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Three orders of magnitude of *H NMR signal enhancement were
observed in the metal-free activation of parahydrogen using an ansa-
aminoborane in the presence of a 100-fold water excess at 9.4 T.
Kinetic studies corroborated the reversibility of water addition to the
intramolecular N-B Lewis centers in both polar and nonpolar sol-
vents. Furthermore, DFT modeling supported these results.

Allowing for metal-free activation of small molecules,' ansa-
aminoboranes (AABs), as an example of intramolecular fru-
strated Lewis pairs (FLPs),>” show remarkable reactivity towards
dihydrogen.®™" This feature can open new horizons in catalysis
based on more sustainable main group elements,® which has
already been demonstrated through AAB-catalyzed hydrogena-
tion reactions of various substrates such as imines and alkynes
under mild conditions.*> In addition to the catalytic applica-
tions, it has been documented that AABs show prominent
nuclear spin hyperpolarization in activations of parahydrogen
(para-H,),"** the spin-0 nuclear spin isomer of H,, utilized for
dramatic NMR sensitivity enhancement through the so-called
parahydrogen-induced polarization (PHIP).'®'® Typically, pre-
cious metal complexes are employed to generate PHIP,"**°
whereas AABs can provide metal-free alternatives. Furthermore,
the amine-borane functionality carried by these species can be
adopted as a platform for the molecular design of organic
functional groups that generate PHIP. However, AABs are very
sensitive to traces of moisture and typically quench through the
formation of inactive Lewis adducts with water.>"*>

In general, the moisture sensitivity problem of FLPs has
attracted attention since the transition from research to indus-
trial settings requires certain stability levels of the catalysts.>?
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For instance, it has been demonstrated that variation of sub-
stituent bulkiness in the aromatic rings of tri(aryl)boranes can
lead to suitable water tolerance of the Lewis acidic boron center to
perform catalytic hydrogenations and reductive aminations of
carbonyl compounds in water-containing solvents.”**> AABs have
not been reported yet to have any remarkable water tolerance. To
the contrary, these species were considered water intolerant,>'
which stimulated a search for other FLP systems with ansa
scaffolds that could have more favorable properties.*">*> These
activities led to the invention of an ansa-phosphinoborane with
cyclohexyls at the phosphine site that demonstrated activation of
dihydrogen in the presence of 6 equivalents of H,0.>! However, it
was found that at the same time water reduction occurs as a side
reaction leading to the formation of the corresponding phosphine
oxide. The latter problem could be resolved if one could find a
water-tolerant AAB, since the nitrogen center is not prone to
oxidation.

Herein, we report that a previously known orthophenylene-
bridged AAB with two mesityl substituents at the boryl site (1-(2-
(dimesitylboraneyl)phenyl)-2,2,6,6-tetramethylpiperidine, Mes-
CAT)" demonstrates strong nuclear spin hyperpolarization
effects upon activation of para-H, in acetonitrile in the presence of
more than two orders of magnitude excess of water (Fig. 1A). The
observation of PHIP proved undoubtedly that MesCAT demon-
strates water tolerance. The observed signal enhancements for
the generated MesCAT-H, adduct exceeded three orders of mag-
nitude at 9.4 T. Interestingly, changing mesityls to phenyl sub-
stituents leads to completely irreversible quenching of the AAB
active center (Fig. 1B), highlighting the importance of balance
between steric effects and Lewis acidity. We envision that further
rational design can lead to efficient water-tolerant AABs for para-
H, activation.

Initial hyperpolarization experiments were performed using
a 1 mM solution of "N-labelled MesCAT adduct with water,
MesCAT-H,O, in water-containing acetonitrile-d3 with H,O
concentration of 0.1 M, see ESIf for details. The MesCAT-
H,0 -+ H,O0 ratio was 1--100, so there was a significant excess
of water present in the unbound form in solution. The presence
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Fig. 1 (A) Dynamic hydration (pink background) and H, activation (green
background) equilibria that lead to the interconversion between free
MesCAT, its water adduct MesCAT-H,0, and hyperpolarized MesCAT-H,
in the reaction mixture initially containing MesCAT-H,O, water in excess,
and para-Ha. (B) Irreversible hydration of PhCAT that completely quenches
the reactivity of this AAB through the formation of the inactive PACAT-H,O
water adduct, thereby disabling hyperpolarization.

of free H,0 was evident from 'H NMR spectra shown in the
ESIt (Fig. S1). The follow-up experiments with para-H, were
performed by charging 6 bars of para-H, (ca. 92%) to this
solution in a gas-tight NMR tube, shaking, and transferring
the sample into the magnet for the acquisition of spectra; see
ESIt for details. Already at room temperature, this procedure
resulted in the observation of hyperpolarization effects in
the "H NMR spectra (Fig. 2A). The room temperature signal
enhancement for the NH group proton in the MesCAT-H,
adduct was about 50. However, heating the sample to 308 K
led to more pronounced signal enhancement of more than two
orders of magnitude (ca. 300-fold), as shown in Fig. 2B. Heating
to 318 K produced even higher enhancements (ca. 1000-fold,
Fig. 2C). Further heating to 328 K resulted in the further
increase of the enhancement factor to ca. 1500 (see Table 1).
For all temperatures, ''B NMR revealed an enhanced antiphase
signal corresponding to the hyperpolarized boron site in
MesCAT-H, (Fig. S4 in ESI{), a feature™"* commonly present
in the activation of para-H, with various orthophenylene AABs.
We also note that increasing the MesCAT-H,0 <+ H,O ratio is
expected to raise the equilibrium concentration of MesCAT-H,,
boosting the absolute amplitudes of both its thermal and
hyperpolarized 'H signals. A general discussion of this effect
can be found in the ESIt (Section S1.7). However, a detailed
study is beyond the scope of this communication and will be
addressed in future work.
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Fig. 2 Thermal (TH, red) and hyperpolarized (HP, blue) *H NMR spectra
measured in the experiments with a 2.3 mM solution of **N-labelled
MesCAT-H,0 charged with 6 bars of para-H, in acetonitrile-d3 at (A)
297, (B) 308, and (C) 318 K. The NH group resonances corresponding to
MesCAT-H; are depicted in the figure. These species were generated in
the solution due to the dynamic equilibria shown in Fig. 1A. Enhancement
factors, ¢, and multiplication factors used for signal amplitude scaling are
indicated for the hyperpolarized spectra. The spectra were acquired using
n/4-pulses to maximize the amplitudes of the hyperpolarized signals
(PASADENA condition).!® The thermal spectra were measured after the
complete relaxation of the samples to thermal equilibrium.

Table 1 Estimated *H NMR signal enhancement factors for the MesCAT-
Hz NH group and selected kinetic parameters obtained from 1D EXSY NMR
for the equilibria in Fig. 1

Solvent T, K ¢, enh. factor K, s7! kais,” s *
Acetonitrile 297 50 + 10 2.3+ 0.2 0.032 £+ 0.002
308 300 £+ 50 8.0 + 0.6 0.12 4+ 0.02
318 1000 £ 200 23 +2 0.38 = 0.04
328 1500 + 300 64 +5 1.1 + 0.2
Toluene 297 >400 14+ 1 2.4+ 0.3
308 > 600 63 +5 7.8+ 0.9

¢ Data taken from ref. 15.

Interestingly, similar experiments with PhCAT-H,O, the
phenyl analogue of MesCAT-H,0, and para-H, in acetonitrile-
d3 showed no hyperpolarization effects in "H NMR spectra in the
temperature range from 297-328 K (Fig. S23-S27 in ESIY). At
the same time, it was demonstrated previously that PhCAT-H,
provides similar "H NMR signal enhancements to MesCAT-
H,."> The enhanced boron resonances for hyperpolarized
PhCAT-H, were also not visible in *B NMR. Generally, mea-
sured "H and "B NMR spectra did not reveal any changes after
the addition of para-H, to the reaction solution, implying
that the dissociation of PhCAT-H,O and adduct and the
subsequent formation of the hyperpolarized PhCAT-H, did
not take place.

This journal is © The Royal Society of Chemistry 2025
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To discuss these results, it is convenient to consider the
sequence of events leading to the hyperpolarized MesCAT-H, in
Fig. 1A. Being inactive towards H, activation as such, MesCAT-
H,O0 must dissociate to release a sensible amount of MesCAT
species that in turn can activate para-H,. Therefore, an impor-
tant prerequisite for the hyperpolarization is the presence of
the two dynamic equilibria in the solution: (1) MesCAT-H,O
dissociation and (2) facile para-H, activation by MesCAT.
MesCAT is the key intermediate in this process, while the
ability of MesCAT-H,O to dissociate is a critical feature that
enables the formation of this intermediate. Considering this
process from the general perspective, one must have reversible
hydration (upper equilibrium for MesCAT in Fig. 1A) of AAB to
observe hyperpolarization effects, a feature that is absent in the
case of PhCAT-H,O (Fig. 1B).

In this context, it is essential to know the kinetic parameters of
the equilibria and details of the hyperpolarization mechanism. The
reaction rate measurements performed using the 1D EXSY NMR
technique provided data about the exchange process between
bound water in MesCAT-H,O and free water in the solution
(Table 1; see ESIt for experimental details). The exchange rates
are seen to increase with increasing the temperature, as expected.
Generally, we can conclude also that the lifetimes of the MesCAT-
H,O0 species in the presence of the equilibrium shown in Fig. 1A are
on the order of tens to hundreds of milliseconds. Such rather short
lifetimes make the exchange between MesCAT and MesCAT-H,O
reversible enough to observe polarization effects for MesCAT-H,,
which is formed in another reversible process of para-H, activation,
Fig. 1B. A detailed discussion of para-H, activation for MesCAT and
other AABs in acetonitrile was reported recently in ref. 15 and
will not be considered here any further. However, the comparison
of the dissociation rate constants for MesCAT-H,O (k) and
MesCAT-H,, (kgis) in Table 1 reveals that the lifetimes, defined as
the inverse of the rate parameters, of the former species are at least
an order of magnitude shorter as compared to those of the latter
species. In other words, one can conclude that MesCAT-H,O is less
stable than MesCAT-H,. Apparently, this feature of MesCAT facil-
itates the observation of nuclear spin hyperpolarization effects with
para-H, for MesCAT-H,.

In addition to acetonitrile-d3, MesCAT-H,O and PhCAT-H,O
were examined in toluene-d8 in terms of PHIP effects. In this case,
the excess of water was significantly lower (AAB-H,0+H,0 ratio
was ca. 1+7) due to the limited solubility of H,O in toluene.
Similarly to acetonitrile experiments, strong hyperpolarization of
the generated MesCAT-H, species was observed in the case of
MesCAT-H,O in toluene with signal enhancements exceeding two
orders of magnitude at 9.4 T (Table 1; see Fig. S5 and details in
ESIt). The kinetic measurements revealed even more facile rever-
sibility of water addition in toluene than in acetonitrile since the
corresponding water dissociation constant, k[, was 6-8 times
lower at the same temperatures in the former case. It is clear that
the reversibility of water addition is an intrinsic feature of
MesCAT. In contrast, the experiment with PhCAT-H,0 in toluene
did not result in any hyperpolarization, and there was no sign of
reversibility of water addition to PhCAT for the temperatures up to
328 K examined in this study.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

+ H, +

(0.0,0.0) o

H,0

(6.2,9.8)

Fig. 3 Comparison of thermodynamic stabilities of MesCAT (A) and (B) and
PhCAT (C) and (D) adducts with water (A) and (C) and dihydrogen (B) and (D)
according to the DFT calculations. Structures of the most stable water and
dihydrogen adducts are shown in the figure. Relative standard Gibbs
free energies, A,G°, in kcal mol™, are given in parentheses with respect to
AAB-H,O + H, for acetonitrile (first number) and toluene (second number) as
solvents. To preserve the total number of atoms unchanged, the energies of the
AAB-H,O + H; and AAB-H,O + H,O states are compared. In the calculation,
however, all molecules were treated as separate species (see ESIy for details).

To gain additional insights into the observed differences of the
studied AABs, we performed a density functional theory (DFT)
modelling of water addition to MesCAT and PhCAT in acetonitrile
and toluene. The geometry optimizations and estimations of
solvation effects using the SMD model were performed at the
®B97X-D/6-311G** level of theory similarly as it was done in our
previous publications (see ESIt for more details).""*> For compar-
ison, Fig. 3 illustrates the most stable structures of AAB-H,O and
AAB-H, adducts according to the computations. In the figure,
relative standard Gibbs free energies for AAB-H,O + H, (Fig. 3A
and C) and AAB-H, + H,O (Fig. 3B and D) are given in parentheses
for acetonitrile (first number) and toluene (second number),
describing the preference of hydration and dihydrogen addition,
respectively. Note that the energies were calculated with respect to
the corresponding AAB-H,O + H, level.

Interestingly, the comparison between MesCAT-H,O + H,
(Fig. 3A) and MesCAT-H, + H,O (Fig. 3B) reveals quite neutral
thermodynamic stability of water and dihydrogen adducts since
the A,G° between the hydrated and the hydrogenated forms of
MesCAT does not exceed +2 keal mol*, and both forms can be
present in sensible quantities in acetonitrile and toluene. This result
supports the experimentally observed thermal and hyperpolarized
MesCAT-H, in the water-containing solvents. Specifically, DFT com-
putations imply that under standard conditions in acetonitrile (Ze.,
298 K and 1 M concentrations), MesCAT-H,, is more favorable than
MesCAT-H,0 (A.G° = —1.5 kcal mol™'). In contrast, in toluene,
MesCAT-H,0 is more favorable (A,G° = 2 kcal mol ™ *). However, the
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free energies do not differ significantly, and experimentally, in both
cases we have observed hyperpolarization effects. In the case of
PhCAT, the situation is significantly different, since PhCAT-H,O
species are at least 6 kcal mol ' more favorable than PhCAT-H,
(AG" is 6.2 keal mol ™" in acetonitrile and 9.8 kcal mol ™" in toluene).
Therefore, in both solvents, the inactive hydrated form of PhCAT
must be thermodynamically stabilized. This conclusion is clearly
confirmed in our experiments, highlighting the relevance of the
theoretical approach utilized. We note, however, that DFT pre-
dictions have intrinsic precision, which, from our experience
with reactivity modeling of AABs, amounts to ca. 1 kcal mol ™.
Generally, the unique reactivity of MesCAT can be attributed to a
well-balanced combination of electronic effects - facilitating the
sufficient Lewis acidity of the boryl site to activate both H, and
H,O - and the steric bulkiness of mesityl substituents. In the
case of H,O, the latter likely induces back strain at the boron site
upon hydration, preventing full boron pyramidalization and the
formation of a strong B-OH bond, making hydration reversible.
The importance of back strain in water tolerance was previously
demonstrated by So6s et al. for tri(aryl)boranes.**

In conclusion, we have demonstrated that nuclear spin
hyperpolarization effects with amine-borane frustrated Lewis
pairs can be observed in the presence of a dramatic excess of
water in solution. To the best of our knowledge, this is also the
first communication reporting pronounced water tolerance
with this class of metal-free dihydrogen activators. Namely,
orthophenylene AAB species with mesityls at the boryl site,
MesCAT, showed more than three orders of magnitude of
"H NMR signal enhancement in a 9.4 T magnetic field for the
MesCAT-H, dihydrogen adduct produced in para-H, activation in
the presence of a 100-fold excess of water in acetonitrile. Alike
results were obtained in the experiments with MesCAT in toluene.
The performed kinetics measurement provided lifetimes of
MesCAT-H, that are significantly longer than those for MesCAT-
H,0, confirming the conclusions stemming from the PHIP experi-
ments about the comparative stability of both species. Generally,
we can conclude that MesCAT can be exposed to air during
sample preparation for PHIP experiments or for potential catalytic
applications since its water adduct can dissociate in a facile
manner, releasing the active free MesCAT species. In contrast,
PhCAT AAB with less bulky phenyl substituents at the boryl site
forms very stable PhCAT-H,0O adducts due to the irreversible
hydration, which disables any PHIP effects with PhCAT in the
presence of moisture. The performed DFT modelling supported
the essential role of steric effects on the way to the optimization of
AAB active centers for water-tolerant metal-free dihydrogen acti-
vators. Finally, we believe that further rational design of AABs can
result in significantly more pronounced shifting of underlying
equilibria towards the desired dihydrogen activation and suppres-
sing the formation of the inactive hydration products.
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