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S1. NMR Experimental procedure

All NMR measurements were carried out on a 400 MHz Bruker Avance Ill spectrometer using solutions at room
temperature (298 K) unless otherwise stated. The SABRE process was achieved using two different procedures, as
described below. Para-Hydrogen (p-H) was produced by passing hydrogen gas over a spin-exchange catalyst (Fe,Os3)
and used for all hyperpolarization experiments. This method produces constant p-H, with ca. 93% purity.

Shake & Drop Method: This method was employed for the initial screening and optimisation of SABRE catalysis.
Samples were prepared with a fixed ratio of substrate to catalyst in 0.6 mL of solvent in a 5 mm NMR tube that was
fitted with a J. Young'’s tap. The solutions were subsequently degassed by three freeze-pump-thaw cycles before filling
the tube with p-H; at 3 bar pressure. Once filled with p-H,, the tubes were shaken vigorously for ca. 20 seconds in the
65 Gauss fringe field of a 9.4 T Bruker spectrometer. Immediately after that, the NMR tubes were put inside the
spectrometer for NMR detection.

Flow Method: This method provides a controlled and automated way of realizing SABRE hyperpolarization in a highly
reproducible manner. The detailed set up of the instrumentation has been described earlier.! In general, the system
consists of a mu-metal shielded chamber which stores the sample at the desired magnetic field whilst p-H; is bubbled
through the solution. Samples were prepared with same concentrations as used in the Shake & Drop method described
earlier, but the total sample volume is 5 times larger (3 mL). Systematic studies were performed by bubbling p-H; for 20
s, at different mixing fields (from 0 G to 150 G) before transferring the solution into the high-field magnet for subsequent
NMR measurement.
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Enhancement factor: This factor was calculated by taking the ratio of the peak integrals in the hyperpolarized spectra
and the thermal equilibrium spectra while keeping all experimental parameters unchanged for both measurements.

Lifetime (T1 and TLLs) measurement:

T relaxation time constants were measured using the standard inversion recovery experiment. Integrated data points

were fitted to the equation: M,(7) = My(1 — Ze_T/Tx), where M.(7) are the integrated amplitudes at times r and Mo is a
constant.

Tus measurements were completed by varying the singlet storage time (Ts) whilst keeping all other parameters

unchanged. Integrated amplitudes were fitted to the equation: M,(t) = Moe_T/TLLS, where Mq(1) are the integrated
amplitudes at times 1, and Mo is a constant.

Solvent: Different types of commercially available solvents were used as supplied and are mentioned in the text.

Sample preparation: Samples were prepared with the following specifications in all cases unless stated otherwise.

0] Sample for ‘shake & drop’ type experiments: 3.12 uM (2 mg) of precatalyst with sufficient substrate for a
three-fold excess after formation of the active catalyst in 0.6 mL of solvent.
(i) Sample for ‘flow’ type experiments: 3.12 uyM (10 mg) of precatalyst with sufficient substrate for a three-

fold excess after formation of the active catalyst in 3 mL of solvent.

S2. Catalyst

In the studies detailed here we used [IrCI(COD)(IMes)] as the catalyst precursor which was synthesized in our
laboratory according to a literature procedure®? [IMes = 1,3-bis(2,4,6-trimethyl-phenyl)imidazole-2-ylidene and COD =
cis,cis-1,5-cyclooctadiene]. The reaction with p-H, and substrate forms the active SABRE catalyst as shown below in
Figure S1.
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Figure S1: Formation of the active SABRE catalyst through reaction of [IrCI(COD)(IMes)] with p-H, and substrate. (‘L’
represents substrates | to VI).

For substrates I-IV activation in methanol-d, leads to the formation of a complex that produces a single hydride
resonance at 6 —21.5 ppm according to the reaction shown in Figure S1. This complex has been previously described in
detail for 1. In the case of V and VI, the situation is more complex with both giving a broad hydride resonance at 298 K.
Upon cooling to 243 K, this signal separates, in each case, into two that are broad (half height 400 Hz at 9.4 T),
appearing at & —21.9 ppm and -29.35 ppm for V. Based on previous reports it appears therefore that at low
temperatures rapid exchange between one of the equatorial substrate ligands and methanol takes place.™
Consequently, it is the short lifetime of the activated complex which reduces the level of SABRE seen with V and VI.

S3. Synthetic Methods
S3.1 General

Distilled water was employed where detailed. Brine refers to a saturated aqueous solution of NaCl. THF was freshly
distilled from sodium and benzophenone ketyl or dried using a Grubbs solvent purification system. All reactions were
carried out under O»-free N» unless otherwise stated.

Flash column chromatography was carried out using Fluka Chemie GmbH silica (220-440 mesh). Thin layer
chromatography was carried out using Merck Fzss aluminium-backed silica plates. *H (400 MHz) and 3C (100.6 MHz)
NMR spectra were recorded on a Bruker-400 instrument with an internal deuterium lock. Chemical shifts are quoted as
parts per million and referenced to CHCl; (8n 7.27), (CH3)2SO (84 2.54), CDCl3 (8¢ 77.0) or (CDs3).SO (3¢ 40.45). 13C
NMR spectra were recorded with broadband proton decoupling. *C NMR spectra were assigned using DEPT
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experiments when necessary. Coupling constants (J) are quoted in Hertz. Electrospray high and low resolution mass
spectra were recorded on a Bruker Daltronics microOTOF spectrometer.

All commercial compounds listed were purchased from Sigma-Aldrich, Fluorochem or Alfa-Aesar and used as supplied
unless otherwise stated.

S3.2 Synthetic Methods and Characterisation

3-Methyl-6-d-pyridazine Ill

5% Pd/C (100 mg, 10 wt%) was added to a suspension of 3-chloro-6-methylpyridazine (1.0 g, 7.8 mmol) and K,CO3
(2.16 g, 15.7 mmol, 2 eq.) in EtOD (10 mL) in a 30 mL Parr reactor. The reactor was sealed, purged with N, and then
pressurised with Dy (8 bar). The reaction mixture was stirred at room temperature for 1 hour. The pressure was
released and the suspension was filtered through Celite and washed with EtOH. The filtrate was concentrated under
reduced pressure and purified by flash column chromatography with a 1:1 petrol-EtOAc mixture as eluent to give 3-
methyl-6-d-pyridazine 11l (592 mg, 80%) as a light yellow oil; *H NMR (400 MHz, CDCl3) & (ppm) 6.95 (d, J = 8.5 Hz,
1H), 6.90 (d, J = 8.5 Hz, 1H), 2.18 (s, 3H); 1*C NMR (101 MHz, CDCls) & (ppm) 159.3 (s), 148.2 (t, J = 27.9 Hz), 126.1
(s), 125.5 (s), 21.4 (s); MS (ESI) m/z 96 [(M + H)*, 100]; HRMS (ESI) m/z [M + H]* calculated for CsHsDN, 96.0667,
found 96.0667 (-0.2 ppm error).

3-Chloro-6-ds-methylpyridazine S1

ds-methylmagnesium iodide solution (1.0 M in diethyl ether, 2.2 mL, 2.2 mmol, 1.1 eq.) was added dropwise to a
solution of 3,6-dichloropyridazine (300 mg, 2.0 mmol) and Fe(acac)s (70 mg, 0.20 mmol) in THF (10 mL) and N-methyl-
2-pyrrolidone (1.5 mL) at O °C. The reaction mixture was stirred at room temperature for 15 minutes, then diluted with
water (10 mL). The mixture was extracted with ethyl acetate (3 x 20 mL), then washed with water (3 x 20 mL), brine (20
mL), dried over MgSO, and concentrated under reduced pressure. The product was purified by flash column
chromatography with 1:1 petrol-EtOAc as eluent to give 3-chloro-6-ds-methylpyridazine S1 (146 mg, 55%) as a light
brown solid; *H NMR (400 MHz, CDCls) & (ppm) 7.39 (d, J = 8.8 Hz, 1H), 7.31 (d, J = 8.8 Hz, 1H); 1*C NMR (101 MHz,
CDCls) & (ppm) 159.3 (s), 154.6 (s), 129.4 (s), 127.9 (s), 20.7 (sept, J = 19.5 Hz); MS (ESI) m/z 132 [(M + H)*, 100], 134
[37]; HRMS (ESI) m/z [M + H]* calculated for CsH3zCID3N, 132.0402, found 132.0396 (+4.3 ppm error).

3-ds-Methyl-6-d-pyridazine IV
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5% Pd/C (58 mg, 10 wt%) was added to a suspension of 3-chloro-6-ds-methylpyridazine S1 (583 mg, 4.4 mmol) and
K2CO3 (1.22 g, 8.8 mmol, 2 eq.) in EtOD (10 mL) in a 30 mL Parr reactor. The reactor was sealed, purged with N, then
pressurised with Dy (8 bar). The reaction mixture was stirred at room temperature for 1 hour. The pressure was
released and the suspension was filtered through Celite and washed with EtOH. The filtrate was concentrated under
reduced pressure and purified by flash column chromatography with 1:1 petrol-EtOAc as eluent to give 3-ds-methyl-6-d-
pyridazine 1V (320 mg, 74%) as a light brown oil; *H NMR (400 MHz, CDClI3) & (ppm) 7.36 (d, J = 8.4 Hz, 1H), 7.32 (d, J
= 8.4 Hz, 1H); *C NMR (101 MHz, CDCl3) & (ppm) 159.8 (s), 148.7 (t, J = 28.0 Hz), 126.6 (s), 125.9 (s), 21.3 (sept, J =
19.7 Hz); MS (ESI) m/z 99 [(M + H)*, 100]; HRMS (ESI) m/z [M + H]* calculated for CsH3D4N, 99.0856, found 99.0856 (-
0.5 ppm error).

3-ds-Methyl-6-methylpyridazine V

~CDs

LN
HsC” N

Vv

ds-methylmagnesium iodide solution (1.0 M in diethyl ether, 10 mL, 10 mmol, 1 eq.) was added dropwise to a solution of
3-chloro-6-methylpyridazine (1.3 g, 10 mmol) and Fe(acac)s (350 mg, 1.0 mmol) in THF (50 mL) at 0 °C. The reaction
mixture was stirred at room temperature for 30 minutes, then diluted with water (30 mL). The mixture was extracted with
ethyl acetate (3 x 30 mL), then washed with water (3 x 20 mL), brine (20 mL), dried over MgSO,4 and concentrated
under reduced pressure. The product was purified by flash column chromatography with EtOAc as eluent to give 3-ds-
methyl-6-methylpyridazine V (230 mg, 20%) as a light yellow oil; *H NMR (400 MHz, CDCl3) & (ppm) 7.13 (s, 2H), 2.56
(s, 3H); 3C NMR (101 MHz, CDCl3) & (ppm) 157.5 (s), 157.4 (s), 126.8 (s, 2C), 21.8 (s), 21.0 (sept, J = 19.7 Hz); MS
(ESl) m/z 112 [(M + H)*, 100]; HRMS (ESI) m/z [M + H]* calculated for CsHgD3N, 112.0949, found 112.0946 (+2.4 ppm
error).

3-Chloro-6-ds-ethylpyridazine S2

| O
N
DsCD,C”~ N

S2

A solution of ds-bromoethane (1.0 mL, 13.4 mmol) in THF (1 mL) was added dropwise to a suspension of magnesium
turnings (325 mg, 13.4 mmol) in THF (3 mL), and the reaction mixture was stirred at room temperature for 1 hour. The
resulting suspension was added slowly to a solution of 3,6-dichloropyridazine (2.0 g, 13.4 mmol) and Fe(acac)s (470
mg, 1.3 mmol) in THF (10 mL) at 0 °C. The reaction mixture was stirred at room temperature for 30 minutes, then
diluted with water (30 mL). The mixture was extracted with ethyl acetate (3 x 50 mL), then washed with water (3 x 50
mL), brine (20 mL), dried over MgSO, and concentrated under reduced pressure. Purified by flash column
chromatography with 4:1 petrol-EtOAc as eluent to give 3-chloro-6-ds-ethylpyridazine S2 (265 mg, 13%) as a light
brown solid; *H NMR (400 MHz, CDCls) & (ppm) 7.42 (d, J = 8.8 Hz, 1H), 7.31 (d, J = 8.8 Hz, 1H); **C NMR (101 MHz,
CDCl3) 6 (ppm) 164.0 (s), 154.7 (s), 128.4 (s), 128.2 (s), 27.7 (pent., J = 19.7 Hz), 12.3 (sept, 19.6 Hz); MS (ESI) m/z
148 [(M + H)*, 100], 150 [26]; HRMS (ESI) m/z [M + H]* calculated for C¢H3zCIDsN, 148.0684, found 148.0692 (-4.8 ppm
error).

3-ds-Ethyl-6-ds-methylpyridazine VI
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A solution of 3-chloro-6-ds-ethylpyridazine S2 (265 mg, 1.8 mmol) and Fe(acac)s (63 mg, 0.18 mmol) in THF (10 mL) at
0 °C was added to ds-methylmagnesium iodide solution (1.0 M in diethyl ether, 2.0 mL, 2.0 mmol, 1.1 eq.) dropwise.
The reaction mixture was stirred at room temperature for 30 minutes. It was quenched by the addition of acetone (1 mL)
and the mixture was concentrated under reduced pressure. The product was purified by flash column chromatography
with 2% MeOH-CH,CI, as eluent to give 3-dsz-methyl-6-methylpyridazine VI (100 mg, 43%) as a brown oil; *H NMR (400
MHz, CDCl3) 6 (ppm) 7.15-7.12 (m, 2H); 1*C NMR (101 MHz, CDCl3) & (ppm) 162.1 (s), 157.4 (s), 127.0 (s), 125.8 (s),
27.8 (pent, J = 20.0 Hz), 20.8 (sept, J = 19.8 Hz), 12.4 (sept, J = 19.8 Hz); MS (ESI) m/z 131 [(M + H)*, 100]; HRMS
(ESI) m/z [M + H]* calculated for C;H3DgN, 131.1419, found 131.1414 (+4.0 ppm error).

S4. Theory and simulations

We followed our earlier established methodology,®*® built on density matrix based calculations to study the SABRE
process theoretically. The resulting simulated plots show close agreement with the experimental data. For
completeness, we describe the theoretical approach briefly here.

When the substrate is mixed with the catalyst in the presence of p-H, the proton pair of the substrate, couple with the
two p-H; derived hydride nuclei in the metal complex. For simplicity, this scenario is treated as resulting in an AA’XX’
type 4-spin system. The NMR Hamiltonian of such a system can be written as:

4
A= ZHZVii§+2nZ]ij [0+ 0 + 161 (s1)

where v; and J;; are the Larmor frequency and scalar coupling constant respectively. [ and izj represent i-th spin and j-
th spin angular momentum operators. We assume that the hydride spins in a singlet state initially and can be written in
terms of Cartesian product operator:

. 1. 1. . . o Fo
Po = ZH 2 [ZIxSx + 26,5y + ZIZSZ] (52

where, | and S denote the two spin angular momentum operators for the hydrides. The substrate spins are denoted by
R and T and their labels were chosen randomly with no resemblance to spin topology.

To simplify the whole SABRE process, we divide it in to three-time frames: (i) evolution of the resulting 4-spin system at
a defined mixing field, (ii) evolution of the two substrate spins after its dissociation from the catalyst in the mixing field,
and (iii) evolution of substrate spins during field transfer into the spectrometer. A schematic diagram of this whole
process is drawn in Figure S2.

tD td tf tl‘ﬂ

Bmeas

Bmix

o

0 t

Figure S2. Magnetic field variance during the SABRE process. Ei, E;, and E3 represent three evolution periods during
time intervals (to-tq), (ta-t), and (t-tm) respectively. Bmix and Bmeas represent the mixing (transfer) and measurement fields
respectively.

The singlet order of p-H, is therefore modified into a coupled four spin system as soon as the template forms.
Neglecting any thermal polarisation of the substrate spins, the initial state for subsequent evolution can be written as:

caespin o agespin o 11 (S3)
pgspmzping spm®z®E
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where T denotes a 2 x 2 identity matrix. The time evolution of the density matrix is determined by solving the Liouville-
von Neumann equation. The solution can be written as:

p(t) = exp(—iAt) p; exp(+ifit) (S4)

The evolution takes place during the time (to-tq) while four spins residing on the template, defined by the dissociation
time, t¢, in a specified magnetic field (Bmix). The resulting density matrix can then be represented by the product-
operator formalism,

ﬁ(td) = Z a(td)i,s,r,t Bi,s,r,t (SS)

all PO

where a(ty);s,: are the time dependent amplitudes of the product operators B;;,. of the 4-spin system. The
summation is done over all probable product operators (all PO). The resulting amplitudes at time tq can be calculated by
taking the trace,

a(td)i,s,r,t = Tr[ﬁ(td)- Bi,s,r,t] (56)
The dissociation of the substrate from metal centre takes place at time point ty and the free substrate is now can be

treated as an isolated two-spin system that is still evolving in the same mixing field. The resulting density matrix can be
presented as the sum of the remaining terms,

ptqlty) = aRZTZZQZTz +a(t)ZQ, + b(t,)ZQ,, + c(t)R, + d(t)T, (S7)
where zero-quantum terms are defined as; ZQ, = 2R, T, + 2R, T, and ZQ, = 2R, T, — 2R, T,.

During the third stage, the substrate spins evolve in a dynamically changing magnetic field while transferring the sample
from the mixing field to the measurement field. It is best to represent the Hamiltonian and density matrix in the
interaction picture during this point:

HL(t) = exp(+iHyt) H, () exp(—iHyt) (S8)
P (ta, trlt) = exp(+iot) p(ta tr) exp(—ifot) (S9)
Here A, and H,; are the initial and modified Hamiltonian respectively. Following the same procedure as described
above, it can easily be shown that at the point of rf excitation, tm, they now have the form:

ﬁ(td’ tfltm) = ag,r,2R,T, + am(tfltm)ZQx + bm(tfltm)ZQy + C(tf)ﬁz + d(tf)Tz (S10)

During this synchronous process, both a,, (t¢|t,,) and by, (tf|t.) average to zero such that the final state becomes:

Pm(ts) = ag,r, 2R, T, + c(tr)R, + d(t)T, (S11)

The numerical calculations undertaken are performed by appropriate routines in Mathematica. Parameters used in
these calculations are taken from the related experimental data and summarized in Table S1. Figure S3b shows a
typical simulation of SABRE magnetization for varying mixing field strength for substrate V. Despite this simplified
treatment, the experimental data (Fig. S3a) shows good agreement with the results of simulation.

Table S1: Parameters used in the numerical calculations involving substrate II-IV.

Parameters Substrate
Il Il I\
Chemical shifts 61 (ppm) -21.50 -21.57 -21.52
(ppm) ds (ppm) -21.50 -21.57 -21.52
Sr (ppm) 7.650 7.658 7.655
&t (ppm) 7.650 7.658 7.655
J-coupling Jis (Hz) 8.0 8.0 8.0
constants (Hz) Jr (H2) 0.70 0.65 0.66
Jir (Hz) 0.25 0.22 0.20
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| Jst (H2) 0.50 0.45 0.45

| Jsr (Hz) 0.35 0.35 0.30
| Jrt (H2) 8.50 8.55 8.55

(@)

(SR

I

r TT“" v TT

Enhancement factor
[e)
%

(b) i

Amplitude (a.u.)
0

0 20 40 60 80 100 120 140
Mixing field (G)

Figure S3. 'H NMR SABRE derived signal enhancement for IV: (a) experimental spectra and (b) simulated values
plotted as a function of mixing field over a range of 0-150 Gauss. A maximum signal enhancement is achieved at an
~65 Gauss mixing field.

S5. Long-lived singlet states (LLS)

Singlet states can have a much longer spin lifetime than the spin-lattice time constant (T.:) under suitable
circumstances. We briefly describe here the methods used experimentally to measure the singlet state lifetimes (Ti.s) in
the substrate spin systems that are studied in this report. Spin systems comprising of a coupled spin-pair, can broadly
be classified in to two different categories — (i) a weakly coupled spin-pair where Av > J and (ii) a strongly coupled spin-
pair where Av << J. Here Av and J are the chemical shift difference and scalar-coupling constant between the spin-pair
in Hz respectively. Substrates Il and 1V, characterise as a weakly-coupled spin-pair system in high field (9.4 T magnet)
when dissolved in CDCl; solvent. Singlet lifetimes were measured in those cases by adapting the standard pulse
sequence described by Carravetta and Levitt.[’! However, our main focus here lies in the strongly-coupled spin-pair as
most of the systems we studied here fall into this category. The most popular among the techniques available to study
these type of systems is commonly known as M2S-S2M pulse sequencel® first described by Tayler and Levitt. M2S
block (stands for magnetization-to-singlet) converts magnetization in to singlet form by a series of refocussing pulses as
shown in the Fig. S4. Singlets are then stored (Ts) either in high or in low-field by transporting the sample out of the
magnet. An optional spin-lock can also be applied during the storage in high-field. The pulse sequence also consists of
two gradient pulses (Gz) that are used to destroy any residual magnetization that may have developed during the
storage time. Standard 90° pulses are used to flip the magnetization into the transverse plane. Singlets however are
non-magnetic and hence non-detectable by r.f. pulses. By reversing the order of M2S block, the singlet is transferred
into magnetization (S2M) for NMR detection. In order to perform the M2S-S2M pulse sequence, it is required to know
few key parameters (7, n; and ny) as shown in Fig. S4d. Here 7 is a delay whereas ni1 and n2 are number of loops to

S7



repeat the refocussing pulse. A related J-synchronization type experiments found suitable to calculate these parameters
efficiently.®® The next sub-section briefly describes the method.

(a)

hyperpolarized
solution transfer

para-hydrogen rotor
generator e
— ¢
5" Y
bl
I <
H, ! Eg) :
| L1 =
vacuum  coiip Ct?lzlcjsr T
catalyst
Magnetic mixing
chamber NMR/MRI magnet
90 90
(b) ° i
G, Gz
T Y — : S2M
Ts ||||"'“
(©) - 9.4 T
\ ,f’
\ / 10 mT
(d) 4 N
180, 900, 180,
T T T T T
< 7R 7
. /

Figure S4. (a) SABRE-LLS transfer scheme. The substrate, p-H. gas and catalyst are mixed at a predefined magnetic
field. The solution is then transferred to the NMR spectrometer where a pulse sequence is used to create, and ultimately
monitor, the SABRE-LLS decay. (b) Pulse sequence used to measure singlet state lifetimes (T..s) in a strongly coupled
spin-pair. The M2S block converts the initial magnetization into singlet order which is then preserved for a variable delay
(Ts) either in high-field (with optional spin-locking) or in low-field by transporting the sample out of the magnet to a ~10
mT region. The S2M sequence converts the singlet order into magnetization for NMR detection. (c) Magnetic field
trajectory during the pulse sequence with the fall to low field being achieved via transfer to a low-field location. (d) M2S
pulse sequence block used with the parameters defined in the text; the S2M block is essentially the reverse.
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J-synchronization experiment

A J-synchronization experiment® was carried out for each set of samples to determine the exact parameters needed for

the M2S-S2M pulse sequence. The theoretical values can be estimated using the formulas, t :T:sz ,

Ny .. . .
Py tan_l[m/]], and n, = /2. These parameters (t, n; and n,) are optimized for each set of samples by running a series of

J-synchronization experiments with varying either 7 or n;. The pulse sequence is shown in Fig. S5.

ny =

I

The Spindynamica® simulation closely matches the experimental findings as shown below.

900, 180,

Ny

Figure S5: Pulse sequence used to carry out the J-synchronization experiment.

0] Results from varying n;, while keeping t constant

(a) (b) 10

05!

LLL

10 20 30 40 50 60

Ny —

5 10 15 20 25 30 35

N ——

Figure S6: (a) *H NMR based experimental spectra of IV and (b) related Spindynamica simulations of the J-
synchronization experiments detected signal amplitude with varying n; values while keeping t at a constant value (29.4
ms).

(ii) Results from varying t, while keeping n; constant
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(a)

T TTTITTTT (b)
0.5
0.0
-05
. : . . : . -1.0 . A
0.0286 0.0290 0.0294 0.0298 0.0302 0.026 0.028 0.030 0.032
T (sec) ——= T (se6) —=

Figure S7: (a) *H NMR based experimental spectra of IV and (b) related Spindynamica simulations of J-synchronization
amplitudes with varying t values while keeping ni constant (26).

The optimized parameters for the substrates dissolved in the indicated solvents are summarized in Table S2. Singlet
lifetime constants (T..s) were measured by employing the complete sequence of M2S-S2M and lead to the results
shown in Table S3.

Table S2: Experimental parameters used in the M2S-S2M pulse sequence to measure Tiis for the substrates II-
VI.

Substrate Solvent 7 (ms) ni nz
Il Methanol-ds 28.8 6 3
1 Methanol-d, 29.5 13 7
Ethanol-dg 29.6 15 7
v Methanol-d, 29.5 13 7
Ethanol-dg 29.3 17 8
Ethanol-de+ 29.2 9 5
D,O (50:50)
\Y Methanol-d, 295 27 13
\ Methanol-d, 29.3 6 3

Table S3: T: and Tis time constants determined in high and low-field for the specified substrates in the
indicated solvents. (HF = High Field; LF = Low field; SL = Spin-lock)

Substrate | Solvent THF (s) THESE (s) T{F (s) Tifs ()

Il Methanol-d, 26.0 55.4 46.7 52.0

1] Methanol-d4 29.3 102.6 44.2 156.0
Ethanol-ds 23.8 92.3 38.4 134.6

[\ Methanol-d4 31.3 135.5 43.5 188.5
Ethanol-ds 245 108.5 37.5 145.2
Ethanol-ds+ D,0O 13.5 78.4 20.5 78.3
(50:50)
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\% Methanol-ds4 22.2 315 36.2 262.0

\! Methanol-d, 24.5 19.4 30.0 26.5

Table S4. Signal enhancement and lifetimes of substrates in indicated solvents measured in high (9.4 T) and
low field (~10 mT). (HF = high field and LF = low field, SL = Spin-locking).

Sub R? R? Solvent AD Enhan  T{F (s) TS () THESL (5) T (9) TH: (s)
stra (Hz) ceme
te at 9.4 nt
T
| H H Methanol-ds - 2100 27.3+10 - - 44+22 -
H H Ethanol-de - 1180 220+06 - - 37.5+23 -
Il H CH; Methanol-ds 2.3 1950 234+08 52%25 50+ 4.0 385+54 47+4.2
1l D CH; Methanol-d, 1.0 1900 285+0.8 66+3.8 90+6.8 41.0+19 129+10.0
D CHs;  Ethanol-ds 0.9 1150 225+1.0 62+34 91+4.6 36.4+55 108+11.4
v D CD; Methanol-d, 1.0 2040 288+1.3 76%35 113+3.8 42.8+35 165+16.5
D CD; Ethanol-ds 0.8 1200 21.2+08 75+54 96+5.5 38.8+4.6 120+10.5
D CD; Ethanol-ds+ 1.5 550 9.5+0.7 36+25 57+3.3 17.0+42 65%75
D,0 (50:50)
\Y CD; CHsz Methanol-ds 0.5 650 204+05 225+06 323+05 33.0+28 255+228
VI CD; CD, Methanol-ds 2.1 60 229+04 156+13 205+26 303+43 30+35
CDs

S6. Lifetime Dependency on solvents

We observed a strong solvent dependence on the chemical shift difference (45) between the proton pairs of substrates
Il and 1V. When dissolved in CDCls, a 13.65 Hz chemical shift difference (46) was measured at 400 MHz. However, 46
was only 1.0 Hz when dissolved in CD3;OD in same magnetic field. By mixing different ratios of those two solvents, we
detected a non-linear but steady variation in A§ values. These change in chemical shift values have a direct effect on
singlet relaxation as per the theoretical predictions.'% A constant increase in Tyus is observed with decreasing 45
values. However, the effect on T; relaxation was much smaller. The results are similar for both Ill and 1V. However, no
solvent dependent chemical shift was seen for Il, V or VI. The data of Table S5 can be used to predict T, s values
therefore as a function of Bo.

Table S5: The chemical shift differences (A8) and magnetic state lifetime of IV, as a function of solvent
composition, for mixtures of CDCls and CDsOD. Tu.s values are calculated by storing the sample in high-field
(HF) with spin-locking (SL) in all cases.

Solvent ratio (CDCls: Chemical shift (48) Ti (S) TflfS:SL (s)
CDs0OD) difference in Hz at 9.4

T
100:0 13.6 285+2.0 124+ 3.0
60:40 9.5 27.8+1.5 13.5+4.2
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40:60 4.5 274+1.6 62.0+4.6

20:80 1.8 28.8+1.8 1154+ 45
10:90 1.3 30.2+21 124.0+5.2
0:100 1.0 31.3+2.0 1355+5.8

A similar A8 dependency with other commonly available NMR solvents was also observed (Fig. S8).

The related

physical constants'l of these solvents and the experimentally calculated relaxation data for IV are shown in Table S6.
Literature suggests that the dielectric constant and dynamic viscosity of the solvent has a major role in defining the 46

values.[1213]

Table S6: Spin lifetimes (T1 and Ti.s) of IV when dissolved in the indicated solvent. All measurements are done
in High-field (9.4 T).

Solvent Density at Dynamic Dielectric Chemical T (sec) Tiis (sec)

20C Viscosity at 20 C | Constant shift (Hz)

(g cm®) (Kg m?s?)x 103 difference @

94T

Water-d, 111 1.25 78.5 0.79 17.7+1.2 64.2+4.7
Ethanol-de 0.90 1.20 245 0.74 245+10 108.5+8.6
Chloroform-d 1.50 0.57 4.8 13.65 285+2.0 12.4+3.0
Methanol-d, 0.89 0.52 32.7 1.00 31.3+£2.0 1355+5.8
Acetonitrile-ds 0.84 0.39 375 4.30 26.9+2.0 355+95
Acetone-ds 0.87 0.34 20.7 3.20 38.8+2.6 32.0+35
Benzene-ds 0.95 0.69 2.3 4.50 33.8+1.8 96.0 + 6.6
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Figure S8: Experimental 'H NMR Spectra showing the change in appearance of the proton resonances of IV when
dissolved in (a) D20, (b) CDs;CD,0D, (c) CDCls, (d) CD3OD, (e) CD3CN, (f) CD3(CO)CD3 and (g) CsDe.
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S7. NMR spectra examples

The following examples of NMR spectra reflect the substrate spin systems studied here. Samples were prepared as
described in section S1. All spectra were measured in a 400 MHz NMR spectrometer at room temperature.

S7.1 NMR spectra of the substrates
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Figure S9: Experimental *H NMR spectrum of | (inset) dissolved in CD3zOD with [IrCI(COD)(IMes)]. The # denote the
proton resonances of the substrate.
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Figure S10: Experimental *H NMR spectrum of Il (inset) dissolved in CD3OD with [IrCI(COD)(IMes)]. The # denotes the
isolated proton resonances of the substrate, whereas the methyl proton’s resonance is shown by the *.
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Figure S11: Experimental *H NMR spectrum of Ill (inset) dissolved in CDsOD with [IrCI(COD)(IMes)]. The # denotes the
isolated proton resonances from the substrate, whereas the methyl proton’s resonance is shown by the *.
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Figure S12: Experimental *H NMR spectrum of IV (inset) dissolved in CD3OD with [IrCI(COD)(IMes)]. The # denotes the
proton resonances of the substrate. The two protons feature a near-equivalent scheme with 3Ju, = 8.5 Hz, whereas the
measured chemical shift difference is only 1.0 Hz only.
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Figure S13: Experimental *H NMR spectrum of V (inset) dissolved in CDzOD with [IrCI(COD)(IMes)]. The # denoting the
isolated proton resonances from the substrate, whereas the methyl proton’s resonance denotes by the *.
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Figure S14: Experimental *H NMR spectrum of VI (inset) dissolved in CD3z0D with [IrCI(COD)(IMes)]. The # denotes the
proton resonances from the substrate.

S7.2 NMR spectra resulting from SABRE and SABRE-LLS measurements.
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Figure S15: *H NMR spectra of | dissolved in CDsOD with the IMes catalyst to observe SABRE (top) and thermally

polarized (bottom) for comparison.
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Figure S16: 'H NMR spectra of Il dissolved in CD30D with the IMes catalyst to observe SABRE (top) and the thermally
equilibrated spectrum (bottom).
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Figure S17: *H NMR spectra of Ill dissolved in CD3OD with IMes catalyst to observe: (a) by SABRE, (b) thermal signal,
(c) the SABRE-LLS signal after 8 s and (d) after 300 s of storage at low-field.
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Figure S18: 'H NMR spectra of IV dissolved in CD3OD with IMes catalyst to observe: (a) by SABRE, (b) thermal signal,
(c) the SABRE-LLS signal after 8 s and (d) after 300 s of storage at low-field.
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Figure S19: 'H NMR spectra of V dissolved in CD3OD with IMes catalyst to observe: (a) by SABRE, (b) thermal signal,
(c) the SABRE-LLS signal after 8 s and (d) after 600 s of storage at low-field.
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Figure S20: *H NMR spectra of VI dissolved in CD;OD with IMes catalyst to observe: (a) by SABRE, (b) thermal signal,
(c) the SABRE-LLS signal after 8 s and (d) after 45 s of storage at low-field.
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