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Protecting groups are core features in the art of organic synthe-

sis. Their utility drops when they start moving around. Recently, 

the Lindhorst group studied nitro-aryl migration at monosac-

charides (Fig. 1), measuring the migration kinetics by NMR 

for four different sugars (mannose, galactose, glucose and 

altrose). They found migration speeds ranging from minutes 

to days, despite their prediction of a Meisenheimer interme-

diate as migration mechanism in all cases. Additionally, it was 

unclear if axial-axial cases (as in altrose) proceeded via a ring 

conformation inversion or via some different mechanism.

only needed two standard algorithms in numerical mathemat-

ics [2]. We are currently upgrading our chemistry curriculum 

at Kiel University, bringing basics of numerical mathematics in 

closer contact to our chemistry students, even if they special-

ize in organic or inorganic chemistry. 

The second stage of our experiment-theory collaboration was 

investigation of the migration mechanisms. With nudged elas-

tic band calculations and a few dedicated relaxed scans it was 

easy to establish that counter-migration of a proton or aryl mi-
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Aryl migration becoming more interesting 

with every step

Fig. 1:

-

ed reaction rate constants from the measured kinetic data, by 

numerical solution of the kinetic differential equations with a 

self-written 4th-order Runge-Kutta integrator, combined with a 

derivative-free bound-constrained local optimization [1] to iter-

atively optimize initial rate constant guesses, minimizing the 

least-squares deviation between experimental and simulated 

kinetic data. Interestingly, the rate constant search space ap-

peared to be unimodal and convex, since in almost all cases 

no multiple minima were obtained in repeated runs starting 

from very different initial guesses. Occasionally, too disparate 

slowly changing concentrations produced incomplete solu-

-

tions: Since this is “closed-loop” kinetics, the total amount of 

reacting molecules stays the same and the total concentration 

gration to a full OH group is not possible energetically. Instead, 

the target OH group for the aryl migration needs to be depro-

tonated beforehand. This nicely explains the basic conditions 

needed in the experiment (MeONa in MeOH). However, for an 

anionic sugar-aryl moiety, the barrier for aryl migration was only 

20-30 kJ/mol, while the experimental kinetic data (translated 

into effective activation energy barriers via the rate constants 

and Eyring’s transition-state theory equation) clearly indicated 

barriers on the order of 100 kJ/mol.

We did all the exploratory calculations at the r2scan-3c level of 

theory, with MeOH as continuum-model solvent. Test calcula-

experiment and theory did not disappear at higher levels of the-

ory, including double-hybrid functionals and CCSD(T). Instead, 

it turned out to be necessary to include the Na+ cation into the 

calculations (together with an explicit solvent molecule): The 

negative charge of the reacting sugar-aryl system is fairly local-

ized on the deprotonated OH group before and after migration, 

while in the Meisenheimer intermediate it is widely delocalized, 

covering both O-atoms and extending across the aryl ring to the 

nitro substituent in para position. This leads to strong stabiliza-

tion of reactants and products via Coulomb interactions with 

Na+, but only to a weak stabilization of the intermediate and of 

barriers into the experimental range of about 100 kJ/mol. This 
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experiment: Going from MeONa to MeOK makes the migrations 

faster, simply because the K cation is larger than the Na cation, 

which makes its Coulomb interactions substantially weaker.

Our joint published paper [3] sells this as an interesting suc-

cess story of a collaboration between theory and experiment, 

and the journal featured it with a cover illustration. However, 

the still ongoing “backstory”, centrally including a BSc thesis 

by Mira Ihlow [4], is even more interesting, in several respects:

The paper covers only calculations for mannose. For altrose, 

preliminary results indicate that total ring inversion is feasible 

(its energy barrier is about 25 kJ/mol, which is much lower 

than the apparent migration barriers) but not necessary: Our 

reaction coordinates for ring inversion point to a two-step pro-

cess, with two halves of the sugar ring inverting separately and 

successively, but only a half-inversion already places the in-

volved OH groups into a relative position much more amenable 

to aryl migration. If aryl migration at altrose involves a full ring 

inversion or only half an inversion is still an open question.

The core system includes several rotatable single bonds, each 

featuring two or more rotamers that differ in energy by up to 20 

kJ/mol, and this needs to be included in the reaction calcula-

particular, when the migrating aryl group moves from the Mei-

senheimer intermediate over to the target OH group, the reac-

-

back-migration probability, if only from an energy perspective. 

-

plored; I would not be surprised if actual dynamics were impor-

tant here, which would necessitate an extensive trajectory study.

from cation counter-migration from the (deprotonated) target 

OH group to the (deprotonated) starting OH group (Fig. 2). This 

system, including 12-15 explicit MeOH molecules. There, this 

second barrier disappears, in favor of a continuous MeOH co-

ordination of the cation -- but essentially without changes in 

the overall barrier heights.

Fig. 2:
-
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Supported by decades of in-house experience with global opti-

clusters around the reacting sugar-aryl system, but keeping this 

explicit solvent cluster optimal throughout the whole reaction 

turns out to be challenging. Joining optimal MeOH embeddings 

for reactants and products via the NEB algorithm either fails 

outright or produces clearly suboptimal clusters along the path. 

Locally optimizing the system from optimal clusters near the 

transition states down to reactants and products mostly works, 

but typically ends up with obviously non-optimal clusters at the 

from a long molecular dynamics trajectory would be another 

that are strongly suboptimal at the transition states. Last but 

based reaction paths that could be relaxed back to reactants 

or products by local optimization, despite being separated from 

them by a substantial energy barrier along the path.

The ultimate aim of this collaboration was to explain all those 

disparate rate constants. However, all of the above effects 

the span of the barriers inferred from experiment and larger 

than the expected errors of our low-end exploratory calcula-

issues eventually, this collaboration between experiment and 

theory on an only seemingly simple system nicely illustrates not 

only that theory helps experiment to determine atomic-scale 

mechanisms but also that experiment helps theory to uncover 

gaps in theory toolboxes when applied to real-world problems. 
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