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Nuclear Magnetic Resonance (NMR) and Magnetic Resonance | maghg(MRI) aretwowidely usedtechniues for the study
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of molecules and materab. Hyperpolarisation methods, such as S gnalAmplificationBy Reversible Ex change ( SABRE), turn

typically weak magnetic re sonance responses into strong signak. In this article we detal how t is possible to hyper polarse

the "H, ™C and '°N nuclei of a range of amnes. This involed showing how primary amines form stable but labile

complex es of the type [Ir(H),(I Mes)(amhe);] Cl that albw parahydrogen to reby its latent polaration into theamine. By
optimishg the temperature and parahydrogen pressure a 1000- fold per proton NH signal gain for deutera ted benzylamhe

is achieved at 9.4 T. Additionally, we show that sterically hindered and electron poor amines that bind poorly to iridium
can be hyperpolarised by either empbyng a co-ligand for complex stablisation, or harnessing the fac t that it is possible to

exc hange hyper polarised protons between amines in a mixture, through the recentl reported SABRE-RELAY me thod.
These chemical re finements have significant potental to extend the classes of agent thatc an be hyper polarise d by readily

accessbk parahydrogen.

Introduction

Hyperpolarisation methods are used to overcome the
inher ent i nsensitivity of Nuclear Magnetic Resonance (NMR)
spect roscopy and Magnetic Resonance I maging (MRI) where
theiruse may lead to dramatic time and cost savings. One such
hyperpol arisationmethod, ParaHydrogen Induced Polari sation
(PHIP),1 produces the required non-Boltzmann nuclear spin
distribution by the incorporation of parahydrogen (p-H,), an
example of a nuclear singlet, into a suitable substrate
mol ecule. This effect was shown to yield an enhanced NMR
signal in 1987° and has been the subject of intense
investigation.l’ A drawback of PHIP though, is the
requirement for chemical change, caused by p-H, addition to
an unsaturated centre such as an alkene. However, recently a
p-H, technique that doesnot change the chemical i dentity of
the sensitised molecue, called Signal Amplification By
Reversible Exchange (SABRE), was reported.7'g In thisprocess,
p-H, is not directly incor porated into t he substrate. I nstead,
polarisation is transferred via the J-coupling network that
exists within a metal complex that co-locates p-H, derived
hydride ligands and a weakly bound substrate (Iigand).911
Ligand exchange with excess unbound substrate and p-H,
enables the build-up of a pod of pol arised substrate mol eales
in solutionina catalytic fashion as shown in Scheme 1. The
SABRE pol arisation of "Hnudlei typicallyutilises a AJHHcoupIing

“Ce ntre f or Hyp e olarisation in Mb gnetic Re sonan ce(C HyM), Department of
Chemistry,, Univer sityof York Hes Inh gton, YO105DD, U.K. Email:
smon. duck ett@yorka c. uk
Electronic Supplementary Information ( ESI) avalable:
procedures, characterisation data and exampk
DOI: 10.10 39/x0 xx0000 Ox

Full expermental
spectra. See

This journal 5 © TheRoyalSoc ety of Chemistry 20xx

betweenthe catalysts hydride and substrate ligand prot ons.
Tessari et al have quantifiedt heses mall spin-spin couplings to
be=1.2Hz.® Alternat ively, stronger 2./HN couplings have now
been used to achieve °N polarisation tr ansfer at micro-Tesla
fields in a variant known as SABRE-SHEATH (SABRE-in shield
enables alignment transfer to heteronuclei). B ntra-
mol ecular spin-spin coupling networks within the substrate
subsequently enables transfer to remote spins which do not
exhibit direct coupling t o the hydride | igands.16
One of the most effective precatalysts fort his process
is [IrCI(COD)(IMes)] (1) [where IMes = 1,3-bis(2,4,6-
trimethyl phenyl)i midazol -2-ylidene, COD = «c¢is,cis-1,5-
cycl ooctadiene] which, after reactionwithH, andan excess of
substrate, typicallyforms [Ir(H) »(IMes) (substrate) ;] Cl in protic
solvent ssuch as methanol. " Neut ral active catalysts of the
type [Ir (H)2(Cl) (IMes)(substrate),] have also been reported to
achieve similar results.”” These metal based polarisation
transfer catalysts have been shown to act on a range of
substrat esthat contain multiple bonds to nitrogen, such as
nicotinami de, 920 soniazi d,n'Zz metronidazol e,23 pyraz ole,u
imines,zs diazirines *® and nitriles, 7 and lead to pol arised 1H,
13C, 15N, 19F,ZQSi,alP, and sn nuclei t hat yield substantial ly
enhanced NMR responses in just a few seconds. ****In fact,
H polarisations of 50% have been reported, while for 15N,
values of over 20% have been achieved. >
While SABRE-induced polarisation can also be achieved
using in-fiel d rf. transfer methods,”’37 whose efficiency varies
with pulse sequence,ﬂgg spontaneous pol arisation transfer
occurs readily at low-field and it is t his method we employ
here. Moreover, as predict ed,9 it has also been established
that SABRE can be used to produce hyperpolarised singlet
states’’ with long-lifetimes through transfer in ultra-low field,
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or after the implementation of rf. transfer.”™ Hence the
diver sity of applicationsfound for thi s approachis growing and
it clearly reflects not only a successful medium to test
hyperpolarisation concept sbut a potential route to transform
the analytical potential of NMR. 7%

| Hh @ EETAT]
i
E'—@ Rl - :":"‘;i%: i
4 [ ]
HHh ©

Sche me 1: Route t o SABRE hyperp olarisat ion of anamine, NH, R.

In this article,weintroduce a new class of substrate into
the SABRE repertoire, the amine. This is achieved by the
formation of iridium-amine complexes of type
[Ir(H)2(IMes)(RNH,)3]Cl (2, Scheme 1), whose kineti cbehaviour
is determined. Whilst the synthesis and use of iridium-amine
compl exes has been reported for catalytic transformations
such ashydrogenat ion,51'53 we use them here for polarisation
transfer catalysis. W e have recently shown a limited number of
amines are amenable to SABRE.> Here, we start by detailing
the hyperpolarisation of ammonia and benzylamine (BnNH;)
andits associated optimisation to achieve large NMR signal
enhancements. We then show how hyperpolarisation can be
achieved in a range of primary amines. Upon changing to
sterically bul ky primary amines, secondary amines or aromatic
amines, we showthat an active SABRE catalyst does not form
upon reaction with 1. However, we exemplify co-ligand and
relayed polarisation transfer protocols to overcome this
limitation and hence expand further the range of amines
amenable to polarisation by p-H,.

Results and Discussion
Direct *HHyperpolarisation of Am monia and BnN H, bySABRE

Our objective was to investigate the efficiency of t he SABRE
polarizationof aminesand ammonia and to determine their
ligand exchange dynamics. A 5 mM solution of 1 in dry
dichloromethane-d, containing an =6-fold excess of NH3
relative to 1 at 298 K was therefore prepared. The aprotic
solvent ensures that we maintain the necessary J-coupling
network in [Ir(H),(IMes) (NH,),]Cl (2-NH,) during the study, as
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rapid ’H exchange results to form ND, in deuterated protic
solvents. This complex yields a hydride signal at & -23.8,
alongside a broad response at 5 0.47 for free NH,. The
corresponding equatorialandaxial NH; ligand "H NMR signals
of 2-NH, appear at § 2.19 and 2.88 respectively. 2D 'H-N
HMQC measurementswere subsequently used to locate the
corresponding 15Nsignal s for these ligands at §,,, -47.8 and
8equ —35.5. Full characterisation data for 2-NHsis available in
the ESI.>* EXSY met hods were t hen used to probe NH,and H,
loss in 2-NHs. At 298K, the associated rate constant for NH;
loss proved tobe 1.64 s* whil e that of H, loss is 0.32 s'. For
comparison, the dissociation rate for pyridine in
[Ir (H),(IMes)(py),]Cl is 13.2 s*and suggests a higher stability
for 2-NH; which agrees with the greater basicityof NH;relative
to pyridine.55

As 2-NH; undergoes both NH3; and H; loss in solution, we
soughttoprove that it underwent SABRE catalysis. Thus, a 3
bar pressure of p-H, was introduced at 298 K and polarisation
transfer was conductedat 60 G. A H NMR spectrum at 9.4 T
was then recorded which showed a 154-fold signal
enhancement per proton for the free NH, response while the
corresponding equatorialligandsignal,at$2.19, showed a 77-
fold enhanced response (Figure 1). Hence 2-NH, acts as a
SABRE catalyst as it produces a hyperpolari sed free ammonia
response. In the presence of water, the odbserved signal
enhancement oft he protons in fr ee NH; decreased t o 40-fol d
per prot on, matching that nowobser ved for the equatorially
bound NH; ligandThisdropis reflectedinthesignalat §1.88,
for what isa H,0response, exhibitinga 75-fold signal gain per
protondue to concomitant proton exchange; the ratio of 2-
NH; : H,0 : NH; in this sample was 1 : 5 : 17.5. Under these
conditions, the T;value for free NH; in the presence of the
active SABRE catalystwas measured by inversion recovery to
be 5.5 s.

Therrnal 5 37
11
SAEAE
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Figure 1: (a) Thet her maly po b fised * HNMR S ABRE s pect u m( x32 ve 1t tale xpansion)
reco rded o f2-NH3(far med byre action of 1 with NH; and H,)in dichloro metha re-d; at
298 K. ( b)Th ecorres ponding SABRE polarised 9.4 T "HNMR spectru maf tertransfer
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unde r p-H, at 60G. Thehy perpolars ed respo nses off re NHz andl FNHsequaom)0f 2-
NHjzandresidualH,0 are hdicated.

The SABRE-induced hyperpolarisation of benzylamine
(BnNH,) was alsoinvestigated. Asample containing 1 (5 mM)
and BnNH, (10 eq.) in dichloromethane-d, solution was
exposed to 3 bar of H,. The immediate formation of
[Ir(H),(IMes)(BnNH,),]d (2-BnNH,) was observed. It gives a
characteristic hydride resonance inthe H NMRspectrumat &
—-23.97. Fullcharacterisationdata for this product is avail able
in the ESI. Interestingly, the "H NMR spectrum of 2-BnNH,
showed that the BnNH, ligand that lies tr anst o hydride, yiel ds
inequivalent responses for its NH, protons at § 4.92 and 2. 30,
and CH, protons at §3.60 and 3.18 This is due to hindered
rotation around the Ir-N bond which results in an up/down
distinction for the resonances of the equatorial ligand. In
contrast, the axial ligand yields single responses which are
equivalentat §4.24 (NH,) and § 3.83 (CH,) due tofreer otation
onthe NMR timescale about the I-N bond. The corresponding
EXSY-derivedrate const ant for equat orial BnNH,loss from 2-
BnNH, was 3.33 s while the rate of H, losswas 2.83 s'at 298
K. Hence the rate of BnNH, loss ishigher thanthat of NH, | oss
in 2-NH;. This difference is due toNH; forming a st ronger Ir-N
bond as refl ectedin their relative pK, values and suggestst hat
it might perfor m better under SABRE that NHa.

This wasexamined byp-H,-based polarisation transfer at
60 G which resulted inhyperpolarised free BnNH; in solution.
Thesignal enhancements were quantifiedt obe 72- (NH,), 56-
(CH;) and 194-fold (Ph) per proton as shown in Figure 2a.
However, by using d,-BnNH, instead we were able tofocus the
SABRE polarisationinto the two aminoprotonsaloneand this
led toan improvedsignal enhancement of 916-fold per proton
(Figure 2b).

L L
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1

Figure 2: (@) HNMRsp ect @ of BnNHz,th ermaly po b rised, to pan d hyper polarise d,
1

bottom. (b HNMRspectra for d #BnNH2,t hermall p olarised, t op a ndhypermp oh rised,

bot tom.

Inorder to investigatethe T, contributiont o this effect we
determined values for BnNH, and d;-BnNH;, at 9.4 T. BnNH,

This journalis © TheRoy alSociety of Chemstry 20 xx

provedtohave effective T, values of 1.1 s(NH,) and4.7 s (CH)
respectively while it s’H-labelled variant exhibited a similar 1.1
sT,valuefor the amino group in the presence of t he active
catalyst. Hence, the improved NH signal gain seen with d
BnNH, is due to a reduction in spin dilution which leads to
more efficient SABRE transfer. Therelaxation rat es for BnNH,
and d,-BnNH, are both slower in the absence of the active
SABRE catalyst in agreement with earlier reports that the
catalyst plays a role in reducing relaxation times due to
reversi ble bi nding. Consequently, BnNH, now shows T; val ues
of 9.0 s (NH,) and 11.0 s (CH,), whereas d,-BnNH, hasa T,
value of 10.1 s for its NH; group.

Effect of Catalyst to Substrate Ratio on SABRE Polarisation

Previous studies have shown that the SABRE effect is
dependent upon the catalyst to substrate ratio as a
consequence of kinetic andrelaxation effects.’>” Therefore,
we studied the effect of changing the ratio of BANH, relative to
1 from 4-fold to 20-fdd in a series of further experi ments,
under taking the associated SABRE transfer studiesat 60 G and
298K. It was foundt hat si milar total polarisation levels result
wi thin experimental error during these experiments (see ESI).
Hence, we conclude t hat the observed signal enhancements
under these conditions are essentially independent of ligand
excess which suggests that slow exchange and fast relaxation
wi thin the catalyst restrict the maxi mum polarisation level.

Effect of p-H, Pressure on SABRE Polarisation of BaNH ,

As SABRE derives its polarisation from p-H,, it could be the
limiting reagentin this catalytic process and therefore affect
the obser ved subst rate polarisation | evel. ® Up until this point,
we have been utilising 3 bar pressure of p-H, which refl ects an
ca. 6-fold excess when compared to the 50 mM substrate
present in a5 mm NMRt ube. A sample containing 1 (5 mM),
BnNH, (50 mM, 10 eq.) in dichloromethane-d, solution was
therefore prepared and exposed to between 2and 4 bar of p-
H,. Theresuting signal gains, after pol arisationtransfer at 60
G, areshowninFigureS14(seeESl)and a strong dependence
onp-H, pressureis seen. Thisis consistent with the fact that H,
exchange takes place after ligand dissociation and the
remaini ng equator ial ly bound BnNH, ligand will experience a
higher level of lat ent p-H, polarisation (see Scheme 1). When
dBnNH, is examined with 4 bar of p-H,, the NH signal gain
increases to 1079-fol d per proton fr om the 916-fold signal gain
achieved with 3 bar.

Effect of Temperature on SABRE Polarisation of BnNH ,

Thetem per ature at which SABRE is conducted is alsoknownto
affect the efficiencyof the polarisation transfer due to changes
in the lifetime of the SABRE-active catalyst. We found here
that cooling a dichloromethane-d, sdution containing 1,
BnNH, and 3 bar p-H,to 288 K results in a reduction in the
level of signal enhancement when compared to 298 K data
(Figur e S15, ESI). Conversel y308 Kgave an impr oved response
withtheoverall polarisation level increasing by ~ 40 %. This fits
with the observed rate constant for BnNH, dissociation
increasing to 9.85 s from the 3.33 s” value at 298 K. We

J. Name.,2013, 00, 1-3 | 3
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therefor e conclude the retained polarisationlevel in BnNH, is
improved by the faster rate of substrate dissociation and
shorter catalyst | ifetime. For NH,, a 251-fold Hsi gnalgain per
NH proton is observed at 308 K when compared to the 154-
foldval ueat 298 K. Thisis consistent with the increase in the
NH; dissociation rate constant to 10.42 s? at 308 K when
compared to 1.64 st at 298 K.

SABRE Transfer to °C and °N

SABRE-i nduced hyperpolarisati on of °C was also observed for
BnNH,. Whilst pdarisation transfer into the ortho phenyl
carbon was readily observed using a standard 3¢ acquisition
sequence after polarisationtransfer 60 G under 4 bar p-H,, the
other ®C resonances had poor signal-t o-noise ratios. We
overcamethisby usinga 'H-"Crefocussed INEPT experi ment
that gave rise to a spectrum showing all 5 carbon
environments after polarisation transferat 60 G. We utilised
long-range J-H-C-couplings t o transfer this polarisation. c
signal gainsof up to 65-fol dwere achieved using this method
(Figure 3a). We further note that there is a very strong
polarisationtransfer field dependence on the BaNH, Besi gnal

intensities which is consistent with earlier reports on
pyridine.acl

When BnlsNHz isused inst ead of BnNH,, the det ectionof a
hyperpolarised °N response is readily evident as shown in be s 13 wm
Figure3b. The 1SNsignaI gain for the free material in solution
proved tobe ~880-fold after pol arisationtr ansferat 60 G and -
308K. The equatorially bound N resonance at & -5.59, is 4 e ) <t ||

l

timeslargerthan the free amine signal. As the ratio of free
amineto equatoriallybound BnlSNHz in solutionisactually 7 :
2, therateof BnlsNH2 | oss must berelatively slow, evenat 308
K. Under this60 G condition, pol arisation transfer is likely to e e S P u . t

occur via the *j,, coupling between the Bn®NH, and the R S & wm TR B X M e

Lodai e i 1
LEINLE | i i "
bt U e e | [¥ J ky 'I\""u'\_?"' LT r_|

hydride ligands. To investigate the effect of using a 2JHN
coupling we repeated this measurement after polarization
transfer within a p-metal shield (ca. 350-fol d shieldi ng). Under
these SABRE-SHEATH type conditions, %% 3n ~800-fold °N-
signal gain was observed and further optimisation may
therefore be needed to maximise this response. The
corresponding 'Hsignal gains witht his ®N labelled material
after transfer at 60 G were now 33- (NH,), 34- (CH,) and 52-
fold (Ph). Thesecompareto the analogous values of 72-, 56-

Figure 3. a) "H-ECrefocussed | NEPTNMR sp ectrum of hyperpolarisedB nNH, (35 mM)
achieved via 2-Bn NH,(5 mM)u nder SABREin dichlor omethare -d, solution aft er
transferat 60 Gand 308K;(b)lsNNMRspectrumo °N4ab dled Bn15NHZ( 35 mM)

aft er SABRE transfer via 2B iNH,(5 mM) at 60G and 3 B K which gvesrise t o

hyper polars ed resonance sfo rfr ee (& 24.42) and equatorially bound( 6 -5.59)

substra te; (c)Single scant her ma ly po brised 't NMR sp ectrumin CD,C} (15.66 M and
(d) 4 096 scan thermaly polarised 15NNMRspec!rum of BnNH,(9.15 M).

Noga

and 192-fold respectively with Bn" NH Inter Stlngly, the "‘~~J-F-°;‘-‘;Ee-d-§gc-i£ ---------- ‘l
polarisationlevels therefore decrease with °N addition and | Figure/Scheme/Chart with bottom bar, :
we propose t hat this is an example of spin dil ution. | Border: Bottom: (Single solid line, [
' Gray-40%, 1.5 ptLine width) H

-~ Formatted: Font: (Default) +Body |

In order totestthegeneralitv of amine polarisation via SABRE, *\ ! (Calibri), 9 pt, Font color: Text 1 ]
. . . \ mmmﬂ-ﬁ-’

weprepared aseriesof samples containing 1 (5 mM) and 10 { Formatted: Heading 3 )
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Figure 4: Amine substrates polarsed by SABRE using precatalyst 1 in
dichlor ome thane -d, so Lition. Per protonsignalgainsar e givenfor the indicat ed
"H sites (* average across two sites duetopeak overhp) observed at 9.4T.
Cor res ponding "H NMR spectra for thermally pobrised and SABRE polarised

expe rime ntsa re giveninthe ESI.

When secondary amines, such as dibenzylamine, were
examined, no evidence for the formation of an active SABRE
catalyst was observed. A similar result was observed for
sterically hindered primary amines, such as isopropylamine
andaromatic amines, such as aniline. Sterical ly demanding
substrat es, such as 2, 6-lutidine, have been previ ously shown to
be unable to be polarised using SABRE.> A full list of the
amines probed in this study is available in the ESl. We
therefore postulate that sterically demanding or el ectron
deficient amines fail to activate and form the necessary
[Ir(H)2(IMes)(amine)s]Cl SABRE catalyst.

This problem coul d be overcome for aniline by the addition
of the co-ligand 1-methyl 1, 2 3-t riazole (mtz) or CH3CN. For the
corresponding sam ple containi ng 1 (5m M), aniline (10 eq.) and
mtz (3 eq.) in dichloromethane-d, we achieved signal
enhancements of 51-fd dforthe NH, groupand 17-foldfor the
phenyl group, per proton. Thesesignalgains are summarised
in Figure 5. When CH,CN (8 eq.) is used instead of mtz, the
polarisationlevelsincrease to306- (NH,)and 193-fd d (Ph) per
proton. The active complex in this SABRE process was
characterised as[Ir(H),(IMes)(aniline),(CH3sCN)]Cl and yields a
dist inctive hydride resonance at 6-24.78 (see ESI). Utilisation
of such a co-substrate strategy was however unsuccessful for
the secondary amines as detailed in the ESI.

o

Calty

; e

l‘?
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Figure5: "HNMR signalga n sperp rotonobs er ved f ort heindicated aniline res orances

k2

when hyp erpolarised by SABR Eint he preen ce of the described co- lgandat9.4T.

Indi rect Hyperpol ari sati on of Am ines by SABRE-REL AY

As expected, substrate bindingtothe metal centre is needed
for polarisationt ransfer to occur. We hypothesised that these
amines might also be hyperpolarised indirectly. In this
scenario, hyperpolarisation ofa pri mary amineorammonia is
achieved and subsequent proton exchange, which may be

This journalis © TheRoy alSociety of Chemstry 20 xx

mediated by residual water, allows for a polarised pr oton to be
shuttled intothe non-SABRE-active amine. Subsequent intra-
substrate polarisation transfer thenr elays the signal gain more
widely in this agent.

In order to test this hypothesis, a series of samples
containing1 (5 mM), target amine (10 eq.) and NH; (3-5 eq.)
wer e prepared in dichlor omethane-d, soluti on. 2-NH, for med
in all cases as confirmed by the presence of a hydride
resonance in the corresponding 'H NMR spectra at 6 -23.8.
Polarisation transfer was then conducted at 60 G, and the
resulting signal gains that were observed at 9.4 T are
presented in Figure 6.

- - L
I"slunaaficn

H
B MO

R +H Bn r!

Scheme 2: SABRE-RELAY polarsation of amines. (1) SABRE pohbrisatonof an
nter med a rytransferagert,in thiscasea primaryamine oramno nia.(2)Po b risat b n
5 thenreb yedintot he target amine via pr aon exchange e t her di ectly or via r esdua

water presentinthe sample.

For isopropylamine (brNHz), the SABRE-RELAY polarised NH,
signal showed a 220-fold signal gain while 27- and 150-fol d
enhancements were seen for the CH and CH, resonances
respectively. Thisr efl ects a br eakthrough asbrNHz wasunable
to be directly polarised by SABRE due to its steric bulk
preventing adequate binding. Dibenzylamine (Bn,NH) wasal so
successfully pol ar ised using this method, and yields Hsi gnal
gains of 274-(NH), 200- (CH,) and 395-fold (Ph) per proton.
Additionally, a Bc spectrum canbe acquiredina singl e scan on
these materials after pol arisationtransfer at 60 G such that a
475-fold signal gain for the CH, resonance is observed. Full

NMR spectra are available in the ESl. Furthermore, the...----: Fomatted: RSC 102

aromaticamine, aniline, now exhibits a 150-fold NH, proton
signal enhancement and a 9-fold signal gain for the phenyl rirg
under analogous condit ions. We note that these signal gains
arelower than than those seen when CHiCN is used as a co-
ligand to achieve direct SABRE transferasdetailedinFigure 5.
We suggest that this difference in behaviour arises because a
60 G pol arisation transfer field is no-longer opti mal for intra-
molecul ar pol arisation transfer after proton exchange. Thisis
clearlyis not the case for transfer via directly bound aniline
and the complexes scalar coupling network which isin fact
commonly maximised for 'H transfer at 60 G.

From these result swe canconclude t hat the SABRE-RELAY
effect isableto polarisesterical ly hindered primary amines,

J. Name.,2013,00,1-3 | 5
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secondary amines and aromatic amines that are not
themsel ves accessible to SABRE. Thus, the scope of amine
polarisation is vastly increased.

Zrarke ey [lineberad
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Figure6: "HNMR signalga h s observed per proton f ort heindicated aminere scnance s
when hyp erpolarised by SABRE-RELAY ush g 2-NH3at9.4T.

Conclusions

In summary, we have shown here how SABRE can be used to
hyperpolarise a series of primary amines. This substrate
extension opens up the SABRE approach to operate with a
much wider range of analytes than was previously thought
possible, as we extend beyond the original aromatic N-
heterocycles, imines and nitril es. Activity is achieved by the
formation of a series of complexes of the fom
[Ir(H)(IMes)(amine)s]Cl. Relaxation studies, in conjunction
with ligand dissociation rate measurements were used to
demonstr ate that the highrelative stability of these com plexes
acts to limit the degree of SABRE signal gain. Thishypothesisis
consistent witht he factthat increasing the p-H, pressure or
reaction temperature leads to improved signal gains.
Therefore, significant catalyst optimisation will be im portant if
very high level s of hyperpol aris ati on are to be achievedby this
route in the future.

Nonetheless, in the case of BnNH, 'H NMR signal
enhancement values of ~100-fold per NH proton were
achieved for benzylamine using [IrCI(COD)(IMes)].
Consequently, when d,-benzylamine was used, t he resul ting
focusing of the hyperpolarisation into the NH, resonance
resul tedina 900-foldsi gnal enhancement per proton at 9.4 T
with a p-H, pressure of 3 bar. This valuereduced to 33-fol dfor
BnNH, after transferat60 G.Hence, we predict t hat further
improvements can be made through a more detail ed study of
the effect of isotopic labelli ng.ls' ¥ We have also
demonstrated transfer to ~C and °N with diagnostic NMR
spectra being collected ata 35 mM concentration in a single
scan. We predict that application of high-field SABRE transfer
techniques,uu’ * suchas the LIGHT»SABRE”approach, might
subsequently enable thisprocess to work inside the magnret,
but not ethat a rigorous study of t he effect the polarisation
transferfieldplays onthe resul ting signal enhancement level s
is justified

In the course of these studies we found t hat sterically
hindered primary amines, secondary amines and aromatic
amines were unable to form an active SABRE catalyst of the
type [Ir(H),(IMes)(amine),]Cl. This meant that direct
polarisationtr ansfer via sucha complexwas not possible. We
found for anilinethatt he addition of aco-ligandsuchas CH,(N
this problem the formation of

overcame via

6|J. Name., 2012, 00, 1-3

[Ir (H),(IMes)(aniline),(CH,CN)]CI such that signal
enhancements of up to 306-fold per NH proton could be
achieved.

An indirect route was descr ibed toover come this|imitation
more gener ally, such that hindered primary ami nes, secondary
amines andar omati caminescan be hyperpol arised by SABRE-
RELAY.” Now, a SABRE-hyperpol arised intermediary, such as
ammonia,is able to readily transfer polarisation into agents
such as isopropylamine, benzylamine and aniline via eit her
direct proton exchange or mediated by residual water present
in the sample. This approach expands the rangeof aminesthat
canbe hyperpolarised without changing their chemical identity
through int eractions with p-H,.

Given theincrease insignal intensity that is observed for
theamines in this st udy, we are now working towards their
use as agents for mechanistic s'cudy5864 in transfer
hydrogenation, 6,66 hydroamination, 5758 3and vit allyi mportant
N, fixationreactions. %71 Addi tional ly, since phenylethylamine
is a natur ally occur ring monoamine basedalkaloi dthat acts as
apromoter of cat echolamine (dopamine and norepinephrine)
release in plantsand animals we expect these observations to
be of wide interest.”>” Furthermore, the SABRE-RELAY
method™ has recently been shown to offer a route to
hyperpolarise an even larger range of hydrogen transfer
acceptors using OH functional groups. Optimisation of the
intermediaries NH polarisation level reflects a key part to
optimisati on of this technique and hence these results will be
of interest to any potential developer.
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