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Tunable iridium catalyst designs with bidentate N-heterocyclic 
carbene ligands for SABRE hyperpolarization of sterically hindered 
substrates† 
Pierce Pham and Christian Hilty* 

A series of bidentate N-heterocyclic carbene (NHC) iridium 
catalysts, [Ir(κC,N-NHC)H2L2]BPh4, are proposed for SABRE 
hyperpolarization. The steric and electronic properties of the NHCs 
are used to tune substrate affinity and thereby SABRE efficiency. 
The sterically hindered substrates 2,4-diaminopyrimidine and 
trimethoprim yielded maximum proton NMR signal enhancements 
of ~300-fold and ~150-fold, respectively. 

The signal amplification by reversible exchange (SABRE)1,2 
provides renewable nuclear spin hyperpolarization, which can 
potentially further a wide array of applications of NMR. 
Particularly, biomedical and biomolecular applications often are 
limited by achievable sensitivity at a low analyte concentration. 
SABRE hyperpolarization would allow the measurement of 
multi-dimensional spectra for structure elucidations, as well as 
of time-resolved data showing the evolution of biochemical 
processes and reactions. 

Para-hydrogen and ortho-hydrogen are the singlet and 
triplet spin states of hydrogen molecules. The para state can be 
enriched at low temperature using a spin flip catalyst. In the 
SABRE process, a net nuclear spin polarization of a target 
compound is achieved when the target compound and 
parahydrogen simultaneously bind to a polarization transfer 
catalyst, such as an iridium complex. A primary challenge in the 
applications of SABRE at present is the need for broadening the 
range of compounds that can be hyperpolarized with this 
technique. In order to build bulk spin polarization, the analyte 
must be a ligand to the SABRE catalyst with specific properties. 
Only substrates that bind with optimal affinity to the metal 
center of the catalyst while forming a structure with a nuclear 
spin J-coupling to metal hydrides, originating from para-
hydrogen, can receive spin polarization.1–3 In general, many 
nitrogen-heterocyclic compounds may fulfil these requirements 
and the typical pre-catalyst , Ir(COD)(Cl)(IMes), is commonly 

employed for SABRE (IMes = 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene) and COD = 1,5-
cyclooctadiene). The prototypical ligand pyridine readily 
achieves proton NMR signal enhancements of several hundred-
fold. However, modifications of the ligand structure, such as 
substitutions with different functional groups, can modify 
binding affinity or exchange rates, decisively lowering the 
achievable hyperpolarization.4,5 These issues can be overcome 
for different substrates by changing the catalyst structure, such 
as by modifying the IMes ligand or including co-ligands binding 
to the catalyst.6–11  

Using monodentate NHC, three bound substrate molecules are 
required to form SABRE active complexes. This requirement prevents 
hyperpolarization of molecules with bulky functional groups near 
their binding site.2–7 This steric hindrance can be alleviated with the 
replacement of at least one bound substrate molecule by a co-ligand 
such as acetonitrile or allylamine. A signal enhancement of up to 
several hundred-fold has been achieved for ortho-substituted 
pyridines and pyrimidines with this strategy.12 Similarly, iridium 
catalysts with bidentate ligands can form SABRE active complexes 
with two bound substrates, solving the steric congestion of ligand 
binding. SABRE hyperpolarization of 2-methylpyridine and 2-
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Fig 1 Synthetic scheme for the four catalysts (steps i – iii, see ESI), and activation (step iv) 
of [Ir(COD)(κC,N-NHC)]BPh4 for hyperpolarization of a substrate L. Catalyst structures are 
shown described in the table and inset. Ph = phenyl, Mes = 2,4,6-trimethylphenyl, Dipp 
= 2,6-diisopropylphenyl, pyz = 1-pyrazolyl, pyd = 2-pyridyl, and COD = (Z,Z)-1,5-
cyclooctadiene. ! In-situ product of thionyl chloride and 1-pyrazolylmethanol, * binding 
sites of the bidentate NHC ligands to iridium. 

Page 1 of 5 ChemComm



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

fluoropyridine to signal enhancements of >100-fold was 
demonstrated using [Ir(COD)(Phox)]PF6 (Phox = 2-(2-
(diphenylphosphanyl)phenyl)-4,5-dihydrooxazole). This catalyst was 
originally used as a hydrogenation catalyst.13 Several iridium 
complexes with bidentate NHC ligands are also known to catalyze 
hydrogenation and dehydrogenation reactions,14–17 and are 
potentially suitable for SABRE.  

Here, we demonstrate the hyperpolarization of sterically 
hindered compounds using iridium catalysts with a series of 
bidentate NHC ligands that have different steric and electronic 
properties. These NHC ligands structurally include aryl groups and 
nitrogen-heterocyclic groups. The aryl groups include 2,4,6-
trimethylphenyl, resembling a typical IMes-iridium SABRE catalyst, 
and 2,6-diisopropylphenyl that causes higher steric hindrance. The 
selected nitrogen-heterocyclic groups mimic hyperpolarizable 
substrates including pyrazole and pyridine, with the pyridyl fragment 
showing higher electron donation to the Ir center (Figure 1).  

After activation of pre-catalysts, SABRE experiments were 
conducted by bubbling 10-bar hydrogen gas (~50% para-hydrogen) 
through the samples for 15 seconds at pre-set temperature and 
magnetic field, followed by the manual transfer of the samples into 
an NMR magnet within 5 seconds. The proton NMR spectra were 
collected after a 90o hard pulse (see ESI).  

For the substrate 2,4-diaminopyrimidine and all four catalysts, 
SABRE hyperpolarization with a proton NMR signal enhancement of 
several hundred-fold was obtained, as compared to signal integrals 
from thermal polarization in a 400 MHz NMR magnet (Figure 2a-d for 
catalysts 1-4). The ortho-proton (7.67 ppm in Figure 2a-d) to N1, the 
likely binding side of 2,4- diaminopyrimidine, as expected received 
the highest polarization. The spin polarization achieved for this 
substrate was higher than with a typical IMes-iridium catalyst both 
with and without coligands, which had previously resulted in signal 
enhancements of 7 and 210 fold, respectively.12 In Figure 2e, the 
larger drug molecule trimethoprim, which contains the same 
fragment, is hyperpolarized with the catalyst 4. Again, the ortho-
proton (7.53 ppm in Figure 2e) to N1 of pyrimidinyl moiety, shows a 
signal enhancement of >100-fold, demonstrating that the bidentate 

catalyst is capable of binding to, and therefore enable the 
hyperpolarization of larger molecules. The signal enhancement of 
148-fold is approximately two times higher than an enhancement of 
70-fold achieved with IMes-iridium catalyst with coligands under 
optimal conditions.12 

The SABRE polarization efficiency with the different catalysts 
depends on several factors, which include catalyst and substrate 
concentrations, para-hydrogen enrichment and pressure, magnetic 
field, and temperature. The magnetic field and temperature 
dependence for SABRE hyperpolarization of 2,4-diaminopyrimidine 
using catalysts 1 – 4 is characterized in Figures 3a and b, respectively. 
The signal enhancements of the proton ortho to the likely binding 
site of the substrate are plotted. First, magnetic fields were tested in 
the range of 1 – 10 mT, while keeping the sample at a constant 
temperature of 35 oC during polarization (Figure 3a). Although 
different signal enhancements were obtained using the different 
catalysts, a similar trend is observed. As magnetic fields increase, 
enhancements generally increase up to a field of 6 – 7 mT and 
decreased thereafter. This optimal field is in agreement with 
predictions of ~6 mT for other Ir catalysts based on level crossing 
theory.18 The magnetic field was chosen at 6.5 mT, which is also a 
typical field strength for pyridine hyperpolarization with Ir 
catalysts.3,9,19  

In contrast, at a constant magnetic field, a difference in the 
temperature dependence of the signal enhancements with the four 
catalysts was observed. The signals obtained using catalysts 1 and 2 
increased monotonically as the temperature was increased up to 65 
oC. Substrates hyperpolarized with catalysts 3 and 4 on the other 
hand reached a maximum signal enhancement near 55 and 45 oC, 
respectively. The different temperatures for maximum signal 
enhancement can be rationalized by analyzing the dissociation rates 
of the bound substrates from the catalyst. Several systematic studies 
previously indicated that the SABRE signal enhancement depends 
strongly on ligand exchange rates, with rates that are too high or too 
low resulting in lower signals.3,19 For the catalysts described here, the 
2,6-diisopropylphenyl group causes more steric hindrance than the 
2,4,6-trimethylphenyl group, thereby increasing the substrate 

Fig 2 Proton NMR spectra of 2,4-diaminopyrimidine hyperpolarized using catalysts 1 – 4 in a – d, respectively, and trimethoprim hyperpolarized using catalyst 4 in e. Each panel 
contains the SABRE hyperpolarized spectrum obtained under optimal conditions shown in Table 1 (bottom trace) and a non-hyperpolarized reference spectrum obtained at 25  
oC (top trace). 
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dissociation rate. The pyridyl moiety, based on the basicity of 
comparable monodentate ligands, is expected to be a stronger 
electron donor compared to the pyrazolyl moiety, 21 and therefore 
caused an increased substrate dissociation rate. Overall, catalyst 4, 
which contains the moieties with higher steric hindrance and higher 
electron donation reached the optimal ligand exchange rate at the 
lowest temperature. 

Optimal substrate exchange rates in the range of 10 – 12 s-1 were 
previously described for equatorially bound ligands in 
hyperpolarization of pyridine using the typical Ir(IMes)(pyridine)3H2 
catalyst.2,3 For comparison, we determined the dissociation rates of 
equatorially bound 2,4-diaminopyrimidine from catalysts 1 – 4 in 
experiments separate from those showing hyperpolarized signals. 
The corresponding Eyring plots are shown in Figure 3c. The 
assumption that the optimal exchange rate for SABRE polarization is 
on the order of 10 s-1 would predict optimal temperatures of 71.7, 
63.8, 54.2, and 46.2 oC for catalysts 1 – 4, respectively. These values 
were determined from the fitting results in Figure 3c. The predicted 
temperatures for optimal SABRE signal enhancements agree with the 
observed temperatures of 55 and 45 oC for catalysts 3 and 4, for 
which the optimal temperatures were within the experimentally 
accessible range. 

The conditions for highest signal enhancement are summarized 
in Table 1. As seen in the individual spectra from Figure 2, signal 
enhancements of the proton in the ortho position to the catalyst 
binding site of 2,4-diaminopyrimidine were achieved at ~200-fold for 
catalyst 1 and ~300-fold for catalysts 2 – 4. Based on the observed 
trends, it is likely that an enhancement of similar magnitude may also 
be achieved for catalyst 1, if a higher temperature would be reached. 

The data in Figure 3c and Table 1 demonstrates that the 
exchange rate can be tuned both by changing the steric and 
electronic properties of the bidentate catalysts, to achieve an 
optimum polarization is at a desired temperature. For 2,4-
diaminopyrimidine, the steric hindrance of the bidentate NHC 
ligands influenced the exchange rates of 2,4-diaminopyrimidine 
more strongly than the electronic properties, as evidenced by 
comparing ligand dissociation rates of catalyst 1 to catalyst 2 
(stronger electron donation) or catalyst 3 (higher steric hindrance) 
(Figure 3c). 

In the following, hyperpolarization of the substrate trimethoprim 
using catalyst 4 is analyzed. Because of the larger size, trimethoprim 
may be expected to reach the optimal SABRE condition at lower 
temperature than 2,4-diaminopyrimidine. However, the highest 
signal enhancement was observed at 65 oC, in agreement with a 
temperature of 63.4 oC predicted from the Eyring plot in Figure 3c for 
a dissociation rate of 10 s-1. This temperature is higher than the 
optimal temperature of 45 oC for hyperpolarizing 2,4-
diaminopyrimine with the same catalyst. This observation can be 
rationalized by the benzyl-type substituent of trimethoprim causing 
an increase in the electron donating ability of N1 in the pyrimidine 
fragment, and thereby a stronger binding of trimethoprim to iridium. 
As also seen in Figure 2, a proton NMR signal enhancement of near 
150 was achieved, about twice as much as with a monodentate 
catalyst,12 but lower than for 2,4-diaminopyrimidine. This latter 
difference is likely due to the different T1 relaxation time5 of 
trimethoprim and 2,4-diaminopyrimidine, which are 2.3 and 10.3 s, 
respectively, at 9.4 T. 

There is not a single catalyst to provide high SABRE efficiency to 
all ligands. After the first SABRE demonstration with pyridine using 
Crabtree’s catalyst, multiple iridium catalysts with different 
monodentate phosphine ligands were investigated. The usage of 
monodentate NHC iridium catalysts showed faster exchange rates 
and higher SABRE activity for pyridine.2,20 An iridium catalyst with 
bidentate phosphine ligand demonstrated good SABRE activities for 
hyperpolarization 2-methylpyridine and 2-fluoropyridine.13 The 
phosphine ligand may not yield similar SABRE activities for ligands 
with stronger binding affinity such as 2,4,-diaminopyrimidine due to 
slow ligand exchange rates. 

Here, we describe a series of bidentate based on an NHC core 
structure, which can be tuned for substrate binding affinity by 
variation of steric and electron donating properties. The bidentate 
ligand structure is well suited for this goal, by offering two separate 
sites for these modifications. Additional variations can readily be 
envisaged to support hyperpolarization of more strongly binding 
substrates, by replacing the aryl moiety with analogs of 2,6-
diisopropylphenyl that contain longer chains or bulkier substituents, 
and the nucleophilic moiety with stronger electron donating groups 
such as carbenes.22,23 Additional increases in signal enhancement 
could further be achieved without any modification of the catalyst, 

Fig 3 a) Magnetic field dependence of signal enhancement from SABRE hyperpolarization of the ortho-proton in 2,4-diaminopyrimidine using catalysts 1 – 4 and the ortho-proton 
of trimethoprim using catalyst 4. The temperature for hyperpolarization was 35 oC. b) Temperature dependence of signal enhancement. The data was measured at a magnetic field 
of 6.5 mT. c) Eyring plots showing the temperature dependence of the ligand exchange rates determined from exchange spectroscopy (EXSY). The lines represent the linear fitting 
results of y = -13147x + 35 (R2 = 0.99), y = -12694x + 34 (R2 = 1.00), y = -12847x + 36 (R2 = 1.00), and y = -12178x + 35 (R2 = 1.00) for the experiments of 2,4-diaminopyrimidine and 
catalysts 1 – 4 respectively and -11231x + 30 (R2 = 1.00) for the experiment of trimethoprim with catalyst 4.
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by using higher para-hydrogen enrichment at lower temperature, or 
catalysts with deuterated NHC ligand.19 The same catalysts may also 

be amenable to hyperpolarize hetero-nuclei such as 15N or 13C, either  
directly or indirectly.7,13    

Table 1 Summary of activation, optimization, and enhancements for SABRE hyperpolarization of 2,4-diaminopyrimidine using catalysts 1 – 4, and for trimethoprim with catalyst 4. 

 

 

 

‡The first NMR scan was obtained 10 minutes after pressurization with hydrogen gas. *Signal enhancements of ortho-proton (top) and meta-proton (bottom) of 2,4-
diaminopyrimidine. !Enhancements of pyrimidinyl proton (top) and phenyl proton (bottom) of trimethoprim. The standard deviations are calculated from a total of four 
measurements made from two distinct samples.

 In conclusion, a series of four bidentate-NHC iridium 
catalysts rationalize the influence of steric and electronic effects 
to the SABRE hyperpolarization of substrates containing N-
heterocycles. The SABRE enhancements of the ortho-proton to 
N1 reached ~300-fold for the ortho-substituted heterocycle 2,4-
diaminopyrimidine, and ~150-fold for trimethoprim, a bulkier 
molecule containing this fragment. A comparison of substrate 
exchange rates and optimal conditions for hyperpolarization 
emphasizes the importance of the catalyst design for strongly 
binding ligands. Broadening the range of catalyst designs 
available for SABRE hyperpolarization is crucial to enhance the 
application of this technique, especially towards large libraries 
of biological compounds encountered in drug discovery and 
other applications. 
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Catalyst 1 2 3 4 4 + trimethoprim 

Activation conditions‡ 
827 kPa H2, 65 oC 

2 hours 10 minutes 20 minutes 10 minutes 10 minutes 

SABRE conditions 
827 kPa H2 

65 oC 65 oC 55 oC 45 oC 65 oC 

Signal enhancements* 
-209 ± 27 
-160 ± 23 

-307 ± 40 
-217 ± 19 

-340 ± 45 
-302 ± 32 

-282 ± 27 
-204 ± 8 

-149 ± 6! 
-16 ± 2! 
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A series of bidentate iridium catalysts is demonstrated to provide para-hydrogen induced 
polarization by SABRE for NMR sensitivity enhancement. The catalysts contain an aryl and a 
nucleophilic moiety, which can be chosen to adjust the substrate exchange rate for optimal 
polarization efficiency.
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