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ABSTRACT: Eight phloroglucinols from Garcinia dauphinensis were recently reported to have good to moderate antiplasmodial
and anticancer activities, consistent with other phloroglucinol derivatives isolated from natural sources. Chiroptical properties were
previously calculated and compared to experimental data for compound 2 as a means to deduce its absolute configuration. Tentative
assignments for the remaining compounds were also reported based on these data. In order to arrive at stereochemical assignments
for phloroglucinols 1 and 3—8, ECD spectra and specific rotations were computed for all stereoisomers of each compound.
Molecular orbital analyses were also carried out for the most energetically favorable conformers of each compound. Absolute
configurations are reported for all eight phloroglucinols for the first time.

Natural products are incredibly important candidates in An alternative approach is to compute, directly, the
the drug discovery process.” Owing to their common chiroptical properties of selected molecular structures and
inherent biological activity, natural products are frequently subsequently compare the results with the associated

experimental data of the original compound.'’™* More
specifically, specific rotations and electronic circular dichroism
(ECD) spectra are routinely calculated and directly compared
to experimental results in an attempt to assign absolute
configurations to natural products.”’ > It is also well
understood that chiroptical properties, more so than others,
can be extremely sensitive to small changes in three-

used as traditional medicine to treat common illnesses and
diseases.” Moreover, many pharmaceutical drugs are derived
from or inspired by natural products.” As a result, numerous
classes of natural products have been explored extensively for
possible therapeutic benefits including sesquiterpenoids,”
flavonoids,”® xanthones,” and phloroglucinols,8 among others.

Although procedures have been developed to consistently dimensional structure (particularly small specific rotatlons,
isolate enantiomerically pure samples, the assignment Of Wthh are Problematlc for conﬁguratlon 3551gnment ) In
absolute configurations poses a much larger task, especially particular, the spatial arrangement of atoms near chromophoric
when the molecules of interest exhibit numerous stereogenic regions becomes increasingly important when modeling ECD

centers. The most convincing experimental approaches rely on
X-ray crystallography” provided a suitable crystal is available or Received: November 14, 2020
asymmetric synthesis for noncrystalline compounds. When Published: April 6, 2021
these methods fail, less reliable chiroptical and NMR

techniques are employed. However, the aforementioned

experimental methods have varying levels of success, and

each of them is subject to certain limitations.
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and specific rotation. As a result, it is essential to thoroughly
sample the conformational space to include contributions from
all significantly populated conformations. Moreover, if the
compound of interest does not have at least a relative
configuration secured, this conformational sampling needs to
be carried out for every possible stereoisomer. Consequently,
molecules that exhibit multiple stereocenters and a high level
of flexibility can quickly become computationally prohibitive.

This was undoubtedly the case for phloroglucinols 1—8
which were recently isolated from Garcinia dauphinensis, in
which an initial conformational search resulted in more than
26 000 conformers to consider.”” As such, the authors elected
to focus initial computational studies on 2 as a representative
compound. This choice seemed appropriate given the fact that
2 shared identical stereocenters at C-4’ and C-2” with other
compounds, and therefore, tentative assignments about the
remaining compounds could be made on the basis that a
particular plant will typically only produce one stereochemical
series.

HO OH
®
= . )
OH O
1 2

The relative configuration of compound 2 at C-2" and C-4’
was first established by comparing calculated internuclear
distances to an experimental NOESY spectrum. Owing to a
lack of observed correlation between H-2' and H-4/, it was
determined that 2 depicted an anti relative configuration at the
left-most stereocenters. In order to determine the absolute

configuration, ECD and specific rotations were calculated for
all possible stereoisomers according to the procedure described
below. The experimental and calculated specific rotations
(—16.0 and —47.8° dm™' (g/mL)™!, respectively) and ECD
spectra (Figure 1) suggested that the best match was for the
(R, S, S) stereoisomer (the shorthand stereochemical
descriptors refer to C-2’, C-4/, and C-2”, respectively). Based
on these data, compound 2 was identified as (2'R, 4'S, 2" S)-4-
{[5',5'-dimethyl-4’'-(3-methylbut-2-en-1-yl)-3’-
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Figure 1. ECD spectrum of compound 2.

methylenecyclohexyl]methyl}-2-(2”-methylbutanoyl)-
phloroglucinol.””

As mentioned previously, it is often the case that multiple
isolates from a specific natural source will exhibit the same
configuration at shared stereocenters. Because phloroglucinols
1-8 all share an identical stereocenter in their 2-
methylbutanoyl side chain, the remaining compounds were
all tentatively assigned an (S) configuration at the common
stereogenic center. Moreover, 1 shares an additional stereo-
genic center with 2, and thus, a tentative (S) configuration at
C-4" was assigned in a similar manner. As further evidence of
this, the experimental ECD spectra of compounds 1—4 and 6—
8 (reported previously by Fuentes et al.””) all showed positive
Cotton effects between 285 and 300 nm, which was consistent
with a UV absorption of 292 nm for the acylphloroglucinol
chromophore,”® suggesting that this effect can be attributed to
the 2-methylbutanoylphloroglucinol chromophore. As such, it
is worth examining and comparing the key molecular orbital
(MO) transitions contributing to ECD Cotton effects in the
250—32S5 nm range.

Excited state transitions in this range were studied for the 10
most energetically favorable conformers of compound 2. It was
found that each conformer exhibited exactly three electronic
transitions at around 260, 277, and 295 nm, respectively. The
295 nm transitions were dominated by HOMO — LUMO
transition displaying solely # — #* character, while the
transitions near 277 nm showed exclusively 6 — 7* character.
The 260 nm transitions were also dominated by = — #*
character; however, two conformers showed some strong
charge transfer contributions to this excited state as well.
Examples of these characteristic MO transitions are shown in
Figures 2, 3, and 4. By similarly analyzing electronic transitions
for the remaining compounds, we hope to shed light on the
common Cotton effect in each of the experimental ECD
spectra.

Bl RESULTS AND DISCUSSION

The general approach for utilizing theory to elucidate absolute
configurations is straightforward (illustrated in Figure S).
Starting with an unresolved structure, stereogenic centers of
the compound are identified, and initial structures are
generated for all enantiomerically unique stereoisomers. It is
only necessary to explore half of the total possible stereo-
isomers, because enantiomers will exhibit equal and opposite
chiroptical properties. For a given stereoisomer, any stable ring

https://doi.org/10.1021/acs.jnatprod.0c01208
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Figure 2. HOMO-2 — LUMO (z — z*) MO transition for a conformer of 2.

Figure 4. HOMO-1 — LUMO (charge transfer) MO transition for a conformer of 2.

conformations are then determined using chemical knowledge
or proposed stable conformations in the literature. Further side
chain conformational searches for each ring conformer can be
accomplished through a variety of approaches (molecular
dynamics, Monte Carlo search algorithms, systematic rotation
of torsional angles, among others). Owing to the highly flexible
nature of many compounds of interest, this process is typically
carried out at a molecular mechanics or semiempirical level in
order to quickly ensure the consideration of all diverse low-
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energy conformers. Initial conformations should adequately
span the conformational space while acting as starting
structures for more accurate energy minimizations. Each of
these individual conformer geometries is then further
optimized at a higher level of theory, typically using quantum
chemical methods such as density functional theory (DFT) or
wave function-based methods. Afterward, a relative absolute
energy threshold is employed in order to eliminate duplicate
conformers that relax to the same minimum on the potential

https://doi.org/10.1021/acs.jnatprod.0c01208
J. Nat. Prod. 2021, 84, 1163-1174
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Figure S. Stereochemical assignment flowchart.

energy surface. Harmonic vibrational analyses are then
conducted for each unique geometry to confirm that the
conformer lies at a true minimum while simultaneously
computing a temperature-dependent Boltzmann population
for each individual conformer. At this point, screening criteria
are applied to determine which conformations are significantly
populated at relevant temperatures. It is these unique and
energetically favorable conformers that are finally subjected to
the more computationally intensive ECD and specific rotation
simulations, in which time-dependent density functional theory
(TDDFT) is regularly employed.

Based on biosynthetic reasoning, the working hypothesis is
that phloroglucinols 1-8 from G. dauphinensis would display
the same absolute configurations at the 2-methylbutanoyl side
chain. Similarly, it is expected that compounds 1 and 2 will
have the same assignment at their additional shared C-4
stereocenter. However, exceptions to this general rule are well-
documented,”” and it is therefore still necessary to verify these
assumptions for each of the remaining compounds by direct
comparison of the computational results for all possible
stereoisomers to their experimental counterparts. In order to
accomplish this task, the general workflow outlined above was
employed (specific computational details are described later in
the Experimental Section). Herein, we report our findings for
phloroglucinols 1 and 3—8 (Table 1).

Compound 1. In the case of compound 1, a tentative
assignment of the configurations at C-4’ and C-2” based on
analogous assignments of compound 2 was previously reported

1166

as (S)-2-methyl-1-(2,4,6-trihydroxy-3-{[ (S)-2,4,4-trimethyl-3-
(3-methylbut-2-en-1-yl)cyclohex-1-en-1-ylJmethyl}phenyl)-
butan-1-one.”” In order to confirm this assignment, ECD
spectra were calculated for its (R, R) and (R, S) stereoisomers
according to the procedure outlined above (the shorthand
stereochemical descriptors refer to C-4" and C-2”, respec-
tively). The only calculated ECD spectrum that exhibited the
same positive and negative Cotton effects as the experimental
spectrum, albeit at slightly shorter wavelengths, was that of the
(S, S) stereoisomer of 1 (Figure 6). As an additional
comparison, specific rotations for both stereoisomers were
calculated and compared to experimental values. Again, the
calculated value of —86.0° dm™ (g/mL)™" for the (S, S)
stereoisomer gave the best agreement in both sign and
magnitude with the experimental value of —29.0° dm™ (g/
mL)™". On the basis of these data, the previously assigned
structure of 1 is confirmed.

Electronic excited states and their associated MO transitions
were also analyzed for the 10 most energetically favorable
conformers of compound 1. Similar to compound 2, each
conformer displayed three excited states each near 263, 283,
and 297 nm. The excited states at 263 and 297 nm were
comprised of purely # — #* MO transitions as well as MO
transitions with mixed 7 — #* and charge transfer character.
Additionally, excited states near both of these wavelengths
contained significant contributions of HOMO — LUMO
transitions. Excitations near 283 nm were predominantly
associated with pure ¢ — #* MO transitions; however, about

https://doi.org/10.1021/acs.jnatprod.0c01208
J. Nat. Prod. 2021, 84, 1163-1174
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Table 1. Absolute Configurations and Number of Conformers for Compounds 1 and 3-8

Cmpd Structure

Number of Conformers

Total Unique Significant

2459 656 161
7024 1531 390
5525 961 262
2180 854 246
1326 429 189
68 48 13
311 186 71
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Figure 6. ECD spectrum of compound 1.

half of the conformers showed some mixed 7 — 7* and charge
transfer character as well. With such similar types of MO

transitions defining the region near the positive Cotton effect,
it is no surprise that the computed data confirmed an (S)
assignment at the 2-methylbutanoyl side chain, identical to
what was seen in compound 2.

Compound 3. In a similar manner, the absolute
configuration of compound 3 was also determined by
comparison of experimental and calculated ECD spectra and
specific rotations. As before, the (2”S) configuration was
tentatively assigned on the basis of the earlier assignment for
compound 2;*” however, the configuration at C-2’ remained
unresolved. Simulated ECD spectra were generated for the (R,
R) and (R, S) diastereomers (the shorthand stereochemical
descriptors refer to the C-2’ and C-2”, respectively), yet only
the ECD spectrum of the (R, S) diastereomer featured
corresponding maxima and minima at similar wavelengths to
the experimental spectrum, shown in Figure 7. Moreover, the
specific rotation for the (R, S) stereoisomer of 3 was calculated
to be —4.6° dm™' (g/mL)”', which was by far the best
agreement with the experimentally measured value of —3.3°

https://doi.org/10.1021/acs.jnatprod.0c01208
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Figure 7. ECD spectrum of compound 3.

(g/mL)7!, though comparison between theory and
experiment for small-magnitude rotations such as these can be
uncertain.”® Therefore, compound 3 was identified as
(2'R,2"S)-4-[2'-(3-methylbut-3-enyl)-3’,7’-dimethylocta-3’,6'-
dienyl]-2-(2-methylbutanoyl)phloroglucinol.

The 10 conformers with the highest Boltzmann populations
for compound 3 were also studied for the character of their
electronic excited states. Within the 250—325 nm range, each
conformer exhibited three electronic excitations at almost
identical wavelengths as were seen in compound 1, viz. 263,
282, and 297 nm. Moreover, the transitions that characterize
these excitations parallel those of compound 1 in that
excitations near 263 and 297 nm were comprised of HOMO
— LUMO transitions that involved 7 — 7* and charge transfer
character in addition to other MO transitions that were
entirely 7 — 7* in character. Excitations near 282 nm for 3
were comprised of 6 — 7 transitions alone. These nearly
identical characteristics further support the expectation that
compounds 1, 2, and 3 would have the same C-2” absolute
configuration.

Compound 4. The ECD spectra and specific rotation of
compound 4 were calculated for the (R, R) and (R, S)
stereoisomers (the shorthand stereochemical descriptors refer
to C-2’ and C-2”, respectively) in order to affirm the presumed
(2”8) conﬁguratlon and determine the absolute configuration
at C-2".*” Upon comparison to the experimental spectrum, (R,
S) was the only reasonable match, shown in Figure 8. The
calculated specific rotation for (R, S) also had the best
agreement with experiment (+25.3 and +5.3, respectively).
These data support the previous configurational assumptions,
and compound 4 was thus identified as (2'R, 2”S)4-[3', 7'-
dimethyl-2'-(3-methylbut-2-en-1-yl)octa-3’, 6'-dien-1’-yl]-2-
(2-methylbutanoyl)phloroglucinol.

An analogous investigation of the most populated con-
formers of compound 4 revealed exceedingly similar excited
state character with respect to those previously discussed.
Specifically, three excited states were present for each
conformer in the specified region at equivalent wavelength
values as were found in compound 3. The MO transitions
around 282 nm resembled the same pure ¢ — 7* nature. The
only noticeable difference was that transitions near 263 and
297 nm did not show exclusive 7 — 7* character; rather, each
of these transitions were comprised of both 7 — 7* and charge
transfer character, albeit at varying levels. Excited states near
297 nm were dominated by HOMO — LUMO transitions,
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Figure 8. ECD spectrum of compound 4.

while excited states near 263 nm were comprised mostly of
HOMO-2 - LUMO and HOMO-3 — LUMO transitions.

Compound 5. For compound §, there was no
experimentally measured ECD spectrum, and therefore, a
comparison to experiment could only be carried out for
specific rotation values. As such, specific rotations were
calculated for both the (R, R) and (R, S) diastereomers (the
shorthand stereochemical descriptors refer to C-2" and C-2”,
respectively) and subsequently compared to the experimental
specific rotation of —13.9° dm™ (g/mL)~". Upon comparison,
the calculated specific rotation for the (S, R) stereoisomer of
—19.0° dm™" (g/mL)™" gave the best agreement with respect
to sign and magnitude. Based on this sole comparison, we
tentatively assign compound $ as (2'S,2"R)4-[3',7'-dimethyl-
2'-(3- hydroxy-3-methylbutyl)octa-3’,6’-dien-1'-yl]-2-(2"-
methylbutanoyl)phloroglucinol. It should be noted that this
is the first instance where the previous tentative assignment at
C-2" is called into question. The calculated ECD spectrum of
the (S, R) diastereomer is also reported in Figure 9.

SR
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-
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=
=
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Figure 9. Simulated ECD spectrum of compound S.

As a consequence of having no experimental ECD spectrum,
there was also no experimental Cotton effect to examine.
However, the calculated spectrum does in fact exhibit an
analogous negative Cotton effect where positive Cotton effects
have been seen in the other simulated and experimental
spectra. As such, it was worth conducting a similar MO analysis
of the transitions that contributed most significantly to the

https://doi.org/10.1021/acs.jnatprod.0c01208
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observed Cotton effect. The analysis revealed that each of the
10 lowest-energy conformers possessed three excited states of
interest around 263, 282, and 298 nm. As seen previously, the
excited state transitions near 298 nm were dominated by
HOMO — LUMO transitions of 7 — z* character; however,
transitions involving some additional charge transfer contribu-
tions were seen in most conformers as well. As observed in
almost every other compound, the MO transitions that made
up the excited states near 282 nm were exclusively ¢ — 7 in
character. Lastly, excitations near 263 nm originated from pure
7w — 7 type transitions as well as mixed transitions that were
more heavily dominated by charge transfer character with
additional 7 — 7™ character.

Although compound 5 was assigned as the (S, R)
stereoisomer, it is worth mentioning that its (R, S) enantiomer
shares the same excited states and characteristic MO
transitions. Additionally, the calculated ECD spectrum for
the (R, S) stereoisomer exhibits a similar positive Cotton effect
to those seen in each of the other phloroglucinols from G.
dauphinensis, as opposed to the uncharacteristic negative
Cotton effect seen in the spectrum of the (S, R) isomer
above (Figure 9). It is also worth noting that the ECD
spectrum for the (S, R) stereoisomer exhibits inverted features,
especially at low wavelengths, when compared to all other
compounds. While this is not enough evidence to change our
assignment, it further weakens the (S, R) assignment, which we
hope will spur additional experimental spectroscopic analysis
of this compound.

Compound 6. As above, in order to determine the absolute
configuration of compound 6, ECD and specific rotations were
calculated for the (R, R) and (R, S) diastereomers (the
shorthand stereochemical descriptors refer to C-3" and C-2”,
respectively). When compared to the experimental data, it was
determined that the best fit was for the (R, S) stereoisomer.
While the agreement is not perfect, the simulated spectrum for
the (R, S) diastereomer (Figure 10) was the only one to exhibit
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[
5 . =
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Figure 10. ECD spectrum of compound 6.

the same qualitative features especially at the longer wave-
length regions. Additionally, the calculated specific rotation for
the (R, S) stereoisomer had a strong match with the
experimental value (19.4 and 18.2° dm™' (g/mL)7",
respectively). As a result, the identification of 6 was confirmed
as (3R, 2”8)4-(3’-hydroxy-3’,7'-dimethyloct-6"-en-1'-yl)-2-(2-
methylbutanoyl)phloroglucinol.
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Relevant excited state transitions for the 10 most populated
conformers of compound 6 occurred around 263, 282, and 297
nm, involving nearly identical MO transitions for every
conformer. Excitations near 263 and 297 nm were charac-
terized by three types of transitions: pure 7 — 7* (HOMO-2
— LUMO), predominantly charge transfer with some 7 — 7*
character (HOMO-1 — LUMO), and majority # — z*
character with some charge transfer (HOMO — LUMO). On
the other hand, HOMO-3 — LUMO transitions predom-
inantly defined the 282 nm excited state, which was shown to
be entirely ¢ — #* in character. These transitions were typical
of what was seen in compound 2 as well as the other
phloroglucinols, further supporting the common Cotton effect
exhibited in each experimental spectra. We also note that, as
pointed out by a reviewer, changes in configuration around the
C-3’ stereocenter of 6 appear to result in significant changes to
the long-wavelength ECD spectroscopic features (cf. Figures
$20 and S21, Supporting Information) even though this
carbon is distant from the presumed chromophores. However,
our analysis of the MOs involved in two of the key transitions
between 260 and 300 nm reveal participation by the
nonbonded orbitals on the oxygen atom of the 3’-hydroxy
group.

Compound 7. Simulated ECD spectra and specific
rotations were generated for all enantiomerically unique
stereoisomers of compound 7. However, due to similarities
in the experimental 'H and *C NMR data of the known
phloroglucinol derivative, hyperjovinol B,”' relative config-
urations at C-8a and C-10a were previously established for
compound 7 and it was identified as 1-[(8aR*10aR*)-1,3-
dihydroxy-8,8,10a-trimethyl-5,6,7,8a,9,10a-hexahydro-1H-
xanthen-2-yl]-2-methylbutan-1-one.”” Accordingly, ECD spec-
tra comparisons for stereoisomers that exhibit this relative
configuration are shown in Figure 11. The (R, R, R) and (R, R,
S) diastereomers appear to match the experimental ECD
spectrum fairly well with the most notable difference being the
lack of a negative Cotton effect in the simulated spectrum for
the (R, R, S) isomer above 300 nm (the shorthand
stereochemical descriptors refer to C-84, C-104, and C-2/,
respectively). Moreover, the calculated specific rotation for (R,
R, R), 119.3° dm™ (g/mL)~", had better agreement than the
calculated rotation for (R, R, S), 205.5° dm™" (g/mL)™", when
compared to the experimental value of 11.0° dm™" (g/mL)™",
though the difference in magnitude of the rotation weakens the
assignment. Thus, based on these data, compound 7 was
identified as (8aR,10aR,2'R)1-[1,3-dihydroxy-8,8,10a-trimeth-
yl-5,6,7,8a,9,10a-hexahydro-1H-xanthen-2-yl]-2-methylbutan-
1-one. Again, it is worth noting that this assignment contradicts
the presumed (S) configuration at C-2” based on the
assignment of an identical stereocenter of the representative
compound 2.

The limited conformational flexibility of compound 7
resulted in only four conformations of the (R, R, R)
stereoisomer with significant Boltzmann populations. Each of
these conformers contained three excited states of interest at
268, 281, and 296 nm, respectively. It was found that the 268
and 296 nm excitations consisted of the exact same two MO
transitions: HOMO-1 — LUMO and HOMO — LUMO, both
of which were entirely # — #* in nature. Additionally, the
remaining excitation at 281 nm was characterized by
transitions involving strictly ¢ — 7* character. All of these
transitions were highly similar to what was seen in the
representative compound 2; however, their final assignments
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differ at their shared stereocenter on the 2-methylbutanoyl side
chain.

Compound 8. Compound 8 was found to be a known
phloroglucinol that had been previously identified as 1-[(2R¥,
38%*)-3,5,7-trihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-
chroman-8-yl]-2-methylbutan-1-one.*” Although ECD spectra
and specific rotations were calculated for all possible
diastereomers, only results for stereoisomers with the specified
relative configuration are shown in Figure 12. From these
results, the only two reasonable simulated ECD spectra are for
the (S, R, S) and (S, R, R) sterecisomers (the shorthand
stereochemical descriptors refer to C-2, C-3 and C-2/,
respectively); however, neither of these shows a particular
strong match with the experimental spectrum. Unfortunately,
subsequent comparison of the simulated specific rotations gave
little further insight into the elucidation of the structure of 8 as
calculated values for both the (S, R, S) and (S, R, R)
diastereomers (83.2 and 67.1° dm™' (g/mL)~’, respectively)
gave agreeable comparisons to the experimental value of 60°
dm™" (g/mL)~". Nevertheless, it is likely based on biosynthetic
reasoning that C-2' possesses an (S) configuration like a
majority of the phloroglucinols isolated from G. dauphinensis.
Thus, the identity for compound 8 is tentatively confirmed as
(2S,3R,2'S)1-[3,5,7-trihydroxy-2-methyl-2-(4-methyl-pent-3-
enyl)chroman-8-yl]-2-methylbutan-1-one.

None of the simulated spectra in Figure 12 portrayed the
Cotton effect that was present in the experimental spectrum.
Nonetheless, it is worth examining the orbital transitions that
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make up the most prominent features in the 250—325 nm
range. As such, the 10 conformers with the highest Boltzmann
populations were analyzed for their excited state character.
Each conformer exhibited exactly three electronic excited
states in the specified region around 266, 283, and 299 nm.
The MO transitions associated with the 299 nm transition
were purely 7 — 7* in character, whereas the 283 nm
excitations were characterized by 6 — #* transitions
exclusively. Excited states near 266 nm showed a mix of 7
— 7% and charge transfer character. The excited states near
299 nm were almost exclusively defined by HOMO — LUMO
transitions, while all three excited states that were mentioned
were dominated by transitions into the LUMO. Each of these
types of transitions was typical when compared to those
observed in the other compounds.

B CONCLUSIONS

Seven new phloroglucinols 1-7 as well as the known
phloroglucinol (8) were recently isolated from a native plant
species of Madagascar, G. dauphinensis. The isolated
compounds were subsequently tested and were reported to
have good to moderate anticancer and antiproliferative
activities. Experimental ECD spectra and specific rotations
were previously reported;”” however, due to the conforma-
tional flexibility of the molecules, only 2 was previously studied
computationally in order to determine its absolute config-
uration. While tentative assignments were given to 1 and 3—8
based on biological reasoning, definitive absolute configu-
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Figure 12. ECD spectra of the four diastereomers of compound 8.
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rations based on the direct comparison of experimental and
simulated ECD spectra and specific rotations remained to be
assigned. As such, we report the first computational results for
compounds 1 and 3—8 as well as their absolute configurations.

The degree of confidence in our assignments relies heavily
on the comparison of the simulated and experimental data. As
the conformational space and number of stereogenic centers
increase, it can become less clear which stereoisomer has the
best match. This is evident in the example of compound 2,
where a definitive assignment could not be made based on the
ECD and specific rotation data alone, because two separate
stereoisomers showed data that agreed reasonably well with
experiment. As such, additional NOESY data were recorded
and compared against key internuclear distances in order to
arrive at a relative configuration first.”” In the case of
compounds 1 and 3—8, NOESY data were not available, and
thus, assignment had to be made based solely on the ECD and
specific rotations data at hand. As such, various degrees of
certainty are reported with each assignment.

Compounds 1, 3, 4, and 6 had the most unequivocal
assignments by far. In each case, comparison to experiment
resulted in a single stereoisomer that exhibited reasonable
computational results, allowing for a straightforward assign-
ment. The assignment of compound $ proved to be more
difficult due to the absence of an experimental ECD spectrum.
In that case, an assignment was made entirely based on which
stereoisomer exhibited the most similar specific rotation when
compared to the experiment. However, this comparison can
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become less reliable on its own when dealing with specific
rotation values that are small in magnitude, as was the case
with 5. As such, we are less confident in the assignment for
compound $. As for compounds 7 and 8, we were operating
under the constraint of a previously determined relative
configuration. None of the stereoisomers with the appropriate
relative configurations showed particularly strong comparison
across both experiments, and thus, we report our assignments
for these compounds with only a moderate level of confidence.

As a further analysis with respect to the positive Cotton
effect which was depicted in every experimental ECD spectrum
available, excited states in the 250—325 nm region were
explored for the most significant conformers of each
compound. It was found that every compound exhibited
three excited electronic states at very similar wavelengths, and
there were few noticeable differences in the MO transitions
which made up these specified excitations. In general, the
highest energy excited state in this region was dominated by #
— ¥ character with some compounds showing charge transfer
character as well. The lowest energy excited state for each
compound was typically made up of transitions involving both
n — 7% and charge transfer character. Lastly, the middle
excited state almost always showed exclusive 6 — 7* character.
These results were unsurprising as we expected to see similar
transitions defining the positive Cotton effect which was
present in every experimental ECD spectrum.

It is worth noting that compounds 1—8 appear to belong to
two different stereochemical families, namely, 1—4, 6, and 8
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having the (S) configuration at the 2-methylbutanoyl side
chain, whereas S and 7 exhibit the (R) configuration at the
analogous stereocenter. These discrepancies may be attributed
to less reliable assignments; however, it is also possible that
compounds S and 7 belong to the opposite stereochemical
series as the rest of the phloroglucinols from G. dauphinensis.
Nevertheless, violation of this general rule is not unprece-
dented, and similar instances have been well-documented.”

B EXPERIMENTAL SECTION

Computational Details. The key components for the prediction
of ECD spectra involve excitation energies for a given transition 0 —
n, @, and their associated rotatory strengths, R, given as the dot
product of the transition electric- and magnetic-dipole moments:**

(1)

where 10) denotes the ground-state wave function, In) denotes an
electronically excited-state wave function, g = Y, q; ; is the electric-

%
i 2m;
and “Im” indicates that only the imaginary part of the expression is
retained.

In the case of specific rotation, the central quantum mechanical
quantity is the electric-dipole ma§netic-dipole polarizability tensor,
first derived by Rosenfeld in 1929

) = —%‘JIm 3 (O o)
n#0

R, = Im{(Olpln)-(nlml0)}

dipole operator, m = Y, —-r, X p is the magnetic dipole operator,

Wyo — @ (2)
where ® is the frequency of the incident radiation field and the
summation runs over all electronically excited states. The specific
rotation (in degrees (deg) dm™' (g/mL)™"), [a],, is directly related
to the trace of f according to™

(720 X 10’ N,
I m*M

e

[al, x ETr(ﬂ)]

3)
where f# and @ are given in atomic units, N is Avogadro’s number, ¢
is the speed of light (m/s), m, is the electron rest mass (kg), and M is
the molecular mass (amu). The prefactor in eq 3 accounts for
averaging over all molecular orientations. Finally, results for individual
conformers are combined according to their Boltzmann populations
to produce weighted average spectra and specific rotations for each
stereoisomer that can be directly compared to experimental data. We
note that, while vibrational effects on specific rotations, including
zero-point vibrational motion, have been found to be significant in
some cases,”~** the computational demands of including such factors
for molecules of this size and for such large numbers of conformers
precludes their consideration in the present study.

Side chain conformational searches for each ring conformer were
generated by systematically rotating dihedral angles along all rotatable
bonds in the molecule using the Open Babel software’' in
conjunction with the MMFF94 force field* and the Confab
systematic rotor conformer generator.”” An energy cutoff of 10
kcal/mol was employed such that only side chain conformers with a
relative energy less than that of the cutoff were kept. In agreement
with previous studies of structurally similar compounds, geometries
were optimized at the DFT/B3LYP/6-31G* level of theory“f47
within a MeOH solvent simulated using the polarizable continuum
model (PCM).*® Harmonic vibrational frequencies were also
computed at the same level of theory to ensure that no imaginary
values were present, thus confirming that all of the structures were
minima on their respective potential energy surfaces. Thermal Gibbs
free energies were obtained using partition functions computed within
the harmonic oscillator/rigid rotor approximations,*”® permitting the
calculation of room-temperature equilibrium Boltzmann populations.
Conformers with the most significant Boltzmann populations were
kept until >90% of the total population was accounted for. Excitation
energies and rotatory strengths for each transition (in the velocity
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representation) were calculated for the first 40 electronic excited
states at the TDDFT/CAM-B3LYP/aug-cc-pVDZ level of
theory,”' ™ again including the PCM description of the MeOH
solvent. Once more, the functional and basis set were found to be
appropriate when compared to previous studies of this nature.”*~°
The ECD spectra were simulated by overlapping Gaussian functions
for each transition according to>”

_ 1 I (CE
(2296 x 10770 2 Bk XP[ { o } }

a

Ae(D)

(4)
where ¢ is defined as half the bandwidth at 1/e peak height and 7, is
equivalent to ®,, but in units of wavenumbers. The ¢ value is an
empirical parameter, and we chose a value of 0.50 eV in agreement
with the resolution of the experimental ECD bandwidths. The vertical
axes of ECD spectra were scaled in order to normalize the most
prominent peak heights between the simulated and experimental
values. The horizontal axes limits were chosen such that features of
the predicted spectra were shown beyond the limits of the
experimental apparatus at 200 nm. No scaling or shifts on the
energy/wavelength scale were applied, as the CAM-B3LYP functional
has been shown to be less prone to consistent underestimation of
excitation energies. Specific rotations were calculated at the TDDFT/
CAM-B3LYP/aug-cc-pVDZ level of theory utilizing a PCM solvent as
well. Weighted average ECD spectra and specific rotations for all
possible stereoisomers of compounds 1 and 3—8 are included in the
Supporting Information. Lastly, single point energy calculations at the
DFT/CAM-B3LYP/aug-cc-pVDZ level of theory were carried out on
the optimized geometries of the 10 most significant conformers for
each compound such that the key MO transitions contributing to
their ECD spectra could be visualized. An isosurface value of 0.02 was
used for the rendering of all molecular orbitals. Representative MO
transitions for each compound are also available in the Supporting
Information. All calculations were performed using the Gaussian 09
electronic structure package.*®
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