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Iridium trihydride and tetrahydride complexes and
their role in catalytic polarisation transfer from
parahydrogen to pyruvate†

Ben. J. Tickner a and Simon B. Duckett *b

This work details how the unusual iridium tetrahydride [Ir(H)4(IMes)(sulfoxide)]Na and trihydride

[Ir(H)3(IMes)(sulfoxide)2] can be formed in a solvent dependent reaction of [IrCl(COD)(IMes)] with

sulfoxide (dimethyl or methylphenyl), base, and H2. In the case of dimethyl sulfoxide, the four hydride

ligands of the tetrahydride are equivalent, and the IMes and sulfoxide ligands mutually trans. However,

for phenyl methyl sulfoxide, this isomer of the tetrahydride forms alongside its cis counterpart where the

remarkable symmetry breaking effect of the sulfoxide leads to it presenting four chemically distinct

hydride ligands. These products and their ligand arrangements are characterised and the reaction

pathways leading to their formation probed using NMR spectroscopy and parahydrogen-hyperpolarised

methods. Subsequently, they form as previously unidentified low concentration by-products in the

important SABRE-catalysed hyperpolarisation of pyruvate, and their concentration should be minimised

for efficient polarisation transfer.

Introduction

Metal hydride complexes play a key role in industrial catalysis,

ne-chemical manufacture, and materials chemistry.1 Some of

the more unusual examples of metal hydrides are reected in

{RuH4} species that commonly exist in dihydride–dihydrogen

arrangements,2 and react to form dimers in the absence of

coordinating ligands.3,4 These species are readily formed by the

reaction of a chloride precursor with H2 and MOH [M = K or

Na]. Interestingly, their deprotonation affords anionic trihy-

dride complexes like [RuH3(PPh3)3]M that are useful building

blocks for complex structures,5 with 18-crown-6-ether enabling

structural studies that conrm their facial hydride ligand

arrangement.6 In contrast related [OsH4(PPh3)3] is a classical

Os(IV) tetrahydride,7 and while fac-[OsH3(PPh3)3]
− is itself highly

reactive,8 it can be stabilised by ion pairing effects.9 For

rhodium, while many trihydride complexes are known, they are

normally highly reactive and their {RhH4} analogues are again

cationic dihydride–dihydrogen species.10,11

Surprisingly, a wider range of iridium hydride species are

known, and these exhibit both classical and non-classical

interactions. Notably, pincer ligands have been used to

generate neutral Ir dihydrides that now exist in equilibrium

with their tetrahydride counterpart.12,13 Now, accessible penta-

hydride complexes like [Ir(H)5(P
iPr3)2], act as weak acids and

form anionic tetrahydride Ir(III) species in the presence of KH,

with cis and trans isomers forming according to the counterion

environment.14,15 More recently, related [IrH4(dppe)]K has been

obtained from [IrCl(COD)(dppe)] and KOtBu in isopropanol.16

The bonding and ligand mobility shown by such metal

hydride complexes can be readily investigated using nuclear

magnetic resonance (NMR) spectroscopy through hydride

ligand chemical shis, H–H and related coupling constants,

and relaxation data.17 Furthermore, as hydride ligands are oen

associated with the activation of molecular H2 metal–dihy-

drogen complexes that retain a strong H–H bonding interaction

have added signicantly to our understanding of bond activa-

tion processes more generally.17,18

One example of catalysis that relies on these effects is highly

topical reversible magnetisation transfer from a parahydrogen

(pH2) feedstock. This is typically mediated by a metal complex

that activates pH2 to unlock its latent spin order.19–22 Magnet-

isation can then spread either spontaneously,23,24 or via radio-

frequency excitation,25,26 to other sites within the metal complex

from the pH2 derived hydride ligands. Ligand dissociation then

allows the catalytic build-up of a nite concentration of hyper-

polarised ligand, free in solution, with the complex playing

a key role in the efficiency of this catalytic process as ligand

exchange rates, J-coupling, relaxation, and solubility all affect

polarisation transfer.27,28

Typically, such spin polarisation transfer catalysts are

iridium-derived dihydride complexes of the form
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[Ir(H)2(NHC)(substrate)3]Cl or [IrCl(H)2(NHC)(substrate)2],

where NHC is an N-heterocyclic carbene.29,30 This process has

been termed signal amplication by reversible exchange

(SABRE). Signicantly, experimentally invisible but theoretically

predicted, {Ir(H)2(h
2-H2)}-type reaction intermediates are

thought to play a crucial role in refreshing the pH2-derived

singlet order within the active catalyst that is needed for

SABRE,29,31 and hydride complexes derived from this family play

a key role in other metal-catalysed pathways such as hydroge-

nation, hydroformylation, and deuterium isotope exchange.32,33

In this work, we use NMR to rationalise the detection of

a series of iridium tri and tetra hydride species that form when

the common SABRE catalyst precursor [IrCl(COD)(IMes)] (COD

= cis–cis-1,5-cyclooctadiene and IMes = 1,3-bis(2,4,6-trimethyl-

phenyl)imidazole-2-ylidene) reacts with sulfoxide, base, and

H2. These unstable species are reective of [Ir(H)3(-

IMes)(sulfoxide)2] and [Ir(H)4(IMes)(sulfoxide)]Na, and charac-

terised using a combination of detailed NMR studies and

parahydrogen-hyperpolarised NMR. We highlight routes to

their formation and comment on their reactivity, which leads to

the eventual detection of a number of binuclear reaction

products. We also rationalise the role these complexes play in

the SABRE hyperpolarisation of pyruvate as rst reported in

2019 (Fig. 1).34 Given the proven utility of pyruvate as a viable

molecular imaging probe of cancer, such studies are highly

warranted. Furthermore, since this initial report utilising

SABRE, pyruvate polarisation levels have been optimised35–37 to

the point in vivo biomedical imaging is possible.38

As shown in Fig. 1, the addition of H2 (3 bar) to methanol-d4

solutions containing [IrCl(COD)(IMes)] (1) (5 mM), DMSO (25

mM) and sodium pyruvate (30 mM) is complex and proceeds

by the initial formation of [IrCl(H)2(COD)(IMes)] (2), before

further reaction leads to an equilibrium mixture of

[IrCl(H)2(IMes)(DMSO)2] (3) and [Ir(H)2(k
2-pyr-

uvate)(IMes)(DMSO)] (4).34,39 4 exists in two dominant isomeric

forms, according to the orientation of the pyruvate and

hydride ligands, with optimal SABRE hyperpolarisation of

pyruvate stemming from the isomer where these ligands lie in

the same plane. Highly reactive [IrCl(H)2(IMes)(DMSO)2], 3, is

therefore present in these reaction mixtures, and it forms

when the reaction is performed without sodium pyruvate.34,39 3

has been suggested to play a key role in pH2 incorporation

during such studies.39

These early reports addressed the identities of the major

products, 3 and 4, detected during SABRE.35,37,38,40,41 Other

minor hydride-containing species prove visible to NMR during

these studies, with X-ray crystal structures resulting for several

sulfur-bridged iridium dimers that form at long reaction times.

These have been linked to a drop in catalyst activity over

time.42,43 However, the identity and the role of the minor reac-

tion products has not yet been resolved due to the fact their

NMR signals appear only transiently. This stems from the use of

methanol-d4 as the solvent, which leads to the rapid deuteration

of any hydride ligands, and this precludes their spectral

mapping. Accordingly, we begin this work by studying the

reactivity of [IrCl(COD)(IMes)] 1 with sulfoxide, and H2 in

methanol-d3 and detail some surprising discoveries.

Results and discussion
Formation of [Ir2(Cl)(m2-Cl)(H)3(m2-H)(IMes)2(DMSO)2] (5 and

50)

When solutions containing 1 and DMSO are reacted with H2 in

methanol-d3 they lead to the rapid formation of 3, as expected. 3

yields two very broad hydride ligand NMR signals due to rapid

sulfoxide and H2 exchange at 298 K. Its detection when such

studies are completed in methanol-d4 at 298 K by NMR is made

even more challenging by the fact its hydride ligand sites

become rapidly deuterated as CD3OH forms.

However, in the methanol-d3 solution the ready detection of

a range of other hydride ligand signals besides those of 3 proved

possible. The most notable of these signals appear at d =

−15.79, −16.06, −24.80, and −30.66, and possess equivalent

signal intensities. They were assigned to the dimer [Ir2(Cl)(m2-

Cl)(H)3(m2-H)(IMes)2(DMSO)2], 5 of Scheme 1 by a series of

complex NMR procedures (see ESI, Section S1†). A second set of

much weaker signals appear at d=−16.90,−18.82,−20.55, and

−22.11 were assigned to a minor isomer (50) of 5 that exhibits

Fig. 1 Mechanism leading to the successful hyperpolarisation of pyruvate by SABRE. The reaction of 1 with H2, DMSO and sodium pyruvate in

methanol-d4 forms an equilibrium mixture of 3 and 4 via 2. Reversible exchange of pH2 and pyruvate then dramatically enhance the 13C NMR

signals of free pyruvate. Such enhanced signals have been used in applications that include biomedical imaging and reaction monitoring as

eluded to in the cartoons shown.

Chem. Sci. © 2024 The Author(s). Published by the Royal Society of Chemistry
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a different ligand arrangement (see ESI, Section S1†). 5 and 50

likely arise from the dimerization of 3, and differ from the

literature reported sulfur-bridged dimers that have been re-

ported to form at very long reaction times.42,43

Formation of the tetrahydride [Ir(H)4(DMSO)(IMes)] (7) and

trihydride [Ir(H)3(DMSO)2(IMes)] (8 and 80)

Recently, the unstable trihydride complex [Ir(H)3(COD)(IMes)]

(6) was characterised as a minor reaction product alongside

dominant [Ir(H)2(IMes)(pyridine)3]Cl when the weak base pyri-

dine and H2 react with 1 in methanol. The proportion of 6 was

found to increase when NaOMe was added to methanol in

agreement with its formation via deprotonation of the unseen

intermediate [Ir(H)2(h
2-H2)(COD)(IMes)].44 Consequently,

methanol-d3 solutions containing DMSO and a 10-fold excess of

NaOMe relative to 1 (without pyruvate) were examined here.

Halide substitution was observed to create an equilibrium

mixture of 1, [Ir(OCH3)(COD)(IMes)] and [Ir(OH)(COD)(IMes)]

(from adventitious water). The displacement of chloride being

incomplete, with these complexes existing in a ratio of 2.6 : 2.7 :

1 respectively at 298 K; notably no signal for [Ir(DMSO)(CO-

D)(IMes)]Cl was observed in accordance with the weak nature of

the iridium sulfoxide interaction.

Surprisingly, the addition of H2 to this solution at 298 K led

to the rapid formation of three hydride-containing species.

These species yielded paired signals at d = −9.10 and −13.49,

a unique signal at d = −8.58, and paired signals at d = −9.49

and−15.24 in the associated 1HNMR spectra. The three species

initially appeared to exist in a ratio of 2.7 : 1.7 : 1 respectively,

although they change with reaction time as detailed in Fig. 2a.

Initially, those for unstable [Ir(H)3(COD)(IMes)] (6) are

dominant (Fig. 2a) with the unique hydride ligand signal, at d =

−8.58, being attributed to [Ir(H)4(DMSO)(IMes)]Na, 7 on the

basis of its NMR data. This included peak integration and NOE

analysis (see ESI, Section S2† for characterisation details). The

evolution of the intensity of its hydride signal as a function of

reaction time proved complex in this data recorded at 298 K,

with its initial high intensity falling, before increasing again

and then falling (Fig. 2a). This suggests there are two routes to

its formation.

The NMR characterisation of 8 was secured at 243 K as the

trihydride [Ir(H)3(DMSO)2(IMes)] (8) of Scheme 1. Its hydride

ligand signals appear in a 2 : 1 ratio, with NOE studies con-

rming their meridional arrangement, alongside interactions

to bound IMes and two inequivalent DMSO ligands (see ESI,

Section S2† for characterisation details). Initially, 8 coexists

with isomeric 80, whose three hydrides are arranged in a facial

arrangement. Its signals are observed in a 1 : 2 ratio at d =

−13.85 and −15.45 (see ESI, Section S2† for characterisation

details), but their intensity is always low and are no longer

evident aer 45 minutes of reaction at 298 K. Consequently, it

must form separately from 8 and the two species are not in

equilibrium. Aer a few hours at room temperature, the ratio

of 7 and 8 remains similar, suggesting that while these two

species initially form in different pathways, they equilibrate

slowly.

At long reaction times weak signals for 5 and 50 appear that

account for just a few % of the reaction products. However,

signals for 9 at d = −11.56, −13.30, −20.48, −22.61, and −30.11

also appear and these are much more substantial. They are

assigned to the pentahydride dimer [Ir2(H)4(m2-H)(m2-OCD3)(-

DMSO)2(IMes)2] (see ESI, Section S3†). This product again likely

arises from a reaction of 3, but this time with 8 or 80 and

methoxide rather than with a second molecule of 3. It is worth

noting that aer 15 hours of reaction the total hydride ligand

signal intensity accounts for just 75% of the original iridium

concentration, a situation which is not surprising give the long

term formation of sulde derived dimers.44

When the analogous reaction was monitored in DCM-d2 at

298 K (Fig. 2c) the formation of 7, 8, 80 and 9 was again revealed.

8 now clearly dominates (Fig. 2d) the products formed in this

solvent and the hydride ligand signals for 6 are very challenging

to discern, with its proportion never exceeding a few %. In

contrast, signals for 3 are clearly visible and grow in proportion

at longer time points. Furthermore, 9 no longer forms in

Scheme 1 Reaction pathways revealed through this work build from known 1–3, 6 and 10, with some of these species reported to play a role in

iridium-mediated polarisation transfer from pH2 to pyruvate. These complexes were detected here, alongside previously unreported 5, 50, 7, 8, 80,

and 9. The formation of 6–9 are facilitated by NaOMe, added specifically or formed indirectly when sodium pyruvate is utilised in methanol.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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signicant amounts as there is now signicantly less methoxide

available to create the necessary bridging ligand.

Reaction pathways leading to [Ir(H)4(DMSO)(IMes)] (7) and

trihydride [Ir(H)3(DMSO)2(IMes)] (8 and 80)

In order to probe these reactions in more detail, a series of

control measurements were completed. The rst of these

involved reacting 1 with H2 and DMSO in methanol-d3 to form

a mixture of 3 and 5 as detailed earlier. This speciation

changed immediately upon adding NaOMe to the solution as
1H NMR signals for 7 and 8 rapidly replaced those of 3 and 5

(see ESI, Section S4†). A second control measurement involved

the initial conversion of 1 into 6 via NaOMe addition to 1 in

methanol-d3 under H2 at 253 K. This reaction also leads to

formation of known [Ir2(H)2(m
2-H)2(h

2
–h

2-COD)(IMes)2] (10)

as a minor product.44 Once all of the 1 present was consumed,

DMSO was added to the solution at 298 K and NMR moni-

toring commenced. Under these conditions, 6 proved to

rapidly convert into both 7 and 8, with the later ultimately

dominating.

Collectively, these results conrm that 3, 5 and 6 react inde-

pendently to yield 7 and 8, which have already been stated to

equilibrate. Furthermore, the reaction time-course data (Fig. 2a

and c) conrm the existence of two pathways to 7 as its hydride

ligand signal intensity, both in methanol-d3 and DCM-d2, exhibit

two maxima. Literature examples of {IrH3} and {IrH4} species

form by H2 addition to {IrH} and {IrH2} precursors respectively, or

involve base-driven deprotonation of {IrH4} and {IrH5} species.
12–15

Hence, routes to 7 via deprotonation of undiscerned {Ir(H)5} and 8

via H2 loss from {Ir(H)5}, or deprotonation of hydride dihydrogen

intermediates formed from 3 and 6 are possible.

Effect of deuteration on hydride ligand signals of

[Ir(H)4(DMSO)(IMes)] (7) and [Ir(H)3(DMSO)2(IMes)] (8)

As indicated earlier, when these reactions are performed in

methanol-d4, hydride ligand exchange with the methoxyl

Fig. 2 (a) Reaction time course chemical speciation plot for the changes that take place after H2 (3 bar) is added to 1 (5 mM), DMSO (25 mM) and

NaOMe (50 mM) in methanol-d3 at 298 K. Note, the signals for complexes 80 and 6 disappear after 60 and 100 minutes respectively. The inset

chart shows an expansion of the first 25 minutes of this profile for a sample that was prepared in a dry ice/acetone bath prior to placing it into the

NMR spectrometer at 298 K where data acquisition was started. This process allows the conversion to 6–9 to be more precisely monitored. (b)

Typical hydride spectral regions extracted from the 1HNMR spectra used to create chart (a) at the indicated times after H2 addition. (c) Analogous

reaction time course data collected after H2 (3 bar) is added to 1 (5 mM), DMSO (25 mM) and NaOMe (50 mM) in DCM-d2 at 298 K. (d) Typical

hydride regions of the corresponding 1H NMR spectra used to assemble chart (c), at the indicated times after H2 addition.

Chem. Sci. © 2024 The Author(s). Published by the Royal Society of Chemistry
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deuterium occurs. This is readily evident as when 8 is formed

initially in methanol-d4, the H3 form dominates before two

regioisomers, 8-d and 8-d0, of its mono 2H-labelled counterpart

result depending on which site contains deuterium (Fig. 3). For

8-d, the deuterium label is incorporated into the site trans to

hydride, and hence it yields inequivalent hydride ligand signals

at essentially the same chemical shis as those of 8, but now in

a 1 : 1 ratio. In contrast, its regioisomer 8-d0 contains two

equivalent hydride ligands as the deuterium label lies trans to

DMSO, and yields a single hydride signal at d = −9.37 (Fig. 3a).

Subsequently these signals disappear as 8 becomes fully

deuterated in addition to reacting to form deuterated analogues

of 9 and its binuclear counterparts.

The effect of deuterium exchange on the hydride ligand

signals for 3 and 7 is, however, much less obvious, although

these species are clearly deuterated; the resonances for 3

broaden, are less intense, and more challenging to discern.

Those of 7 in contrast no longer integrate to four when

compared to the IMes ligand signals. Furthermore, the diag-

nostic signals of 5, 50, and 9, are much harder to discern due to

their formation from these deuterated precursors, and/or the

fact that their hydride ligands can become deuterated via

exchange with solvent. Consequently, in methanol-d4 aer 15

hours reaction, ca. 75% of the starting hydride ligand signal

intensity is lost.

Hyperpolarised measurements to rationalise formation of

[Ir(H)4(DMSO)(IMes)] (7) and [Ir(H)3(DMSO)2(IMes)] (8)

In order to learn more about these reactions, studies using

parahydrogen-enhanced 1H NMR spectroscopy were

completed.45–53 Accordingly, a sample containing 1 (5 mM),

DMSO (25 mM) and NaOMe (50 mM) in methanol-d3 was

exposed to pH2 at 298 K, and then shaken in a magnetic eld of

65 G for 10 seconds before being rapidly placed into a 9.4 T

NMR spectrometer and examined using a single-scan 45° 1H

radio frequency pulse. This process should produce enhanced
1HNMR signals for hydride ligands that were previously located

in the pH2 feedstock if the rate of hydrogen addition is faster

than the rate of nuclear spin relaxation. Under these conditions,

the enhanced hydride ligand signals may display a mixture of

ALTADENA and PASADENA effects if the hydrogenation step

takes place at both low eld and high eld respectively.21

However, if the resulting iridium dihydride rapidly converts to

a second species then its signals may too be recorded as

a hyperpolarised response.31,44

Consequently, the 1H NMR spectrum recorded immediately

aer pH2 addition revealed enhanced hydride ligand signals for

both 8 and 80 with ALTADENA patterns (Fig. 4a). In contrast,

those of 6 displayed strong ALTADENA behaviour, with a small

PASADENA distortion. Broad enhanced hydride ligand signals

for 3 with PASADENA character were also visible (Fig. 4a) that

are consistent with its rapid H2 exchange. When further

measurements are recorded aer this sample is removed and

shaken again with fresh pH2 for 10 seconds at 65 G the

enhanced signals for 3 are no longer visible, although those of

the trihydrides 6 and 8 appear, albeit with reduced intensity

(Fig. 4b). Repeating this process sees the intensity of the

enhanced 1H NMR signals decrease until they are not visible

with enhancement aer 1 hour of reaction. It is worth noting

that other transient hydride ligand signals of similar intensity

to the enhanced signals for 80 are also discernible in the initial

hyperpolarised measurement (Fig. 4a), although their identity

could not be conrmed as they are only visible in hyper-

polarised experiments. When the aliphatic region of these NMR

spectra are examined, a PHIP enhanced signal for hydrogenated

COD (cyclooctane) at d = 1.5 is observed in addition to weak

SABRE enhanced IMes ligand signals. These results highlight

that trihydrides 6, 8, and 80 can be created in a hyperpolarised

form via PHIP.

Exchange spectroscopy (EXSY) studies on 8 were then con-

ducted that revealed its H2 loss rate to be negligible (<4%

exchange aer a mixing time of 1.3 s at 298 K). Hence, it is clear

that reversible H2 loss from 8 does not account for the PHIP

response it exhibits. Furthermore, this deduction is supported

by the fact that the intensity of its hyperpolarised signals

decrease over the rst ca. 15 minutes of reaction (Fig. 4b),

despite the fact its concentration grows during this period

(Fig. 2a). If 8 could exchange H2 it would be reected in a growth

of hyperpolarised signal intensity as its concentration

increases. As this is not the case, its polarised response must

result from the fact that it forms from a hyperpolarised

precursor (e.g. 3 or 6) with a faster formation rate than the rate

of relaxation. This is consistent with the fact that 3 has already

been reported to undergo rapid hydrogen exchange,39 while 6

has been reported to form in a hyperpolarised state, via

deprotonation of [Ir(H)2(h
2-H2)(COD)(IMes)] which forms aer

pH2 addition to 1 to form hyperpolarised 2.44 This hypothesis is

supported by the fact that signals for hyperpolarised 3 (in the

early stages of reaction) and 6 are observed throughout the time

course of the hyperpolarisation experiment (Fig. 4) and the

hyperpolarisation of 8 is no longer observed once 3 and 6 have

Fig. 3 Hydride regions taken from 1H NMR spectra recorded at the

indicated times after H2 (3 bar) is added to 1 (5 mM), DMSO (25 mM)

and NaOMe (50 mM) in methanol-d4 at 298 K. Unassigned signals

could result from isotopologues of 9 and other binuclear products.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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been consumed. These data in turn support the previous

conclusion that that 8 forms from 3 and/or 6.

Tetrahydride 7 does not display any obvious hyper-

polarisation, although as its hydrides are magnetically equiva-

lent, any hyperpolarisation is likely to be locked in a singlet

state which is invisible to these NMR experiments. EXSY

measurements also revealed that DMSO exchange in 7 and 8

does not occur on the NMR timescale, and that 3, 6–9 do not

interconvert on this timescale.

When these hyperpolarisation experiments are repeated in

DCM-d2, PHIP enhanced 2 and 3 are observed in the rst

measurement (see ESI, Section S5†). Weakly enhanced signals

for 8 can then be detected a few minutes later. Collectively,

these experiments conrm that the speed of reaction in DCM-d2
is too slow to produce strongly enhanced signals for 8.

Breaking the symmetry of trihydrides and tetrahydrides using

chiral sulfoxides

Trihydride 8 contains two magnetically equivalent hydride

ligands when Cs-symmetric DMSO is used. However, when

these experiments are repeated using asymmetric methyl-

phenylsulfoxide (MPSO), analogues of 7 and 8 can be created

wherein the hydride ligands are magnetically inequivalent. For

example, reaction of 1, MPSO, NaOMe and H2 in either meth-

anol-d3 or toluene-d8 yields equilibrium mixtures of [Ir(H)4(-

MPSO)(IMes)] (11) and [Ir(H)3(MPSO)2(IMes)] (12) (see ESI,

Section S6† for details of their characterisation). When the

hydride resonances for 12 are examined, two pairs of three

distinct signals are now seen. This results from the fact 12

contains two chiral sulfoxides, and forms as two pairs of dia-

stereomers, each with distinct resonances (Fig. 5a). A single

hydride resonance was observed at d = −8.44 for 11, which is

analogous in position to that of 7.

Now, hyperpolarisation experiments in methanol-d3 imme-

diately aer the addition of pH2 to samples containing MPSO

yield transiently enhanced signals for both diastereomers of 12,

in analogy to those seen for 8 that were described earlier,

although their relative intensity is now weaker. In addition, an

enhanced singlet is seen for 11, alongside that of a further

singlet at d = −13.00 in methanol-d3 (Fig. 5b). These observa-

tions suggest that MPSO succeeds in breaking the symmetry of

the precursors leading to 11. Unfortunately, the low proportion

and stability of the species yielding these two singlets precluded

their full NMR characterisation, however according to EXSY the

two species are in exchange. We suggest therefore that they

differ in respect to the location of the cation.

However, when these reactions are repeated in toluene-d8
using KH or KOMe as the base with 18-crown-6, the formation

of asymmetric tetrahydride 110 is achieved. It presents four

inequivalent hydride ligands that resonate at d = −11.75,

−12.13, −14.21 and −14.95 (Fig. 5c, ESI S6† for character-

isation). This inequivalence reects the cis relationship between

the sulfoxide and IMes ligands. The use of a crown ether to

stabilise such facial arrangements has been demonstrated

previously.15

Formation and role of 6–9 during hyperpolarisation of

pyruvate

The formation of these tri and tetrahydride complexes in the

analogous reactions with pyruvate was conrmed through

analogous experiments where samples containing H2 (3 bar), 1

(5 mM), DMSO (25 mM) and sodium pyruvate (30 mM) were

Fig. 4 (a) Hyperpolarised single scan 1HNMR spectra recorded using a 45° pulse immediately after the addition of pH2 to a methanol-d3 solution

of 1 (5 mM), DMSO (25mM) and NaOMe (50mM) at 298 K. Before the spectrumwas recorded, the sample was shaken with pH2 for 10 seconds at

65 G to initiate PHIP. The associated time course data detailing the corresponding change in hyperpolarised signal intensity given in (b). Each data

point is collected after refilling the tube with fresh pH2 and reshaking as described in (a).

Chem. Sci. © 2024 The Author(s). Published by the Royal Society of Chemistry
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examined in methanol-d4 (0.6 mL) at 298 K. Now, signals for the

hydride ligands of 3, and the two previously reported isomers of

4, are readily seen.34,39 However, when these NMR spectra are

examinedmore closely, extra signals for 6, 7, 8, 80, 8-d0, and 9 are

seen, both in the corresponding thermally polarised and

hyperpolarised 1H NMR spectra (Fig. 6). It is notable, that 1H

NMR signals for these species are visible even though NaOMe is

not specically added to the samples. This is not surprising as

sodium pyruvate equilibrates in methanol with NaOMe and

pyruvic acid.

This hypothesis was conrmed by doping the solutions (1 (5

mM), DMSO (25 mM), and sodium pyruvate (30 mM) in meth-

anol-d4 (0.6 mL)) with NaOMe (50 mM), and this did indeed

favour the formation of 6–9. Interestingly, the expected signals

for 4 are no longer seen. This agrees with the observation that

when 4 is prepared in situ, by H2 addition to 1 (5 mM), DMSO (25

mM), and sodium pyruvate (30 mM) in methanol-d4 (0.6 mL), it

rapidly converts into 7, 8 and 8-d0 once NaOMe (50 mM) is

added.

In the context of pyruvate hyperpolarisation using SABRE, the

presence of 6–9 will serve to hamper the key magnetisation

transfer activity as their formation reduces the amount of active

catalyst 4. However, as 6–9 appear to exhibit slow/no H2 exchange

themselves they are unlikely to play a role in destroying the pH2

singlet order needed for SABRE. Hence, for those seeking to

optimise pyruvate hyperpolarisation, the formation of 6–9 should

simply be minimised, and thus sample pH controlled as it clearly

is a key factor in the production of 7 and 8.

Experimental

All NMR measurements were carried out on a 400 MHz Bruker

Avance III spectrometer at 298 K unless otherwise stated. Para-

hydrogen (pH2) was produced by passing hydrogen gas over

a spin-exchange catalyst (Fe2O3) at 28 K and used for all

hyperpolarisation experiments. This method produces constant

pH2 with ca. 99% purity. 1H (400 MHz) and 13C (100.6 MHz)

NMR spectra were recorded with an internal deuterium lock.

Chemical shis are quoted as parts per million and referenced

to residual solvent. All starting compounds were purchased

from Sigma Aldrich, Fluorochem, or Alfa-Aesar and used as

supplied without further purication. 1 was synthesised

according to a literature procedure.54

The shake & drop method was employed for recording

hyperpolarised SABRE NMR spectra. Samples were prepared in

a 5 mm NMR tube that was tted with a J. Young's tap. NMR

samples were subsequently degassed by three freeze–pump–

thaw cycles using a Schlenk line before lling the tube with H2

or pH2 at 3 bar overpressure. Once lled with pH2, the tubes

were shaken vigorously for 10 seconds at ca. 6.5 mT. Immedi-

ately aer that, the NMR tubes were put inside the spectrometer

for immediate NMR detection. Both hyperpolarised and

Fig. 5 (a) Hydride regions taken from 1H NMR spectra recorded a few minutes after H2 (3 bar) is added to 1 (5 mM), MPSO (25 mM) and NaOMe

(50 mM) in methanol-d3 at 298 K. (b) Hydride region of a single scan 1H NMR spectra recorded with a 45° pulse a few minutes after pH2 (3 bar) is

added to 1 (5 mM), MPSO (25 mM) and NaOMe (50 mM) in methanol-d3 at 298 K and shaken at 6.5 mT for 10 seconds. A thermally polarised

spectrum recorded 30 seconds after this spectrumwas recorded presented is shown above on the same vertical scale. The inset trace shows an

expansion to illustrate the appearance of the polarised signals for 11 and 12. The singlet marked by the asterisk is tentatively assigned as an

analogue of 11. (c) Hydride regions taken from 1H NMR spectra recorded a few days after H2 (3 bar) is added to 1 (5 mM), MPSO (25 mM) and KH

(50 mM) with 18-crown-6 (25 mM) in toluene-d8 at 298 K.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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thermally polarised spectra were recorded on the same sample

using the same spectrometer settings.

Conclusions

In this work novel trihydride [Ir(H)3(IMes)(sulfoxide)2] and tet-

rahydride [Ir(H)4(IMes)(sulfoxide)]M [M = Na and K] complexes

result when [IrCl(COD)(IMes)] reacts with sulfoxide, base and

H2. Mechanistic and kinetic 1H NMR studies have revealed that

these complexes form in two separate pathways: either via

[Ir(Cl)(H)2(IMes)(sulfoxide)2], or through replacement of the

diene in [Ir(H)3(COD)(IMes)]. At long reaction times, the

formation of dinculear complexes like [Ir2(Cl)(m2-Cl)(H)3(m2-

H)(IMes)2(DMSO)2], and [Ir2(H)4(m2-H)(m2-OCD3)(DMSO)2(-

IMes)2] dominate the reaction products.

These reaction products have been characterised using

a combination of advanced 2D NMR and parahydrogen hyper-

polarised NMR. Notably, they can be detected with hyper-

polarised NMR signals when pH2 is used as a reactant.

Furthermore, the use of symmetry breaking methylphenylsulf-

oxide enables analogues of these complexes to be created where

their hydride ligands become chemically distinct. This effect is

a major benet when analysing such systems by NMR spec-

troscopy and PHIP.

This study has also shown that these unusual products are

present when related [Ir(H)2(k
2-pyruvate)(IMes)(sulfoxide)] and

[IrCl(H)2(IMes)(sulfoxide)2] are used to catalytically transfer

spin order from pH2 to pyruvate through SABRE. Signicantly,

the efficiency of pyruvate hyperpolarisation using SABRE has

been dramatically increased from its initial demonstration in

2019 to the point where it has been used to produce probes for

in vivo biomedical imaging studies in rodents with promise for

clinical translation.37 Our results provide insight into the role

these previously unknown species play during SABRE, and

suggest their formation should be avoided, by varying sample

pH in order to achieve the maximum active catalyst

concentration.
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