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ABSTRACT: Level anti-crossings (LACs) are ubiquitous in quantum systems and have been exploited for spin order transfer
in hyperpolarized nuclear magnetic resonance spectroscopy. This paper examines the manifestations of adiabatic passage
through a specific type of LAC found in homonuclear systems of chemically inequivalent coupled protons incorporating par-
ahydrogen (pHz). Adiabatic passage through such a LAC is shown to elicit translation of the pHz spin order. As an example,
with prospective applications in biomedicine, proton spin polarizations of at least 19.8+2.6% on the methylene protons and
68.7+0.5% on the vinylic protons of selectively deuterated allyl pyruvate ester are demonstrated experimentally. After ul-
trasonic spray injection of a precursor solution containing propargyl pyruvate and a dissolved Rh catalyst into a chamber
pressurized with 99% para enriched Hz, the products are collected and transported to high magnetic field for NMR detec-
tion. The LAC-mediated hyperpolarization of the methylene protons is significant because of the stronger spin coupling to
the pyruvate carbonyl 13C, setting up an ideal initial condition for subsequent coherence transfer by selective INEPT. Fur-
thermore, the selective deuteration of the propargyl side-arm increases the efficiency and polarization level. LAC-mediated
translation of parahydrogen spin order completes the first step toward a new and highly efficient route for *3C NMR signal

enhancement of pyruvate via side arm hydrogenation with parahydrogen.

INTRODUCTION

Avoided crossings of eigenvalue curves, or level anti-
crossings (LACs), are ubiquitous in quantum systems and
underpin diverse physical phenomena.!-> For instance,
LACs of spin states dressed by interaction with resonant
radiofrequency (RF) fields provide a means to manipulate
singlet-triplet imbalances,® and LACs induced by heteronu-
clear spin couplings have been extensively exploited for
conversion of parahydrogen (pH:) singlet order to '3C
magnetization at ultra-low magnetic fields,’-1* thereby
extending the applicability of parahydrogen enhanced
NMR.15-18  Apparently unnoticed until now is the signifi-
cance of LACs in systems of chemically inequivalent pro-
tons incorporating pHz spin order. It will be shown here
that adiabatic passage through such LACs can elicit transla-
tion of bilinear spin order to initially unpolarized protons
in the molecule with an efficiency that depends on the spin
couplings and relative proton isotropic chemical shifts.
This quantum effect will enable a new and practical route
to spin order transfer to 13C for NMR signal enhancement
of pyruvate and related pHz adducts with applications in
biomedicine.!8-21

THEORY

The essential aspects of the spin dynamics are illustrated
in a three-proton AMX spin system (Pople Notation??)
formed by hydrogenation with pHz, such as in the catalytic
hydrogenation of a selectively deuterated propargyl ester
to the allyl ester, as shown in Scheme 1.

Scheme 1. Hydrogenation of selectively deuterated
propargyl esters with parahydrogen.
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Protons H! and H? are assumed to originate from pH, and
H3 is an initially unpolarized proton - e.g., the allyl meth-
ylene proton. The importance of the two different R groups
in scheme 1 derives from the perturbation on the isotropic
chemical shifts §; of the three protons: for R=D, §, > §; >
&3, while for R=CD3, §, > 83 > §,. For the present purpos-
es, the spin couplings to 2H and nuclei in the R" group are
unimportant and will be ignored. The isotropic spin Hamil-
tonian pertinent to non-viscous solutions has the form
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where y is the proton gyromagnetic ratio, B is the applied
static magnetic field, I,; is the z-component of the it spin
operator I;, and ]i]-ii -i]- is the isotropic spin-spin coupling
between protons H' and H. For the analytical treatment,
we assume idealized Hamiltonians with

[/12| » |/23] and J;3 =0,

and we consider three different constructs for an AMX spin
system, designated C1, C2 and C3, defined in Table 1. The
three constructs differ only in the relative order of the iso-
tropic chemical shifts.

At the instant of hydrogenation, the projection operator for
the pHz singlet state is

1
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If |J12| » |J23], then at a sufficiently low magnetic field B,,,,
the commutator [ﬁ(Bzow).ﬁs] ~ 0, and the singlet order
will remain essentially intact after averaging over the ki-
netic time distribution of individual hydrogenation events,
and the time-averaged density operator for the ensemble
of hydrogenation adducts will be (ps) = p;. In the
ALTADENA (Adiabatic Longitudinal Transport After Disso-
ciation Engenders Net Alignment) effect,?? the hydrogena-
tion adducts formed at By, ~ 0 are adiabatically trans-
ported to high magnetic field where weak coupling pre-
vails and the NMR spectrum is acquired. Adiabatic passage,
where individual spin states evolve without a change in
their occupancy, occurs when the change in the spin Ham-
iltonian is sufficiently slow to avoid stimulating transitions
between eigenstates, yet fast enough to avert significant
spin relaxation.>!3 Under such conditions, the density op-
erator resulting from adiabatic transport over a time 7,
that is short compared to the spin-lattice relaxation times
can be approximated by unitary evolution:

() = U )(ps) U7 (1) 3)
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where U(z;,) = exp(—i [, dt (¢ )).
In the arrow notation, this transformation is expressed as
L~ HB) L
(Ps) — D¢ In the trivial case where J,; = 0 and J;3 = 0, H?
is isolated, and the density operator p; is like that of the

original ALTADENA effect for two weakly coupled pro-
tons?3:;
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The sign of the third term in Eq. (4) depends on the rela-
tive signs of J;, and §; — &,.

Rotating frame eigenvalue correlation diagrams for the C1
and C3 type constructs are shown at the top of Fig. 1. A

LAC is apparent for C1, but not for C3 where &5 is bracket-
ed by §; and §,. The initial and final state populations re-
sulting from adiabatic passage are indicated by the blue
disks, and the hyperpolarized single-quantum NMR transi-
tions involving each of the three protons in the weak-
coupling regime are indicated by the color-coded arrows.
Because there is no LAC for C3, the transitions of H3 are
unpolarized. In contrast, when §; lies outside the range
spanned by 6, and &, (either above or below) as in C1 or
C2, the transitions of H3 are hyperpolarized (burgundy
dashed arrows).

The corresponding analytical calculations of the final den-
sity operator p¢ resulting from unitary adiabatic propaga-
tion from the strong to weak coupling regimes for the ide-
alized constructs C1, C2, and C3, according to Eq. (3), are
reported in Table 1.

Table 1. Density operators resulting from adiabatic
passage from strong to weak coupling of idealized AMX
spin systems, assuming J1, > J,3 and J13 = 0.

Con- Hamiltonian 5 . N
LAC? | Final Density Operator, pg
struct | parameters
6, > 81 > 6 ~
2o 11, . 1.
¢1 or YES 5_5122123 iZ(Izz _123)
83> 6, >6,
6> 8, > 83 N
1 1. . 1.
c2 or YES 5_5121123 iZ(Izl _123)
83> 08, > 6
8§, > 63> 6 N
1 1. . 1 . N
a3 or NO g_Elzllzz iZ(lzl - zz)
6 > 83 >6;

For C1 and C2, the final density operators are identical in
form to Eq. (4) but with proton labels 1 and 3 or 2 and 3
interchanged, respectively. For C3, p; is the same as in Eq
(4). The quantity (,3) = Tr(iz3 - pr) provides a measure of
the efficiency of the conversion of scalar pHz spin order
(Eq. 1) into H3 polarization. As seen in Tables 1 and 2, adi-
abatic passage through the LAC results in spin exchange
involving both the linear and bilinear terms of p, leading
to the complete transfer of parahydrogen-derived spin
order to the initially unpolarized proton in the molecule.
The density operator calculations confirm that when the
chemical shift of H3 is intermediate to those of H! and H?,
H3 remains unpolarized, irrespective of /,5.

Let us now consider the implications of the LAC-mediated
proton spin-exchange of parahydrogen spin order for pro-
ducing 13C hyperpolarization in pyruvate and other car-
boxylic acids. While pyruvate is not directly producible by
hydrogenation, attachment of the propargyl side-arm pro-
vides an unsaturated bond for addition of pHz?2* as in
Scheme 1. In this side-arm hydrogenation (SAH) method-
ology, the pHz spin order needs to be transferred across
the ester linkage to the carbonyl 13C, and then the side-arm
is removed by hydrolysis to afford pyruvate. Propargylic
side-arms offer greater chemical stability and higher rates
of hydrogenation’-2> than vinylic side-arms.
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Figure 1. Rotating frame eigenvalue correlation diagrams for model Hamiltonians of type C1 and C3 as a function of the static mag-
netic field with J;, = 25 Hz and J,3 = 5 Hz (upper diagrams) or J,3 = 0 Hz (lower diagrams). (a) C1, {8}, 8,, 83} ={0,+10,-10} ppm.
(b) C3, {61, 62,63} = {+10,-10, 0} ppm. The LAC is seen in the dashed red box. Orange, blue, and burgundy arrows indicate polar-
ized single spin transitions of H1, H2 and H3, respectively. In the absence of a LAC, transitions of H3 remain unpolarized. The corre-
lation diagram for C2 is analogous to C1. Curves were calculated using the SpinDynamica package2¢ in Wolfram’s Mathematica.

Disadvantageously, the pHz proton pair in allyl ester ad-
ducts is further away from the 13C target due to the inter-
vening CHz group in the former, and the spin-spin cou-
plings to the nearest pyruvate 13C are too small to mediate
efficient coherence transfer in a single step.2” This moti-
vated the development of various two-step relayed coher-
ence transfer pulse sequences?28-30 that operate on
PASADENA-derived I,,1,, spin order generated at high
magnetic field.!>16 Advantageously, LAC mediated transla-
tion to the H3 (methylene) proton(s) in allyl ester side-
arms of type C1 is significant because of the stronger spin
coupling to the pyruvate carbonyl 13C, setting up an ideal
initial condition for subsequent coherence transfer to the
carbonyl 13C by selective INEPT.3!

The spin polarizations after adiabatic transport were eval-
uated for several pyruvate esters of interest (scheme 2) by
numerical density matrix simulations and are reported in
Table 3. Firstly, the results confirm the importance of the
relative ordering of the chemical shifts (and hence the
Zeeman energies) of the two pHz sourced protons and the
relay proton(s). While (2)-allyl-3-d 2-oxopropanoate-1-13C
(APd) is a type C1 molecule, 3-ds;-1-d-buten-2-yl (BPd4)3?
has the chemical shift ordering of C3 and is thus predicted
to not exhibit a LAC. Even though APd and BPds differ only
in the attachment of a -CD3 group at the methylene carbon,
the methylation has had the effect of changing the chemical
shift ordering, thus switching-off the LAC-mediated spin
exchange process.

Secondly, the results in Table 3 show that selective deuter-
ation can increase the efficiency of symmetry breaking
conversion of pHz spin order into NMR-observable Zeeman
order.”2° In non-deuterated AP or BP, ] couplings to H5

incur substantial irreversible loss of pHz spin order upon
hydrogenation. Because J,5 > J;, J,3, there is a large admix-
ture of the H® spin-state in the low field eigenstates of the
adduct. The destructive effect of J,5 in the non-deuterated
form is evident by evaluating Tr{p; - (fs)}. Recall that for a
pure state, Tr{p?} = 1, but since H? and H5 are initially
unpolarized, Tr{p?} = 1/4 maximally. If J;5 — 0, one ob-
tains Tr{p; - (f;)}=0.21, but if /s = 17.2 Hz (as in AP),
Tr{ps - (Ps)}=0.122. The loss can be mitigated by selective
deuteration at HS, since Jyp/Juy = 1/7.

Scheme 2. Molecular embodiments under study
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AP = allyl 2-oxopropanoate-1-13C; APd = (2)-allyl-3-d 2-
oxopropanoate-1-13C, APdz = (Z)-allyl-1,3-d 2-oxopropanoate-
1-13C; DMM = dimethyl maleate.



Table 2. Zeeman order produced by adiabatic passage
from strong to weak coupling for idealized constructs

angle pulse. This choice of flip-angle suppresses the biline-
ar operator terms in J¢ as well as the possible PASADENA
signals stemming from any ongoing hydrogenation after
transport to high magnetic field. Complete experimental
details, including the synthesis of the isotopically labelled

propargyl pyruvate and acetate substrates, are provided in

d [LMP1]: Needs to be centered

Hamiltonian J23 =0 J23 >0
Chemical
Shifts (he) | Claz) | Kla) | (hz) | (D) | (s
a
c L I I ry.r
8§, >8> 85 2 2 2 2
c3 L L S (R
8, >85> 6, 2 2 2 2
C4 b
5 =6 o o] o]l L.
56,28, 4 4 2

a. Y(I,) over both methylene relay protons in AP and APd.
b. ¥(I,) over all methyl protons.

Table 3. Numerical simulations of Zeeman order pro-
duced in the molecular embodiments

gyp
the Supporting Information.

Fig. 2(b) plots the numerically simulated spin polarization,
P, = 2(I;), of each proton in APd; as a function of flow
rate. These simulations indicate that in our system we can
expect to approach the adiabatic regime at flow rates
slower than about 2 mL/min (7, > 10 s), which is easily
accessible by our syringe pump, probe, and fluid handling
system. The polarization of the H? proton is expected to be
invariant of the flow rate. However, it is important to note
that these simulations do not account for the spin-lattice
relaxation during transport.T High field inversion-recovery
T1 measurements on thermally polarized APd reaction
products (with catalyst present) indicate that the H3 Ty is
significantly shorter at 6.4 s compared to the 9.2 sand 9.6 s
relaxation times of the H! or H? protons, respectively (see
Supporting Information).

RESULTS AND DISCUSSION
The 400 MHz 'H ALTADENA NMR spectra of AP and APd

//{ Ce

—1 C ed [FJ2]: Does this “a” and “b” in Table 3 need to

Construct Molecule (I1z) (I3;) (I32)
AP -.095 +.28 -27a

C1
AP, APd; | -0028 | +42 | -42s
c3 BPd4 -46 +.46 .0024
C4 DMM 0.24 0.24 -0.48b

Moreover, if hydrogenation is performed in a small but
finite magnetic field (e.g., Earth’s field) where deuterons
and protons are only weakly coupled, losses due to state
mixing are negligible. The numerical simulation results in
Table 3, calculated assuming perfect adiabatic passage,
show that deuteration at H5 affords a ~50% increase of
(I3,) after adiabatic passage through the LAC. The theoreti-
cal maximum achievable polarization of H3, neglecting spin
relaxation, is 84% in APd: (in APd, the polarization is di-
vided equally between the two methylene protons). Simu-
lation details and MATLAB/Spinach source code are pro-
vided in the Supporting Information.

EXPERIMENTAL

The LAC-mediated proton spin exchange in AP and APd
(after their formation by Rh catalyzed hydrogenation with
pHz at 2.4 mT) was studied with the apparatus dia-
grammed in Fig. 2(a). A de¢-acetone solution of the alkyne
precursor and dissolved Rh catalyst was infused through
an ultrasonically vibrated nozzle into a funnel shaped reac-
tion chamber pressurized to 6 bars with 99% enriched
pHz. Experiments were performed with a fixed 4:1 sub-
strate:catalyst ratio with either 2 mM or 10 mM
Rh(cod)(dppb)BF: catalyst concentration. Immediately
after collecting 0.5 mL of the pHz adduct solution, the lig-
uid was drawn into the Varian 400 MHz flow NMR probe at
precisely controlled withdrawal rates varying from 0.2 to 5
mL/min, corresponding to transport times of 7, = 100 to
4 s, respectively, using a Chemyx™ 4000 dual syringe
pump. The high-resolution 'H NMR spectra were acquired
on a Varian VNMRS spectrometer with a 2.25 us 90° flip-

acquired after ultrasonic spray injection of the propargyl g

pyruvate precursor solutions containing 2 mM Rh catalyst
into the reaction chamber pressurized with 99% pH: fol-
lowed by infusion into the NMR flow probe at 3 mL/min
(7:+=6.6 s) are presented in Fig. 3(a,b). Superimposed on
these spectra are the corresponding numerical simulations
based on the measured magnetic field profile of the 9.4 T
Bruker Ultrashield magnet. Each spectrum has been nor-
malized to its H? peak amplitude. Without any fitting pa-
rameters, excellent agreement between theory and exper-
iment is obtained except for the H3 resonance, which is
noticeably lower in intensity than in the simulated spectra
of both AP and APd. The discrepancy is attributed to the
shorter spin-lattice relaxation time of the H3 methylene
protons (see Supporting Information). The effects of dif-
ferential spin-lattice relaxation losses during transport
become even more pronounced at lower flow rates (see
Supporting Information). Fig. 3(c) presents the spectrum
obtained using the same flow rate of 3 mL/min but with a
5x more concentrated precursor solution (10 mM Rh and
40 mM AP or APd). For APd, a LAC mediated polarization
of P3 = 19.8 = 2.6% was obtained for the initially unpolar-
ized relay (methylene) protons, while a remarkable
P2=68.7 + 0.5% polarization (averaged over 3 trials) was
obtained for the vinylic H? proton originating from pHoa.
Interestingly, the H! signal in the spectrum of APd obtained
using the more concentrated precursor solution exhibits a
clear antiphase doublet that defied numerical simulation.
This contrasts with the net emission doublet observed
with the APd precursor solution of lower concentration
(Fig. 3b), consistent with theory. Signal enhancement and
polarization values were calculated using the signals in the
thermally polarized spectra shown in Fig. 3(d) and are
reported in Table S1 of the Supporting Information.

specified as it is in Table 2?
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Figure 2. (a) Block diagram of the ultrasonic spray-injection reactor system interfaced to the flow NMR spectrometer. The tubing
connecting the withdrawal syringe to the reaction chamber outlet, including the 60 uL flow cell, is initially prefilled with solvent
and the reaction chamber pressurized with 6 bars 99% pHz. The precursor solution is infused through an ultrasonic nozzle (3.5
W, 120 kHz) into the chamber at a flow rate of 5 mL/min. Products accumulate at the bottom of the funnel shaped chamber and
are drawn into the NMR probe at precisely controlled syringe pump flow rates. BPR = back-pressure regulator (5.17 bars). Fur-
ther details are provided in the Supporting Information. (b) Numerical density matrix calculations of the spin polarization (ne-
glecting spin relaxation) of individual protons in APd: as a function of the syringe pump withdrawal rate, estimated from the
transport time 7, used in the simulation, the volume (0.33 mL), and the measured field profile of the Bruker 9.4 T Ultrashield
magnet along the flow trajectory. Spin polarizations were computed using Spinach.32
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Figure 3. (a,b) 400 MHz 'H ALTADENA experimental spectra (in red) and numerically simulated !H ALTADENA spectra (in blue) of
AP and APd, respectively, obtained by hydrogenation of 8 mM propargyl pyruvate precursors with pHz using 2 mM Rh catalyst in
the 2.4 mT fringe field followed by transport into the flow probe at a flow rate of 3 mL/min for detection at 9.4 T using a 90° RF
pulse. The spectra have been normalized to the H2 peak. (c¢) 400 MHz 'H ALTADENA spectra of AP (in blue) and APd (in red) ob-
tained by hydrogenation as in (a,b) but with 40 mM propargyl pyruvate precursors and 10 mM Rh catalyst. The H2 peak in the
spectrum of AP has been scaled to match the H2 peak of the APd spectrum. (d) Thermally polarized spectra of the reaction product
solutions of (c), acquired by accumulation of 4 transients, and plotted on the same vertical axis as (c).



Closely related to the LAC-mediated spin exchange in AMX
spin systems is the net alignment spin order produced in
Cs-symmetric AA’XX" adducts of pHz. The archetypical ex-
ample is dimethyl maleate (DMM), a system addressed in
several previous accounts3334 prior to the understanding of
the role of LACs in ALTADENA experiments.35 For com-
pleteness, the analytical form of the density operator for
the associated idealized construct C4, defined in Table 2,
and a numerical spectral simulation for the DMM embodi-
ment, are provided in the Supporting Information.

CONCLUSION

In summary, parahydrogen induced hyperpolarization
levels of up to 19.8% (and 68.7% on the H2 proton) on the
methylene relay protons (H3) of (2)-allyl-3-d 2-
oxopropanoate-1-13C (APd) were demonstrated using the
LAC-mediated proton spin-exchange method introduced
herein. Such high polarization levels are remarkable con-
sidering the relatively short relaxation time of these pro-
tons (T1 = 6.4 s). Even higher polarization levels might be
achieved by reducing T losses during adiabatic transport
as may be realized using a variable syringe pump flow rate
to maintain the constant-adiabaticity'? criterion, or by em-
ploying a bench-top NMR spectrometer with a reduced
flow path length. A further increase in the H3 proton polar-
ization level is anticipated in (Z)-allyl-1,3-d 2-
oxopropanoate-1-13C (APdz) adducts where the spin-lattice
relaxation time is likely to be increased by replacement of
the -CHz- with -CHD- on the allyl side-arm. An important
implication of these results is that LAC-mediated proton
spin-exchange of pHz spin order in the AMX spin systems
completes the first step toward spin order transfer to 13C
in pyruvate and other key metabolites. The deuteration
pattern in APd: also lends itself to a higher efficiency (by a
factor of 2) in the selective coherence transfer from H3 to
the pyruvate carbonyl 13C,73637 providing an overall maxi-
mum theoretical efficiency of 84% for the conversion of
pHz spin order to 13C magnetization on the metabolite. This
is similar to the theoretical maximum efficiency of the
high-field relayed-coherence transfer RF pulse sequences
based on high-field pHz addition to propargyl side-arms as
well as the slower reacting and less stable vinyl ester side-
arms (which lack relay protons). Advantageously, the pro-
posed LAC-INEPT approach requires only a single coher-
ence transfer step, thereby reducing T2 decoherence losses.
Moreover, the approach is compatible with hydrogenation
in a high-performance hydrogenation reactor (such as our
ultrasonic spray injection system) operating outside of the
NMR magnet. Polarization levels achievable by our LAC-
INEPT approach are competitive with the best results ob-
tained by dissolution DNP,1%:38 but with substantially lower
cost, higher reproducibility, shorter polarization times, and
perhaps most importantly, compatibility with continuous-
flow chemistry and separations.
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Supporting Information. The Supporting Information docu-
ment provides details of the experimental instrumentation,
protocols, synthesis and characterization of isotopically la-
belled compounds, equations used to evaluate signal en-
hancements and spin polarizations, spin interaction parame-
ters for the studied molecules, analytical derivation details,

Mathematica/SpinDynamica source code, Spinach/Matlab
source code, and additional spectral simulations. This materi-
al is available free of charge via the Internet at
http://pubs.acs.org.
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