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ABSTRACT:  DU8ML, a fast and accurate machine learning-augmented DFT method for computing NMR spectra proved 
effective for high throughput revision of misassigned natural products.  In this paper we disclose another important aspect 
of its application: correction of unusual reaction mechanisms, originally proposed because of incorrect product structures.

INTRODUCTION 

 

Structure elucidation of products of chemical reactions 
plays a very special role in chemical sciences, including 
mechanistic organic chemistry.  Self-evidently, a sensible 
mechanistic rationale must account for the observed prod-
ucts, and that is where things get complicated if the struc-
tures of reaction products are misassigned.   NMR, as the 
most informative analytical tool for solution structure elu-
cidation, is clearly experiencing a renaissance due to sig-
nificant advances in novel pulse sequences and multi-di-
mensional experiments.1  Concurrently, computational 
NMR has matured and become user-friendly to a point that 
it is more and more broadly used by the practitioners in 
the field as a routine tool.  This is true for both, ab ini-
tio/DFT methods2  and a group of Computer Aided Struc-
ture Elucidators, CASE, which normally rely on fast neural 
networks algorithms, but also increasingly are utilizing 
DFT.3  While such calculations are more commonly used 
to support structure elucidation of natural products, they 
are also used in assigning structures of synthetic products.4 

 We have developed a machine learning-augmented DFT 
method for computational NMR, DU8ML,5 which proved 
fast and accurate in revisions of many important natural 
products. Our approach is to "label" the substructure frag-
ments, responsible for major deviations of the DFT calcu-
lated values, with the appropriate SMARTS strings6 and 

train the machine on a large set of reliable experimental 
nuclear spin coupling constants and chemical shifts to rec-
ognize the discrepancies and correct for them.  In 2014, we 
expanded on Bally and Rablen's idea7 of scaling Fermi con-
tacts and developed a fast and accurate method for com-
puting nuclear spin-spin coupling constants based on a 
substructure-aware scaling.8  Later we applied a similar 
methodology for calculations of chemical shifts.9  Most no-
tably, for molecules containing heavy atoms, e.g. halogens, 
this pragmatic approach circumvented the need to deploy 
expensive spin-orbit coupling, SOC, calculations.  All in all, 
DU8ML together with its predecessor DU8+ accounted for 
hundreds of revised structures.10 

In this work, we discuss the important role of DU8ML in 
helping to avoid incorrect mechanistic inferences based on 
erroneous interpretation of the product structure.  In 
short, we examined unusual reactions and reaction prod-
ucts reported in the literature and found a number of 
flawed reaction mechanisms put forward because of inac-
curate structure elucidation work.  

 

RESULTS AND DISCUSSION 

 

Figure 1A shows a recent report of water-mediated intra-
molecular cyclization/oxidation of α‑carbonyl sulfur ylides 
for synthesis of Corey−Chaykovsky reagent-like heterocy-
cles.11   The authors evaluated the scope of this reaction,  
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presenting a large table of 24 products.   However, both the 
peculiar product structure and the unusual original mech-
anistic rationale – including the postulated oxathiete 4, its 
odd ring opening, protonation and subsequent oxidative 
coupling of the Corey-Chaykovsky intermediate 6 into the 
cyclic Corey-Chaykovsky product 2 – raised reasonable 
questions.  DU8ML revealed irreconcilable differences be-
tween the calculated and experimental 13C chemical shifts 
for 2.  At the same time, the product 7 of a [2,3]-sigmatropic 
shift in the less stable ylide 8, Figure 1D, matched the ex-
perimental NMR. We therefore revised product 2 to the 
shown 2-(methylthiomethoxy)styrene 7.  The [2,3]-sigma-
tropic rearrangement of ylides derived from 1 and similar 
sulfonium salts was described by Ratts and Yao,12 with 13C 
NMR of 7  – matching the experimental spectrum of 2 – 
later reported by Russell.13 This leaves no doubts that the 
Corey-Chaykovsky heterocycles shown in Figure 1 are erro-
neous. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Reported formation of cyclic Corey-Chaykovsky 
type ylides and DU8ML-driven revision. 

 

Another recent example of an unusual photocatalyzed 
dehydroxylative amination of hydroquinones with 4-piper-

idones, sensitized by iron phthalocyanine, is shown in Fig-
ure 2.14  The reaction was purported to occur via a ring-ex-
pansion route and produce eight-membered benzolactam 
products 11. Its scope was found to be rather general, as ev-
idenced by 30 examples.  The proposed complex mechanis-
tic rationale necessitated two azetidine intermediates, for 
example 12.   

 DU8ML computations showed a very poor match for the 
computed and experimental 13C chemical shifts, 

rmsd(13C)=10.9ppm, clearly indicative of misassignment.  
The search for revision led us to spiro-pyrrolidines 13, 
which best matched the experimental NMR data.  Substi-
tuted benzofuranones spiro-connected to pyrrolidines are 
known and could potentially have useful pharmacological 
properties.15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Revision of the proposed benzoazocine structure 
and plausible mechanistic alternatives. 
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A number of plausible reaction mechanisms for the for-
mation of spiro-benzofuranones 13 could be suggested.  
One of them, involving the well-precedented16 oxidative 
coupling of phenols with enolizable ketones as a first step 
to form intermediate 14, is shown in Figure 2 (C.1).  Subse-
quent intermolecular Friedel-Crafts reaction is followed by 
additional oxidative steps furnishing oxonium ion 16 and 
setting up the final pinacol-pinacolone rearrangement to 
arrive at spiro-product 13.   

Yet another alternative route, mechanism C.2., could in-
volve formation of α-diketone 17 which reacts with substi-
tuted hydroquinones to form hemiacetal 18 and then pro-
ceeds through the Friedel-Crafts step and pinacol-pina-
colone rearrangement via 16 to give 13; or, in another vari-
ant, be involved in the (precedented) oxidative Favorskii-
type reaction17 leading to 19 with subsequent ground state 
transformations to furnish 13.   

It is unlikely that the tertiary amine moiety is redox ac-
tive in the context of these reactions, because it should be 
fully protonated by excess acetic acid.  The regiochemistry 
of oxidation in N-acyl piperidones into the position 3 is also  
precedented in the literature.18  Generally, one wonders if 
other cyclic – and not necessarily heterocyclic – ketones 
could be utilized in this photoinduced reaction to expand 
the scope.   

DDQ was used in another oxidative coupling reaction 
between cycloheptatriene and benzoylenamines 21, report-
edly furnishing 2-cycloheptatrienylidene-3-oxo-3-phe-
nylpropanal 23, Figure 3.19  The scope was confirmed by 15 
additional examples.  As a similar reaction was reported for 
xanthenes,20 with one of the products confirmed by x-ray 
crystallography, the formation of 23 in a reaction with cy-
cloheptatriene therefore did not raise any red flags. How-
ever, the 1H NMR spectrum of 23, in addition to the formyl 
singlet, clearly had another unexplained broad singlet in 
the aromatic region of the spectrum.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Revision of the oxidative coupling between cy-
cloheptatriene and enamine 17. 

Closer inspection of the spectral data indicated that 23 
has what appears to be two phenyl groups.  DU8ML com-
putations rejected the cycloheptatrienylidene structure 
and helped arrive at a Z-benzylidene product 24.  Obvi-
ously, the revised product has the same chemical formula 
and the same exact mass.  Our mechanistic rationale is 
based on a precedented oxidative transformation of cyclo-
hexatriene into benzaldehyde, for example when reacted 
with hypervalent iodine reagents.21  It appears that this ox-
idative rearrangement in the described DDQ reaction pro-
duces sufficient amounts of benzaldehyde for condensa-
tion with enamine 21.   The Z-configuration of the product 

is confirmed computationally: rmsd(13C)=1.34ppm, while 
for the E-isomer (not shown) the match is degraded to 

rmsd(13C)=2.48ppm. 

A somewhat counterintuitive mechanistic rationale was 
proposed for the bromination reaction of benzoquinone-
fused norbornadiene 25, Figure 4.22  Stereochemical analy-
sis of the three products, 29, 30, and 31, i.e. the only prod-
ucts obtained at low temperature, -50oC or lower, produced 
a hypothesis that the 1,2-dibromide, 31, is formed from bro-
monium ion 28 while the 1,3-dibromides, 29 and 30, were 
derived from an alternative bromonium ion 26 (or its nor-
tricyclene form 27).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Revision of the stereoconfiguration of product 30 
and streamlining of the mechanism of low temperature 
bromination of  benzoquinone-fused norbornadiene 25. 
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The discrepancy was that the ratio of products 31 to (29 
+ 30) was approximately 2:1, while the authors' DFT com-
putations found bromonium ion 26 to be 3.5 kcal/mol 
higher in energy than the more stable bromonium 28.   Un-
less some unforeseen kinetic control was operational, these 
two facts were hard to reconcile. This dilemma was re-
solved with DU8ML revealing that the stereochemistry of 
1,3-dibromide 30 was misassigned.  It is revised to the 
shown bis-epimer 32.  This structure revision allowed for a 
simpler mechanistic rationale presented in Figure 4C, 
where the sole most stable bromonium ion 28 is responsi-
ble for all products observed at low temperature.  In fact, 
none of the products observed in the low or high tempera-
ture experiments necessitate bromonium ion 26 on the re-
action coordinate. 

Another bromination study in the syn-7-bromon-
orbornene series produced a number of tribromon-
orbornanes and dibromonortricyclenes.23  Most of them 
were rationalized in terms of the exo-bromonium interme-
diate 38, Figure 5. However, one product – tribromide 35 – 
was derived from the endo-bromonium species 34, rear-
ranging into a four-membered bromonium 35. This 
prompted us to verify the structure of 36.  DU8ML-
calculated chemical shifts were inconsistent with the ex-
perimental data for 36, and it was revised to another Cs-
symmetric anti-7-bis-exo-tribromide 37.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Bromination of syn-bromonorbornene. 

 

One plausible mechanistic rationale for its formation in-
volves another observed (and correctly assigned, 

rmsd(13C)=0.73ppm) tribromide 39, which could be envi-
sioned to undergo a concerted dyotropic24 or stepwise 
Wagner-Meerwein rearrangement to yield 37.  As 39, and 

other observed products, could be formed via the exo-bro-
monium cation 38 there seem to be little evidence necessi-
tating the endo-bromonium 34, which we calculated to be  
>2kcal/mol uphill of 38. 

A detailed study of aerobic dehydrogenative α-oxygena-
tion of ethers with an iron catalyst involved a broad range 
of substrates, including phthalans shown in Figure 6.25  The 
authors correlated the observed regiochemistry of oxida-
tion in the halogenated dihydroisobenzofurans series with 
"a strong meta-directing effect" of the fluorine substituent 
(σm=0.34 vs σp=0.06), and "significantly stronger para di-
recting effect (σm=0.37 for Cl and 0.39 for Br vs  σp=0.23 for 
both)" for the chlorine and bromine substitutents.   Given 
the reported results with fused pyridines this was a debat-
able rationale.  

These reservations were partially resolved by the 
DU8ML analysis.  First, the structures of the starting ma-
terials in the 5-halogen-1,3-dihydroisobenzofuran series – 
fluoro 44, chloro 40, and bromo 42 – were examined and 
the fluoro isobenzofuran 44 required revision to 4-fluoro 
50, which was probably due to an error with the precursor 
of fluoride 44.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Aerobic oxidation of phthalans with an iron cat-
alyst. 
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The structures of the chloro- and bromo-substituted iso-
benzofurans 40 and 42 were confirmed as 5-substituted 
isobenzofurans  (rmsds 0.79ppm and 0.89ppm respec-
tively). Of the oxidation products, which required two 
structure revisions: the fluoro-isobenzofuranone 45 was re-
vised to the ortho isomer 51, and pyridine 49 needed the 
correction of the oxidation site (revised to 52).26 

Revision of the fluoro product 45 did not change the rel-
ative positions of the fluorine and the newly formed car-
bonyl assigned by the authors; i.e. it remained meta.  How-
ever, the revised pyridine 52 has the carbonyl in the posi-
tion 3, not 2,  while the correctly assigned pyridine 47 has 
the carbonyl in the position 4.  Clearly, the Hammett's σm/p 
argument invoked by the authors is not uniformly applica-
ble here.   Instead, as Figure 6C shows, the regiochemistry 
of this aerobic oxidation in pyridines may better correlate 
with the stability of the respective radicals.  Also, the fact 
that 49 is revised to 52 implies that (the expected) pre-co-
ordination of the iron catalyst to the pyridine's nitrogen is 
unlikely a factor driving the regiochemistry of the oxida-
tion.   

An extensive diepoxidation study of substituted cyclo-
hexa-3,5-diene-1,2-diols produced enantiopure benzene di-
oxide intermediates, Figure 7,27 which were further studied 
in the thermal valence tautomerization to 1,4-dioxocins as 
a racemization mechanism.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Diepoxidation of cyclohexa-3,5-diene-1,2-diols. 

 

The path to the desired dioxiranes involved hydroxyla-
tion of the dienic moiety with OsO4/Me3NO and the Mat-
tocks reaction28 furnishing bromoacetates 55 or 58, which 
were treated with sodium methoxide.29  DU8ML analysis of 
the relative stereochemistry of the resulting diepoxy prod-
ucts, for which 13C NMR was reported, confirmed the syn-

diepoxide 59, rmsd(13C)= 0.78ppm, but pointed to a stere-
ochemical mismatch for diepoxide 56, which was revised 
to the anti-diastereomer 60 (relative configuration is im-
plied). 

As 13C NMR data is not available for its precursor 55, it is 
difficult to draw conclusions at what step the mechanistic 
rationale needs a revision.  Curiously, the relative stereo-
chemistry of tetraol 54 seem to be correct.  A potential 
teaching moment here is that the Mattocks step is not ste-
reospecific for tetraol 54, possessing a tertiary alcohol moi-
ety.   

A number of reaction mechanisms in need of revision 
have proton-deficient halogenated products, which make 
solution structure elucidation challenging due to the (i) 
lack of informative proton spin coupling constants and (ii) 
difficult-to-calculate C-I or C-Br 13C chemical shifts.  
DU8ML is particularly suitable for this work, as the heavy 
atom effects on carbon chemical shifts are evaluated para-
metrically with high accuracy.   

There was a considerable effort in the 90's put into un-
derstanding the reactivity of halogen electrophiles toward 
acetylene carbinols.  Early on McNelis, who was a principal 
contributor to these efforts, differentiated the two most 
common modes of reactivity: one being a variety of Meyer-
Schuster reaction30 which McNelis called a halo-Meyer-
Schuster reaction31 and which stood "in contrast with the 
conversion of tertiary alkynols to β-iodoenones," Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Two distinct reported reactivities of alkynyl car-
binols in the presence of electrophilic halogen reagents. 

 

Still, until very recently there is a fair amount of confu-
sion about the products generated in related processes, 
and these errors are most certainly due to significant chal-
lenges of NMR structure elucidation of these products.  For 
example, in a 2020 study,32 a series of alkoxides of acetylene 
carbinols were synthesized and subjected to electrophilic 
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iodination with ICl, producing the products of ring expan-
sion 68 and 71 shown in Figure 9A.  

The authors confirmed the generality of this reaction by 
15 examples.  Yet, DU8ML analysis clearly showed that the 
actual products 72 and 73 correspond to the halo-Meyer-
Schuster reaction, Figure 9B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  The halo-Meyer-Schuster reaction confused for 
ring expansion with formation of β-iodoenones.  

 

A very similar reaction, with I2 and a catalytic amounts 
of polymer-immobilized iodine(III) reagent was published 
in 2004, with similar error,33 Figure 10, that is for n=2,3 in-
stead of the purported ring expansion, the halo-Meyer-
Schuster products 72 and 73 were formed. Additionally, for 
n=1, under these conditions the cyclopentanol-containing 
starting material did not expand the ring, as the authors 
suggested, and it did not undergo the halo-Meyer-Schuster 
rearrangement either (as the cyclohexanol and cyclohep-
tanol congeners did).   

Instead, iodination of the triple bond in the presence of 
water seemingly produced α,α-diiodoketone 76, keeping 
the tertiary alcohol moiety intact, Figure 10.  This is similar 
to the α,α-dibromo- and -dichloroketones formation under 
related conditions described earlier.34   We could not ana-
lyze the rms deviations in this case, as the reported 13C 
NMR spectrum contained extraneous peaks.  However, one 
13C chemical shift in the vicinity of 6ppm – reported for 
enone 75 (i.e. revised cyclopentanol 76) and its derivatives 
– should have been interpreted as a clue for a potential 

gem-diiodoalkyl substitution (experimental: 6.3ppm, cal-
culated: 4.7ppm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Similar errors in a reaction of hypervalent iodine 
oxidant. 

 

However, the ring expansion of acetylenic carbinols does 
occur, most commonly – in halo-terminated acetylenes, 
not arylacetylenes.   It was also reported35 for more com-
plex bicyclics, for example, acetylenic carbinols derived 
from camphor or nor-camphor.  While the majority of 
these studies produced correct results, the camphor-based 
products are misassigned, starting with the erroneous ste-
reochemistry of the initial addition of lithium acetylenide 
to camphor, Figure 11.  All endo-acetylenic carbinols de-
rived from camphor, i.e. compounds 86, 87, and 88, needed 
revision to exo-stereoisomers 91, 92, and 93.  The major 
product of the rearrangement 90 also needed revision to 
isomer 94. 

Mechanistic considerations offered by the authors were 
based on the assumption that for both camphor- and nor-
camphor starting materials the differences in reactivity 
were derived solely from the nature of the migrating group 
(i.e.  secondary carbons vs tertiary vs quaternary).  The au-
thors pointed to contrasting reactivities, i.e. for a similar 
cationic ring expansion in 2-N,N-dichloroaminonor-
bornanes36 catalyzed by aluminum chloride, the bridge-
head atom moved in the exo-amines, while the secondary 
carbon 3 migrated in the endo-amines. Similar trend, i.e. 
preferred migration of the secondary carbon in the endo-2-
(aminomethyl)norbornane, was reported in the Demjanov 
rearrangement.37 



7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Ring expansion in the camphor series. 

 

In view of our revision of the major product 90 to isomer 
94, it appears that the ring expansion in alkynyl carbinols 
shown in Figure 11 does, indeed, follow the same trend de-
termined by the stereoconfiguration of the acetylenic 
group, i.e. the CH2 carbon is migrating preferably in the 
case of the endo-configuration of the acetylenic group 
which is developing a carbocationic center, while the 
bridgehead carbon is migrating in the case of exo-acety-
lenes, Figure 11C. 

It is also important to underscore that once the errone-
ous stereochemistry is published, it persists in the litera-
ture, for example the camphor-based acetylene carbinol 
was incorrectly assumed to be exo in an unrelated study.38  

Finally, a recent isolation of diterpenoid ipomone (96) 
under acidified hydroalcoholic extract of Ipomoea nil seeds 
suggested a rearrangement path for its formation from de-
rivatives of gibberellic acid, Figure 12.39a  Similar rearrange-
ment was observed with molecular iodine in methanol.39b  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

 

 

Figure 12.  Revision of ipomone 96 and iodoipomone 97. 
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Besides the acid-induced decarboxylative aromatization of 
ring A, the authors focused on the pinacol-pinacolone re-
arrangement step to account for stereochemistry of this re-
action. Yet, the reported mechanistic rationale included 
the formation of a questionable bridgehead carbocation 
and a 1,2-methyl shift, as shown in Figure 12A.  Occam's 
razor would suggest an alternative mechanism with H+/I+ 
addition to the exocyclic double bond and subsequent mi-
gration of the in-cycle allylic carbon, Figure 12C.  This 
mechanism requires an inverted stereochemistry of the 
CH2 bridge in the bicyclo[3.2.1]octenone moiety (high-
lighted in cyan).  DU8ML supported this hypothesis.  The 
structure of ipomone is revised from 96 to 98, and the 
structure of iodo-ipomone is revised from 97 to 99. 

CONCLUSIONS  

Incorrectly assigned structures are problematic in count-
less ways.  Some of them are purported to have useful prop-
erties, including beneficial biological activity.   As we have 
shown here, very often such misassignments lead to erro-
neous mechanistic hypotheses, amplifying their detri-
mental effects on the field of organic chemistry.  Luckily, 
solution structure elucidation by NMR is aided by substan-
tial developments in computational NMR, including our 
machine learning-augmented DFT  method, DU8ML.  It is 
clear that the computational methods are now user-
friendly, fast, and accurate, and therefore must become an 
everyday tool in the toolbox of organic chemistry practi-
tioners.  
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