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Chemical solution-phase equilibria such as acid/base reactions and complex formation are typically
investigated by titration studies that either use in situ analysis of a continuously changing sample with
techniques that measure single attributes (e.g. pH or UV-vis absorbance at a specific wavelength) or ex situ
analysis of multiple samples with high-resolution techniques (e.g. high field NMR spectroscopy). Here we
present multi-nuclear high resolution FlowNMR spectroscopy as an effective technique for the online
analysis of complex solution-phase equilibria that combines the accuracy and convenience of simple in situ
measurements with the high specificity and information content of high-resolution NMR spectroscopy.
With a closed-loop flow setup reagent addition can be automated using a simple syringe pump and
complimentary sensors (such as pH probes and UV-vis flow cells) may be added to the setup. By
conducting the titration inside a glovebox connected to the FlowNMR setup even highly air- and moisture-
sensitive systems may be investigated. The effectiveness of this approach is demonstrated with examples
of Brensted acid/base titrations (incl. multi-component mixtures and systems with solvent participation),
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1. Introduction

Accurate thermodynamic data of reagent interactions in
solution are the foundation of synthetic chemistry and key to
reaction understanding and process design. While
computational techniques may give useful information on the
relative strengths of chemical interactions under idealised
conditions, absolute equilibrium positions under real
reaction conditions are still best measured experimentally,
not least due to the significance of specific solvent effects
which can be difficult to model. Amongst the most
fundamental and widely used thermodynamic parameters are
pK, values of acids and bases, which in aqueous solvents may
easily be quantified via the hydronium ion concentration in
mixtures of known composition using a proton-responsive
electrode. In addition to the need for maintenance and
calibration of pH meters, limitations are met in non-aqueous
solvents and with mixtures of different acids and bases, or
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hydrogen bonding interactions, Lewis acid/base interactions, and dynamic metal-ligand binding.

large molecules that possess multiple reactive sites. Similarly,
other molecular association phenomena such as hydrogen
bonding and ligand binding may be at least equally complex,
solvent dependent, and difficult to measure accurately with
simple techniques such as UV-vis or vibrational
spectroscopies that quantify a selected attribute known (or
assumed) to be indicative of the interaction in question. More
specific and information-rich techniques such as multi-
nuclear high-resolution NMR spectroscopy are thus required
for investigations of complex solution phase equilibria.

Although a relatively slow and insensitive technique (at
least when compared to electrochemical and optical
methods), NMR chemical shift titrations have become an
integral part of probing chemical interactions in acid/base,
supramolecular'? and coordination® chemistry due to their
ability to distinguish between different sites and species in
solution. Hetero-nuclear NMR measurements using °C, '°N,
F and *'P and multi-dimensional correlation techniques
allow for deeper insights into chemical interactions in
solution.*”” Dynamic exchange within equilibrated mixtures
may be probed and quantified by variable-temperature
measurements and magnetisation transfer (EXSY)® or
saturation transfer (CEST)’ experiments, while aggregation
states are amenable to study by diffusion ordered
spectroscopy (DOSY).'**?

However, a practical limitation of NMR titrations is the
necessity of carrying out these experiments ex situ on a large
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Fig. 1 Graphical representation of data collection principles in single sample chemical shift titrations (left) and online FlowNMR titrations (right;

schematic not to scale).
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Fig. 2 Schematic of the recirculating flow setup (see the ESI for details).

number of individual samples of precisely controlled
concentration, or by repeatedly altering a single sample to
build a titration curve with a suitable number of data
points."*'  Considering that in typical settings sample
insertion, locking, shimming and ejection take about as
much time as the actual data collection (at least for high
receptivity nuclei such as 'H and '°F) NMR titration studies
using individual tube samples are thus time and resource
demanding.} In addition, the small scale of the individual
samples containing milligrams or microlitres of analyte can
introduce relatively large errors on each measurement.
Simpler techniques using pH meters or UV-vis spectrometers
are adaptable and fast enough to be used in situ to quickly
generate a large number of data points during the controlled,

i Recent developments in NMR titrations have introduced the use of pH
gradients along a single sample tube in combination with slice-selective
acquisitions, however, these experiments require careful control of temperature
and composition, and are based on the use of indicator compounds.'®”™*°

2010 | React. Chem. Eng., 2022, 7, 2009-2024
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gradual composition change of a single sample (Fig. 1). With
simple feedback loops automated titration setups have even
been realised, both on lab*>*® and process scales.'”*8

The use of a closed-loop flow system through a high-field
NMR spectrometer may combine the advantages of the high
specificity and information content of high-resolution NMR
with the convenience and accuracy of simple in situ pH
probes. Higele et al. pioneered this idea of NMR-controlled
titrations in the 1990ies and reported several examples of
successful investigations of Brensted acid/base behaviour
and binding of organophosphorus compounds in aqueous
media via 'H, **C and *'P FlowNMR spectroscopic analysis
using a combination of custom-built hardware and bespoke
software controls with a high-field NMR spectrometer.®"%*°§
Despite the obvious appeal of this setup, due to the relatively

§ The review of NMR-controlled titrations (ref. 14) is found in the NMR guide as
part of Topspin™ NMR processing software. It can be found in the tutorials
section under the heading ‘Part V: NMR Titration’.

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Protonation of triethylamine (100 mM) with acetic acid (100 mM) at 293 K with *H NMR resonances used for chemical shift titration highlighted.
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Fig. 3 Chemical shift titration of triethylamine with acetic acid using the highlighted resonances in Scheme 1 (Fig. $87). Left: *H NMR over reagent

ratio, right: *H NMR over solution pH from flow probe.
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Scheme 2 Reaction of triethylamine (100 mM) with pivalic acid (100 mM) at 293 K in different solvents with *H NMR resonances used for

chemical shift titration highlighted.

large scales involved (reagent volumes of around 100 mL)
and the need for specialist equipment their work has not
been taken up and used more widely, however. With the
recent commercial availability of versatile, small-scale
FlowNMR hardware solutions that are compatible with
standard high-field spectrometers, the use of FlowNMR
spectroscopy for titrations is becoming relevant again,
especially when also considering the advances in NMR
methodology over the past 30 years.>' Here we demonstrate
the application of a simple FlowNMR setup for accurate and
precise titrations of Bregnsted acid/base systems in aqueous
and organic media (including mixtures and examples of
solvent participation), associations of Lewis acid/base pairs
(including air- and moisture-sensitive frustrated Lewis pairs),
hydrogen bonding interactions, and dynamic metal-ligand
binding using 'H, B, *C, "F and *'P FlowNMR methods.
The wuse of mid-acquisition variable temperature and

This journal is © The Royal Society of Chemistry 2022

diffusion analysis is demonstrated, and aspects of technique
hyphenation and process automation are discussed.

2. Results and discussion

Closed-loop recirculating batch titrations were carried out
using a FlowNMR setup similar to those previously described
in literature (Fig. 2; further details can be found on page S3 of
the ESIt).”> These small-scale FlowNMR setups have proven
effective for the precise control of flow and temperature, which
are essential for accurate equilibrium measurements.>*™>
Transfer lines for the flow path (red, Fig. 2) and flow tube
(black, Fig. 2) were composed of fluorinated polyethylene/
propylene (FEP) tubing on account of its high chemical
resistance relative to other tubing materials.

To give accurate results the titrand solution must be
efficiently mixed within the reagent vessel (blue) but not

React. Chem. Eng., 2022, 7, 2009-2024 | 201
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Scheme 3 Protonation of triethylamine (100 mM) and pyridine (100 mM) with p-toluene sulfonic acid (200 mM) at 293 K, *H NMR resonances

used for chemical shift titration highlighted.

back-mixed with the sample analysed in the flow path (red).*®
Residence time distribution (RTD) measurements have
previously been used to characterise the degree of back-
mixing of the FlowNMR apparatus used in this work,>*>®
showing an RTD of ~50 s at an average RT of 73 s with a
recirculation flow rate of 4 mL min ".§ Thus, with a steady
titration rate of 0.11 mL min™" using a high-precision syringe
pump the setup will accurately analyse the equilibrated
sample composition in each NMR spectrum without steps or
oscillations in the titration curve. As depicted in Fig. 1, the
dosing tubing was submerged in the sample solution to
ensure that titrant was released gradually and not added
dropwise. A control experiment using triethylamine and
pivalic acid with the dosing pump periodically paused
showed no noticeable signal drifts and the time-adjusted plot
perfectly matched that of a continuous titration curve (Fig.
S27t), showing effective equilibration and sampling under the
conditions applied.

Flow effects can have a marked impact on NMR data
acquisition,>® as moving a sample through the magnetic field
during acquisition impacts the signal intensity of an NMR
peak. Chemical shift positions remain unaffected by flow,
however, so chemical shift titrations carried out with
continuous sample flow do not require correction factors and
are accurate as recorded.

a. Bronsted acid-base titrations

To benchmark the accuracy of "H FlowNMR titrations we first
investigated simple Brensted acid/base pairs in aqueous
solvent and included a flow pH probe (Fig. S47) to
independently verify the results (Scheme 1).

As can be seen in Fig. 3, a straight titration curve was
obtained from the titration experiment where both reagent
addition and data acquisition were automated. Plotting of
chemical shift evolution over pH (derived from pD according
to literature methods®’) gave a pK, value for triethylamine of
10.95 which is within 2% of the reported literature value of
10.74.%°

YA discussion of tubing materials, pumps, and thermal control in these
FlowNMR setups and their effect on the acquisition of NMR data can be found
in previous literature.**

2012 | React. Chem. Eng., 2022, 7, 2009-2024

pK, values are highly solvent-dependent and require
careful correlation if compared between different
solvents.”>*® While these empirical scales can be useful
indicators, accurate experimental determination of reagent
pK, under the reaction conditions applied is desirable for the
understanding of reactivity and solution speciation. While
most pH probes are restricted to aqueous conditions** NMR
chemical shift titrations may in principle be performed in
any solvent that give a homogeneous solution of all species
throughout the titration.

To demonstrate this point and illustrate the importance of
solvent, a simple Brgnsted acid/base titration was compared
in acetonitrile, tetrahydrofuran, and toluene. The aqueous
pH probe was removed from the flow path and the titration
curve obtained from 'H FlowNMR spectroscopy was plotted
over reagent ratio as derived from the pump rate (and
verified by relative peak integration) instead. Pivalic acid (pK,
1,0 5.03) was used as opposed to acetic acid (pK, 1,0 4.75) for
this experiment (Scheme 2) as its proton resonance was less
likely to overlap with solvent or base during the titration.

Unlike in aqueous media, in organic solvents there was no
clear endpoint in the titration profile even after the addition
of an excess of acid (Fig. 4). This observation is consistent

0.7
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Fig. 4 'H NMR chemical shift of triethylamine titrated with pivalic acid
using the highlighted resonances in Scheme 2 over reagent ratio (Fig.
S9-S12+).

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 H NMR chemical shift of RCOOH peaks observed during the
titration of triethylamine with pivalic acid in acetonitrile and toluene
using the highlighted resonances in Scheme 2 over reagent ratio (Fig.
S14 and S15+).

with the known influence of weakly basic, non-hydrogen
bond donating solvents such as acetonitrile or THF hindering
ionisation and proton transfer that is facile in polar, protic
solvents such as water.”® For instance, the equilibrium
constant for triethylamine protonation with acetic acid is
known to change from log K = +5.9 in water to log K = -5.0 in
MeCN.** This is also due to the carboxylic acids existing as
cyclic homodimers in organic media®**>°® that may form
solvated clusters if sufficient levels of water are present.>”*
These collective solvent effects are reflected in the relative
pK, values of for example acetic acid in different solvents,
which is 4.75 for H,O but 22.48 for THF and 23.51 for MeCN,
showing the same acid to be effectively 17 pK, units weaker
(10" times less acidic) in the aprotic solvent. Triethylamine
(pKa trr = 12.5, pKy mecn = 18.6) is therefore no longer strong
enough to deprotonate the carboxylic acid, resulting in
hydrogen bonding in organic media as opposed to proton
transfer in water (Scheme 2).2%%

Hydrogen bonding in these mixtures was not only inferred
by the lack of a clear endpoint in the titration curve but also
directly observed as broad, low intensity signals around 12-
16 ppm in the 'H NMR spectra. These resonances shifted
downfield and increased in signal intensity with acid
addition (Fig. 5), providing an example of what additional
information NMR spectroscopy may offer over simpler
titration techniques such as UV-vis spectroscopy. Although
the broad, weak signals of the shared proton are not
immediately obvious in single NMR spectra they are readily
identified in multi-spectra stack plots obtained from the
FlowNMR titration experiment (Fig. S11, S13 and S157).|

|| OH peak shifts were apparent in the spectra of toluene and acetonitrile. Peak
intensity in THF was too low for plotting but was observable and traceable in
the stack plot (Fig. S137).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 H NMR chemical shift change of residual water and base
during the titration of triethylamine with acetic acid in wet THF using
the highlighted resonance in Scheme 2 over reagent ratio. Some data
was excluded due to solvent overlap with the water resonance (dashed
line, see also Fig. S167).

Hydrogen bonding is a key interaction in Brensted acid
catalysis***' and organocatalysis,"*** and analytical insight
into their occurrence is key to understanding their mode of
action. More in-depth studies into their binding strengths,
atomic distances** and bond angles* may be derived from
systematic analysis of "H and "N NMR chemical shifts and
their coupling constants across a series of analogous
compounds if required.

Brgnsted acids dissolved in aprotic solvents of low polarity
have low dissociation constants as ions are poorly solvated in
these media.** As such, acid-base equilibria in these solvents
are biased towards ion pair formation and hydrogen-bond
association rather than ionisation. The presence of residual
water in such media can have a large impact on these
equilibria by shifting the charge localisation due to specific
solvation.*® Indeed, repeating the titration of triethylamine
with pivalic acid using laboratory-grade, non-dried THF
showed the residual water peak in the "H FlowNMR spectra
to gradually shift by more than 1.5 ppm upon acid addition
(Fig. 6). This data indicates that the water participated in the
hydrogen bonding equilibrium without affecting distinct
protonation events, an important interaction that may have
been missed by techniques other than high resolution NMR
spectroscopy.

While NMR spectroscopy is unique in its potential to
directly observe such hydrogen bonding equilibria,
exchanging resonances are observed as a time average of all
species present. Therefore, proton signals can not only shift
but also broaden and collapse depending on the rate of
exchange relative to the frequency separation of the signals."’
The matrix dependant nature of these observations can
become a hinderance to titrimetric investigations, especially
where residual moisture is present in organic solvent.’® All

React. Chem. Eng., 2022, 7, 2009-2024 | 2013
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Scheme 4 Deprotonation of protonated Leu-Ala (63 mM) with NaOH (200 mM) at 293 K, *H NMR resonances used for chemical shift titration are
highlighted. CH-2 (purple) and CH-7 (green) are assigned according to the structure in Fig. S23.1

titrations in non-aqueous media were thus carried out using
dried reagents and performed under the exclusion of
atmospheric moisture (see section 4 of the ESI}).

In addition to the influences of solvent and residual
moisture on acid/base equilibria, challenges may also arise
when trying to analyse mixtures of multiple (potential) bases
and acids. These cases can often only be addressed with
NMR spectroscopy, as simple pH measurements or UV-vis
spectral analysis do not allow deciphering the sites of
protonation or hydrogen bonding with confidence. Using an
equimolar mixture of triethylamine and pyridine titrated with
p-toluene sulfonic acid (TsOH) in dry MeCN as an example
(Scheme 3), we investigated the effectiveness of an automated
"H FlowNMR titration in dealing with more complicated
systems. As shown in Fig. 7, the preferential protonation of
triethylamine (pK, mecn = 18.6) over pyridine (pK, mecn =
12.5) upon steady addition of p-toluene sulfonic acid (pK,
Mecn = 8.01) was clearly distinguishable as expected from
their respective pK, values.***°

In addition to chemical shift evolution, characteristic >/
coupling between the methylene protons of triethylamine
and the proton added to nitrogen was observed (Fig. S177),
further confirming protonation at this site. Due to their
distinct pK, difference of four units, pyridine protonation did
not set in until all the triethylamine had been fully
protonated by the strong acid TsOH. Additionally, throughout
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Fig. 7 'H NMR chemical shift changes during the titration of
triethylamine and pyridine with p-toluene sulfonic acid in MeCN using
highlighted resonances from Scheme 3 over reagent ratio (Fig. S18 and
S19+).
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the protonation of the two bases, three broad hydrogen
bonding resonances were identified in the 'H FlowNMR
spectra (Fig. S18 and S197).

One of these resonances around 3-5 ppm was observed to
reversibly shift throughout the titration in a typewriter-like
fashion where it would reset to its original chemical shift
position following full protonation of each base, and then
continuing to shift and intensify after both bases had been
fully protonated (Fig. 8). Correlation spectroscopy (COSY)
identified this resonance as a hydrogen bonding interaction
between protonated acetonitrile and the conjugate base of
the acid (Fig. S20t). The basic MeCN solvent thus mediates
proton transfer from the acid to the bases akin to hydronium
ion formation water. The fact that intermediate MeCNH"
formation may be observed during the titration of two
moderately strong bases with a strong acid is likely due to
the high concentration of the mildly basic MeCN solvent (aq.
pK, = 25).

The other two broad resonances were only visible after the
protonation of triethylamine and pyridine, respectively. COSY
showed the first resonance at 8-10 ppm to be hydrogen
bonding between triethylammonium and the conjugate base
of the acid as Et;N-H-OTs (Fig. S20 and S21%). The third
broad resonance at 14-16 ppm, which resolved to a broad
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Fig. 8 'H NMR chemical peak shift of an acetonitrile/tosylate
hydrogen bonding interaction observed during the titration of
triethylamine and pyridine with p-toluene sulfonic acid using the
resonance highlighted in Scheme 3 over reagent ratio (Fig. S18%).
Dashed lines mark stoichiometric protonation of triethylamine (A) and
pyridine (B) respectively.

This journal is © The Royal Society of Chemistry 2022
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triplet with a 60 Hz coupling constant after the addition of
four equivalents of acid, showed no cross peaks in the COSY
spectrum. A "H{"*N} NMR spectrum revealed this resonance
to be pyridinium hydrogen bonding with the conjugate base
of the acid as Py-H-OTs (Fig. S22}). Hence, high-resolution
FlowNMR allowed the observation of multiple hydrogen
bonding interactions during the titration of mixtures that
would not be discernible by other methods.

The differentiation of multiple acidic or basic sites within
a single molecule can be even more challenging than
analysing mixtures of acids and bases that have distinct NMR
signatures, because (de)protonation at one site may induce
chemical shift changes across the entire molecule during the
titration experiment. Nevertheless, such information is often
crucial for understanding the reactivity of large bioactive

molecules.’”>" We thus decided to investigate the acid/base
3.44 8.30
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Fig. 9 Titration curves for the deprotonation of protonated Leu-Ala
with NaOH in H,O at 293 K using the highlighted resonances in
Scheme 4. *H NMR (extracted from H-*C HMQC) over solution pH
from static pH probe (Fig. S237).

This journal is © The Royal Society of Chemistry 2022

chemistry of the amino acid i-leucyl-i-alanine (Leu-Ala) via
FlowNMR titration (Scheme 4).

Hégele et al. have previously analysed this system using
BC{'H} NMR spectroscopy in a stepwise dose-mix-acquire
experiment.'§ Although successful in distinguishing NH
from OH deprotonation of Leu-Ala in aqueous solvent, their
apparatus required 4 hours of setup and took 8 hours to
build a titration curve with 64 data points on a scale of 80
mL.** With our setup we carried out the continuous-flow
titration and analysis of protonated Leu-Ala on a 20 mL scale
using an ASAP 'H-"*C HMQC pulse sequence® that allowed
the collection of 64 2-dimensional data points within 4
hours. Another advantage of using fast 2D techniques for
complex FlowNMR titrations is that both 'H and C
dimensions (including their connectivities) are collected
throughout the experiment, and the evolution of changes in
either may be matched and verified for maximum confidence
in the differentiation of the various reactive sites in the
analyte. In the case of Leu-Ala, the first deprotonation of the

** Times and volumes were quoted for a *'P NMR titration on a 200 MHz
installation, exact titration conditions were not given for the Leu-Ala example
but are presumed to be of the same magnitude."®
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Scheme 6 Titration of tris(pentafluorophenyl)borane (20 mM) with pyridine
(40 mM) in toluene at 293 K, resonances used for titration are highlighted.
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Fig. 10 'H NMR chemical shift of Hy, during the titration of 1,3-bis(4-
nitrophenyl) urea with tetra-n-butyl ammonium fluoride using the
resonance highlighted in Scheme 5 over reagent ratio (Fig. S277).

carboxylic acid was best seen in the 'H chemical shift
evolution of H7 (Fig. 9, S23 and S24t). The pK, values thus
obtained matched literature well within 0.6% (pK, coom/coo-
= 3.44, pKanio iz = 8.30).7%8

b. Guest-host complexation

Specific interactions such as hydrogen bonding not only relate
to proton transfer in Brensted acid/base pairs but also underpin

supramolecular  chemistry,”® molecular recognition and
1SF
J=120.4 Hz

- >

T T
-142.0 -142.4

1 (ppm)

T
-141.6
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sensing,"”* and organocatalysis.*>*>* Substituted ureas have
emerged as powerful reagents that bind and activate a variety of
hydrogen bond acceptors including simple halides.”” ™ To test
the utility of automated FlowNMR titrations for investigating
such equilibria, we chose to study the urea—fluoride interaction
previously investigated by Monzani et al® using UV-visible
spectroscopy by "H and '°F FlowNMR (Scheme 5).

Upon gradual addition of anhydrous [NBuyJF to a DMSO
solution of 1,3-bis(4-nitrophenyl) urea, the 'H NMR data
showed a significant downfield shift and broadening of the Hy,
resonances in the urea indicative of hydrogen bonding with
fluoride (Fig. 10). Consistent with the UV-vis data reported by
Monzani,> an endpoint was observed upon addition of three
equivalents of fluoride due to the need for an excess of [NBu,]
F to convert all of the urea to a mixture of the two adduct
forms of 1:1 (A) and 2:1 (B) stoichiometry.

In addition to the ability of conveniently collecting an
accurate titration curve from the 'H FlowNMR data, analysis
of the °’F NMR spectra recorded at the same time served to
confirm the identity of the adducts formed. [HF,] could be
clearly characterised by its distinct 'F NMR chemical shift
and H-F coupling constant (Fig. 11) which in the case of new
systems would be a distinct advantage over UV-vis
spectroscopy for example.

c. Lewis acid/base association

Lewis acid/base interactions have widespread applications in
both synthesis and catalysis.°® These strongly solvent-
dependent and often highly air-sensitive interactions are

iH

=120.4 Hz

AN IS N At LA AN,
N A A AN AN A A AN NAN P AP

T T T
16.6 164 162 160 158
f1 (ppm)

Fig. 11 Representative *°F (left) and *H (right) NMR spectra during the titration of 1,3-bis(4-nitrophenyl) urea (5 mM) with tetrabutylammonium

fluoride (10 mM) in dimethyl sulfoxide at 293 K.
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Fig. 12 °F NMR integrals (green, Fig. $317), !B NMR integrals (red, Fig. $331) and *H NMR integrals (pink, Fig. $307) during the titration of
tris(pentafluorophenyl)borane with pyridine using the resonances highlighted in Scheme 6.

routinely analysed by 'H, ''B, F and *'P NMR
spectroscopy.*®! Due to the specific nature of Lewis acid/base
interactions universal indicators such as pK, values are
difficult to define, although the Gutmann-Beckett method is
an example of a useful Lewis acidity scale based on the *'P
NMR chemical shift of triethylphosphine oxide.®>® Specific
interactions, as for example between sterically encumbered
(electronically “frustrated”) Lewis acids and bases that exhibit
unusual reactivity,’® are still best investigated with a
combination of multi-dimensional, variable temperature (VT)
and diffusion ordered NMR spectroscopy (DOSY) under
strictly inert conditions. In this area, Lewis acidic boranes

have emerged as powerful catalysts, co-catalysts and
stoichiometric reagents for numerous chemical
transformations such as small molecule activation,
cyclisation, and borylation.®””®® Of these, tris(penta-

fluorophenyl)borane has been the most prolific on account of
its high Lewis acidity paired with steric shielding.®* "

This journal is © The Royal Society of Chemistry 2022

The combination of tris(pentafluorophenyl)borane (BCF)
and pyridine (Py) has been described as a classical Lewis
acid/base pair in which complete adduct formation is

Toluene

_—

HsC_N.__CHj, F

Scheme 7 Titration of tris(pentafluorophenyl)borane (20 mM) with
2,6-lutidine (40 mM) at 293 K, resonances used for titration are
highlighted.
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Fig. 13 'F NMR spectra of the pyridine adduct of

tris(pentafluorophenyl)borane at 20 mM in toluene at variable

temperature as indicated.

observed (Scheme 6),°" so we investigated this system as a
test case of automated Lewis acid/base titration with multi-
nuclear FlowNMR spectroscopy. Due to the pronounced
oxygen and moisture sensitivity of the Lewis acid, the
titration experiments had to be carried out in an inert
atmosphere. Whilst FlowNMR studies have been previously
conducted under a variety of atmospheres,>*”>”” to the best
of our knowledge this is the first report of a FlowNMR
analysis being conducted directly from a glovebox (see
section 8 in the ESIT for further details).

When studying chemical associations in solution by NMR
spectroscopy either peak integrals or chemical shift values
may be used to determine the equilibrium position. If the
exchange rate between the individual components and the
formed complex is fast relative to the NMR timescale, an
average signal of changing chemical shift will be observed as
the equilibrium position changes. When this exchange rate is
slow (or naught) individual peaks for bound and unbound
states are observed, and their relative peak integrals reflect
the equilibrium position.’®’® Unlike the above examples of
proton transfer and hydrogen bonding that exchange rapidly
and are thus investigated via average chemical shift
evolution, the titration of BCF with pyridine to form a
strongly bound Lewis acid/base adduct is a case where
exchange rate is slow on the NMR timescale, and separate

NCMe PPhs

+PPhy
MeCN—Pd?*—NCMe .

MeCN—Pd? —NCMe

NCMe NCMe

+ PPh,

View Article Online
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signals for free and bound BCF and pyridine were thus
observed in the 'H, B and "°F NMR spectra throughout the
titration. As expected for a strong interaction leading to
essentially complete adduct formation, all three data sets
showed a linear titration curve ending sharply at one
equivalent (Fig. 12).

To confirm the formation of a monomeric 1:1 adduct we
applied diffusion ordered spectroscopy (DOSY) to quantify
the hydrodynamic radius of the product formed.”
Capitalising on the abundant signal intensity and large
chemical shift dispersion, '°F DOSY spectra were acquired
periodically throughout the titration (Fig. S35%). The data
showed a 16% decrease in the molecular diffusion coefficient
from 9.42 x 107*° m* s™* for BCF to 7.95 x 10 ' m*> s™* for
BCF-Py which is consistent with a small increase in
molecular weight when pyridine binds to BCF (511.98 g
mol ™ to 591.98 g mol ).

Both the rate of chemical exchange and the equilibrium
position of adduct formation are affected by temperature.
Heating the 1:1 BCF-Py complex to 348 K did not change the
speciation in the "F NMR spectra, consistent with the high
stability of this classic Lewis acid-base adduct. Cooling the
sample to 248 K led to broadening of the meta and ortho *°F
NMR resonances of the complex, attributable to a slowing of
the ring rotation (Fig. 13). The ease of carrying out DOSY and
VT NMR investigations to gain insight into dynamics and
aggregation states at any point during an air-sensitive,
automated titration with FlowNMR from a glovebox will
prove useful in the study and understanding of more
complex or unknown systems.

Lewis adduct formation can be hindered by steric
congestion, a concept which has become known as
frustrated Lewis pairs (FLP). The degree of this frustration
has been found to lead to interesting reactivities and
subsequently widespread use in small molecule activation
and catalysis.*®**’°® An important metric for the
reactivities and understanding of association in FLPs is
their respective binding constant (hence their degree of
frustration) in solution.®>®® Sterically hindered pyridines in
particular and their association with BCF have been
studied to determine their binding strength.®>*” Of the
sterically hindered pyridines previously studied, 2,6-lutidine
(Lut) has received interest because of its moderate steric
bulk resulting in so-called borderline FLP reactivity
(Scheme 7).%°

The binding of BCF with lutidine was notably weaker than
with pyridine, and free and bound base exchanged more
rapidly. This difference in binding strength is attributed to
steric hinderance as the bases have similar pK, values in

PPhy PPhs
+PPhg |
MeCN—Pd?*—NCMe -~ MeCN—Pd?*—PPh;
PPhy PPh,

Scheme 8 Titration of [Pd(NCCH3)4](BF4), (20 mM) with PPhs (up to 160 mM) in MeCN at 293 K, resonances used for plotting are highlighted.
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Fig. 14 '°F NMR integrals (green, Fig. $371), !B NMR integrals (red, Fig. S381) and *H NMR chemical shift (purple, Fig. $36+) during the titration of
tris(pentafluorophenyl)borane with 2,6-lutidine using the resonances highlighted in Scheme 7.

organic solvent (Lut pKy mecn = 14.16, Py pKy mecn = 12.53).%°
While separate peaks for free and bound BCF were observed
in the "B and '’F NMR data during the titration, the 'H
NMR signals of lutidine appeared as an average that evolved
in chemical shift (Fig. 14). This was due to the frequency
separation between the two states being smaller in the 'H
spectra than in the '°F spectra (1110 Hz vs. 5170 Hz), so
coalescence occurs at lower temperatures.”” Using this
frequency separation in each of the spectra we can determine
that the rate of exchange k., must be between 1110 s and
5170 s~ (see section 8 of the ESIf). Although the ''B NMR
titration data was less clear than the '°F NMR data due to
lower signal intensities and broader resonances (Fig. S387),
both agreed with the 'H data to show the gradual formation
of a 1:1 adduct that was complete after addition of about
four equivalents of lutidine.

The binding constant K., of the adduct was measured
independently by two nuclei using different spectral
information. Using '’F NMR peak integrals of bound vs.

This journal is © The Royal Society of Chemistry 2022

unbound BCF at 1:1 stoichiometry,56 Keq in toluene was
determined to be 195 + 10 M ™" at 293 K (Fig. $391). This was
verified by the "H NMR chemical shift of the lutidine CH;
resonance in the same experiment,86 where K., was
calculated to be 195 + 26 M " (Fig. S401). Previous reports
have measured the K, for this system at 55 + 10 M " at 295
K in dichloromethane,®® suggesting adduct formation to be
more favourable in toluene than in DCM. VT 'F NMR
investigation of a 1:1 Lut/BCF mixture led to almost
complete dissociation of the adduct at 373 K, and upon
cooling to 248 K the equilibrium shifted to almost exclusively
adduct with rotational isomers of each of the adduct peaks
resolved (Fig. 15).°°

The VT data thus collected may be used to determine the
thermodynamic stability of the FLP through a van't Hoff plot
(Fig. 16). Comparing our results of this analysis with
previously reported values in different solvents®"*® gave good
agreement (Table 1), showing the full range of advanced
NMR spectroscopic methods to be applicable to highly

React. Chem. Eng., 2022, 7, 2009-2024 | 2019
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1 2 Equation y=a+b*
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Fig. 16 van't Hoff plot for a 1:1 mixture of 2,6-lutidine and tris(penta-
fluorophenyl)borane at 20 mM in toluene.
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reactive systems during automated FlowNMR titrations under
inert conditions.

d. Metal-ligand binding

Binding equilibria also play a crucial role in the
understanding of organometallic and structural biochemistry.
The study and quantification of substrate complexation by a
protein or ligand binding to a metal centre can be used to
determine binding site location, complex structure and
equilibrium constants.>**"°* Binding constants of ligands to
metal centres are important parameters for understanding
complex stabilities and ligand exchange pathways that
underpin applications in sensing and catalysis. Metal-ligand
affinities are typically quantified in titration experiments
where the ligand investigated displaces weakly bound solvent
molecules. One prominent example is the consecutive
binding of up to three equivalents of PPh; to Pd" in MeCN to
give [Pd(PPh;);(MeCN)][BF,], (Scheme 8).°*°* Due to the air-
sensitivity of this system the experiment was carried out from
a glovebox in a similar manner to the above Lewis acid/base
titrations.

Using *'P{"H} FlowNMR we were able to observe the
progressive substitution of bound acetonitrile by PPh;
(Fig. 17). Concurrent with literature®>°* it was observed that
the mono, trans-bis and tris PPh; complexes were formed
stoichiometrically with 1, 2 and 3 equivalents of phosphine,
respectively. Due to ligand exchange on Pd" being slow
relative to the NMR acquisition, separate signals were
observed for all complexes and the titration was quantified
from relative >'P NMR peak integrals. Two broad singlets
were observed for the tris complex at room temperature
which resolved into a mutually coupling triplet and doublet
integrating to 1 and 2 respectively at 253 K (Fig. S43t) as
expected for a square planar coordination geometry.

Due to a relatively acute L-M-L angle of 90° no tetra
substitution was observed even after addition of a large
excess of PPh;, unlike in the case of Pd® where steric

congestion is tetrahedral coordination
94,95

reduced in a

environment.

3. Conclusions

High-resolution FlowNMR spectroscopy with automated,
continuous dosing of a titrant has been shown to be an
effective technique for carrying out solution-phase titrations

Table 1 Thermodynamic parameters derived for dissociation of the BCF-Lut adduct in solution

Author Year Solvent AH (k] mol™) AS (J mol™ K) AG° (298 K, kJ mol™)
Stephan®® 2009 DCM —42 -131 -3.0

wu®® 2010 Toluene” -79 -150 -15

Autrey®’ 2013 Bromobenzene -75 -206 -13.4

Autrey®’ 2013 Toluene -73 -213 -9.6

This work 2021 Toluene -65 -169 -14.4

“ DFT study using a continuum solvent model.

2020 | React. Chem. Eng., 2022, 7, 2009-2024
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Fig. 17 Titration of [Pd(NCCHs)41(BF4), with PPhs in MeCN using
highlighted resonances from Scheme 8 (Fig. S427).

in an accurate and time-efficient manner. With reagent
dosing rates of 0.1 mL min™" and recirculation flow rates of 4
mL min~" using a small-scale flow setup of 4.6 mL internal
volume (~70 s residence time), true equilibrium
measurements are possible without the need for external
calibration. Faster or more detailed analyses are easily
possible, as unlike with kinetic measurements the user may
alter the rates of titrant addition and sampling to either
increase temporal resolution (number of spectra per time) or
improve data quality (number of scans per spectrum). It is
advisable however to conduct paused-flow control
experiments to ensure effective sampling and equilibration
under the conditions applied.

Depending on the rate of exchange relative to the
NMR signal acquisition, either chemical shift evolution
or relative peak integrations may be used to quantify
equilibrium positions. Multi-nuclear NMR analysis can be
applied in a continuous, interleaved manner such that
complementary data are acquired from a single titration
experiment. Fast 2D techniques such as ASAP 'H-C
HMQC pulse sequences may be used in flow to collect
even more information per unit time, and mid-run VT
analyses may be carried out on the static aliquot in the
tip of the flow tube to derive thermodynamic parameters
of the interactions titrated. DOSY analysis is possible in
a similar manner to ascertain the degree of analyte
association and, although not demonstrated here, NOESY
and EXSY will be possible in the same way if required.®

We have shown that a range of chemical equilibria may be
investigated with high specificity under different conditions,
including multi-component mixtures, non-aqueous solvents,
and highly air-sensitive reagents. Previous studies have
described methods for effective thermal regulation of such
small scale FlowNMR setups, an important factor in the study
of thermodynamic equilibria.>>* Our results also
demonstrate that even for deceptively simple systems, such

This journal is © The Royal Society of Chemistry 2022
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as the interaction of a carboxylic acid with a tertiary amine in
organic solvent, high-resolution NMR spectroscopy is
superior to simpler techniques such as UV-vis spectroscopy
due to extra information on solvent participation and
coupling constants to provide detailed insights that may have
been missed otherwise.

The analysis of high-value materials or use of reagents of
low solubility may pose challenges where millimolar
concentrations cannot be achieved in the ~10 mL of solution
required for the FlowNMR apparatus used here. We believe
that the combination of modern NMR techniques such as
fast and ultra-fast (UF) 2D NMR”*®” or spectral aliasing” with
low internal volume systems’® can be used to overcome many
of these barriers. Similarly, modern pure shift techniques®
can be used to address challenges of spectral crowding
resulting from peak overlap when dealing with large
molecules or complex mixtures. Solvent suppression'®® and
selective excitation'®"'%* techniques may be applied to tackle
sensitivity issues as required.

While this study has primarily explored the use of high-
field NMR spectroscopy, the principles shown are equally
valid for low-field NMR (where commercially available flow
apparatus is becoming increasingly common'®™'%) if
mobility or cost are valued over data quality. In addition, the
hyphenation of several analytical techniques with FlowNMR,
including UV-vis and IR spectroscopies can be used to great
effect for the enhanced analysis of solution phase
equilibria.?*”*% We hope that our report will be of use to
the wider chemistry community to effectively carry out
investigations at the frontiers of supramolecular, co-
ordination and acid/base chemistry.
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