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Parahydrogen-induced polarization is a nuclear spin hyperpolariz-
ation technique that can provide strongly enhanced NMR signals for
catalytic hydrogenation reaction products and intermediates.
Among other matters, this can be employed to study the mecha-
nisms of the corresponding chemical transformations. Commonly,
noble metal complexes are used for reactions with parahydrogen.
Herein, we present a PHIP study of metal-free imine hydrogenations
catalyzed by the ansa-aminoborane catalyst QCAT. We discuss the
reaction mechanism by showing the pairwise nature of the initial
hydrogen activation step that leads to the formation of the negative
net nuclear spin polarization of N-H hydrogen in the QCAT-H,
intermediate, enabling the further transfer of parahydrogen-orig-
inating protons to the imine substrate with the accumulation of
hyperpolarized amine products. Parahydrogen-induced polarization
also demonstrates the reversibility of the catalytic cycle.

Introduction

Amines are an important class of compounds widely used in
various crucial areas such as the food, agrochemical and
pharmaceutical industries.””> There are several synthetic
methods employed to produce amines, among which metal-
catalyzed reductions of imines, enamines, and nitriles are the
most important ones.®> These approaches, however, use costly
noble metals and can produce toxic chemical wastes.” As an
alternative, metal-free reductions of imines are known, such as
those with hydroborate reagents.” Other reported methods
include Brensted acid-catalyzed reduction with Hantzsch
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esters as the hydrogen source,”’” Lewis base-catalyzed hydro-
silylation with trichlorosilane®® and intermolecular hydroami-
nation.'® In addition, hydrogenations of imines and enamines
using frustrated Lewis pairs (FLPs) — pairs of sterically hin-
dered Lewis acids and bases — were reported.’*™ In these
reactions, derivatives of B(C¢Fs); are typically involved as Lewis
acids forming intermolecular FLPs with the nitrogen-contain-
ing reagents. FLPs and molecular hydrogen generate hydrobo-
rates in situ as active catalytic species, thus bridging the gap
between traditional metal-catalyzed hydrogenations and hydro-
borate reducing agents. In 2008, it was shown that the intra-
molecular FLP  1-{2-[bis(pentafluorophenyl)boryl]benzyl}-
2,2,6,6-tetramethylpiperidine, CAT (Scheme 1), can catalyze the
hydrogenation of imines and enamines by molecular hydro-
gen, demonstrating high activities."* Thereafter, several alike
ansa-aminoboranes (AABs) were studied in hydrogenation reac-
tions. Among them, QCAT (Scheme 1) showed the best activity
towards the hydrogenations of imines."”

Understanding the mechanistic aspects of catalytic trans-
formation can play a crucial role in improving catalyst per-
formance. In this respect, NMR spectroscopy offers a versatile
toolbox to study reaction mechanisms. However, the detection
of possible catalytic intermediates leading to product for-
mation is usually not a trivial task, since highly active species
are typically present in low concentrations that are hard to
observe using conventional NMR methodology. This can
become feasible if the sensitivity of the NMR methods is
increased by means of nuclear spin hyperpolarization to boost
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Scheme 1 Selected AABs used in hydrogenations with molecular
hydrogen.
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signal intensities.'® Parahydrogen-induced polarization (PHIP)
is a specifically useful hyperpolarization technique in catalytic
studies as hyperpolarization occurs naturally upon the chemi-
cal activation of H, molecules enriched in the para nuclear
spin isomer.'”'® When parahydrogen is activated by a catalyst,
strongly enhanced NMR signals of the reaction intermediates
or subsequent products can be observed, providing mechanis-
tic information. To observe the hyperpolarization, H, acti-
vation must be pairwise, i.e., the pair of H atoms must not be
separated completely at least at the initial step.'®

PHIP has demonstrated its power by proving the mecha-
nisms of hydrogenation of various metal complex catalysts,
especially in the detection of dihydride intermediates.'®*° For
example, it was used to study the kinetics of the formation of
[IrCO(H),I(PPh;),] after the light-induced reductive elimin-
ation of hydrogen from that species;*! to detect cationic Rh'
intermediates with coordinated arene rings;*> to determine
the pathways of H, exchange in (u-H),0s;(CO)y, clusters;* to
understand ligand exchange in [IrCO(H),Cl(PPh;),] and
[IrH,CI(PPh;);];** and in many other interesting mechanistic
investigations'®?**® including heterogeneous catalytic systems.>®

Although PHIP was mostly used to study reactions mediated
by metal-containing catalysts,'*?*?”?® it was reported that
metal-free catalysts can activate parahydrogen, leading to PHIP
effects.”®>° Specifically, AABs were the first FLPs to show spin
hyperpolarization effects in reactions with
parahydrogen.”®?"*? Later, several pnictogen biradicaloids
were also documented as efficient metal-free parahydrogen
activators.>*?* Interactions of the discussed CAT and QCAT
AABs with parahydrogen were shown to provide enhanced
signals of NH and BH hydrogens of the corresponding CAT-H,
and QCAT-H, adducts, respectively.”® In general, until very
recently, PHIP effects with metal-free compounds were
observed exclusively for the catalyst-parahydrogen adducts
formed at the initial H, activation step. In 2022, we reported
the nuclear spin hyperpolarization of various alkenes achieved
by alkyne hydrogenations with parahydrogen over a metal-free
hydroborane catalyst HCAT (Scheme 1).*

Herein, we show that the metal-free AAB catalyst QCAT can
hyperpolarize various amines in imine hydrogenations with
parahydrogen, providing among other matters information
about the hydrogenation catalytic process. We observed
unusual one-hydrogen hyperpolarization of product amine NH
protons in the "H NMR spectra. We demonstrate the reversibil-
ity of the catalytic cycle of imine hydrogenation catalyzed by
QCAT via the observation of hyperpolarized amine when it was
used as an individual initial reagent, shedding light on the
mechanism of the involved catalytic transformations.

Results and discussion

Several aromatic imines were used to study hydrogenation
with parahydrogen (Scheme 2). The reaction was performed at
room temperature under 6 bar of 92% parahydrogen-enriched
H,, referred to as para-H, in the following text.
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Scheme 2 The studied imine hydrogenations.

In the first experiments, the NMR spectra were recorded
after introducing para-H, into solutions of QCAT (0.04 M) and
imines (0.13 M) in toluene-d8, examining the reaction in a
high magnetic field (9.4 T). Although imine structures have
some influence on the observed hyperpolarization effects, the
resulting "H NMR spectra generally demonstrated similar fea-
tures. For instance, Fig. 1a illustrates the results of the hydro-
genation of 1a into 1b with para-H, at 340 K. There are several
signals that reveal the hyperpolarization effects via antiphase
and negative in-phase multiplets. The four antiphase doublets
centred at ca. 4.0 ppm correspond to the B-H group hydrogen
of the QCAT-H, adduct; the splitting is induced by coupling to
the spin-3/2 "'B nucleus. The observation of antiphase signals
is typical for high-field experiments according to the
PASADENA experiment theory for weakly coupled spin-
systems.*® In contrast, the N-H group signal of QCAT-H, at ca.
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Fig. 1 H NMR spectra of the QCAT-catalyzed hydrogenation of (1£)-N-
(4-methylphenyl)-1-phenylethan-1-imine (1a) with para-H,. The red
spectrum (a) was acquired using a n/4 pulse just after introducing para-
H, into a solution containing 0.04 M QCAT and 0.13 M of 1a in toluene-
d8 at 340 K. The enhanced antiphase signals correspond to the B—H
group hydrogen (centred at 4.0 ppm) of the QCAT-H, adduct. The N-H
group hydrogen of QCAT-H, (8.8 ppm) revealed a mixed antiphase/in-
phase signal shape (see the decomposition). The N—H group hydrogen
of amine product 1b (3.4 ppm) revealed an enhanced in-phase negative
signal. The blue spectrum (b) was recorded after the hyperpolarization
relaxed at 340 K in 1 min, approaching the thermal equilibrium.
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8.8 ppm shows a mixture of broad antiphase and in-phase
negative signal contributions. The formation of the net nega-
tive polarization in the high-field experiment is unusual as
coherent spin dynamics cannot lead to this effect.>> However,
it is crucial for the observation of the hyperpolarized amine 1b
as discussed below. As seen in Fig. 1a, the N-H group signal of
the hydrogenation product 1b appears as a negative in-phase
signal at ca. 3.4 ppm (Fig. 1a), most likely inheriting the net
negative polarization from the N-H hydrogen of QCAT-H,.

Generally, the formation of a hyperpolarized QCAT-H,
adduct is in accord with the proposed four-step mechanism of
imine hydrogenations over QCAT (Scheme 3 and Scheme S1 in
the ESI{)." According to this process, a hydrogen molecule is
activated by QCAT, yielding the QCAT-H, adduct (Step I). The
following proton transfer from the N-H group of QCAT-H, to
the imine nitrogen atom results in an unstable ionic pair inter-
mediate (Step I). The consequent hydride transfer from the
anion to the cation leads to the dative QCAT-amine adduct
(Step III). The last stage of the hydrogenation cycle releases the
product amine and recovers the catalyst (Step IV). Either Step
II or Step IV is the rate-determining step, depending on the
substrate and catalyst structures."®

Importantly, Step I is pairwise and should lead to hyperpol-
arization after para-H, activation.”® The formation of the final
amine product 1b via Steps II-IV either may or may not be
pairwise, since the formation of the unlinked [QCAT-(B™H) +
imine-(N'H)] ion pair at Step II can mix hydrogens coming
from different para-H, molecules, preventing the pairwise H,
transfer to form 1b and observation of the antiphase contri-
bution. In terms of magnetisation modes, this means that the
two-spin order, -I,""-I,*", inherited from para-H,, must be
destroyed by the non-pairwise process at Step II. In contrast,
the single-spin net polarization, -I,"", created by the QCAT-H,
intermediate at Step I, can survive the non-pairwise transfer
and result in hyperpolarized amine 1b.

The non-pairwise nature of Step II can be confirmed to an
extent indirectly. For instance, the hydrogenation of 1a using
borane catalyst B(CgF5); does not lead to any hyperpolarization
effects (see the ESI, Fig. S117). In that case, the activation of
para-H, is performed by an intermolecular borane-imine FLP,
meaning that the intermolecular nature of FLPs prevents the
observation of PHIP. A similar conclusion was drawn while com-
paring alkyne and alkene hydrogenations with intra- and inter-
molecular FLPs, respectively,®” where the latter did not show any
hyperpolarization effects but the former did (see the ESI,
Fig. $13 and S147). At the same time, we cannot rule out comple-
tely the possibility that the two-spin orders survived the chemi-

QCAT + H, —> QCAT-H, )

QCAT-H, + imine — |QCAT-(BH) + imine-(N*H)| (Il)
QCAT-(BH) + imine—(N*H)} —> amine=QCAT (1m)
amine-=QCAT ——>» amine + QCAT (Iv)

Scheme 3 Proposed mechanism of imine hydrogenation over the
QCAT catalyst.
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cal transformation because the J-coupling constant between the
vicinal N-H and C-H protons in 1a is small, which can lead to
the mutual cancellation of the antiphase components.

As we can be sure that the source of the negative net polar-
ization of the N-H group proton in 1b is the QCAT-H, inter-
mediate, it is worth briefly discussing the reasons for its for-
mation in Step I. There are examples of one-hydrogen polariz-
ation reported for metal complex catalysts, e.g., in hydroformy-
lation reactions (oneH-PHIP effect)’” and the exchange of
water ligands.?® The observations were rationalized as a result
of the para-H,-derived protons exhibiting strong coupling in
an intermediate, thus, accumulating net polarization via
coherent dynamics before the transfer to the target substrate.
However, in the case of QCAT-H,, those protons are in the
weak coupling regime (Aw = 2 kHz at 9.4 T; J7™ = 3 Hz). In
principle, the theory of the PASADENA effect in the case of
weakly coupled systems predicts a negligible contribution to
single-spin polarization, as kinetic averaging of the density
operator leaves almost exclusively only -I,""-I,°", when para-
H, is added to highly magnetically inequivalent sites.*®
Moreover, knowing that the sign of the J-coupling constant is
positive, the theory predicts positive possible single-spin polar-
ization created by the coherent mixing on the N-H proton site
in QCAT-H,,*?® whereas our experiments show negative
single-spin polarization. Most likely, the two-spin — single-
spin-order transformation (-I,""-I,*® — -I,"*") is induced by a
cross-correlated relaxation process, e.g., via correlated fluctu-
ations of the dipole-dipole coupling of the N-H---H-B proton
pair and the chemical shift anisotropy of the N-H proton in
the QCAT-H, adduct.*>*® This seems to be a common feature
of the H, adducts of AABs, as similar effects have been
observed and discussed in para-H, activations for a variety of
such systems.?****> Indeed, a comparison of the hydrogen-
ation of imine 1a with para-H, in two different magnetic fields
(9.4 and 14.1 T) revealed an increase in the net negative polar-
ization level by a factor of 1.3-1.4 at the higher magnetic field
for both QCAT-H, and the amine product 1b (see Fig. S6 in
ESIT). This observation indicates that the chemical shift an-
isotropy should indeed play an important role as its effect
increases with the increase in the magnetic field strength.
However, a more detailed discussion of this transformation
requires extensive dedicated experiments that are beyond the
scope of the current publication and will be done in the
future. Experimental results on the hydrogenations of other
imines (2a-4a) at 340 K are summarized in Fig. 2.

In all cases, the hyperpolarization effects were visible for
para-H, originating hydrogens in the QCAT-H, intermediate
and the N-H proton in amine products. The strengths of
amine hyperpolarization, however, vary from one product to
another. The in-phase negative signal of the N-H group hydro-
gen of 2b observed via the hydrogenation of 2a was slightly
stronger as compared with that of 1b. In principle, the use of
more basic and more sterically hindered imines should lead to
higher conversion rates,"” and we could expect a somewhat
higher intensity of the enhanced signal for 2b. In the case of
3b, the negative signal was not visible. Instead, the thermal

This journal is © The Royal Society of Chemistry 2022
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N-H (2b)

9, ppm

Fig. 2 (a)—(d) *H NMR spectra showing enhanced resonances observed
in the hydrogenations of imines la—4a with para-H, over the QCAT
catalyst at 340 K in toluene-d8, respectively. The spectra were measured
at the first moments after introducing para-H, into the corresponding
imine—QCAT solutions. Spectral regions with the B—H group signals of
the QCAT-H, intermediate and the N—H signals of the amine products
1b-4b are displayed. Dotted ovals highlight the B—H group signals of
QCAT-H,. The positions of the amine products are shown with text
labels. The position of the signal of the N—H group hydrogen of 3b dis-
appeared after introducing para-H,, which is marked with an asterisk in
(c).

signal of this amine disappeared after adding a fresh portion
of para-H,, implying the cancellation of the enhanced negative
and thermal positive signals. The negative net polarization of
the N-H group hydrogen was also observed in the case of 4b,
similarly to 1b and 2b. However, it was not that clearly visible
due to the overlapping of the N-H and OCH; signals in the 'H
NMR spectra. Overall, the estimated signal enhancement
factors due to hyperpolarization are 10 (1b), 15 (2b), 7 (3b) and
10 (4b) (see Table S1 in the ESI{), which are not record high
values for PHIP. Theoretically, these factors can be more than
four orders of magnitude for the "H nuclei in a 9.4 T magnetic
field,>® while the experimentally observed values are typically
smaller but may be more than three orders of magnitude, e.g.,
in hydrogenations of alkynes with para-H, using cationic Rh
complexes as catalysts. Nevertheless, the rather moderate
enhancements seen in our case still provided valuable qualitat-
ive information about the mechanistic features and consist-
ency in the observed effects for different imine structures.
Further experiments showed that raising the temperature to
360 K can lead to the observation of a negative net polarization
also for orthohydrogen (ortho-H,; see the results for 1b in
Fig. S1 in the ESIf). Moreover, the C-H group hydrogen of the
amine product revealed the hyperpolarization as well as the N-
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H group hydrogen. It was also visible that negative com-
ponents of the B-H antiphase doublets of QCAT-H, become
stronger than the positive ones. It seems that under these
experimental conditions, the QCAT + H, < QCAT-H, exchange
is fast enough to release hyperpolarized free ortho-H, into the
reaction “cocktail”, which in turn is transferred into the amine
product via Steps I-1V, contributing to the polarization of both
C-H and N-H hydrogens. This observation pushed us to con-
clude that reversible exchange processes can play a significant
role in the whole catalytic cycle at higher temperatures, allow-
ing observation of the hyperpolarization effects when we sub-
stitute imine for amine as a substrate in the reaction mixture.
In other words, we could expect to go through Steps I-IV in the
reverse order and return, polarizing the amine substrate
without alteration of its chemical structure. Indeed, when the
experiments were repeated with QCAT, para-H, and commer-
cial amine 1b in the reaction mixture, the negative signal of
the N-H group hydrogen of 1b was observed at 360 K (Fig. 3a).
The concentrations of the QCAT catalyst and amine were
approximately on the same level as in the discussed imine
hydrogenation reactions. We believe that these experiments
show that basically all the mechanistic reaction steps shown in
Scheme 3 must be reversible to a significant extent to enable
the observation of the hyperpolarized amine without the
formal hydrogenation of an unsaturated substrate.

The reverse Step III requires the abstraction of hydride from
activated C(sp®)-H bonds in primary or secondary amines. The
feasibility of the abstraction was reported for strong Lewis
acids, such as B(CgFs);.*! For example, hydride abstraction
from the activated a-position in NEt,Ph proceeds in a facile

M
. hIJ,4-MePh

1b H

p J\

ara-H, -MeP|
p 2 ph '?‘/4 ePh
1b* H

QCAT
360 K

relaxation

N-H
(QCAT-H,) LM
(8) == A

"IN-H (1b%)

Thermal

Y

d, ppm

Fig. 3 'H NMR spectra acquired during the reaction of para-H,, QCAT
and 1b. The red spectrum (a) was acquired using a n/4 pulse just after
introducing para-H, into a solution containing 0.04 M QCAT and 0.04 M
of 1b in toluene-d8 at 360 K. The negative signal of the N—H proton of
amine 1b is clearly visible. The signal of the a-C—H hydrogen of 1b com-
pletely vanished, indicating a weak hyperpolarization of this group. The
blue spectrum (b) was recorded after relaxation to the thermal
equilibrium.
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manner to yield the corresponding iminium hydroborate. It can
interact with the initial amine, deprotonating iminium with the
formation of enamine and ammonium hydroborate salt.*’ A
similar reversibility was also documented for the abstraction of
a-C-H hydrogens in amines by QCAT. For instance, QCAT
demonstrated a good racemization activity of amine 4b,"* which
requires the elimination of o-hydrogen,*” proving the ability of
QCAT to dehydrogenate amines. The reversibility of Step I was
known from previous studies.”® In addition to this, our experi-
ments show that Steps II and IV can be also reversible. The
observed hyperpolarization effect of the reversible process was
weaker as compared with that of the imine hydrogenation (see
the N-H signals in Fig. 1a and 3a), but provided important
mechanistic information. We also found in a test experiment an
even weaker but still detectable hyperpolarization of the amino
group in 1,2,3,4-tetrahydro-2,2,4,7-tetramethylquinoline, which
does not have a-C-H hydrogen in the structure, in the exchange
experiment at 360 K (Fig. S9 in the ESIT). This implies that the
direct N-H---H-N exchange between QCAT-H, and the target
amine may contribute to hyperpolarization. We should note
that a similar proton transfer from the hyperpolarized QCAT-H,
may serve as a route to sensitize other materials under
exchange. This is the foundation of SABRE RELAY* and
PHIP-X,** which obviously should be explored in future works
with metal-free para-H, activators.

Finally, we tested the influence of QCAT concentration on
the nuclear spin hyperpolarization effects. In addition to the
described experiments with 33 mol% QCAT (Fig. 1 and 2), we
conducted several reactions using lower catalyst loadings (see
the ESI, Fig. S10}). The hydrogenation of imine 4a with para-
H, using 1-3 mol% of QCAT at 330 K did not lead to the obser-
vation of the enhanced antiphase and/or negative in-phase
signals in the "H NMR spectra. Since the signals of QCAT-H,
and the amine product 4b were extensively hampered by the
intense signals of the substrate, we were unable to see any
hyperpolarization effects. The reaction rate also was signifi-
cantly lower as compared with the high catalyst loading. In the
experiment using 10 mol% QCAT, the rate significantly
increased, and we observed hyperpolarization of the NH and
BH hydrogens of QCAT-H, similarly to those with 33 mol%
loadings. We noticed that the strength of these signals
increased with the increase in the reaction temperature. The
negative signal of the NH hydrogen of the amine product quite
significantly overlapped with other signals in the spectrum in
the case of 4b.

Conclusions

Ansa-aminoboranes can provide interesting capabilities for
hydrogenation catalysis without metals. Specifically, QCAT
shows a relatively high activity in imine hydrogenations which
can be tailored further to get even better results. Knowledge of
the mechanistic details can extremely be helpful in this
regard. In this study, we showed that parahydrogen-induced
polarization can provide useful insights into the activation of
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H, by QCAT, proving the pairwise nature of this step.
Moreover, using the single-spin negative net polarization
created in QCAT-H, intermediates upon parahydrogen acti-
vation, it was possible to track the transfer of hydrogens to
several imine substrates leading to the formation of hyperpol-
arized amine products. This is the first demonstration of the
production of PHIP hyperpolarized amines from imines using
metal-free catalysts. We also showed that when amines are
used as initial substrates in the reaction with QCAT and para-
hydrogen their N-H group hydrogens can become hyperpol-
arized without any formal chemical structure changes, proving
the reversibility of all the steps of the catalytic cycle. The vari-
ation in the catalyst concentration revealed the reaction rate
alterations and the decrease in the amplitudes of the hyperpol-
arization effects at low catalyst loadings. An order of magni-
tude signal enhancements were observed for N-H hydrogen in
amine products. We believe that further development of metal-
free imine hydrogenation can lead to much higher enhance-
ments, ideally reaching the levels of metal-containing catalysts.
Generally, this study shows that PHIP-assisted mechanistic
studies provide important mechanistic information about
metal-free hydrogenations, as proved many times similarly for
metal-containing catalysts'>?****® and, in addition to this
study, only once for a metal-free catalyst.>®
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