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1. Introduction

Modelling kinetic isotope effects for Swern
oxidation using DFT-based transition state theoryt

D. Christopher Braddock, © Siwoo Lee and Henry S. Rzepa & *

We investigate the model reported by Giagou and Meyer in 2010 for comparing deuterium kinetic isotope
effects (KIEs) computed using density functional theory (DFT) for the intramolecular hydrogen transfer step
in the mechanism of the Swern oxidation of alcohols to aldehydes, with those measured by experiment.
Whereas the replication of the original computed values for the gas-phase reaction proved entirely
successful, several issues were discovered when a continuum solvent model was used. These included
uncertainty regarding the parameters and methods used for the calculations and also the coordinates for
the original reactant and transition structures, via their provision as data in the ESI. The original
conclusions,
experimentally measured KIE was attributed to significant deviations from transition structure theory, are

in which a numerical mis-match between the magnitude of the computed and

here instead rationalised as a manifestation of basis-set effects in the computation. Transition state
theory appears to be operating successfully. We now recommend the use of basis sets of triple- or
quadruple-¢ quality, rather than the split-valence level previously employed, that dispersion energy
corrections be included and that a continuum solvent model using smoothed reaction cavities is
essential for effective geometry optimisation and hence accurate normal coordinate analysis. An outlying
experimental KIE obtained for chloroform as solvent is attributed to a small level of an explicit hydrogen
bonded interaction with the substrate. A temperature outlier for the measured KIE at 195 K is suggested
for further experimental investigation, although it may also be an indication of an unusually abrupt
incursion of hydrogen tunnelling which would need non-Born-Oppenheimer methods in which nuclear
quantum effects are included to be more accurately modelled. We predict KIEs for new substituents, of
which those for R = NMe; are significantly larger than those for R = H. This approach could be useful in
designing variations of the Swern reagent that could lead to synthesis of aldehydes incorporating much
higher levels of deuterium. The use of FAIR data rather than the traditional model of its inclusion in the
ESl is discussed, and two data discovery tools exploiting these FAIR attributes are suggested.

been examined by Giagou and Meyer in 2010 in a comprehen-
sive experimental and computational analysis of this aspect,’
finding a relatively low KIE of <3 which would limit the level of

Recently, several reports have documented the oxidation of
monodeuterated alcohols to deuterated-enriched aldehydes at
synthetically useful levels (85-98 atom% D) by exploitation of
a kinetic isotope effect (KIE).** These methods provide
a convenient alternative to pre-existing syntheses of C;-deuter-
ated alcohols™® since they allow the use of the relatively inex-
pensive NaBD, to install one deuterium atom by reaction with
an aldehyde, followed by reoxidation using standard oxidation
reagents. The oxidation reagents reported to be successful so far
for this latter process are pyridinium chlorochromate-silica,*
manganese dioxide® and pyridinium chlorochromate.>* Swern
oxidation”® that is a sigmatropic pericyclic reaction has also

Department of Chemistry, Molecular Sciences Research Hub, White City Campus,
Imperial College London, 82 Wood Lane, London W12 0BZ, UK. E-mail: rzepa@
imperial.ac.uk

DOI:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3dd00246b

(ES)

1496 | Digital Discovery, 2024, 3, 1496-1508

deuterium enrichment. We decided therefore to explore the
mechanism of this latter reaction computationally, to see if
suitable substituents might be capable of increasing the isotope
effect and, hence, the level of deuterium enrichment.* The
combination of experimental and theoretical results had led
Giagou and Meyer to conclude that the system may exhibit
significant deviations from transition structure theory,” which if
correct would mean using a level of computational modelling
which goes beyond such theory to ensure that the models
correctly predict isotope effects for new variations of the Swern
reaction bearing as yet unstudied substituents.

2 Computational methodology

Our approach involved three stages. The first was to attempt to
replicate the computational results obtained in 2010 for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction shown in Scheme 1 (R = H) and then to explore if
changes to the original methodology used could address the
apparent issue manifesting as a reported mismatch between the
originally measured KIE and their calculated values and
attributed to deviation from transition structure theory. Finally,
if a robust model for calculating kinetic isotope effects could be
identified, it would be used to predict the effects of using new
substituents R (Scheme 1). All calculations were performed
using Gaussian 16,'"* Revisions C.01 or C.02, along with the
associated Gaussview program V 6.1.1 (ref. 12) used for input
data preparation and output visualisation. Rather than
preparing the ESI in the traditional format of a single paginated
PDF file used for specifying the coordinates and energies in the
original article,” we here adopt the FAIR (Findable, Accessible,
Interoperable and Reusable) data principles and metadata
protocol*® to allow facile replication and re-use of the data
generated as part of this work."® This allows e.g. individual
calculations to be identified and cited using a persistent iden-
tifier (in the form of a DOI). The datasets associated with this
identifier include the original input file complete with all
keywords used, a checkpoint file including a full inter-operable
wavefunction,"” a summary log file for easy inspection of the
results and elevation of selected properties into globally regis-
tered metadata. These are all identified as components of
a hierarchical repository data collection. To facilitate the
management of these data and the automated preparation of
their associated metadata, we used a computational electronic
notebook (CHAMP)*® coupled to a FAIR data' research data
repository.**
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3 Results and discussion
3.1 Replication of energies

The starting point for attempting a replication involves two
aspects; acquiring the original coordinates for the systems as
reported in the ESI for the article® and identifying the appro-
priate parametric configuration of the software package origi-
nally used. The ESI for the computational results — then and
indeed often now - took the form of lists of cartesian coordi-
nates computed for the molecules of interest and various
energies, including thermodynamically corrected values. Not
included in this information - again still a common omission
nowadays — were the keywords used to drive the calculations.
Some parameters were described in the article text, such as the
density functional method employed (B3LYP in this instance),
the 6-31+G(d,p) basis set used and the solvation algorithm
invoked (IEFPCM), or appearing in the general information at
the head of the ESI for the calculations. Other operational
parameters such as convergence thresholds for the self-
consistent-field and the two-electron integral accuracies would
have been set as internal defaults for the program used
(Gaussian 03 or G03), although they could have been provided
as keywords. Fortunately, the design and evolution of the
Gaussian program allow the user to define the original default
values for those parameters where they have changed in
subsequent program versions, currently Gaussian 16 (or G16).
Thus the constants = 1998 keyword resets the fundamental
constants to the values used in 2010, the keyword integral =
(FineGrid, Acc2E = 10) sets the integral accuracy to the original

X
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Scheme 1 R =H; X =D, base = trimethylamine.
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value and the keyword scrf = (read, iefpcm, solvent = dichloro-
methane, G03Defaults) resets to the solvation model used in G03.
One further inference was made by us about the originally used
program keywords in regard to the method used to calculate the
normal mode frequencies by computing a second derivative
force constant (Hessian) matrix. No analytical second deriva-
tives for this procedure were implemented using G03 and so we
infer that the keyword freq(numer) must have been used to
generate these values, using a finite difference algorithm.

We set out to compute the total energy via normal mode
wavenumbers and the derived Gibbs energy at the coordinates
specified in the ESI. These coordinates for the endo-TS series for
all the gas-phase and continuum solvent models in the ESI were
found to be identical, as were the coordinates for the endo-ylide
reactant 2 preceding the transition structure. One possible
inference is that gas-phase coordinates were used without re-
optimisation for all the solvent models. The coordinates for
the exo-TS series were however all different for the solvent/gas
phase models, whilst those for reactants 3 were all numeri-
cally identical. This leaves open the possibility that the differing
coordinates for the exo-TS series had indeed been re-optimised
for the continuum solvent and that the inclusion of identical
coordinates for the endo-TS series is simply an error resulting
from copy/paste operations used to prepare the ESI. We have
used an automatic workflow in the CHAMP*® ELN to publish the
original program outputs to a data repository, involving no
reformatting or processing of the data files, which are stored
intact to eliminate the possibility of such errors.

The difference in total energies as reported in the ESI° for gas
phase endo-TS/exo-TS and both 2 and 3 and the present work®
at the reported coordinates are typically ~0.000005 kcal mol ™,
which can be considered an effective replication. The RMS
gradient norms re-computed at the geometries are also <10~>
au, typical of acceptable convergence values for geometry opti-
misation, but more particularly a level of accuracy essential for
accurate evaluation of vibrational wavenumbers and hence
kinetic isotope effects.

A different picture emerges for continuum solvent models.
At the geometry for the endo-TS included in the ESI° with
dichloromethane indicated as solvent, the total energy quoted
as —823.545644624 hartree (all values quoted from ref. 9) was
here replicated® using G16 in G03 mode as —823.545644658
hartree, an accuracy typical for quantum mechanical codes and
indeed a testament to the ability of ever-changing computer
hardware over the period 2010-2023 to accurately reproduce
algorithm-based calculations. The original reported value of AG
obtained by computing thermal corrections to this energy using
the values of the calculated vibrational normal modes was
quoted as —823.400723 hartree; no temperature was indicated
but is assumed to be AG,¢s1s5. The replication value® is
—823.400161 hartree, a difference of AAG,9515 = 0.35 kcal-
mol '. Of more concern was that the gradient norm re-
computed under G03 conditions using the quoted ESI coordi-
nates® had a root-mean-square (RMS) value of 0.001477267 au,
a value >100-fold larger than the threshold noted above for
which the values of the atomic coordinates are considered to be
converged. The original value for the gradient norm was not
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reported, nor were any convergence options that might have
been used as keywords for transition structure location. The
value of the transition structure imaginary mode at the reported
geometry emerges as 364.18; cm ' for a dichloromethane
model® and 390.0i for the gas-phase,* compared with values of
2867 (Table 2 of ref. 9) and 390i cm ' (Table 1 of ref. 9)
respectively, good replication for the latter but less so for the
former.

Locating a transition structure is best achieved using
a calculated force constant matrix at the initial geometry, which
as noted above requires numerical calculation for the G03 code.
The modern keyword used in G16 for such a location is opt(-
calcfe, ts), but this presumes that analytic force constants are
available. We decided to see whether, using only G03 options,
the gradient norm could be reduced below 0.001477267 au by
adopting the following method. Using the original geometry
with no optimization, the keyword freq(number) was used to
store the force constant matrix for this geometry in a checkpoint
file. This was followed by a second optimization job providing
this force constant file using the keyword opt(readfc, ts). Several
cycles of this procedure eventually reduced the gradient norm to
an acceptable value of 0.000010283 au for dichloromethane as
solvent. The final corresponding AG,gs15 = —823.399837 har-
tree*” is higher than the reported value® by 0.55 kcal mol ', in
part at least because reducing the gradient norm tends to
increase the computed values of low energy normal modes,
resulting in a smaller entropy and hence a higher free energy. At
this newly re-optimized geometry,> the transition structure
normal mode is reduced to 281.5; cm™ " and now compares
much better with the literature value for dichloromethane of
2867 cm™ " (Table 2 of ref. 9). There is something of a disconnect
between the accurate replication we obtained for total energies
using geometry coordinates quoted for a dichloromethane
model in the article ESI° and our still reasonable replication for
the transition structure mode wavenumber in the same solvent,
albeit using our re-optimized coordinates, values for which do
not appear to be present in the article ESIL.°

We then released the G03 constraints and reoptimized this
system using modern versions for the G16 keywords specifying
higher accuracies using the keywords: scrf = (iefpcm, solvent =

dichloromethane,read), scf(conver = 10), integral = (ultra-
finegrid, acc2e = 14) and opt(calcfc, ts, noeigentest, cartesian).
We obtained —823.543287 for the total energy (cf.

—823.545644624),° —823.396527 for AG,os.15 (¢f. —823.400723),°
5.15 x 10 ° for the final gradient norm and 287.03i cm " for the
imaginary wavenumber for the transition vector.*® The latter is
only a small deviation of ~1 cm ™" induced by the change in
program parameters from G03 to G16, which may be attributed
to greater two-electron integral accuracy. The calculated gas
phase value of the imaginary mode using G16 for endo-TS>* was
380.517 ecm ™', in accord with the original observation® that
a polarizable continuum model reduces the imaginary
frequencies by approximately 100 cm ™. AG,q4.15 for endo-TS in
dichloromethane emerges as +2.63 kcal mol ™" higher than that
quoted in the ESI, a result probably due in part to a combination
of the use of modern values for the fundamental constants,
tighter convergence criteria and a more accurate grid for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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two-electron integrals. The most significant contributor to this
difference is probably the result of a change in the way force
constants are analytically evaluated for solvation models,* in
which the continuum cavity in G16 is now evaluated over
a smoothed rather than the original tessellated - and hence
discontinuous - grid used in GO03. The smoothed -cavity
approach will be adopted for all the systems for which kinetic
isotope effects are computed in this work.

The final components needed for calculating kinetic isotope
effects are the normal vibrational modes for the reactant, which
require all 3N — 6 modes to be all real, deriving from only
positive eigenvalues for the force constant matrix. The total and
free gas phase energies of both the exo- and endo-isomers
matched those reported, with gradient norms <10~ au. When
a solvent field is applied, the result again differs. For example
for dichloromethane, although the total reactant energies for 2
and 3 match the reported values, the presence of two negative
force constants resulted in two imaginary modes for both the 3
(ref. 26) and 2 (ref. 27) of respectively 36.3i/17.7{ cm™" and
143.7i/2.8i cm ™, with relatively large associated gradient norms
of 0.000732 and 0.000766 au. One further example illustrates
the general nature of this issue. For chlorobenzene as solvent,
the endo-** and exo-*’transition structures at the original
geometries have respectively three (1467.8i/331.2i/183.2i) and
two (366.6i/126.97) imaginary modes, whilst the reactants have
respectively two (49.7i/26.07)*° and zero,”* suggesting that the
effect of unwanted imaginary modes is unpredictable.

Since 3N — 6 real modes for reactants and 3N — 7 for tran-
sition structures are required to evaluate the Bigeleisen equa-
tion** for harmonic kinetic isotope effects, we cannot directly
replicate the previously reported KIE values, in part because we
do not have access to the normal mode wavenumbers obtained
in the original work. Instead, we will use new values obtained by
geometry re-optimisation which satisfy the condition, whilst
still using GO3 settings. The relative energies in dichloro-
methane replicate well; for endo-exo (TS) AAGy95 = 0.52, AAG,s5,
0.51 and AAE 0.42 keal mol ™, the latter comparing with AAE =
0.40 kcal mol ™" reported® (gas phase). The transition structure
normal mode wavenumbers are respectively 281.5{ and 271.5{

vs. literature values® of 2867 and 272i cm ™.

3.2 Reactions preceding intramolecular proton transfers

Before proceeding to discuss the isotope effects present in the
reactions of 2 and 3, we address the relative magnitudes of &,y
vs. ki—s (S(r)/(s) OF endo-exo isomerism) and of ko vs. k;_, (Scheme
1, R = H) for the two reactions preceding the final hydrogen
transfers.

The first aspect is modelling the transition structure® for the
initial proton abstraction from 1 by base (k, in Scheme 1). Using
trimethylamine as the base (Fig. 1) resulted in an activation free
energy (B3LYP+GD3+BJ/Def2-TZVPP/SCRF(DCM)) of
+14.8 kcal mol ', To compare this energy with that of the
subsequent reactions of 2 and 3, two models were investigated.
The first is a supermolecule*® of the exo-TS containing
a hydrogen-bond bound Me;NH'-Cl~, which emerged as
7.1 keal mol ™" lower than the initial proton abstraction step k.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Calculated transition structure® for initial deprotonation (kq)
showing the displacement vector and selected bond lengths in A.

The second is an additive model of the exo-TS in which the free
energy of Me;NH'-Cl™ is added* to that of the exo-TS and this
emerges as 10.5 kcal mol " lower. This result supports the claim®
that k, is the slow step in the overall reaction and that the reac-
tions k;_, represent faster intramolecular reactions. We also note
that the formation of 1 itself has some interesting stereochemical
features.®® The second aspect is the process connecting the endo-
and exo-transition structures (kiny, Scheme 1). First, we note that
the reversible proton transfers connecting species 1 with 2 or 3
(Scheme 1) serve as such a mechanism, noting previously that
this process is higher in free energy than reactions k;_, them-
selves. One cannot yet exclude the possibility that the energy of
the transition structure® for direct S-inversion may be lower than
those for reactions k; 4. A B3LYP+GD3+B]/Def2-TZVPP/SCRF =
dichloromethane model (Fig. 2) shows that AG is 30.5 kcal mol
higher than the resulting exo-TS*” and 20.0 kcal mol ™" higher
than the transition structure for initial proton abstraction. Hence
for both possibilities we infer that ki, « k;—k,. The rate of this
isomerisation is therefore insignificant compared to the subse-
quent intramolecular hydrogen transfers, and only the rate

Fig. 2 Calculated transition structure®® for inversion at sulfur (ki)
showing the displacement vectors.
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model assuming forbidden inversion® was investigated further
(see eqn (1)).

3.3 Conformations of species 2 and 3 (ref. 38)

Calculated coordinates for 2 and 3 (Scheme 1) are denoted as
“ylide preceding endo-TS1” or “ylide preceding exo-TS1”
respectively in the ESIL.° For a specific configuration at sulfur
(e.g- (R)), they represent rotamers around the C-O bond (Fig. 3)
if no isotopic substitution is present (Scheme 1, X = H). Species
2 (endo) has a C-O torsion angle of ~10° and species 3 (exo)
—165°. These represent the two lowest energy conformations,
whilst two further minima are higher in energy (Fig. 3) and are
not used here for calculation of KIEs. It is noteworthy that the
rotation about the S-O bond is strongly coupled in a gear-like
manner to the C-O rotation, so that both occur in synchrony
(Fig. 3b). This strong coupling also causes the noise visible in
Fig. 3b at dihedral angles of 100-200° due to inaccuracies in the
internal coordinate geometry optimisations. In the original
study, 2 was used as the reactant for computing KIEs for endo-
TS1 and in our replication work, we followed the same
procedure.

3.4 Kinetic isotope effects for hydrogen transfer from 2
and 3

For the mechanism shown in Scheme 1 for which isotopic
substitution X = D is present, the two stereochemical centres,

Relative energy
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Fig. 3 (a) Calculated relative energy, in kcal mol™* (B3LYP+GD3+BJ/
Def2-TZVPP/SCRF = DCM) of rotamers (R)-2 (X = H, Scheme 1) and
the (R)-enantiomer of 3 (X = H) as a function of the 165-150 torsion
angle, and (b) calculated 12C-150 torsion angle as a function of
rotation around the 165-150 torsion angle.34°
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on S and on the benzylic carbon, generates four stereochemical
isomers, which occur as a pair of diastereomers and a pair of
associated enantiomers. The two diastereomeric transition
states are here labelled as endo-TS and exo-TS. The reactants for
these transition states are 2 (endo) and 3 (exo), which are bond
rotamers on the (non-isotopic) potential energy surface (Section
3.3). Kinetic isotope effects are computed for the reactions with
rates k;_4 as shown in Scheme 1, where k,/k; is the protium/
deuterium rate ratio for the endo-TS and k4/k; for exo-TS. For
the condition already established where ki, « k;—k4 (“forbidden
inversion”),’ the overall isotope effect combining the rates of
both endo- and exo-transition structure reactions can be
derived® as:

ko ks + 2ky kg + Ky ks

KIE =
ko ks + 2k ks + ki ks

(1)

Eqn (1) has the correct limiting form when the free energies
of the two isomeric transition structures are identical, in which
case the equalities k; = k; and k, = k, apply and hence eqn (1)
reduces to eqn (2):

ks

KIE = 2 2)

We note that eqn (2) in the original article® is equivalent to
eqn (1) above, but only if the labels are adopted as shown in
Scheme 3 of the original article and specifically not from
Scheme 4 of the original article, where k; and &, are transposed
in error.’

A further test of the behaviour of eqn (1) can be set as e.g. k,
=3, k=1 <@=3> and k, = 0.003, k; = 0.001 <E=3>

ky ks
where the isotope effects are set as 3.0 for both endo- and exo-
transition structure isomers, but where the k; and k, are both
10% larger than k; and k,, equivalent to AAGyo5 (exo-endo) -
2.677 keal mol . Inserting these values into eqn (1) reduces to
0.0024/0.0008 = 3.0 and the overall isotope effect remains the
same as that of the individual but unequal contributions of
endo-TS and exo-TS to the reaction. This behaviour contrasts
with that reported® for the dependence of the computed intra-
molecular KIE on the difference in electronic energies between
the endo-TS and exo-TS, shown graphically in Fig. 4 in the
original article® and derived from eqn (2) quoted there. This
shows an apparent strong dependency of KIEs on the relative
energies (indicated as AE®) of the endo- and exo-transition
structure isomers, with the value of the KIE reducing to
a limiting value of unity (1.0) when AE > £2 kcal mol . At these
two energy limits, the population and hence the rate for one
isomer should entirely dominate and the other isomer would
effectively make no contribution to the overall rate - the
limiting value for the KIE derived from eqn (1) should correctly
correspond to that of the dominant reaction isomer rather than
to unity as previously claimed.” To explore the difference
between our analysis and the original,” we have replotted the
original Fig. 4° in two ways as Fig. 4 here, one using labels
defined from Scheme 4 of ref. 9 and one using eqn (1) as quoted

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plots derived from our eqn (1) shown as (a)—(h) and shown as (i)
to (p) deriving from the literature® egn (2) as defined from Scheme 4. In

k

(b) 2.1/2.3, (c) 2.0/2.4, (d) 1.9/2.5, (e) 1.8/2.6, (f) 1.7/2.7, (g) 1.6/2.8, and
(h) 1.5/2.9 with the same ratios also used in plots (i) to (p) and with
AAG* evaluated for a temperature of 250.15 K throughout. In (b), the
ratios are now (a) 2.8/2.8, (b) 2.7/2.9, (c) 2.6/3.0, (d) 2.5/3.1, (e) 2.4/3.2,
(f) 2.3/3.3, (g) 2.2/3.4, and (h) 2.1/3.5 and similarly for (i) to (p) using
a temperature of 195.15 K throughout to derive AAG*. (c) Uses the
same values as (b), but is shown as an expansion of the region AAG*
+0.5 kcal mol™* centred at AAG* 0.0 kcal mol™.

k k
(a), the following sets of ratios for k_z and == respectively are (a) 2.2/2.2,
1 3

in this article and labels shown in Scheme 1. We also used
thermally corrected free energies (AAGI) rather than electronic
energy differences AE. These results are shown in Fig. 4a—c
below.

Using eqn (1) as defined in Scheme 1 above, the correct
limiting behaviour is now obtained (Fig. 4a-c), with large
(>3.0 kcal mol ") free energy differences for the two isomeric

-, . . k k
transition structures reducing to either k—z or k—4 rather than to
1 3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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unity as obtained in the original plot.® For differences of AAG*

<40.5 kcal mol™" (approximately the values obtained from the

computational modelling of this reaction), the dependency of

the KIE is ~linear, corresponding effectively to a Boltzmann
ky

weighted average of the individual values of % and 5

To calculate the isotope rate ratios ]]z—j andjz—;1
for calculated transition structures, we require the calculated
normal mode wavenumbers as applied to the Bigeleisen equa-
tion.”* These equations are given in the ESI for the original
article,” but the code used to evaluate these equations is neither
noted nor provided there and the normal mode wavenumbers
used as input to the code are also not included. Here we use the
Kinisot program,*> which was based on a much earlier imple-
mentation of the Bigeleisen equation.**** The KIEs are
computed with the first term of the Bell tunnelling correction
and a frequency scaling factor of 0.9806 for the 6-31+G(d,p)
basis set.” Details of all the KIE calculations are included as 73
examples, identified using the metadata search outlined in the
Data availability and discovery section below.

3.4.1 Overall KIE computed using eqn (1). Our start point
was gas phase transition structure models (for which no
experimental values are available) for endo-TS and exo-TS, for
which we have now established essentially exact replication
between Gaussian 16 and Gaussian 03.** The KIE for the indi-
ky
kT
respectively 2.1855 and 2.2560@195 K. The values quoted® are
2.19 and 2.26 respectively, which provides assurance that the
Bigeleisen equation, vibrational scaling and tunnelling correc-
tions have all been independently implemented in the same way
for both studies. This congruence also confirms that the quoted
values were indeed obtained for the gas phase at 195 K, since
this condition was not explicitly stated.” The free energy
difference AAG indicates an exo/endo ratio of 6.275 and imple-
menting these values into eqn (1) gives a combined KIE;g5 =
2.22, which is essentially the simple mean of the endo/exo values
(see Fig. 3).

For dichloromethane solvent and the B3LYP/6-31+G(d,p)

computationally

k
vidual — (endo) and k—4 (exo) ratios are here computed to be
3

k k
model, the computed k—2 (endo) and k—4 (exo) KIE ratios at 250 K
1 3

are 1.660 (ref. 46) and 1.679 (ref. 47) (Lit. 1.62 and 1.72, Table 4
of ref. 9) using Gaussian 03 solvation models and at 195 K they
are 1.907 (ref. 46) and 1.938 (ref. 47) (Lit. 1.85 and 1.72; the
temperature was not stated, but is here inferred®). Using a value
of AAG 95 = 0.495 kecal mol ™~ gives the ratio of k,/k, as 3.59 and

. . .k k
combining this value with k—z =1.907 and k—4 = 1.938 as quoted
1 3

above and applying eqn (1) gives KIE;95 = 1.922. The reported
literature calculated value was KIE;95 = 1.63 (ref. 9, p 8093). In
our present work, using a computed value of k,/k, = 3.45, but
using the reported® but inappropriate total energy difference AE
rather than the more appropriate free energy difference AAG,

k k
together with quoted values of % 1.85 and k—4 1.72 (ref. 9) and
1 3

finally applying eqn (1), we derive a value of KIE;q5 = 1.783.
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Regardless of this relatively modest variation between the
various predicted values of KIE o5 = 1.922, 1.63 (ref. 9) or 1.783,
these values are all substantially lower than the measured
KIE, o5 of 2.82 £ 0.07, an observation that was propagated into
the original article title® as a significant deviation from transi-
tion structure theory.

We next investigate if this deviation can instead be attributed
to deficiencies in the computational model.

3.5 Basis-set and density functional dependencies

We explored method dependency using only the endo-TS series
(Table 1) by evaluating different pairs of density functional

View Article Online

Paper

theory (DFT) functionals and basis sets and one semi-empirical
method and using the more recent Gaussian 16 solvation
models rather than replicating G03 parameters. The semi-
empirical PM7 procedure (Table 1) predicts that KIE,s, is
significantly larger (2.396 in dichloromethane) than that
measured experimentally (2.08 £ 0.07), but with an associated
tunnelling correction at lower temperatures that is vastly over-
estimated using the Bell term. The transition structure at this
level has an S-O bond that is still largely intact (rs_o = 1.799 A),
with a relatively symmetrical but non-linear proton transfer (rq_
1 1.407/1.477 A, acpye 128.3°). An error in the opposite direction
is obtained using the B3LYP/Def2-SVP and B3LYP/Def2-SVPP

Table 1 Calculated kinetic isotope effects for hydrogen transfer from 2 to give 4/5 via the endo-TS

KIE

Method Solvent AGiog, keal mol™  p;; em™! 195 K 210 K 226 K 250K
B3LYP/6-31+G(d,p) Carbon tetrachloride 4.891 —337.50 2.078 1.975 1.885 1.777
Chlorobenzene 4.276 —299.40 1.976 1.885 1.805 1.709

Chloroform 4.369 —305.76 1.994 1.901 1.819 1.721

Dichloromethane 4.079 —287.04 1.942 1.855 1.778 1.686

Dichloroethane 4.027 —284.25 1.935 1.848 1.772 1.681

B3LYP/Def2-SVP Dichloromethane 3.631 —312.58 1.704 1.643 1.589 1.525
B3LYP/Def2-SVPP Dichloromethane 3.242 —313.78 1.686 1.627 1.575 1.512
B3LYP/Def2-TZVPP Carbon tetrachloride 8.732 —459.64 2.749 2.557  2.392 2.201
Chlorobenzene 8.400 —421.92 2.598 2.427  2.281 2.109

Chloroform 8.385 —428.26 2.623 2.449 2.299 2.124

Dichloromethane 7.969 —409.63 2.546 2.383 2.242 2.077

Dichloroethane 7.834 —406.84 2.534 2.373 2.233 2.070

B3LYP/Def2-QZVPP Carbon tetrachloride 9.537 —464.72 2.888 2.675  2.494 2.284
Chlorobenzene 8.478 —425.19 2.697 2.512  2.354 2.170

Chloroform 8.732 —431.85 2.727 2.538 2.377 2.188

Dichloromethane 7.971 —412.35 2.641 2.464  2.313 2.136

Dichloroethane 7.849 —409.44 2.628 2.454 2.304 2.128

B3LYP+GD3+B]/Def2-QZVPP (endo—TS) Dichloromethane (IEFPCM) 6.720 —405.65 2.598¢ 2.426 2.279 2.106
2.536" 2.372 2.232 2.066

Dichloromethane (CPCM) 6.926 —399.14 2.510 2.350 2.212  2.050

B3LYP+GD3+B]/Def2-QZVPP (exo-TS) Dichloromethane 6.411 —400.40 2.704 2.517 2.357 2.171
wB97X-D/Def2-TZVPP Carbon tetrachloride 10.179 —601.52 3.144 2.871 2.648 2.400
Chlorobenzene 9.403 —549.34 2.782 2.576 2.403 2.206

Chloroform 9.540 —557.69 2.830 2.616 2.437 2.233

Dichloromethane 9.136 —532.74 2.696 2.505 2.343 2.157

Dichloroethane 9.067 —529.39 2.680 2.491  2.332 2.148

wB97X-D/Def2-QZVPP Carbon tetrachloride 10.455 —605.25 3.297 2.998 2.756 2.487
Chlorobenzene 11.170 —551.97 3.042 2.797  2.593 2.361

Chloroform 9.904 —560.62 2.958 2.724 2.530 2.309

Dichloromethane 9.783 —535.57 2.950 2.722 2.530 2.311

Dichloroethane 9.686 —531.52 2.931 2.706 2.517 2.300

B2PLYP-D3/Def2-TZVPP Carbon tetrachloride 5.464 —469.08 2.716 2.528 2.368 2.181
Chlorobenzene 4.867 —442.10 2.620 2.446 2.297 2.124

Chloroform 4.932 —446.48 2.633 2.458 2.307 2.132

Dichloromethane 6.622 —433.38 2.596 2.426 2.280 2.109

Dichloroethane 6.445 —432.01 2.595 2.425 2.279 2.109

B2PLYP-D3/Def2-QZVPP (endO—TS) Dichloromethane 6.687 —433.62 2.770% 2.574 2.407 2.213
2.776b 2.579 2.411 2.215

B2PLYP-D3/Def2-QZVPP (exo-TS) Dichloromethane 6.235 —427.67 2.874 2.664 2.485 2.276
PM?7 (semi-empirical) Carbon tetrachloride 29.609 —1630.4 24.738 10.021  5.791 3.033
Chlorobenzene 27.547 —1605.0 17.172 7.904 4.714 2.453

Chloroform 29.156 —1608.5 20.775 9.314 5.476 2.815

Dichloromethane 27.539 —1598.1 16.506 7.757 4.640 2.396

“ Using rotamer 3 as shown in Fig. 3. ” Using rotamer 2 as shown in Fig. 3. All entries not indicated use rotamer 2. Full energies and coordinates can
be obtained from a FAIR version of this table* via 3D interactive models.
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split valence/double-{ basis methods*® (approximately equiva-
lent to the original 6-31+G(d,p) basis) in dichloromethane and
using an estimated vibrational scale factor of 0.97, the KIE,5,
(endo) values are 1.53 and 1.51 respectively. These results are
even worse than the KIE,5, obtained from the originally calcu-
lated B3LYP/6-31+G(d,p) model using Gaussian 03 (1.62, Table 4
of ref. 9) or here replicated using the Gaussian 16 solvation
model (1.686). The geometries of the transition structures at
these levels are significantly different from the PM7 result,
showing a more advanced S-O bond cleavage (rs_o 2.24-2.29 A)
and a less advanced and hence asymmetrical proton transfer
(fe ~ 1.19/1.86 A, acye 137-138°), which results in a lower
predicted isotope effect.

We next investigated how dependent these results are on the
basis set. KIE,so (endo) obtained from a B3LYP/Def2-TZVPP
triple-¢ level model*® agrees far better with the experimentally
measured KIE,5, for the solvent range carbon tetrachloride (exp
2.17 £ 0.04, calc 2.20), chlorobenzene (exp 2.14, calc 2.11),
dichloromethane (2.08 + 0.07, calc 2.08) and dichloroethane
(exp 2.08, calc 2.07) (Table 1). At the B3LYP/Def2-QZVPP level,*®
where the basis set may be assumed to be approaching the
complete basis set (CBS) limit, results such as dichloromethane
(KIE,50 2.08 £ 0.07, calc 2.136) suggest that the method is now
slightly overshooting the experiment, but this overshoot is
reduced (KIE,s5, 2.08 £ 0.07, calc 2.066) when a third-generation
dispersion correction® is added to the method (Fig. 5).°°
Another method which includes a second-generation disper-
sion correction (wB97X-D/Def2-QZVPP)** over-estimates the
KIE,5, (2.08 + 0.07, calc 2.311). We also note that the results are
relatively insensitive to the precise solvation model used
(IEFPCM vs. CPCM, Table 1).

Our final and computationally the most expensive procedure
is the double-hybrid B2PLYP-D3 (ref. 52)/Def2-QZVPP method
which includes dispersion and correlation corrections at several
levels. The transition structure geometry® is similar to the
previous methods (rs_o 2.264 A, ro_yy 1.19/1.71 A, acyye 140°) and
results in the following values of KIE for endo: 2.215@250 K and
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2.776@195 K and for exo: 2.276@250 K and 2.874 @195 K. The
calculated exo/endo ratios are respectively 2.47@195 K and
2.22@250 K. When the individual KIEs are combined using eqn
(1), KIE = 2.245@250 K and 2.824@195 K, compared to exper-
imental values of 2.08 £+ 0.07@250 K and 2.82 + 0.06@195 K.
We discuss temperature effects on the kinetic isotope effects
below.

3.6 Explicit solvation models

In this section, we investigate an apparent outlier in the reported
experimental KIE values in chloroform as solvent, 1.98 vs. 2.08-
2.17 for aprotic solvents @250 K. There was no supporting
evidence for this anomaly from the continuum solvent model
calculations (Table 1). Chloroform, unlike the other solvents, has
the ability to form weak hydrogen bonds and this suggests that we
may have to consider solvent models in which one or more
explicit molecules supplement the continuum solvent. A model
including just one chloroform hydrogen-bonded to oxygen (Fig. 6)
shows a KIE,5, reduced to 1.953 relative to the value with no
chloroform of 2.124 (B3LYP/Def2-TZVPP). The value reduces
further to 1.758 if a third-generation dispersion correction model
such as B3LYP+GD3+B]/Def2-TZVPP is used and becomes KIE,5,
= 1.800 at the Def2-QZVPP basis set level (Table 2). A very
approximate estimate is that the experimental KIE can be repro-
duced using a computed model containing 68% substrate with no
H-bonded solvent and 32% with one explicit solvent, corre-
sponding to an equilibrium with AG ~ +0.4 kcal mol . The
difference in calculated free energy of the combined molecule
compared to the isolated components is rather larger at
+2.7 keal mol ™, but it is suggestive that such a composite model
containing a modest proportion of discrete hydrogen-bonded
chloroform solvation could explain the reduced experimental KIE.

3.7 Temperature variation of the kinetic isotope effect

Another outlier apparent in the original report is the tempera-
ture variation of the KIE in dichloromethane as solvent. The

Fig. 5 Calculated geometry of the endo-TS at the B3LYP+GD3+BJ/
Def2-QZVPP/SRCF = dichloromethane level with selected bond
lengths in A.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 Calculated geometry of the endo-TS containing one explicit
solvent molecule at the B3LYP+GD3+BJ/Def2-QZVPP/SRCF =
dichloromethane level,?® with selected bond lengths in A.
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Table 2 Calculated kinetic isotope effects for the reaction of 2 via endo-TS, with inclusion of one explicit chloroform solvent molecule

KIE
Method AG*, keal mol ™! v, cmt 195 K 210 K 226 K 250 K
B3LYP/Def2-TZVPP 4.67 —381.45 2.349 2.212 2.093 1.953
B3LYP+GD3+B]/Def2-TZVPP 5.48 —351.08 2.049 1.949 1.862 1.758
B3LYP+GD3+B]/Def2-QZVPP 5.61 —353.89 2.114 2.006 1.912 1.800
] e s the KIE at this temperature; a linear extrapolation would
—4.21 el =6 suggest that the observed value should only be reached at ~172
e, 45 7 e ; K. Only further experimental analysis exploring the KIE in the
g =9 region surrounding 195-210 K would resolve whether this is
%7 4 65 : i? a fascinating real effect or an experimental artefact. More
] e ‘Eip sophisticated tunnelling models involved could also help
48] -~ Exp. extrapolation resolve this aspect,*® which we will be exploring in future work.
0.0040 "~ 0.0044 ~ 0.0048 ~ 0.0052  0.0056 We may reasonably conclude from the clustering of the calcu-
K] lated isotope effects around or above the experiment points
@ (Fig. 7) that the transition state model largely remains robust.
42 ! The observation that the predicted magnitudes of the KIE are
aa 3 slightly larger than those measured may also be associated with
o ‘éxp. the use of theory based on a harmonic oscillator model, whereas

—-#-- Exp. extrapolation

In(KIE/T)
L
(=)}

|
B
%

|
b J
5 2 n h

0.0048 ~ 0.0052  0.0056
T K™

(b)

" 0.0044

Fig. 7 Eyring plots of the computationally determined intramolecular
deuterium KIEs computed at (1) B3LYP/6-31+G(d,p) (Gaussian 16), (2)
B3LYP/6-31+G(d,p) (Gaussian 03), (3) B3LYP/Def2-SVP, (4) B3LYP/
Def2-SVPP (a) and (5) B3LYP/Def2-TZVPP, (6) B3LYP/Def2-QZVPP, (7)
wB97X-D/Def2-TZVPP, (8) wB97X-D/Def2-QZVPP, (9) B2PLYP-D3/
Def2-TZVPP, (10) B2PLYP-D3/Def2-QZVPP, (11) B3LYP+GD3+BJ/
Def2-QZVPP (IEFPCM), and (12) B3LYP+GD3+BJ/Def2-QZVPP
(CPCM) (b). (Exp.) experimental results with uncertainties indicated by
shading.

original Arrhenius plot (Fig. 7 of article®), recalculated below as
an Eyring plot (Fig. 7), can be re-interpreted as showing linear
behaviour for the experimental values between 250 and 210 K
and an outlying value at 195 K. In contrast, all the various
computed models discussed (Tables 1 and 2) above show linear
behaviour across the entire temperature range. Ostensibly, the
experimental value at 195 K could indicate a relatively abrupt
increase in tunnelling to explain the unexpectedly large value of

the observed values are associated with anharmonic vibrational
effects.

3.8 Substituent effects®”

Three substituents at the extremes of electron donation and
withdrawal were selected to probe how the kinetic isotope was
affected: R = NO,, NMe, and CF; (Scheme 1 and Table 3).

For R = CF;,*® the transition structure geometry (Fig. 8)
shows a more compact and more symmetrical and linear
hydrogen-transfer centre compared to R = H (Fig. 5). These
factors combine to increase the predicted value KIE,q5 for R =
CF; to 3.852, compared to 2.51 at the same level for R = H. The
substituents R = NO, further increase this trend.

An even larger effect is seen for R = NMe, (Fig. 9),*° with the
S-O bond now largely broken at the transition structure and the
reaction comprising an almost pure and more symmetrical
hydrogen transfer with the angle at the transferring centre now
approaching linearity.

These properties all combine to further increase the pre-
dicted value of KIE;¢5 for R = NMe, to 10.1, of which a factor of
1.46 is now due to larger tunnelling contributions associated
with the larger value of v; 765 em™'. Whilst these specific
substituents may not be synthetically feasible, we have at least

Table 3 Calculated kinetic isotope effects for substituted derivatives of 2 for dichloromethane as solvent

KIE
Method AG¥, keal mol ™ v, cm 195 K 210 K 226 K 250 K
B3LYP+GD3B]J/Def2-TZVPP; R = NMe, 6.28 —716.29 7.757 6.229 5.246 4.322
B3LYP+GD3B]/Def2-QZVPP; R = NMe, 6.44 —764.53 10.055 7.389 5.965 4.760
B3LYP+GD3B]/Def2-TZVPP; R = CF, 18.86 —559.79 3.661 3.320 3.039 2.724
B3LYP+GD3B]/Def2-QZVPP; R = CF; 19.77 —569.05 3.852 3.476 3.170 2.828
B3LYP+GD3B]/Def2-QZVPP; R = NO, 27.23 —668.78 4.420 3.889 3.486 3.059
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Fig. 8 Calculated geometry of the endo-TS, R = CF3 at the
B3LYP+GD3+BJ/Def2-QZVPP/SRCF = dichloromethane level,*® with
selected bond lengths in A.

4 3.3:34/ P
\\ o7 1640
- 1.545
1.283

Fig. 9 Calculated geometry of the endo-TS, R = NMe; at the
B3LYP+GD3+BJ/Def2-QZVPP/SRCF = dichloromethane level,** with
selected bond lengths in A.

established a consistent method for predicting isotope effects
for new substituents located at any position in the substrates
and hence for designing variations on Swern oxidation that
could sustain larger deuterium kinetic isotope effects.

4 Conclusions

The first aim here was to replicate an earlier study® reporting
calculated kinetic isotope effects for the key hydrogen transfer
step in the Swern oxidation of an alcohol to an aldehyde, con-
ducted some 13 years ago using an earlier version of the
Gaussian program, G03. For the gas phase model, the replica-
tion was essentially exact. The task proved more complex when
a continuum solvation model was included. Although the latest
version G16 has keywords that aim to reproduce the solvation
model and other parameters used in G03, using this approach
resulted in significant energy gradients when the original
geometry was tested. There were also uncertainties relating to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the transition structure coordinates deposited as part of the
original modelling of kinetic isotope effects® and whether they
related to their optimisation in a gas phase or solvent-
continuum environment. Because no original vibrational anal-
ysis was included in the ESI, we had to re-optimise these
geometries to obtain the essential input into the Bigeleisen
equation used to predict the kinetic isotope effects (KIEs). This
replication was less accurate but did not alter the original
conclusion that the values of the isotope effects were predicted
to be significantly smaller than those experimentally measured
- a result that was described® as a significant deviation from
transition state theory for this reaction.

In this work, we can now attribute this result to a significant
basis-set dependence of the calculations, both on the computed
geometry of the transition structure and the resulting vibrational
analysis on which the kinetic isotope effects are based. Identi-
fying the root cause of why KIE values are underestimated when
a small basis set is used for this specific reaction will be per-
formed in a follow-up study, but we speculate here that it may be
at least in part associated with the very non-linear nature of the
hydrogen transfer and the inability of a small basis set to accu-
rately describe the normal modes at such geometries. Other
origins of tunnelling instability in pericyclic reactions have
recently been suggested.®® We find that factors such as the
continuum solvation model or the selection of a density func-
tional method were less sensitive. We also note that inclusion of
an empirical term to correct for dispersion attractions did have
a moderate effect on the computed KIE values, as did the inclu-
sion of an explicit solvent model for solvents where a hydrogen
bond between the solvent and the substrate becomes possible.
Our best suggested procedure, maximising accuracy whilst
reducing computation times to a practical level, is at the B3LYP/
Def-QZVPP level as corrected for third generation dispersion
attractions and using a continuum solvation model.

We have utilized this model to predict KIEs for two new
substituents, finding one of them (R = NMe,) to significantly
increase the isotope effects, achieved with minimal effect on the
computed reaction barriers.

As an aid to any future replication of our own results, we
include many links to the FAIR data archives for our calculations
in the form of citations in the article bibliography, noting that
our data files are not handled by error-prone humans but are
produced by automated machine workflows. The citations noted
here are included in the metadata record for the article, which is
registered with CrossRef,** albeit with one significant current
limitation in that there is currently no formal declaration of these
citations as specific pointers to a FAIR data collection. Such data
citations could be included in knowledge graphs,* facilitating
the mapping of connections between conclusions drawn in an
article and the data on which these conclusions are based.

Data availability and discovery
statement

Available as a FAIR and Al-ready Imperial College Research Data
Repository accessible via https://doi.org/10.14469/hpc/13058 for
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the overall collection and findable by following the hierarchy of
data collections identified there. The data discovery and
accessibility aspects are further enabled by using one of the
following two methods: (1) discovery using a metadata search
query. An example template for identifying kinetic isotope
data deriving from a Gaussian calculation is here provided as:
https://commons.datacite.org/?
query=media.media_type:chemical/x-gaussian-
log+AND+media.media_type:text/

plain+AND+(titles.title: *Exo *+OR+titles.title: *Endo*). This
query can be modified or extended as required.®® (2) Discovery
using an enhancement of Table 1,** https://doi.org/10.14469/
hpc/13370 acting as a data Finding Aid via links to data
collections associated with each row of Table 1 and including
a visual tool for displaying interactive 3D coordinate models
illustrating the transition structure normal vibrational modes.
This model is interactively created by re-using data accessed
using information in the metadata record associated with the
FAIR DOI of each dataset.
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