Downloaded viaGSI HELMHOLTZZENTRUM on December 8, 2025 at 09:02:05 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ORGANOMETALLICS

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/Organometallics

Benchtop 'H NMR Study of Hyperpolarized Charged and Neutral Ir-

IMes Dihydride Complexes

Raphael Kircher, Jingyan Xu, Erik van Dyke, Rozana Mazlumian, Dmitry Budker, and Danila A. Barskiy™

Cite This: Organometallics 2025, 44, 1251-1256

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: In this work, we utilize "H benchtop nuclear magnetic

'H Benchtop NMR (44.7 MHz)

resonance (NMR) spectroscopy (proton frequency 44.7 MHz) for - ~
real-time monitoring of spin-transfer catalysis, starting from an Neutral Complex  (——————x2) |7 parzH
iridium-based organometallic precursor complex [Ir(IMes)(COD)- o . B | S S v 3

Cl] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene, COD >!,/

= cyclooctadiene) with hydrogen in solution. We identify two distinct COQ_’CCLD\ ¢

activation pathways: first, via the formation of a neutral intermediate
complex [Ir(IMes)(COD)(H),Cl], and second, via the formation of
charged complexes [Ir'(IMes)(COD)(H),)R]Cl™ (with R being
bound ligands: acetonitrile, ammonia, or benzylamine). We conclude
that the pathway direction is dominated by solvent polarity and
explore SABRE (Signal Amplification by Reversible Exchange) of an - J

IMes C " Mes CF

AcN\!r+ )~ EsA\!r+ _H

co0™” | H oo™ |
\__coD \_COoD
Charged Complexes

10-12-14-16-18-20
Chemical shift (ppm),

J | —

acetonitrile solvent in the presence of a benzylamine coligand. These
results are important for a better understanding of chemical dynamics in SABRE systems as well as for the fundamental physics
experiments that require stable and long-lasting polarization of highly concentrated molecules (e.g., those from the solvent itself).

B INTRODUCTION

Weak signals remain a significant challenge for analytical
applications of NMR spectroscopy due to the inherently low
thermal equilibrium spin polarization of samples. This is
especially true for benchtop NMR spectrometers with limited
available magnetic field strengths.'~* Despite these limitations,
benchtop NMR spectrometers offer unique advantages,”™’
such as affordability and accessibility, which makes them
promising tools for studying organometallic complexes and
advancing our understanding of their chemistry and catalysis.

Complexes of iridium find applications in various fields of
catalysis," """ one special application is magnetization transfer
catalysis in the process termed SABRE (signal amplification by
reversible exchange).'”~"” In SABRE, the nuclear spin order of
parahydrogen (pH,) is transferred to magnetization of
exchanging target molecules that can lead to an increase in
polarization, and, thus, to an enhancement of NMR signals by
several orders of magnitude. Hyperpolarization techniques are
particularly suitable in combination with benchtop NMR
spectrometers.lg_20 In SABRE, polarization transfer is
facilitated through a scalar coupling network between hydrides
and nuclei in ligated target molecules that bind to the same
polarization transfer catalyst (PTC).”' >

The activation (i.e., a chemical transformation process for
obtaining the active form of the PTC) of a common SABRE
catalyst precursor [Ir(IMes)(COD)CI] plays a critical role in
determining the overall efficiency of SABRE. During the
activation, the catalyst undergoes key transformations—e.g.,
hydrogenation of COD (cyclooctadiene) to COE (cyclo-
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octene) and COA (cyclooctane)—and multiple ligand
exchange reactions that directly influence the nature of the
formed PTCs. Optimizing the activation process (i.e., finding
optimal concentrations of the participating chemicals) ensures
that the most “effective” PTCs will participate in the
subsequent hyperpolarization steps.

Because of its ability to reversibly bind chlorine, active PTCs
as well as intermediate Ir-dihydride complexes of the activation
process can exist in charged and neutral forms.”*"*® Charged
complexes are those that have a chlorine anion displaced in the
coordination sphere by a ligated substrate and the neutral ones
have a chlorine in the coordination sphere. In neutral PTCs,
the chemical shift difference between two hydride spins
facilitates equilibration between ortho- and parahydrogen at
high fields,” while in the charged complexes the two hydride
spins are chemically equivalent, preserving parahydrogen state
unless optimal SABRE conditions are fullfilled. In most of the
SABRE literature, only the symmetric charged complex is
typically presented as the dominant PTC and other possible
PTCs are not considered. Mewis et al. have presented
structures of mixed charged PTCs in methanol with
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acetonitrile and pyridine as a coligand (Co-L);”” DFT
calculations were performed to study ligand exchange path-
ways. Neutral PTCs have been identified by Tickner et al.
(including 2D-correlation NMR experiments).”*>%**

In this work, we used SABRE to study the activation of an Ir-
based N-heterocyclic carbene complex, [Ir(IMes)(COD)CI]
(concentration of 3—5 mM), with hydrogen in various solvents
using benchtop "H NMR spectroscopy. Ir-dihydride complexes
of neutral configurations were found in dichloromethane
(DCM), charged Ir-dihydride complexes in methanol
(MeOH), and a mix of netural and charged Ir-dihydride
complexes were identified in acetonitrile (ACN) or in
multiphase systems (e.g, DCM/water mixtures). We also
present solvent-SABRE with acetonitrile, a weakly coordinating
substrate that requires a stabilizing Co-L (benzylamine). To
the best of our knowledge, acetonitrile was used for the first
time as a solvent for SABRE hyperpolarization. Activation of
various substrates for SABRE experiments (acetonitrile,
ammonia, benzylamine) in different solvents (methanol,
dichloromethane, and their mixtures) was monitored and
assignments of 'H benchtop NMR peaks formed during the
activation are presented. Better understanding of the chemical
processes that take place during the activation allowed us to
develop a protocol for achieving stable and reproducible molar
polarization of acetonitrile, capable of generating hyper-
polarization-enhanced "N signals on naturally abundant
['*N]-ACN molecules.””*’

B RESULTS AND DISCUSSION

Catalytic activation of [Ir(COD)(IMes)Cl] (IMes 1,3-
bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene; COD = cyclo-
octadiene), a common precursor complex of PTCs required for
SABRE hyperpolarization, in acetonitrile (ACN) solvent with
added benzylamine (BA) (Co-L) is shown in Figure 1A in a
time series (30 min monitoring, temporal resolution of 20 s) of
"H NMR spectra. The gas handling setup used in this work was
described previously’>®' and details are shown in the
Supporting Information.

The activation process studied involves hydrogenation of the
COD ligand, which is an irreversible process that involves
transformation of a square-planar Ir(I)-precursor complex into
an octahedral Ir(III)-dihydride complex. The time scale for this
activation process is on the order of minutes to hours,
depending on substrate, solvent, and temperature. However, in
this work, the generation of PTCs required for SABRE with
ACN was elucidated and can be observed with enhanced 'H
NMR resonances at around —23 ppm using pH, bubbling prior
to NMR detection and benzylamine as a stabilizing Co-L
(Figure 1B). Moreover, generated intermediate Ir-dihydride
complexes (I-A, I-B, and I-C, structures shown in Figure 1B)
can be detected within a chemical shift range between —12 and
—18 ppm; the corresponding assignments are highlighted
(note the increased NMR scale in the zoom-in). The
assignment was confirmed by comparing spectra acquired
under conditions without Co-L addition. Under these
conditions, only the generation of I-A and I-B was observed
which is discussed in more detail below (see Figure 2).

Intermediate Ir-dihydride complexes, denoted as I-A, I-B,
and I-C display characteristic PASADENA patterns,’””
originating from the bound hydrides with decreasing respective
signal intensity (Figure 1A). The fact that two multiplets are
distinguishable allows to conclude that complexes have an
asymmetric configuration with one hydrogen being trans to the
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Figure 1. 'H NMR spectra (1.1 T) of the SABRE solution following
the catalyst activation process. The experimental sequence consisted
of 3 s intervals of pH, bubbling (flow rates of 20 sccm at 6 bar),
followed by 0.5 s of sample equilibration, and 16.5 s of resting which
included 'H NMR detection (single-scan, 45° excitation pulse, 6.5 s
acquisition time). (A) Typical proton region of spectra displaying
signals of benzylamine (BA) coligand, orthohydrogen (oH,),
acetonitrile (ACN) solvent with *C-satellites denoted with asterisks.
(B) Proposed chemical structures of neutral (I-A) and charged (I-B
and I-C) intermediates observed in the hydride region (—12 to
—27 ppm), our notation indicates that only one COD ligand is
attached to Ir; polarization transfer catalysts (PTCs) are represented
by peaks centered approximately —23 ppm.

equatorial double bond of the COD ligand and another one
trans to the BA or ACN ligand in the equatorial plane of the Ir-
complexes. One appears at —13 to —15 ppm (trans to COD),
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Figure 2. (A) 'H benchtop (1.1 T) NMR spectra recorded in situ
(single-scan, 45° excitation pulse) during the first 3—5 min of SABRE
activation in the acetonitrile solvent; concentrations of coligand
benzylamine (BA) and C(BA) were 0, 50, 125, 150, 175, 250, and
387 mM indicated by color. (B) Signal-to-noise ratio (SNR) for
SABRE-catalysts (NMR peak at around —23 ppm) during the catalyst
activation process. Each data point was collected every 20 s. (C) 'H
NMR of the PTC region after 30 min of activation with hydrogen,
indicating the presence of neutral complexes [Ir(IMes)-
(H),(ACN),Cl], [Ir(IMes)(H),(ACN)(BA)CI], and [Ir(IMes)-
(H),(BA),Cl] (cyan, C(BA) = 125 mM) and a mixture of neutral
[Ir(IMes)(H),(ACN),Cl] complexes and a symmetric charged
[Ir(IMes)(H),(ACN);]Cl complex (gray, C(BA) = 0 mM).

and another at —15 to —18 ppm (trans to BA, ACN, or
chlorine). The intermediate I-A is assigned to a neutral
intermediate that shows NMR signals at —17.94 ppm ('H trans
to chlorine) and —13.70 ppm ('H trans to COD). This
intermediate has been elucidated in detail by Tickner et al,,***°

cf. Table 1 lists 'H NMR chemical shifts, which are in
agreement with assignments presented in this work. The
charged intermediate I-B shows signals at —16.39 ppm ('H
trans to ACN) and —14.19 ppm (*H trans to COD), and the
second charged intermediate I-C at —15.91 ppm ("H trans to
BA) and —13.22 ppm ('H trans to COD). The neutral
intermediate predominates in nonpolar solvents, for example
dichloromethane (DCM) used in this work, where the
solvation of charged Ir-dihydride complexes and the chlorine
counterion is unfavorable. In contrast, polar solvents like
methanol (MeOH) solvate predominantly charged Ir-dihy-
dride complexes. Acetonitrile, whose polarity lies between that
of MeOH and DCM, can solvate both neutral and charged
intermediates and PTCs.

After the start of the elucidated activation process,
intermediate Ir-dihydride complexes generated are distributed
across both pathways. At this point, a variety of complexes
coexist in the SABRE system and the generation of several
PTCs is conceivable, including both charged and neutral
configurations. DFT calculations could give preliminary
understanding of the stability of the individual Ir-dihydride
complexes, although this exceeds the scope of the current
work. The assignment presented was further analyzed in a
series of dilution experiments with Co-L benzylamine, where
'H benchtop NMR spectra of individual samples with their
maximum SNR for Ir-dihydride complexes were recorded after
3 to S min of activation with hydrogen, cf. stacking '"H NMR
spectra shown in Figure 2A.

Generation of Ir-dihydride complexes was observed for all
studied samples, however, NMR signals from PTCs were
moderate for acetonitrile solvent without stabilizing Co-L, and
for acetonitrile solvent with high concentrations of Co-L
(C(BA) > 250 mM, C([Ir]) = S mM), see Figure 2B,C.
Highest '"H SNR of Ir-dihydride PTCs was observed for
samples with intermediate Co-L concentration (125 mM).
Compared to ACN, BA shows a much slower exchange
dynamic,””*" so that available Co-L first leads to additional
stability and lifetime of mixed PTCs with ACN and then
blocks the ligand positions at high concentrations.”* The 'H
NMR spectra were acquired over a period of around 6 s,
covering the time scales of most exchange pathways of
substrate and pH,.

Table 1. '"H Chemical Shifts §(R-Ir(IMes)(COD)-H) of Intermediate Ir-Dihydride Complexes, with R Being Bound Ligands:
Acetonitrile, Ammonia, Chlorine, or Benzylamine Generated by Activation of [Ir(IMes)(COD)CI] with Hydrogen in
Acetonitrile (ACN), Dichloromethane (DCM), and Methanol (MeOH)“

reference R solvent available ligands

this work ACN  ACN (1.94 ppm) ACN, Cl

Cl

cl ACN (1.94 ppm) ACN, BA, Cl

ACN

BA

cl DCM (5.32 ppm) BACI

NH; DCM extract (5.32 ppm)  NH,, Cl

Cl

NH;  MeOH(3.31 ppm) NH;, Cl
Tickner et al>*  Cl CDCl, DMSO
Tickner et al’®  Cl CD,Cl,

5(COD-Ir-H)/

A[5(COD-Ir-H) —

ppm S(R-Ir-H) /ppm S§(R-Ir-H)]/ppm
—14.26 —16.38 2.13
-13.72 -17.92 420
—13.70 —17.94 424
—14.19 —-16.39 2.20
—13.22 -1591 2.70
—13.64 —17.96 432
—13.08 —15.41, —15.70(**N) 247
—-13.67 —18.10 442
—13.22 —15.26, —15.56(*N) 2.19
—13.39 —18.42 5.03
—13.43 —18.04 4.61

“"H NMR data recorded in situ at 46.7 MHz using 45° pulse excitation.
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Figure 3. 'H NMR spectra (single-scan, 45° excitation pulse) of SABRE solutions containing *N-labeled substrates. Nonpolar solvent:
dichloromethane (DCM), 100 mM ["*N]-benzylamine (BA) and 5 mM Ir(COD)(IMes)Cl; mixture: extraction of NH; from 14 M aqueous
solution into DCM with 3 mM Ir(COD)(IMes)Cl, spectrum of the DCM phase which contains around 0.2% of H,O; polar solvent: 60 mM "*N-
ammonia in methanol) following the catalyst activation process. Spectra show the presence of a neutral intermediate (I-A) and charged complex

with ammonia (I-D).

Figure 2B shows the results for the signal-to-noise ratio
(SNR) of observed PTCs during activation monitoring.
Presented values were calculated from a broad range of
chemical shifts (—20 to —26 ppm, centered around the PTC
signals) so that several active Ir-dihydride complexes were
taken into account. Interestingly, another PTC signal in the
—24 ppm range (small sharp resonance on the right shoulder
of the main peak) was detected at higher concentrations of BA,
see Figure 2C. The complexity of the observed 'H NMR
multiplets corresponding to PTCs means that observable signal
enhancement in the SABRE process is a result of the interplay
between the action of a variety of PTCs. Complexes present in
low concentrations could still contribute significantly to the
enhanced signal through efficient hyperpolarization through
their unique J-coupling topology, chemical exchange dynamics,
and lifetime.”* In the following, the generation of neutral and
charged Ir-dihydride complexes and the direction of the
activation pathways dependent on solvent polarity is studied in
detail.

Figure 3 shows a superimposed time series of 'H NMR
spectra that illustrate the activation data of “N-BA in DCM,
SN-ammonia in a DCM/water mixture, and '*N-ammonia in
methanol using the precursor complex [Ir(COD)(IMes)Cl].
In DCM, intermediate I-A exhibits NMR signals at
—17.96 ppm ('H trans to chlorine) and —13.64 ppm ('H
trans to COD), indicating a slight increase in the inequivalence
of these protons compared to the solvent ACN. For this
intermediate, the choice of substrate does not play a significant
role in influencing the detected '"H NMR signals because the
substrate is absent in the neutral intermediate; however,
variations of an overall proton concentration in the system
might substantially affect speciation.” Furthermore, experi-
ments with BA enriched with "N provide additional evidence
that the neutral intermediate is generated primarily in DCM. If
BA were binding, as required for the charged intermediate,
splitting of the Ir-dihydride signal via trans-coupling to the
SN-labeled BA would be expected. However, no such splitting
was observed, indicating that the charged intermediate is not
favored under these conditions. In contrast, 'H coupled to N
for intermediate Ir-dihydride complexes was observed with the
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substrate '*N-ammonia in the mixture of DCM with around
0.2% water (sample was prepared by extraction of NH;/
NH,OH of 14 M aqueous solution into DCM), and for *N-
ammonia in methanol, c.f. Figure 3 and Table 1. The charged
complex I-D shows split NMR signals at —15.26 ppm and
—15.56 ('H trans to 'N-ammonia) and a signal at
—13.22 ppm ('H trans to COD). For the mixture, I-D
shows NMR signals at —15.41 ppm and —15.70 ('H trans to
N-ammonia) and —13.08 ppm ('H trans to COD). In
addition, a second pair of signals from a neutral complex I-A at
—18.10 ppm ('H trans to chlorine) and —13.67 ppm ('H trans
to COD) is observed. Multiplet structure of the peaks
corresponding to intermediates in principle allows extracting
proton—proton J-coupling values, and they lie within —4 to —7
Hz range, see Table 1. Although the majority of the mixture
consists of nonpolar DCM, signals from the charged complexes
are dominant.

In summary, a generalized trend can be identified with the
SABRE systems examined in this study: intermediate Ir-
dihydride complexes and polarization transfer catalysts in
SABRE-based hyperpolarization exhibit at least two different
forms, one being a charged and a second being a neutral
configuration, and generation of these Ir-dihydride complexes
can be controlled by the polarity of the solvent. This
understanding provides a valuable foundation for designing
the chemical composition of solvent—SABRE mixtures. The
ability to efficiently polarize solvent molecules themselves is
important in various fundamental physics experiments, where
generating large volumes of highly polarized substances
remains a critical challenge.’®*’

B CONCLUSIONS

Using benchtop "H NMR spectroscopy in combination with
an in situ hyperpolarization technique based on pH,, we
investigated an activation process of a typical SABRE catalyst
precursor [Ir(COD)(IMes)Cl]. A protocol for obtaining stable
and long-lasting hyperpolarization of acetonitrile in the
presence of benzylamine as a stabilizing coligand was
successfully established.

https://doi.org/10.1021/acs.organomet.5c00052
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Our findings show simultaneous generation of charged and
neutral Ir-dihydride complexes during the activation of the Ir-
precursor with pH, in acetonitrile solvent. This was further
investigated in common solvents used for SABRE hyper-
polarization, where neutral Ir-dihydride complexes were
predominantly observed in nonpolar solvents (e.g., dichloro-
methane), charged Ir-dihydride complexes — in polar solvents
(e.g, methanol), and both configurations — in dichloro-
methane/water mixtures. These results demonstrate that
complex speciation is affected by solvent polarity, offering a
generalized understanding for polarizing various solvents with
SABRE. The polarity of acetonitrile is somewhere between that
of MeOH and DCM, where both neutral and charged Ir-
dihydride complexes were assigned.

Furthermore, this study highlights the broader implications
of SABRE for fundamental physics experiments requiring large
volumes of hyperpolarized molecules. The established protocol
provides a reliable methodology for acetonitrile solvent
polarization and opens new possibilities for generating effective
polarization transfer catalysts in other conditions, potentially
extending to complex systems such as emulsions. Future work
could explore the role of exchange dynamics, J-coupling
topologies, and solvent interactions to further enhance
polarization efficiency and stability.
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