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An important development in the field of NMR spectroscopy has
been the advent of hyperpolarization approaches, capable of
yielding nuclear spin states whose value exceeds by orders-of-
magnitude what even the highest-field spectrometers can afford
under Boltzmann equilibrium. Included among these methods is
an ex situ dynamic nuclear polarization (DNP) approach, which
yields liquid-phase samples possessing spin polarizations of up to
50%. Although capable of providing an NMR sensitivity equiva-
lent to the averaging of about 1000000 scans, this methodology
is constrained to extract its “superspectrum” within a single—or
at most a few—transients. This makes it a poor starting point for
conventional 2D NMR acquisition experiments, which require a
large number of scans that are identical to one another except
for the increment of a certain t; delay. It has been recently sug-

1. Introduction

The very low interaction energies that award nuclear magnetic
resonance (NMR) its unique high resolution and noninvasive-
ness also deprive this spectroscopy of the sensitivity that char-
acterizes competing physical techniques. One way to increase
sensitivity involves operating at the highest possible magnetic
field; yet even at the highest Zeeman couplings that can
nowadays be reached by stable magnets, only about one in
every 20000 or so nuclei will contribute to the observable
NMR signal.”"’ Driven by this reality—compounded as it is by
the diminishing returns delivered by existing superconducting
magnet technologies—recent years have witnessed extensive
efforts to devise alternatives to NMR spectroscopy that prepare
nuclei in hyperpolarized states, that is, in states whose spin
population differences depart from the usual ~10~° Boltzmann
distributions and approach unity. These methods can deliver
NMR spectra with unprecedented sensitivities, and include
among others, chemical synthesis and parahydrogen,* opti-
cal pumping,™*' and microwave-driven transfers of magnetiza-
tion from electrons to nearby nuclei by dynamic nuclear polari-
zation (DNP). DNP is arguably the most general among
these methods: it only requires the irradiation of a small
amount of co-dispersed free radical and, if performed under
cryogenic conditions, it can deliver nuclear spin orders reach-
ing up to nearly full polarization."*"'? The most natural way to
exploit such enhancement within the framework of an NMR
experiment is to perform the DNP buildup in situ, that is,
within the same phase and the same sample environment as
will be later targeted by the NMR measurement. This logic has
shown the highest promise and return within the framework
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gested that by merging this ex situ DNP approach with spatially
encoded “ultrafast” methods, a suitable starting point could arise
for the acquisition of 2D spectra on hyperpolarized liquids.
Herein, we describe the experimental principles, potential fea-
tures, and current limitations of such integration between the
two methodologies. For a variety of small molecules, these new
hyperpolarized ultrafast experiments can, for equivalent overall
durations, provide heteronuclear correlation spectra at signifi-
cantly lower concentrations than those currently achievable by
conventional 2D NMR acquisitions. A variety of challenges still
remain to be solved before bringing the full potential of this new
integrated 2D NMR approach to fruition; these outstanding
issues are discussed.

of solid-state NMR spectroscopy,®'*' but its application to
enhance signals in a high-resolution liquid-state NMR setting is
not that straightforward. Conspiring against this procedure is
the relatively low electron —nuclear spin-order transfer efficien-
cy characterizing liquids placed within a high-field setting,
owing mainly to the unfavorable correlation times that then
characterize molecules within the framework of the transfer
needs.”? This obstacle can be alleviated by carrying the nucle-
ar polarization of the targeted liquid at low field strengths and
then transferring the sample to higher fields for observation,"*"”
or by increasing the microwave powers to make up for the
low transfer efficiency."®

An alternative way of achieving a DNP-enhanced liquid in-
cludes carrying out the pumping at low temperatures, on a
frozen glassy medium where a number of polarizing mecha-
nisms arise, and then rapidly transferring the sample into a so-
lution phase while keeping the spins in their very highly or-
dered states. This rapid phase transfer can in turn be done
either in situ assisted by a temperature jump (as for instance
provided by a CO, laser™), or ex situ by sudden dissolution of
the sample with a hot solvent vapor that then carries away the
sample into an NMR scanner for conventional observa-
tion."'>29 The availability of a commercial instrument capable
of performing this latter DNP-based low-temperature hyperpo-
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larization process and of rapidly melting the sample into the
liquid state has begun to open valuable new opportunities in
the fields of in vivo NMR spectroscopy and magnetic reso-
nance imaging.”-%3

In spite of being capable of delivering “supersignals” from
hyperpolarized nuclear spin states in a variety of molecules,
NMR experiments carried out within an ex situ DNP setting are
limited by the fact that its targets can be analyzed only briefly:
once the sample has changed state and been ejected from the
hyperpolarizer into an NMR scanner, spins will return to their
normal, weakly polarized Boltzmann equilibria within a relaxa-
tion time of about 3-4 T;. In a 1D NMR framework this is not a
constraining problem, as spectra can become available by per-
forming a single 7/2 excitation. Different, however, is the situa-
tion associated with 2D NMR acquisitions, which will normally
demand the execution of a large number of complex pulse se-
quences including a relatively long data acquisition period,
and differing solely in the duration of a t; interpulse delay
somewhere within their midst.?*? In view of this constraint,
we have recently begun exploring the potential that so-called
“ultrafast” nD NMR experiments, capable of delivering full mul-
tidimensional NMR spectra within a single scan,”**! could
offer upon being merged with DNP-based nuclear hyperpolari-
zation methods. Preliminary results suggest that merging of ul-
trafast NMR and ex situ DNP experiments is indeed possible,
and may lead to the acquisition of 2D NMR spectra on simple
analytes within a fraction of a second and at submicromolar
concentrations.”” The purpose of the present article is to
expand on those preliminary observations, and present a
deeper description of the experimental principles, new poten-
tial, and challenges posed by the integration of ultrafast 2D
NMR and DNP-enhancement methodologies. In particular, we
focus on the possibility of exploiting the relatively long T, re-
laxation times exhibited by heteronuclei, which, starting with a
substantial hyperpolarized signal, could then be transferred to
bonded and nonbonded protons for a more sensitive and
more informative detection. New heteronuclear single-quan-
tum correlation (HSQC), heteronuclear multiple-quantum co-
herence (HMQC), and heteronuclear multiple-bond correlation
(HMBC) pulse sequences based on this premise were devel-
oped, executed, and compared with conventional acquisitions
to assess their signal-enhancing potential. It was thus found
that, even when factoring in the relatively long pumping times
required by the ex situ DNP procedure and the sensitivity
losses associated with the sample transfer and single-scan 2D
NMR data acquisition, an optimized operation of these new
methods may enable one to access analyte concentrations
that are lower by over an order of magnitude than those ame-
nable from conventional counterpart experiments. This signifi-
cant advantage, however, is only achieved in favorable cases;
obstacles still remaining to be overcome for transforming this
approach into a potential method of choice for the acquisition
of 2D NMR spectra on small molecules are therefore noted.
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Experimental Section

A variety of sequences combining the single-scan capabilities of ul-
trafast 2D NMR spectroscopy with the sensitivity enhancement of
ex situ DNP were assayed by using an OIMBL Hypersense polarizer,
akin to that described by Ardenkjeer-Larsen et al.,""" for performing
the enhancement stage of the experiment, and a Varian Inova con-
sole equipped with an 11.7-T magnet for carrying out the NMR ac-
quisitions. Given that the ex situ DNP procedure strongly biases
the hyperpolarization towards the low-y species, all the NMR
measurements started once the sample had settled inside the
spectrometer with the excitation of *C or "N heteronuclei (usually
involving a 1/2 pulse). A variety of schemes were then implement-
ed to encode and transfer these heteronuclear coherences into
protons for higher-sensitivity observation. All experiments were
thus carried out using an inverse 5-mm NMR probe head,
equipped with triple-axis xyz gradients.

Runs were started by mixing the sample to be studied with a small
amount of an organic radical in a suitable glass-forming solvent.
An aliquot of the resulting solution was then placed inside the
helium-cooled variable-temperature insert located within the Hy-
persense polarizer’s main 3.35-T magnet. This sample was cooled
to 1.5K and its free radical irradiated at about 94 GHz with
~50-100 mW of microwave power. The length of the DNP pump-
ing time varied between 1 and 12 h depending on the targeted
compound, while the exact frequency of the microwave irradiation
was periodically recalibrated by monitoring the response of a
tuning sample every few weeks. After achieving a sufficient degree
of hyperpolarization (not always optimized and/or exactly known),
the irradiated samples were ejected from the Hypersense polarizer
as a liquid, and carried by a stream of preheated vapors pushed by
~3 atm of He gas into the NMR magnet. These chasing solvents
were usually methanol and occasionally water, and they poured
the sample into the observation probe in synchrony with a transis-
tor-transistor logic command that started the operation of the
NMR console. Whereas this transport of the DNP-pumped sample
into the liquids probe began with about 4.0 mL of transferring sol-
vent, the overall procedure resulted in only about 1.5mL of
sample in the final NMR tube—the remainder of solvent and
sample remaining along the way. In view of these losses and of
the ensuing variability in the dilution factors, ancillary spectropho-
tometric measurements relying on the strongly absorbing radical
as internal standard were carried out to evaluate the final effective
concentrations of the examined analytes.

2. Results

2.1. Ultrafast 2D NMR Spectroscopy: Principles and Prelimi-
nary Sudden-Injection Tests

Ultrafast 2D NMR spectroscopy replaces the serial time-based
encoding occurring along the indirect domain of conventional
2D acquisitions, by an equivalent encoding of the spin evolu-
tion along a spatial axis. The essence of the method as applied
to 2D acquisitions on liquid-state samples is summarized for
completion in Figure 1. Lying at its core is the partitioning of
the sample into a series of spatially independent subensem-
bles, each of them encoding the kind of spin evolution that
would normally be associated with a particular indirect-domain
t, value. This partitioning can be achieved by applying a series
of frequency-stepped or frequency-chirped radio-frequency
(RF) pulses, which act in combination with suitably echoed
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Figure 1. Principles involved in the retrieval of single-scan 2D NMR spectra.
RF blocks indicate frequency-chirped pulses which, when coupled to suita-
ble encoding magnetic field gradients G,, achieve a sequential excitation/in-
version of the spins along the gradient’s direction and thereby shift-driven
helical magnetization patterns along this axis (bottom). Following conven-
tional mixing sequences, data are collected in the presence of oscillating ac-
quisition gradients =+ G,, capable of repetitively unwinding and winding the
shift-induced spiral of spin packets encoded during the excitation. The sharp
echoes that are then generated unveil an array of indirect-domain spectra,
modulated in the direct domain by final evolution frequencies £, accessible
through FT versus t,.

magnetic-field gradients spreading out the spins’ resonance
frequencies along a particular direction, for instance, along the
z axis. Such a combination allows one to imprint spatially het-
erogeneous shift-derived effects onto the spins’ overall evolu-
tion; when considered within the framework of spin packets
precessing in the Bloch sphere, these patterns represent a
shift-induced £2,-dependent winding of the coherences along
the spatial encoding coordinate (Figure 1, lower left). These
windings will in general be characterized by a destructive in-
terference among their constituents; during an acquisition
stage, however, their spatially encoded information can be ex-
tracted by applying a suitable field gradient G, that acts in
combination with the data sampling. Such gradients will
unwind the various helices that were subtended by the indi-
vidual chemical sites, thus leading to observable echoes arising
from constructive interference phenomena among spins posi-
tioned throughout the sample. The position of such echoes as
a function of the k =y [ G,(t)dt wavenumber will depend on
the strengths of the Q, interactions; their measurement allows
one to map the indirect-domain spectra, thereby making out
the k variable proportional to the indirect-domain frequency
axis v;. Moreover, as such unwinding processes can be immedi-
ately reversed and repeated multiple times by alternating the
sign of the G, acquisition gradient, the direct-domain frequen-
cies of the spins that are active during the final detection
period can also be defined from the time modulation exhibited
by such echoes. Subjecting the echo signals obtained during
such a cyclic train of oscillating gradients to a suitable rear-
rangement and to a final 1D Fourier transform (FT) process
along the direct domain®®”’ thereby leads to the desired 2D
NMR spectrum—all of this within a single scan.
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When attempting to couple this kind of NMR measurement
with the ex situ DNP hyperpolarization procedure, one should
notice the poor partnership that the various gradient-based
spatial manipulations on which ultrafast 2D NMR spectroscopy
relies will make with the turbulent motions that the sample
undergoes as the polarizer rapidly injects it into the NMR ob-
servation tube. To evaluate potential interferences between
the gradient-assisted spatial encoding/decoding procedures
and the turbulence associated with this sudden sample injec-
tion, a series of stability tests were performed. To this end
methanol and water were chosen as solvents, and a series of
“mock” dissolutions were carried out focusing on how the pa-
rameters, such as the sample settling delays and the gradient
oscillation characteristics, affect the realization of ultrafast 2D
NMR experiments from Hypersense polarizer-ejected samples.
Figure 2 summarizes some of these findings with a series of 2D
S(k/v,,t,) interferograms, in which echo lifetimes as a function
of t, give a measure of the ideality of the experiment. These
tests suggest that even upon employing the weakest possible
encoding gradient strength G, compatible with the experi-
ment's realization, methanol injections require a wait of at
least 0.7 s before applying the 2D sequence, while water-based
injections require about twice this settling time. Figure 2D ex-
plores a different aspect of the experiment geared at defining
the influence of using different acquisition oscillation periods
T,: the trend imposed by the injection-related turbulences sug-
gests that interferograms collected using slower oscillation of
the acquisition cycles become more prone to echo distortions
than their shorter-T, counterparts, a behavior that contrasts
with what is observed when considering random Brownian
motions "

2.2. Hyperpolarized Ultrafast 2D NMR Experiments Based
on Single-Bond Correlations

With the conditions for obtaining single-scan 2D NMR data fol-
lowing a sudden injection explored, we turned to investigate
the potential opened up by DNP towards the recording of
HSQC spectra. A previous study demonstrated that solvents
such as pyridine could be observed in this manner;*? once
again we focus here on directly bonded *C-'H HSQC, but
geared this time at observing low-molecular-weight solutes
that were pumped in a hyperpolarizing medium. The pulse se-
quence assayed in such experiments is shown in Figure 3A. It
begins with a /2 excitation of the low-y heteronuclei, spatial
encoding of the resulting coherences in a constant-time fash-
ion by using a pair of frequency-swept m pulses,®" passing of
the ensuing information in nonquadrature mode to neighbor-
ing 'H nuclei by the creation of 2H,C, spin-order terms, and
the creation of an in-phase {*C}-decoupled 'H coherence for
more sensitive and informative detection. This was done as is
usual in single-scan 2D NMR spectroscopy in the presence of
an oscillating decoding gradient, and was separated for its FT
processed into two sets characterized by At,=2T, that were
subsequently recombined for improved signal-to-noise ratio
(SNR). An application of this ultrafast 2D HSQC sequence to a
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A) Mixing-less test sequence

B) Methanol Dissolution C) Water Dissolution

D) Water Dissolution

ARTICLES

pumping on BDPA in otherwise
usual polarizer-based 1D NMR

runs.
Figure 4 compares a DNP-en-
hanced ultrafast BC-H

HSQC NMR  spectrum collected
using the sequence in Figure 3A
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for a 1:1:1:1 mixture of o-, m-,
and p-xylenes plus toluene,
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ture dissolved in methanol using

an optimized pulse sequence. In
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an effort to make measurements
akin to one another, their total
experimental times were chosen
to be similar: a DNP pumping
time of 1.5h plus a negligible
~0.3 s at the NMR spectrometer
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Figure 2. A) Mixing-less single-scan 2D NMR sequence used to assess the stability of ultrafast 2D NMR spectrosco-
py following a Hypersense®-driven sample dissolution. B,C) Unsheared 2D interferograms measured on “mock”

600 400 200 0 -200-400 —600

fluence of relaxation times and
data points comparable, the
spectral resolutions and widths
along both domains were
chosen to be similar for both 2D

—

dissolutions of methanol and water, respectively, for different settling times d,. D) Same as (C) but with the inter-

ferogram monitored as a function of T,. Unless stated otherwise, experimental parameters associated with the ex-
periments included: G,.=2.5Gecm ™', G,=15Gem ™, "™ =15 ms, a=25°, SW, = 1480 Hz, total acquisition

time =240 ms, T,=300 ps, d,=1.5 s. The unmarked residual signal appearing in the lower-left corners of all
panels are artifacts of nonencoded magnetization, which go away upon introducing a suitable purging pulse.

3C-"H correlation on hyperpolarized 3-methylsalicylic acid is il-
lustrated in Figure 3B.

To gauge the potential sensitivity gains offered by this DNP-
enhanced 2D HSQC experiment, we sought to make repeated
comparisons against conventional 2D counterpart acquisitions.
Given the relatively high costs involved when trying these sys-
tematic tests using the original, in vivo oriented radical/solvent
combination suggested in ref. [11], an alternative system capa-
ble of yielding representative results for small-molecule studies
was sought. Eventually we settled on the use of toluene and
xylenes as polarizing media, and on af}-bisdiphenylene-f3-phe-
nylallyl:benzene (BDPA) at 20 mm concentrations as the co-
mixed radical.®? Methylbenzenes are good organic solvents
with the added advantage that their self-glassing behavior
makes them suitable media for a cryogenic DNP buildup;®
BDPA also presents multiple advantages including low cost,
stability, good solubility, and a sharp EPR line resonating very
close to the trityl species normally targeted by cryogenic DNP
(94.087 vs 94.098 GHz in our specific setup). Substantial NMR
signal enhancements, on the order of 10 for the
3C resonances of the methylbenzenes, could be observed by

ChemPhysChem 2008, 9, 2340 - 2348
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sets. As can be appreciated from
the traces shown in Figure 4, the
two data sets are not identical in
terms of shifts, and minor cross-
peak intensity heterogeneities
arise due to certain DNP-induced biases. Their main disparity,
however, rests in the very different solute concentrations that
had to be used to obtain similar effective SNRs: ~0.55 mm for
each of the aromatics in the DNP-enhanced run against
~20 mwm for the conventionally acquired spectrum.

2.3. Hyperpolarized Ultrafast 2D NMR Experiments Using
Multiple-Bond Correlations

When considering the potential gains that ex situ DNP could
yield within an analytical setting, it is convenient to factor in
the inherent heterogeneities that the sensitivity enhancement
will show for the various chemical sites. Figure 5 illustrates
these heterogeneities by comparing, for the compounds tar-
geted in Figures 3 and 4, 1D 3C NMR spectra measured follow-
ing hyperpolarization vis-a-vis 1D traces collected for conven-
tional thermal polarizations. Judging from the very different
concentrations that had to be employed to collect these two
data sets it is clear that all sites display, upon DNP, >10° en-
hancements in their signals; yet it is also clear that quaternary
carbon atoms show systematically higher average signal en-
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Figure 3. A) Pulse sequence and B) purely absorptive ultrafast 2D *C-'H
HSQC NMR spectrum arising from a 30 pL sample of hyperpolarized natural
abundance 3-methylsalicylic acid. This analyte was co-frozen at a concentra-
tion of 450 mm with OX63 (15 mm) in a MeOH/[D;]DMSO solution (1:1), irra-
diated for about 12 h at 94.107 GHz and 50 mW, and suddenly dissolved
with [D,JMeOD for NMR observation, thus leading to a final effective concen-
tration of &6 mm. In (A), P denotes a small gradient purging pulse and
A=1.8ms. As in all the remaining ultrafast 2D experiments in this work, the
data were digitized at a 2 us per complex point dwell.

hancements than their protonated counterparts. This behavior
can be rationalized by the fact that, even though the electron-
induced enhancements happening in the cryogenic glass may
be similar for all sites, the longer T, values that usually charac-
terize nonprotonated ">C atoms will help preserve the hyper-
polarization of these sites upon porting the sample from the
DNP to the NMR magnets. This in turn suggests the conven-
ience of focusing on 2D NMR experiments whose correlations
involve quaternary rather than protonated carbon atoms, for
instance, on long-distance corre-
lations to nonbonded protons of
the kind arising in HMBC experi-
ments.>39

Figure 6 presents a sequence

L. Frydman and M. Mishkovsky

DNP-enhanced ultrafast 3C-'H 2D Conventional 'H-enhanced/'H-

HSQC NMR detected 2D HSQC NMR.
[aromatics] = 0.55 mM each [aromatics] = 20 mM each
122— N |
£ | _
Q
2
£
<
w
9
132 — _

I I

7.2 'H shift/ppm 6.7 7N.2 H shift/ppm 6‘7

Figure 4. Comparison of two 2D "*C-"H HSQC NMR spectra (magnitude)
measured on samples prepared by mixing o,m,p-xylene and toluene in a
1:1:1:1 ratio. The DNP-enhanced spectrum (left) was measured with a
sample concentration of ~0.55 mm for each component, whereas its con-
ventional counterpart (whose pulse sequence was taken from the spectrom-
eter’s library) was measured at a sample concentration of ~20 mm. The
total experimental time in both tests was about the same, even though the
amount of NMR spectrometer time for the left-hand acquisition was negligi-
ble. Spectra were zoomed so as to highlight the aromatic-region correla-
tions, and two 1D cross sections were selected at the indicated '*C positions
for a better SNR assessment.

stant-time principles, a relatively long delay 4 tuned to enable
the creation of two-bond 2H,C,, antiphase terms, a pair of (/
2)yc pulses that transform these terms into an amplitude-
modulated antiphase 'H coherence, and acquisition at the
'H frequency while in the presence of an oscillatory decoding
gradient. As in the HSQC case, ancillary purging gradients
along orthogonal axes were included to filter out as much as
possible potential '>*C-"H signal contributions, but unlike those
cases the t; and t, evolutions proceeded without heteronuclear
decoupling. Figure 6 also compares, for the o,m,p-xylene/tolu-
ene (1:1:1:1) mixture, the HMBC traces arising from the sample
in hyperpolarized and in thermally polarized 2D NMR experi-
ments (the last one executed once again using an optimized
sequence taken from the standard Varian software package).

A) B)
Conventional ®C NMR: 16 scans @ 7250 mM Conventional ®C NMR: 16 scans @ 1340 mM
1 6 5 8 ﬂ [ 4 j:’zH e
P T s;nj.“.m e uw‘d“uT Ay o\ il n A E At '

capable of implementing these

2D correlations between '>C and

'H through J%, single-quantum . oH

DNP enhanced ®C NMR: 1 scan @ 23 mM

DNP enhanced *C NMR: 1 scan @ 3.6 mM

coherences within a single scan. H,C (7302H 2, 4 2
Features of this sequence in- 6 l 4

clude a direct '3C excitation, sup- J a2

pression of one-bond "*C-'H cor- T 60 150 140 130 120 110 100

relations based on their transfor- 1°C shift/ppm 13C shift/ppm)

mation into multiple-quantum
states following a delay
spatial encoding based on con-
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1 Figure 5. Comparison of conventional and hyperpolarized 'H-coupled 1D "*C NMR aromatic regions of 3-methylsa-
2% 2 Jicylic acid (A) and toluene (B) dissolved in methanol. Notice the relative ratio between the analyte concentrations,
as well as the higher signal shown by the quaternary carbon atoms due to their longer T, relaxation time.

ChemPhysChem 2008, 9, 23402348
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A)
Conventional 'H-enhanced/'H-detected 2D HMBC NMR.
[aromatics] = 20 mM each

DNP-enhanced ultrafast '3C-'"H 2D HMBC NMR
[aromatics] = 0.22 mM each
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cently shown, the N site of this
compound undergoes efficient
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Figure 6. A) Comparison of DNP-enhanced ultrafast 2D "*C-'H and conventional 2D HMBC spectra measured on
natural abundance o,m,p-xylene/toluene (1:1:1:1) mixtures. All 2D data are shown in magnitude mode and focus
on the methyl-proton correlations. B) The sequence parameters of the ultrafast acquisition are as indicated;
hollow lines denote 7/2 pulses, the G,, gradient pulses were added for coherence transfer selection purposes,
and the 4, 6 delays were chosen as 3.2 and 15 ms, respectively, to optimize the multiple-bond transfer and the

single-bond coherence suppression.

The parameters were set to involve comparable width and res-
olution characteristics in both the conventional and ultrafast
acquisition, and the two 2D traces display comparable SNRs in
the nonprotonated aromatic carbon correlations following
comparable overall amounts of experimental time. The con-
centration in the conventional HMBC experiment, however,
had to be increased by a factor of about 100 over that of the
DNP-enhanced ultrafast acquisition to achieve such parity.

The reliance on long-distance couplings is of course not ex-
clusive to "C: it is possible to exploit these for measuring 2D
HMBC spectra starting from other hyperpolarized species.
Figure 7 depicts an example of this with a single-scan "°N-'H
HMBC experiment carried out on '"N-choline chloride. As re-

DNP-enhanced single-scan 2D 'SN-'H HMBC NMR
['®N-Choline] = 0.06 mM

2 CHs 4
43
HO._—N-CH; CI”
1 2 ch,

<«—— F/MN[£313Hz] ——>

<« F/H[+757H] — >

Figure 7. Single-scan ""N-"H 2D HMBC spectrum arising from hyperpolariz-
ing N-choline chloride (1 pL, 130 mm), co-frozen with OX63 (15 mm) within
a H,0/[D¢]DMSO (1:1) solution, for about 3.75 h. Microwave irradiation was
performed at 94.098 GHz and 100 mW, and rapid dissolution with
[D,Jmethanol led to an effective final concentration of 60 pm. An ultrafast
HMBC sequence akin to that in Figure 6 B was used, with settling

time =700 ms, t;"*=15ms, G,.=430 Gem ™', T,=266 ps, G,=+8.4 Gcm ™,
filter bandwidth =33 kHz, N,=333.
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(~40 MHz for trityl), can become
simultaneously  hyperpolarized
within the same pumping pro-
cess. As shown by Day et al. it is
then possible to exploit the hy-
perpolarization experienced by
both species, one after the
other, within the same pumping
cycle.? Motivated by this observation, Figure 8 illustrates the
performance of two consecutive ultrafast 2D NMR experiments
based on the same hyperpolarized sample, but starting on the
different heteronuclei present in a labeled urea molecule.
Since the signal enhancement is usually lower for "°N than for
its *C counterpart, we began these measurements with a
>N-triggered HSQC to 'H, followed by a *CO-'H ultrafast 2D
correlation to complete two one-bond transfers. The results of
this latter experiment are not optimal, yet still satisfactory
when considering they required no additional polarization
time.

2.4. Alternative Approaches to Hyperpolarized 2D NMR
Spectroscopy

One possibility worth considering, upon weighing the oppor-
tunities that arise for collecting 2D NMR spectra on ex situ hy-
perpolarized samples, entails exploiting the relatively long-
lived nature of longitudinal spin magnetizations and then
monitoring, over a few times T, the full array of scans required
for performing a 2D NMR experiment while utilizing small flip
excitation angles.”” These excitation pulses would once again
have to begin on the heteronuclei, and optimal use of the
spins’ hyperpolarization suggests relying on sequences that
employ the smallest possible number of pulses on this chan-
nel. With this goal in mind we decided to compare, on the
same hyperpolarized target, the performance of a convention-
ally collected HMQC experiment correlating a '°N atom with its
directly bound '"H (HMQC being a sequence which in its most
basic form entails just a single °N pulse per t, increment;®®
Figure 9A) against an ultrafast 2D "*N-'"H HSQC experiment of
the kind detailed earlier. Moreover, to avoid potential T,-driven
distortions arising from relaxation during the 2D acquisition,
the low-flip-angle RF pulses chosen for triggering each of the
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Figure 8. Two examples of ultrafast 2D NMR spectra measured through one-bond and two-bond N-'H and
3C-"H transfers on a single polarized "N, C-urea sample whose final concentration was 180 um. The *N-'H corre-
lation was collected in a single scan; the *CO/'H 2D correlation required two phase-cycled scans, which were car-
ried out immediately after the first 2D scan. All nonselective 71/2 and & pulses are as indicated; the 7, 6, and 4
delays were set to 2.8, 2.8, and 8.3 ms, respectively, the G, gradient pulses were tuned to act as coherence path-
way filters, and the initial 'H 7t/2 in (B) was inserted to act as a homospoil background-suppression pulse.

A) Conventional 2D 15N-'H HMQC. B) Single-scan 2D SN-'H HSQC.
[FMOC-Gly};,perp = 1.13 MM [FMOC-Gly};,ep = 0.18 mM
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4
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Figure 9. Comparison of a conventionally detected 2D HMQC spectrum acquired using low-flip-angle excitations
on a hyperpolarized "*N-labeled FMOC-Gly sample (A), and its single-scan 2D HSQC counterpart (B). (A) resulted
from co-mixing 5 pL of a 0.5m "°N-labeled FMOC-Gly sample with 15 mm Finland radical in a [Ds]benzene/
[Dg]DMSO (1:1) solution, and subjecting it to DNP at 94.098 GHz using 50 mW. (B) involved the same process,
except that it started from 0.8 pL of the "*N-labeled FMOC-Gly sample. Other experimental parameters involved
were At,; =500 ps and t,™* =150 ms for the HMQC experiment, and A =2.8 ms, filter bandwidth =14 kHz, and
t7'® =150 ms for HSQC.

L. Frydman and M. Mishkovsky

compares, for a "*N-labeled 9-flu-
orenylmethoxycarbonyl-glycine
(FMOC-Gly) sample, representa-
tive N-'H 2D correlations af-
forded by the multiscan low-flip-
angle HMQC vis-a-vis the single-
scan HSQC. As can be appreciat-
ed, the two traces have compa-
rable SNRs; the conventionally
collected trace, however, needed
nearly six times as high a sample
concentration as the single-scan
trace to achieve this parity. We
are still exploring the reasons
underlying these performance
differences, which could be relat-
ed to the decay of the hyperpo-
larization during the course of
the ~5s long experiment and
to the overall increase in noise
levels that is associated with the
multiscan averaging.

3. Discussion and
Conclusions

We have surveyed some of the
potential introduced by combin-
ing ex situ DNP-based hyperpo-
larization methods, capable of
yielding outstanding SNRs but in
a nonrepetitive mode, with ultra-
fast methods capable of exploit-
ing these transient states for de-
livering 2D NMR data in a single
scan. The results suggest that,
when the ex situ DNP and the
ultrafast experiments can both
be executed with good perfor-
mance, their combination
endows at least certain kinds of
2D correlations with a sensitivity
that exceeds the current state of
the art by at least an order of
magnitude. Moreover, this s
achieved while demanding mini-
mal amounts of actual spectro-
meter time. Unfortunately, the
tests also revealed a number of
shortcomings that will have to
be overcome if a reasonable
portfolio of applications is to de-
velop out of this combination.
Some of the problems observed

32 t, temporal increments were adjusted individually in this  stem from the current operation of the ex situ DNP procedure,
comparison, so as to optimally tap the hyperpolarization over  which, having being optimized for polarizing certain metabo-
the full course of the 2D multiscan acquisition.*® Figure 9 then lites, is still limited in the generality of the compounds it will
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hyperpolarize and in its ability to deliver high polarizations for
all sites with similar efficiencies (mostly, as mentioned, due to
losses incurred upon transferring samples between the polariz-
ing and the NMR magnets). Another limitation is the relatively
large dilution that the sample undergoes upon shuttling be-
tween these two systems. A variety of efforts are currently fo-
cused on solving these important technical hurdles, which
once dealt with will surely open valuable new opportunities in
the use of hyperpolarized NMR spectroscopy for small-mole-
cule, metabolite, and natural products research.

A separate set of problems arises from the ultrafast experi-
ments themselves, particularly in terms of their implementa-
tion within the time course of events happening with the ex
situ hyperpolarization. Most of these complications arise from
having to operate on a suddenly injected sample, which forces
us to deal with turbulences as well as with operation within an
unlocked, undershimmed setting. As a result of these compli-
cations, all 3*C-"H correlations illustrated in the previous sec-
tion were obtained by measuring and combining in two (0°/
180°) phase-cycled scans: not due to signal-averaging consid-
erations, but rather because of the need for cycling at least
these many scans for achieving a full elimination of an other-
wise disturbing 'H-"2C background and for achieving a more
complete solvent suppression. This phase cycling is done at a
cost to the SNR (see Figure 10), because once the hyperpolar-

1stscan 2ndgcan

SRER

50
ms

Figure 10. Series of free induction decays collected as described in the experiments for Figure 6 on a toluene
sample (1 mwm final concentration) after subjecting it to DNP and executing multiple ultrafast 2D HMBC acquisi-
tions separated by short delays. Notice how the desired NMR echo signal arising from the hyperpolarized target

3rdscan

240 ms 240 ms 240 ms Gresch, Adv. Magn. Reson. 1983, 11,
50 50
ms ms
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general options (including fold-over procedures) will have to
be developed for treating arbitrary compounds and mixtures.
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