Long-lived nuclear spin states in rapidly rotating CHsD groups
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Abstract

Although monodeuterated methyl groups support proton long-lived states, hindering of the methyl rotation limits the
singlet relaxation time. We demonstrate an experimental case in which the rapid rotation of the CHsD group extends
the singlet lifetime but does not quench the chemical shift difference between the CH3D protons, induced by the chiral
environment. Proton singlet order is accessed using Spin-Lock Induced Crossing (SLIC) experiments, showing that the
singlet relaxation time Tg is over 2 minutes, exceeding the longitudinal relaxation time 77 by a factor of more than 10.

This result shows that proton singlet states may be accessible and long-lived in rapidly rotating CHsD groups.
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1. Introduction

Systems of spin-1/2 pairs support a nuclear singlet state,
which is antisymmetric with respect to particle exchange,
and three nuclear triplet states, which are exchange-
symmetric. The population imbalance between the singlet
state and the triplet states is called singlet order and is pro-
tected against many common relaxation mechanisms [1-
15]. The relaxation time constant for singlet order is called
Ts and often exceeds the conventional longitudinal relax-
ation time T by a large factor [16-22]. Applications of sin-
glet order to hyperpolarized NMR experiments have been
proposed [8, 23-28].

Access to nuclear singlet order requires a symmetry-
breaking interaction, such as a chemical shift difference,
or differential couplings to other nuclear spins. In mon-
odeuterated methyl groups, a small chemical shift differ-
ence Ad may exist between the two protons, providing
that: (1) the rotamer populations of the CHyD group are
not exactly equal, and (2) the local molecular environ-
ment is chiral, so that a significant chemical shift differ-
ence exists between the protons in a given rotamer. These
conditions have been shown to be satisfied in a variety of
molecular systems [29-31].

We recently demonstrated that the finite value of Ad
in N-CH3D-2-methylpiperidine allows access to CHsD nu-
clear singlet order [32]. A relatively low relaxation time
ratio Ts/T7 ~ 3.1 was observed in this case. This was
attributed to slow rotational jumps of the CHsD moiety
between three rotational conformers, combined with a non-
equilateral effective geometry for the two protons and the
deuteron [32].
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A much larger ratio of Ts to T is expected in the case
of rapid CHyD rotation [32]. However, it has been un-
clear whether rapid CH3;D rotation is compatible with a
sufficiently large chemical shift difference Ad, required for
access to the nuclear singlet order. In this paper we show
that rapid CH3;D rotation is not a priori incompatible
with a finite chemical shift difference. Long-lived nuclear
singlet order is accessed in a rapidly-rotating CHsD sys-
tem, and displays a relatively large relaxation time ratio,
Ts/Ty ~ 11.3.

To the best of our knowledge, chemical inequivalence
between CH3D protons has only been described so far in
three chemical compounds [29-31]. Of these, the one ex-
pected to provide rapid CHyD rotation is (a-deuterio-o-
chlorotoluene)chromium tricarbonyl (I), see Figure 1. A
small chemical shift difference of Ad ~ 8.0 ppb between
the CHsD protons has been observed in this compound,
and has been attributed to a significant interaction be-
tween the orbitals of the chromium centre and those of
the CH2D carbon, combined with the chiral environment
provided by the ortho-Cl substituent [31].

2. Experiments

12.58 mg of I was dissolved in 0.5 mL of C4Dg at a
concentration of 0.1 M. Samples were subjected to thor-
ough degassing using 4 standard freeze-pump-cycles in a
Wilmad low pressure/vacuum NMR tube (5 mm outer
diameter) to remove the majority of dissolved molecular
oxygen. Details of the chemical synthesis are given in the
Supplementary Information.

The relevant portion of the proton NMR spectrum of I,
in the presence of deuteron decoupling (nutation frequency
= 500 Hz), is shown in Figure 1. The two central peaks
of the AB spectral pattern are unresolved, and the weak
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Figure 1: Part of the experimental 'H spectrum of (a-deuterio-o-
chlorotoluene)chromium tricarbonyl (I) in CgDg solution acquired at 11.7
T (500 MHz) with 16 transients, in the presence of deuteron decoupling
(500 Hz nutation frequency). Blue line: experimental proton spectrum;
Black line: simulation (|Jyu| = 14.7 Hz, A§ = 8.0 ppb), using Lorentzian
line broadening (half-width at half-height = 1.5 Hz); Grey line: simula-
tion (|Juu| = 14.7Hz, A§ = 8.0 ppb), using Lorentzian line broadening
(half-width at half-height = 0.3 Hz). The intensity of the grey spectrum
has been artificially reduced. The inner splitting of the grey spectrum
is 0.6 Hz. The asterisk indicates a small signal from a non-deuterated
impurity, shifted in frequency by a secondary isotope effect. The small
outer components of the AB spectral pattern are indicated by arrows.
Inset: structure of I, indicating the out-of-plane chromium complex.

outer components are only just visible, indicating a very
small value of the chemical shift difference relative to the
J-coupling. The spectrum may be simulated by using the
following parameters: |Juu| = 14.7 £ 0.3Hz, Ad = 8.0 +
0.4 ppb. These are consistent with the literature [31].
The small chemical shift difference allows access to the
long-lived singlet order of the CHyD protons, by using ra-
diofrequency pulse techniques which operate in the near-
equivalence regime [33-36]. In the current study, we used
the SLIC (Spin-Lock Induced Crossing) method [35], as
shown in Figure 2. Details of the pulse sequence optimiza-
tion and the “To filter” are given elsewhere [32, 35]. The
spin-locked magnetization is converted into singlet order
through the action of the chemical shift difference, with
the conversion complete in a time 7g1c =~ 2*1/2AV’1,
where Av is the chemical shift difference in Hertz, neglect-
ing relaxation and other complications [35]. In the current
study, the parameters of the SLIC pulse were chosen to
maximise triplet-singlet population conversion: wgsyc/27

Too Filter

'H

PFG

Figure 2: Pulse sequence for preparing long-lived nuclear singlet order
in CH2D groups and monitoring its decay. The experiments used the
following parameters: wsric/27 = |Juu| = 14.7 Hz and 7sLic/27 = 170
ms. Singlet order is allowed to evolve for a time 7gy. The “Tyoo filter”
filters out signals that do not pass through singlet order [32]. “MA”
denotes the “magic angle” (54.7°). An interval of 360 s was used between
successive transients.
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Figure 3: Experimental relaxation curves for the CH2D protons in 0.1 M
I in degassed CgDg solvent (proton frequency 500 MHz, temperature
25°C). Open symbols, grey line, and right-hand axis: Decay of long-
lived nuclear singlet order measured using the pulse sequence in Figure 2.
Filled symbols, black line, and left-hand axis: Spin-lattice relaxation
measured by inversion-recovery. All signal amplitudes were normalized
to the first point. The fitted curves have a single-exponential form.

Table 1: Relaxation times for the CH2D protons in 0.1 M I in degassed
CgDg solution at 11.7 T (500 MHz), for a range of temperatures.

Temperature/°C  T1/s Ts/s Ts/T1
25 112+ 06 126 £6 11.3 £ 0.8
35 12.6 £ 04 131+ 10 104 +0.9
45 141+05 14146 10.0 £ 0.6
55 156 £0.7 144 +£7 93 +0.6
= |Juu| = 14.7 Hz and 7sp1¢ = 170ms. The maximum

amplitude of the singlet-filtered 'H NMR signal, relative
to that induced by a single 90° pulse, was found to be 0.28.
The loss relative to the theoretical maximum of 2/3 [37]
is not yet fully understood but is attributed to radiofre-
quency field imperfections and relaxation.

3. Results

A decay curve for CH3D proton singlet order is shown in
Figure 3. This shows a single exponential decay with time
constant Ts = 126 £+ 6s. This is more than eleven times
longer than the relaxation time for longitudinal magneti-
zation of the CHyD protons, 73 = 11.240.6 s, as estimated
from the inversion-recovery curve, also shown in Figure 3.
Without degassing, T = 21.9+0.8s and 77 = 5.1 £0.3s.

Measurements of Ts and T; values for the CHsD pro-
tons in I at several temperatures between 25°C and 55°C
are shown in Table 1. The ratio Ts/77 remains reason-
ably constant over this temperature range. 2C and 2H
relaxation times were measured in degassed CgDg solution
at 11.7 T (500 MHz) and 25°C. The ?H T} of the CHyD
group was 1.2 £ 0.1s. The 3C T} values for the CH sites
of the o-chlorotoluene moiety were 5.3 £ 0.4s.

4. Discussion

The observed relaxation time ratio Ts/T; ~ 11.3 is
much larger than that found for the case of N-CHyD-2-
methylpiperidine, where a ratio of 3.1 was observed [32].
This may be attributed to much faster rotational diffusion
of the CH3D group in I around the approximate 3-fold
axis. This is physically reasonable since the site adjacent



to the CH,D group in I is a sp?-hybridized carbon, while
the adjacent site in the N-CH3yD piperidine derivative is
a sp>-hybridized nitrogen, whose lone pair engages in a
hyperconjugation interaction with the deuterated methyl
group [29]. Neutron spectroscopy of methyl rotors show
that sp? hybridization of the neighbouring atom is almost
always associated with strong hindering of the methyl ro-
tation, and therefore a small or absent tunneling split-
ting [38]. It is therefore plausible that the CHyD group
has much greater rotational freedom in I, as compared to
the N-CH2D piperidine derivative studied in reference [32].

The torsional potential energy function for a methyl
group adjacent to a sp? carbon is known to contain pe-
riodic components with both 6-fold and 3-fold symme-
try [39]. The 3-site jump model for proton singlet relax-
ation developed in reference [32] is therefore not appropri-
ate to the case of compound I. In the discussion below, we
use a model in which the CHsD rotor performs free rota-
tional diffusion, with correlation time 7g, while the overall
rotational diffusion of the molecule in solution is described
by a correlation time 7¢. We also assume that the overall
correlation time 7¢ is short enough relative to the nuclear
Larmor period to invoke the extreme narrowing approxi-
mation [40]. A model of this kind was used to treat methyl
long-lived states and quantum-rotor-induced polarization
in y-picoline [41, 42].

As in reference [32], we assume that the proton relax-
ation in the CH3D group is dominated by local dipo-
lar interactions between the protons and the deuteron.
These local dipolar interactions are averaged on a fast
timescale by rapid vibrational or librational motion, so it
is not possible in general to assume that the nuclei can
be treated as point dipoles at the vertices of an equi-
lateral triangle [32]. The dipolar coupling constants for
the vibrationally-averaged proton-proton interaction and
proton-deuteron interactions are denoted wyy and wyp re-
spectively. The angle between the unique principal axes of
the two vibrationally-averaged 'H-2H interaction tensors is
denoted 26. This angle defines the cross-correlation of the
two 'H-2H interaction tensors, and is therefore important
for the proton singlet relaxation. A point-nucleus equilat-
eral geometry model would lead to the angle 20 = 7/3, but
this value is not assumed in the following discussion [32].

In extreme narrowing, the isotropic rotational diffusion
model leads to the following expressions for the 77 and T
relaxation rate constants for the CHyD protons:

(TR —|—Tc)

7! =
1 6 (T + 47¢)

(16w12—1D + 9W%IH) TC, (1)
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= — . 2
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The CH3D deuteron relaxation is assumed to be domi-
nated by the electric quadrupole mechanism, with a rate

constant given by:
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where wg is the quadrupole coupling frequency of the
deuteron [43-45], and tetrahedral effective geometry is
assumed. These are similar to the expressions given in
equations (1-4) of reference [32] for the 3-site jump model
for CH3D relaxation. The relaxation rate equations given
above were derived theoretically using the SpinDynamica
computation package [46], as described in the Supporting
Information.

The experimentally determined T relaxation times for
the CHyD deuteron and for the aromatic ring 2C sites lead
to the following estimate of the rotational correlation times
at 25°C: 7¢ = 9.0 £ 0.6 ps for the overall tumbling motion
and T = 2.8 + 0.3 ps for the methyl rotational diffusion.
This confirms that the CH3D group in I undergoes local
rotational diffusion which is more rapid than the overall
rotational tumbling of the molecule. This is different from
the case of N-CH;D-2-methylpiperidine, where the 3-fold
jumps of the CH3D group are slow relative to the overall
molecular tumbling [32].

The rotational diffusion model leads to the following ex-
pression for the relaxation time ratio T's/Th:

Ts _ (1 m) 16wip + iy (1)
T TR/ 48wip sin® 20

The simplest model of intra-CHyD interactions assumes
that the proton and deuteron nuclei are fixed as points on
the vertices of an equilateral triangle. Since all internu-
clear distances are equal, the dipolar couplings are pro-
portional to the gyromagnetic ratios, so that wyn/winp =
vu/vp = 6.51, and the angle between the unique prin-
cipal axes of the two HD dipolar coupling tensors is
given by 20 = 7/3. The estimated correlation times
¢ = 9.0+ 0.6ps and 7y = 2.8 £ 0.3ps lead to a pre-
dicted relaxation time ratio Ts/Ty = 47 £ 4. This is far
larger than the observed ratio of ~11.3.

In the case of N-CHyD-2-methylpiperidine, a good
agreement with the observed relaxation time ratio was ob-
tained by adjusting the effective geometry of the CHyD
group to take differential vibrational averaging into ac-
count. Moving the effective position of the deuteron by
38.7pm towards the centre of the CHyD triangle gener-
ated good agreement with experiment [32]. In the cur-
rent case, the same adjustment of effective geometry leads
to a predicted relaxation time ratio Ts/Ty = 14.1 + 0.4.
This is in better agreement with the experimental result
Ts/T) ~ 11.3, although a significant discrepancy remains.
The remaining discrepancy could be associated with de-
viations from the free rotational diffusion model, in the
direction of a discrete jump model. Additional relaxation



mechanisms could also be involved, such as interactions
with neighbouring nuclei and spin-rotation interactions.
This is plausible since small additional contributions can
have a large proportionate effect on the small value of T'g L
We have not investigated this issue further.

5. Conclusions

In summary, we have shown that rapid CHyD rotation
can extend the proton singlet relaxation time of mon-
odeuterated methyl groups. In the current case, the time
constant Ts is more than 10 times longer than 77, and is
consistently longer than 2 minutes. Furthermore, we show
that at least in this case, the rapid CHyD rotation does not
completely quench the chemical shift difference between
the CH3D protons, so that the nuclear singlet state is ex-
perimentally accessible, as well as being long-lived. These
results are encouraging for future applications of long-lived
singlet states in monodeuterated methyl groups. We are
currently investigating other molecular candidates for pro-
viding long-lived CH2D singlet states.

Acknowledments

This research was supported by the Engineering and
Physical Sciences Research Council (UK), grant codes
EP/N002482 and EP/L505067/1, the Wolfson Founda-
tion, the Royal Society/CNRS exchange scheme and by
Bruker (UK). The authors thank Gabriele Stevanato,
Benno Meier, Giuseppe Pileio, Daniel J. O’Leary (Pomona
College) and Jay Seigel (Tianjin University) for discus-
sions.

References

[1] M. Carravetta, O. G. Johannessen and M. H. Levitt, Phys. Rev.
Lett., 2004, 92, 153003.
[2] M. Carravetta and M. H. Levitt, J. Am. Chem. Soc., 2004, 126,

6228-6229.

[3] M. Carravetta and M. H. Levitt, J. Chem. Phys., 2005, 122,
214505.

[4] G. Pileio and M. H. Levitt, J. Magn. Reson., 2007, 187, 141—
145.

[5] R. Sarkar, P. R. Vasos and G. Bodenhausen, J. Am. Chem.
Soc., 2007, 129, 328 334.

[6] G. Pileio, M. Carravetta, E. Hughes and M. H. Levitt, J. Am.
Chem. Soc., 2008, 130, 12582-12583.

[7] A. K. Grant and E. Vinogradov, J. Magn. Reson., 2008, 193,
177-190.

[8] W. S. Warren, E. Jenista, R. T. Branca and X. Chen, Science,
2009, 323, 1711-1714.

[9] M. C. D. Tayler, S. Marie, A. Ganesan and M. H. Levitt, J.
Am. Chem. Soc., 2010, 132, 8225-8227.

[10] Y. Feng, R. M. Davis and W. S. Warren, Nat. Phys., 2012, 8,
831-837.

[11] G. Pileio, J. T. Hill-Cousins, S. Mitchell, I. Kuprov, L. J. Brown,
R. C. D. Brown and M. H. Levitt, J. Am. Chem. Soc., 2012,
134, 17494-17497.

[12] M. C. D. Tayler, I. Marco-Rius, M. I. Kettunen, K. M. Brindle,
M. H. Levitt and G. Pileio, J. Am. Chem. Soc., 2012, 134,
7668-7671.

[13]

G. Pileio, S. Bowen, C. Laustsen, M. C. D. Tayler, J. T. Hill-
Cousins, L. J. Brown, R. C. D. Brown, J.-H. Ardenkjaer-Larsen
and M. H. Levitt, J. Am. Chem. Soc., 2013, 135, 5084-5088.
Y. Feng, T. Theis, X. Liang, Q. Wang, P. Zhou and W. S.
Warren, J. Am. Chem. Soc., 2013, 135, 9632-9635.

M. H. Levitt, Annu. Rev. Phys. Chem., 2012, 63, 89-105.
J.-N. Dumez, J. T. Hill-Cousins, R. C. Brown and G. Pileio, J.
Magn. Reson., 2014, 246, 27-30.

K. Claytor, T. Theis, Y. Feng and W. S. Warren, J. Magn.
Reson., 2014, 239, 81-86.

K. Claytor, T. Theis, Y. Feng, J. Yu, D. Gooden and W. S.
Warren, J. Am. Chem. Soc., 2014, 136, 15118-15121.

Y. Zhang, P. C. Soon, A. Jerschow and J. W. Canary, Angew.
Chem. Int. Ed., 2014, 53, 3396-3399.

G. Pileio, J.-N. Dumez, 1.-A. Pop, J. T. Hill-Cousins and R. C.
Brown, J. Magn. Reson., 2015, 252, 130-134.

Y. Zhang, K. Basu, J. W. Canary and A. Jerschow, Phys. Chem.
Chem. Phys., 2015, 17, 24370-24375.

G. Stevanato, J. T. Hill-Cousins, P. Hakansson, S. S. Roy, L. J.
Brown, R. C. D. Brown, G. Pileio and M. H. Levitt, Angew.
Chem. Int. Ed., 2015, 54, 3740-3743.

J.-H. Ardenkjeer-Larsen, B. Fridlund, A. Gram, G. Hansson,
L. Hansson, M. H. Lerche, R. Servin, M. Thaning and K. Gol-
man, Proc. Natl. Acad. Sci. U.S.A., 2003, 100, 10158-10163.
S. J. Nelson, J. Kurhanewicz, D. B. Vigneron, P. E. Z. Larson,
A. L. Harzstark, M. Ferrone, M. van Criekinge, J. W. Chang,
R. Bok, I. Park, G. Reed, L. Carvajal, E. J. Small, P. Munster,
V. K. Weinberg, J. H. Ardenkjaer-Larsen, A. P. Chen, R. E.
Hurd, L.-I. Odegardstuen, F. J. Robb, J. Tropp and J. A. Mur-
ray, Sci. Transl. Med., 2013, 5, 198.

R. Buratto, D. Mammoli, E. Chiarparin, G. Williams and
G. Bodenhausen, Angew. Chem. Int. Ed., 2014, 53, 11376—
11380.

A. Bornet, X. Ji, D. Mammoli, B. Vuichoud, J. Milani, G. Bo-
denhausen and S. Jannin, Chem. — A Eur. J., 2014, 20, 17113—
17118.

Y. Zhang, K. Basu, J. W. Canary and A. Jerschow, Phys. Chem.
Chem. Phys., 2015, 17, 24370-24375.

T. Theis, G. X. Ortiz, A. W. J. Logan, K. E. Claytor, Y. Feng,
W. P. Huhn, V. Blum, S. J. Malcolmson, E. Y. Chekmenev,
Q. Wang and W. S. Warren, Sci. Adv., 2016, 2, 1501438.

F. A. L. Anet and M. Kopelevich, J. Am. Chem. Soc., 1989,
111, 3429-3431.

B. D. Allen, J.-C. Cintrat, N. Faucher, P. Berthault,
B. Rousseau and D. J. O’Leary, J. Am. Chem. Soc., 2005, 127,
412-420.

A. Restelli and J. S. Siegel, J. Am. Chem. Soc., 1992, 114,
1091-1092.

S. J. Elliott, L. J. Brown, J.-N. Dumez and M. H. Levitt, Phys.
Chem. Chem. Phys., 2016, 18, 17965-17972.

G. Pileio, M. Carravetta and M. H. Levitt, Proc. Natl. Acad.
Sci. U.S.A., 2010, 107, 17135-17139.

M. C. D. Tayler and M. H. Levitt, Phys. Chem. Chem. Phys.,
2011, 13, 5556-5560.

S. J. DeVience, R. L. Walsworth and M. S. Rosen, Phys. Rev.
Lett., 2013, 111, 173002.

T. Theis, Y. Feng, T. Wu and W. S. Warren, J. Chem. Phys.,
2014, 140, 014201.

M. H. Levitt, J. Magn. Reson., 2016, 262, 91-99.

M. Prager and A. Heidemann, Chem. Rev., 1997, 97, 2933—
2966.

A. Horsewill, Prog. Nucl. Magn. Reson. Spectrosc., 1999, 35,
359-389.

A. Abragam, Principles of Nuclear Magnetism, Clarendon
Press, Oxford, 1961.

B. Meier, J.-N. Dumez, G. Stevanato, J. T. Hill-Cousins, S. S.
Roy, P. Hakansson, S. Mamone, R. C. D. Brown, G. Pileio and
M. H. Levitt, J. Am. Chem. Soc., 2013, 135, 18746-18749.
J.-N. Dumez, P. Hakansson, S. Mamone, B. Meier, G. Ste-
vanato, J. T. Hill-Cousins, S. S. Roy, R. C. D. Brown, G. Pileio
and M. H. Levitt, J. Chem. Phys., 2015, 142, 044506.



K. Beshah, E. T. Olejniczak and R. G. Griffin, J. Chem. Phys.,
1987, 86, 4730-4736.

A. Mittermaier and L. E. Kay, J. Am. Chem. Soc., 1999, 121,
10608-10613.

A. Jerschow, Prog. Nucl. Magn. Reson. Spectrosc., 2005, 46,
63-78.

SpinDynamica, SpinDynamica code for Mathematica, pro-
grammed by Malcolm H. Levitt, with contributions by Jyrki
Rantaharju, Andreas Brinkmann, and Soumya Singha Roy,
available at www.spindynamica.soton.ac.uk.



