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ABSTRACT: Analysis of published NMR data for natural products containing the oxetane moiety, with the help of a recently developed
parametric/DFT hybrid computational method DUS8+, has revealed that oxetanes and related compounds constitute yet another significant

challenge in structure elucidation and stereochemistry assignment, as more than 30 structures required revision. Most common pitfalls are

discussed and revised structures are suggested for 26 natural products.

INTRODUCTION

Naturally occurring oxetanes do not constitute a statistically sig-
nificant subset of oxygenated natural products (NPs). Perhaps for
this reason, there are no well-established recipes for recognizing/de-
tecting the oxetane moiety in NPs, and assigning their structure and
stereochemistry. *C NMR chemical shifts of oxirane carbons gen-
erally appear in the higher fields than the corresponding acyclic
ethers or alcohols which makes it easier to spot an epoxide in a natu-
ral product. In contrast, O-bonded oxetane carbons are shifted to
the lower field of the spectrum. These values overlap with the chem-
ical shift ranges of other cyclic and acyclic ethers, especially tetrahy-
drofurans embedded into polycyclic structures, which makes it chal-
lenging to recognize the oxetane moiety and assign molecular struc-
ture and stereochemistry.

Recent innovative developments in computational methods for
prediction of NMR spectra! offer an increasingly more user friendly
and reliable tools for facilitating structure elucidation of natural
products and other complex organic molecules. This allowed for
computationally-driven revisions in such high-profile cases as hexa-
cyclinol® and many other NPs. We recently combined our hybrid
DFT-parametric method, rff;> for computing nuclear spin-spin cou-
pling constants with empirically-corrected DFT calculations of
chemical shifts into an integrated method, DUS+* which allows for
fast and accurate computations of NMR spectra of large organic
molecules based on all three criteria, ie. spin-spin coupling con-
stants, proton, and carbon-13 chemical shifts. DU8+ combines com-
putations of structure and NMR properties of organic molecules at
a light level of DFT theory and is implemented with the following
components: (a) structure optimization: B3LYP/6-31G(d); (b)
magnetic shielding: ®B97xD/6-31G(d); (c) Fermi contacts:
B3LYP/DUS; (d) scaling of the computed Fermi contacts with the
help of NBO hybridization parameters according to ref. 3b “rff” to
obtain spin-spin coupling constants; (e) scaling of isotropic mag-
netic shielding values with empirical corrections according to ref. 4
to obtain chemical shifts.

Overall, the current training set for “C chemical shifts exceeds
7600 reliable experimental measurements calculated with the
rmsd(8c) of 1.26 ppm. As a result, the majority of correct validated
structures fall into the rmsd range of 1.0-1.6 ppm or even better.
Proton spin-spin coupling constants (SSCCs) are computed with
the accuracy of 0.3 Hz as determined on the training set of more than
4K reliable experimental values.

The method was used to validate or correct numerous misas-
signed structures, including complex marine halogenated natural
products, oxygenated natural triquinanes, natural products contain-
ing the oxirane moiety, and anti-Bredt NPs.> Recent analysis of a
large number of natural oxetanes also revealed a high rate of misas-
signment, addressed below.

RESULTS AND DISCUSSION

We first address the performance and accuracy of DUS8+ for the
structures containing the oxetane moiety. Figure 1 shows examples
where the original structures were correctly assigned (many of them
are unambiguously established with the help of X-ray crystallog-
raphy or total synthesis): parthoxetine (X-ray),’ laureacetals D (X-
ray) and E,” compositacin D,® dictyoxetane (X-ray),>'? dichro-
cephone B,!! mitrephorone A!? recently synthesized by Careira,'3
ramariolide B,'* and wallifoliol.'> All of them show good matches
with NMR experimental data (rmsd’s for "*C chemical shifts are
shown). DUS8+ accurately predicted spectra of oxetane-containing
NPs such as holophylline O,'¢ hawaiienol A (X-ray),'” and merri-
lactone A (X-ray)'® in polar solvents, where a PCM model was re-
quired.

Lipase inhibitor vibralactone,!® diterpene rubesanolide (X-ray),?
and neurotropic sesquiterpenoid veranisatin A?! demonstrated that
DUS8+ also accurately predicts the chemical shifts for NPs pos-
sessing the B-lactone moiety. These and many other examples made
it abundantly clear that DU8+ competently handles the oxetane
moiety in a variety of complex natural products.
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Figure 1. Oxetane-containing NPs as test cases.

As it will follow from the discussion below, complex natural prod-
ucts containing the oxetane moiety are often misassigned. However,
it appears that even very small oxetane-containing organics present
significant challenges for structure elucidation. Figure 2 illustrates
this point. Two products were isolated from a Paterno-Buchi reac-
tion of an allyl cyclopentanol:?? the major was assigned as a straight
oxetane, compound 47, while the minor product, compound 48,
was assigned as a crossed oxetane. DUS8+ computations confirmed
the assignment of the major product: rmsd(8¢) = 0.51 ppm. How-
ever, the calculated NMR chemical shifts for the minor product were
in disagreement with the experimental data; rmsd(8c) > 7 ppm for
both potential isomers, syn and anti, Figure 2A.

As 'H NMR of compound 48 shows three low field protons, i.e.
the oxetane potentially has the CH,-O-CH fragment, we hypothe-
sized that the minor compound 48 might be a product of carbonyl-
olefin metathesis,?* Figure 2C. Photolysis yielding oxetane 48 was
not conducted at elevated temperatures, i.e. the most common con-
ditions for carbonyl-olefin metathesis. However, we have demon-
strated in the past that such low temperature oxametathesis could
occur in strained polycyclic Paterno-Buchi products under very mild
conditions.® This indeed turned out to be the case. DUS+ compu-
tations for the product of oxametathesis matched the experimental
NMR parameters of the minor product 48 very well, Figare 2B.26
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Figure 2. The Paterno-Buchi cross-product 48 is revised to the
product of its oxametathesis.

Similar challenges occur with the structure assignment of small
molecules containing nitrogen counterparts of oxetanes, ie. azet-
idines. An instructive case is presented in Figure 3, where one of the
products of a photoinduced [2+2] cycloaddition, compound 8, was
assigned a structure of azetidine.”” DUS8+ analysis demonstrated
that both products 7 and 8 required revision as shown, i.e. azetidine
8 is revised to the cross product 7, while 7 is revised to its epimer at
the a-carbonyl position. Because 7 was identified by the authors as
an early synthon in alibrary synthesis, the derived downstream prod-
ucts potentially require revision of stereochemistry. This revision
is in keeping with the recent findings from the Booker-Milburn lab:
it appears that photoinduced [2+2] cycloadditions in vinyl-allyla-
mines exclusively produce the cross, not the straight products.
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Figure 3. Revision of incorrectly assigned azetidine 8 and the cross-
product 7.



These challenges of oxetane structure assignment are only further
compounded in complex natural products. Ascribing the oxetane
fragment to what in reality is an open 1,3-diol or a chlorohydrin ap-
pears to be one of the common misassignments of the structure of
natural products perceived to contain an oxetane moiety. Even for
small NPs such as cleroindicin A?® this could be an issue, Figure 4A.

The predicted chemical shifts for carbons in the oxirane ring of
cleroindicin A were not in agreement with the experimental data.
Both oxirane carbons deviated by more than 13 ppm. DUS8+ calcu-
lations, with PCM correction for pyridine as a solvent, matched
nicely the open syn triol. Another piece of evidence is that the mag-
netically equivalent geminal protons of the “oxetane” moiety in the
original structure of cleroindicin A were reported as a triplet with J=
6.6 Hz. The calculated values for the syn- and anti- vicinal *J con-
stants for these protons in the original oxetane-containing structure
are 9.2 and 7.1 Hz, which does not match the experiment. On the
contrary, in a freely rotating primary alcohol this triplet is expected
to average to approximately 7 Hz, matching the experimental obser-
vation.

Interestingly, we found one report of synthesis of the original
structure of cleroindicin A.?° As there were no details on NMR or
other analytical data available in this publication, we do not have a
good explanation for this report. Our calculations leave no doubt
that cleroindicin A is misassigned. This is the first example that we
are aware of, in which the computational revision contradicts the
synthetic affirmation of the original structure.’

Other examples of an oxetane being confused for an open diol are
shown in Figure 4B-G: 2a,6a-epoxy-3-himachalene’! (B) is revised
to the shown 2a,6a-diol; the new eudesmane derivative capitulatin
B2 (C) is revised to 1B,4a,6p-triol; its oxidized relative, 11-hy-
droxycapitulatin B (D) is revised to a corresponding tetraol; a cler-
odane diterpenoid cephaloziellin B3 (E) is revised to its open hy-
droxy-hemiacetal; (16R)-13,17-epoxy-16-hydroxy-ent-kaur-9(11)-
en-19-al is revised to the shown open triol and C16-epimer (F); and
1,4-epoxy-6-deoxypseudoanisatin (cmpd 1)3 is revised to la-hy-
droxy-6-deoxypseudoanisatin (G).

In the last example (G), the original structure was missing the lac-
tone oxygen, which was probably due to a typo in the drawing. How-
ever, there is no doubt that the oxetane moiety, reported for this
structure should also be revised to the open diol. Search of the liter-
ature revealed that our revision is the known seco-prezizaane-type
sesquiterpene,’® as evidenced by a perfect match of the experimental
BC chemical shifts.

The values of reported '*C chemical shifts for carbons bearing ox-
ygens in all these proposed oxetane structures are simply too low for
oxetanes. DUS+ gives a very poor match for all the original struc-
tures. Calculations for the corresponding open diols matched signif-
icantly better. Again, we have confidence in the accuracy of the
method even for complex oxygenated diterpenoids such as cepha-
loziellin B. For example, its correctly assigned relative — cephalozi-
ellin A (not shown), which is as complex as cephaloziellin B - gave

an excellent rmsd(8¢) of 1.24 ppm.
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Figure 4. Mistaken diol identity in NPs.

Another common error is assigning the oxetane moiety to the
structures with larger O-containing cycles, for example, tetrahydro-
furans (thf's), Figure S. A new monoterpenoid from the endophytic
fungus Periconia sp. F-31, 8-hydroxy-1,7-expoxy-2-menthene?’ is
revised to its thf isomer. A highly oxygenated abietane diterpenoid
triptergulide A, isolated from the leaves of Tripterygium wilfordii*®
is perhaps not as deeply rearranged as the authors hypothesized. Its
revised structure also contains a thf, not oxetane moiety. Finally, the
bicyclic cytotoxic f-lactone myrotheciumone B,* isolated from My-
rothecium roridum, an endophytic fungus of the medicinal herb

plant Ajuga decumbens, is in fact the shown bicyclic y-lactone.
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In the previous report on NPs containing the oxirane moiety* we
also corrected stereochemistry of aromatican D; its revised structure
has an oxetane ring. We now found that another member of the
same family of sesquiterpene lactones, aromatican F, represents a
less common misassignment — a thf moiety is assigned, but the struc-

ture, in fact, contains an oxetane moiety.

We revise aromaticane F to the oxetane shown in Figure 6 (here
and everywhere in this paper relative stereochemistry is implied).
Two other candidate structures A and B are also shown. The 8-epi-
mer B gave the worst match of the three and was discarded. The 8,9-
epimer candidate A gave an acceptable match. However, A does not
satisfy the observed NOE enhancement for H1-H9, while the pro-

posed revised structure does.
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Figure 6. Aromaticane F: a rare case of an oxetane confused for a
tetrahydrofuran.

Less typical error: oxetane is assigned where the actual structure
contains an oxirane moiety. These are rare because oxiranes are eas-
ier to identify due to their low field C(O) resonances. However,
three sesquiterpene lactones, moroccolide A and saharanolides A
and B represent this very error in assignment, Figure 7.4

DU8+ calculations for all three originally proposed oxetanes gave
very poor match with the experimental NMR data, Figure 7. Based
on the higher field resonances ascribed incorrectly to the oxetane
moiety of moroccolide A, its structure is now revised to the shown
3,4-epoxy-2-hydroxy sesquiterpene lactone.  Analysis of other ses-
quiterpene lactones, isolated in this study from Warionia saharae
leaves, namely epoxides 3 and 4 shown in Figure 7 for comparison,
gave useful clues to the structure revision saharanolides A and B. Ad-
ditionally, we noted that the hydroxy proton for saharanolide A is
listed at 8.05 ppm, which is indicative of a peroxide,*! not a hydroxy
group. Thus we revised saharanolide A to the hydroperoxy counter-
part of 8-desoxy-3a,4a-epoxyrupiculin A (i.e. 1-hydroperoxide of
compound 3) and revised saharanolide B to the hydroperoxy coun-
terpart of 8-desoxy-3a,4a-epoxyrupiculin B (i.e. 1-hydroperoxide of
compound 4). As this revision obviously contradicts the reported
HRMS data, we revise saharanolides A and B tentatively.
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Figure 7. Oxiranes confused for oxetanes

The oxetane moiety introduces considerable distortion of ideal-
ized sp® geometry, which results in increased stereochemical misas-
signments even in the cases when the oxetane moiety is actually pre-
sent in the structure of a natural product. Instructive examples for it
are 6,11-epoxy-eudesmane*? and okamuragenin,*’ Figure 8. The
Mel5 group of 6,11-epoxy-eudesmane is assigned the a-orientation



based on a NOE enhancement with H6. However, the analysis of
the 4-epimer (i.e. p-MelS5) shows that the C15-H6 distance is 3.01
A, which places this methyl's hydrogen within a very short distance,
< 2.5 A, from H6. The originally proposed structure gave poor
rmsd(8c) = 2.91 ppm, whereas the revised 4-epimer gave an excel-

lent match, rmsd(8c¢) = 1.25 ppm.
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Figure 8. 6,11-epoxy-eudesmane

New C-acetogenin, okamuragenin, was isolated from the marine
red alga Laurencia okamurai® Its stereochemical configuration at
C10 was not defined; we clarified it as shown in Figure 8. More im-
portantly, the stereochemistry of the 4,6-epoxy bridge needed revi-
sion as shown.

Considerable challenges appear to complicate structure elucida-
tion of the unsaturated oxetane relatives, oxetes. Oxetes are known
and isolable, although very few of them have been fully characterized
with *C NMR.** Figure 9A shows the examples of three small or-
ganic molecules containing the oxete moiety for which ®C data is
available. The first two* are correctly assigned, but the third com-
pound obtained from an allenic precursor via a gold-catalyzed reac-
tion*® definitely required correction.

Similar challenges occur with natural products. An unusual struc-
ture of fusariumin D*’ isolated from a symbiotic strain Fusarium ox-
ysporum ZZP-R1 derived from the plant Rumex madaio Makino
called for closer investigation, Figure 9B. DU8+ analysis revealed ir-
reconcilable differences between the computed and the experi-
mental data, rmsd(8c) > 7. Closer look at the NMR data led us to
consider 4-pyranones; we now revise fusariumin D to 2-methoxy-6-
(1,3,5-trimethyl-1-heptenyl)-4-pyranone as shown in Figure 9B.
The match between computed and experimental *C chemical shifts
for a conjugated push-pull n-system like this was improved to
1.14 ppm by PCM calculations, the fact that the solvent being only
weakly polar (chloroform) notwithstanding. This improvement un-
derscores our past assertions that *C chemical shifts for sp’-rich
molecules with extended n-conjugation are more sensitive to solvent
effects because their sp” carbons are exposed to solvent. In contrast,
C chemical shifts for the mostly saturated, sp*-rich natural products
are less sensitive to solvent effects. This is why DU8+ allows for gas
phase computations and generally does not require PCM correc-
tions for chloroform and solvents of low polarity.
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Figure 9. Oxete-containing small organic molecules (A), and natu-
ral products (B).

Another unusual 2-aminooxet, cheliensisamine (Figure 9B), was
isolated from the bark of Goniothalamus cheliensis Hu, a tree from
Yunnan Province in China.*® Attempts to computationally optimize
this structure failed. The hemi-aminal is not a minimum on the po-
tential energy surface; the initial geometry undergoes in silico 4x
electrocyclic ring opening into substituted indanedione. It is not
clear from the NMR data for cheliensisamine what prompted the au-
thors to propose this unusual structure. Three years after the initial
discovery, the list of compounds isolated from the same plant was
considerably extended by the authors.*®  Alone with che-
liensisamine there were several natural products possessing the qui-
none moiety. We believe that one of these compounds, 5-hydroxy-
3-amino-2-acetyl-1,4-naphthoquinone is cheliensisamine. This 3-
aminonaphthoquinone was earlier isolated from the stem bark of a
related species Goniothalamus marcanii and characterized by NMR
in chloroform,* making it somewhat challenging to compare with
the C data of cheliensisamine, which is recorded in DMSO-ds.
However, there is enough similarity for us to revise cheliensisamine
into S-hydroxy-3-amino-2-acetyl-1,4-naphthoquinone.

Ogxetes fused to aromatic rings constitute an even smaller subset
of four-membered oxygen heterocycles. Adam and co-workers
demonstrated that benzoxetes are isolable and can be obtained pho-
tochemically at low temperature, see the example of 2-acetyl-2-me-
thyl-6-methoxy-benzoxetene (top right inset in Figure 10).>® This
is the only example of correctly assigned benzoxete that has *C
NMR data matching well the DU8+ calculated values, rmsd(8c) =
1.47 ppm. The caveatis that even at-25°C this benzoxete undergoes
spontaneous ring-opening and reverts to its quinomethide photo-
precuror within 24 hrs, which begs the question whether a natural
product could ever possess this thermally labile moiety. Dictionary



of Natural Products®! gives only four benzoxete-containing com-

pounds: amentotoxin,> phomopsidone A,** roseanone,* and
zizyberanone.® The last compound, zizyberanone, is the same as

amentotoxin, which leaves three unique structures to analyze.

DU8+ calculations for the proposed structure of phomopsidone
A poorly matched the experimental *C values, rmsd(8c) >7 ppm,
which necessitated the revision. Given a relatively low value of *C
chemical shift for the oxetane’s CH, carbon, a logical place to start
was to virtually "hydrolyze" the oxetane ring into the shown bis-hy-
droxy compound, which significantly improved the match. Addi-
tional search in the literature revealed that it is a known compound,
excelsione, for which X-ray structure is available. Its NMR was rec-
orded in a different solvent, DMSO-ds, as opposed to pyridine-d; for
phomopsidone A. However, the two experimental data sets corre-
lated well with correlation coefficient of 0.9998. Using the constant
offset of 1.9 ppm for the chemical shifts of phomopsidone A allowed
for the direct estimation of rmsd between the two experimental sets
in different solvents, producing rmsd(8cep-cep) = 0.99 ppm, which
leaves little doubt that phomopsidone A is in fact exelsione.
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Figure 10. Benzoxetes.

Experimental chemical shifts for amentotaxone (same as
zizyberanone) did not match the values calculated for its oxete-con-
taining structure either. After careful analysis of its NMR data we
arrived at a revised structure shown in Figure 10, which contains a
1,4- not 1,3-epoxy bridge. The revised structure matched the exper-
imental *C chemical shifts for zizyberanone with crmsd(8¢) =
1.6ppm (PCM methanol) and for amentotaxone - with

crmsd(8¢) = 1.59 ppm (PCM DMSO). Literature search revealed
that this is a known compound, dehydrooxoperezinone.”” As the
NMR spectra for dehydrooxoperezinone and zizyberanone were ac-
quired in the same solvent, methanol, two experimental sets of *C
chemical shifts were compared and shown to match nearly perfectly,
rmsd(Scesp-cep) = 0.03 ppm. Thus amentotaxone/zizyberanone is
revised to dehydrooxoperezinone.

The third compound, roseanone, did not have *C data listed and
therefore we were limited to the analysis of its 'H NMR spectrum in
CDClI;, which is not very informative in this case. Oxete's gem-di-
methyls were reported at 1.24 and 1.56 ppm. However, in the calcu-
lated spectrum they are nearly magnetically equivalent and pre-
dicted to have 'H chemical shifts at 2.00 and 2.01 ppm. We are
therefore very confident that roseanone is also misassigned and does
not have the shown oxete moiety. However, without *C NMR data

it would be impossible to suggest the revision.

Based on Adam's results indicating low stability of benzoxetes and
the fact that we did not find a single confirmed example of a natural
product containing the benzoxete moiety, our conclusion is that
such natural products are unlikely to exist.

Similarly, benzodioxete moiety is very much questionable in NPs.
The search of the Dictionary of Natural Products for benzodioxete
results in only one structure, buxifoliadine,” which is filed under the
systematic name of 5,6-epidioxy-2-hydroxy-1,7-dimethoxy-10-
methylacridon. We noticed an unorthodox depiction of the struc-
ture of buxifoliadine in the original isolation paper (reproduced in
Supporting Information). Based on our analysis of the NMR data,
we generated several candidate structures of which the shown acri-
dine-1,4,9-trione gave the best match, crmsd=1.50ppm (PCM
DMSO). All observed crosspeaks in the experimental HMBC spec-
trum of revised buxifoliadine correspond to large values of calculated
Jex carbon-proton spin-coupling constants, see Figure 11. The only
potential discrepancy was that the crosspeak from overlapped me-
thyl groups in the original structure to the carbon at 148.9 ppm was
ascribed to the second methoxy group. In the revised structure this
crosspeak is ascribed to coupling between N-Me and C-4a, Jen =
2.6 Hz.

OMe O
HO. O O OMe rewsed O ‘
HO OMe
OMe Me O
buxifoliadine acridine-1,4,9-trione

rmsd(d¢) > 13 ppm rmsd(S¢) = 1.50 ppm

(PCM DMSO)

Figure 11. Revision of buxifoliadine. Observed HMBC crosspeaks
(H — C arrows) are annotated with computed Jcu coupling con-
stants (red numbers).

Small organic dioxetanes do exist and are isolable, but they are rel-
atively unstable. For example, in a detailed study by Ando and co-



workers a series of dioxetanes based on adamantylideneadaman-
tanes are described.”® For some of them X-ray structures are ob-
tained. However, >*C NMR data for the symmetric dioxetane based
on the parent unsubstituted adamantylideneadamantane has a peak
listed at 47 ppm (d), which does not belong to the dioxetane, but
rather belongs to adamantanone, indicating significant contamina-
tion of the dioxetane sample with this main product of its degrada-
tion via the retro-[2+2] reaction.

Given their instability, we were curious if any of the reported di-
oxetane-containing natural products are actual dioxetanes. For ex-
ample, Figure 12 shows originally proposed structures for den-
dronophenols A and B,* and mansoxetane,! postulated to have di-
oxetane moieties. Computed NMR data did not agree with the ex-
perimental spectra. C chemical shifts for the dioxetane moiety de-
viated the most.

dendronophenol B isomoniliformine A
rmsd(5¢) > 4 ppm rmsd(5¢) > 6 ppm

| identical NMR spectral data I

rmsd(J cexp-Cexp)=0-12ppm

OMe

mansoxetane
rmsd(d¢) > 7 ppm

dendronophenol A
rmsd(S¢) > 7 ppm

Figure 12. Dendronophenols A and B, and mansoxetane. The re-
ported experimental *C NMR shifts are shown in colors.

The experimental chemical shift values for the purported diox-
etane’s carbons in the 76-79 ppm range were indicative of alcohols,
not dioxetanes.  Further investigation revealed that isomonili-
formine A,% isolated from dried stem of similar species as dendrono-
phenols, has NMR spectra identical to dendronophenol B: the

match between the two experimental *C spectra is rmsd(8cesp-cex) =

0.12 ppm. Unlike dendronophenol B, isomoniliformine A is pro-
posed to have an oxirane moiety in place of the dioxetane moiety.
However, calculated data for isomoniliformine A expectedly did not
match the experimental values either, as the oxirane carbons were
predicted approximately 20 ppm upfield (~56-58 ppm).

We hypothesized that dendronophenol B and isomoniliformine A
are, in fact, triols. Conveniently, NMR data for several NPs pos-
sessing a similar arylpropanetriol moiety are reported: e.g. sy-
ringylglycerol,®® berbekorin A, and chaenomin,® shown in the in-
sert. This near perfect match for the propanetriol moiety leaves no
doubt that our hypothesis is correct, i.e. dendronophenol B and
mansoxetane are not dioxetanes/oxiranes, but rather triols.

The same applies to dendronophenol A. The purported dioxetane
carbons in it have experimental chemical shifts 80.5 and 80.6 ppm.
The calculated values for a parent dioxetane based on stilbene are
88.2 ppm for the cis-isomer and 94.6 ppm for the trans, which is not
matching the experiment, and confirming that there is no dioxetane
moiety in dendronophenol A.

Complicating matters is the mismatched experimental and com-
putational data for the aromatic moieties in all these NPs. Notice
that dendronophenols A and B, and mansoxetane are proposed to
have a biphenyl core, whereas the rest of the structures in Figure 12
possess diphenyl ether moiety. Our analysis of other similar phe-
nolic NPs reported in the literature shows that there are alot of mis-
assignments pertaining to their aromatic cores. We will address this
issue with natural polyphenols computationally elsewhere.

Just like dendronophenols, a new pseudoguaianolide neohu-
pehenolide B, isolated from the aerial parts of Inula hupehensis, is
not a dioxetane, but rather diol shown in Figure 13.¢ Its revision
also required inversion of configuration at C11.

~OH
0 13 0H

diol (epi-11)
crmsd(S¢) = 1.09 ppm
(PCM methanol)

neohupehenolide B
crmsd(5¢) > 3 ppm
(PCM methanol)

Figure 13. Revision of neohupehenolide B.

Not all dioxetane revisions required virtual reduction of the O-O
bond. For example, two isoflavones 3 and 4 isolated from the
Hedysarum plants, Figure 14,7 were reported to contain the diox-
etane moiety. Both original structures produced a poor match with
computed data and needed revision. Instead of the trioxabicy-
clo[4.2.0]octane moiety we tested a much less strained trioxabicy-
clo[3.3.0]octane, which offered a much better match with experi-
mental NMR data. We therefore revise these two isoflavone perox-
ides into the shown bicyclo[3.3.0] isomers. While the revised struc-
ture is not described in the literature, the rare trioxabicyclo[3.3.0]
moiety is precedented in prenylated coumarins (mammea A/AB di-
oxalanocyclo F, cmpd 6 - see Figure 14).%8

While we are not making a claim that NPs containing the diox-

etane moiety do not exist, we are yet to encounter a confirmed case
of a naturally occurring dioxetane.
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isoflavon (cmpd 3)
rmsd(S¢) > 4 ppm

trioxabicyclo[3.3.0] isomer
rmsd(d¢) = 1.50 ppm

revised

OMe

isoflavon (cmpd 4)

rmsd(3c) > 4 ppm trioxabicyclo[3.3.0] isomer

rmsd(d¢) = 1.18 ppm

(cmpd 6

Figure 14. Revision of two isoflavon dioxetanes.

Finally, we examined the existence of oxetane-based hemiacetals,
i.e. B-lactols, and related compounds. For example, a complex guai-
ane dimer, isolated from the bark of the plant xylopia aromatica, Fig-
ure 15, featured prominently a p-lactol moiety fused at C7'-C8'.
While DU8+ computations did not agree with the proposed struc-
ture, we note that the purported p-lactol's C(O) carbons were signif-
icantly shifted into the low field. We then hypothesized that these
high chemical shift values may be due to the presence of a peroxide
moiety, i.e. 1,2-dioxolane, which could also offer a strain relief.

hydroxy 1,2-dioxolane
rmsd(S¢) = 1.36 ppm
rmsd(Sy) = 0.18 ppm
rmsd(Jyy) = 0.37 Hz

sesquiterpene dimer
from xylopia aromatica
rmsd(S¢) = 2.11 ppm
(C11'is off by 6.5 ppm)

DFT energies for truncated species

HO. HO
o) - O o) — (@]
HO I HO.
o o
closed‘,,-"“\
| __-----__open
16.7 | T
\ closed I 5.0
\open —
—

Figure 15. Revision of sesquiterpene dimer from the bark of the
plant xylopia aromatica. ZPE corrected relative energies are ob-
tained at the B3LYP/6-311+G(d,p) level of DFT theory for the
open and closed forms of truncated substructures.

According to our computations this is definitely the case, i.e. the
revised structure, shown in Figure 15, contains the hydroxy 1,2-di-
oxolane moiety. While this exact revised structure is not known,
somewhat similar dimeric peroxy-hemiacetals, xylopidimers C and
E, % and vielopsides A-C7" were recently isolated from a related spe-
cies xylopia vielana. To better understand the energetics of the open
and closed forms in these species, we subjected the truncated p-lac-
tol and its peroxy counterpart to DFT calculations shown in Figure
15. It is clear that the closed B-lactol is unfavorable species at the
equilibrium with its open form, i.e. f-hydroxyketone. Contrary to
that, the open form of a p-hydroperoxyketone has a significant driv-
ing force to cyclize. Given thatring-opening of p-lactol in this model
system is such an exergonic process, it is unlikely that p-lactols (i.e.
oxetanes with free 2-hydroxy group) exist in any detectable concen-
tration. For example, small organic molecules and sugars, postulated
to exist in a f-lactol form’! based on the absence of the carbonyl peak
in C NMR, could be dimeric 2,5-dihydroxy-1,4-dioxanes. Fluori-
nated B-lactols’? could be the dimeric 1,4-dioxanes or simply car-
bonyl hydrates, i.e. gem-diols. While we may not know for certain in
all cases what these NPs are, we know what they are not — they are
not P-lactols.

The case of biphenyl 1 isolated from a shrub Caesalpinia deca-
petala, Figure 16A,7 further supports this point: DU8+ computa-
tions disagree with the experimental data, rmsd(8c) > 13 ppm.
Based on the limited experimental data we could not propose the re-
vision, but we can confidently state that this compound is not a p-
lactol. At the same time, we do have evidence that DU8+ handles
confidently this structural type: Figure 16B shows that the NMR
data for methyl ether of f-lactol — i.e. 2-methoxyoxetane, accessible
via a photoinduced [2+2] cycloaddition — is accurately calculated by
DUS8+, rmsd(8¢) = 0.89 ppm.

@ Ho_ O L ®
| | 3 o
OT) e e
HO '
b X

B-lactol from Caesalpinia
decapetala (cmpd 1)
rmsd(d¢) > 13 ppm

(©)

revised
O:<>—OH =———> HOOC-CH(OH)-CH,-COOH

o
ficumone malic acid
msd(S¢) > 14 ppm
13¢Cin cDCly 3Cin CDCl;
. 175.3
173.0 173.3
67.1 66.9
38.3 38.4
Hin CDCl, "Hin CDCI;

2.81dd (16.8, 6 Hz)
2.88 dd (16.8, 4.4 Hz)
4.51dd (6.0, 4.4 Hz)

2.75 dd (16.6, 6.9 Hz)
2.85 dd (16.6, 4.1 Hz)
4.46 dd (6.9Hz, 4.1Hz)

Figure 16. (A) Incorrect structure of a -lactol from Caesalpinia
decapetala (cmpd 1); (B) an example of a photogenerated 2-meth-
oxyoxetane demonstrates the accuracy of DU8+ computations for
this structural type. (C) Revision of ficumone to malic acid based on
comparison of experimental NMR data in CDCl.



A related question is whether 2-oxo-4-hydroxydioxetanes exist,
i.e. B-lactols formed from 3-oxo-carboxylic acids. The purported
parent compound in the series, ficumone, was isolated from an ever-
green shrub Synsepalum dulcificum Daniell (Sapotaceae).™ Its re-
ported NMR spectra did not agree with the results of DU8+ compu-
tations, rmsd(8c) > 14 ppm. The lactol carbon, predicted at
89.7 ppm deviated the most. Its reported experimental value of
67.1 ppm was more commensurate with an alcohol moiety. After
testing several candidate structures we arrived at malic acid as most
likely candidate. Its experimental NMR spectrum in chloroform-d
matches that of ficumone nearly perfectly, provided the authors
overlooked the peak from the second carboxy-group.”

Peroxy-counterparts of p-lactols, i.e. 3-hydroxydioxetanes do not
exist either. It is highly unlikely that ligulariaphytin A7® or biden-
phytin B,”” Figure 18, possess the proposed 3-hydroxydioxetane
moiety, as the hemiacetal carbon is expected to have a chemical shift
of 107 ppm or more (observed ~100-102 ppm) and the second car-
bon in the truncated model dioxetane, Figure 18, is expected at ~
90 ppm.

90.4 ppm NG 5,107 ppm

MeOOC OH
0-0

/ 100 & 102 ppm truncated substructure
OH (calcd values)

bidenphytin B
or

ligulariaphytin A
(exp values)

Figure 18. Bidenphytin B and ligulariaphytin A. Mismatch in the ex-
perimental and calculated *C shift values in the hydroxydioxetane
moiety.

We identified a number of additional oxetane-containing natural
products requiring revision, for which we could not generate a re-
vised structure. Yet we are confident that they are misassigned. Fig-
ure 19 gives two representative examples. Sphaeroxetane’® from the
red alga Sphaerococcus coronopifolius was isolated with two other
diterpenes. Two NPs of these three — sphaerococcenol A and bro-
mosphaerol - gave a nice match with the experimental NMR data,
rmsd(8c) = 0.99 ppm and 1.30 ppm respectively. However,
sphaeroxetane itself is definitely misassigned. Based on the analysis
of its congeners, we could propose its potential revision shown in
Figure 19, but this would require ignoring the reported carbon mul-
tiplicities and, obviously, the mass-spectrometry data. Stereumone
A7 Figure 19, is another representative misassigned oxetane for
which we did not find any acceptable candidate structure yet.

In challenging cases like these, it would be beneficial to have care-
ful reporting of chemical shifts and J-coupling constants with suffi-
ciently high accuracy, which potentially could be achieved with ap-
proaches such as HiFSA ('H iterative Full Spin Analysis).* Another
additional difficulty of structure validation/revision is a high rate of
typos in the reported NMR data. This underscores the importance
of dissemination of the original NMR data (i.e., FID data deposited
in a digital format suitable for subsequent analysis).®!

R
/:\ Br /:\ Br
sphaeroxetane candidate structure for
(cmpd 3) revised sphaeroxetane

rmsd(d¢c) = 1.06 ppm

rmsd(S¢c) > 5 ppm

stereumone A
rmsd(d¢) > 10 ppm

Figure 19. Additional examples of misassigned NPs containing the
oxetane moiety: sphaeroxetane and stereumone A.

CONCLUSIONS

Natural products and small organic molecules possessing the ox-
etane or related four-membered heterocyclic moiety present a chal-
lenge of structural assignment. The hybrid DFT-parametric method
DUS8+ performs well for these structural types, and offers a fast and
accurate computational path to structure validation or revision
based primarily on the ubiquitous 1D NMR data.
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