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Magnetic inequivalence of nuclear spins is well known to cause additional splittings that complicate
spectral analysis. Here, we present an extraordinary case of magnetic inequivalence, manifested in the
13-spin system of a 13C,'°N-labeled trimethylated amine. All methyl group protons are chemically equiv-
alent due to the molecular symmetry, but not all are magnetically equivalent as they have different 'Jcy
and 3¢y couplings. In general, spectra of such a large spin system can be expected to be extremely com-
plicated by the presence of hundreds if not thousands of extra lines, caused by the strong coupling
between inequivalent nuclei. Surprisingly, the 'H spectrum presented consists of very few lines, in a pat-
tern of the utmost simplicity. Using sub-spectral analysis we show that this is due to weak coupling
between the magnetically inequivalent nuclei, as a consequence of the particular combination of coupling
constants. We find that the *Jy4 geminal methyl coupling constant is 0.43 Hz and ?Jcc is ~0 Hz. In addi-
tion, we demonstrate that homo-decoupling can be used to transform the spin system to a set of fully
equivalent spins, resulting in disappearance of *Ju-splittings. We believe this curious case is a highly
instructive example of magnetic inequivalence. The spectra may be considered deceptively simple, as
fewer lines are observed than one would anticipate. At the same time, the spectra are deceptively com-
plicated, as they can very well be approximated by intuitive reasoning.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Scalar coupling between nuclear spins is one of the defining fea-
tures of solution NMR. It is used as a rich source of information on
molecular structure [1], and encountered in the everyday practice
of spectroscopists through the fine structure of resonance lines.
The exact shape of the multiplet pattern that is generated by scalar
coupling depends critically on the ratio of the frequency separation
between the two nuclei, Av, and their coupling constant, J. In the
weak coupling regime (Av:>>]) simple rules can predict the
observed multiplet patterns. Spins that are strongly coupled
(Av < J) give rise to more complicated multiplets: the intensity
of individual components depends strongly on Av/J, and in larger
spin systems additional, so-called combination lines may be
observed. At the extreme end of strong coupling is the coupling
between spins with identical chemical shifts (Av = 0). In this case,
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the spins are either magnetically equivalent, when they have iden-
tical coupling constants to all other (non-equivalent) spins in the
molecule, or magnetically inequivalent, when this is not the case
[2]. The coupling between magnetically equivalent spins is incon-
sequential, as it cannot be observed. On the contrary, the coupling
between magnetically inequivalent spins is observable and respon-
sible for additional line splitting, a fact well established since the
pioneering work of McConnell, McLean and Reilly [3]. The theory
of magnetically inequivalent spin systems and analysis of their
spectra has been thoroughly described in the 50s and 60s of last
century [4-10]. These and other analyses show that, in particular
for large spin systems, the strong coupling between magnetically
inequivalent nuclei can generate so many additional splittings
and additional lines that the extraction of accurate spin frequen-
cies and scalar coupling constants is severely challenged [11-13].

Here, we revisit the analysis of magnetically inequivalent spin
systems to describe an exceptional scenario where this spectral
complexity is lost and a simple, essentially weakly coupled spec-
trum is obtained. We demonstrate this effect experimentally in a
13-spin system, a '3C,!>N-labeled trimethylated amine, in which

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2017.03.016&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.jmr.2017.03.016
http://creativecommons.org/licenses/by/4.0/
mailto:h.van.ingen@lic.leidenuniv.nl
http://dx.doi.org/10.1016/j.jmr.2017.03.016
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr

U.B. le Paige et al./Journal of Magnetic Resonance 278 (2017) 96-103 97

the three methyl groups are magnetically inequivalent. We show
that the combination of large and small coupling constants in this
spin system results in a system that can very well be treated as
weakly coupled magnetically inequivalent spin pairs. We further
demonstrate that the effects from magnetically inequivalence can
be completely removed in this case by *C-spin state selective pro-
ton homo-decoupling. The curious spectrum of this compound and
the controlled transformation to magnetic equivalence highlight
the richness of scalar coupling phenomena in NMR.

2. Materials and methods
2.1. Synthesis

Compound 1, systematic name 2-bromo-N,N,N-tri(methyl-'3C)
ethan-1-aminium-1,1,2,2-d4-N-°N-chloride, was synthesized in a
straightforward manner from fully isotope labeled trimethylam-
monium chloride and fully deuterated 1,2 dibromo-ethane (see
Scheme 1). In a 10ml round-bottom flask, tri(methyl->C)-
ammonium-'°N chloride (100 mg, 1.05 mmol) was mixed with a
10-fold excess of 1,2-dibromoethane-1,1,2,2-d, (1.98 g, 0.91 ml,
10.5 mmol). DIPEA (365 ul, 2.1 mmol) was then added and the
mixture was stirred for 15 min. A few drops of MeOH were added
to ensure complete dissolution. The mixture was placed under an
N, atmosphere and stirred for 96 h at 30°C. The excess 1,2-
dibromoethane-d, was removed by rotary evaporation and the
residue suspended in cold EtOAc. After filtration, the solids were
washed with cold EtOAc and dried under high vacuum. The yield
was 413 mg of compound/DIPEA-HBr (94%). The resulting com-
pound was characterized by HRMS ESI-TOF and NMR. m/z:
expected mass for C,!13CsHoD4Br!°N ([M]"): 174.0548, experimen-
tally obtained 174.0522 Da, and NMR (Fig. S1).

2.2. NMR spectroscopy

NMR spectra of compound 1 (~20 mM) in 100% D,O were
obtained at 298 K on a Bruker Avance IIl HD spectrometer operat-
ing at 600 MHz 'H Larmor frequency and equipped with a cry-
oprobe. All 1D 'H spectra were acquired in a single scan and
zero-filled two times before Fourier transformation. Highest reso-
lution spectra were obtained with 8s. acquisition time and
Lorentz-to-Gauss apodization with negative exponential broaden-
ing —1 Hz and the center of the Gaussian placed at 30% of the
FID. Other spectra, including >N/3C decoupled spectra, were
recorded with 5 s acquisition time and apodized with —0.8 Hz neg-
ative exponential broadening and the center of the Gaussian
shifted to 40% of the length of the FID. In order to obtain a high-
resolution '°N/!3C-decoupled 1D, a low power on-resonance
WALTZ16-decoupling field was used: 260 Hz yB, at 49.9 ppm for
15N, and 640 Hz yB, at 53.0 ppm for 'C. The °N and !3C chemical
shifts were obtained from 2D H(C)N and 2D HMQC spectra. The
homo-decoupled spectrum was recorded using the zghd.2 pulse

18CH5~. 13CH DD
1N~ 8
N + Br

l . Br
13CH, HCI 75

18CH; gy
DIPEA D Pol “1ach
Br&Nt ’
13
\y °CHs
DIPEA * HBr

program with continuous wave irradiation (~70 Hz yB,) centered
on the upfield 'J¢y doublet component and 5 s acquisition time.

2.3. Simulations

There are several powerful programs that can simulate
solution-state NMR spectra, e.g. [14-16]. We preferred to write
our own simulation script as part of our learning process and to
be able to tailor the simulations to our needs and requirements.
Spectra of various AX-type spin systems were simulated using an
in-house written GNU Octave [17] script that implements the com-
posite particle approach (CPA) [18,19], as outlined by Diehl and co-
workers [10]. Briefly, magnetically equivalent spins are grouped
into a single composite particle, with total spin F,.x equal to the
sum of the grouped spins, e.g. Fn.x=3/2 for three equivalent
methyl protons. This particle can exist in independent spin states
with a maximum spin F equal to Fax, Fnax — 1, . . .; e.g. for a system
of one methyl group the allowed spin states are quartet (F = 3/2, Q)
and doublet (F=1/2, D), such that a trimethyl group can exist in
any of 8 states such as QQQ, QQD, QDQ, etc. To solve the A-spin
('H) spectrum, the Hamiltonian is factorized according to the total
spin of the system mr, the spin state of each particle, and the total
spin mrx of the X-nuclei (3C). This procedure breaks down the
4096 x 4096 matrix for the 12-spin case into much smaller matri-
ces of at most 36 x 36. The transition frequencies and intensities
are then calculated using standard approaches. Each sub-
spectrum is multiplied with a statistical weight to account for
the degeneracy of the involved spin states. Lines corresponding
to transitions with extremely low probability (intensity lower than
1-10~%, whereas the largest peak has intensity 36) are omitted to
ensure efficient drawing of the spectrum. For all remaining transi-
tions an FID is simulated, these are subsequently added, an expo-
nential decay to match the experimental lineshape is added, and
the final FID is processed according to the experimental settings
to yield the final spectrum.

In the weak-coupling approximation, the experimental spec-
trum was simulated by calculating FIDs according to the experi-
mental settings for the outer, center and inner lines individually.
For all three signals a weak ?Jyy coupling was added. The effect
of inequivalence was simulated by adding a weak 4J,; coupling
to either 0, 3, or 6 equivalent protons for the outer, center and
inner line, respectively. An exponential decay was added to match
the experimental lineshape. Processing was identical to the exper-
imental situation. All simulation scripts are available upon request.

3. Theory

In this section, we will, after a brief introduction, use the sub-
spectral analysis approach to derive the boundary conditions that
result in weakly coupled spectra of magnetically inequivalent
spins.

Scheme 1. Synthesis of compound 1.
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3.1. Sub-spectral analysis

The sub-spectral analysis framework was developed by Diehl,
Bernstein and co-workers to ease the accurate determination of
J-coupling values and chemical shifts in magnetically inequivalent
systems [8,10]. The basic principle of this approach is to decom-
pose the spectrum into much simpler sub-spectra, each with
well-defined (apparent) chemical shifts and coupling constants.
This decomposition reflects the factorization of the Hamiltonian,
or equivalently the energy level diagram, into independent parts.
Considering the A-spin spectrum of AX-type spin systems, the
energy level diagram can be factorized based on the total magnetic
quantum number mrx for the X-spins: transitions of spin A are
only allowed between wave functions that have Amrx=0 (the
so-called X-approximation), in addition to the usual Am = £1 selec-
tion rule. Further factorization can be obtained by using wave func-
tions that are constructed using the molecular symmetry, since
selection rules only allow transitions between states of the same
symmetry class [4]. Thus, the sub-spectra in the A-spectrum corre-
spond each to a sub-energy level diagram formed by wave func-
tions of one particular mrx value and one particular symmetry
class.

3.2. Conditions for weakly coupled sub-spectra

To explain how weakly coupled sub-spectra can arise, we turn
to the textbook case of a 4-spin system with two pairs of magnet-
ically inequivalent spins [3,5,20,21]. This spin system is labeled
AA'’XX' in the extended notation of Pople [22,23], or [AX], in the
notation of Haigh [24]. The spin system is schematically illustrated
in Fig. 1A together with definition of the coupling constants. The
spectrum of the inequivalent A/A’ spins consists of eight lines,
decomposed into two a, and two ab sub-spectra (sub-spectra are
denoted in lowercase italics) (Fig. 1B). The two a, sub-spectra

originate from sub-energy level diagrams that have the same func-
tional shape as that for two equivalent spins, hence the a,-
designation. These corresponds to mrx + 1, i.e. X-spins in the owa-
state, and to mrx — 1, i.e. X-spins in the pp-state. In both subspaces,
the A/A’-spins are described by fully equivalent, virtual a-spins
with frequency v, = V4 % |Jux + Jax |- Their equivalence may be intu-
itively understood by imagining a molecule with the X/X'-spins
both in the o or both in the B-spin state: the A/A’-spins are indis-
tinguishable due to the twofold symmetry of the molecule. This
is not true for mixed o/p-states; hence the A/A’-spins in the mr,
x =0 space are magnetically inequivalent and subject to Jaa/Jxx-
coupling. In this subspace, the A/A’-spins form a strongly coupled
ab-type spin system, with frequency difference Avy, = [Jax — Jax'|
and J-coupling J,, = Jax| £ Uxx| between the virtual a and b-
spins. Since this space is formed by both symmetrical and anti-
symmetrical wave functions there are two ab-sub-spectra. An
explicit presentation of the wave functions and energy diagram
of the AA’XX'-system, based primarily on the analysis by Flynn
et al. [20], is presented in Fig. S2.

We will now set two boundary conditions that will result in a
dramatic simplification of the spectrum. First, either Jxx or Jaa is
near zero. In this case the two ab-sub-spectra in Fig. 1B have the
same effective splitting and collapse into a single ab-sub-
spectrum, as shown in Fig. 1C. Second, the frequency separation
between the virtual a and b-spins Avg, is much larger than their
effective coupling constant J,, i.e. when Jxx ~ 0:

Uax —Jaxr| > Uaa| (1)

Because the a,b-spins are now no longer strongly coupled, we
redefine them as weakly coupled a,x-spins. The mrx=0 sub-
spectrum is a symmetric doublet, split by Jas, and is best labeled
as an ax-sub-spectrum (Fig. 1D). Thus, under the above two condi-
tions the spectrum of 8 lines and 5 different intensity levels of
Fig. 1A is reduced to 6 lines with only 2 different intensities, the

A B
[AX], a, a,
J =y ab 1,0+ 1,
AX~ YAX
A X
| :
1
o JL M JL
H
: —_ - =
X' me -1 o Vaw Jo
I, = Jy
h U+ | :
C a, a, D a, a,
m:-1 0 Voo 0 +1 40 0 +1
«— 5 < >
‘JAX7 JA><| |JA><_ JAX‘l

Fig. 1. Sub-spectral analysis of the [AX], spin system illustrating the spectral simplification when Jxx couplings are negligible and Jax couplings are large. (A) Spin topology of
the [AX], spin system with all J-couplings indicated (B,C,D) Simulated spectra of the AA’-part of the AA’XX’ spectrum using the following parameters: Jax = 7.5, Jax = 2.5,
Jan =3, and Jxx =2 Hz in (B); Jxx = 0 Hz in (C) and in (D) Jxx = 0 Hz and Jax = 150 Hz. Decomposition of the spectrum into sub-spectra is indicated (a; in blue/cyan; ab in red/
orange). Effective Larmor frequency differences and coupling constants between the a,b(x) spins in the ab(x)-sub-spectra are indicated. The total spin state of the X-spins, mrx
is indicated as —1, 0 or +1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sum of two a, and two overlapping ax-sub-spectra in Fig. 1D. This
dramatic simplification may arise if Jox is very large compared to
the other coupling constants.

3.3. Extension to [AX]s and [AsX]3 spin systems

The simplified pattern of Fig. 1D in the [AX], spin system can be
extended to more complicated AX-type spin systems in a pre-
dictable manner. As an intermediate step towards the [A3X]; sys-
tem, it is useful to consider the A-spin spectrum in the 6-spin
system [AX]s, first described by Jones et al. [9]. In general, this
spectrum consists of 56 transitions that can be grouped in six
sub-spectra of three virtual spins: two as-patterns for mrx = +3/,,
i.e. where the X-spins are in the ooo/BBB-spin state, two ab,-
and two abc-patterns for mryx=+'/,. In the special case where
Jxx =0, it can be shown that the abc-pattern is reduced to another
ab,-pattern [9], a situation depicted in Fig. 2A. The frequency dif-
ference between the virtual a and b spin is |Jax — Jax|, with appar-
ent coupling constant Jaa (When Jxx = 0). Here, we label the mr,
x = %'/, sub-spectra on one side of A-multiplet as ab, and as a,b
on the other side, reflecting the different orientations of the ab,-
pattern. This complicated multiplet is again dramatically simpli-
fied when |Jax — Jax/| > Uaal, as shown in Fig. 2B. Under these con-
ditions, the a and b spins are effectively weakly coupled and the
sub-spectra reduce to a»x and ax,-patterns. The logical progression
from as to ax and ax, can also be appreciated considering the X
spin states: from ool (mrx=+/,, as) to states of the oofp
(mrx = +!/,, a;x) to app-type (mrx = — /-, ax,).). We note that while
the [AX], system is symmetrical with respect to Jaa and Jxx, this is
not true for [AX]s systems. The A-spin spectra for Jaa=0 and
Jxx < Uax — Jax| in [ApX]s spin systems feature very distinct multi-
plets of five lines in addition to the singlet a,, sub-spectrum [25]. In

A [AX],

1,

addition, it can be noted that weakly coupled sub-spectra arise in
the [AX], system as long as |Jax —Jax/| > Uaal + Uxxl (see also
Fig. S2). This is not sufficient in [A,X]3 spin systems, where Jxx
must be negligible.

We now turn to the [A3X]; system. In general, without simplify-
ing assumptions about the values of the coupling constants, there
are 9312 allowed A-transitions in this spin system out of which
many hundreds can result in distinct lines [26]. Even with negligi-
ble Jxx, the spectrum is characterized by the presence of many
lines, with wildly varying intensities (Fig. 2C). Under the simplify-
ing conditions Jxx ~ 0 and |Jax — Jax| > lJaal the spectrum can now
again be decomposed in simple sub-spectra. As there are three pos-
sible my x-states for each side of the main Jax doublet (e.g. —3/5, 15,
+¥5 for the downfield triplet), there are again three sub-spectra.
Recognizing that there are nine A-spins, the outer line is of the
ag-type. Since the spins within one A3 group are magnetically
equivalent, the center line becomes an agx3 quartet, and the inner
line is part of an asxg sub-spectrum, resulting in a septet
(1:6:15:20:15:6:1) (Fig. 2D).

Similar reasoning can be used to show that [A;X], systems
would have a4 and a,x, sub-spectra, and that spectra of [AyX]3 sys-
tems reduce to ag, asx,, and ax4 sub-spectra. In short, we show
here that in case of large |Jax — Jax| with respect to Jaa and negli-
gible Jxx, the a and b species in sub-spectral analysis are in fact
weakly coupled and the sub-spectra are simple multiplet patterns
as in the case of weakly coupled spins.

4. Results

The focus of our study is a '3C,'>N-labeled trimethyl amine,
abbreviated as compound 1 (Fig. 3). While all methyl protons
are chemically equivalent due to the molecular symmetry, the

B -
a ax 14, X

3 AA 3

———
1 V.V, +%

| N ,JL i

m.rx: —3/2 VA/A’ +3/2 —3/2 —1\)/2 +1/2 —\1}/2 +1/2 +3/2
«—>
= dpl — %
C D
- [AX], —
ag a6b3 a‘) a9 a6X3 |JAA‘| XQ
[J, 0
) .0 JL L 1 ,MJJ,L. JL
m =% Yo VaVsp \I; +%  +% % Vo 4 o 4+ +%
A/A" va v
D —
= oyl —

Fig. 2. Sub-spectral analysis of [AX]; and [A3X]; spin systems when Jxx couplings are negligible. Simulated spectra of the A-part of the [AX]3 (A,B) and the [A3X]5 spin system
(C,D) spectrum using the following parameters: Jax = 10, Jax' = 8, Jax = 2, Jxx = 0 Hz (A,C); in (B,D) Jax is set to 150 Hz resulting in weakly coupled ax-type sub-spectra. In the
[AX]5 spin systems this results in a,x and ax, sub-spectra, each composed of a doublet and a triplet. In the [AsX]s-spin system this results in asx3 and asxg sub-spectra, each
composed of a quartet and a septet. Total spin states of the X-spin is indicated for each sub-spectrum. Decomposition of the spectrum into sub-spectra is indicated (a-type in
blue/cyan; ab/ax-type in red/orange). Effective Larmor frequencies of the virtual a and b(x) spins and their coupling constants are indicated. In (B,D) the Larmor frequency
differences between the a and x-spin within one sub-spectrum is indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 3. Structure and spin topology of the amine group in the molecule studied. (A)
The amine head group of 2-bromo-d,-ethyl-!>C-trimethyl-'>N-ammonium is
shown, featuring three geminal methyl groups. The deuterated bromo-ethyl group
attached to the amine '°N is omitted for clarity. Atoms are labeled with superscripts
to allow their distinction in the main text. The full structure of the compound is
shown in supplemental Fig. S1. (B) Scalar couplings experienced by the H'*"< spins,
including to the geminal methyl groups H? and H3. Corresponding AX nomenclature
is shown between brackets. The coupling networks of the H?*< and H3*< spins can
be found by permuting the atom labels. Protons in different methyl groups are
magnetically inequivalent: protons in methyl group 1 have a large one-bond
coupling (YJcy) to the directly attached C1 spin and much smaller three-bond
coupling (}Jcy) to C2, whereas protons in methyl groups 2 have three-bond
couplings to C1 and a one-bond coupling to C2. Similar arguments can be made for
all pairs of methyl groups, and for the '*C spins.

introduction of '3C-isotopes breaks their magnetic equivalence.
This 13-spin system is thus best described as an A;A;AfMXX'X",
or more compactly as a [AsX]3M system, where Az represents the
three 'H spins in a methyl group, M is the >N spin, X is the '3C car-
bon spin and the quotes are used to indicate magnetically inequiv-
alent spins. As a result of the inequivalence, the proton 1D NMR
spectrum of compound 1 can be expected to show splittings due
to the four-bound coupling between the geminal methyl groups
(“un) and the two-bond carbon-carbon coupling (3Jcc).

As set out in the Theory section above, the appearance of
AA’.. XX'...-type spin systems depends strongly on the relative

magnitudes of the coupling constants Jax, Jax, Jaa, Jxx- In general,
when all couplings are of comparable strength, the resulting spec-
trum will feature many lines with varying intensities, reflecting the
strong coupling between magnetic inequivalent spin pairs. More-
over, the spectral complexity will increase rapidly with increasing
size of the spin system, resulting in hundreds to thousands of dis-
tinct lines for an [A3sX]s; spin system [26]. On the other hand, when
some coupling constants dominate and others are negligible, the
spectrum is greatly simplified. In particular, in case Jxx ~ 0 and |
Jax — Jax'| > Uaal, the magnetic inequivalent nuclei become weakly
coupled and the spectrum will reduce to a simple pattern of ax-
type sub-spectra (see Theory section). In our case |Jax — Jax/| corre-
sponds to |y — 3Jeul, while Jaa and Jxx correspond 4y and %Jcc
respectively. Thus, we may expect this simplifying condition to
hold true for compound 1, resulting in a spectrum similar to that
in Fig. 2D.

4.1. Assignment of splittings in the 'H spectrum

The proton 1D NMR spectrum of compound 1 is characterized
by two highly asymmetric multiplet patterns separated by the
large 'Jcy (Fig. 4A). Ignoring the asymmetry, these patterns have
the appearance of triplets, as expected considering the methyl pro-
tons are coupled to two '3C spins by 3Jc. Peak integration of the
three triplet components shows the expected 1:2:1 ratio. As we
will show below, the asymmetry is caused by unresolved 4Juy
splittings.

The outer triplet component appears as a sharp doublet with
0.75 Hz splitting (Fig. 4B). This splitting is removed upon '°N
decoupling (Fig. 4C,D), proving that it is due to the 2J;y coupling
interaction. This splitting is masked on the central and inner line
of the triplet by their much broader appearance (Fig.4B), but
clearly present as can be inferred from the peak sharpening upon
15N-decoupling (Fig. 4D).

The center and inner lines in the spectra of Fig. 4 show subtle
signs of additional splittings. In an attempt to resolve these

3.49 Hz
B 220025

;
A . Jg, 144.8 Hz "
coupled
i

C D 3.49Hz
SN-dec.
. “]U Lﬁ l "
3.3 3.2 3.1 3.0 '

"H chemical shift (ppm)

Fig. 4. Proton 1D NMR spectra of a '3C/'*N-labeled trimethyl quaternary amine. Sections from the 'H 1D NMR spectra without decoupling (A,B) and with '*N decoupling (C,D)
showing the signals from the nine chemically equivalent trimethyl protons. The boxed regions in (A,C) are expanded in (B,D) with indicated splittings in Hz. Signals from

DIPEA (D) and minor impurities (*) are indicated.
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B resolution
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2Jyy 0.75 Hz

Wi

12 Hz / 0.02 ppm

no enhancement

3J 3.49 Hz

N

12 Hz / 0.02 ppm

C strong resolution enhancement

J,, ~0.3-0.5 Hz

I
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_3 1 1 1 1 3
/ /, +, /, +,  +%,

2
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Fig. 5. Different fine structures are observed for each component of the 3J triplet.
(A, B) show the downfield component of the main 'Jcy; doublet, (C) also shows the
upfield 'Jcy component. The different fine structure for each triplet component is
already visible without any processing to enhance resolution (A), but more clear
upon moderate (B) or strong (C), resolution enhancement through Lorentz-to-Gauss
transformation. The additional splittings visible on the center and inner line are
indicated in (C), together with the total spin state of the '3C spins.

splittings, a high resolution spectrum was recorded with 8 s acqui-
sition time and processed using different degrees of resolution
enhancing Lorentz-to-Gauss transformations (Fig. 5). Without
any window-function the spectrum shows a near perfect triplet,
although the Jyn-splitting is only visible on the outer line (Fig. 5A).
Processing with moderate or strong resolution enhancement

uncovers small splittings on the center and inner lines only
(Fig. 5B,C). This fine structure is different for the center and inner
component, as is clear from their different shapes. This is consis-
tently visible on both sides of the !Jo;; doublet. The apparent cou-
pling constant is on the order of 0.4 Hz, in line with J-coupling
values expected for %Juy; or %Jcc, and much smaller than |YJey — 3Jcul
(141.3 Hz). The increase in additional splittings going from the
outer to center to the inner lines, i.e. there is a 'C spin state depen-
dent pattern of splittings, obeys the pattern shown in Fig. 2D fully.

4.2. Estimation of 4uy and ?Jcc

We next applied the theory described above and decomposed
the experimental spectrum into ax-type sub-spectra to extract an
estimate for the %y between the geminal methyl groups, thus
assuming Jcc is zero. Since compound 1 is an [A3X]3M spin system,
each line of the aq, agx3 and asxg sub-spectra in Fig. 2D will now be
split into a doublet due to ?Jyn. The downfield component of the
main !Jcy doublet was thus fitted as a sum of a doublet, a quartet
of doublets and a septet of doublets. The resulting stick-plot and a
simulated spectrum with the experimental lineshapes is shown in
Fig. 6A,B. The best fit is obtained using 0.43 Hz for |*J,|, and agrees
very well with the experimental spectrum. An exact calculation of
the 'H spectrum of the [AsX]sM system using the composite parti-
cle approach is shown in Fig. 6C, underscoring the validity of the
weak coupling approximation. The numerical approach also allows
evaluating the impact of non-zero values for %Jc¢ (Fig. 6C). Signifi-
cant deviations from the experimental lineshape are already visible
with very small non-zero values (0.4 Hz), most notably around the
center of the inner multiplet. Furthermore, strong inequivalence
effects are absent from the '>C 1D spectrum (Fig. S3). Together,
the exact simulations of both the 'H and '3C spectra strongly sup-
port a near-zero value for ?Jcc, at least [}Jcc| < 0.4 Hz.

Notably, comparison of the experimental and numerically sim-
ulated spectrum highlights that the observed linewidths of the
outer, center and inner line are unequal (Fig. 6A,C). There is a small,
but significant, increase in linewidth going from the outer to the
center and inner line. This effect has been accounted for in the fit

experimenta ax-subspectra approximation
A i tal B b 1 imati
ZJNH
4JHH
i i i
mey 3/2 _1/2 +1/2
C exact numerical simulation
I \N\(A /V\
2Jee: +0.4 Hz oo —0.4 Hz

Fig. 6. Estimation of 4J,;y and ?Jc¢ in a quaternary trimethyl amine. (A) Downfield part of the experimental spectrum showing the !Jcy-doublet. (B) Stick (left) and simulated
spectrum (right) of using the weakly coupled ax-type sub-spectra approximation (see Materials and Methods for details) using Yy = 144.8; 3Jcn = 3.49; %Jan = 0.749;
“in = 0.425; ?Jcc = 0 Hz. The difference with the experimental spectrum is shown in gray on the right. In the stick spectrum, the ?Jyy; and 4,y splitting are indicated for a
number of lines. (C) Simulated spectrum using the composite-particle approach with the left spectrum using the J-values as in B as input, the middle and right spectrum have
non-zero values for ?Jc¢ as indicated. Stick-plot is shown as purple lines, overlaid with the summed spectrum in green. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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of Fig. 6B, where the center and inner lines are broadened by ~0.03
and 0.06 Hz, respectively, compared to the outer line.

4.3. Transformation to magnetic equivalence

The close agreement between the experimental spectrum and a
fit based on a decomposition into ax-type sub-spectra suggests that
the different methyl groups are in fact weakly coupled to each
other due to *Jyy. Phrased differently, the downfield center line
and the upfield inner line form a weakly coupled ax spin system
as do the downfield inner and upfield center line (cf. Fig. 2D). This
effect can also be seen in the 2D DQF-COSY spectrum, which shows
crosspeaks between the center and inner line (Fig. S4). Since spins
a and x are weakly coupled and since there is a large frequency
separation between them (cf. Fig. 2D), one may hypothesize the
possibility to decouple their interaction. Indeed, a homo-
decoupling experiment where the upfield component of the main
e doublet, corresponding to the x spin species, are irradiated
during acquisition results in the removal of all 4y splittings
(Fig. 7A,B). The multiplets are collapsed to the expected triplet
for a set of three fully equivalent methyl groups. Composite parti-
cle based calculation of this spin state-selective homo-decoupling
experiment confirms the controlled transformation to a magneti-
cally equivalent spin system (Fig. 7C). It is also of interest to note
that the linewidths for each of the triplet components are very sim-
ilar upon homo-decoupling.

5. Discussion

Magnetic inequivalent nuclei are regularly encountered in
organic or inorganic compounds, where their presence can be used
to infer molecular symmetry. Their NMR signals feature more lines
and more intensities levels compared to a first-order coupling
pattern, due to the strong coupling between magnetically

v
3.0

3.2 3.1
'H chemical shift (ppm)
B - C
2'JNH

(WY

Fig. 7. Reduction to a fully equivalent spin system by spin state-selective homo-
decoupling. (A) Experimental spectrum showing that the additional splittings on
the center and inner lines of the downfield !Jc; component can be removed by
selective homo-decoupling (~70 Hz/25 p{W yB, CW irradiation) of the upfield
component (indicated by the arrow). The boxed region is expanded in (B), showing
a pure 3Jcy triplet with each component split in a doublet due to %Jyy. (C) Simulated
spectrum using composite particle analysis. Spectrum was acquired and processed
as those in Fig. 2. Stick-plot is shown as purple lines. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

inequivalent spin pairs. In this paper, we have presented an
exceptional case of how magnetic inequivalence can affect the
appearance of spectra, resulting in a sum of first-order coupling
patterns. Compound 1, an isotope-labeled trimethyl amine,
presents an [A3X]sM spin system where the coupling constants
produce an extreme simplification of a spectrum that in typical
cases would consist of hundreds to thousands of lines. We showed
that this simplification depends on two conditions: (i) Jxx is
near-zero; and (ii) |Jax — Jax| > /aal. We derived that under these
conditions the spectrum can be decomposed into sub-spectra
formed by fully equivalent spins (ag-sub-spectra), and sub-
spectra formed by weakly coupled a and x spins with coupling con-
stant Jaa (asX3/asxe-sub-spectra).

We presented a stepwise analysis of [AX],, [AX]3 and [A3X]3
spin systems, to understand and illustrate the salient features of
the experimental spectrum, rather than a complete analytical
description of the [A3X]|sM system. As noted by Diehl et al., the
composite particle approach offers the most convenient route to
solving the Hamiltonian [10]. In particular, this approach does
not rely on molecular symmetry to factorize the Hamiltonian but
rather factorizes based on spin states of the (composite) particles.
In this description, the 'H spectrum is described as a sum of 16
non-identical sub-spectra, where each sub-spectrum corresponds
to one mrx state and one particular combination of quartet and
doublet spin states for the three methyl groups (see Fig. S5). Nota-
bly, all sub-spectra with the same mrx value overlap and add up to
the observed ag, agxs or asxg patterns.

The overall spectrum can be reproduced using just 48 lines, thus
classifying as a ‘deceptively simple’ spectrum where many transi-
tions are (nearly) degenerate and/or have low transition probabil-
ities [27]. This spectral simplicity made it possible to fit the
experimental spectrum and extract a value of 0.43 Hz for the 4y
between geminal methyl group in compound 1. This is well in line
with previous reports on geminal methyl coupling constants [28],
in particular with a value of 0.41 Hz for the primary amine tert-
butyl-amine [29]. Notably, direct measurement of *Jyy from the
13C satellite peaks in an unlabeled compound failed since the pres-
ence of the quadrupolar N nucleus induces 'H line broadening
through scalar relaxation of the second kind (data not shown). A
near-zero value for the ?jcc matches the observation that these
couplings are generally small in saturated aliphatic groups, and
that they can be both positive and negative [30]. Notably, a reverse
assignment of Jyy and Jcc is not possible since the A-spin spectrum
of a [AsX]s systems has different multiplet structures when Jap =0
[25].

When fitting the experimental lineshape with the weak cou-
pling approximation, we found small but significant linewidth dif-
ferences between the outer, center and inner line. This differential
line broadening effect is removed in the homo-decoupled experi-
ment, where the x-spins are decoupled from the a-spins. The
observed broadening is thus most likely due to relaxation interfer-
ence between the different 'H-"H dipolar interactions. A full anal-
ysis of this effect is beyond the scope of this paper.

The peculiar spectral manifestation of magnetic inequivalence
in compound 1 may also be found in other compounds as long as
the two limiting conditions are met. We thus expect that isotope
labeled compounds with carbon/nitrogen-atoms separated by
another hetero-nucleus such as C-O-C or C-S-C, or N-C-N type
structures, as for instance '>C-labeled dimethyl-ether, will show
similar spectra with ax-type sub-spectra. The presence of the
hetero-nucleus is required to make sure Jxx is negligible.

To the best of our knowledge this report is the first explicit anal-
ysis and experimental demonstration of a completely first-order
spectrum for a magnetically inequivalent spin system. Other limit-
ing cases resulting in spectral simplification have been described
before, particularly in the work of Harris et al. [25,31-33]. In the
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case of [PF,],-containing complexes, they showed that some sub-
spectra may become first-order when one of the Jpr constants is
very large [33]. Since in that case both Jpp and Jrr Were non-zero,
additional second-order sub-spectra remain. Another report on
phosporous-fluorine complexes shows, without analysis, the '°F
spectrum of Ni[PFs]4 which is reminiscent of the spectrum of com-
pound 1 [34]. Even though not all splittings can be resolved, it is
clear that the spectrum deviates from the expected agxs quartet,
suggesting that ?Jpp is not negligible. The case described here
stands out from such previous reports, as it presents an extreme
simplification afforded by a ‘perfect storm’ of coupling constants.

Lastly, our work demonstrates a remarkable consequence of the
weak coupling between the magnetically inequivalent nuclei: they
can effectively be decoupled by spin state selective homo-
decoupling. This transforms the spin system into a fully equivalent
system, removing all 4/, splittings from the multiplet. In our opin-
ion, the spectrum of the '3C-labeled trimethyl amine presented
here is an extremely instructive illustration of the effects of mag-
netic inequivalence. Depending on your viewpoint the spectrum
may be considered deceptively simple or deceptively complicated.
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