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para-Hydrogen induced polarisation (PHIP) is an excellent tool for
extracting mechanistic information in catalysis since it circumvents
the intrinsic low sensitivity of nuclear magnetic resonance (NMR)
spectroscopy. We report a class of iron complexes that are highly
active in olefin hydrogenation catalysis and act as PHIP catalysts at
1.4 Tesla. Moreover, hyperpolarisation transfer to °F is observed.

para-Hydrogen induced polarisation (PHIP) represents a powerful
mechanistic tool, which enables the use of NMR spectroscopy to
obtain local chemical environment information through a boost in
sensitivity by several orders of magnitude." Within the field of
PHIP, special approaches such as the hydrogenation of the side
arm (PHIP-SAH) have been established to broaden the variety of
accessible substrate systems and to optimise signal enhancement.”
The PHIP approach is currently used successfully in catalysis® and
biomolecular NMR,* and relies on magnetic hyperpolarisation,
usually through the incorporation of para-hydrogen (p-H,) in an
organic substrate, through catalytic hydrogenation. In homoge-
neous catalysis, PHIP has enabled the detection of very low
concentrations of metal-based intermediates under catalytic con-
ditions, which would have been impossible to detect otherwise by
NMR spectroscopy.” Currently, PHIP catalysts based on noble
metals (ie. Rh, Ir, Pd, and Pt) dominate the field. Nevertheless,
for the application of PHIP in bioimaging studies, reliance on
noble metals has been seen as a hindrance to its implementation.®
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In an effort to design catalysts based on more biocompatible and
non-geopolitically geopolitically-source base metals, the last 20 years
have seen rapid progress in the development of earth-abundant
systems that exhibit hydrogenation activities comparable to those of
noble metals. In iron chemistry, systems based on redox-active
ligands are amongst the most active catalysts known for
olefin functionalisation, such as hydroelementation or [2+2]-cyclo-
addition.” In the direct catalytic hydrogenation of olefins, such
systems can promote turnover at loadings as low as 0.1 mol%,*’
which is comparable to and even surpasses the performance of
established catalysts based on rhodium and iridium.*

This success, however, has not yet been mirrored in the
development of PHIP catalysts based on iron. Unlike noble-
metal catalysts, which typically operate via 2e™ redox steps, in
the case of iron, 1e™ steps tend to be favourable. The resulting
paramagnetic species involved are known to catalyse the conver-
sion of p-H, back to the equilibrium mixture of ortho-hydrogen
(0-H,) and p-H, (a 75:25 ratio at RT)."" Thus, until now, there
have been very few examples employing iron-based catalysts for
reactions involving p-H,."” Recently, Fout et al. reported a rigid,
redox-innocent pincer system based on two flanking NHCs as
strong c-donors and a phenyl ring, which can stabilize an iron
hydride species (Fig. 1)."* This system is an active catalyst for
olefin hydrogenation (down to 1 mol% catalyst loading), and
remarkably, PHIP of the hydrogenation products was observed.
We herein report another family of iron-based PHIP catalysts
based on a potentially redox-active ligand, capable of hydroge-
nating olefins at catalyst loadings as low as 0.1 mol%. In
addition to the PHIP effect observed at 1.4 T on the 'H reso-
nances of the hydrogenated substate, transfer of polarisation to
'9F resonances is also observed. This opens an interesting path-
way to iron-based PHIP catalysts capable of polarizing marker
molecules with potential applications in MRL'* We have pre-
viously reported that the PNN-ligand (PNN = phosphine
a-iminopyridine) framework can stabilise dinuclear iron dinitro-
gen complexes (1), as well as a rare example of an anionic iron
hydride complex bearing a N, ligand (2)."> While both complexes
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Fig. 1 State-of-the-art iron-based molecular PHIP catalysts.

are based on formal Fe(0) centres, exhibiting a singlet ground
state, the electronic structures of these complexes are significantly
different. Namely, for [PNNFe(N,)],(1-N,) (1), the PNN ligand is
redox non-innocent with a narrow singlet-triplet separation
(AEgr = 3.7 keal mol™", DFT), while 2 has a closed-shell singlet
ground state, featuring a redox-inactive PNN chelate and a con-
siderably widened singlet triplet separation (AEsyr = 9.2 keal mol ™,
see the ESIT)."®

Since 1 and 2 possess labile N, ligands, which can be
displaced by more m-accepting olefins, they seem well-suited for
olefin functionalisation reactions such as hydrogenation. Both
systems are highly active in catalytic hydrogenation of olefins at
low catalyst loadings (Fig. 2). Under the same reaction conditions
(0.1 mol% loading per Fe centre, 7 bar H,, RT) using p-F-styrene 3
as a model substrate, hydride 2 displayed slightly higher activity
(full conversion in 10 min) when compared to 1 (97% conversion
after 15 min). Hydride 2 can additionally hydrogenate a wide
range of mono-substituted aromatic and aliphatic olefins (3-8).
Geminal disubstituted olefins (9) remained reactive, albeit with a
significantly lower reaction rate. Activated internal olefins (e.g
norbornene 10) underwent hydrogenation rapidly, while less
activated internal olefins (11 and 12) required significantly longer
reaction times. Interestingly, conjugated olefins (e.g. 12) did not
resist turnover, suggesting that an n*-diene intermediate is not a
viable thermodynamic sink in this methodology. In the absence
of H,, styrene derivatives undergo polymerisation in the presence
of 2 at higher catalyst loadings (> 0.5 mol%) and higher substrate
concentrations (>1.4 M), while this side reaction could mostly
be suppressed at lower catalyst loadings and concentrations
(<0.5 mol%, <0.7 M). An exception to this is o- and m-F-styrenes
(vide infra). Substrates containing more fragile functional groups
(e.g esters, 15) required higher catalyst loadings and led to incom-
plete conversion. For longer chain olefins (14 and 15), in addition to
olefin hydrogenation, competitive double bond isomerisation was
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Fig. 2 Olefin hydrogenation substrate scope using 2 as a pre-catalyst.
Conversions were determined by *H NMR spectroscopy with respect to an
internal standard (CgMeg).

observed (ca. 30%). Vinylic phenols and allylic amines remained
unreactive (see the ESIY).

Given the high activity of 1 and 2 in olefin hydrogenation, we
investigated the catalytic conversion of styrene substrates in the
presence of para-hydrogen (p-H,). For polarisation transfer
from p-H, to the hydrogenated substrate to occur, a series of
pre-conditions are required, including (i) the pair-wise addition
of H, to the substrate needs to occur with the breaking of
symmetry of p-H,, (ii) the transfer of hydrogen atoms to the
substrate needs to proceed faster than the relaxation of the
nuclear spin of the product,'® and (iii) the formation of para-
magnetic (or ferromagnetic) particles needs to be inhibited, as
this can lead to a faster spin relaxation.

The fulfilment of pre-conditions (i) and (ii) mandates the
hydrogenation of unsymmetrical olefinic substrates, mediated by
highly active catalytic systems. We have chosen propene and p-F-
styrene (3) as representatives of aliphatic and aromatic olefins as
model substrates, in the presence of iron-based catalysts 1 and 2.
Since the two catalysts are structurally similar but have very
different electronic structures (vide supra), subjecting the two
systems to PHIP conditions would reveal more information about
ligand design in iron-based polarisation transfer methodologies.
Under ALTADENA conditions,"” the hydrogenation of propene and
p-F-styrene (3) was performed with catalyst 1 or 2, respectively, by
treatment with 4 bar p-H, and subsequent transfer of the appro-
priate sample into the probe of a 1.4 T benchtop NMR spectro-
meter. The signal enhancements (labelled as ¢, for catalyst 1 and ¢,
for catalyst 2) and decays of polarisation obtained in "H NMR were
monitored in THF-dg and C¢Ds solutions for 1, and in only THF-dg
solution for 2 due to solubility reasons. The obtained 'H signal
enhancement factors are summarized in Table S1 (ESIt) and the
corresponding spectra are shown in Fig. S37-545 (ESIY).

As shown in Fig. 3a, for propene, the highest "H enhance-
ment of 270 was obtained with 1 in THF-dg, while for p-F-styrene

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 A summary of the PHIP experiments and excerpts from *H (a) and
19F (b) NMR data (RT, 1.4 Tesla benchtop NMR spectrometer). For the full
dataset, see the ESI.1

(3) the highest enhancement of 2250 was obtained with 2 in
THF-dg, which corresponds to a polarisation of 1.09%, as described
in the ESL1 In comparison, the enhancement reported in ref. 13 (ca.
200) corresponds to a polarisation of 0.97%, which is statistically
identical. This convincingly demonstrates the feasibility of '"H PHIP
at 1.4 Tesla for both gaseous and liquid substrates employing
catalysts 1 and 2 in THF-dg. For the hydrogenation of 3 with catalyst
1, the influence of solvent on the enhancement factor was investi-
gated. An impact is observed (g; = 415 for THF-dg, &, = 515 for C¢Ds),
in line with previous reports on rhodium and iridium catalysts.'®
Since various parameters influence the obtained enhancement (see
the ESIt), systematic studies are required, which are beyond the
scope of this communication.

Subsequently, we have studied the feasibility of PHIP polar-
ization transfer from *H to °F. To measure the dependence of the
enhancement factor on the position of substitution, we have
explored o-F-styrene (6) and p-F-styrene (3) as substrates under
ALTADENA conditions.§ The °F signal enhancement factors are
summarised in Table S1 (ESIt), and the corresponding spectra are
shown in Fig. S46-S50 (ESIt). As illustrated in Fig. 3b, both
catalysts 1 and 2 show PHIP transfer to '°F, with enhancement
factors of up to 190 obtained for o-F-styrene with catalyst 2 in THF-
dg. In C¢Dg, polarization transfer to '°F with catalyst 1 is even more
efficient, leading to an enhancement factor of 775 obtained for p-F-
styrene. This again demonstrates the influence of the solvent on

This journal is © The Royal Society of Chemistry 2025
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the signal enhancement. Comparison of enhancement factors for
o- and p-fluoro substituents (30 vs. 95 for catalyst 1 and 190 vs. 200
for catalyst 2) does not allow us to establish any clear trend with
respect to the efficiency of polarization transfer as a function of
styrene substitution. This is consistent with the results reported by
Kuhn et al. who investigated "°F PHIP polarization transfer for
o- and p-F-styrenes with a Rh() catalyst."* To the best of our
knowledge, this is the first report of iron-mediated PHIP transfer to
F. It is interesting to note that PHIP can be observed with 1
despite the presence of the low-lying triplet states, the redox non-
innocent nature of the chelating ligand and the absence of an Fe-
H functional group (for the proposed mechanism, see the ESI}).
To gain further mechanistic insight into the catalytic hydro-
genation, we investigated the reactivity of complex 2 toward
styrenes and H, over a broader temperature range using NMR
spectroscopy. Under H, pressure (7 bar, —40 °C to RT), 2 remained
unchanged, although it readily formed the iron deuteride 2-d; with
D,, consistent with previous reports (see the ESIt). This selective
reactivity, along with the observed PHIP in hydrogenation pro-
ducts, points towards the following mechanism (Fig. 4): (i) rapid
formation of an m>olefin complex (Int. 1), especially in the
presence of excess substrate; (ii) formation of a c-H, complex
(Int. 3) following the coordination of para-H, and (iii) selective
transfer of the coordinated dihydrogen to the coordinated olefin to
give rise to a hyperpolarised substrate. As a competing pathway,
reversible olefin insertion into the Fe-H bond to give Int. 2 is
conceivable, but would probably not give rise to a hyperpolarised
product. This pathway is also likely responsible for the observed
styrene polymerisation reaction at higher catalyst loadings. Further
mechanistic studies are required to determine to which extent the
insertion pathway to give Int. 2 is also involved in the productive
catalytic hydrogenation pathway. Catalytic hydrogenation with D,

© o
H D
o D, 7 bar |
""Fe—N, """Fe—N
kN’ \ THF-dg, 10 min, RT kN/ \
N no HD complex observed N
2
2-d,
\5 Step (i)
R
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—— k"l:Fe_L |_=H2, NZ
N/ \ or olefin
N
Int. 2
p-H, :
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Step (ii) or styrene
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Fig. 4 Proposed mechanism for the hydrogenation of olefins in the
presence of 2.
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gives predominantly the 1,2-deuterated product, with minor
amounts of terminal isotopomers (see the ESIT), suggesting rever-
sible B-hydride elimination.

In conclusion, we have introduced two highly active iron
catalysts, capable of hydrogenating aromatic and aliphatic
olefins at loadings down to 0.1 mol%. Conducting the hydro-
genation experiments on propene and p-F-styrene in the
presence of p-H, allowed achieving enhancement factors of up
to 270 and 2250, respectively, in THF-dg at 1.4 T (60 MHz benchtop
spectrometer). We have also demonstrated for the first time that
iron-based systems are capable of PHIP transfer to '°F, with
enhancement factors of up to 775 in C¢Ds and up to 200 in
THF-dg at 1.4 T. Interestingly, this work shows that in principle,
both open-shell singlet iron complexes with low lying triplet states
(1) and closed-shell iron complexes (2) can act as PHIP catalysts,
demonstrating that ligand field strength is not the only parameter
that governs the design of iron based PHIP catalysts. The current
work lays the groundwork for a broader investigation of polarisa-
tion transfer to other heteronuclei using iron catalysis based on
redox-active ligands, with the aim of replacing and complementing
the established approaches based on noble metals (e.g. Rh and Ir).
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