a population-weighted sum at 298 K of individual conformers with
noise level and IR spectra (right) of (S)-trolox methyl ester acetate (4). Spectra measured in
CDCls.

The overall agreement of the predicted and experimental VCD spectra independently

supports the configurational and conformational assignment of 4 obtained from the ECD
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studies. Therefore, one can say that such a combined use of different chiroptical methods for
three-dimensional structure determination allows for an unambiguous stereochemical
assignment as it provides an independent verification of the results.

Only two conformers are found for chromane 6 in the 5 kcal/mol energy window.
However, the lowest energy conformer of M helicity and its population of nearly one hundred
percent is of key importance for the ECD spectra. The contribution of the next conformer,
higher in energy by more than 4 kcal/mol, is negligible at room temperature. Very similar
situation is found for the acetyl derivative of 6, namely chromane 7. Although four
conformers are found for 7 in the 5 kcal/mol energy range, only the first two contribute
significantly to the net ECD spectrum. Conformers 7¢ and 7d, because of a very low
population and a high energy, could be eliminated from further considerations. It should be
noted that regardless of M or P helicity, calculations predict the same sign of the long-

wavelength ECD band for all conformers 7a-7d (Table 4).

Table 4. Overview of the conformer (conf.) analysis for chromanes 1 and 3-7: Gibbs free
energy (AG) calculated at the B3LYP/6-31G(d) level of theory in kcal/mol, population (pop)
at 298 K in %, C8a—0O—C2—C3 torsion angle in degree (°) and calculated sign of the ECD of
the 'Ly ECD band. Atom numbering as in Figure 1.

Comp. | Conf. AG Pop. | C8a—O—C2-C3 | Helicity | Sign of 'L, band
1 la 0.00 76.6 —49.2 M +
1b 0.94 15.5 —47.2 M +
lc 1.76 3.9 +48.5 P —
1d 1.93 2.9 +44.3 P —
le 2.56 1.0 +47.6 P +
3 3a 0.00 57.5 —44.5 M +
3b 0.21 40.0 —45.1 M +
3c 1.90 2.3 +46.8 P +
4 4a 0.00 44.8 —45.6 M +
4b 0.36 24.4 —48.1 M +
4c 0.46 20.5 —43.9 M +
4d 1.14 6.6 —45.3 M +
4e 1.48 3.7 +43.2 P +
5 S5a 0.00 49.2 —39.4 M +
5b 0.34 35.0 —38.5 M +
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Sc 1.13 15.8 +47.0 P —/+
6 6a 0.00 98.8 —47.3 M +
6b 4.38 2.2 +48.6 P —
7 7a 0.00 78.87 —45.4 M +
7b 1.51 17.35 —45.6 M +
Tc 3.35 2.76 +45.7 P +
7d 4.35 1.02 +47.6 P +

The second group of compounds (chromanes 8-11) is characterized by a much lower
intensity of ECD bands across the whole spectrum. As expected, the conformational
composition of chromanes 8-11 is much more complex what is manifested by a small energy
difference between conformers. For example, conformational analysis of chromane 8§,
performed within the 5 kcal/mol energy window, found four conformers differing only very
slightly in energy (Table 5).

Table 5. Overview of the conformer (conf.) analysis for chromanes 8-11: Gibbs free energy
(AG) calculated at B3LYP/TZVP level, population (pop) at 298 K in %, C8a—O-C2-C3
torsion angle in degree (°) and signs of the 'L, ECD band calculated at B3LYP/6-
311++G(d,p)® and B3LYP/TZVP® levels of theory.* Atom numbering as in Figure 1, and
+/— or —/+ in the last column indicate a bisignate ECD band of a given signs sequence.

Conf. AG Pop. | C8a-0-C2-C3 | Helicity | Sign of 'Ly band
8 8a 0.00 | 28.5 —46.4 M +®
8b 0.10 26.0 +46.6 P —®
8¢ 0.18 | 24.0 —46.5 M +®
8d 0.33 21.5 +46.7 P ©®)
9 9a 0.00 38.6 —40.83 M ©)
9 0.20 27.5 —41.20 M —®
9¢ 0.87 8.9 —49.13 M +/—®
9d 0.94 7.9 +47.07 P —/+®)
9¢ 1.01 7.0 +47.00 P —/+®
of 1.10 6.0 —49.44 M +/—®)
9g 1.68 2.2 +46.75 P —/+®
9h 1.78 1.9 +47.11 P —/+®)
10 10a 0.00 53.5 —46.4 M _@
10b 0.14 46.5 +47.2 P +@
10a 0.00 57.1 +47.2 P —®
10b 029 | 429 —46.4 M +©
11 lla 0.00 64.0 —41.8 M +@®
11b 0.57 36.0 +47 .4 P +@®
lla 0.00 68.0 —41.8 M +®
11b 0.77 32.0 +47.4 P —®

Explanation regarding the use of different levels of theory is to be found in the text.
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It appears that the conformational space of chromane 8 contains roughly an equal
amount of M and P conformers with only a small predominance (2.5%) of the M helical
conformers (see the Supporting Information, Figure S15 and S16). Therefore, in the ECD
spectrum recorded at room temperature as being the sum of all contributing conformers, a
positive 'Ly band of low intensity reflects a small preponderance of M conformers. As shown
in Figure 12, lowering the temperature of measurements results only in a slight increase in the
intensity of these bands in both polar (EPA: Et,O/isopentane/EtOH, 5:5:2, v/v) and non-polar
solvents (MI,3: methylcyclohexane/isopentane, 1:3, v/v). That additionally validates a slight
dominance of conformers M over P in the equilibrium. In turn, this increase of intensity of the
ECD bands at a lower temperature results on account of the greater conformational
homogeneity favoring the most stable conformer. Noteworthy is the influence of the solvent
on the other ECD bands of 8 manifested even in their sign change, e.g. 'L, band at ~240 nm
from Figure 12. A blue-shift of some maxima observed at low temperatures can be attributed

to the solute-solvent interaction.
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Figure 12. ECD (top) and UV-Vis (bottom) spectra of chromane 8 recorded in EPA (right)
and MI,; (left). The symbol ¢ denotes the molar decadic absorption coefficient, Ae — the
difference of the molar decadic absorption coefficients of left and right circularly polarized
light, and A — the wavelength.

To determine contributing conformers of chromane 9, conformational analysis was
performed with MM+ force field. Next, structures of all conformers found were re-optimized
at B3LYP/TZVP level of theory, including PCM model for acetonitrile. As a result, eight
conformers were found within 3 kcal/mol energy range (Table 5). In the next step the ECD
spectra of each conformer found (conformers 9a to 9h) were simulated with the B3LYP
functional and TZVP basis set, using the PCM solvent continuum model with acetonitrile as a
solvent. The predicted ECD spectrum, weighted on the basis of the Gibbs free energy, is

shown in Figure 13. As can be seen, the Boltzmann averaged ECD spectrum of compound 9

is in a very good agreement with the experimental spectrum.
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Figure 13. Comparison of experimental ECD spectrum of chromane 9 with its Boltzmann
averaged simulated spectrum at B3LYP/TZVP/PCM(CH;CN) level of theory.

The geometry of the three lowest energy conformers of 9, namely conformers 9a, 9c,
and 9d, together with their simulated ECD spectra is shown in Figure 14 (the geometry and
simulated ECD spectra of the remaining conformers as well as the MOs involved are
deposited in the Supporting Information, Figure S17). The diagnostic 'L, band in the
corresponding spectra is negative or bisignate. This difference is due to the different
orientation of the vinyl substituent relative to the chromane ring. In the case of 9a, the vinyl
group is directed to the inside of the molecule whereas in the case of the 9¢ outside. For
conformer 9d this band is also bisignate, but with opposite sign sequence than 9¢. The
positive band above 300 nm comes from the excitation of the vinyl double bond which mixes
with chromane transitions. These vinyl transitions are particularly visible in the ECD spectra
of conformers 9¢ and 9f constituting 10% of the equilibrium mixture (Figure 14). However, in

the UV spectrum the olefinic band is hidden under aromatic absorption.
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Figure 14. Simulated ECD spectra and structures of the three lowest energy conformers of
compound 9 calculated at the B3LYP/TZVP/PCM(CH;3CN) level of theory (conformer 9b
was omitted because of only a slight difference in the torsion angle value equal to 0.37 °
compared to conformer 9a).

In the context of the chromane helicity rule, the lowest energy conformer 9a does not
comply with the rule because it exhibits CEs of opposite signs to those required by the rule. It

generates a negative CE in the range of 'Ly band instead of a positive predicted by the rule for

the M helicity. On the other hand, the Boltzmann-averaged ECD spectrum shows the very

23



Organic & Biomolecular Chemistry

satisfactory agreement between experiment and theory (Figure 13). This corroborates the
existence in the equilibrium of all calculated conformers presented in Table 5.

The further extension of the side-chain length at C-2 in chromanes may enhance their
relatively unrestricted mobility, limited to the great extend to the side chain substituent only.
As a consequence, a sign change could occur as different conformers can make different
contributions to the total ensemble-averaged spectrum. Specifically, this is reflected in the
compounds 10 and 11, in which a sign change of the decisive CE at ~290 nm a takes place
without a change of the stereochemical arrangement at the stereogenic center, compared to
chromane 8 (Table 1). The negative sign of this CE in the experimental spectra of 10 and 11
is consistent with the chromane helicity rule as appropriate for P conformer with equatorially
oriented C¢H3 and C¢H,; substituents, respectively. This was to be expected because the
percent of the equatorial conformation should increase with increasing steric interaction of
prolonged alkyl substituent at C-2.°!

A validation of this statement by calculation is not a trivial task. With increasing length
of the alkyl substituent on carbon C-2 the conformational lability of the side chain increases,
too. Therefore, the conformational analysis of such systems, conducted to find contributing
conformers, is significantly impeded. To reduce both time and the cost of calculations, the
conformational analysis of chromanes 10 and 11 was carried out for M and P conformers of
tetrahydropyran ring with a frozen conformation of the side chain at C-2. This frozen
conformation was adapted from the single crystal X-ray conformation of an analog of a-
tocopherol.52 The conformers were obtained by a substitution of the phytyl chain by a shorter,
six-carbon long analogs and subsequent optimization of obtained structures. The geometry
optimizations and thermochemistry calculations were conducted at B3LYP/6-

311++G(d,p)/PCM(CH3CN) and B3LYP/TZVP/PCM(CH;CN) levels of theory.
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In calculations of chromane 10 at B3LYP/6-311++G(d,p)/PCM(CH;3CN) level of
theory, conformer P with an equatorially oriented bulky substituent but a positive CE at ~290
nm was predominant (Figure 15). This contradicted the chromane helicity rule, which for the
P conformers predicts negative CEs in this spectral region. On the other hand, calculations
carried out at B3LYP/TZVP/PCM(CH3CN) level of theory predicted for the lowest energy P
conformer a negative sign of the same ECD band (Figure 15). Thus, the simulated spectra
show a strong dependence on the applied basis set. Such a dependence of TDDFT calculation
on the tentative functionals and basis sets used is well known in the literature.” ** However,
preliminary results for chromans 9 and 10 obtained with the functional involving a correction
for long range correlation effects, namely CAM-B3LYP and TZVP basis set are consistent
with the results from the B3LYP functional and the same basis set (see Figure S19 in

Supporting Information).
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Figure 15. Simulated ECD spectra of M- and P-conformers of chromane 10 calculated at
B3LYP/6-311++G(d,p)/PCM(CH;3CN) and B3LYP/TZVP/PCM(CH;CN) levels of theory left
and right, respectively.

In the case of 10, the ECD spectra of conformers 10a and 10b differing by 0.14 or
0.29 kcal/mol depending on the basis set used, are almost mirror images clearly indicating the
different conformations of the heterocyclic ring. According to the calculations, the excitations

within the long wavelength ECD band can be reasonably attributed to the transitions from

HOMO to LUMO and HOMO to LUMO+I1 in both M and P conformers of 10, likely
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corresponding to a substituted benzene ring nw* transitions. Besides, these transitions are not

pure and involve also non-binding orbitals of pyran oxygen free electron pairs (Figure 16).

Conformer M HOMO LUMO LUMO+1

| Dal |
[ = ¥ ; S
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Conformer P HOMO LUMO LUMO+1

Figure 16. Structures of M and P conformers and MOs of individual excitations of two
conformers with dominant contributions of chromane 10.

Since the reliability of theoretical predictions greatly facilitates comparison with
experimental data or results obtained from complementary methods, we attempted variable
temperature ECD measurements of 10 to enhance the results of calculations. Measurements
made in both polar (EPA) and non-polar (Ml;) solvents clearly show conformational
instability of chromane 10. In both solvents, already below —80 °C the ECD curve become
bisignate which clearly indicates the presence of roughly equal amounts of M and P
conformers in equilibrium (Figure 17). Additional decrease of the temperature shifts the
equilibrium toward the conformer characterizing by a positive CE. Thus, simultaneously with
decreasing temperature the positive band become much more pronounced at the expense of

the negative one, which finally completely disappears.
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Figure 17. ECD spectra of chromane 10 recorded in EPA (right) and MI,; (left). The symbol
¢ denotes the molar decadic absorption coefficient, Ae — the difference of the molar decadic
absorption coefficients of left and right circularly polarized light, and A — the wavelength.

The chromane 11 with the unsaturated C¢H;; side chain demonstrates very similar
behaviour. Two negative weak CEs in its experimental spectrum occurring at 289.0 and 296.0
nm are associated with the 'L, chromane excitation. Furthermore, there is also a very weak
positive CE at 308.5 nm. This band is associated with transitions from HOMO to LUMO
orbitals of the chromane ring with substantial contributions of olefinic electrons of the
unsaturated substituent at C-2. Similarly as in the case of chromane 9, in the UV spectrum of
11 the olefinic absorption bands are not visible as they are hidden under aromatic absorption.

Simplified conformational analysis was conducted analogously as for chromane 10,

i.e. with a frozen side chain substituent. Contrary to the prior case and regardless of the basis
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set used, the values of free energy differences in chromane 11 show a full predominance of
the M conformer with an axial C¢H;; substituent at C-2 over the P conformer (Table 5). ECD
spectra of generated M and P conformers, computed at B3LYP/6-311++G(d,p)/PCM(CH;CN)
level of theory, show opposite signs of transitions within 'L, band, positive and negative
respectively (Figure 18). Both applied basis sets agreeably predict for the M conformer a
positive sign of the main band, thus incorrectly reproducing experimental data. Furthermore,
the equilibrium preference for conformer with a long alkenyl substituent on C-2 carbon in an
axial position is contradictory to the previous literature reports.”’ Also in this case the use of
CAM-B3LYP functional in place of B3LYP resulted in no observable changes in the
calculated spectrum.
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Figure 18. Comparison of experimental ECD spectrum of 11 with simulated spectra of its M
and P conformers together with Boltzmann average curve and optimized at B3LYP/6-
311++G(d,p)/PCM(CH3CN) and B3LYP/TZVP/PCM(CH;3;CN) levels of theory structures of
M (left) and P conformers (right). Ry values are diminished fourfold.

Next, to get more insight into incompatibility between theory and experiment we
analyzed the electric (1) and the magnetic (i) transition dipole moment values and the

relative angle between them (see Table S1 in Supporting Information). It is surely well known

that the angle 6 between these two moments and their magnitudes independently contribute to
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the observed CEs. It turns out that the good compliance of theory with experiment is reached
when the angle 6 considerably deviates from 90°. For values & close to 90°, like in some
conformers of compounds 8, 10, and 11, there is no clear correlation.

Given the inconsistencies in the calculation results for chromane 11, we decided to
support the theoretical results by the variable temperatures measurements. In this case, a sign
change of the long-wavelength 'L, band resulting from a decrease of temperature occurred
only in the non-polar solvent MI;; (Figure 19). This appears to be a case of a strong influence
of the solvent, which likely manifests itself in either stabilization or destabilization of

investigated structures.
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Figure 19. ECD spectra of chromane 11 recorded in EPA (right) and MI,; (left) at various
temperatures. The symbol € denotes the molar decadic absorption coefficient, A — the
difference of the molar decadic absorption coefficients of left and right circularly polarized
light, and A — the wavelength.
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The results of ECD measurement within a relatively large temperature range may also
be a source of a quite accurate information on the distribution of conformers in flexible,
optically active molecules.*® 3> 3 Therefore, we used the method developed for this purpose
by Moscowitz et al.*® This method allows the verification of relative energy of the conformers
obtained from calculations and the estimation of the experimental conformer distribution for
chromans 10 and 11. By definition, it can only be applied to a mixture of two conformers. As
a result, a plot of rotational strength R' against 1/[1+exp(-AG0/RT)] provides a family of
curves of which only the straight line corresponds to the right and, therefore, experimental
AG" (components of the equation from above are explained in the caption to Figure 20).
Subsequently, as a result of graphical operation, the experimental values of conformer

distribution and rotational strength of isolated components can be obtained.
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Figure 20. Plot of R} against 1/[1+exp(—AGO/RT)] of 10 (top) and 11 (bottom) in Ml (left)
and EPA (right). R} denotes observed total rotational strength at selected temperature T (K);
R on the x-axis is the gas constant, R? denotes coefficient of determination and AG® is the
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standard Gibbs free energy for the conformational change between P- and M-helicity of
chromane ring.

Detailed results obtained with the method of Moskowitz for chromans 10 and 11 are
summarized in Table 7 and Figure 20. Similarly to the calculations results, the AG® values
obtained for both MI,; and EPA solvents show that the difference in relative energy between
P and M conformers is very small. In the case of 10, this manifests itself clearly in the sign
change of the 'Ly band in both solvents used whereas in the case of 11 the sign change occurrs
in MI;3 only.

Table 7. Calculated values for the rotational strengths R, and R}, of chromans 10 and 11 in
polar (EPA: ethanol-isopentane-diethyl ether, 2:5:5, v/v) and non-polar (Ml;s:
methylcyclohexane-isopentane, 1:3, v/v) solvents as well distribution of conformers in
various temperatures. R, denotes the rotational strengths of lower energy conformer "a" and

Ry, the higher energy conformer "b", X, denotes the molar fraction of lower energy conformer
and X, the higher energy conformer.*

R.J/cgs | Ry/cgs Chromane 10 Chromane 11
T/°C Chromane 10 X, Xs X, X

MI, 5 Ml;; | EPA | MI;; | EPA | MI;; | EPA | MI;; | EPA
25 [8.59x10% | -9.11x10" | 0.51 [ 0.54 | 049 | 046 | 0.51 | 053 | 0.49 | 0.47
0 EPA 0.51 | 0.54 [ 049 | 0.46 | 0.51 [ 0.54 | 0.49 | 0.46
-40 [ 2.10x10™ | -2.60x10™ [ 0.51 | 0.54 | 049 | 046 | 052 | 0.54 | 0.48 | 0.46
-80 Chromane 11 0.51 | 055 [ 049 | 0.45 | 052 | 0.56 | 0.48 | 0.44
-120 MI,; 052 | 057 [ 048 | 043 | 052 | 0.57 | 0.48 | 0.43

-140 | 18.0x10" | -20.0x10™ 0.53 0.47
-160 EPA 053 | 060 | 047 | 040 | 053 [ 0.58 | 0.47 | 0.42
-180 | 1.8x10™ | -3.1x10™ [ 053 [ 0.60 [ 047 | 040 [ 0.54 | 0.60 | 0.46 | 0.40

*The accuracy of molar fractions of particular conformers is far less than the number of decimal places given in
the Table. This accuracy, however, is maintained to show the relative trend of the conformational composition.

Uncertainty regarding the structure of conformers, primarily in the case of chromanes
10 and 11, can be related to the simplification adopted in the conformational analysis
eliminating a number of possible rotamers. Another significant reason for this can be a lack of
consideration of solvent effects during the geometry optimization. As recently reported, the
introduction of solvent effect at the both stages of computation, namely geometry
optimization and simulation of the ECD spectra, may substantially increase accuracy of the

subsequent TDDFT/B3LYP results for the total rotatory power.’® An investigation of
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chromanes with a long side chain at C-2 clearly identifies the problems arising during the
determination of the stereostructure of floppy systems on the basis of a limited number of
conformers. Because of a high degree of conformational flexibility these compounds pose a
challenge, primarily in terms of computation complexity.

Despite discussed above problems, the results obtained for the flexible chromanes 8-
11 are a foundation leading to some interesting insights. Extending the length of the alkyl side
chain by a relatively small number of carbon atoms does not significantly affect the ECD
spectrum.”~’ As can be seen on Figure 21 right, the UV-Vis absorption of all the compounds
including a-tocopherol (i) with phytyl side chain at C-2 are nearly identical. However, the
intensity of the ECD band at ~290 nm in a-tocopherol (i) is the same as in chromane 10
bearing a six-carbons alkyl chain only (Figure 21 left). Chromane 8 with shorter alkyl side
chain than chromane 10 exhibits an opposite sign of this band. In turn, the intensity of the
same band in chromane 11 with an unsaturated, and thereby less labile side chain, among
other differences, is greater in comparison with a-tocopherol (i) and its saturated counterpart
10. Moreover, the shape of the ECD spectrum of chromane 9 with a vinyl substituent on
carbon C-2 is almost identical with its hexenyl analog 11. This was to be expected for
compounds having the same chromophoric unit. The slight difference in the intensity of the

bands results from lower mobility of vinyl substituent compared to hexenyl.

0.2

— 8 8
9 40000 9
0.1 —10 —10
—n —1
i i - i
'_g g 300004 ’
TE> 0.0 NG
B €
s e 20000
& o°
1~ ~
< -0.14 @
100004
0.2
T T T T T T 0 T T : L - T ,l\ —T T
240 260 280 300 320 340 360 200 220 240 260 280 300 320 340 360
Al nm Al nm

32

Page 32 of 41



Page 33 of 41

Organic & Biomolecular Chemistry

Figure 21. Comparison of UV-Vis (right) and ECD (left) spectra of chromanes 8-11 and a-
tocopherol (i) recorded in acetonitrile. The symbol € denotes the molar decadic absorption
coefficient, Ag — the difference of the molar decadic absorption coefficients of left and right
circularly polarized light, and A — the wavelength.

CONCLUSIONS

The main objective of this study was to test the range of applicability and reliability of
chromane helicity rule. This rule was developed to assist with the assignment of absolute
configuration of chromans. The rule, however, was found failing in regard to
conformationally flexible compounds, such as certain chromans. In this work, a systematic
analysis of a set of molecules with varied conformational flexibility was performed to check
whether the general rule could be improved by offering some kind of refinement or
modification. To this end, the relationship between the molecular structure and the chiroptical
properties of trolox derivatives 1-11 was investigated by a single crystal X-ray diffraction
analysis, electronic circular dichroism spectroscopy, especially with the variable low-
temperature ECD measurements, vibrational circular dichroism, and TDDFT calculations.

As a result of these studies it was shown that in all investigated cases the conformation
of chromane skeleton with a methyl substituent on C-2 carbon atom in an equatorial position
predominates. The presence of the same conformation both in a solid phase and in a solution
is experimentally confirmed by the ECD spectra recorded in both states. Moreover,
calculations show a very good agreement between the lowest energy conformer structure and
the solid-state structure.

The most important inference from the calculations is that in most cases the simulated
ECD spectra of the conformers found for 1-11 do not conform to the chromane helicity rule,
regardless of the M- or P-helicity of the dihydropyran ring. The results obtained for
compounds with the known absolute configuration indicate that the ECD sign of the 'Ly, band

appears to be determined by two independent factors. The first factor is a twist of the
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heterocyclic ring fused with the practically flat aromatic ring, while the second factor
originates from disorders caused by the substituent/ents at the asymmetric carbon atom C-2.
Depending on which of these two factors dominates, the 'L, band shows a positive or
negative CD. It may, therefore, happen that compound with the P (or M) configuration of the
dihydropyran ring exhibits a positive or negative CD in the long-wavelength spectral range
and vice versa. Most likely the object of our studies represents a system where its CD - using
the classical nomenclature - is determined by a combination of a sector and a helicity rules.

The results presented herein clearly demonstrate that chromane helicity rule should
always be applied cautiously, and the experimental data should be augmented with adequate
quantum mechanical computational predictions in order to assign the absolute configuration
with a high degree of confidence. It should also be emphasized that the use of more than one
chiroptical technique will lead to a more reliable result. It should be noted, however, that in
the present case ECD alone allows to solve the stereochemical problem without any
ambiguity or doubt.

Summarizing, it turned out that the ECD spectroscopy is suitable for the
comprehensive structural studies of chromans, as it is very sensitive to a minute changes in
geometry and electronic structure of the investigated compounds. In this paper, we have
demonstrated that the ECD measurements at variable temperatures are extremely useful for
studies of both conformational homogeneity and complexity. The resulting conclusions,
additionally supported by the calculations, offer a reliable support for the structural
assignment.

It has to be added that the combination of experimental and theoretical results allows
articulating a high quality conclusion about the relationship between the chiroptical properties
and the detailed molecular structure of chromans. Recent progress in both equipment and

computational methods leads to a much wider possibility of using chiroptical spectroscopy in
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solving increasingly complex structural problems. Thus, the main conclusion of this paper is
that semiempirical rules correlating the sign of an ECD band are no longer safe in assignment
of absolute configuration. Since modern computational tools are nowadays readily available
for routinely use even for non-specialists, a combined experimental and theoretical approach
in solving stereochemical problems is strongly recommended.

EXPERIMENTAL SECTION

Source and synthesis of investigated compounds 1-11: Both enantiomeric Trolox
derivatives (1, ent-1) i.e. (S)- and (R)-6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid were purchased from Aldrich. The syntheses of compounds 2, 3,* 4, (M.p. 104-105
°C) 5% 6,00 7,0 8° 9% 10% (M.p. 49-50 °C) were carried out according to the literature
methods. Compound 11 was prepared according to the procedure described in the Supporting

Information together with its spectroscopic characterization.

General Information. All moisture-sensitive reactions were performed under argon
atmosphere using oven-dried glassware. Anhydrous methanol was distilled from magnesium.
Anhydrous THF was freshly distilled from sodium and benzophenone. Anhydrous DMF,
DMSO, ethyl acetate (AcOEt) and dichloromethane (DCM) were distilled from CaH,. Flash
chromatography (FC) was carried out on Merck silica gel (230400 mesh). Routine
monitoring of reactions was performed using 60 Fs4 silica gel TLC plates (Merck). TLC
spots were visualized by heating plates sprayed with ammonium molybdate/cerium(IV)
sulfate solution. Melting points were determined on a Mettler Toledo MP90. The 'H and "*C
NMR spectra were recorded on a Bruker Advance spectrometer (400 and 100 MHz,
respectively) as solutions in CDCl;. Chemical shifts are expressed in parts per million (ppm,
d) downfield from tetramethylsilane (TMS) and are referenced to CHCI; (77.4 ppm) as

internal standard. Mass spectra were obtained at 70 eV with AMD-604 spectrometer. IR
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spectra were recorded on a Nicolet series II Magna-IR 550 or Nicolet 6700 FT-IR

spectrometer.

Single-Crystal X-ray Diffraction Studies. The X-ray measurement of 2 was performed at
100 (2) K on a diffractometer with graphite-monochromated Mo Ka. radiation (0.71073 A).
The crystal was positioned at 50.0 mm from the KM4CCD camera; 632 frames were
measured at 1.0 ° on a counting time of 45s. Data reduction and analysis were carried out with
the Oxford Diffraction programs.64 The data were corrected for Lorentz and polarization
effects and multi-scan absorption correction® was applied. The structure was solved by direct
methods® and refined by using SHELXL.®” The refinement was based on F? for all reflections
except for those with very negative F2. The weighted R factor, wR and all goodness-of-fit S
values are based on F*. The non-hydrogen atoms were refined anisotropically. The hydrogen
atoms (except at hydroxyl group) were placed in calculated positions and refined within the
riding model. The temperature factors of hydrogen atoms were not refined and were set to be
equal to either 1.2 or 1.5 times larger than Ueq of the corresponding heavy atom. The
hydrogen atoms at hydroxyl groups were found from a map and refined isotropically. The
atomic scattering factors were taken from the International Tables.®®
ECD measurements. The electronic circular dichroism (ECD) spectra were recorded
between 450—180 nm at room temperature in spectroscopic grade acetonitrile. Solutions of 1-
11 with concentrations in the range from 4.0 x 10 to 8.5 x 10* M were examined in quartz
cell with path length of 2-0.05 cm. All spectra were recorded using 100 nm/min scanning
speed, a step size of 0.2 nm, a bandwidth of 1 nm, a response time of 0.5 sec, and an
accumulation of 5 scans. The spectra were background corrected.

Low—temperature ECD measurements of 2, 8, 10, 11 were performed in the

temperature range 293-93 K in a solution of MI;3; (methylcyclohexane/isopentane, 1:3, by

36

Page 36 of 41



Page 37 of 41

Organic & Biomolecular Chemistry

vol.) and EPA (Et,O/isopentane/EtOH, 5:5:2, by vol.) as solvents. The solutions with
concentrations in the range from 1.0 x 10~ to 7.0 x 10™* M were measured between 400-220
nm in 1 cm quartz cell. Baseline correction was achieved by subtracting the spectrum of a
reference solvent obtained under the same conditions. All spectra were normalized to Ag
using volume correction for EPA and MI;s.

The ECD solid-state spectrum of 2 was obtained using Diffused Transmission
(DTCD) mode as KCI pellet placed in the integrating sphere coated with barium sulfate and
introduced to the high sensitivity photomultiplier tube situated at 90 °. ECD spectrum (0.106
mg/100 mg KCI) was recorded between 400-200 nm at room temperature using the following
parameters: 100 nm/min scanning speed, a step size of 0.2 nm, a bandwidth of 5 nm, a
response time of 0.5 sec, and an accumulation of 5 scans. The resulting spectrum was
background corrected. The KCI pellet was mounted on a rotatable holder located just before
integrating sphere. The sample was measured upon rotation of the disk around the incident
axis direction at various rotation angles. The spectra were almost identical, demonstrating the
absence of detectable spectral artifacts. Linear dichroism (LD) was also measured, the order
was less than 2 x 10~ OD.

VCD measurements. The IR and VCD spectra of chromane 4 were measured at a resolution
of 4 cm™' using CDCl;. FT-VCD spectrometer was equipped with dual sources and dual
PEM’s. Solution with concentration 0.17 M (8.56 mg/160 uL) was placed in a BaF, cell with
a path length of 102 pm and assembled in rotating holder (14 sec/cycle). The ZnSe photo
elastic modulator of the instrument was set to 1400 cm™. To improve the S/N ratio, the
spectra were measured for 5 h 20 min (16384 scans). Baseline correction was achieved by

subtracting the spectrum of a reference CDCl; obtained under the same conditions.

Quantum chemical calculations.
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Conformational analysis and DFT optimization. The conformational search was done
using HyperChem program® with MM+ force field within 5 kcal/mol energy windows, and
then all structures were submitted to the Gaussian 09° program for DFT optimization at
B3LYP/6-31G(d) level of theory. Finally, the simulated ECD spectra were calculated.

UV/ECD calculations. Simulation of UV/ECD spectra was carried out with TDDFT method
for conformers found during conformational analysis. The B3LYP hybrid functional in
conjunction with 6-311++G(d,p) (for 1-7, 10, 11) or TZVP (for 8-11), basis set was used. For
inclusion of the solvent influence on measured ECD spectra, the polarizable continuum model
(PCM) for acetonitrile implemented in the Gaussian 09%° was used. Rotatory strengths were
calculated using both length and velocity representations. The differences between the length
and velocity of calculated values of rotatory strengths were <5%, and for this reason, only the
velocity representations (Ry)) were taken into account. The ECD spectra were simulated by
overlapping Gaussian functions for each transition by means of the SpecDis program.” The
final spectra were Boltzmann averaged (T=298 K) according to the population percentages of

individual conformers based on the relative Gibbs free energies (AG). The same results were

obtained using AE®“F

and AH values from Gaussian output file. The calculated UV spectra
were red-shifted by 5-10 nm in relation to the experiment, and consequently ECD spectra
were also wavelength corrected. A Gaussian band-shape was applied with 0.25-0.38 eV as a
half-height width. For demonstration of dependency between the shape of Boltzmann
averaged ECD spectrum and different values of the Gaussian band-width the chromane 2 and
8 were chosen (see the Supporting Information, Figure S2 and Figure S15).

IR/VCD calculations. Computation was performed in the framework of DFT in Gaussian
09% package. In order to predict VCD spectra for chromane 4 first the geometry was

reoptimized and then calculation of harmonic vibrational frequencies, dipole strengths and

rotational strengths was carried out at the same level. B3LYP hybrid functional was tested in
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conjunction with the 6-31G(d), 6-311++G(d,p) and TZVP basis sets. Comparison between
theoretical and measured IR and VCD spectra were evaluated using CompareVOA’
confidence level algorithm. The best comparison was obtained in the case of combination
B3LYP/TZVP.

ASSOCIATED CONTENT

Crystallographic data for the structure of (S)-Trolox methyl ester (2) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC

909503. Copies of the data can be obtained on application to CCDC, 12 Union Road,

Cambridge CB2 1EZ, UK (E-mail: deposit@ccdc.cam.ac.uk).

SUPPORTING INFORMATION

The supporting information section contains a) experimental and Boltzmann averaged ECD
spectra with spectra of individual conformers of compound 1, 3-8, and 11; b) Cartesian
coordinates for all optimized structures used throughout this work and c) crystallographic

information file (CIF) for compound 2.
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